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Early studies of pathogenesis and classification of 
human diseases in the late 19th and the first half 
of the 20th century were primarily based on mi-
croscopic examination of hematoxylin and eosin-
stained light microscopy slides and autopsy stud-
ies. The introduction of immunohistochemistry 
in the mid-70 enabled further identification and 
more precise classification of human diseases, par-
ticularly cancer diagnostics (1). In the past three 
decades, advances in molecular biology, genet-
ics, and genomics have dramatically changed the 
practice of diagnostic pathology worldwide (2). 
As never before, pathologists are at the crossroads 
between the traditionally ‘visible’ morphologic ap-
proach and an ‘invisible’ molecular science. 

Given that molecular diagnostics has become 
widely utilized in histopathologic diagnosis and 
clinical decision-making, the policymakers had 
to reframe the process of accreditation and re-ac-
creditation of the modern pathologists in context 
to the rapid changes taking place in this diagnos-
tic discipline. This has already been the case in 
most developed countries, while in the developing 
world, this integration has yet to be fully imple-
mented. In particular, the concept of “precision 
medicine” (including pathology) is rapidly evolv-
ing and becoming a cornerstone of modern can-
cer management (reviewed here by Vranic and 

Gatalica and nicely illustrated by a comprehensive 
case study of Trivedi et al.) (2, 3). Equally impor-
tant in the digital era are pathology informatics, as 
nicely reviewed in the paper of Kim et al. (4). Their 
experience with pathology informatics training 
and education during the challenging COVID-19 
pandemic at the Memorial Sloan Kettering Can-
cer Center is a good example of how informatics 
can be useful in solving current worldwide health 
problems (4).

This special issue of Acta Medica Academica 
highlights the advances in the understanding, di-
agnostics, and classification of various human can-
cers. You will note that the authors, all experts in 
their respective fields, approached their papers on 
various cancers in different ways. However, all the 
papers will clearly reflect the authors’ strong appre-
ciation for the progress made in the recent decades 
in diagnostic and molecular pathology. This prog-
ress has undoubtedly laid a firm foundation for the 
future of diagnostic and molecular pathology. 

In each of the following reviews (N=12), origi-
nal, case studies, and images in clinical medicine 
(N=4), the authors provide recent advances and 
perspectives that are only achieved by their active 
involvement in the forwarding paths of progress in 
diagnostic and molecular pathology. Each of the 
accepted manuscripts was selected based on their 
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professional and academic standing and contribu-
tions to diagnostic and molecular pathology. 

We are happy for contributions from different 
countries (United States, United Kingdom, Croa-
tia, Slovenia, Serbia, Qatar), including Bosnia and 
Herzegovina. All of the reviews contain in-depth 
and up to date information on testicular cancer 
(5), prostate cancer (6), endocervical adenocar-
cinoma (7), bladder cancer (8), pleural mesothe-
lioma (9), adult brain tumors (10), and Spitz mela-
nocytic lesions (11). In her review, Dr. Provenzano 
discussed the most recent advances and challenges 
in the assessment of breast cancer specimens fol-
lowing neoadjuvant chemotherapy (12). Two he-
matopathology reviews summarized the advances 
in this rapidly evolving branch of pathology (13, 
14); the first by Perry et al. summed up the criti-
cal aspects of diagnosis of the classical Hodgkin 
lymphoma (13), and the second one by Kurtović-
Kozarić et al. explored the recent advances and 
challenges in the diagnosis of myeloid neoplasms. 
It is worth noticing that the latter paper’s empha-
sis is on the improved hematopathology diagnos-
tics in Bosnia and Herzegovina, showing that the 
advances in pathology have no borders (14). The 
study of Gargano et al. confirmed the clinical util-
ity of ancillary molecular assays in cytologically 
indeterminate thyroid nodules (15), while Tomita 
comparatively analyzed the distribution of blood 
and lymphatic vessels in normal human vs. rhesus 
monkey samples (using immunohistochemistry 
on formalin-fixed and frozen section specimens) 
(16). Two studies (Trivedi et al.) (3) and Ibisevic 
et al. (17) illustrated the importance of the multi-
disciplinary approach and the role of (molecular) 
tumor boards in cancer management.

As the guest editors of this special issue of Acta 
Medica Academica, we would like to thank all the 
contributors for entrusting their work to this jour-
nal. These days, in the midst of the COVID-19 
epidemic, we are very proud that we managed to 
collate AMA’s special issue that contains scien-
tific contributions from many parts of the world. 
Like the former present of US Franklin Roosevelt 
in his last address to the nation, we would like to 
quote Thomas Jefferson from more than 200 years 

ago: “The brotherly spirit of science unites into 
one family all its votaries of whatever grade, and 
however, widely dispersed throughout the differ-
ent quarters of the globe.” To this quote, Roosevelt 
added “If civilization is to survive, we must culti-
vate the science of human relationships” (18) over-
coming national, ethnic, and political differences 
to forge a better world. 

At the end, we would like to express our deepest 
gratitude to all of the reviewers and the editorial 
staff of AMA, particularly to Mrs. Nerma Tanović. 
They have altruistically taken so much of their 
time to improve others’ work and served as guard-
ians of the medical literature. Our thanks also to 
Professor and Academician Husref Tahirović, who 
invited us to edit this special issue of AMA. We 
salute you all!

We hope that the readers of Acta Medica Aca-
demica will enjoy reading these articles as much as 
we have! 

Conflict of Interest: The authors declare that they have no 
conflict of interest.
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Abstract
Objective. Mutations in the EIF1AX gene have been recently detected in a small percentage of benign and malignant thyroid 
lesions. We sought to investigate the prevalence and clinical significance of EIF1AX mutations and co-mutations in cytologi-
cally indeterminate thyroid nodules at our institution. Materials and Methods. A 5-year retrospective analysis was performed 
on thyroid nodules with a cytologic diagnosis of Bethesda category III or IV, which had undergone testing by our in-house next 
generation sequencing panel. Surgically resected nodules with EIF1AX mutations were identified, and mutation type and pres-
ence of co-mutations were correlated with histopathologic diagnosis. Results. 41/904 (4.5%) cases overall and 26/229 (11.4%) 
surgically resected nodules harbored an EIF1AX mutation. The most common histologic diagnoses were follicular thyroid car-
cinoma and follicular variant of papillary thyroid carcinoma.  11/26 (42.3%) of nodules had isolated EIF1AX mutation. Co-
mutations were found in RAS (12/26; 46.2%), TERT (5/26; 19.2%) and TP53 (2/26; 7.7%). EIF1AX mutation alone conferred a 
36.4% risk of malignancy (ROM) and 54.5% ROM or noninvasive follicular thyroid neoplasm with papillary-like nuclear fea-
tures (NIFTP), while the ROM was significantly higher in nodules with concurrent RAS (71.4%), TERT, TP53 and RAS+TERT 
(100%) mutations. Conclusion. EIF1AX mutations occur in benign and malignant follicular thyroid neoplasms. In our cohort, 
the majority of mutations occurred at the splice acceptor site between exons 5 and 6. Importantly, the coexistence of EIF1AX 
mutations with other driver pathogenic mutations in RAS, TERT and TP53 conferred a 100% ROM or NIFTP, indicating that 
such nodules require surgical removal.

Key Words: EIF1AX  Thyroid Nodule  Cytopathology  Next-Generation Sequencing.

Introduction

Up to 30% of biopsied thyroid nodules are classi-
fied as either “atypia of undetermined significance 
(AUS)/follicular lesion of undetermined signifi-
cance (FLUS)” or “follicular neoplasm (FN)/sus-
picious for follicular neoplasm (SFN)”, Categories 
III and IV respectively in The Bethesda System 
for Reporting Thyroid Cytopathology (TBSRTC) 
(1).  Because these diagnoses are not straightfor-
ward benign or malignant, and the reported risks 
of malignancy are highly variable for these catego-
ries, clinicians often struggle with the decision of 
whether or not to recommend surgical removal of 
these indeterminate nodules.  Molecular analysis, 
via multi-gene sequencing assays and gene expres-

sion classifiers, has emerged as an important sup-
plemental tool for evaluating thyroid nodules (1, 
2). At our institution, thyroid fine needle aspira-
tion (FNA) specimens with an indeterminate cyto-
logic diagnosis are routinely tested via an in-house 
next generation sequencing (NGS) panel, in order 
to provide clinicians with more information that 
may help with risk stratification and guide clinical 
management.

The most commonly known mutated genes as-
sociated with thyroid malignancies are BRAF and 
RAS. The majority of BRAF mutations are found 
in classical papillary thyroid carcinoma (PTC), 
while RAS mutations are seen in follicular vari-
ant of papillary thyroid carcinoma (FVPTC) and 
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other malignant and benign follicular-patterned 
thyroid lesions (3).  More recently, mutations in 
the EIF1AX (Eukaryotic translation initiation fac-
tor 1A, X-chromosomal) gene have been detected 
in a small percentage of various types of thyroid 
cancer as well as benign thyroid nodules. The like-
lihood of malignancy in an EIF1AX-mutated thy-
roid nodule is thought to correlate with the pres-
ence or absence of co-existing mutations and with 
the position of the mutations within EIF1AX (4).

We sought to investigate the prevalence and 
clinical significance of EIF1AX mutations and co-
mutations by examining histologic outcomes of a 
large cohort of cytologically indeterminate thyroid 
nodules that underwent molecular testing and 
subsequent surgical resection.

Materials and Methods

Case Selection and Histopathologic Correlation

A database search was performed to identify 
all thyroid nodules with a cytologic diagnosis of 
Bethesda category III or IV, which had undergone 
testing by our in-house NGS panel over a 5-year 
period. Samples with EIF1AX mutations were 
identified, and the electronic medical record was 
searched to determine which nodules had under-
gone surgical resection. EIF1AX mutation type 
and presence of co-mutations were correlated with 
final histopathologic diagnosis.

Molecular Specimen Information

At the time of the FNA procedure, a separate nee-
dle pass was collected in a vial containing metha-
nol/acetic acid (3:1 ratio). Of the 987 clinical FNA 
specimens, 904 (91.6%) passed sample quality 
control and obtained molecular results.

Molecular Analysis

Mutations in EIF1AX were identified by NGS with 
a custom designed Thyroid cancer panel using Il-
lumina’s TruSeq Custom Amplicon version 1.5 
reagents as previously described (5) or CTL Vari-

antPlex Assay for Illumina Platform (ArcherDx) 
following the manufacturer’s protocol. Besides EI-
F1AX both TruSeq and Archer panels contained 
primers to amplify targeted regions of interest 
covering hotspots from additional thyroid cancer-
related genes such as BRAF, GNAS, HRAS, NRAS, 
PIK3CA, PTEN, RET, TERTpro, TP53 and TSHR. 
Libraries were sequenced on the Illumina MiSeq 
or NextSeq 500 instrument with paired end 150-bp 
sequencing. Data analysis was performed as previ-
ously described (5) for all TruSeq libraries. For all 
libraries prepared using Archer VariantPlex meth-
odology, fastq files were generated using a custom 
script and data analyses were performed using the 
CTL target region file and Archer analysis software 
version 6.2. Annotated variants were filtered and 
reported using an in-house, Web-based reporting 
application ClinMutReporter (Thomas Jefferson 
University Hospitals, Philadelphia, Pennsylvania).

Results

Patients

Among the 904 thyroid FNAs with an indetermi-
nate cytopathologic diagnosis (Bethesda Catego-
ry III or IV) that were characterized by NGS, 41 
cases (4.5%) had mutations in the EIF1AX gene. 
Histopathologic confirmation of the diagnosis was 
available in a surgical follow up specimen in 26 of 
the 41 cases (63.4%). 

Clinical & Pathologic Features

The clinical and pathologic features of the 26 pa-
tients with full diagnostic characterization are 
shown in Table 1. The mean patient age was 64 
(range: 43-81 years) and with a female preponder-
ance (female:male ratio=3.3). The mean size of the 
nodules was 2.8 cm (range: 1.1-6.3 cm). The cy-
topathologic diagnosis was Bethesda Category III 
(AUS/FLUS) in 12 (46.2%) and Bethesda Category 
IV (SFN/FN) in 14 (53.8%). As shown in Table 1 
and Figure 1, the histopathologic analysis on fol-
low up excisions included 6 neoplasms with a be-
nign diagnosis (follicular adenoma (FA)), 3 with 
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Table 1. Summary of All EIF1AX-Mutated Surgically Removed Nodules

Case
Age 
(y)

Gender
Nodule 
size (cm)

Cytologic 
diagnosis 
(Bethesda 
category)

Histopath-
ologic 
diagnosis 

EIF1AX mutation type

Alternate 
allele 
frequency 
(AAF)

EIF1AX mutation 
location

EIF1AX 
mutation 
significance

Co-existing 
mutation(s), 
AAF

1 63 F 1.4 3 FA c.370_371delinsTT; p.G124L 26.6% Exon 6 Unknown
KRAS 
p.A59del, 5.6%

2 56 F 4.1 3 FA c.338-1_338delinsTT; p.? 3.3% A113_splice site Pathogenic -

3 43 F 1.1 3 FA c.16G>C; p.G6R 9.7% N terminus Pathogenic -

4 75 M 2.7 4 FA c.338-2A>C; p.? 7.1% A113_ splice site Pathogenic -

5 66 F 2.5 4 FA c.44G>A; p.G15D 9.7% N terminus Pathogenic -

6 63 F 2.6
4 (Hurthle 
cell type)

FA c.338-2A>T; p.? 14.1% A113_ splice site Pathogenic
-

7 76 F 5.2 3 NIFTP c.338-4_355del; p.? 16.5% A113_ splice site Pathogenic -

8 70 F 1.1 4 NIFTP c.5C>G; p.P2R 4.6% N terminus Pathogenic -

9 59 F 1.5 4 NIFTP c.210G>C; p.W70C 40.0% Exon 4 
Likely 
pathogenic

NRAS p.Q61K, 
41.9%

10 51 M 1.8 3 FTC c.338-1G>C; p.? 19.5% A113_ splice site Pathogenic
KRAS p.Q61R, 
8.7%

11 54 F 1.5 3 FTC c.338-1G>C; p.? 35.2% A113_ splice site Pathogenic
NRAS p.Q61R, 
39.2%; TERT c.-
146C>T, 39.7%

12 46 F 2.3 3 FTC c.3_5dup; p.P2dup 4.2% N terminus
Likely 
pathogenic

TERT c.-
146C>T, 7.3%

13 69 F 2.2 3 FTC c.28A>G; p.K10E 31.2% N terminus Pathogenic

14 71 M 5.5 4 FTC c.338-2A>G; p.? 40.6% A113_ splice site Pathogenic
HRAS p.Q61R, 
20.3%; TERT c.-
124C>T, 11.4%

15 57 F 3 4 FTC c.338-1G>C; p.? 2.1% A113_ splice site Pathogenic
NRAS p.Q61K, 
2.4%

16 60 F 6.3 4 FTC c.338-2A>T; p.? 12.7% A113_ splice site Pathogenic
KRAS p.Q61R, 
12.8%; TERT c.-
124C>T, 15.1%

17 69 F 3
4 (Hurthle 
cell type)

HCC c.338-1G>C; p.? 26.6% A113_ splice site Pathogenic -

18 81 M 3.7
4 (Hurthle 
cell type)

HCC c.338-1G>A; p.? 19.1% A113_ splice site Pathogenic -

19 71 F 3.5
4 (Hurthle 
cell type)

HCC c.338-1G>T; p.? 40.3% A113_ splice site Pathogenic
TP53 p.H179R, 
66.4%

20 63 M 3.1 3 EFVPTC c.429+1G>A; p.? 39.5%  D143_splice site
Likely 
pathogenic

-

21 59 F 1.8 3 EFVPTC c.338-1_339delinsACA; p.? 6.7% A113_ splice site Pathogenic
 NRAS p.Q61K, 
8.2%

22 68 F 1.3 3 EFVPTC c.338-2A>T; p.? 4.5% A113_ splice site Pathogenic
NRAS p.Q61R, 
4.3%

23 58 M 4.5 4 EFVPTC c.338-2A>T; p.? 23.50% A113_ splice site Pathogenic

HRAS p.Q61R, 
12.7%; TP53 
p.Q331Rfs*14, 
10.1% & 
p.S240R, 10.9%

24 65 F 2.7 4 EFVPTC c.26G>T; p.G9V 22.2% N terminus Pathogenic
NRAS p.Q61R, 
28.9%

25 68 F 2.6 3 IFVPTC c.338-8_338-1del; p.? 26.3% A113_ splice site Pathogenic
HRAS p.Q61R, 
25.5%; TERT c.-
124C>T, 21.6%

26 74 F 1.5 4 IFVPTC c.338-1G>C; p.? 16.7% A113_ splice site Pathogenic
YWHAG-BRAF 
Fusion

EFVPTC=Encapsulated follicular variant of papillary thyroid carcinoma; F=Female, FA=Follicular adenoma, FTC=Follicular thyroid carcinoma; HCC=Hurthle 
cell carcinoma; IFVPTC=Infiltrative follicular variant of papillary thyroid carcinoma; M=Male, NIFTP=Noninvasive follicular thyroid neoplasm with papillary-like 
nuclear features.
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a noninvasive follicular thyroid neoplasm with 
papillary-like nuclear features (NIFTP) diagnosis 
and 17 with a malignant diagnosis. 

Malignant neoplasms included follicular thy-
roid carcinoma (FTC) (N=7), encapsulated fol-
licular variant of papillary thyroid carcinoma 
(EFVPTC) with capsular invasion (N=5), Hurthle 
cell carcinoma (HCC) (N=3), and infiltrative fol-
licular variant of papillary thyroid carcinoma (IF-
VPTC) (N=2). The Bethesda Category III and IV 
cytopathologic diagnoses did not distinguish be-
tween benign and malignant thyroid neoplasms, 
as shown in Table 1.

Molecular Characterization

These 26 cases were characterized by mutations in 
the EIF1AX gene. Two distinct types of mutations 
were observed, as shown in Figure 2 and Table 1. 
A mutation at the 3’ end of the exon 6 splice site 
was observed in 17 cases and missense mutations 
in the N-terminal of the protein containing basic 
amino acids was present in 5 cases. In 4 patients 
the mutations did not fit neatly into this distribu-
tion. A duplication of the proline residue encoded 
by codon 2 was also detected, but it differs from 
the missense mutations more commonly seen in 
the N-terminal. In addition, the p.W70C muta-
tion occurs in a “mini-cluster” of mutations that 
have been seen in non-thyroid malignancies, but 
have not been reported in thyroid neoplasia in 
the COSMIC (6) or cBioPortal (7) databases. The 
p.G124L and c.429+1G>A mutations have not 
been previously reported in thyroid malignancies. 
Single mutations in the exon 6 splice site or the 
basic amino terminal tail occurred in both benign 
and malignant thyroid neoplasms. In addition to 
the abnormal EIF1AX gene, mutations in signifi-
cant tumor-associated genes occurred in 15 of the 
26 cases, and 13 of the 15 were detected in ma-
lignant neoplasms. The additional mutated genes, 
shown in Table 1, included NRAS (N=6), HRAS 
(N=3), KRAS (N=3), the common TERT promoter 
mutation (N=5), and TP53 (N=2). In 4 cases the 
TERT promoter mutation occurred with a RAS 
gene mutation and in one patient a TP53 mutation 
occurred with a mutant RAS gene. One case also 
harbored a novel YWHAG-BRAF fusion.

EIF1AX mutation alone conferred a 36.4% 
(4/11) risk of malignancy (ROM) and 54.5% (6/11) 
risk of malignancy or NIFTP, while ROM was sig-
nificantly higher in nodules with concurrent RAS 
(71.4%; 5/7), TERT, TP53 and RAS+TERT (100%) 
mutations (Table 2).

Stacey M. Gargano et al: EIF1AX Mutations in Indeterminate Thyroid Nodules

FA=Follicular adenoma; FTC=Follicular thyroid carcinoma; FVPTC=Follicular 
variant of papillary thyroid carcinoma; HCC=Hurthle cell carcinoma; 
NIFTP=Noninvasive follicular thyroid neoplasm with papillary-like nuclear 
features.

Figure 1. Prevalence of histopathologic diagnoses 
in surgically resected EIF1AX-mutated cytologically 
indeterminate thyroid nodules (N=26). 
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Discussion

EIF1AX encodes the essential, ubiquitously-ex-
pressed eukaryotic translation initiation factor 
EIF1A with 144 amino acids. As a part of the 43S 
pre-initiation complex (PIC), it binds to the capped 
mRNA, aids in localizing the start codon and ini-
tiates translation.  EIF1A protein contains a core 
RNA binding domain spanning the residues 32-95 
which is flanked on either side by highly charged 
unstructured N- and C-terminus tails (8). Origi-
nally identified in uveal melanomas, EIF1AX mu-
tations have now also been detected in a variety of 
other tumor types, including low-grade gliomas, 
lung adenocarcinoma, endometrial carcinoma, 
and various neoplastic and nonneoplastic thyroid 
lesions (4, 9-11).  Missense mutations of the first 
2-15 amino acids at the N-terminus of EIFIAX 
have been identified in several cancers (9, 12-14). 
An additional hotspot splice-site mutation (A113_
splice) in the C-terminus of the protein is thought 
to be exclusive to thyroid carcinoma (9, 11, 15). 

In our study, 4.5% of cytologically indetermi-
nate thyroid nodules (41 out of 904 total cases) 
and 11.4% (26 out of 229) of those that were surgi-
cally resected harbored an EIF1AX mutation.  Of 
these cases, the histopathologic diagnoses were 
benign neoplasm (FA) in 6/26 (23.1%), NIFTP 
in 3/26 (11.5%) and malignant neoplasm (FTC, 
HCC or FVPTC) in 17/26 (65.4%) (Table 3A).  Ka-
runamurthy et al. (4) found EIF1AX mutations in 
27/647 (4.2%) of indeterminate cytology samples, 
of which 5 had surgical follow-up information (1 
EFVPTC, 1 hyperplastic nodule (HN), and 3 FA) 
yielding an estimated ROM of 20%.  Our overall 
ROM is much higher (65.4%), and even in our 
nodules with EIF1AX mutation alone and no oth-
er coexisting mutations, the ROM is 36.4% (4/11) 
and ROM/NIFTP is 54.5% (6/11) (Table 2).  All of 
our nodules were neoplastic, though other stud-
ies have found mutations in one case of HN (4). 
Of note, the estimated ROM calculated in studies 
such as this one are overestimations of the actual 

X-axis shows the number of mutations. Green and black circles denote missense and splice site mutations respectively.

Figure 2. Distribution of EIF1AX mutations in surgically resected thyroid nodules (N=26)

Table 2. Summary of Risk of Malignancy (ROM) for All EIF1AX-Mutated Surgically Removed Nodules

Mutation(s)
Number 
of cases

Percentage
ROM
(%)

ROM or 
NIFTP (%)

EIF1AX alone 11 42.3 36.4 54.5

EIF1AX + RAS 7 26.9 71.4 85.7

EIF1AX + RAS + TERT 4 15.4 100 100

EIF1AX + RAS + TP53 1 3.8 100 100

EIF1AX + BRAF Fusion 1 3.8 100 100

EIF1AX + TERT 1 3.8 100 100

EIF1AX + TP53 1 3.8 100 100

Overall 26 100 65.4 76.9

ROM=Risk of malignancy; NIFTP=Noninvasive follicular thyroid neoplasm with papillary-like nuclear features.
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ROM, due to the impact of selection bias.  Nodules 
that undergo surgical resection are more likely to 
have suspicious pre-operative clinical findings (e.g. 
worrisome radiologic features, interval growth), 
increasing the likelihood of malignancy regardless 
of the FNA diagnosis and molecular result.

Similar to other studies, the most common 
type of EIF1AX mutation identified in our study 
was the A113_splice mutation at the intron 5/exon 
6 splice site of EIF1AX (17/26), followed by the 
missense mutations in N-terminus of the protein 
(5/26).  Previous studies have concluded that the 
A113_splice mutation, especially with co-existing 
RAS mutation, is more frequently observed in thy-
roid cancer than isolated EIF1AX mutations or 
mutations at the N-terminus hotspot of the gene 
(4, 11, 14).  In our study, 13/17 (76.5%) surgically 
resected nodules with the A113_splice mutation 
and 3/5 (60%) nodules with an N-terminal mis-
sense mutation were malignant. Of the 13 malig-
nant nodules with the A113_splice mutation, 10 
harbored co-mutations (5 harbored one co-muta-
tion and 5 harbored two co-mutations).  Of the 3 
malignant nodules with N-terminus mutation, 2 
harbored co-mutations. Please refer to Table 1 for 
details.

Four cases harbored EIF1AX mutations that 
did not belong to the 2 common types discussed 
above.  The N-terminal duplication (c.3_5dup, 
p.P2dup) was not in the COSMIC database, but 
is likely similar to the missense mutations in the 
same region. The EIF1AX p.W70C identified in the 
NIFTP case had a concurrent RAS mutation.  In 
the COSMIC database, 4 cases with this mutation 
and 3 additional missense mutations at this amino 
acid position had been reported in non-thyroid 
cancer specimens, which makes the p.W70C mu-
tation likely pathogenic.  The mutation p. G124L 
(c.370_371delinsTT), detected in a FA, has been 
reported once in the COSMIC database, in a small 
cell carcinoma of the lung.  Mutations affecting 
the same amino acid, p.G124* and p.G124V, were 
reported in a single thyroid carcinoma specimen 
(cBioPortal, sample ID TCGA-EM-A3ST-01).  
Lastly, the mutation c.429+1G>A, exon 6/in-
tron 6 splice site mutation, detected in one of our 

EFVPTC cases, has never been reported, but 7 ma-
lignant cases with mutations affecting the D143_
splice site were documented in the COSMIC data-
base. This mutation most likely affects splicing and 
hence the function of the protein.

Other studies have reported EIF1AX mutations 
co-occurring with several other driver mutations.  
Karunamurthy et al. (4) found co-mutations in 
3/11 cases (2 with NRAS and 1 with NRAS, TP53 
and TERT), all of which were malignant neo-
plasms. The TCGA study found co-mutations 
(KRAS and BRAF) in one of their 6 cases of EI-
F1AX-mutated PTC (9). Our study showed that 
EIF1AX mutations can co-occur with mutations 
in RAS, TP53 and TERT promoter (TERTp), and 
these co-mutations are associated with a very high 
ROM.  Co-existing EIF1AX and a hotspot RAS 
mutation conferred an 85.7% ROM and 100% 
ROM or NIFTP, compared to EIF1AX mutation 
alone that conferred a 36.4% ROM.  Malignancy 
risk was 100% for nodules containing co-muta-
tions in TERTp, TP53, RAS+TERTp, and BRAF fu-
sion.  Clinicians must be aware of this and should 
strongly consider surgical intervention, at least a 
lobectomy, for patients with multiple such muta-
tions in a thyroid nodule.

Key published studies on the EIF1AX muta-
tions in thyroid nodules/cancer specimens are 
summarized in Table 3. The histopathologic di-
agnoses and ROM for EIF1AX mutation positive 
specimens identified from FNA with indetermi-
nate cytology (Bethesda III and V), including our 
current study, are shown in Table 3A. The frequen-
cies of the EIF1AX mutations in different catego-
ries of thyroid nodules from surgically resected 
specimens are presented in Table 3B. 

While EIF1AX mutations were identified in 
HN, FA, and differentiated thyroid cancer (PTC 
and FTC), the percentage of specimens containing 
the EIF1AX mutations was enriched in advanced 
thyroid cancer. By combining the case numbers of 
the studies listed in Table 3B, there were 11 posi-
tive specimens for EIF1AX mutations in 97 PDTC 
(11.3%) and 9 positive in 97 ATC cases (9.3%). 
Additional co-existing mutations in PDTC and 
ATC include RAS, RAF, TERTp, TP53 mutations. 

Stacey M. Gargano et al: EIF1AX Mutations in Indeterminate Thyroid Nodules
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Table 3.  Prevalence of EIF1AX Mutations in A) Fine Needle Aspirates (FNA) and B) Surgically Removed Nodules, in Present 
and Previously Published Studies

A. Characterization of EIF1AX Mutation-Positive Fine Needle Aspirates (FNA) with Indeterminate Cytology

Study
EIF1AX-
mutated FNA

Surgical pathology follow-up of EIF1AX-mutated FNA 

Total 
cases

HN FA NIFTP PTC FTC HCC

Karunamurthy 
et al, 2016 (4) 27/647; 4.2% 5/27 1/5; 20% 3/5; 60% - 1/5; 20%

- -

Present Study 41/904; 4.5% 26/41 - 6/26; 23.1% 3/26; 11.5% 7/26; 26.9% (FVPTC) 7/26; 26.9% 3/26; 11.5%

B. Frequency of EIF1AX Mutations in Surgically Removed Nodules

Study HN FA
Differentiated TC Undifferentiated TC

PTC FTC PDTC ATC

TCGA, 2014 (9) - -
6/402; 1.5%  (5 FVPTC; 1 mix of 
follicular & classical variant)

- - -

Kunstman et al, 2015 (16) - - - - - 3/22; 13.6%

Karunamurthy et al, 2016 (4) 1/80; 1.3% 2/27; 7.4% 2/86; 2.3% 0/53; 0% 0/4; 0% 1/4; 25%

Landa et al, 2016 (11) - - - - 9/84; 11% 3/33; 9%

Nicolson et al, 2018 (17) - - - 2/39 ; 5.1% - -

Pozdeyev et al, 2018 (15)* - - 1/89; 1.1% 2/5; 40% - 2/31; 6.5%

Simoes-Pereira et al, 2019 (14)† 0/7; 0% - 1/12; 8.3% (FVPTC)   2/9; 22.2% 0/7; 0%

ATC=Anaplastic thyroid cancer; FA=follicular adenoma; FTC=Follicular thyroid carcinoma; HCC=Hurthle cell carcinoma; HN=Hyperplastic nodule; 
NIFTP=Noninvasive follicular thyroid neoplasm with papillary-like nuclear features; PDTC=Poorly differentiated thyroid carcinoma; PTC=Papillary thyroid car-
cinoma; TC=Thyroid cancer; *Only those specimens that were sequenced on MSK-IMPACT panels were included in this table since EIF1AX is not tested by the 
FoundationOne Panels; †9 surgical specimens in this study had distinct histological type and were counted separately based on the histology. Please see the 
study by Simoes-Pereira et al. (14) for details.

Krishnamoorthy et al. (18) demonstrated EIF1AX 
A113_splice mutation increases protein synthesis 
globally and cooperates with RAS mutations to in-
crease the stability of c-MYC protein to drive thy-
roid tumorigenesis.

Among the 26 cases carrying the EIF1AX mu-
tations in our cohort, 11 cases had EIF1AX mu-
tations alone and 15 had co-existing mutations 
detected by our NGS panel.  Within the 15 co-
mutation cases, 13 were in the RAS/RAF pathway 
(including 1 case with a non-hotspot KRAS muta-
tion, p.A59del with unknown significance), and 2 
cases had a mutation either in the TERT promoter 
or the TP53 gene. When we compared the alter-
nate allele frequencies (AAF) of the EIF1AX and 
other co-existing mutations, the AAFs for the EI-
F1AX mutations were greater than (N=4) or simi-
lar to (N=10) that of other driver mutations (Table 
1). In the case with a co-existing TP53 mutation, 

the AAF for the TP53 mutation was 66% and AAF 
for the EIF1AX mutation was 40%. The apparent 
higher AAF of TP53 is likely due to a loss of het-
erozygosity (LOH) event in this case, given the 
AAF of TP53 was well over 50%. The high AAFs of 
EIF1AX mutations in comparison to that of co-ex-
isting mutations suggests that EIF1AX mutations 
represent an early event, at least in some cases, that 
promotes initiation of the thyroid tumors and ma-
lignant transformation.

Conclusion

EIF1AX mutations can occur in both benign and 
malignant thyroid neoplasms.  The type of EIF1AX 
mutation, and even more importantly, the pres-
ence or absence of co-mutations, has an impact on 
the likelihood of malignancy in an EIF1AX-mutat-
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ed thyroid nodule.  Therefore, in the face of a cy-
tologically indeterminate thyroid nodule with an 
EIF1AX mutation detected upon molecular analy-
sis, a more detailed look at the molecular profile, 
in conjunction with the clinical and imaging find-
ings, may be helpful in predicting malignancy risk 
and determining optimal patient care.  

What Is Already Known on This Topic:
EIF1AX mutations occur in wide variety of thyroid lesions, including 
HN, FA, NIFTP, well differentiated carcinomas (FTC and FVPTC) and 
poorly differentiated carcinomas (PDTC and ATC).  Previous studies 
examining surgically resected nodules have concluded that the A113_
splice mutation, especially with co-existing RAS mutation, is more fre-
quently observed in thyroid cancer than are isolated EIF1AX mutations 
or mutations at the N-terminus hotspot of the gene.  However, there 
is limited data characterizing EIF1AX mutations in cytology samples 
from indeterminate thyroid nodules. 

What This Study Adds:
The ROM in an EIF1AX-mutated, cytologically indeterminate thyroid 
nodule may be higher than previously reported, for in our study, 36.4% 
of thyroid nodules with isolated EIF1AX mutation identified in the FNA 
sample were diagnosed as malignant neoplasms upon surgical removal.  
Furthermore, our data suggests that the presence of co-mutations, re-
gardless of the position of the EIF1AX mutation, has a significant influ-
ence on malignancy risk.  The coexistence of EIF1AX mutations with 
other pathogenic driver mutations in RAS, TERT and TP53 conferred a 
100% ROM or NIFTP in our cohort, indicating that such nodules war-
rant surgical resection. 
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Abstract
Objective. In the current study, we compared the distribution of blood and lymphatic vessels from paraffin-embedded tissues 
with those of frozen tissues of normal human and rhesus monkey. Materials and Methods. We performed immunocytochemi-
cal staining for lymphatic and blood vessels using LYVE-1 for lymphatic vessels and von Willebrand factor (F-8) for blood ves-
sels. Results. Normal tissues included spleen, lymph node, liver, pancreas, salivary gland, colon, diaphragm, heart, lung, thyroid, 
adrenal gland, kidney, ovary, endometrium, and prostate. Splenic sinusoids were stained for LYVE-1 and F-8 in the frozen sec-
tions, supporting that the sinusoid is a lymphoreticular system and blood vessel in structure and function. In frozen sections, 
the lymphatic sinusoids were consistently positive for LYVE-1, while hepatic sinusoids were positive for LYVE-1, but not for F-8. 
Thus, lymphatic and blood vessels were more readily detected in frozen tissue sections than in the paraffin-embedded sections. 
In the endometrium, lymphatic vessels were not diffusely immunostained in paraffin-embedded sections. However, frozen 
sections detected cyclic changes of lymphatic vessels, growing from basalis to functionalis in the menstrual cycle. Lymphatic 
vessels were immunostained in many organs using frozen sections. Small pulmonary blood vessels were not immunostained by 
F-8 in the periphery of the bronchial vessel tree most likely these smallest blood vessels were not immunostained due to less F-8 
attached to their endothelia. Conclusion. The present findings illustrate the differences in the immunostaining of blood vessels 
in sections obtained from paraffin-embedded tissues and those from frozen tissue. These new findings may be relevant for the 
basic histology and histopathology of lymphatic and blood vessels. 

Key Words: Blood Vessels  Lymphatic Vessels  Immunohistochemistry  Factor-8  LYVE-1.

Introduction

Practically every organ is supplied by lymphatic 
vessels except the brain, spinal cord, cartilage, bone 
marrow, eye lens, and others (1-4). However, the 
presence of lymphatic vessels in each organ is not 
definitively identified at the histologic levels. Using 
immunocytochemical staining for lymphatic and 
blood vessels, we had tried to detect lymphatic and 
blood vessels using currently available immunocyto-
chemical markers. The currently commercially avail-
able markers for lymphatic vessel endothelia include 
proxy-1 (prospero-related homeobox-1), LYVE-1 
(lymphatic vessel endothelial hyaluronic acid factor 

receptor-1), podoplanin (43 kDa membrane glyco-
protein of podocytes), and VEGFR-3 (vascular en-
dothelial growth factor receptor-3) (1-4). LYVE-1 is 
a transmembrane receptor for hyaluronan, a highly 
expressed by lymphatic vessels (3-6). A podoplanin 
is a membrane glycoprotein found on the surface of 
rat glomerular epithelial cells, podocytes, recognized 
by the monoclonal antibody, D2-40 (3). These mark-
ers bind to their own specific binding sites in differ-
ent modes, and they all function in diverse ways at 
different stages of tissue growth and development 
(2-4). The markers for blood vessels include CD31 
(platelet endothelial adhesion molecule PECASM-1, 
found on endothelial cells), CD34 (single-class 

Clinical Science

mailto:tomitat39@gmail.com; 


14

Acta Medica Academica 2021;50(1):13-28

transmembrane sialomucin protein, its antibody is 
used for hematopoietic progenitor cells, positive for 
blood vessel endothelium but not lymphatic vessel 
endothelium), and von Willebrand factor (binds 
factor-8, F-8, a clotting factor in blood vessel endo-
thelium, platelet aggregation and adhesion to the cell 
wall of injured vessels), which are pan-vascular en-
dothelial markers (3).

However, there are truly no specific markers for 
lymphatic vessels and blood vessels, respectively, 
at present (2, 3, 7-10). We had previously per-
formed such immunocytochemical staining with 
normal tissues. We found that frozen sections were 
superior for lymphatic and blood vessels immu-
nostaining than the routinely formalin-fixed and 
paraffin-embedded sections (11, 12). To anatomic 
pathologists, it is crucially important to identify 
the precise presence of lymphatic and blood ves-
sels in the normal organs and the pathological tis-
sue specimens, especially in cancer tissues (11, 12). 
The classical staining for lymphatic vessels is van 
Gieson’s stain for the lining elastic lamina for dis-
tinguishing lymphatic vessels from the small tis-
sue spaces due to the fixation artifacts by buffered 
formalin-fixation and paraffin embedding. The 
presence of red blood cells in the endothelium lin-
ing vessel lumens supports to identify blood ves-
sels. These two vessel systems supply the organs 
for lymph fluid and blood and have crucial roles in 
cancer spread and metastasis. 

The aim of the current study was to compare the 
distribution of blood and lymphatic vessels using 
paraffin-embedded and frozen tissue samples of nor-
mal human and rhesus monkey. We employed most-
ly LYVE-1 for lymphatic vessels and von Willebrand 
factor (Factor-8, F-8) for blood vessels stains (13). 

Materials and Methods
Normal human tissues were collected from surgi-
cally removed organs at the Department of Pathol-

ogy, University of Kansas Medical Center, Kansas 
City. These tissues included colon and pancreas. 
Immunocytochemical staining procedures with 
paraffin-embedded tissues were previously re-
ported (11, 12). The sources of antibodies used for 
immunocytochemical staining and each dilution 
of the antibody for routinely formalin-fixed and 
paraffin-embedded tissues and frozen sections are 
as follows (Table 1).

For frozen sections, normal organ tissues from 
Macaca mulatta (rhesus monkey) were procured 
by necropsy at the laboratory of Drs. Robert 
Brenner and Ov Slayden, Oregon National Re-
search Center, Beaverton, OR. The frozen tissues 
were prepared from the liver, spleen, lymph node, 
diaphragm, heart, lung, thyroid, adrenal gland, 
kidney, ovary, uterus, and prostate. Additionally, 
monkey liver and spleen were fixed in a mixture of 
1% paraformaldehyde and 1% formalin and were 
embedded in paraffin. With spleen and liver, dou-
ble immunocytochemical staining was performed 
with paraffin sections for LYVE-1 and F-8 using 
brown color by diaminobenzidine tetrahydrochlo-
ride and blue color by Vectastain and Vector SG 
(Burlingame, CA). For frozen sections, small fresh 
tissues (1 × 1 × 0.4 cm) were embedded in OCT 
matrix (Fisher Scientific, Pittsburgh, PA) and were 
frozen in liquid propane in the liquid nitrogen 
bath as described before (13-18) and were frozen 
sectioned at 5-7 microns. Frozen sections were 
mounted on Super Frost Plus slides (Fisher Scien-
tific), microwaved-irradiated on ice for 3 sec, fixed 
in 2% paraformaldehyde in phosphate buffer at pH 
7.4 for 10 to 15 min at room temperature, and im-
mersed twice for 2 min in 85% ethanol (13). To 
inhibit endogenous peroxidase activity, sections 
were incubated with a solution containing glucose 
oxidase (1 U/ml) and sodium azide (10 mmol/
ml) in PBS for 45 min at 25°C (13). Sections were 
incubated with blocking serum for 20 min. Then, 

Table 1. Antibodies that Were Used in the Current Study

Antibody (clone) Manufacturer Paraffin sections dilution Frozen sections dilution

Goat-anti human LYVE-1 R & D System, Minneapolis, MN    1:100     1:1.200

Mouse monoclonal D2-40 Signet Laboratories, Dedham, Mass  1:100     1:100

Rabbit anti-human F-8   Dako System,  Carpenteria, CA 1:100     1:800  
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sections were incubated with each diluted primary 
antibody solution overnight at 4°C. After rinsing 
and immersion in blocking serum again, sections 
were incubated with a second antibody (1: 200 di-
lution) for 30 min at room temperature. Final vi-
sualization was achieved with the ABC kit (Vector 
Laboratories, Burlingame, CA) and 0.025 diami-
nobenzidine tetrahydrochloride in Tris-buffer pH 
7.6, 0.03% H2O2 to induce brown color.

Results

Spleen and Lymph Node (Figure 1)  

Frozen sections of the spleen showed diffuse stain-
ing in the sinusoidal endothelia and no staining 
in the central arterioles in the germinal center 
for LYVE-1, while F-8 staining revealed posi-
tive staining in the central arterioles and adjacent 

larger arteries (Figure 1-A and -B). The positive 
F-8 staining in the sinusoidal epithelia was only 
achieved in the frozen section, not in the routinely 
processed paraffin sections (Figure 1-B and -D). 
Double staining for LYVE-1 in brown and F-8 in 
blue (Figure 1-C) and F-8 in brown and LYVE-1 
in blue (Figure 1-D), both revealed positive stain-
ing in the sinusoidal endothelia for LYVE-1 and 
central arterioles staining for F-8. There was no 
F-8 staining sinusoids in the paraffin sections (Fig-
ure 1-D). Thus, the red pulp's sinusoidal epithelia 
were double-positive for LYVE-1 and F-8 only in 
the frozen section (Figure 1-A and -B). The fro-
zen sections of the lymph node showed a few lym-
phatic vessels in the cortex. Simultaneously, there 
were numerous slender or round lymphatic vessels 
in the medulla and the connective tissue of the hi-
lum (Figure 1-E). There were lymphatic sinusoidal 

Figure 1. Spleen and Lymph Node. 
The frozen sections of spleen 
showed diffuse positive staining 
in the sinusoids for both LYV-1 and 
F-8 (A and B), and central arteri-
oles and larger blood vessels were 
strongly positive for F-8 (B). The 
paraffin-embedded sections were 
double stained for LYVE-1 in brown 
and F-8 in blue, showing positive in 
sinusoids for LYVE-1 and positive 
in blood vessels for F-8 (C), and in 
brown for blood vessels and in blue 
for sinusoids (D). There was no posi-
tive staining for F-8 in the splenic 
sinusoid in the paraffin-embedded 
section (D). The frozen sections of 
lymph node showed LYVE-1 posi-
tive staining in lymphatic sinusoids 
at the subcapsular-medullary junc-
tion and linear lymphatic vessels in 
medulla and hilar connective tissue 
(E ), where abundant F-8 positive 
blood vessels were present (F). A, 
B, E and F=Frozen sections; C and 
D=Paraffin-embedded sections, c: 
Central artery, s: Lymphatic sinus; 
A and E=LYVE-1; B and F=F-8, im-
munostained; C=LYVE-1/F-8; D=F-8/
LYVE-1 double-immunostained.
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epithelia in the subcapsular (marginal)-
medullar junction of the lymph node, 
strongly positive only for LYVE-1 (Fig-
ure 1-E). Mostly round thick-walled ar-
teries were less positively stained for F-8 
than thin-walled, dilated veins, which 
were stronger stained for F-8 with abun-
dant endothelial staining in the small 
blood vessels in the medulla and large 
blood vessels in the hilum (Figure 1-F).

Liver and Pancreas (Figure 2)

For LYVE-1 immunostaining, the stain-
ing between frozen section and paraf-
fin-embedded section was compared, 
showing darker staining in the relatively 
broader liver sheets in the frozen sec-
tion (Figure 2-A) than the weaker stain-
ing in the relatively thinner liver sheets 
in paraffin-embedded section (Figure 
2-B). In the frozen section, pan-lobular 
sinusoids were diffusely positive for 
LYVE-1 with stronger pericentral sinu-
soids than periportal sinusoids. Some 
periportal sinusoids were barely positive 
or negative (Figure 2-A). In contrast, the 
periportal sinusoids were not stained for 
LYVE-1 in the paraffin-embedded sec-
tion (Figure 2-B). For F-8 staining, blood 

Figure 2. Liver and Pancreas. Frozen section for LYVE-1 staining showed diffuse pan-
lobular with strong positive staining in the pericentral zone 3 and less positive stain-
ing in the periportal zones 1 and 2 (A) while periportal zone 1  and most of zone 2 were 
negatively stained in the paraffin-embedded sections (B). Double staining for LYVE-1 
and F-8 showed LYVE-1 positive staining in sinusoids and F-8 positive staining in ar-
teries and veins (C and D). Staining for F-8 revealed stronger stained in larger veins 
than arteries and smaller veins in paraffin-embedded section (D). Liver cell sheets 
appeared broader and larger in the frozen section than in the paraffin-embedded 
section (A and B). Frozen sections of pancreas showed barely weakly stained islets by 
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LYVE-1 (E) and F-8 staining showed islets consisting of round baskets of abundant, entangled F-8 positive capillaries (F). 
Paraffin-sections of pancreas showed strong staining in islets and there was no staining for primary non-functioning Pan-
NET (G), metastatic insulinoma in liver (H) and metastatic gastrinoma in lymph node (I). Lymphatic vessels in the pancreatic 
stroma (G), hepatic sinusoid (H) and lymphatic sinus (I) were positively immunostained for LYVE-1 (G-I), a: Artery, c: Central 
vein, i: Islet, l: Lymphatic vessel, p: Portal area, pn: Pan-NET, v: Vein. A, E, F=Frozen section; B, C, D, G-I=Paraffin-embedded 
sections; A, B, E, G-I=LYVE-1, ; C=LYVE-1/F-8 double stained; D=F-8/LYVE-1 double stained; F=F-8 immunostained. Figures 
G, H and I are from the reference 33 (Tomita T. Pancreas. 2007;35(4):e18-22).
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vessels were strongly stained in larger vessels while 
sinusoids were negative in the paraffin-embedded 
section (Figure 2-D). Double immunostaining for 
LYVE-1 and F-8 showed sinusoidal staining endo-
thelial staining in brown for LYVE-1 and weak F-8 
staining in arteries and veins in blue (Figure 2-C) 
and vice versa for brown staining for F-8 and blue 
staining for LYVE-1 (Figure 2-D).

Frozen section stained for LYVE-1 revealed 
weakly stained pancreatic islets (Figure 2-E). In 
contrast, F-8 staining revealed numerous pancre-
atic islets, consisting of a round basket of abun-
dant, tangled capillaries, and thick-walled arter-
ies and thin-walled veins were moderately and 
strongly stained, respectively (Figure 2-F). Paraf-
fin-embedded tissues stained strongly for LYVE-1 

in pancreatic islets with adjacent lymphatic vessels 
but no LYVE-1 staining in 23 out of 25 cases of 
pancreatic neuroendocrine tumors (Pan-NETs) 
(Figure 2-G), including metastatic insulinoma to 
the liver (Figure 2-H) and metastatic gastrinoma 
to lymph node (Figure 2-I). Hepatic and lymphat-
ic sinusoids were positively stained for LYVE-1 in 
paraffin-embedded sections (Figure 2-H and -I). 

Colon, Diaphragm, and Salivary Gland (Figure 3) 

In the paraffin-embedded colonic sections, there 
were numerous slender lymphatic vessels in the 
submucosa, including lymphoid follicle with a 
few lymphatic vessels in lamina propria (Figure 

Figure 3. Colon, Diaphragm and Salivary Gland. Paraffin-embedded sections of colon showed a few lymphatic vessels by 
LYVE-1 staining and numerous round blood vessels by F-8 staining in lamina propria while submucosa contained numer-
ous linear lymphatic vessels and many round blood vessels including the lymphoid follicle (A and B). Lymphatic and blood 
vessels longitudinally crisscrossed the inner circular and outer longitudinal muscle layer (C and D). Frozen sections of dia-
phragm contained linear and many small lymphatic vessels in the arterial adventitia of fibrous septa (E) and small capillar-
ies at the outer margins of the striated muscle with many blood vessels in the fibrous septa (F). Frozen sections of salivary 
gland showed abundant, scattered small linear lymphatic vessels (G) and numerous scattered round blood vessels (H), a: 
Artery, i: Inner circular muscle, l: Lymphatic vessel, o: Outer longitudinal muscle, v: Vein. A-D=Paraffin-embedded sections; 
E-H=Frozen sections; A, C and G=LYVE-1; B, D, F, H=F-8; E=D2-40 immunostained; Figures A-D are from the reference 12. 
Tomita T. Cancer-associated lymphatic and venous vessels in colonic carcinomas. Open J Pathol. 2014;4(2):101-9.
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3-A). There were abundant round, dilated veins 
in the mucosa and submucosa, with some inside 
the lymphoid follicle (Figure 3-B). Many lym-
phatic and blood vessels penetrated longitudinally 
through the two layers of smooth muscles (Figure 
3-C and -D). The diaphragm's frozen section was 
transversely supplied with a scanty, linear network 
of lymphatic vessels in the thin, fibrous septum 
and arterial adventitia (Figure 3-E). The striated 
muscles were diffusely and richly supplied by cap-
illaries at the outer margins of the muscle bundles. 
On the other hand, abundant thick-walled arteries 
and thin-walled veins were stained in the endothe-
lia for F-8, with veins stronger stained than arter-
ies (Figure 3-F). The frozen section of the salivary 
gland revealed many scattered small lymphatic 
vessels in the periductal and interlobular stroma 
(Figure 3-G). There were numerous scattered F-8 
positive small blood vessels in the inter-lobular 
stroma, including thick-walled arteries and thin-
walled veins in the periductal stroma (Figure 3-H).

Thyroid, Adrenal Gland, and Kidney (Figure 4) 

In the thyroid, there were abundant linear lym-
phatic vessels in interfollicular septa (Figure 4-A). 
In contrast, more abundant larger thick-walled ar-
teries and thin-walled, plump veins were strongly 
positive for F-8 in the thyroid septa with veins 
stronger stained than arteries in the frozen sections 
(Figure 4-B). The adrenal gland contained numer-
ous small lymphatic vessels and larger, dilated blood 
vessels in the subcapsular tissue (Figure 4-C and 
-D). There were few lymphatic vessels in the corti-
cal and medullary septa (Figure 4 -C and -D). In the 
kidney, there were only a few small linear lymphatic 
vessels around the glomeruli and very few lymphatic 
vessels in the cortical stroma (Figure 5-E). Glomer-
ular capillaries were densely and diffusely stained 
for F-8 with positive staining spreading outside 
the capillary, suggestive of the leaking endothelia 
(Figure 5-F). Both thick-walled arteries and thin-
walled veins were moderately and strongly stained 
for F-8, respectively (Figure 5-F). 

Figure 4. Thyroid, Adrenal Gland and Kidney. Frozen sections of thyroid showed linear and many small lymphatic vessels 
in fine fibrous septa (A) and more abundant larger, round blood vessels in the septa (B). Adrenal sub-capsular stroma 
contained numerous small, linear lymphatic vessels (C) and larger round blood vessels (D). There were few lymphatic ves-
sels in the cortex and medulla in kidney. Frozen sections of kidney showed a few small, liner lymphatic vessels around the 
glomerulus and tubules (E) while glomerular capillaries were densely and diffusely stained for F-8 spreading outside of the 
capillary, suggestive of leaking blood vessels. There was strong staining for F-8 in larger veins than in arteries (F), a: Artery, 
g: Glomerulus, l: Lymphatic vessel, v: Vein; A-F=Frozen sections; A, C, E=LYVE-1; B, D, F=F-8 immunostained.
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Heart, Lung, Ovary, and Prostate 
(Figure 5) 

Numerous, small, scattered lymphatic 
vessels were diffusely present in the full 
thickness of the cardiac ventricle, and 
much less and a few blood vessels were 
present in the sections of the ventricle 
with larger vessels in epicardium than 
in endocardium (Figure 5A and -B). 
In the lung, lymphatic vessels were dif-
fusely scattered in the wall of terminal 
bronchioles, respiratory bronchioles, 
and alveolar ducts (Figure 5-C). In con-
trast, fewer blood vessels were revealed 
by F-8 staining in the wall of mostly 
terminal bronchioles and respiratory 
bronchioles (Figure 5-D). Numerous 
linear lymphatic vessels were present 
around the ovarian follicle and inter-
stitial stroma, linear with a narrow lu-
men (Figure 5-E). Likewise, numerous 
small blood vessels were present around 
the ovarian follicle in the stroma with 
plump lumens (Figure 5-F). The pros-
tatic sub-capsule and stroma contained 
many scattered small, linear lymphatic 
vessels (Figure 5-G). There were more 
numerous small blood vessels than 
lymphatic vessels in the sub-capsule 
and interlobular stroma than lymphatic 
vessels (Figure 5-H). There were many 
nerve fibers in the prostatic sub-capsule 
(5-G and -H).

Macaca mulatta Endometrium, Days 
3, 14, and 28 of Menstrual Cycle 
(Figure 6)

The cyclic endometrium was stained in 
the frozen sections. The endometrium 
from the Day 3 of the menstrual cycle 
showed thin residual basalis, which 
contained some small lymphatic ves-
sels (Figure 6-A) and numerous dilated 
blood vessels (Figure 6-B). Day 14 en-

Figure 5. Heart, Lung, Ovary and Prostate. Frozen sections of heart 
showed numerous scattered small lymphatic vessels (A) and less abun-
dant larger blood vessels with larger caliber in the pericardium (B). There 
were abundant lymphatic vessels in the wall of terminal bronchioles, re-
spiratory bronchioles, and alveolar ducts (C) while there were less, large 
blood vessels in in the wall of terminal bronchioles and respiratory bron-
chioles (D). There was no staining for F-8 in the alveolar capillaries (D). 
Frozen sections of ovary showed numerous, scattered small lymphatic 
vessels around the ovarian follicle and interstitial stroma (E), and likewise 
there were numerous, plump blood vessels in the stroma and around 
the follicle (F). Prostate showed many small scattered lymphatic vessels 
in the sub-capsular and interstitial stroma (G) and more numerous small 
blood vessels in the stroma (H). There were many nerve bundles in the 
prostatic sub-capsule (G and H), e: Endocardium, n: Nerve, p: Pericardium. 
A to H=Frozen sections; A, C, E, G=LYVE-1; B, D, G, H=F-8 immunostained.
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Figure 6. Macaca Mulatta Endometrium, Day 3, 14 and 28 of Menstrual 
Cycle. Day 3 endometrium of the menstrual cycle showed thin resid-
ual basalis, which contained some, small lymphatic vessels (A) and 
numerous small blood vessels (B). Day 14 endometrium showed a few 
small, lymphatic vessels (C) and numerous elongating blood vessels 
in the growing functionalis (D). Day 28 in menstrual cycle, there were 
several perpendicular small lymphatic vessels in the upper stratum 
functionalis as compared to numerous small lymphatic vessels in the 
lower functionalis (E). There were dilated, densely F-8 positive venous 
vessels, suggestive of leaking blood vessels, which were located  per-
pendicular to the uterine cavity in the upper functionalis (F) as com-
pared to slim elongated blood vessels in the lower functionalis and 
basalis (D). In myometrium, there were many perpendicular and trans-
verse lymphatic vessels (A, B, D). b: Basalis; f: Functionalis; l: Lymphatic 
vessel; m: Myometrium; v: Dilated vessel; A-F=Frozen sections; A, C, 
E=LYVE-1; B, D, F=F-8 immunostained.  

dometrium showed many small lymphatic vessels 
in the lower stratum functionalis but few lymphat-
ic vessels in the growing upper functionalis (Fig-
ure 6-C). Simultaneously, there were numerous 
blood vessels in both lower and upper functiona-

lis (Figure 6-D). In the endometrium of the 28th 
day of menstrual cycle, there were small scattered 
lymphatic vessels in the upper functionalis (Fig-
ure 6-E). There were numerous, dilated, densely 
F-8-stained blood vessels spreading outside of the 
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endothelium, suggestive of leaking blood 
vessels located perpendicular to the uter-
ine cavity in the upper functionalis (Fig-
ure 6-F). There were many perpendicular 
and transverse lymphatic vessels in the 
myometrium (Figure 6-A, -B, -D).  There 
were even more numerous larger venous 
vessels in myometrium than in functiona-
lis and basalis (Figure 6-D). 

Discussion

There are many immunologic and immu-
nohistochemical markers for lymphatic 
and blood vessels but what we need is just 
one solely reliable and specific marker 
for lymphatic vessel and blood vessel, re-
spectively. However, there is none for that 
purpose at present. The structure-func-
tion relationship of lymphatic vasculature 
has been overshadowed and delayed by 
a lack of specific markers for lymphatic 
vessels (1-4). As shown in the dilution 
of the primary antibody, the frozen sec-
tions required a tiny fraction of primary 
antibodies with much more diluted solu-
tions, especially for the primary LYVE-1 
antibody; thus, frozen section immunos-
taining was much more economical than 
paraffin-embedded sections since these 
antibodies were expensive. The hind side 
of frozen sections is that the frozen tis-
sue preparation is quite cumbersome and 
labor-intensive. Only small tissue (1 × 1 × 
0.4 cm) may be adequately processed in 
our method (13-18). During the freezing 
process, the tissue may crack, the larger 
tissue tends to crack more often than the 
smaller tissue, and the freezing process 
needs to be improved for future study. We 
used frozen sections of 5-7 µm in thick-
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ness, and it was not an easy task to cut thin frozen 
sections to see a clear view of vascular vessels, and 
the larger the tissue is, the harder it is to cut good 
thin sections. Furthermore, frozen sections on the 
glass slides stored in a deep freezer may degener-
ate with increasing non-specific staining if kept for 
more than four weeks. Liver and kidney sections 
are more prone to degenerate during storage in a 
deep freezer at -70C°. For the best staining result, 
the fresh frozen sections are the best for immuno-
cytochemical staining immediately after section-
ing. The buffered 10% formalin fixation decreased 
organ weight by about 10%, but liver sheets were 
shrunk more than 10% (Figure 2-A and -B). 

The clearly different staining pattern was re-
vealed in the spleen, where paraffin-embedded 
sections revealed LYVE-1 positive sinusoidal epi-
thelia, which were large capillaries and were nega-
tive for F-8 (Figure 1-D). Thus, the F-8 positive 
staining in the splenic sinusoidal epithelia was 
only positively achieved in the frozen sections 
(Figure 1-B) but not in the paraffin-embedded sec-
tions (Figure 1-D). There were different staining 
patterns between the frozen section and paraffin-
embedded section for splenic sinusoids. In a study 
using paraffin-embedded sections, splenic sinus 
was reportedly only patchy positive for F-8 and 
negative for CD34 (4). The splenic red pulp is lined 
by distinctive endothelial cells with a partial his-
tologic function called splenic littoral cells, which 
express endothelial markers like F-8, CD 31, WT1 
(Wilms’ tumor protein 1), ERG (a member of the 
erythroblast transformation-specific family), and 
CD68 (a protein highly expressed by the cells in 
the monocyte lineage in circulating blood and tis-
sue macrophages) (1-4). Blood is sequestrated in 
the splenic sinus in the red pulp under the condi-
tion of portal hypertension. The sinusoid of larger 
caliber allows transporting whole blood cells be-
tween the capillary wall and the adjacent tissue. Its 
endothelia increase the attachment of F-8 on the 
splenic littoral cell surface resulting in strong F-8 
staining on the surface (Figure 1-B). Since splenic 
sinusoidal epithelia are positive for both F-8 and 
LYVE-1, these epithelia are both venous and lym-
phatic endothelia, as seen in the frozen sections. 

They may function as both venous capillaries and 
lymphatic capillaries. The human spleen’s sinusoid 
is an unusual vessel, which is involved in the re-
moval of damaged erythrocytes and permits the 
migration of leukocytes from the cords into the 
circulation (4). This endothelium of the sinu-
soids is equivalent to other endothelium in their 
immunoreactivity to F-8 and HLA-DR antigens 
(4, 19-21). The white splenic pulp, germinal cen-
ter, consists of central arterioles (Figure 1 A-D), 
which are surrounded by lymphoid cells, the so-
called periarteriolar sheath (PALS), and adjacent 
outpouchings of nodular lymphoid tissue (3, 4, 
19-21). The lymph node sections also showed a 
different staining pattern for lymphoid sinusoids, 
positive for LYVE-1 in the frozen sections. Using 
paraffin-embedded sections, the lymphoid sinus 
was reportedly positive for CD34 and negative for 
CD31 (4). The lymphoid sinusoids are located be-
tween the subcortical (marginal)-medullary junc-
tion (Figure 1-E). Lymph nodes filter protein-rich 
lymph fluid through lymphatic sinusoids, while 
the spleen filters blood through splenic sinusoids 
(3, 4). In lymph nodes, there were abundant arter-
ies and veins in the medullary cord and hilum with 
small lymphatic vessels in the periarterial stroma 
(Figure 1-E and -F). Double staining for LYVE-1 
and F-8 was possible only with paraffin-embedded 
sections, and an attempt for double staining with 
frozen sections was unsuccessful because of too 
much non-specific background staining, which re-
sulted in too dirty to identify vessels at our hand.                                                                                                          

LYVE-1 immunostaining is not restricted to 
the lymphatic vessels but is expressed in normal 
hepatic sinusoids, which are downregulated in he-
patic cancer and liver cirrhosis (22). The hepatic 
sinusoids were positively stained for LYVE-1, not 
entirely in all zones in paraffin-embedded section 
where oxygen-rich zones 1 (periportal hepato-
cytes) was negative but oxygen-poor zones 2 and 
3 (pericentral hepatocytes) were positive (Figure 
2-A and -B). However, all zones 1 to 3 in some 
tissue areas were positively stained for LYVE-
1 in the frozen section. So, zone 3 was stronger 
stained than zones 1 and 2 (Figure 2-A). There 
are two types of sinusoidal epithelia in the hepa-
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tocytes. Type 1 sinusoidal epithelia are LYVE-1-, 
CD32hiCD14+ hepatocyte in the oxygen-rich zone 
1, and type 2 sinusoidal epithelia are LYVE-1+, 
CD32hiCD14+CD36mid-lo in the oxygen-poor zone 
2 and 3 hepatocytes (Figure 2-A and -B) (22-26). 
Thus, LYVE-1 staining is mostly stronger stained 
in the zones 2 and 3 endothelia, which are venous 
capillaries with more LYVE-1 attached in the en-
dothelia, while zone 1 is arterial capillary with less 
F-8 attached. Hepatic sinusoids are large capillar-
ies positive for LYVE-1 in zone 3 in the paraffin-
embedded section, but not diffusely for F-8 with 
patchy staining in the literature (3, 4, 24, 25). F-8 
immunostaining yielded negatively stained in liv-
er sinusoids, while stronger positive staining was 
seen in veins with larger caliber vessels (Figure 
2-C and -D). In paraffin-embedded sections, zone 
1 was positive, and zone 2 was negative for CD34 
since CD34 stained stronger for arterioles than ve-
nules, supporting that zone 1 is arterial capillary 
(4, 23). The frozen section for F-8 staining did not 
yield positive for hepatic sinusoids (25, 26) (Figure 
not shown). Comparing the sizes of liver sheets, 
the paraffin-embedded section was smaller than 
that of frozen sections by more than 10% (Fig-
ure 2-A and -B). Veins with larger calibers were 
stronger stained than those with smaller calibers, 
and veins were stronger stained than the arteries 
of the same caliber. This finding may support that 
larger veins have more F-8 attached on the sub-
endothelial surface than that of smaller veins, and 
veins with slower blood flow may have more F-8 
attached on the endothelia than that of arteries 
with faster blood flow. Since all undamaged endo-
thelia of veins and arteries are positively stained 
for F-8 (26), F-8 is not necessarily attached to the 
damaged vascular endothelia but are attached to 
the undamaged endothelia as well.

In the three sinusoids containing organs 
(spleen, lymph nodes, and liver), extramedullary 
hematopoiesis may occur during fetal develop-
ment and in hematopoietic malignancies (e.g. 
chronic myelogenous leukemia and myelofibro-
sis) (4, 27-30). Extramedullary hematopoiesis is a 
pathological process in which the differentiation 
of hematopoietic stem/progenitor cells occurs out-

side the bone marrow, namely in the sinusoids of 
spleen, liver and lymph nodes. In the spleen, mes-
enchymal progenitor-like cells expressing TlX1, an 
essential transcription factor for spleen organo-
genesis, are selectively localized in the perifollicu-
lar region of the red pulp and are a major source of 
hematopoietic stem cell factors (31). Thus, many 
markers of lymphatic and blood vessels may also 
show diverse immunohistochemical expressions 
depending on the developmental and hematopoi-
etic neoplastic stages (2-4, 32). Hepatic sinusoidal 
endothelia separate passenger leukocytes in the si-
nusoidal lumen from hepatocytes and act as a plat-
form for the adhesion of various liver-resident im-
mune cell populations. Thus, the endothelial cells 
function as scavengers and pose potent immune 
function as sentinel cells to detect microbial infec-
tion (4, 25). The pancreas showed strikingly dif-
ferent staining patterns between the two staining 
procedures: frozen sections barely showed LYVE-
1 positive pancreatic islets (Figure 2-E) while par-
affin sections stained LYVE-1 in islets diffusely 
and strongly (Figure 2-G). In paraffin-embedded 
sections, 23 out of 25 cases of Pan-NETs, includ-
ing non-functioning Pan-NET, metastatic insuli-
noma in the liver and metastatic gastrinoma in the 
lymph node, were negative for LYVE-1. Simulta-
neously, the normal tissues, including pancreatic 
islets with adjacent lymphatic vessels, hepatic sinu-
soids, and lymphatic sinusoids, were all positively 
stained for LYVE-1 (Figure 2-G, -H and -I) (4, 33). 
In contrast, eight out of 25 Pan-NETs were posi-
tively stained for D2-40 (Figure not shown) (34). 
This strong immunostaining was also observed 
for staining pancreatic hormones in the paraffin-
embedded sections but not in the frozen sections 
(Figures not shown). LYVE-1 and D2-40 positive 
staining in islets support that islets are LYVE-1/
D2-40 filled endocrine organs, with which islets 
function as a paracrine endocrine organ in the 
lymphatic medium since all four pancreatic hor-
mones are interacting with each other by either 
stimulating or inhibiting the secretion of the other 
hormones for glucose homeostasis of the whole 
body. In the paracrine islet system, insulin inhib-
its glucagon secretion, glucagon stimulates insulin 
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secretion, somatostatin inhibits insulin, glucagon 
and pancreatic polypeptide (PP) section, and PP 
inhibits somatostatin secretion (Figure 7) (35). F-8 
immunostaining with frozen sections showed bas-
kets of F-8 positive rich, round capillaries in the 
islets, showing the presence of numerous, fenes-
trated capillaries in the endocrine pancreas by this 
staining (Figure 2-F). Pancreatic islets occupy only 
1-2% of the pancreatic tissue volume but receive 
10-23% of the entire pancreas’ blood supply, which 
supply rich capillaries in the islets (36, 37).

The intestine was technically difficult to cut 
good frozen sections, and we used well-fixed par-
affin-embedded sections for immunostaining. The 
colonic sections showed a few lymphatic vessels in 
lamina propria but showed numerous lymphatic 
vessels in the submucosa (Figure 3-A). Kennedy 
et al. reported absent lymphatic vessels in lamina 
propria of the normal human colon with some lym-
phatic vessels in most cases with inflammation and 
neoplasia (12). We believe their negative staining 
was due to non-optimal preservation of lymphatic 
vessels in paraffin-embedded colonic tissue. Colon 
lacks lacteals seen in the small intestine but is well 
supplied with lymphatic vessels in lamina propria, 
and the highest densities of lymphatic vessels are 
found in the submucosa (12). Both lymphatic and 
blood vessels penetrated longitudinally through 

the colonic muscle wall to the subserosa (Figure 
3-C and -D) (11), through which colonic cancer 
cells may spread to the pericolonic lymph nodes 
(38, 39). Blood vessels were abundant in lamina 
propria and submucosal stroma (Figure 3-B) 
(12). We observed more non-specific background 
staining in the routinely paraffin-embedded sec-
tion than in the frozen sections, as shown in the 
colonic muscular layers (Figure 3-C and D) (12). 
Lymphangiogenesis occurs in adult tissue during 
inflammation, wound healing, and tumorigenesis 
(2-4). Colonic carcinoma invades through the lon-
gitudinal lymphatic vessels through the smooth 
muscle wall to pericolonic lymph nodes, and some 
lymphatic vessels are newly formed peritumorous 
lymphatic vessels (12, 38, 39). The diaphragm pre-
pared longitudinally cut, and the sections showed 
a few longitudinal LYVE-1 positive lymphatic ves-
sels in the fibrous septum. Simultaneously, there 
were numerous small capillaries in the outer mar-
gin of the striated muscle bundle (Figure 3-E and 
-F). This rich blood vessel network is thought to 
be responsible for the hematogenous spread of 
cancers, especially lung cancers to adrenal glands, 
which accounts for 40% of metastasis (40). The 
route of lung cancer metastasizes to the adrenal 
gland is debated, mainly lymphatic route in the 
early stage of cancer and mainly hematogenous 
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Figure 7. Paracrine System of Four Pancreatic Endocrine Hormones. The solid line with an arrowhead signifies stimulatory 
effect on the other hormone (s), while the broken line with an arrowhead signifies inhibition on the other hormone (s). For 
instance, insulin secretion inhibits glucagon secretion while glucagon secretion stimulates insulin secretion. Somatostatin 
(SRIF) secretion inhibits secretion of the three other hormones secretion and PP secretion inhibits SRIF secretion. From the 
reference 35 (Tomita, T, Pathol Int. 2002,52(7):425-32).
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spread in the late stage (40). When lung cancer 
metastasizes through the diaphragm, the hema-
togenous spread is more likely through the more 
abundant blood vessels than the less abundant 
lymphatic vessels (Figure 4-E and -F). Besides, ad-
renal metastasis is usually in the medulla, not in 
the adrenal cortex, and is often bilateral. Salivary 
glands have the highest rate of lymphatic flow per 
weight of tissues of all regions in the gastrointesti-
nal tract (41) as supported by numerous lymphatic 
vessels in the gland (Figure 3-G).

The fibrous septum in the thyroid gland con-
tained linear lymphatic vessels and larger round 
blood vessels (Figure 4-A and -B). These numer-
ous lymphatic vessels and more numerous blood 
vessels are supported by a classic dye injection 
study in the dog, in which numerous lymphatic 
vessels were detected in the fibrous septa (42). 
The adrenal sub-capsule contains numerous small 
lymphatic and blood vessels, but few lymphatic 
vessels in the cortical and medullary parenchymal 
tissue are described by Merklin (43) (Figure 4-C 
and -D). The adrenal medulla contains numerous 
large blood vessels, which emerge from the hilum 
before forming suprarenal veins and are the site of 
lung cancer metastasis, bilateral in the rule. When 
lung cancer metastasizes to the adrenal gland, the 
cancer cells may reach the medulla via circulating 
blood through the hilum’s blood vessels (44). Kid-
ney and liver tissues showed the most non-specific 
staining in the frozen sections. The kidney tissue 
showed a strikingly different distribution of lym-
phatic vessels and blood vessels: a few lymphatic 
vessels around the glomeruli and between the tu-
bules (Figure 4-E) (45). Glomerular endothelia 
were diffusely and densely stained for F-8, sug-
gestive of leaky capillary, while larger blood ves-
sels were stronger stained (Figure 4-F). Thus, we 
stained fenestrated, leaking glomerular endothelia 
with F-8 in the frozen sections (Figure 4-F). How-
ever, Pusztaszeri et al. reported completely nega-
tive staining for F-8 in the glomerular endothelia 
in the paraffin-embedded sections but were posi-
tive for CD31 and CD34 (4). This is one of the ma-
jor immunostaining differences for F-8 between 
frozen sections and paraffin-embedded sections. 

Ishikawa et al. studied formalin-fixed and paraf-
fin-embedded human kidneys fixed and found 
abundant D2-40 positive lymphatic vessels in the 
stroma around the interlobular and arcuate arter-
ies few sporadic lymphatic vessels in those around 
glomeruli and cortical stroma (45). Lymphatic 
vessels were seldom present in the medulla (45).

The structure and function of cardiac lym-
phatic vessels are not known. However, the heart’s 
lymphatic vessels consist of terminal lymphatics, 
of various diameters and lymphatic plexus that 
drain continuously subendocardial, myocardial 
and subepicardial areas (46) and regulate lymph 
transport healing of the infarcted heart (46). There 
were numerous small, scattered lymphatic vessels 
and less numerous blood vessels in the ventricu-
lar wall in the frozen sections containing pericar-
dial blood vessels (Figure 5-A and -B). Pusztaszeri 
et al. described capillaries positively stained for 
CD31 and CD34 with some staining for F-8, but 
there was no mention of lymphatic vessels in the 
heart (4). Kambouchner and Bernaudin studied 
pulmonary lymphatic vessels in the paraffin-em-
bedded human lung using D2-40 as a marker and 
detected small lymphatic channels within the nor-
mal pulmonary lobules, emerging from intralobu-
lar stroma, and around small blood vessels con-
stituting the para-alveolar lymphatic vessels (47). 
With frozen sections, we found numerous lym-
phatic vessels in the wall of terminal bronchioles, 
respiratory bronchioles, to alveolar ducts. In con-
trast, lesser blood vessels were noted in the termi-
nal bronchioles to respiratory bronchioles (Figure 
5-C and -D). Adenocarcinomas of the lung arise 
at the terminal bronchial tree, have easy access to 
the rich peribronchial lymphatics, and drain into 
the hilar lymph nodes (48, 49). Alveolar capillaries 
and arterioles of the lung were reportedly strongly 
positive for CD31 and CD34 but negative for F-8 
(50), reflecting smaller amount of F-8 attached on 
the subendothelial surface. Small- to large-sized 
blood vessels were positively stained for F-8 (4). 
Bronchial arteries supply bronchial trees down 
to the pulmonary alveolus, however, arterial and 
venous vessels were not immunostained by F-8 in 
the periphery of the respiratory bronchioles, likely 
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due to less amount of F-8 attached in the small ves-
sel and capillary endothelium.

Ovarian sections showed numerous small lym-
phatic and blood vessels around the Graafian fol-
licle and in the stroma with rich lymphatic vessels 
and blood vessels (Figure 5-E and -F). Generally, 
lymphatic vessels were slender while blood vessels 
were plump with dilated, round lumens (Figure 
5-E and -F). The ovaries’ lymphatic drainage path-
ways run via the ovarian and uterine ligaments 
and ovarian cancer may spread through lym-
phatic vessels to sentinel nodes, para-aortic and 
para-internal iliac arteries nodes (51). The pros-
tate showed numerous small lymphatic vessels in 
the subcapsular and interstitial septa, where there 
were even more numerous, small blood vessels 
than lymphatic vessels (Figure 5-G and -H). There 
were rich nerve fibers in the sub-capsule (Figure 
5-G and -H). By double staining for blood vessels 
and lymphatic vessels, there were numerous CD34 
positive blood vessels but only a few LYVE-1 posi-
tive lymphatic vessels in the tissues with benign 
prostatic hyperplasia and prostatic carcinoma, in 
which the destruction of lymphatic vessels and 
angiogenesis occurs (52). Peritumoral lymphatic 
vessels are likely to serve as major conduits for 
nodal metastasis (53), which spread to the deep 
branches of internal iliac lymphatic nodes (54). 
Rich vasculature in the prostate provides access 
to hematogenous spread of high-grade prostatic 
cancer, which is found in 35% of autopsy cases, 
frequently involving bones (90%), lung (46%), and 
liver (25%) (55).

To study lymphatic vessels in the endometrium 
is a special technical challenge to pathologists since 
the definite presence of lymphatic vessels had not 
been reported using paraffin-embedded tissues: 
some reported no lymphatic vessels in human 
endometrium (56-58). Red-Horse et al. used 4% 
paraformaldehyde-fixed and paraffin-embedded 
section using LYVE-1 as a lymphatic vessel marker 
and found no lymphatics in the non-pregnant hu-
man uterus (56). Koukourakis et al. studied for-
malin-fixed and paraffin-embedded human uterus 
using LYVE-1 and CD31 and found LYVE-1 posi-
tive lymphatic vessels in myometrium only (57). 

Rogers et al. used paraffin-embedded sections of 
the human endometrium using D2-40, CD31, and 
F-8 for immunostaining. They reported lymphatic 
vessels representing 13% of all vessels in functio-
nalis, 43% of basalis, and 28% in the myometrium, 
respectively, with no difference in staining inten-
sity between functionalis and basalis lymphatic 
vessels (58). Rogers et al. concluded that lymphatic 
vessels in functionalis were significantly reduced 
compared to basalis across the menstrual cycle 
(58-61). Their photomicrographs showed weakly 
immunostained lymphatic vessels in the small, 
limited tissue areas using D2-40 and VEGF-C as 
lymphatic vessel markers (58-62), which were not 
to the same degree of staining reported by us using 
frozen sections (63, 64). These photomicrographs 
appeared to be taken from the much limited, se-
lectively cherry-picked, positively stained tissue 
area since there were no large, overview photos of 
lymphatic vessels at a lower magnification (58-62). 
Indeed, we had a severe limitation to immunos-
tain lymphatic and blood vessels with routinely 
processed paraffin-embedded uterine tissues us-
ing currently available commercial antibodies. We 
need better antibodies against these vessels usable 
for paraffin-embedded tissues of larger than 1 cm2. 
The suggestive leaking blood vessels in glomerular 
capillaries and Day 28 endometrium blood vessels 
were densely immunostained for F-8 spreading 
outside the blood vessels. These leaking blood ves-
sels were not observed in the paraffin-embedded 
sections (58-61). Rogers et al. prompted us to 
pursue the current study despite the elusiveness 
of lymphatics presence in the endometrium (58-
60). Arterial changes with the menstrual cycle had 
been well established. However, lymphatic vessels’ 
possible presence remains an enigma, although 
lymphatic fluid constitutes a few percent of men-
strual fluid (58, 62). Using LYVE-1 as a lymphatic 
vessel marker, we proved that there were also cyclic 
changes of lymphatic vessels in the endometrium 
in the menstrual cycle where there were few or no 
lymphatic vessels in the early proliferative phase 
functionalis. In contrast, lymphatic vessels prolif-
erated in the later secretory phase, growing from 
basalis to functionalis, which dilated and burst in 
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accord with blood vessel bursting during menstru-
ation (63, 64). Thus, the frozen section immuno-
cytochemical staining has validated this method’s 
superiority over paraffin-embedded sections for 
studying lymphatic and blood vessels. The new 
findings from frozen sections will eventually shed 
light on the basic histology and histopathology. 
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Abstract
This review focuses on adult gliomas, highlighting the most relevant biomarkers in the diagnosis of these tumours and the use 
of DNA methylation arrays to complement conventional molecular diagnostic techniques. The discovery and characterisation 
of diagnostic and prognostic biomarkers in brain tumours has significantly changed the neuropathological landscape over the 
last decade. These include mutations in the IDH1 and IDH2 genes in astrocytomas and oligodendrogliomas, histone H3 K27M 
mutations in midline gliomas, or BRAF mutations in a range of low-grade and high-grade glial and glioneuronal tumours. 
Other biomarkers of relevance are mutations in the TERT promoter, the ATRX gene, and genomic alterations such as 1p/19q 
codeletion, EGFR amplification, and chromosome 7 gain and 10 loss. The development of DNA methylation profiling and algo-
rithmic classification of brain tumours has further enhanced the diagnostic abilities of neuropathologists. Methylation profiling 
is particularly useful for the diagnostic workup of biopsies with an inconclusive molecular test results, small samples, or samples 
with indistinctive low-grade or high-grade histology. This technology has become indispensable for the risk stratification of 
ependymal tumours, medulloblastomas and meningiomas. Conclusion. This review highlights the importance of an integrated 
approach to brain tumour diagnostics and gives a balanced view of the relevance and choice of conventional and molecular 
techniques in the workup of adult gliomas in diagnostic neuropathology practice. 

Key Words: DNA Methylation Profiling  Isocitrate Dehydrogenase  TERT Promoter Mutation  EGFR Amplification  1p/19q 
Codeletion. 

Introduction

The last 10 years have seen a fundamental para-
digm shift in brain tumour diagnostics. The most 
significant discoveries were (i) the identification of 
mutations in the isocitrate dehydrogenase (IDH) 
genes 1 and 2 in astrocytomas and oligodendro-
gliomas (1), (ii) proto-oncogene B-Raf murine 
sarcoma viral oncogene homolog B (BRAF) muta-
tions in a range of low-grade glial and glioneuro-
nal tumours (2), (iii) histone H3 K27M mutations 
in pontine gliomas (3) and a subsequent discovery 
of this mutation in diffuse gliomas along multiple 
midline locations (4), (iv) the definition of molec-
ular features to diagnose IDH-wildtype glioblas-
tomas, specifically gains of chromosome 7, loss of 
chromosome 10, epidermal growth factor receptor 

(EGFR) amplification and telomerase reverse tran-
scriptase (TERT) promoter mutation (5). Also, 
rarer diagnostic entities were subsequently de-
scribed, such as histone H3 G34R/V-mutant high-
grade gliomas which are clinically and biologically 
distinct from H3 K27M-mutant tumours (6). The 
introduction of DNA methylation profiling has led 
to a further progress in the way neuropathologists 
approach diagnosis and prognostication of a wide 
range of adult and paediatric CNS tumours (7-10). 
This review focuses on biomarker-led classifica-
tion of gliomas in adults. It is the aim of this review 
to provide guidance for an evidence-based, prac-
tical approach to diagnose intrinsic adult brain 
tumours using conventional molecular tests and 
methylation array profiling. 

Clinical Science
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Methodologies for Integrated  
Histo-Molecular Diagnosis

Immunohistochemical Stainings remain the di-
agnostic mainstay of histopathology laboratories. 
Whilst traditionally a range of lineage markers 

such as glial fibrillary acidic protein (GFAP) (11), 
S100 (12), synaptophysin (13), cytokeratins (14), 
or CD (cluster of differentiation) antigens (15) 
provided helpful guidance to pathologists to de-
termine the lineage of neoplasms, they have not 
allowed for a refined classification or diagnostic 

Figure 1. Histology and Molecular Pathology of IDH-mutant Gliomas. The left part of the panel shows the three malignancy 
grades of IDH-mutant astrocytomas (Grades II, III, IV) and the right part of the two malignancy grades of oligodendroglio-
mas (Grades II and III). Top row, current nomenclature comprising astrocytoma, anaplastic astrocytoma and glioblastoma, 
IDH-mutant, and oligodendroglioma and anaplastic oligodendroglioma IDH-mutant and 1p/19q codeleted. The second 
row shows typical histologies representative of the tumour types and grades. The third row shows the most common IDH 
mutation (IDH1 R132H) detected by immunostaining. For complete workup however tumours negative for this mutation 
should be followed up by sequencing. The other relevant diagnostic marker is the expression of ATRX. In most IDH-mutant 
astrocytic tumours, nuclear ATRX expression is lost in tumour cells but retained in endothelial cells, and non-neoplastic 
cells of the underlying CNS. The boxes below show the typical molecular profiles. TERT promoter mutation and ATRX muta-
tion are mutually exclusive, thus non-mutant in astrocytomas and mutant in oligodendrogliomas. TERT promoter sequenc-
ing can therefore be useful in a small number of IDH-mutant astrocytomas where ATRX protein is retained in tumour cell 
nuclei despite a gene mutation. 1p/19q is by definition intact in astrocytomas and co-deleted in oligodendrogliomas (28). 
CDKN2A/B is a prognostically relevant in IDH-mutant astrocytomas (29). Bottom rows: proposed grading and prognostica-
tion of IDH-mutant gliomas, adapted from the proposed grading schemes (28, 29, 86).
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stratification of tumours arising from progenitors 
of the central nervous system. For example, GFAP 
is expressed not only in mature astrocytes but also 
in a wide range of neural stem and progenitor cells 
(16). GFAP is expressed in multiple types of glial or 
glioneuronal tumours (11) and therefore can give 
only a first indication of the lineage of a tumour 
but does not allow further prognostication. The 
discovery of pathogenic and diagnostic point mu-
tations led to the development of mutation-specific 
antibodies, for example against IDH1 R132H (17), 
BRAF V600E (18, 19), or histone H3 K27M (4), en-
abling rapid and reliable identification of these mu-
tations and subsequent classification, grading and 
thus, prognostication (Figure 1, 4). Other immunos-
tainings to detect diagnostically relevant biomarkers 
are alpha-thalassemia X-linked mental retardation 
(ATRX) in a range of tumours of the CNS (Figure 
1, 4) and elsewhere, or INI1/SMARCB1 to identify 
loss of nuclear expression due to an inactivating 
mutation for example in atypical teratoid/rhab-
doid tumour (AT/RT) (20, 21). 

Fluorescent or Chromogenic in Situ Hybridi-
sation (FISH, CISH) have been used for several 
decades to identify copy number changes (such 
as EGFR amplification, 1p/19q codeletion, MYC 
amplification) on tissue sections. For that reason, 
these techniques are popular with pathologists 
as the sample can be analysed microscopically. 
Probes are usually expensive and with the decreas-
ing cost of parallel sequencing technologies they 
gradually become economically less viable, but 
remain important methods in departments where 
next generation sequencing is not available.

Sanger Sequencing is an economical and high-
ly informative test for those mutations that cannot 
be detected with a mutation-specific antibody. For 
example, the TERT promoter mutation (Figure 1), 
diagnostically relevant in IDH-mutant oligoden-
drogliomas, IDH-wildtype glioblastomas (Figure 
3) and prognostically relevant in meningiomas, 
can only be detected by DNA-based methods. 
Whilst an antibody can be used to detect the most 
common IDH mutation (IDH1 R132H, Figure 

1), the remaining 10% can only be detected with 
Sanger sequencing of the IDH1 the IDH2 genes. 

Multiplex Ligation -Dependent Probe Amplifi-
cation (MLPA) is a PCR-based technology requir-
ing a thermocycler and capillary electrophoresis 
equipment and is thus an economical alternative 
to next-generation sequencing but has the disad-
vantage of a lack of flexibility. The disadvantage of 
MLPA assays is that they are pre-developed and re-
quire major validation steps following modification.

Next Generation Sequencing (NGS) is based 
on the Sanger sequencing technology and results in 
single-base readout. It covers millions of fragments 
in parallel (thus often referred to as (massive) paral-
lel sequencing). The advantage of this technology is 
the generation of a wealth of information on mul-
tiple genes, but it requires infrastructure for data 
storage and the knowledge to read and interpret the 
substantial datasets. The generation of NGS data re-
quires expensive equipment in core facilities.

Methylation Arrays interrogate methylation on 
CpG sites and return datasets that have been used 
to develop a methylation-based classification tool. 
DNA methylation is a form of an epigenetic change, 
which can be considered as surrogate markers for a 
combination of a cell of origin (reflecting location 
and time) and a mutation. These methylation pro-
files can be interrogated by machine learning algo-
rithms and have led to the definition of methyla-
tion classes. These methylation classes partly over-
lap with histological tumour types defined by the 
WHO classification, but for some tumours, entirely 
distinct methylation classes have been defined and 
novel tumour entities have emerged (7-10). This 
approach will significantly influence the upcom-
ing edition of the WHO 2020/2021 classification. 
The technology requires commercial micro-array 
chips (currently Illumina 850k EPIC arrays), a 
laboratory setup to perform bisulfite conversion 
of DNA and a relatively expensive chip reader. 
A widely used analysis platform is hosted by the 
German Cancer Research Centre (DKFZ) www.
molecularneuropathology.org and can currently 
be accessed free of charge. 

http://www.molecularneuropathology.org
http://www.molecularneuropathology.org
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IDH-Mutant Gliomas: Oligodendrogliomas 
and Astrocytic Tumours 

Mutations in the IDH1 and IDH2 genes were 
discovered in the context of a whole-genome se-
quencing study on glioblastoma (1, 22). Mutations 

in the IDH1 gene were identified small subgroup of 
what was known at the time as “secondary GBM”, 
i.e. arising from lower grade astrocytomas. Subse-
quently, large cohorts of astrocytomas, oligoden-
drogliomas and the now discontinued oligoastro-
cytoma were sequenced for the presence of IDH1 

Figure 2. Copy Number Profiles of IDH-mutant Gliomas. A, relatively flat copy number profile of low-grade IDH-mutant 
astrocytomas. B, multiple copy number changes with multiple gains and losses, but no CDKN2A/B deletion are indicative 
of a higher recurrence risk (29). C, the presence of a CDKN2A/B homozygous deletion indicates a high recurrence risk, 
regardless of the presence of microvascular proliferations and necrosis (29). D, Oligodendrogliomas are characterised by 
the characteristic 1p/19q codeletion. Additional copy number alterations can occur but there is no established molecular 
profile discriminating grade II from grade III. Currently, oligodendrogliomas are distinguished from anaplastic oligodendro-
glioma by morphological criteria.
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and IDH2 mutations (9, 23). Importantly, it was 
soon established that 1p/19q-codeleted oligoden-
drogliomas were invariably IDH-mutant, leading 
to the subsequent definition of the “oligodendro-
glioma, IDH-mutant and 1p/19q-codeleted” as di-
agnostic entity (24) (Figure 1, 2). The remainder of 
IDH-mutant gliomas had an astrocytic morphol-
ogy, and it was soon established that the concomi-
tant loss of ATRX expression was a defining fea-
ture of astrocytomas (24) (Figure 1). Importantly, 
the previously known group of oligoastrocytoma 
could be resolved into either oligodendroglioma 
or astrocytoma, and thus the diagnosis of oligoas-
trocytoma has been discontinued (25, 26). As a re-
sult, two major IDH-mutant tumour types exist, 
oligodendroglioma with IDH mutation, 1p/19q 
codeletion and TERT promoter mutation (27), 
and the astrocytoma with IDH mutation, ATRX 
mutation and p53 mutation (28) (Figure 1). The 
distinction of oligodendroglioma from the ana-
plastic oligodendroglioma still relies on the iden-
tification of morphological features (microvascu-
lar proliferations, brisk mitotic activity, necrosis). 
IDH-mutant astrocytomas can be further strati-
fied not only by histological features but also by 
the presence of homozygous loss of cyclin-depen-
dent kinase inhibitor 2A/B (CDKN2A/B) (29, 30) 
(Figure 2). The presence of this mutation is a better 
predictor of survival than the presence of micro-
vascular proliferations or necrosis. This results in 
a proposed histo-molecular grading scheme for 
IDH-mutant astrocytomas ranging from grade II 
to grade IV. It has been recommended to phase out 
the term IDH-mutant glioblastoma and to replace 
it with astrocytoma grade IV to indicate a distinc-
tive biological class of brain tumours (28). Figure 
1 illustrates the diagnostic algorithm and grading 
scheme in IDH-mutant gliomas.

IDH-Wildtype Gliomas: The Spectrum of 
Glioblastomas and Their Precursors 

The glioblastoma multiforme (GBM) is the most 
common malignant brain tumour in adults. The 
designation as IDH-wildtype glioblastoma was 
established in parallel to the distinction of the 

IDH-mutant counterparts (31). Subsequently, it 
was discovered that not all glioblastomas present 
histologically with high-grade features at the time 
of diagnosis (Figure 3). Instead, it was recognised 
that many tumours that presented clinically and 
histologically as diffuse astrocytomas in fact were 
early forms of glioblastoma (32). This recognition 
was based on the presence of characteristic diag-
nostic features such as a combination of a TERT 
promoter mutation, EGFR amplification, chromo-
some 7 gain, chromosome 10 loss, in the absence 
of an IDH mutation (8) (Figure 3). Ultimately, 
this recognition has led to a recommendation by 
the cIMPACT-NOW consortium to identify all 
tumours with some or all of the above features 
as glioblastoma, IDH-wild-type, regardless of the 
histological appearance (33).

Histone-Mutant Gliomas 

These gliomas are defined by specific mutations, 
histone H3 K27M or histone H3 G34R. These 
two mutations are associated with entirely dis-
tinct clinical, imaging, histological and molecu-
lar features (Figure 4). H3 K27M mutations were 
described in two large studies (3, 34), which trig-
gered subsequent research into chromatin modi-
fiers in brain tumour pathogenesis (34) and led to 
the identification of potential therapeutic targets 
(35, 36). Initially the H3 K27M mutation was iden-
tified in diffuse infantile pontine gliomas (DIPG) 
but with the commercial availability of mutation-
specific antibodies (Figure 4A), and the recogni-
tion that these tumours are located in midline 
structures of the central nervous system (spinal 
cord, pons, thalamus) these tumours were increas-
ingly found also in adults (37). One important rec-
ognition is the association of the K27M mutation 
with midline location and poor clinical outcome, 
thus mandating a WHO grade IV for H3 K27M 
midline gliomas (38). However, rarely also other 
intrinsic tumour types, specifically ependymoma, 
ganglioglioma or pilocytic astrocytoma can carry 
an H3 K27M mutation but are explicitly excluded 
from the grading and typing scheme of H3 K27M-
mutant midline gliomas (39-41).
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Figure 3. Histological Presentation of IDH-wildtype Glioblastomas Can Vary Significantly. A, in this example the histological 
features are those of a diffuse low-grade glioma and only molecular testing (for example EGFR amplification, TERT pro-
moter mutation, and/or detection of chromosome 7 gain and chromosome 10 loss) can ascertain the diagnosis of a glio-
blastoma, IDH-wildtype (33). B, example of glioblastoma with histological high-grade presentation and characteristic copy 
number changes (7p gain, 10q loss). Both glioblastomas show a CDKN2A/B homozygous deletion which however have no 
prognostic value in this tumour entity. C, the majority of glioblastomas can be diagnosed by the presence of EGFR ampli-
fication and or TERT promoter mutation. If neither TERT promoter mutation nor EGFR amplification can be identified in an 
IDH-wildtype glioma, further diagnostic tests (copy number profile (A, B), methylation array or next-generation sequencing 
should be performed in particular for those tumours presenting with histological low-grade features (32).
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Figure 4. Histone Mutant Gliomas Comprise two Biologically, Clinically and Histologically Distinct Entities. A, the H3 K27M-
mutant glioma presents as diffuse astrocytoma, often with no apparent high-grade features. The morphology is that of 
diffuse glioma but the use of the antibody against the H3 K27M mutation allows reliable diagnosis of these tumours (38). 
A proportion of these tumours show ATRX loss. Resident endothelial and glial cells show retained ATRX expression. B, the 
H3 G34R (rarely also G34V) mutant glioma shows a very high cellularity, usually very little or no GFAP expression and a loss 
of ATRX expression in tumour cells. The remaining positive nuclei are those of endothelial cells. Ki67 labelling indicates 
the extremely high proliferation of these tumours. In contrast to the K27M-mutant tumours, G34R-mutant gliomas are 
hemispheric.
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Gliomas with H3 G34R/V mutations have dis-
crete clinical presentations (age, location, survival) 
and molecular features (methylation profiles, ex-
pression signatures, and mutational profiles), sug-
gesting that they are arising from a different cell of 
origin and are essentially distinct diseases (42, 43) 
(Figure 4B). An important clinical difference to H3 
K27M-mutant gliomas is the presentation as hemi-
spheric, often well demarcated primitive tumours 
(6), but occasionally a diffusely infiltrative hemi-
spheric lesions encompassing multiple lobes, a fea-
ture previously referred to as gliomatosis cerebri. 

Glial and Glioneuronal Tumours with 
MAP-Kinase and MYB/MYBL Alterations

The recognition of alterations in the MAP kinase 
pathway, predominantly through mutations of 
BRAF, and other MAP kinase pathway members 
has had some diagnostic benefit, but more impor-
tantly also therapeutic implications. The detection 
of a BRAF mutation is diagnostically helpful, but 
does not define a specific tumour entity (Figure 5). 
Approximately 60% of pleomorphic xanthoastro-
cytoma, 30% of ganglioglioma (a range between 
10%-60% has been reported, depending on age 
and anatomic location of the tumour (44)), and less 
than 5% of pilocytic astrocytomas carry a BRAF 
V600E mutation, which therefore is diagnostically 
neither specific nor is the absence of the mutation 
informative (Figure 5). Importantly, the detection 
of a BRAF V600E mutation is also not predictive 
of the prognosis, as it can occur in a wide range 
of tumours with low recurrence risk (ganglio-
gliomas), intermediate recurrence risk (pleomor-
phic xanthoastrocytoma), or high recurrence risk 
(anaplastic pleomorphic xanthoastrocytoma with 
CDKN2A/B homozygous deletion which may his-
tologically overlap with the epithelioid GBM). 

Gangliogliomas (Figure 5A) often present with 
a long-standing history of seizures. They grow rel-
atively well demarcated, are occasionally calcified 
and are composed of dysplastic neuronal and glial 
cells. Gangliogliomas are characterised by altera-
tions of the MAP kinase pathway showing BRAF, 
KRAS, RAF1, NF1, FGFR1, or FGFR2 mutations 

as pathogenic alterations (44, 45). Ganglioglioma 
correspond to WHO grade I. They can show some 
morphological overlap with other low-grade glio-
neuronal tumours, for example pleomorphic xan-
thoastrocytoma or DNET (46).

Pleomorphic Xanthoastrocytomas (PXA) (Fig-
ure 5B) most commonly affect children and young 
adults, but also can occur in patients in their 40s-
60s. These tumours often grow superficially and 
can form a cyst. Histologically, they may show a 
highly heterogenous picture with formation of gi-
ant astrocytes which can be lipidised (xanthoma-
tous). PXA express GFAP and often also neuronal 
lineage markers such as neurofilaments and occa-
sionally synaptophysin. The homozygous deletion 
of CDKN2A/B is a negative prognostic factor as-
sociated with more rapid recurrence (47). The de-
tection of the BRAF mutation in PXA (described 
in up to 60% (2)) is essential to provide guidance 
to oncologists for treatment options with BRAF 
antagonists, such as Vemurafinib or Dabrafenib 
(48, 49). 

Pilocytic Astrocytomas (Figure 5C) are most 
commonly located in the posterior fossa (cerebel-
lum) but hemispheric and midline forms exist. 
Morphologically, these forms are indistinguish-
able, but exhibit distinct methylation pattern 
which can be determined by methylation array 
analysis. For posterior fossa pilocytic astrocytoma, 
the most common molecular alteration is the fu-
sion of BRAF with the KIAA 1549 gene (3 com-
mon breakpoints KIAA1549:BRAF exons 15:9, 
16:11, 16:9 (50) and rarely 15:11 and 17:10 (51)). 
A large molecular study on more than 100 pilo-
cytic astrocytomas showed additional alterations 
in other components of the MAP-kinase path-
way , such as FGFR1, NTRK2, NF1, KRAS and 
PTPN11 (52). Amongst the group of pilocytic as-
trocytomas, there are three molecularly (mostly 
epigenetic) distinct types, with location in the cer-
ebellum, midline and forebrain hemispheric (53). 
A separate biological entity with frequent loss of 
ATRX expression and CDKN2A/B homozygous 
deletion had previously been termed anaplastic 
astrocytoma with piloid features (Figure 5E) and 
the diagnosis of "High-grade astrocytoma with pi-
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Figure 5. Morphology, Copy Number Profile and Frequently Associated Mutations in a Range of Glial and Glioneuronal 
Tumours. Tumour location and their association with certain mutations are helpful in the differential diagnosis of these 
tumour classes. A, the ganglioglioma has a characteristic morphology, a flat copy number profile and frequently a BRAF 
V600E mutation. B, the pleomorphic xanthoastrocytoma has a characteristic histology but transitional forms with similari-
ties to gangliogliomas exist and can be resolved by methylation array analysis. The copy number profile typically shows 
some variability. The majority of PXA has a BRAF V600E mutation. C, the pilocytic astrocytoma has a BRAF duplication (fu-
sion) in more than 70% of cases, which can be detected in the copy number profile or with specific fusion tests (50, 61). The 
remainder of the pilocytic astrocytomas have other MAP kinase pathway alterations. D, the rare diffuse leptomeningeal 
glioneuronal tumour has a BRAF fusion and a 1p deletion, sometimes also 1p/19q codeletion, but strictly without IDH muta-
tion, which discriminates it from the oligodendroglioma. E, a relatively recently established tumour class is the anaplastic 
astrocytoma with piloid features, characterised by BRAF fusion, CDKN2A/B homozygous deletion and frequent ATRX loss 
(54). F, The dysembryoplastic neuroepithelial tumour (DNET) has frequent FGFR fusions and otherwise a flat copy number 
profile. G, the isomorphic astrocytoma is characterised by mutations of MYB or MYBL which can be detected in copy number 
profiles (66). All tumours in this figure were confirmed by methylation profiling and tumours showed the corresponding 
copy number profile.
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loid features" has been put forward for the 2021 
WHO classification. These tumours are predomi-
nantly located in the cerebellum, and form a dis-
tinct methylation class (54). These tumours have 
an unfavourable outcome compared to pilocytic 
astrocytomas, but better than glioblastoma.

The Diffuse Leptomeningeal Glioneuronal 
Tumour (DLGNT, Figure 5D) is an entity that 
is well characterised molecularly but may be less 
recognised in neuropathological differential diag-
nosis and thus may be underdiagnosed. Originally 
described as mostly in leptomeningeal and thus su-
perficial locations, it has been recognised that they 
can also originate from midline structures and 
only secondarily spread to hemispheric structures, 
and other reports suggest isolated hemispheric 
origin (55). Histologically they appear as “neuro-
cytic” tumours, similar to oligodendroglioma or 
neurocytoma (56). They can carry microvascular 
proliferations. All DLGNT carry a 1p loss, often in 
combination with a BRAF fusion and occasionally 
with additional 19q loss (57). However, they can be 
discriminated from 1p/19q-codeleted oligoden-
drogliomas by their definite absence of IDH muta-
tions. Methylation profiling of a large cohort iden-
tified two distinct methylation profiles, separating 
a predominantly paediatric (DLGNT-MC-1) from 
an adult subgroup DLGNT-MC-2 (57). 

Dysembryoplastic Neuroectodermal Tumours 
(DNET) (Figure 5F) grows in nodular forma-
tions close to the cortical surface. A characteris-
tic feature is the glioneuronal element composed 
of bundles of glial cells, lined by small neurocytic 
tumour cells. These structures surround myxoid 
lakes, containing occasional resident neurons, 
which are aptly named “floating neurons”. A pro-
portion of DNET carry molecular alterations in 
FGFR (point mutations and fusions) (58) but these 
are not specific for this tumour entity, as they have 
been identified in a wider range of low-grade and 
high-grade glial neoplasms (52, 59-61) . Previous 
reports of the presence of BRAF V600E mutations 
in DNET (62-64) may have been based on a diag-
nostic overlap with gangliogliomas, as discussed in 
a recent comparative review (46).

Isomorphic Gliomas (Figure 5G) belong to the 
group of neoplasms with MYB/MYBL mutations 

and are histogenetically and molecularly unrelated 
to tumours with MAP kinase pathway alterations 
(61). Histologically, these tumours have a very low 
cellular density with a diffuse, compact, fibrillary 
matrix and lack a distinctive histological pattern 
(Figure 5G). Sometimes they can be difficult to be 
discriminated from CNS white matter. Whilst his-
tological features and immunohistochemical pro-
files are indistinctive, isomorphic gliomas carry 
diagnostically relevant copy number alteration, 
fusion or rearrangement on the MYB or MYBL1 
loci (65). The methylation profile of these tumours 
is distinct. (66).

Ependymal Tumours

Ependymomas (Figure 6) were for many years 
known for their poor correlation between histo-
logical appearance, grading and clinical outcome. 
A wealth of studies with genome-wide profiling of 
genome, transcriptome and methylome of epen-
dymal tumours have provided a deep insight into 
the molecular pathogenesis, and at the same time 
resulted in the discovery of useful biomarkers that 
can be implemented in standard histological set-
tings. In parallel, the characterisation of methyla-
tion profiles has resulted in the identification of 10 
biological subclasses (“3+3+4”) that can be char-
acterised by a combination of location, molecular 
profile and to some extent, age of onset (67).

This classification describes 3 supratentorial, 
3 infratentorial and 4 spinal forms (Figure 6). In 
the supratentorial compartment, the 3 molecular 
types are RELA fusion, YAP fusion and subepen-
dymoma. In the infratentorial compartment, the 
3 molecular types, ependymoma type A, B, and 
subependymoma. The four molecular subtypes in 
the spinal compartment are the classical ependy-
moma, subependymoma, myxopapillary ependy-
moma (67) and the recently identified very rare 
ependymoma with MYCN amplification (68). 

The majority of the subclasses show a 100% 
5-year survival (Figure 6). The subclasses with 
poor survival are the supratentorial ependymoma 
with RELA fusion, the infratentorial ependymoma 
type A, and the spinal cord ependymoma with 
MYCN amplification (68-71).
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Figure 6. Molecular Classes, Histology and Survival of Ependymomas. 10 distinct molecular groups exist (67, 68, 87). In 
the supratentorial space (3 groups, A, B, C) ependymoma with RELA (A) or YAP fusion (B) present histologically as high-
grade ependymoma. Instead, the subependymoma (C) is histologically benign and histologically indistinguishable, but 
molecularly distinct between supratentorial (C), infratentorial (F), and spinal (I) locations. In the posterior fossa (3 groups) 
the ependymoma type A (D) can be diagnosed by the loss of H3 K27me3 expression in tumour cell nuclei (retained expres-
sion in tumour vessels) whilst type B (E) has a retained expression of this marker. In the spinal compartment (4 groups), the 
classic ependymoma (G) appears histologically benign. Instead, the recently identified, rare anaplastic ependymoma with 
MYC amplification (68) (H) is highly malignant and does not always show the typical ependymal morphology. I, the subep-
endymoma occurs in the cervical spinal cord, and is histologically and clinically benign. J, the myxopapillary ependymoma 
typically occurs in the cauda equina, and is histologically bland in most instances but a recent study indicates increased 
recurrence risk (79). The left part of the graph indicates location of the tumour, the centre the molecular class and the as-
sociated typical histology. On the right, 5 year survival in percent.



40

Acta Medica Academica 2021;50(1):29-46

Molecular features and methylation profiles 
of ependymomas the classification of ependymal 
tumours not only relies heavily on, but also can be 
accomplished easily with, methylation arrays (72). 
The description of methylation classes is formed of 
acronyms incorporating the tumour type (EPN= 
ependymoma), location (ST, PF, and SP for supra-
tentorial, posterior fossa and spinal, respectively) 
and molecular or histological subtype. 

In the supratentorial space, the 3 types of epen-
dymoma are the clinically benign subependymo-
mas (EPN_ST_SE) and ependymomas of WHO 
grades II and III, with either the RELA fusion 
(EPN_ST_RELA) with a poor 5-year survival or 
the YAP 1 fusion (EPN_ST_YAP1) with a relative-
ly good 5-year survival (73). Five fusion genes be-
tween YAP1-MAMLD1 and YAP1-FAM118B have 
been described, but the pathogenic mechanism 
has yet to be determined. More than two-thirds of 
supratentorial ependymomas contain oncogenic 
fusions between RELA (effector of canonical NF-
κB signalling), and a gene on chromosome 11, 
C11orf95. C11orf95-RELA fusion proteins trans-
locate to the nucleus and activate NF-κB target 
genes (74) and this translocation can be detected 
by immunostaining for the p65 protein (75). 

In the posterior fossa there is the clinically 
benign subependymoma EPN_PF_SE occurring 
mostly in middle-aged patients, and the epen-
dymomas subtype A (EPN_PF_A) occurring in 
young children with poor prognosis and the ep-
endymoma subtype B (EPN_PF_B) occurring in 
older children, teenagers and adults, with a more 
favourable prognosis (76, 77). An important dis-
covery was the downregulation of the trimethyl-
ated form of H3 K27M (H3 K27me3) in EPN_
PF_A (H3 K27me3 loss of expression) which en-
ables a diagnostic distinction from EPN_PF_B H3 
K27me3 retained expression) (78) (Figure 6 D, E). 

Spinal Ependymomas again comprise the be-
nign sub ependymoma (EPN_SP_SE, histologi-
cally identical, but molecularly distinct from su-
pratentorial and infratentorial counterparts). This 
tumour usually occurs in the upper spinal cord in 
adults. The generally, but not always benign (79) 
myxopapillary ependymoma (EPN_SP_MPE) is 

usually located in the cauda equina and occurs in 
adults. The classical ependymoma (SP_EPN) can 
occur along the entire spinal cord and an aggressive 
subtype, molecularly distinct from SP_EPN is the 
MYCN amplified ependymoma (SP_EPN_MYC). 

Despite the significant advances in molecular 
profiling and classification of ependymal tumours 
(80), the treatment options have so far not devel-
oped at the same pace, and targeted therapies have 
yet to be developed. Current guidelines recognise 
molecular subgroups but cannot offer options for 
personalised treatment (70, 71).

The Use of Methylation Array Profiling in 
Diagnostic Neuropathology

The use of methylation array profiling to establish the 
histogenesis, molecular profile, and in some instanc-
es prognostication of brain tumours requires a num-
ber of considerations to ensure resources are invested 
adequately, and the outcome meet the expectations 
of neuropathologists, oncologists, surgeons, and of 
course, patients. 

In previous publications (7, 9) we established 7 
broad reasons for using methylation arrays. Over 
the last 5 years we have analysed over 1500 brain 
tumour samples with this technology, mostly for 
diagnostic, and occasionally also for research and 
quality assurance purposes. Table 1 provides ex-
amples for these distinct clinical rationales. Once 
the rationale for the use is established, there are 
several different outcomes of the molecular tests, 
listed in Table 2. The relationship between test ra-
tionale and readout/outcome is shown in Figure 
7. An important factor for a successful readout 
of this test is the calibrated score, a “probability” 
indicator of the match of the profile of a sample 
to the reference set. In our practice we are using a 
score of 0.84 as a cut off to rely on the computed 
methylation class. An important additional infor-
mation derived from the array chips is the copy 
number profile that can independently verify cer-
tain diagnoses, such as 1p/19q codeletion in oligo-
dendrogliomas, chromosome 7 gain and chromo-
some 10 loss in IDH-wildtype glioblastoma, BRAF 
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duplication in pilocytic astrocytomas or DLGNT, 
SMARCB1 loss in AT/RT. 

In our practice the combination of biopsy size, 
tumour location, treatment options and patient 
age are factors that determine our threshold to 
perform methylation arrays. In particular small bi-
opsies (usually from delicate brain regions such as 
optic tract, pineal gland, brainstem, spinal cord or 
thalamus) undergo only very limited testing with 

IHC (context -dependent, for example H3 K27M, 
IDH, ATRX, INI1), and avoiding stereotypically 
used stains of often limited diagnostic value such 
as Ki67, GFAP, synaptophysin, or vimentin to pre-
serve tissue for the far more informative methyla-
tion array. We recommend to carefully consider 
and minimise the use of such markers in particu-
lar in small biopsies and encourage to consider re-
ferral for methylation arrays.

Figure 7. Rationale for Methylation Profiling and Test Outcomes in Our Clinical Practice. Over 1500 tumours were tested 
between March 2015 and October 2020 for diagnosis, research and quality assurance. Of these, 696 had a calibrated score 
of 0.84 and higher and are included in this alluvial diagram. The left side shows the reason for testing, as described in table 
1. The right side shows the test outcome, as described in table 2. This diagram illustrates that the majority of tumours 
with a unusual location and demographics (2) or with non-specific histology (3) resulted in a refined or newly established 
diagnosis. It also shows that the majority of tests performed to establish methylation class of histologically defined enti-
ties (7) had a refinement of the diagnosis, whilst a small proportion of tumours with a presumed firm diagnosis returned 
a (usually unexpected) new diagnosis. This graph also includes research samples where the diagnosis was predominantly 
confirmed, or refined, but occasionally a new diagnosis was established. The remaining tumours with a calibrated score of 
lower than 0.84 were not included in the analysis. With a decreasing calibrated score, the proportion of misleading or non-
contributory profiles increases.
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Table 1. Rationale for the Use of DNA Methylation Profiling for Brain Tumours*

Reason for using 
classifier

Examples

1 Small biopsy or 
nonrepresentative 
sample

Even though it may appear counterintuitive, an important reason for using methylation arrays is a small 
biopsy. Typically, biopsies in this category are from difficult locations to establish a clinical diagnosis with 
minimal invasiveness and risk, for example, optic pathway, midline location, brain stem, spinal cord). A 
minimal number of immunostainings (e.g., IDH R132H, histone K27M, ATRX, SMARCB1) can be performed 
to preserve tissue for subsequent array analysis. Nearly all small biopsies with indistinctive histology 
undergo methylation profiling in our practice. 

2 Unusual histology, 
location, 
demographics

Intrinsic tumours with unusual or distinctive histological patterns, in any age group, which are not 
diagnostically intuitive. These can turn out to be rare entities (such as hemispheric DLGNT, RELA fusion 
ependymoma, spindle cell tumours)

3 Non-specific 
histology 

One of the most common indications for the use of methylation arrays: For example, high-grade or low-
grade tumours with no distinctive histology, which are negative for common biomarkers (IDH, BRAF, 
histone, TERT, EGFR). The outcome (methylation profile) of many high-grade tumours with indistinctive 
histology is however glioblastoma, IDH-wildtype. Typical outcomes in low-grade gliomas are pilocytic 
astrocytoma, isomorphic glioma, PXA, DNET, or ganglioglioma, but also the histologically low-grade 
appearing GBM, IDH-wildtype (Figure 3). 

4 IHC, sequencing, or 
copy number assay 
ambiguous

Ambiguous copy number results include inconclusive 1p/19q codeletion tests, failed sequencing results 
for IDH, TERT, BRAF, false positive EGFR test results. Methylation arrays provide an independent evaluation 
of such tumours. This is sometimes the case with tumours with ATRX loss, and no detection of IDH or 
histone mutations. 

5 Confirmation of 
rare, unusual or 
interesting histo-
molecular results

This is a relatively rare indication, for example a histone K27M-mutant glioma seemingly occurring in a 
lateral localisation, IDH mutant gliomas in the posterior fossa, rosette-forming glioneuronal tumour in a 
spinal location, chordoid gliomas, etc.

6 Research sample,
 for stratification or 
subclassification

This category is used for research samples. Often such tumours have already undergone a stratification by 
other means, for example selection of a range of IDH-mutant or IDH-wildtype gliomas in a research study.

7 Establish 
methylation class 
for histologically 
defined entities. 

Tumours falling in this category are usually diagnostically relatively straightforward. Typically, these include 
medulloblastomas, ependymomas, and more recently also meningiomas. The methylation profiling is 
performed for clinical and treatment stratification. However profiling of such tumours can occasional 
reveal an incorrect assumption of a tumour type, resulting in “establishing a new diagnosis” (Figure 7). 

*The left column indicates the reason for using the classifier (following the categorisation from previous publications (7, 9)) and the right column gives typical 
examples from clinical practice.

Table 2. Categories of Outcomes from the DNA Methylation Classifier, Following the Definitions from Previous 
Publications (7, 9)*

Outcome Examples

1 Confirmation 
of diagnosis

Confirmation of the differential diagnosis of a histologically diagnosed glioblastoma, pilocytic astrocytoma or 
low-grade glial or glioneuronal tumours (ganglioglioma, DNET, rosette-forming glioneuronal tumour, etc.).

2 Refinement 
of diagnosis

Typically these include entities which have been correctly diagnosed but require molecular stratification, such 
as the molecular subtype of meningioma, ependymoma or medulloblastoma. 

3 Establishing 
new diagnosis

Most commonly these are biopsies of small size or with non-specific histology which have been diagnosed as 
“diffuse glioma, NOS”, classified for example as “ependymoma, RELA fusion”, “pilocytic astrocytoma hemispheric 
type”, “ganglioglioma”, etc.

4 Misleading 
profile

Misleading profiles are typically associated with a low calibrated score. They occur in cases which do not 
correspond to establish methylation classes, or in cases with low DNA content, or poor DNA quality. Figure 7 
shows only few such examples as only cases with a calibrated score of 0.84 and higher were included. 

5 Non-
contributory 
profile

This can occur in problematic biopsies with low tumour content (classified as CNS tissue), or in samples 
with significant reactive changes (tumour inflammation), classified as “reactive tumour micro environment”. 
A major proportion of tumours with this outcome were associated with the testing rationale of “unusual 
histology, location and demographics” (Table 1 and Figure 7). These often result in a low calibrated score due 
to a mismatch to any of the currently established methylation classes, i.e. may represent new, uncharacterised 
entities.

*The examples are from our clinical practice and reflect typical outcomes. See Figure 7 for the relationship between testing rationale and outcome.
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Summary and Conclusion

This review provides an overview of the state-of-
the-art diagnostic approach to gliomas in adults. 
In particular, the diagnostic and prognostic cri-
teria of IDH-mutant gliomas, the importance of 
the recognition of precursor forms of the IDH-
wildtype glioblastoma and the molecular analyt-
ics of a range of low-grade glial and glioneuronal 
tumours has been outlined. An important area is 
the molecular stratification of ependymal tumours 
which benefit from the availability of methylation 
arrays. Guidelines published by the Royal Col-
lege of Pathologists provide diagnostic algorithms 
for an evidence-based, practical approach for the 
diagnosis of brain tumours https://www.rcpath.
org/profession/guidelines/cancer-datasets-and-
tissue-pathways.html (accessed December 2020) 
(81). Further helpful guidance on the use of mo-
lecular biomarkers in brain tumour diagnostics is 
regularly published by the International Collabo-
ration on Cancer Reporting ICCR http://www.
iccr-cancer.org/ . Inevitably, this review had to ex-
clude a number of diagnostically important areas 
in diagnostic neuropathology such as paediatric 
tumours, meningiomas and metastatic lesions. An 
excellent review on the application of molecular 
diagnostic strategies in clinical diagnostics of pae-
diatric tumours has recently been published (82). 
Meningiomas have over the last few years moved 
into the focus of advanced molecular diagnostics 
and clinical decision making algorithms have been 
published (83-85).
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Abstract
This review provides a brief overview of the state-of-the-art molecular pathology approaches emphasizing the increasingly 
important pathology role in clinical precision cancer medicine. Recent advances in molecular biology and genetics have tre-
mendously affected the practice of anatomic pathology, gradually transforming it from a morphology-based into a molecular-
based discipline. Molecular diagnostics has a long tradition in pathology, especially in clinical pathology. The improvement of 
methodology for genomic testing in recent years has made it one of the cornerstones of precision cancer medicine. The decisions 
related to cancer treatments are no longer solely based on the histopathological diagnosis. Various genomic analyses of human 
cancers are being incorporated into diagnostic and decision-making algorithms. Conclusion.  The pathologists continue to play 
an essential role in developing and implementing molecular and genomic tests in practice and communicate the results and 
their relevance with clinicians. Such activities are of utmost importance for successfully translating scientific advancements into 
a benefit to patients (“next-generation pathologists”). 
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Introduction

In the early 19th century, diagnostic pathology 
was predominantly restricted to a postmortem as-
sessment, and description of macroscopic tumor 
spread in the dissection room (1). However, pa-
thology’s principles and practice changed dramat-
ically with the establishment of light microscopy 
and histopathologic investigations in the second 
half of the 19th century by the renowned German 
pathologist Dr. Rudolf Virchow (1821–1902), who 
is considered the ‘father of modern pathology.’ 
Thanks to these advances, it became possible to 
investigate different microscopic characteristics of 
various human diseases, including cancer (1). 

Microscopic classification of tumors has, over 
the last 100 years, helped in improving the patho-
logic diagnosis of neoplastic diseases, predicting 
tumor behavior and thus formulating the prog-
nosis for each case and thus facilitating clinical 
decision-making. Traditional cancer classification 
is based on microscopic evaluations, focusing on 
various clinicopathological features of tumors, 
such as tumor morphology (type), grade, surgical 
margins, vascular/lymphatic invasion, lymph node 
assessment and routine analysis of biomarkers. Pa-
thologists traditionally utilize frozen sections that 
enable a rapid gross and microscopic tissue analy-
sis and guide surgeons’ hands during surgery (e.g., 
providing provisional diagnosis, assessing surgical 
margins, and identifying tissue of origins) (2) (Fig-
ure 1). However, none of those mentioned above 
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These features include not only cell proliferation/
replication, apoptosis, (neo)angiogenesis, down-
regulation of growth suppressors, invasion/metas-
tasis (5) but also the altered metabolic properties, 
genomic instability/mutations, escape from im-
mune surveillance, and tumor-promoting inflam-
mation (6). This evolutionary model of carcino-
genesis can efficiently explain the complexity and 
the marked heterogeneity that characterize the 
vast majority of human cancers (7). Recent find-
ings from high-throughput, multiplex/massively 
parallel technologies (assays) added important 
information about the underlying genomic altera-
tions and human cancers’ biological events. These 
findings provide insights into novel treatment mo-
dalities and allow for patient stratifications that 
impact cancer patients’ management (7).

In the previous two decades, with the increas-
ing understanding of human cancer’s molecular 
genomic drivers, the number of novel biomark-
ers and the subsequent development of targeted 
pharmaceutical treatments have dramatically in-
creased. These changes have strongly influenced 

Figure 1. A proposed algorithm for the pathology role in personalized (precision) medicine. CSF=Cerebrospinal fluid; 
IHC=Immunohistochemistry; AI=Artificial intelligence; ML=Machine learning.

may capture individual cancers’ variable clinical 
courses (heterogeneity). 

The underlying basic biology of various can-
cer and their development and progression are 
still poorly understood but undoubtedly depend 
on each tumor’s genetic background. The fact that 
cancer is a genetic disorder was suspected surpris-
ingly early (1914) in the history of cancer research 
by Dr. Theodor Boveri. He presented a systematic 
somatic mutation theory of cancer (3). Accord-
ing to Boveri’s hypothesis, chromosomal changes 
caused the transition from normal to the cells’ 
malignant proliferation (3). However, the detailed 
oncogenesis model was first described by Nowell 
some 50 years later (4). Dr. Nowell provided evi-
dence that the accumulation of mutations in can-
cers over time makes them more advanced and 
aggressive, increasing their metastatic potential. 
In 2000, Drs. Hanahan and Weinberg elegantly 
explained detailed cancer evolution in their semi-
nal papers “The hallmarks of cancer” (5, 6). The 
authors outlined the principal biological charac-
teristics of carcinogenesis (“hallmarks of cancer”). 
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diagnostic pathology practice, gradually trans-
forming it from morphology-based into molecu-
lar-based discipline. 

This brief review will discuss and critically as-
sess molecular biology’s contributions to diagnos-
tic pathology and precision cancer medicine.

Precision Medicine and Pathology

The concept of personalized medicine stems from 
the advances in biotechnology, molecular biology, 
and genetics. It affects the diagnostic tests that may 
guide the therapeutic options based on individual 
(specific) characteristics (1). Using massively par-
allel, high-throughput technologies, these advanc-
es enable detecting minute and precise changes at 
different molecular (DNA, RNA, protein) levels 
in enormous quantity and variety and at an ever-
increasing speed. The methods include DNA/
RNA sequencing, mass spectrometry, microarray 
technologies, comparative genomic hybridization, 
digital polymerase chain reaction (PCR), each of 
which generates an enormous quantity of infor-
mation called “big data” (8, 9).

In the U.S., the Personalized Medicine Coali-
tion defined personalized medicine as the “tailor-
ing of medical treatment to each patient’s charac-
teristics. It does not mean that drugs (or medical 
devices) are developed to be unique to a patient 
but rather the ability to classify individuals into 
subpopulations that differ in their susceptibility to 
a particular disease or their response to a specific 
treatment. Therefore, the preventive or therapeutic 
interventions can be concentrated on those who 
will benefit, sparing expense, and adverse effects 
for those who will not” (10).  On the other hand, 
the U.S. National Cancer Institute (NCI) defines 
personalized medicine as “a form of medicine that 
uses information about a person’s genes, proteins, 
and environment to prevent, diagnose, and treat 
disease” (11). The key features of personalized 
medicine include identifying populations (or indi-
vidual patients) who are candidates for treatment, 
either by identifying patient/disease characteristics 
that are likely to benefit or show no improvement/
develop adverse effects from treatment (12). Von 

Hoff and collaborators at TGen and Caris Life Sci-
ences were the pioneers in the precision medicine 
treatment approach, demonstrating that molecu-
lar profiling of patients’ tumors is an efficient ap-
proach to identifying potential targets and select-
ing the best treatments for their refractory cancers 
(13). Since then, numerous studies have confirmed 
the clinical relevance of molecular profiling and 
personalized medicine in cancer treatment lead-
ing to the paradigm shift in cancer treatment (9). 

Even though personalized medicine’s potential 
benefits are already evident (e.g., enhanced thera-
peutic efficacy and increased safety of targeted 
drugs), its uptake by health care systems varies 
across the globe. Generally, it remains limited at 
this time (14). However, it is anticipated that, as 
a scientific understanding of cancer progresses at 
the molecular level, personalized medicine ap-
proaches to cancer diagnosis and treatment will 
become more common. For example, the number 
of personalized medicine devices that have been 
commercialized in Europe quadrupled between 
2006 and 2011 (10). The development of therapeu-
tic products (devices) that are paired with diag-
nostic tests is also rapidly increasing. In December 
2013, the Food and Drug Administration (FDA) 
approved the first next-generation sequencer 
(NGS) (Illumina’s MiSeqDx) for commercial use 
in the United States (15). This platform’s approval 
made possible the dozens of genomic information 
in clinical practice, and markedly expanded this 
technology’s clinical utility to guide patients’ care 
(15). In 2017, the FDA approved the Foundation-
One CDx (Foundation Medicine, Inc.) as the first 
comprehensive, FDA-approved tissue-based com-
panion diagnostic (CDx) assay that is validated 
for all solid tumors (16). In August 2020, the FDA 
granted approval for the first liquid biopsy-based 
NGS CDx test, The Guardant360 CDx (The Guar-
dant Health, Inc.) (17). The Guardant360 CDx uti-
lizes liquid biopsy and NGS technology to detect 
55 different genomic alterations, including EGFR 
gene mutations in patients with NSCLC from 
circulating cell-free DNA (cfDNA). Besides, sev-
eral comprehensive NGS-platforms are currently 
available (e.g., Caris MI profile, Tempus xT assay, 
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Invitae Multi-Cancer Panel) (18) and are being 
increasingly used in cancer decision-making and 
treatment (19) (please refer to the next paragraph 
for more details). Recently, the European Society 
of Medical Oncology (ESMO) Precision Medicine 
Working up came out with their recommenda-
tions for the use of NGS testing for patients with 
metastatic cancers (20). Using the ESMO Scale for 
Clinical Actionability of molecular Targets (ES-
CAT), the ESMO group found concrete evidence. 
It strongly recommended routine NGS testing for 
patients with metastatic NSCLC, prostate, ovar-
ian cancers, and cholangiocarcinoma. Besides, 
they recommended NGS testing for several other 
common cancers such as colorectal cancer, small 
cell lung cancer (SCLC), endometrial cancer, neu-
roendocrine tumors, salivary, thyroid, and vulvar 
cancers (mainly for the tumor mutational burden 
(TMB) assessment as a predictive biomarker for 
immune checkpoint inhibitors) (20).

The Concept of Companion Diagnostic 
Tests (CDx)

The rise of precision medicine in pathology ac-
celerated in the 1980s with the diagnostic use of 
automated immunohistochemistry (IHC) (21, 22). 
Since that time, IHC has been substantially im-
proved, standardized, and its clinical utility in can-
cer diagnostics has been markedly expanded, par-
ticularly in recent years (23-27). IHC is an essen-
tial tool for cancer diagnostics and tumor typing 
(Figure 1). However, it has been increasingly used 
as a reliable and affordable method for precision 
medicine purposes. The vast majority of diagnostic 
tests are developed in the individual laboratories 
and are designated as a laboratory (or in-house) 
developed tests (LDT). However, several IHC tests 
are now designated as “companion diagnostic” or 
“complementary diagnostic” tests to indicate their 
status concerning the FDA approval/clearance sta-
tus. Although IHC is a relatively simple and widely 
utilized method, frequently fully automated in 
most pathology laboratories, its interpretation is 
entirely subjective; hence a strict training/valida-
tion processes must be applied. 

A companion diagnostic device is defined as 
“an in vitro diagnostic device (IVD) or an imag-
ing tool that provides information that is essential 
for the safe and effective use of a corresponding 
therapeutic product” (28). The use of an IVD com-
panion diagnostic test with a specific therapeutic 
product is stipulated in the instructions for use in 
the labeling of both the diagnostic device and the 
corresponding medicinal product and the label-
ing of any generic or biosimilar equivalents of the 
therapeutic product. In other words, a CDx test is 
required before a specific treatment to determine 
eligibility. On the other hand, although predictive, 
a complementary diagnostics test is not needed for 
the drug’s prescription. The concept of precision 
medicine is accompanied by various CDx tests 
that have become increasingly approved and used 
for targeted treatment purposes (29) [a full list of 
companion diagnostic devices that have been ap-
proved by the FDA is available at its website (28)].

One of the earliest CDx relied on the identifi-
cation of HER2/erbB2 gene amplification (in-situ 
hybridization) or HER2 protein overexpression 
(immunohistochemistry) in breast and later in 
gastric/gastroesophageal junction (GEJ) cancers 
for the treatment with various anti-HER2 thera-
peutics such as trastuzumab and pertuzumab 
(monoclonal antibodies) and lapatinib (a small 
molecule tyrosine kinase inhibitor that inhibits 
HER2 specifically) (30-32) (Table 1).

Additional examples of commonly used CDx 
assays include the assessment of C-KIT (CD117) 
and PDGFRα mutations in gastrointestinal stro-
mal tumors (GIST) (33), tyrosine kinase muta-
tions affecting the Epidermal growth factor recep-
tor (EGFR) gene, and EML-ALK gene rearrange-
ments in non-small cell lung cancer (NSCLC) (34-
36), and mutations in the BRAF gene in malignant 
melanoma (37). Notably, most of these genetic al-
terations have a substantial potential to render tu-
mors susceptible to specific inhibitors mentioned 
above. In addition to diagnostic PCR or in-situ hy-
bridization-based assays, IHC testing, performed 
by pathologists, is robust, genomic alteration-spe-
cific, cheap, and consequently utilized in a clinical 
setting. For instance, the ALK 5A4 IHC assay has 
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been confirmed as a reliable screening diagnostic 
test for ALK-rearranged NSCLCs and is associ-
ated with treatment response and survival (38). 
Similarly, c-Kit expression using c-Kit PharmDx 
(Agilent) is indicated in both differential diagno-
sis of gastrointestinal stromal tumors (GIST) (95% 
positive) and in selecting the GIST patients that 
are eligible for treatment with imatinib mesylate 
(Gleevec). EGFR pharmDxTM is another FDA-
approved IHC-based assay that was supposed to 
identify colorectal cancer patients who are eligible 
for anti-EGFR-treatment modalities such as cetux-
imab or panitumumab (Table 1). However, later 
studies revealed that EGFR protein expression is 

not a clinically useful predictive biomarker to ce-
tuximab response in patients with CRC (39, 40).

Specific biomarkers can also indicate when pa-
tients are less likely to respond to a specific thera-
py, e.g., KRAS or NRAS mutations make colorectal 
cancers unresponsive to anti-epidermal growth 
factor receptor (anti-EGFR) therapies such as ce-
tuximab or panitumumab (40-42). Similarly, spe-
cific EGFR gene mutations in NSCLC (e.g., point 
mutation T790M) are responsible for approxi-
mately 50% of acquired resistance to the EGFR 
tyrosine kinase inhibitors (43).

In contrast to those mentioned above single 
genomic assays, FoundationOne CDx is the first 
FDA-approved comprehensive tissue-based CDx 

Table 1. Some of the Commonly Used Single Diagnostic Tests [Diagnostic Antibodies (Immunohistochemistry) and Probes 
(in Situ Hybridization)] with an Approved Status As “Companion Diagnostic” Assays

Biomarker/diagnostic assay 
(manufacturer)

Scoring 
system

Companion diagnostic (CDx) 
Thresholds

Indication 
(cancer subtype)

Drug(s)

Immuno-Oncology (I-O) Biomarkers

22c3 (DAKO Agilent) CPS <1, ≥1, ≥10
Gastric/GEJ 
carcinoma, cervical 
carcinoma TNBC

Pembrolizumab

22c3 (DAKO Agilent) TPS 0, 1-49, ≥50 NSCLC Pembrolizumab

SP142 (Ventana) IC scoring IC ≥1%, IC≥5% 
TNBC, Urothelial 
carcinoma (bladder)

Atezolizumab

Other companion diagnostic (CDx) single tests

ALK Testing 
ALK D5F3 Ventana (IHC)

Vysis ALK Break Apart FISH Probe 
Kit (Abbott) (FISH)

Positive/
negative

Any percentage of positive 
cancer cells NSCLC

Crizotinib 
or ceritinib

  -
Identification of ALK gene 
rearrangements with its 
partners (e.g., EML4, TFG, KIF5B)

NSCLC
Crizotinib 
or ceritinib

HER2 testing
anti-HER2 (4B5) (Ventana) (IHC)

INFORM HER2 Dual ISH DNA Probe 
Cocktail (Ventana) (ISH)

Score 
0-3+

Score 3+ in cancer cells Breast cancer

Trastuzumab, 
pertuzumab, 
adotrastuzumab 
emtansine

HER2/CEP17 
ratio

HER2/CEP17 ratio ≥2 (positive) Breast cancer
Trastuzumab, 
pertuzumab, ado-
trastuzumab emtansine

DAKO c-Kit PharmDx (IHC)
Positive/
negative

Any expression in cancer cells GIST Imatinib mesylate

DAKO EGFR PharmDx (IHC)
Positive/
negative

Any membranous expression in 
cancer cells

Colorectal cancer
Cetuximab, 
panatumumab

All the listed assays have been approved by the Food and Drug Administration/FDA/ (28). ALK=Anaplastic lymphoma kinase; CEP17=Centromere of chromo-
some 17; CPS=Combined positive score is defined as the number of PD-L1 positive cells (cancer cells, lymphocytes, and macrophages) divided by the total 
number of viable tumor cells, multiplied by 100; EGFR=Epidermal growth factor receptor; FISH=Fluorescent in situ hybridization; GEJ=carcinoma Gastro-
esophageal junction carcinoma; GIST=Gastrointestinal stromal tumor; HER2=Human epidermal growth receptor 2; IC (immune cells) score=A proportion 
of the tumor area occupied by PD-L1 staining of any intensity; IHC=Immunohistochemistry; ISH=In situ hybridization; NSCLC=Non-small cell lung cancer; 
TC=Tumor cells; TNBC=Triple-negative breast cancer; TPS=Tumor proportion score. Defined as the percentage of viable cancer cells showing a partial or 
complete membrane staining at any intensity.
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that has been validated in a variety of solid tumors. 
It includes a broad panel of tested genes (N=324) 
and two genomic signatures. It has already been 
utilized in treatment decision-making for various 
solid cancers, including NSCLC, colorectal, breast, 
ovarian cancer, and malignant melanoma (44) (Ta-
ble 2). The test also provides microsatellite insta-
bility (MSI) and tumor mutational burden (TMB) 
status, both of which are essential predictive bio-
markers in immuno-oncology (I-O) treatment re-
gardless of the tumor histology (“tumor agnostic 
approach”) (please refer to the next paragraph). 
The FoundationOne CDx is also a CDx for iden-
tifying the neurotrophic receptor tyrosine kinase 
(NTRK) genes (NTRK1, NTRK2, and NTRK3) fu-
sions. All the patients whose cancers harbor any of 
these fusions and regardless of the tumor histotype 
are eligible for the treatment with an NTRK inhibi-
tor (entrectinib or larotrectinib) (Another “tumor 
agnostic approach”) (45). FoundationOne Liquid 
CDx is a similar FDA-approved CDx that explores 
potentially targetable genes using a simple blood 
sample (liquid biopsy, which is based on peripheral 
blood analysis of cell-free circulating tumor DNA). 
It is along with the Guardant360 CDx, the only 
comprehensive FDA-approved blood-based test 
that analyzes > 300 genes, making it the most com-
prehensive FDA-approved liquid biopsy CDx cur-
rently available (Table 2). Besides, FoundationOne 
Liquid CDx provides blood tumor mutational bur-
den (bTMB), MSI, and tumor fraction values. An-
other FDA-approved comprehensive molecular ge-
nomic assay is the MSK-IMPACT™ test developed 
by the Memorial Sloan Kettering Cancer Center. 
Memorial Sloan Kettering-Integrated Mutation 
Profiling of Actionable Cancer Targets (MSK-IM-
PACT) covers 468 different genes, many of which 
are potentially targetable with currently available 
drugs (46). MSK-IMPACT has been shown to reli-
ably profile tumor DNA for somatic mutations in 
various solid malignancies with high accuracy and 
sensitivity (47). In contrast to the FoundationOne 
CDx, this assay is mainly used in the United States.

Immunotherapy, based on immune checkpoint 
inhibitors against programmed cell death protein 
1/programmed death-ligand 1 (PD-1/PD-L1) axis, 

has dramatically changed the cancer treatment 
paradigm and improved the outcomes of several 
common cancers such as melanoma, NSCLC, re-
nal, urothelial, cervical, gastric/gastroesophageal 
(GEJ), head and neck squamous cell and triple-
negative breast carcinomas (TNBC) (48). The ther-
apeutic breakthroughs have been followed by the 
development of predictive biomarkers of response 
to immune checkpoint inhibitors. Several of these 
biomarkers have been validated and achieved a 
companion diagnostic status, including PD-L1 
expression in tumor (T.C.) or immune cells (IC) 
tested by IHC. Tumor mutational burden (TMB) 
and microsatellite instability-high (MSI-H) status, 
determined by NGS-based assays, have also been 
approved as predictive biomarkers to immune 
checkpoint blockade (e.g., pembrolizumab) (49) 
(Table 2). Other potential predictive biomarkers 
[e.g., PD-1 status, PD-L1 (CD274 gene) amplifica-
tion], although extensively studied, have not been 
fully validated and consequently approved as CDx 
assays.

Multiple IHC assays with different scoring al-
gorithms have been approved for various immune 
checkpoint blockade therapies and associated can-
cers (Table 1). Several of these IHC assays have 
been approved as CDx, such as VENTANA SP142 
assay for selecting NSCLC, bladder, and TNBC pa-
tients for the treatment with immune checkpoint 
inhibitor atezolizumab. DAKO 22C3 pharmDx 
assay has been approved for testing eligibility of 
NSCLC, TNBC, gastric/GEJ, cervical, urothe-
lial, head and neck squamous cell (HNSCC), and 
esophageal squamous cell carcinoma patients for 
the treatment with pembrolizumab while DAKO 
28-8 pharmDx clone is utilized for the selection of 
NSCLC patients for the combined treatment with 
two immune checkpoint inhibitors: nivolumab 
(against PD-1) + ipilimumab (targeting cytotoxic 
T-lymphocyte-associated protein 4/CTLA-4/) 
(28). Notably, each of these assays has different 
scoring algorithms, e.g., tumor proportion score 
(TPS), combined positive score (CPS), and im-
mune cells (I.C.) score, all of which have different 
thresholds for positivity. These issues make the 
current PD-L1 IHC testing landscape very compli-
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cated. They require pathologists to be specifically 
trained for each of the proposed assays and their 
respective scoring systems.

Besides, PD-L1 status in cancer is substantially 
challenged by its complex regulation within the tu-
mor parenchyma and microenvironment (immune 
cells), its dynamic clonal and proteomic changes to 
therapy, heterogeneous host immune defects, and 
markedly variable standardization among sample 
preparation and reporting (48). Despite all the ad-
vances mentioned above, there is still an unmet 
need to optimize predictive I-O biomarkers given 
their limited clinical utility (a low response rate/
resistance in most cancers) and highly demanding 
testing and interpretation algorithms (20).

Challenges Ahead: “Next-Generation 
Pathologists” and Precision Medicine

Molecular pathology has become one of the corner-
stones of precision cancer medicine. This change 
has required enormous efforts from pathologists 
to gain and demonstrate expertise and skills in this 
rapidly evolving era (50). Simultaneously, the par-
adigm shift allowed for the discipline of pathology 
to reinvent itself as a leading diagnostic discipline 
in the precision medicine era. Indeed, this would 
imply additional and continuous efforts to educate 
pathologists in using genomic and molecular data 
and interpret novel diagnostic tests and proce-

dures. Therefore, the dissemination of knowledge 
on molecular pathology among pathologists by in-
corporating the courses in postgraduate training 
programs for trained pathologists and improving 
pathology residency training programs are critical 
for the future of diagnostic molecular pathology 
(51). In this regard, several countries have already 
taken the necessary measures. Thus, the Dutch So-
ciety of Pathology has launched a 2-year training 
program in molecular pathology, while the Royal 
College of Pathologists has a fellowship in molecu-
lar pathology for clinical scientists. In the United 
States, the Association of Molecular Pathology has 
also developed a molecular pathology curriculum 
for medical laboratory scientists (52). At the same 
time, the American Board of Pathology offers cer-
tification for the pathologist completing at least 12 
months of training in an ACGME (The Accredi-
tation Council for Graduate Medical Education) 
accredited molecular genetic pathology program 
(53). 

Another essential aspect in which the patholo-
gists play a crucial role is developing and imple-
menting molecular tests in clinical practice and 
communicating the obtained results with other 
diagnostic disciplines (e.g., microbiology, clinical 
chemistry, genetics, and immunology) (15, 54-56) 
and clinicians (Figure 1). Pathologists also play 
a crucial role in optimizing the samples for mo-
lecular profiling. They are also responsible for the 
proper and selective use of the available specimens 

Table 2. Overview of the Commonly Used and FDA-Approved Comprehensive Companion Diagnostic Tests

Assay* Technology Gene panel† Indications‡ Drugs

FoundationOne 
CDx§

NGS-based 324 targetable 
Genes 
MSI status
TMB status

Multiple cancers (NSCLC, colon, 
breast, ovary, melanoma)

21 FDA-approved targeted 
therapies

FoundationOne 
Liquid CDx||

NGS-based 300 targetable genes
MSI status
Blood TMB status

Multiple 
cancers

Multiple targeted 
drugs

MSK-IMPACT§ NGS-based 468 targetable genes
MSI status

Multiple 
cancers

Multiple targeted drugs

The Guardant360 
CDx||

NGS-based 55 targetable genes, 
including EGFR 

NSCLC and 
other cancers

TAGRISSO (Osimertinib) and 
other targeted drugs

*Manufacturer; †Predictive biomarkers; ‡Cancer subtypes; §Tissue-based assay; ||Based on peripheral blood analysis of cell-free circulating tumor DNA (cfDNA) 
(=liquid biopsy); EGFR=Epidermal Growth Factor Receptor; FDA=Food and Drug Administration; MSI=Microsatellite instability; NGS=Next-generation se-
quencing; NSCLC=Non-small cell lung cancer; TMB=Tumor mutational burden.
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to enhance predictive tests’ clinical utility. New, 
complementary diagnostic methods have also 
been launched, e.g., the sequence analysis of cell-
free tumor DNA isolated from plasma or urine 
(=liquid biopsy) (Figure 1). Liquid biopsy and the 
traditional tissue samples (biopsy, cytology) are of 
utmost importance for identifying biomarkers for 
personalized medicine. Increased availability of 
diagnostic tests and a growing emphasis on per-
sonalized medicine have been approached by the 
novel, revolutionary technologies such as machine 
learning (ML) and artificial intelligence (A.I.), 
both of which could greatly help in analyzing the 
“big data” and identifying the proper biomarkers 
for precision medicine (treatment) and diagnos-
tics (“personalized diagnosis”) (57, 58) (Figure 
1). Both methods are rapidly evolving and are 
believed to contribute to precision medicine and 
other healthcare fields. 

All of the activities mentioned above contrib-
ute to a successful translation of the scientific ad-
vancements into a benefit to patients (“next-gener-
ation pathologists”). In this regard, the European 
Society of Pathology (ESP) and the Royal Col-
lege of Pathology (RCPath) groups proposed the 
guidelines for laboratories performing molecular 
pathology for cancer patients (52). The guideline 
encompasses all the essential issues related to mo-
lecular pathology testing, including preanalytical 
considerations, sample receipt and handling (fixa-
tion and processing), DNA and RNA extraction, 
selection of appropriate analytical method(s), and 
quality control (both internal and external) (52). 
College of American Pathologists (CAP) has also 
been actively developing numerous evidence-
based guidelines about preanalytical and analyti-
cal aspects of diagnostic and molecular pathology. 
These guidelines also include precision medicine 
biomarkers and CDx assays such as estrogen re-
ceptor (ER), progesterone receptor (PR) and 
HER2 (breast cancer), various predictive biomark-
ers in NSCLC and CRC, biomarkers for prostate 
cancer, Human Papillomavirus (HPV) testing in 
HNSCC, etc. (59). Similar initiatives have been 
taken by international external quality assurance 
(EQA)  agencies [e.g., UK NEQAS ICC & ISH, 

NordiQC, and European Molecular Quality Net-
work (EMQN)], who put joint efforts to publish 
the guidelines for EQA. These guidelines aim to 
improve molecular tests’ performance for preci-
sion medicine purposes (60).   

Conclusions and Future Directions

The practice of diagnostic pathology has been sub-
stantially changed in the previous years due to the 
advances in molecular diagnostics and targeted 
treatment (precision medicine). Molecular pathol-
ogy has become one of the cornerstones of preci-
sion cancer medicine. Although “the next-gener-
ation pathologists” have already been launched, 
further and continuous educational efforts must 
fully implement the paradigm shift into diagnos-
tic molecular pathology practice and reinvent it 
as a leading diagnostic discipline in the precision 
medicine era. Most of the approved and validated 
predictive biomarkers in precision medicine still 
require further optimization and standardization. 
There is an unmet need for novel and more reliable 
predictive tests (biomarkers) given a low response 
rate and common resistance for most approved 
targeted treatment modalities. 	
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Abstract
This review deals with serologic and immunohistochemical tumor markers used in clinical laboratories for the diagnosis of tes-
ticular germ cell tumors. Time tested serologic markers such as alpha-fetoprotein, human chorionic gonadotropin, and lactate 
dehydrogenase are routinely used in the work-up of patients with testicular tumors. Professional organizations regulating the 
practice of medicine in most countries worldwide require that the laboratory values for these serologic reactants be included 
in the pathology reports on testicular tumors as part of the tumor staging process. Immunohistochemical markers of testicular 
germ have been identified and widely tested during the first two decades of the XXI century. We have selected the most useful 
immunohistochemical markers from a few of these markers and discussed them in this review. Conclusion. Published data 
show that testicular tumor markers are widely used in routine practice. The study of tumor markers has improved the pathologic 
and clinical diagnosis of testicular germ cell tumors and has thus contributed to their treatment.

Key Words: Testicular Tumors  Germ Cell Tumors  Serologic Diagnosis  Immunohistochemistry  Tumor Markers.

Introduction

Lecturing for many years to medical students 
about testicular tumors, I adopted the same prin-
ciple that the U.S. Navy applied to the design of 
new weapons in the 1960’s. This principle is best 
known as KISS, an acronym, which stands for 
“keep it simple, stupid” (1).

Using the KISS principle, in these simplified 
lectures, I would tell my students that testicular tu-
mors are “more than 90 percent tumors”: 
•	 More than 90% are malignant;
•	 More than 90% are of germ cell origin and thus 

classified as germ cell tumors (GCT);
•	 More than 90% sporadic (i.e., not related to ex-

ogenous or endogenous or genetic factors);
•	 More than 90% are diagnosed in adult males in 

the 20-45 years age group and

•	 More than 90% of patients have long-term sur-
vival and most are cured by modern therapeu-
tic approaches.
Even though testicular tumors account for only 

1% of malignant neoplasms in males, they have 
become a poster example of malignant tumors that 
can be cured by combining surgery, chemothera-
py, and, if need be, radiation therapy, as reviewed 
in several recent publications (2-5). These tumors, 
which have previously accounted for significant 
cancer related mortality in adult men, who were 
in the most productive period of their lives were 
literally conquered by modern medicine. 

The study of serologic and immunohistochem-
ical tumor markers, to be reviewed here, has con-
tributed to diagnosis and treatment of GCT.

Clinicopathologic Classification

Pathology has made significant contributions to 
this modern medicine paradigmatic success sto-
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ry. It all began with the groundbreaking study of 
Friedman and Moore (6), who examined more 
than 900 testicular tumors diagnosed in soldiers of 
the U.S. Armed Forces during World War II. The 
basic tenets of that study were subsequently con-
firmed and expanded in numerous clinicopatho-
logic studies. Widely accepted worldwide, these 
classifications were disseminated in the atlases of 
the Armed forces Institute of Pathology (AFIP) 
and included in consecutive classifications of the 
World Health Organization (WHO), the latest of 
which was published in 2016 (7).

Histopathologic classification of testicular tu-
mors is primarily based on the histogenesis of 
these tumors. Even though testicular tumors’ ex-
act histogenesis has not been fully elucidated, all 
the data indicate that most neoplasm can be traced 
to the germ cell line and its early embryonic and 
fetal precursors (8-11). Subclassification of germ 
cell tumors is essential, primarily because of the 
biological and clinical differences between semi-
noma on one hand side and mixed germ cell tu-

mors, also known clinically as “nonseminomas” or 
“nonseminomatous germ cell tumors (NSGCT)” 
on the other (7).

According to the most widely used classifica-
tion of germ cell tumors, testicular GCT can be 
classified into three categories, which have dis-
tinct features: patients’ age, histologic character-
istics, and molecular and cellular histogenesis (8, 
11). Type I GCT include teratomas and yolk sac 
tumors of neonates and infants, which do not de-
velop from a preexistent intratubular germ cell 
neoplasia in situ (GCNIS) (Figure 1). Type II GCT 
develop from preexistent GCNIS of the testis and 
include seminomas and mixed (nonseminoma-
tous) germ cell tumors (also known as NSGCT), 
which develop mostly in adolescents and adults. 
Type III category of GCT includes only spermato-
cytic tumors (previously known as spermatocytic 
seminoma), which develop without a preinvasive 
GCNIS in older adults. Over 90% of all invasive 
GCT develop from GCNIS and belong to type II 
neoplasms.

Figure 1. Histogenetic classification of testicular germ cell tumors. Tumors may develop directly from intratubular germ cells 
or a preinvasive form of intratubular germ cell neoplasia in situ (GCNIS). Tumors that develop directly from germ cells include 
prepubertal teratoma and childhood yolk sac tumor, and spermatocytic tumor. Most invasive GCTs are classified as type II GCT 
that develop from GCNIS. GCNIS give rise to invasive malignant stem cells, which may be classified as embryonal carcinoma or 
seminoma. Seminoma is the most common GCT. The malignancy of seminoma cells may progress, and they become embryo-
nal carcinoma. Embryonal carcinoma cells are the stem cells of mixed (nonseminomatous) germ cell tumors. In addition to their 
malignant stem cells (embryonal carcinoma), the components of these mixed germ cell tumors include teratoma, yolk sac, and 
choriocarcinoma. These components may grow clonally and give rise to pure teratoma, yolk sac tumor or choriocarcinoma.
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Tumors originating from sex cord lineages or 
nonspecific stromal cells are less common (12-15). 
These tumors are mentioned only for the com-
pleteness of the presentation and will not be dis-
cussed in detail. Tumors originating from testicu-
lar adnexa, including rete testis, or tunica vaginalis 
(mesothelial cells) and some embryonic structures 
that normally involute during fetal life, such a 
műllerian ducts, are also quite rare (16-20). Meta-
static tumors to the testis and lymphoma are rare 
but must be considered in the differential diagno-
sis, especially in elderly patients (21, 22).

Algorithms used by diagnostic pathologists are 
practice-proven thus straight forward and include 
the following questions sequentially:
1)	 Is this testicular lesion a neoplasm or some-

thing else?
2)	 If it is a neoplasm, is it a primary testicular/epi-

didymal tumor or a metastasis?
3)	 If it is a primary tumor, is it originating from 

germ cells and their precursors, or from sex 
cord cells, stromal cells of adnexal structures, 
or embryonic 

4)	 If the tumor is a GCT, is it a seminoma or NS-
GCT? 

5)	 If the tumor is an NSGCT, its microscopic com-
ponents must be identified and listed, such as 
embryonal carcinoma (EC), teratoma, yolk sac 
tumor (YST), or choriocarcinoma. For exam-
ple, it is well known that the extent of embryo-
nal carcinoma in an NSGCT determines the 
malignancies of such a tumor—the more EC, 
the more likely the tumor be more malignant. 
Seminoma elements may be found in 46.9% of 
mixed germ cell tumors (23), which are other-
wise classified as NSGCT. However, the admix-
ture of seminoma to NSGCT does not have any 
clinical significance.
As stated above, more than 90% of all testicular 

tumors are of germ cell origin. Accordingly, unless 
specified otherwise, most clinical and histopatho-
logic problems encountered in the diagnostics 
and treatment of testicular tumors relate to germ 
cell tumors. As reported in a large recent study 
of more than 5 000 testicular tumors from North 
Rhein-Westphalia, Germany, 93.9% of all tumors 

were of germ cell origin (23). Approximately 5% of 
testicular tumors included in cancer registers and 
national statistics seem to be inadequately docu-
mented and cannot be appropriately classified 
(23). Novel or controversial new testicular tumor 
entities continuously appear in the literature and 
are not correctly classified, requiring additional 
studies (24-28).

Tumor Markers

Tumor markers used in clinical and pathologic 
practice can be classified as a) serologic markers 
secreted by or released from the tumor cells and 
readily detectable in serum, and b) cell-related 
markers detectable by immunohistochemistry or 
molecular biologic techniques applied to tumor 
tissue that was obtained by biopsy or surgical in-
tervention. In this review, we will limit our discus-
sion to tumor markers, which have proven their 
usefulness for diagnosing testicular tumors.

Serologic Tumor Markers

From the historical point of view, testicular tumors 
have played an important role in defining tumors 
markers, such as human chorionic gonadotropin 
(hCG) (29-31), alpha fetoprotein (AFP) (32-34), 
placental like alkaline phosphatase (34) and lac-
tate dehydrogenase (LDH) (35). Serologic tumor 
markers AFP, hCG, and LDH are currently rou-
tinely used in testicular tumors’ clinical work-up 
and are included as part of the staging protocol for 
germ cell tumors (36-41), and are also used for for-
mulating the prognosis after treatment (42).

Human Chorionic Gonadotropin (hCG) is 
produced by placental syncytiotrophoblasts dur-
ing pregnancy (43). As a tumor marker, it is a 
reliable marker for choriocarcinoma originating 
from the placenta, as well as ovarian and testicular 
choriocarcinomas. Patients with mixed germ cell 
tumors containing choriocarcinoma elements are 
also positive for hCG (44).  

hCG consist of two chains labeled alpha and 
beta (43). The alpha subunit of hCG has a molecu-
lar weigh,t of approximately 14.5 kD. It is identi-
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cal to the alpha subunit of three pituitary trophic 
hormones: two gonadotropins (FSH and LH) and 
thyroid-stimulating hormone (TSH). The beta 
subunit (β-hCG) has a molecular weight of ap-
proximately 22.2 kD and is found only in hCG. It 
is encoded by the HCGB gene complex comprising 
seven HCGB genes that form a cluster on the long 
arm of chromosome 19 (45).

hCG detected in serum can be further subclas-
sified depending on the analytical technique used. 
To improve the diagnostic value, proposals have 
been made to selectively look for these subtypes 
such as β-subunit hCG, β-core fragment hCG, and 
hyperglycosylated, nicked hCG. However, most 
laboratories report either regular intact hCG or 
β-hCG. Hyperglycosylated hCG is the form seen 
in choriocarcinoma.

β-hCG is measured routinely in the serum of 
testicular cancer patients. Elevated concentrations 
of β-hCG found in approximately 50% of patients 
with NSGCT (41). The serum levels of β-hCG vary 
depending on the tumor stage and the extent of 
choriocarcinoma elements in each tumor. Pure 
choriocarcinomas are always positive.

Immunohistochemistry with polyclonal or 
monoclonal antibodies to β-hCG is widely used 
in daily histopathology practice to identify chorio-
carcinoma cells in the tumor tissue. Since tumor 
cells secrete β-hCG into the plasma, it will often 
be seen inside the blood vessels of the tumor and 
permeating the tissues near the neoplastic chorio-
carcinoma cells.

Scattered syncytiotrophoblastic multinucle-
ated giant cells can be seen in approximately 20% 
of seminomas. Patients who have such seminomas 
have elevated levels of hCG can be elevated in se-
rum, albeit in concentrations that are much lower 
than those in patients with NSGCT (41).

The half-life of hCG in serum is 2-3 days. Ac-
cordingly, one can expect normalization of serum 
hCG in about 10-15 days (five half-lives) after re-
moving the tumor. However, such a normalization 
does not exclude metastases composed of embryo-
nal carcinoma cells, which do not produce hCG. Re-
currence of NSGCT is associated with rising hCG 
levels in serum in approximately 25% of cases (41).

Alpha Fetoprotein is a 70kD protein normally 
found in fetal serum. In the early stages of intra-
uterine life, it is produced by the yolk sac and, after 
that by the fetal liver and parts of the gastrointesti-
nal tract (46). The postnatal liver continues to se-
crete AFP, and therefore the serum levels of AFP 
remain elevated during infancy and even in early 
childhood. The AFP gene is located on the long 
arm of chromosome 4 (4q25) (47).

AFP is a widely used tumor marker, most use-
ful in diagnosing hepatocellular carcinoma, NS-
GCT of the testis, yolk sac tumor of infancy and 
childhood, extragonadal germ cell tumors, and 
mixed germ cell tumors of the ovary. AFP is a reli-
able marker for yolk sac components of germ cell 
tumors in testicular and ovarian tumors. Overall, 
AFP is elevated in the serum of 25% of all patients 
with testicular germ cell tumors (41). In the sub-
group of patients with NSGCT, serum AFP levels 
are elevated in 60% of cases (41). 

The half-life of AFP is approximately 5–7 days, 
and therefore, one could expect the serum AFP to 
normalize 25–35 days (five half-lives) after orchi-
dectomy for NSGCT (37, 44). False-positive results 
could result from liver injury related to chemo-
therapy or even some non-neoplastic liver diseas-
es such as steatohepatitis or chronic viral hepatitis 
and cirrhosis. In patients receiving chemotherapy, 
tumor lysis syndrome may include elevated serum 
AFP levels, even though there are no viable tumor 
cells in the treated patient’s body. Three isoforms 
of AFP are known to appear in blood: L1 found 
in the serum of patients with non-neoplastic liver 
disease, L2 found in patients with yolk sac tumors, 
and L3 in patients with hepatocellular carcinoma 
(48). In routine clinical practice, these subtypes 
are of limited significance.

Immunohistochemistry with polyclonal or 
monoclonal antibodies is routinely used in the 
work-up testicular NSGCT, extragonadal germ cell 
tumors, and yolk sac tumors (49, 50). AFP is a use-
ful marker for most forms of yolk sac tumors, even 
though some variants, such as parietal yolk sac tu-
mor, are negative. This is important to keep in mind 
because AFP positive yolk sac rich tumors may 
undergo clonal evolution and transform into AFP 

https://en.wikipedia.org/wiki/Chromosome_4
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negative neoplasms (51). It is also important to note 
that AFP can be elevated in the serum of patients 
who have adenocarcinomas of the gastrointestinal 
tract and the upper aerodigestive system (37).

Placental Alkaline Phosphatase also known as 
Regan isoenzyme, is one of the four alkaline phos-
phatases (AP) typically found in the human tissues 
from which they are released into the circulation 
(52). Functionally, they are all hydrolases that have 
their optimal enzymatic activity in an alkaline mi-
lieu. Each of these four alkaline phosphatases is 
derived from a different organ and encoded by its 
gene. In addition to PLAP, other three forms are 
known as hepatic, bone and kidney AP, intestinal 
A.P., and placental like AP. PLAP is encoded by a 
gene on the long arm of chromosome 2 (2q37), 
which also contains the genes for placental-like 
and intestinal AP (53). PLAP gene is usually ex-
pressed in trophoblastic cells and fetal primordial 
germ cells. It is not expressed on normal sper-
matogenic cells of the adult testis. Monoclonal 
antibodies to PLAP and those specific for other 
isoenzymes of AP are available, making their im-
munohistochemical localization in tissue sections 
possible (54).

PLAP was initially considered a useful marker 
for seminoma. However, later on, it became evi-
dent that it is also expressed on the cells forming 
the intratubular GCNIS and embryonal carcinoma 
cells, yolk sac tumor, and choriocarcinoma. Ac-
cordingly, it is a useful tumor marker for testicu-
lar and ovarian, and extragonadal GCTs (54-56). 
Immunohistochemical studies with monoclonal 
antibodies disclosed that AP of testicular germ 
cell tumors could be either PLAP or placental-like 
isoenzyme (54), confounding the issue of specific-
ity of PLAP as a tumor marker. Subsequent stud-
ies disclosed PLAP on some non-germ cell tu-
mors. Furthermore, it was detected in the serum 
of smokers, which reduced its overall utility as a 
tumor marker (57). Antibodies to PLAP are still 
used in clinical laboratories but considerably less 
often than the newer reagents. 

Lactate Dehydrogenase (LDH) is a ubiquitous 
enzyme present in nearly all human tissues, from 
which it is released into the serum (58). Structur-

ally it is a tetramer composed of four subunits, the 
most common being LDH-M and LDH-H pro-
tein, encoded by two LDH genes, called LDHA 
and LDHB, respectively (59). Serum LDH and its 
main isoenzymes are routinely measured in clini-
cal laboratories.

LDH is found inside the cell of most human tu-
mors (60, 61) and is thus often measured in cancer 
patients. Due to its wide distribution in normal 
and neoplastic tissues, it cannot be used as a di-
agnostic tumor marker. Nevertheless, serum LDH 
values can be used as a valuable laboratory find-
ing, reflecting tumor burden, invasiveness of neo-
plastic cells, and the extent of tumor spread and 
metastasis. In patients receiving chemotherapy, se-
rum LDH can be used to monitor the residual total 
tumor mass and spontaneous and chemotherapy-
induced tumor necrosis.

American Joint Committee on Cancer (AJCC) 
staging system for testicular tumors (39) requires 
from clinicians to record the serum levels of LDH 
at the time of diagnosis and periodically moni-
tored them after surgical intervention and chemo-
therapy. In patients diagnosed with small tumors 
limited to the testis, serum LDH is within normal 
limits in 80-90% of cases. As the tumors grow, se-
rum levels of LDH will rise proportionally to the 
size of the tumor. Patients with metastatic tumors 
have almost all high LDH serum levels. Likewise, 
tumor lysis is accompanied by markedly increased 
levels of serum LDH. Recurrence of tumors is also 
typically associated with high serum LDH levels.

Stem Cell Markers of Germ Cell Tumors

Testicular tumor stem cell markers have been stud-
ied immunohistochemically and by means of mo-
lecular biology. These studies’ primary aims were 
to elucidate the histogenesis of germ cell tumors, 
define the developmental pluripotency of tumor 
cells and their pluripotentiality, and improve the 
histopathologic diagnosis of germ cell tumors. The 
salient data from these studies have been reviewed 
comprehensively (7-10, 62, 63). The important tu-
mor cell markers identified so far will be briefly 
discussed here.  
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Octamer-Binding Transcription Factor 4 (Oct4)

Oct4 (also known as Oct3, Oct3/4, Pouf1, 
POU5F1, and Otf3) is a member of the POU-do-
main family of octamer-binding transcription fac-
tors expressed in early murine embryonic cells and 
primordial germ cells (8-10, 57). OCT4 gene has 
been localized to chromosome 6p21.3 (64). 

OCT4 gene accounts for the stemness and plu-
ripotency of embryonic cells before implanting the 
embryo and early stages of post-implantation devel-
opment. If injected into differentiated somatic cells 
and three other genes (SOX2, MYC, and KLF4), it 
may transform them into developmentally pluripo-
tent undifferentiated embryonic stem cells (65). It 
is also expressed in primordial germ cells in the 
developing fetus but is not apparent in adult sper-
matogenic cells. OCT4 is also expressed in human 
embryonic stem cells (EST) cultured in vitro. If 
these cells are injected into immunodeficient mice, 
they form benign teratoma composed of somatic 
tissues. These teratoma cells do not express OCT4 
(66). Malignant stem cells produced from EST also 
express OCT4 (67). However, if these stem cells are 
allowed to differentiate into yolk sac cells or so-
matic tissues, they lose OCT4 activity.

OCT4 protein is localized in the nucleus. It is 
resistant to formalin fixation, and thus it can be 
demonstrated by immunohistochemistry in tis-
sues. As one would expect from these experimental 
data mentioned above, testicular embryonal carci-
noma cells are also Oct4 positive (68, 69). Further-
more, seminomas and intratubular preinvasive 
germ cell neoplasia in situ cells are also positive. 
These studies have also shown that Oct4 is not ex-
pressed in yolk sac tumor cells, choriocarcinoma 
and somatic cells forming teratoma components of 
NSGCT. The cells of the spermatocytic tumor also 
negative for Oct4 (11). Several malignant tumors 
may be positive for Oct4, such as carcinoma of the 
lung or thymus (57). 

c-KIT Protooncogene (CD117)

c-KIT proto-oncogene was initially identified as a 
human equivalent of the animal oncogene of the 
Hardy-Zuckerman IV feline sarcoma virus (HZ4-

FeSV), including its transforming activity (57, 70, 
71). The human c-KIT gene has been localized to 
chromosome 4q12 (72).

The human c-KIT gene encodes the type III 
tyrosine kinase receptor, also known as tyrosine-
protein kinase KIT, or mast/stem cell growth fac-
tor receptor (SCFR). Most pathologists know it as 
CD117 (73) since it reacts with the antibody to the 
cluster of differentiation 117 (CD117). It occurs 
in multiple transcript variants and isoform and is 
expressed on numerous cells. The c-KIT enzyme 
plays an important role in many physiological pro-
cesses such as cell growth and proliferation, mela-
nogenesis, hematopoiesis, angiogenesis and game-
togenesis. Dysregulation of c-Kit signaling or gain-
of-function mutations of c-KIT gene plays a role 
in the pathogenesis of various neoplasms (71, 72).

In a comprehensive review of normal tissue 
and tumors, Miettinen and Lasota (73) have found 
CD117 immunoreactivity on various cell types 
including mast cells, some hematopoietic stem 
cells, germ cells, melanocytes, and Cajal cells of 
the gastrointestinal tract. Other c-KIT-positive 
normal cells include epithelial cells in skin adnexa, 
breast, and subsets of cerebellar neurons. c-KIT 
positivity has been variably reported in sarcomas 
such as angiosarcoma, Ewing sarcoma, synovial 
sarcoma, leiomyosarcoma, and malignant fibrous 
histiocytoma (MFH); results of the last three are 
controversial. In addition, c-KIT is expressed in 
pulmonary and other small cell carcinomas, ade-
noid cystic carcinoma (breast and salivary glands), 
renal chromophobe carcinoma, thymic, and some 
ovarian and few breast carcinomas (usually with 
basal-like and triple-negative phenotype).

c-KIT gene is expressed in normal fetal gono-
cytes but not in adult spermatogonia and their de-
rivatives (74). It is expressed in intratubular GCNIS 
and seminoma (75, 76). Approximately 30% of sem-
inomas are positive in the testis, with a higher rate of 
positivity recorded in bilateral tumors, extragonadal 
seminomas, and dysgerminomas (77). Embryonal 
carcinoma cells and other components of NSGCT 
are negative. Immunohistochemistry with antibod-
ies to c-KIT is useful when trying to distinguish 
seminoma from embryonal carcinoma cells.
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Sall4

Sall4 is a zinc-finger transcription factor origi-
nally cloned on sequence homology to Drosophila 
homeotic genes of the Spalt family (57, 78-80). 
The human SALL4 gene is located on chromo-
some 20q13.2 (80). It interacts with three other 
genes, OCT4, NANOG, and SOX2 in maintaining 
the stemness and pluripotency of early embryonic 
cells and in vitro propagated murine and human 
embryonic stem cells. 

SALL4 gene is expressed on primordial germ 
cells and weakly several fetal organs during early 
stages of organogenesis, such as neural tube for-
mation, intestinal differentiation, and hepatogen-
esis. In the testis, it is weakly expressed in normal 
spermatogonia, in contrast to intense immunohis-
tochemical staining of the nuclei of GCNIS, em-
bryonal carcinoma, and seminoma. Antibodies to 
Sall4 are among the rare antibodies that react with 
some of the cells in spermatocytic tumors (57). It is 
negative in choriocarcinomas, even though some-
times it may react with cytotrophoblastic cells 
(57).  SALL4 is strongly expressed in yolk sac tu-
mors. In the teratomatous part of the mixed germ 
cell tumors antibodies to Sall4 react with neural 
tubes and neural cell precursors, as well as many 
other immature cells (81, 82). 

As stated by Miettinen et al. (83), SALL4 is an 
excellent marker for germ cell tumors, as long as one 
keeps in mind that it may be expressed in some im-
mature somatic tissues of teratomas. SALL4 can be 
expressed in poorly differentiated serous carcinoma 
of the ovary, high-grade urothelial carcinoma, and 
gastric adenocarcinoma (especially the intestinal 
type). SALL4 was only rarely (≤ 5%) expressed in 
common adenocarcinomas, such as breast, large 
intestine, and squamous cell carcinomas. Many 
SALL4-positive carcinomas are poorly differenti-
ated and often show strong immunohistochemical 
positivity mimicking its expression in GCT. SALL4 
is not found in hematopoietic tumors and lym-
phomas, and most sarcomas, but may be found in 
rhabdoid tumors of the kidney and extrarenal sites 
and the Wilms tumor (nephroblastoma). 

Sox2

Sox2 protein is encoded by the gene SOX2, which 
belongs to the family of some 20 SOX  genes (84). 
The term SOX is a contraction for their full des-
ignation, including keywords such as SRY (sex-
determining region Y) and high mobility group 
(HMG) box.  These proteins’ functions range from 
embryonic development and stem cell mainte-
nance to homeostasis in adult tissues. 

SOX2 gene, one of the SOX family members, 
was discovered and characterized in humans 
in 1994 and then localized to the chromosome 
3q26.3–q27 (85). SOX2 has a crucial role in stem 
cell maintenance, lineage fate determination and 
reprogramming of somatic cells back towards plu-
ripotency. SOX2 plays a role in the pathogenesis of 
several forms of cancer, including testicular germ 
cell neoplasia, usually by interacting with the pro-
tein product of the OCT4 gene (86). During the 
testis’ fetal development and in testicular germ 
cell tumors, it is reciprocally expressed to Sox17, 
another protein of this group, encoded by a gene 
located on the 8q11.23 chromosome (57, 86).

Studies performed in vitro on ESC, human em-
bryonal carcinoma cells and TCam-2 cell line that 
has features of seminoma show that Sox2 interacts 
with Oct4 and is essential for maintaining the undif-
ferentiated state by activating pluripotency-linked 
genes (86-88). In contrast to Oct4, which is present 
in primordial germ cells and fetal gonocytes, sup-
pressing these cells’ apoptosis, Sox2 is not found in 
these cells. These cells contain, however, Sox17. As 
expected, GCNIS and seminoma cells are positive 
for Oct4 and Sox17 but negative for Sox2. On the 
other hand, embryonal carcinoma cells are positive 
for Sox2 and Oct4 and negative for Sox17. Embryo-
nal carcinoma cell lines and seminoma like TCam-
2 cell line cultured in vitro reflect the reciprocal ex-
pression of Sox2 and Sox17 in germ cell tumors as 
evidenced immunohistochemically (87, 88).

Immunohistochemical studies of testicu-
lar germ cell tumors show that SOX2 gene is ex-
pressed in embryonal carcinoma cells, immature 
neuroepithelium, and some differentiated somatic 
tissues in teratomas, such as squamous epithelium 
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(57, 89, 90). GCNIS and seminoma, yolk sac tu-
mor, and choriocarcinoma, as well as spermato-
cytic tumor, are negative. SOX2 gene expression 
is not limited to GCT, and it may be expressed in 
several somatic adenocarcinomas, such as those of 
the ovary, breast, and prostate. Its expression cor-
relates with the invasiveness of these cancers (91). 

Other Markers for Embryonal Carcinoma and 
Seminoma

Several antibodies raised against various human 
antigens have been found to react selectively with 
embryonal carcinoma cells or seminoma cells 
(92). This reactivity cannot be explained now. 
Nevertheless, some of these antibodies have been 
adopted in diagnostic histopathology and will be 
briefly reviewed here.

CD30 is a cytokine receptor that belongs to the 
tumor necrosis factor superfamily (57). Antibod-
ies to CD30 are used as a diagnostic marker in 
hematopathology. However, these antibodies also 
react quite specifically with embryonal carcinoma 
cells in various GCT (92, 93). Overall, CD30 is 
considered a useful marker for embryonal carci-
nomas, especially if there is a need to distinguish 
embryonal carcinoma from seminoma or yolk sac 
tumors, which are negative for this marker. CD30 
is not expressed in GCNIS either. Some semino-
mas contain scattered CD30 positive cells; most 
likely, these cells are nascent embryonal carcinoma 
cells within those seminomas that are abortively 
trying to differentiate into embryonal carcinoma 
(57). Embryonal carcinoma cells surviving che-
motherapy often lose CD30, and accordingly, anti-
bodies to CD30 should not be used for identifying 
embryonal carcinoma cells in post-chemotherapy 
patients (94).

Podoplanin (PDPN) is a transmembrane si-
aloglycoprotein found in numerous tissues, most 
notably lymphatic endothelium (57). Its name re-
lates to the fact that it was identified in glomerular 
podocytes, but it is also known as M2A (D2-40) 
antigen and gp36 (aggrus, T1A-2) (95). The best-
known commercially available monoclonal anti-
body reacting with PDPN is D2-40. Antibody D2-

40 reacts with fetal gonocytes, but not with sper-
matogenic cells in the adult seminiferous tubules 
(95, 96). However, it is positive in GCNIS and 
seminoma and could be considered an excellent 
marker for seminomas. However, a certain num-
ber of embryonal carcinomas react with D2-40 an-
tibody as well (97). Therefore, Lau et al. (97) warn 
that D2-40 is not always a reliable antibody for 
distinguishing seminomas from embryonal carci-
noma and recommend using antibodies to CD117 
and CD30 instead. 

Other Antibodies, usually in the monoclo-
nal form, have been tested on germ cell tumors 
to identify diagnostic tumor cell markers. Some 
of these markers have been reviewed in detail by 
Favilla et al. (92), Preda and Nogales (57), and 
Oosterhuis and Looijenga (76). Most of these 
markers have not been adopted for routine usage 
in diagnostic pathology laboratories, even though 
they have been extensively tested in investigative 
studies. Expression of potential tumor markers 
such as doublesex and mab-3 related transcrip-
tion factor 1 (encoded by the gene DMRT1) has 
been registered in very rare testicular GCT, such 
as spermatocytic tumors and mixed germ cell-sex 
cord Sertoli cell tumors; reagents for such mark-
ers will be limited in use to only highly specialized 
laboratories (98). Some of potentially useful GCT 
markers including proteins encoded by genes such 
as NANOG, LIN28, TCL-1, UTF-1, KLF4, AP-2γ, 
IMP3 have been reviewed recently (57, 92). 

It is worth mentioning that antibodies to some 
ubiquitous cell components, such as cytokeratins, 
can be used in the immunohistochemical evalua-
tion of some germ cell tumors (99). However, such 
antibodies are best used if included in a diagnos-
tic panel with other reagents. Positive or negative 
results obtained with such antibodies are thus in-
terpreted in the context of other findings. On the 
other hand, some antibodies considered to be di-
agnostic for certain pathological entities are occa-
sionally found to react with GCT and could cause 
a diagnostic pitfall, as in terminal deoxynucleoti-
dyl transferase (TdT), a well-known hematopatho-
logic biomarker (100). Likewise, thyroid transcrip-
tion factor 1 (encoded by the gene TTF-1), a reli-
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able marker of the thyroid and pulmonary cancers, 
may be positive in some yolk sac tumors (101).

Yolk Sac Tumor Markers 

Yolk sac tumors (YST) of the infantile testis and 
the yolk sac components of mixed germ cell tu-
mors react with several antibodies, some of which 
have proven to be useful in histopathological prac-
tice. Since YST presents in various microscopic 
patterns (101), such tumors’ immunohistochemi-
cal profile may be quite variable.

Alpha-fetoprotein is a reliable yolk sac marker, 
discussed above. However, AFP is expressed un-
evenly in yolk sac tumors, and the interpretation of 
spotty findings may be problematic. Furthermore, 
as a secretory protein, it is found in the plasma, and 
accordingly, the staining of tissue sections may be 
smudgy. Additional markers have thus been used 
for immunohistochemical diagnosis of yolk sac 
tumor, usually to prove their GCT nature and/or 
early endodermal or hepatoid differentiation.

The most reliable GCT marker for yolk sac 
tumors is SALL4. PLAP is also positive, whereas 
the tumor cells are negative for SOX2, OCT4, and 
CD117 (102). YSTs are also positive for CDX2, an 
endodermal and intestinal marker, as well as for 
glypican 3 and GATA3. Markers for hepatoid dif-
ferentiation such as HEPAR1, hepatocyte nuclear 
factor 1 β (103, 104) are also useful markers for 
YST. Zinc finger and BTB domain containing 16 
(ZBTB16), a gene expressed during spermatogen-
esis, is another promising YST marker (105). 

Conclusions and Future Directions

Serologic and immunohistochemical markers for 
GCT have been extensively studied during the 
last 30 years. Reagents for the most useful mark-
ers have been included in the standard sets used in 
clinical practice. Genetic and molecular biologic 
profiling of GCT has been performed in numer-
ous laboratories providing genetic underpinning 
to the clinical and serologic tests. Many of these 
genetic studies, including those that are still in the 
experimental stage, have been reviewed in detail in 

several lengthy articles (106-113), clearly showing 
that molecular biology will play a pivotal role in 
future research and many international efforts to 
refine the diagnosis of testicular GCT. Collabora-
tive initiatives such as Gene Expression Omnibus 
(GEO), an international public repository that ar-
chives and freely distributes microarray and next-
generation sequencing (NGS) data, could facilitate 
the search for novel GCT markers (114). 

Conflict of Interest: The author declares that he has no con-
flict of interest.

References 

1.	 About KISS 2020 [cited 2020 Oct 10]. Available from: 
https://en.wikipedia.org/wiki/KISS_principle.

2.	 Bosl GJ, Motzer RJ. Testicular germ-cell cancer. N Engl J 
Med. 1997;337(4):242-53.

3.	 Hanna NH, Einhorn LH. Testicular cancer--discoveries 
and updates. N Engl J Med. 2014;371(21):2005-16.

4.	 Adra N, Einhorn LH. Testicular cancer update. Clin Adv 
Hematol Oncol. 2017;15(5):386-96.

5.	 Chieffi P, De Martino M, Esposito F. New Anti-Cancer 
Strategies in Testicular Germ Cell Tumors. Recent Pat 
Anticancer Drug Discov. 2019;14(1):53-9.

6.	 Friedman NB, Moore RA. Tumors of the testis; a report 
on 922 cases. Mil Surg. 1946;99(5):573-93.

7.	 Moch H HP, Ulbright TM, Reuter VE. WHO classifica-
tion of tumours of the urinary system and male genital 
organs. 4th ed. Lyon: IARC; 2016.

8.	 Oosterhuis JW, Looijenga LH. Testicular germ-cell 
tumours in a broader perspective. Nat Rev Cancer. 
2005;5(3):210-22.

9.	 Looijenga LH, Stoop H, Biermann K. Testicular cancer: 
biology and biomarkers. Virchows Arch. 2014;464(3):301-
13.

10.	 Oosterhuis JW, Looijenga LHJ. Human germ cell tumours 
from a developmental perspective. Nat Rev Cancer. 
2019;19(9):522-37.

11.	 Baraban EG, Cooper K. Pathogenesis of Testicular Germ 
Cell Neoplasia: A Conceptual Approach. Adv Anat Pathol. 
2019;26(4):241-5.

12.	 Fankhauser CD, Grogg JB, Hayoz S, Wettstein MS, Di-
eckmann KP, Sulser T, et al. Risk Factors and Treatment 
Outcomes of 1,375 Patients with Testicular Leydig Cell 
Tumors: Analysis of Published Case Series Data. J Urol. 
2020;203(5):949-56.

13.	 Zhang C, Ulbright TM. Nuclear Localization of beta-
Catenin in Sertoli Cell Tumors and Other Sex Cord-



67

Ivan Damjanov: Testicular Tumor Diagnosis

Stromal Tumors of the Testis: An Immunohistochemical 
Study of 87 Cases. Am J Surg Pathol. 2015;39(10):1390-4.

14.	 Conlon N, Schultheis AM, Piscuoglio S, Silva A, Guerra 
E, Tornos C, et al. A survey of DICER1 hotspot mutations 
in ovarian and testicular sex cord-stromal tumors. Mod 
Pathol. 2015;28(12):1603-12.

15.	 Tatsi C, Faucz FR, Blavakis E, Carneiro BA, Lyssikatos C, 
Belyavskaya E, et al. Somatic PRKAR1A Gene Mutation 
in a Nonsyndromic Metastatic Large Cell Calcifying Ser-
toli Cell Tumor. J Endocr Soc. 2019;3(7):1375-82.

16.	 Al-Obaidy KI, Idrees MT, Grignon DJ, Ulbright TM. 
Adenocarcinoma of the Rete Testis: Clinicopatho-
logic and Immunohistochemical Characterization of 6 
Cases and Review of the Literature. Am J Surg Pathol. 
2019;43(5):670-81.

17.	 Young RH, Scully RE. Testicular and paratesticular tu-
mors and tumor-like lesions of ovarian common epithe-
lial and mullerian types. A report of four cases and review 
of the literature. Am J Clin Pathol. 1986;86(2):146-52.

18.	 Lin M, Awalt H, Ayala AG, Ro JY. Clear cell carcinoma of 
testis: A review. Ann Diagn Pathol. 2019;40:26-9.

19.	 Butnor KJ, Pavlisko EN, Sporn TA, Roggli VL. Meso-
thelioma of the tunica vaginalis testis. Hum Pathol. 
2019;92:48-58.

20.	 Drevinskaite M, Patasius A, Kevlicius L, Mickys U, Smai-
lyte G. Malignant mesothelioma of the tunica vaginalis 
testis: a rare case and review of literature. BMC Cancer. 
2020;20(1):162.

21.	 Ulbright TM, Young RH. Metastatic carcinoma to the tes-
tis: a clinicopathologic analysis of 26 nonincidental cases 
with emphasis on deceptive features. Am J Surg Pathol. 
2008;32(11):1683-93.

22.	 Ghazarian AA, Rusner C, Trabert B, Braunlin M, McG-
lynn KA, Stang A. Testicular cancer among U.S. men aged 
50 years and older. Cancer Epidemiol. 2018;55:68-72.

23.	 Stang A, Rusner C, Trabert B, Oosterhuis JW, McGlynn 
KA, Heidinger O. Incidence of testicular tumor subtypes 
according to the updated WHO classification, North 
Rhine-Westphalia, Germany, 2008-2013. Andrology. 
2019;7(4):402-7.

24.	 Paluru S, Ulbright TM, Amin M, Montironi R, Epstein JI. 
The Morphologic Spectrum of Sertoliform Cystadenoma 
of the Rete Testis: A Series of 15 Cases. Am J Surg Pathol. 
2018;42(2):141-9.

25.	 Gibson WE, Gonzalez RS, Cates JMM, Liu E, Shi C. He-
patic micrometastases are associated with poor prognosis 
in patients with liver metastases from neuroendocrine tu-
mors of the digestive tract. Hum Pathol. 2018;79:109-15.

26.	 Michalova K, Michal M Jr, Kazakov DV, Sedivcova M, Hes 
O, Hadravsky L, et al. Primary signet ring stromal tumor 
of the testis: a study of 13 cases indicating their pheno-
typic and genotypic analogy to pancreatic solid pseudo-
papillary neoplasm. Hum Pathol. 2017;67:85-93.

27.	 Ulbright TM. Recently Described and Clinically Im-
portant Entities in Testis Tumors: A Selective Review 
of Changes Incorporated Into the 2016 Classification of 
the World Health Organization. Arch Pathol Lab Med. 
2019;143(6):711-21.

28.	 Michalova K, McKenney JK, Kristiansen G, Steiner P, 
Grossmann P, Putzova M, et al. Novel insights into the 
mixed germ cell-sex cord stromal tumor of the testis: de-
tection of chromosomal aneuploidy and further morpho-
logical evidence supporting the neoplastic nature of the 
germ cell component. Virchows Arch. 2020;477(5):615-23.

29.	 Zondek B. Gonadotropic Hormone in the Diagnosis of 
Chorionepithelioma. Journal of the American Medical 
Association. 1937;108(8):607-11.

30.	 Kirwin TJ. Chorioepithelioma of the Testis, With Re-
port of a Case Showing Extensive Metastasis. J Urol. 
1937;38(1):91-9.

31.	 Abelev GI. Alpha-fetoprotein in ontogenesis and its as-
sociation with malignant tumors. Adv Cancer Res. 
1971;14:295-358.

32.	 Sell S, Becker FF, Leffert HL, Watabe L. Expression of 
an oncodevelopmental gene product (alpha-fetoprotein) 
during fetal development and adult oncogenesis. Cancer 
Res. 1976;36(11 Pt. 2):4239-49.

33.	 Damjanov I, Sell S. Yolk sac carcinoma grown from rat 
egg cylinders. J Natl Cancer Inst. 1977;58(5):1523-5.

34.	 Lange PH, Millan JL, Stigbrand T, Vessella RL, Ruoslahti E, 
Fishman WH. Placental alkaline phosphatase as a tumor 
marker for seminoma. Cancer Res. 1982;42(8):3244-7.

35.	 Lippert MC, Javadpour N. Lactic dehydrogenase in the 
monitoring and prognosis of testicular cancer. Cancer. 
1981;48(10):2274-8.

36.	 Lange PH, McIntire KR, Waldmann TA, Hakala TR, 
Fraley EE. Serum alpha fetoprotein and human chorionic 
gonadotropin in the diagnosis and management of non-
seminomatous germ-cell testicular cancer. N Engl J Med. 
1976;295(22):1237-40.

37.	 Gilligan TD, Seidenfeld J, Basch EM, Einhorn LH, Fanch-
er T, Smith DC, et al. American Society of Clinical Oncol-
ogy Clinical Practice Guideline on uses of serum tumor 
markers in adult males with germ cell tumors. J Clin On-
col. 2010;28(20):3388-404.

38.	 Javadpour N. The role of biologic tumor markers in tes-
ticular cancer. Cancer. 1980;45(7 Suppl):1755-61.

39.	 Amin MB, Edge S, Greene F, Byrd DR, Brookland RK, 
Washington MK, et al. (editors). AJCC Cancer Staging 
Handbook. New York: Springer; 2017.

40.	 Marshall C, Enzerra M, Rahnemai-Azar AA, Ramaiya 
NH. Serum tumor markers and testicular germ cell tu-
mors: a primer for radiologists. Abdom Radiol (N.Y.). 
2019;44(3):1083-90.

41.	 Dieckmann KP, Simonsen-Richter H, Kulejewski M, An-
heuser P, Zecha H, Isbarn H, et al. Serum Tumour Markers 
in Testicular Germ Cell Tumours: Frequencies of Elevated 



68

Acta Medica Academica 2021;50(1):58-70

Levels and Extents of Marker Elevation Are Significantly 
Associated with Clinical Parameters and with Response 
to Treatment. Biomed Res Int. 2019;2019:5030349.

42.	 Siddiqui BA, Zhang M, Pisters LL, Tu SM. Systemic 
therapy for primary and extragonadal germ cell tumors: 
prognosis and nuances of treatment. Transl Androl Urol. 
2020;9(Suppl 1):S56-65.

43.	 Cole LA. Human chorionic gonadotropin and associated 
molecules. Expert Rev Mol Diagn. 2009;9(1):51-73.

44.	 Kohli M ZB, Costello BA. Management of germ cell tu-
mors. In: Nogales FF, Jimenez RE, editors. Pathology and 
Biology of Germ Cell Tumours. Heidelberg: Springer; 
2017. p. 181-94.

45.	 Talmadge K, Boorstein WR, Fiddes JC. The human ge-
nome contains seven genes for the beta-subunit of chori-
onic gonadotropin but only one gene for the beta-subunit 
of luteinizing hormone. DNA. 1983;2(4):281-9.

46.	 Tomasi TB, Jr. Structure and function of alpha-fetopro-
tein. Annu Rev Med. 1977;28:453-65.

47.	 Yang F, Luna VJ, McAnelly RD, Naberhaus KH, Cupples 
RL, Bowman BH. Evolutionary and structural relationships 
among the group-specific component, albumin and alpha-
fetoprotein. Nucleic Acids Res. 1985;13(22):8007-17.

48.	 Tsuchida Y, Kaneko M, Fukui M, Sakaguchi H, Ishiguro T. 
Three different types of alpha-fetoprotein in the diagnosis 
of malignant solid tumors: use of a sensitive lectin-affinity 
immunoelectrophoresis. J Pediatr Surg. 1989;24(4):350-5.

49.	 Nogales FF, Quinonez E, Lopez-Marin L, Dulcey I, Preda 
O. A diagnostic immunohistochemical panel for yolk sac 
(primitive endodermal) tumours based on an immuno-
histochemical comparison with the human yolk sac. His-
topathology. 2014;65(1):51-9.

50.	 Kinjo T, Taniguchi H, Kushima R, Sekine S, Oda I, Saka 
M, et al. Histologic and immunohistochemical analyses of 
alpha-fetoprotein--producing cancer of the stomach. Am 
J Surg Pathol. 2012;36(1):56-65.

51.	 Damjanov I, Amenta PS, Zarghami F. Transformation of 
an AFP-positive yolk sac carcinoma into an AFP-negative 
neoplasm. Evidence for in vivo cloning of the human pa-
rietal yolk sac carcinoma. Cancer. 1984;53(9):1902-7.

52.	 Fishman WH. Alkaline phosphatase isozymes: recent 
progress. Clin Biochem. 1990;23(2):99-104.

53.	 Seargeant LE, Stinson RA. Evidence that three structural 
genes code for human alkaline phosphatases. Nature. 
1979;281(5727):152-4.

54.	 Paiva J, Damjanov I, Lange PH, Harris H. Immunohis-
tochemical localization of placental-like alkaline phos-
phatase in testis and germ-cell tumors using monoclonal 
antibodies. Am J Pathol. 1983;111(2):156-65.

55.	 Manivel JC, Jessurun J, Wick MR, Dehner LP. Placen-
tal alkaline phosphatase immunoreactivity in testicular 
germ-cell neoplasms. Am J Surg Pathol. 1987;11(1):21-9.

56.	 Kommoss F, Oliva E, Bittinger F, Kirkpatrick CJ, Amin 
MB, Bhan AK, et al. Inhibin-alpha CD99, HEA125, PLAP, 

and chromogranin immunoreactivity in testicular neo-
plasms and the androgen insensitivity syndrome. Hum 
Pathol. 2000;31(9):1055-61.

57.	 Preda O NF. Diagnostic immunopathology of germ cell 
tumors. In: Nogales FF, Jimenez RE, editors. Pathology 
and Biology of Germ Cell Tumours. Heidelberg: Springer; 
2017. p. 131-80.

58.	 Glick JH Jr. Serum lactate dehydrogenase isoenzyme and 
total lactate dehydrogenase values in health and disease, 
and clinical evaluation of these tests by means of discrimi-
nant analysis. Am J Clin Pathol. 1969;52(3):320-8.

59.	 Lactate dehydrogenase 2020 [cited 2020 Oct 10]. Available 
from: https://en.wikipedia.org/wiki/Lactate_dehydrogenase.

60.	 Gallo M, Sapio L, Spina A, Naviglio D, Calogero A, Navi-
glio S. Lactic dehydrogenase and cancer: an overview. 
Front Biosci (Landmark Ed). 2015;20:1234-49.

61.	 Petrelli F, Cabiddu M, Coinu A, Borgonovo K, Ghilardi M, 
Lonati V, et al. Prognostic role of lactate dehydrogenase in 
solid tumors: a systematic review and meta-analysis of 76 
studies. Acta Oncol. 2015;54(7):961-70.

62.	 Looijenga LH, Oosterhuis J.W. Pathobiology of germ 
cell tumors - applying the gossip test! Int J Dev Biol. 
2013;57(2-4):289-98.

63.	 Ulbright TM, Tickoo SK, Berney DM, Srigley JR, Mem-
bers of the IIiDUPG. Best practices recommendations in 
the application of immunohistochemistry in testicular 
tumors: report from the International Society of Urologi-
cal Pathology consensus conference. Am J Surg Pathol. 
2014;38(8):e50-9.

64.	 Guillaudeux T, Mattei MG, Depetris D, Le Bouteiller P, 
Pontarotti P. In situ hybridization localizes the human 
OTF3 to chromosome 6p21.3-->p22 and OTF3L to 
12p13. Cytogenet Cell Genet. 1993;63(4):212-4.

65.	 Takahashi K, Yamanaka S. Induction of pluripotent stem 
cells from mouse embryonic and adult fibroblast cultures 
by defined factors. Cell. 2006;126(4):663-76.

66.	 Damjanov I, Andrews PW. Teratomas produced from 
human pluripotent stem cells xenografted into immu-
nodeficient mice - a histopathology atlas. Int J Dev Biol. 
2016;60(10-11-12):337-419.

67.	 International Stem Cell Initiative, Adewumi O, Afla-
toonian B, Ahrlund-Richter L, Amit M, Andrews PW, et 
al. Characterization of human embryonic stem cell lines 
by the International Stem Cell Initiative. Nat Biotechnol. 
2007;25(7):803-16.

68.	 Looijenga LH, Stoop H, de Leeuw HP, de Gouveia 
Brazao CA, Gillis AJ, van Roozendaal KE, et al. POU5F1 
(OCT3/4) identifies cells with pluripotent potential in hu-
man germ cell tumors. Cancer Res. 2003;63(9):2244-50.

69.	 Jones TD, Ulbright TM, Eble JN, Baldridge LA, Cheng L. 
OCT4 staining in testicular tumors: a sensitive and specif-
ic marker for seminoma and embryonal carcinoma. Am J 
Surg Pathol. 2004;28(7):935-40.



69

Ivan Damjanov: Testicular Tumor Diagnosis

70.	 Lennartsson J, Jelacic T, Linnekin D, Shivakrupa R. Nor-
mal and oncogenic forms of the receptor tyrosine kinase 
kit. Stem Cells. 2005;23(1):16-43.

71.	 Wang H, Boussouar A, Mazelin L, Tauszig-Delamasure S, 
Sun Y, Goldschneider D, et al. The Proto-oncogene c-Kit 
Inhibits Tumor Growth by Behaving as a Dependence Re-
ceptor. Mol Cell. 2018;72(3):413-25.e5.

72.	 Vandenbark GR, deCastro CM, Taylor H, Dew-Knight S, 
Kaufman RE. Cloning and structural analysis of the hu-
man c-kit gene. Oncogene. 1992;7(7):1259-66.

73.	 Miettinen M, Lasota J. KIT (CD117): a review on expres-
sion in normal and neoplastic tissues, and mutations and 
their clinicopathologic correlation. Appl Immunohisto-
chem Mol Morphol. 2005;13(3):205-20.

74.	 Robinson LL, Gaskell TL, Saunders PT, Anderson RA. 
Germ cell specific expression of c-kit in the human fetal 
gonad. Mol Hum Reprod. 2001;7(9):845-52.

75.	 Kemmer K, Corless CL, Fletcher JA, McGreevey L, Haley 
A, Griffith D, et al. KIT mutations are common in testicu-
lar seminomas. Am J Pathol. 2004;164(1):305-13.

76.	 Oosterhuis JW,  Looijenga LHJ. Germ cell tumors from a 
developmental perspective: Cells of origin, pathogenesis, 
and  molecular biology (emerging patterns). In: Nogales 
FF, Jimenez RE, editors. Pathology and Biology of Germ 
Cell Tumours. Heidelberg: Springer; 2017. p. 23-131.

77.	 Yang J, Chai L, Fowles TC, Alipio Z, Xu D, Fink LM, et al. 
Genome-wide analysis reveals Sall4 to be a major regula-
tor of pluripotency in murine-embryonic stem cells. Proc 
Natl Acad Sci U S A. 2008;105(50):19756-61.

78.	 Tatetsu H, Kong NR, Chong G, Amabile G, Tenen DG, 
Chai L. SALL4, the missing link between stem cells, de-
velopment and cancer. Gene. 2016;584(2):111-9.

79.	 Rao S, Zhen S, Roumiantsev S, McDonald LT, Yuan GC, 
Orkin SH. Differential roles of Sall4 isoforms in embryon-
ic stem cell pluripotency. Mol Cell Biol. 2010;30(22):5364-
80.

80.	 Cao D, Li J, Guo CC, Allan RW, Humphrey PA. SALL4 is 
a novel diagnostic marker for testicular germ cell tumors. 
Am J Surg Pathol. 2009;33(7):1065-77.

81.	 Wang F, Liu A, Peng Y, Rakheja D, Wei L, Xue D, et al. Diag-
nostic utility of SALL4 in extragonadal yolk sac tumors: an 
immunohistochemical study of 59 cases with comparison 
to placental-like alkaline phosphatase, alpha-fetoprotein, 
and glypican-3. Am J Surg Pathol. 2009;33(10):1529-39.

82.	 Liu A, Cheng L, Du J, Peng Y, Allan RW, Wei L, et al. Di-
agnostic utility of novel stem cell markers SALL4, OCT4, 
NANOG, SOX2, UTF1, and TCL1 in primary mediastinal 
germ cell tumors. Am J Surg Pathol. 2010;34(5):697-706.

83.	 Miettinen M, Wang Z, McCue PA, Sarlomo-Rikala M, 
Rys J, Biernat W, et al. SALL4 expression in germ cell and 
non-germ cell tumors: a systematic immunohistochemical 
study of 3215 cases. Am J Surg Pathol. 2014;38(3):410-20.

84.	 Novak D, Huser L, Elton JJ, Umansky V, Altevogt P, Utikal 
J. SOX2 in development and cancer biology. Semin Can-
cer Biol. 2020;67(Pt 1):74-82.

85.	 Bass AJ, Watanabe H, Mermel CH, Yu S, Perner S, Ver-
haak RG, et al. SOX2 is an amplified lineage-survival on-
cogene in lung and esophageal squamous cell carcinomas. 
Nat Genet. 2009;41(11):1238-42.

86.	 de Jong J, Stoop H, Gillis AJ, van Gurp RJ, van de Geijn GJ, 
Boer M, et al. Differential expression of SOX17 and SOX2 
in germ cells and stem cells has biological and clinical im-
plications. J Pathol. 2008;215(1):21-30.

87.	 Nettersheim D, Heimsoeth A, Jostes S, Schneider S, 
Fellermeyer M, Hofmann A, et al. SOX2 is essential 
for in vivo reprogramming of seminoma-like TCam-2 
cells to an embryonal carcinoma-like fate. Oncotarget. 
2016;7(30):47095-110.

88.	 Jostes SV, Fellermeyer M, Arevalo L, Merges GE, Kristian-
sen G, Nettersheim D, et al. Unique and redundant roles 
of SOX2 and SOX17 in regulating the germ cell tumor 
fate. Int J Cancer. 2020;146(6):1592-605.

89.	 Sonne SB, Perrett RM, Nielsen JE, Baxter MA, Kristensen 
DM, Leffers H, et al. Analysis of SOX2 expression in de-
veloping human testis and germ cell neoplasia. Int J Dev 
Biol. 2010;54(4):755-60.

90.	 Nonaka D. Differential expression of SOX2 and SOX17 
in testicular germ cell tumors. Am J Clin Pathol. 
2009;131(5):731-6.

91.	 Chaudhary S, Islam Z, Mishra V, Rawat S, Ashraf GM, 
Kolatkar PR. Sox2: A Regulatory Factor in Tumorigenesis 
and Metastasis. Curr Protein Pept Sci. 2019;20(6):495-504.

92.	 Favilla V, Cimino S, Madonia M, Morgia G. New advances 
in clinical biomarkers in testis cancer. Front Biosci (Elite 
Ed). 2010;2:456-77.

93.	 Leroy X, Augusto D, Leteurtre E, Gosselin B. CD30 and 
CD117 (c-kit) used in combination are useful for distin-
guishing embryonal carcinoma from seminoma. J Histo-
chem Cytochem. 2002;50(2):283-5.

94.	 Berney DM, Shamash J, Pieroni K, Oliver RT. Loss of CD30 
expression in metastatic embryonal carcinoma: the effects 
of chemotherapy? Histopathology. 2001;39(4):382-5.

95.	 Sonne SB, Herlihy AS, Hoei-Hansen CE, Nielsen JE, Alm-
strup K, Skakkebaek NE, et al. Identity of M2A (D2-40) 
antigen and gp36 (Aggrus, T1A-2, podoplanin) in human 
developing testis, testicular carcinoma in situ and germ-
cell tumours. Virchows Arch. 2006;449(2):200-6.

96.	 Schacht V, Dadras SS, Johnson LA, Jackson DG, Hong 
YK, Detmar M. Up-regulation of the lymphatic marker 
podoplanin, a mucin-type transmembrane glycoprotein, 
in human squamous cell carcinomas and germ cell tu-
mors. Am J Pathol. 2005;166(3):913-21.

97.	 Lau SK, Weiss LM, Chu PG. D2-40 immunohistochem-
istry in the differential diagnosis of seminoma and em-
bryonal carcinoma: a comparative immunohistochemical  



70

Acta Medica Academica 2021;50(1):58-70

	 study with KIT (CD117) and CD30. Mod Pathol. 
2007;20(3):320-5.

98.	 Roth LM, Michal M, Michal M, Jr., Cheng L. Protein 
expression of the transcription factors DMRT1, TCLF5, 
and OCT4 in selected germ cell neoplasms of the testis. 
Hum Pathol. 2018;82:68-75.

99.	 Brobeil A, Wagenlehner F, Gattenlohner S. Expression of 
terminal deoxynucleotidyl transferase (TdT) in classical 
seminoma: a potential diagnostic pitfall. Virchows Arch. 
2018;472(3):433-40.

100.	Shojaei H, Hong H, Redline RW. High-level expres-
sion of divergent endodermal lineage markers in go-
nadal and extragonadal yolk sac tumors. Mod Pathol. 
2016;29(10):1278-88.

101.	Nogales FF, Preda O, Nicolae A. Yolk sac tumours revis-
ited. A review of their many faces and names. Histopa-
thology. 2012;60(7):1023-33.

102.	Jimenez RA GS, Herrera-Hernandez LP,  Sebo TP. esticu-
lar germ cell tumors. In: Nogales FF, Jimenez RE, editors. 
Pathology and Biology of Germ Cell Tumours. Heidel-
berg: Springer; 2017. p. 267-326.

103.	Rougemont AL, Tille JC. Role of HNF1beta in the dif-
ferential diagnosis of yolk sac tumor from other germ cell 
tumors. Hum Pathol. 2018;81:26-36.

104.	Gallo A, Fankhauser C, Hermanns T, Beyer J, Christian-
sen A, Moch H, et al. HNF1beta is a sensitive and spe-
cific novel marker for yolk sac tumor: a tissue microarray 
analysis of 601 testicular germ cell tumors. Mod Pathol. 
2020;33(11):2354-60.

105.	Xiao GQ, Li F, Unger PD, Katerji H, Yang Q, McMahon 
L, et al. ZBTB16: a novel sensitive and specific biomarker 
for yolk sac tumor. Mod Pathol. 2016;29(6):591-8.

106.	Murray MJ, Huddart RA, Coleman N. The present and 
future of serum diagnostic tests for testicular germ cell 
tumours. Nat Rev Urol. 2016;13(12):715-25.

107.	Blanco L, Tirado CA. Testicular Germ Cell Tumors: 
A Cytogenomic Update. J Assoc Genet Technol. 
2018;44(4):128-33.

108.	Buljubasic R, Buljubasic M, Bojanac AK, Ulamec M, Vla-
hovic M, Jezek D, et al. Epigenetics and testicular germ 
cell tumors. Gene. 2018;661:22-33.

109.	Singla N, Lafin JT, Ghandour RA, Kaffenberger S, Ama-
truda JF, Bagrodia A. Genetics of testicular germ cell tu-
mors. Curr Opin Urol. 2019;29(4):344-9.

110.	Chang Y, Wang X, Xu Y, Yang L, Qian Q, Ju S, et al. Com-
prehensive characterization of cancer-testis genes in tes-
ticular germ cell tumor. Cancer Med. 2019;8(7):3511-9.

111.	Lobo J, Gillis AJM, Jeronimo C, Henrique R, Looijenga 
LHJ. Human Germ Cell Tumors are Developmental Can-
cers: Impact of Epigenetics on Pathobiology and Clinic. 
Int J Mol Sci. 2019;20(2):258.

112.	Dieckmann KP, Radtke A, Geczi L, Matthies C, Anheuser 
P, Eckardt U, et al. Serum Levels of MicroRNA-371a-3p 
(M371 Test) as a New Biomarker of Testicular Germ Cell 
Tumors: Results of a Prospective Multicentric Study. J 
Clin Oncol. 2019;37(16):1412-23.

113.	Raos D, Krasic J, Masic S, Abramovic I, Coric M, Kruslin 
B, et al. In Search of TGCT Biomarkers: A Comprehen-
sive In Silico and Histopathological Analysis. Dis Mark-
ers. 2020;2020:8841880.

114.	Batool A, Karimi N, Wu XN, Chen SR, Liu YX. Testicular 
germ cell tumor: a comprehensive review. Cell Mol Life 
Sci. 2019;76(9):1713-27.



71
Copyright © 2021 by the Academy of Sciences and Arts of Bosnia and Herzegovina.

Narrative Review 
Acta Medica Academica 2021;50(1):71-87

DOI: 10.5644/ama2006-124.327

Genetics of Prostate Carcinoma

Božo Krušlin1, 2, Lucija Škara3, Tonći Vodopić4, Borna Vrhovec5, Jure Murgić6, Goran Štimac5, Ana Fröbe2, 6, 
Cvjetko Lež7, Monika Ulamec1, 2, Koraljka Gall-Trošelj 8

1Ljudevit Jurak Department of Pathology and Cytology, Sestre Milosrdnice University Hospital Centre, Zagreb, Croatia, 
2Department of Pathology, School of Medicine, University of Zagreb, Zagreb, Croatia, 3University of Zagreb, School of Medicine, 
Scientific Group for Research on Epigenetic Biomarkers, Zagreb, Croatia, 4Department of Pathology, Cytology and Forensic 
Medicine, Varaždin General Hospital, Varaždin, Croatia, 5Department of Urology, Sestre Milosrdnice University Hospital 
Centre, Zagreb, Croatia, 6Department of Oncology, Sestre Milosrdnice University Hospital Centre, Zagreb, Croatia, 7Department 
of Pathology and Cytology, Zabok General Hospital, Bračak, Croatia and Josip Juraj Strossmayer University of Osijek, Faculty 
of Dental Medicine and Health Osijek, Croatia, 8Laboratory for Epigenomics, Division of Molecular Medicine, Ruđer Bošković 
Institute, Zagreb, Croatia

Correspondence: bozo.kruslin@gmail.com; Tel.: + 385 1 3787 177; Fax.: + 385 1 3787 244

Received: 30 December 2020; Accepted: 11 January 2021

Abstract
The aim of this review is to provide a brief overview of some current approaches regarding diagnostics, pathologic features, 
treatment, and genetics of prostate carcinoma (PCa). Prostate carcinoma is the most common visceral tumor and the second 
most common cancer-related cause of death in males. Clinical outcomes for patients with localized prostate cancer are excellent, 
but despite advances in prostate cancer treatments, castrate-resistant prostate cancer and metastatic prostate cancer patients 
have a poor prognosis. Advanced large-scale genomic studies revealed a large number of genetic alterations in prostate cancer. 
The meaning of these alterations needs to be validated in the specific prostate cancer molecular subtype context. Along these 
lines, there is a critical need for establishing genetically engineered mouse models, which would include speckle type BTB/POZ 
protein and isocitrate Dehydrogenase (NADP (+)) 1 mutant, as well as androgen receptor neuroendocrine subtypes of prostate 
cancer. Another urgent need is developing highly metastatic prostate cancer models, as only up to 17% of available models dis-
play bone metastases and exhibit a less typical neuroendocrine prostate cancer or sarcomatoid carcinoma. Moreover, androgen 
deprivation and relapse should be mimicked in the genetically engineered mouse models, as androgen independence may yield 
a better model for metastatic castrate-resistant prostate cancer. The development of such refined animal models should be guid-
ed by comparative genomics of primary versus corresponding metastatic tumors. Such an approach will have the potential to 
illuminate the key genetic events associated with specific molecular prostate cancer subsets and indicate directions for effective 
therapy. Conclusion. Despite excellent results in the treatment of localized prostatic carcinoma, castrate-resistant prostate can-
cer and metastatic prostate cancer have a poor prognosis. Advanced large-scale genomic studies revealed a large number of ge-
netic alterations in PCa. Experimental models of prostate carcinoma in genetically modified mice could provide new data about 
the genetic changes in such cancers and help in developing better animal models for treatment resistant prostate carcinomas.

Key Words: Prostate Cancer  Genetic Changes  Molecular Subtypes  Treatment.

Introduction

Prostate cancer (PCa) is the most common vis-
ceral tumor in males, with more than 1.1 million 
newly diagnosed cases each year worldwide. It is 
the second most common cancer-related cause of 
death in males due to malignant tumors, with ap-
proximately 300,000 deaths per year (1). It usually 

appears in persons older than 50 years. These days, 
most PCa are routinely diagnosed in asymptomat-
ic patients by a simple and easily performed proce-
dure that includes prostate-specific antigen (PSA) 
measurement and needle core biopsy. Such an 
approach enables adequate and timely treatment, 
leading to a good prognosis. In the pathogenesis 
of prostate cancer, various exogenous and endog-
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enous factors are involved. The second one include 
inherited and acquired genetic and epigenetic 
changes. Understanding role of these factors con-
cerning the occurrence and progression of PCa 
to a lethal outcome in some patients has a crucial 
translational impact on the detection, diagnosis, 
and prognosis of this frequently occurring cancer. 
Specifically, predicting men at risk for developing 
a lethal PCa vs. an indolent one is extremely im-
portant, but currently unmet clinical need (2, 3). 
This review will provide a brief overview of some 
current approaches regarding diagnostics, patho-
logic features, treatment, and genetics of PCa.

Diagnostics of Prostate Cancer

The suspicion of prostate cancer arises from digi-
torectal examination (DRE) and/or rising of the 
PSA levels. Most PCas are located in the peripheral 
zone and may be detected by DRE in conjunction 
with PSA value when the volume is >0.2 mL (4, 5). 
The use of PSA as a serum marker has revolution-
ized PCa diagnosis (4). This marker may be elevat-
ed in benign prostatic hypertrophy, prostatitis, and 
other non-malignant conditions. As an indepen-
dent variable, PSA is a better predictor of cancer 
than either DRE or transrectal ultrasound (TRUS) 
(5). PSA is a continuous parameter, with higher 
levels indicating a greater likelihood of PCa. Cur-
rently, PSA is a gold-standard marker also used 
for assessing PCa risk and biochemical recurrence 
(BRE) (6). With respect to PCa, the PSA sensitiv-
ity and specificity of 60% and 79%, respectively, 
makes it the organ-specific marker but cannot be 
considered as a tumor-specific marker (7). One 
should be aware of high false-positive rates in in-
dolent, low-risk localized PCa that may lead to 
overtreatment of PCa patients. On the other hand, 
many clinically significant PCa remain undetected 
until presented in the advanced stage (8). 

The need for a better marker has been recog-
nized and addressed timely. As a result, there are 
many tests currently available. They may be ap-
plied before and after taking the biopsy. Blood-
based risk assessment tests that reduce unneces-
sary biopsies by ~ 40% are the Prostate Health In-

dex (PHI) and 4Kscore. The first test relies on total 
PSA, free PSA, and precursor PSA, while the sec-
ond one relies on total PSA, free PSA, intact PSA, 
and human kallikrein2 (7). In the modern era, 
genomic, epigenetic, and proteomic-based bio-
markers are available to augment PSA and reduce 
unnecessary biopsies. They are all expected to im-
prove diagnostics, staging, and monitoring. Final-
ly, they can contribute to the knowledge needed to 
understand the basis of tumor aggressiveness and 
guide therapy decisions. Novel biomarkers are not 
necessarily restricted to proteins in a specific tis-
sue or the blood. Instead, there may be other types 
of molecules (micro RNA (mi-RNA), for example) 
present in various biological specimens (9). 

Urine-based noninvasive tests are useful for 
deciding whom to biopsy (SelectMDx, EndoDX 
Prostate IntelliScore) while the combination of 
urine- and tissue-based markers are useful for de-
ciding whom to rebiopsy (SelectMDx, EndoDX 
Prostate IntelliScore, Progensa PCA3, The Michi-
gan Prostate Score (MiPS), ConfirmMDx). The 
positive aspect of these tests should be considered 
for reducing the number of unnecessary biopsies 
and for improving a discrimination between clini-
cally significant and indolent PCa. They are very 
useful for avoiding overdiagnosis (7). SelectMDx 
measures Homeobox C6 (HOXC) and Distal-
Less Homeobox 1 (DLX1) mRNA in urine. In 
contrast, EndoDX Prostate IntelliScore measures 
Prostate Cancer-Associated 3 (PCA3), ETS tran-
scription factor ERG and SAM Pointed Domain 
Containing ETS Transcription Factor (SPDEF) 
mRNA in urinary exosomes (7). Progensa PCA3 
is a urine-based assay that measures the level of 
prostate-specific long noncoding PCA3 and PSA 
transcripts. The PCA3/PSA mRNA ratio is used 
to aid in repeated biopsy decision-making (10). 
The Michigan Prostate Score evaluates chime-
ric transcript Transmembrane Serine Protease 2 
– TMPRSS2:ERG and PCA3 mRNA in urine and 
normalizes it with serum PSA (11). ConfirmMDx, 
considering that non-tumors cells adjacent to the 
cancer are epigenetically changed, detects changes 
in DNA methylation of Glutathione S-Transferase 
pi1 (GSTP1), Ras Association Domain Family 
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Member 1 (RASSF1), and Adenomatous Polyposis 
Coli (APC) genes in histopathologically negative 
biopsy tissue (7, 12).

Currently, there are four commercially avail-
able tests for assessing PCa behavior and guiding 
therapy decisions for localized disease. ProMark 
quantifies eight protein markers in biopsy tissue of 
Gleason score 3+3 and 3+4. It is useful for predict-
ing the risk of PCa aggressive behavior and help-
ful in the situation when the therapist must decide 
between active surveillance and active treatment 
(13). OncotypeDX Genomic Prostate Score deter-
mines mRNA levels of 17 genes in biopsy tissue 
of Gleason score 3+3 and 3+4 to predict aggres-
siveness, adverse pathology, and biochemical re-
currence (7). Decipher measures RNA expression 
of 22 genes in biopsy or prostatectomy specimens. 
The test results predict a 5-year risk for clinical 
metastases and 10-year PCa-specific mortality risk 
from both specimens. It adds to the accuracy for 
predicting the existence of a high-grade PCa from 
the biopsy and is also helpful for making decisions 
related to therapy protocol (radiation therapy tim-
ing and hormone deprivation therapy) (14). Pro-
laris determines RNA expression of 31 cell cycle 
progression genes and 15 housekeeping genes in 
biopsy or prostatectomy specimens to predict can-
cer aggressiveness, PCa-specific mortality, and 
therapy decision-making (active surveillance or 
definitive treatment) (15).

Multiparametric-magnetic resonance imaging 
(mp-MRI) has shown promising results in diag-
nosis, localization, risk stratification, and clinically 
significant prostate cancer (16). Mp-MRI includes 
high-resolution T2-weighted imaging (T2WI) 
and at least two functional MRI techniques (17). 
Suspicious lesions in mp-MRI are graded using 
the Prostate-Imaging Reporting and Data Scoring 
System (PIRADS) version 2 (18). PI-RADS™ v2 as-
sessment uses a 5-point scale based on the likeli-
hood that a combination of mp-MRI findings cor-
relates with the presence of a clinically significant 
cancer for each lesion in the prostate gland. There 
are five assessment categories (18) ranging from 
PI-RADS 1 – very low probability (clinically sig-
nificant cancer is highly unlikely to be present) to 

PI-RADS 5 – very high probability (clinically sig-
nificant cancer is highly likely to be present). Three 
methods based on MRI guidance are available for 
performing the targeted prostate biopsy: a) Cog-
nitive fusion, in which the ultrasound operator 
positions the biopsy needle in the prostate area 
where the prior MRI demonstrated a lesion; b) Di-
rect MRI-guided biopsy, performed within an MRI 
tube; and c) Software coregistration of stored MRI 
with real-time ultrasound, using a fusion device 
(19). Correlation with radical prostatectomy (RP) 
specimens shows that mp-MRI has good sensitivity 
for the detection and localization of the Internation-
al Society of Urological Pathology (ISUP) grade > 2 
cancers but is less sensitive in identifying PCas ISUP 
grade 1 (20). MRI-TBx (MRI-targeted biopsies) sig-
nificantly out-performs systematic biopsy to detect 
ISUP grade > 2 in the repeat-biopsy setting. In biop-
sy-naïve patients, the difference appears less marked 
and not significant in all series, but it remains in fa-
vor of MRI-TBx in most studies (20). 

Although DRE, TRUS, and MR are beneficial, 
the definitive diagnosis depends on histopatho-
logical verification of adenocarcinoma in prostate 
biopsy cores (20).

Pathology

On gross examination, prostate carcinoma is a 
gritty and firm, gray-yellow, poorly circumscribed 
tumor, which can be more easily felt than seen. 
Accurate identification of prostate cancer by gross 
inspection is possible in only 63% of cases, with 
a 19% false-positive rate (21). These days grading 
is performed according to the World Health Or-
ganization (WHO) 2016 recommendations based 
on the original Gleason grading system. Defined 
initially by Donald Gleason and published in the 
1960s and 1970s (22, 23), the score is based on 
prostate adenocarcinoma histological patterns. It 
has been refined over the years and is nowadays 
the most widely used grading system (23). Grad-
ing should include primary and secondary Glea-
son grade, Gleason score as well as grade group 
that is determined on the basis of Gleason grades. 
Different architectural patterns have been as-
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signed a number from 1 to 5 (from well to poorly 
differentiated). Gleason score is a sum of the two 
most prevalent Gleason grades and ranges from 2 
to 10. However, in practice, only scores from 6 to 
10 are usually used. There were some other incon-
sistencies in the Gleason system that led to some 
modifications and a grade group proposal that has 
been subsequently validated on a large number 
of patients (24). Today, grade groups from 1 to 5 
and Gleason grading, are used according to WHO 
2016 classification (23, 24).

Microscopically, prostate carcinoma is usu-
ally composed of small glands. However, medium 
to large papillary or cribriform glands or solid 
growth, as well as single cells, can be found. The cy-
toplasm is usually finely granular but may be clear/
foamy due to intracellular lipid accumulation. Blu-
ish luminal mucin and/or crystalloids can be seen 
in the lumina of neoplastic glands and peritumoral 
clefting around some glands (23, 25-27). There are 
nuclear enlargement, hyperchromasia, and promi-
nent nucleoli. Mitotic figures are quite uncommon 
except in high-grade tumors (21, 25). However, 
diagnosis is based on at least three criteria, some 
of which are mentioned earlier. These criteria are 
favoring but not diagnostic of adenocarcinoma. 
Some features are associated with false-positive 
diagnoses, such as atrophic cytoplasm, atypical 
glands associated with inflammation, adenosis, 
and many others (21, 25, 26). Certain features are 
confirmative and diagnostic, including perineural 
invasion, mucinous fibroplasia, and glomeruloid 
structures (21, 25, 26). Diagnosis is occasionally 
difficult and for that reason some immunohisto-
chemical methods should be used such as antibod-
ies to p63, PSA, ERG, high-molecular weight cy-
tokeratin, alpha-methyl CoA racemase (AMACR) 
and others.

Treatment of PCa

Approaches for managing localized PCa include 
active surveillance, brachytherapy, external beam 
radiation, radical prostatectomy and androgen de-
privation therapy (28). Radical prostatectomy (as 
a surgical treatment of PCa) is the gold standard 

because hormone therapy and chemotherapy are 
usually not curative. Not all cancer cells can be 
eradicated consistently by radiation or other phys-
ical forms of energy, even if the tumor is localized 
within the prostate capsule. Moreover, if the pros-
tate gland remains in situ, new prostate cancers can 
develop in the residual prostatic epithelium. There 
are four different approaches to radical prosta-
tectomy: open perineal, open retropubic, manual 
laparoscopic, and robot-assisted laparoscopic ap-
proaches (29). Radical prostatectomy is indicated 
for the treatment (with curative intent) of patients 
in good condition with localized PCa whose life 
expectancy exceeds ten years (30).

While clinical outcomes for patients with lo-
calized PCa are excellent, metastatic PCa patients 
have a poor prognosis. The treatment of choice for 
metastatic PCa is androgen deprivation therapy 
(ADT) and, if ADT fails, cytotoxic chemotherapy. 
Phase III clinical trials investigating their combi-
nation are in progress (31). Hormone-sensitive 
PCa, even under low-androgen conditions, prog-
ress to lethal, castration-resistant PCa (CRPC). 
Therapy for castration-resistant PCa are androgen 
receptor (AR) signaling inhibitors and, in case of 
failure, AR-directed therapy, chemotherapy, Radi-
um-223, poly (ADP-ribose) polymerase (PARP)-
inhibitors (if harboring BRCA1, BRCA2, or ATM 
alterations) and immunotherapy are available (31-
33). There are indications that androgen inhibition 
enhances cell sensitivity to PARP-inhibitors, and 
several clinical trials based on their combination 
are currently underway (33). Since the adverse 
effect of ADT is a decrease in bone mineral den-
sity, a combination of ADT and bisphosphonates 
is recommended but only in documented osteo-
porosis or androgen-independent prostate cancer 
with bone metastasis (34). Despite advances in 
CRPC treatments, it remains lethal. New strate-
gies that would achieve long-term disease remis-
sions are needed. Potentially targetable molecular 
targets may be p300/CBP, fibroblast growth fac-
tor (FGF), Wnt family member 5A (WNT5A)/
receptor tyrosine kinase-like orphan receptor 1 
(ROR1), tyrosine kinase ACK1, and STEAP1 (Six-
transmembrane epithelial antigen of prostate-1). 
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Bipolar androgen therapy that combines a perma-
nent ADT with high doses of testosterone applied 
monthly showed promising outcomes, which were 
even better when combined with checkpoint im-
munotherapy was applied (31).

Genetics of Prostate Carcinoma

Prostate cancer has an extraordinarily complex 
genetic makeup containing mutations, DNA copy-
number changes, rearrangements, and gene fu-
sions (2, 3, 35). These aberrations are associated 
with extensive changes in the epigenetic landscape 
(36). Multiple studies have shown a genetic com-
ponent to the etiology of prostate cancer, which 
has been reviewed elsewhere (2, 3, 35-39). Epide-
miological studies have shown that a family his-
tory of prostate cancer may significantly increase 
PCa occurrence risk (39). Twin studies have indi-
cated a substantial heritability of prostate cancer 
(35). Large-scale genome-wide association stud-
ies (GWASs) have identified many prostate can-
cer susceptibility loci (3, 35), including 63 novel 
risk-associated single-nucleotide polymorphisms 
(SNPs), among which four SNPs (rs111599055, 
rs11859370, rs2788524, rs56366063) were shown 
to be clinically significant (40). 

Several large-scale genomic studies in both pri-
mary malignant prostate tumors and metastatic 
castration-resistant prostate cancer (mCRPC) 
have identified recurrent DNA copy number 
changes, mutations, rearrangements, and gene 
fusions such as familial mutations in Homeobox 
B13 (HOXB13) and DNA repair genes, including 
BRCA2, ATM, Checkpoint Kinase 2 (CHEK2), 
BRCA1, DNA Repair Protein RAD51 Homolog 4 
(RAD51D), and Partner and Localizer of BRCA2 
(PALB2) (3, 35). It is known that germline muta-
tions in BRCA genes are associated with increased 
risk for prostate cancer and a more aggressive phe-
notype and worse outcomes (3, 35).

Primary prostate tumors and mCRPC exhibit 
markedly increased genome-wide copy number 
alterations (35, 38). On the other hand, somat-
ic point mutations are less common in prostate 
cancer than in most other solid tumors (41). The 

whole-exome sequencing analysis applied to 333 
tumors revealed only 0.94 mutations per megabase 
(mut/Mb), corresponding to 19 non-synonymous 
mutations per tumor genome (median; 13–25, 
25th, and 75th percentiles respectively) (41). As 
recently published, this contrasts with, for exam-
ple, numbers related to small cell lung carcinomas 
of which 40% (N=122) was shown to contain a 
high mutation burden, defined as 10 mut/Mb (42). 
Prior exome sequencing of 112 prostate cancers 
identified 12 recurrently mutated genes through 
focused assessment of point mutations and short 
insertions and deletions (43). Moreover, differenc-
es in prostate cancer incidence and outcome have 
been observed in men from different racial/ethnic 
groups, with men of African descent having the 
highest incidence and mortality rates, which may 
partially be attributed to genetic factors (44). The 
heritability factor is crucial when mutations are 
present in DNA-repair genes (45). 

Another important factor relates to the activity 
of the androgen pathway, as the signaling pathway 
mediated by AR plays a central role in the prostate 
gland’s development and function. Studies using 
conventional approaches and next-generation se-
quencing (NGS) have revealed that a majority of 
primary and metastatic prostate cancers harbors 
genomic alterations in the androgen signaling path-
way, including AR amplification/mutations, gain of 
AR nuclear receptor coactivator 1/2 (NCOA1/2), 
and loss of AR nuclear receptor corepressor 1/2 
(NCOR1/2) which contributes to castration resis-
tance (46). In addition, AR genomic structural re-
arrangements are present in one-third of mCRPC 
tumors, resulting in aberrant expression of diverse 
AR variant species lacking the ligand-binding do-
main and resulting in persistent activation of AR 
signaling, such as AR variant 7 (AR-V7), which 
appears to drive disease progression (47, 48).

Based on the previously mentioned study (41), 
it seems that a high proportion of all prostate can-
cers (74%) can be assigned to one of seven molecu-
lar classes based on oncogenic fusions: 1) ERG, 2) 
ETV1, 3) ETV4, or 4) FLI1 (46, 8, 4, and 1% respec-
tively), or mutations in 5) SPOP, 6) FOXA1, or 7) 
IDH1 mutations (11, 3, and 1% respectively) (41).

Božo Krušlin et al: Genetics of Prostate Carcinoma
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Changes in the Number of Chromosomes and 
Copy Number Variations of Select Chromosomal 
Regions

Changes in Chromosomal Number There are few 
reports on chromosome number changes associ-
ated with prostate cancer progression (49-51). 
Braun et al. were explored 428 PCa, and PCa re-
lated specimens (186 localized, 75 lymph node 
metastasized, 125 lymph node metastases, 42 hor-
mone-refractory distant metastases) and observed 
a significant increase in aneuploidy with advanced 
tumor stage (49). An increased expression of the 
mitotic marker Phosphorylated Histone H3 – 
PHH3 was significantly associated with aneuploi-
dy and higher pT stage (49). Copy number gains 
were most commonly present on chromosomes X 
(26.6%), 21 (22.8%), Y (20.7%), 14 (19.2%), and 
8 (17.7%), while the losses of chromosomes 20 
(11.0%), 10 (4.1%), and 6 (4.0%) accounted for 
the most frequent monosomies. However, while 
overall ploidy status and PHH3 expression in pri-
mary tumors indicate advanced disease, a fluores-
cence in situ hybridization (FISH) – based test for 
distinct alterations did not seem to be beneficial 
for diagnostic or prognostic purposes (49). Celep 
et al. observed numerical aberrations in 41% of 
19 analyzed prostate cancer cases (50). The most 
frequent aberration was a loss of chromosome 9 
that was detected in 12 (63%) samples, followed 
by monosomic chromosomes 8, 7, and 17, which 
were present in 11 (58%), 9 (47%), and 6 (32%) 
tumors, respectively. The highest rate for trisomy 
was observed for chromosome 7 (three tumors, 
16%) (50). There were no significant aberrations 
in benign prostate hyperplasia (BPH) samples. 
Visakorpi et al. studied 23 prostate cancer and 10 
BPH specimens by FISH using pericentromeric 
repeat-specific probes for 10 chromosomes (51). 
All BPH specimens were diploid, without appar-
ent chromosomal aberrations, as assessed by flow 
cytometry and FISH. In prostate carcinoma, flow 
cytometry and FISH revealed abnormal DNA 
content in 35% and 74% of tumors, respectively. 
Aberrant copy number of chromosomes 7, X, and 
8 were found in approximately 40% of cases. Sim-

ple chromosome losses were uncommon. Still, in 
DNA tetraploid tumors, relative losses (trisomy or 
disomy) of several chromosomes were often found, 
with chromosome Y being most commonly affect-
ed, suggesting prostate cancer progression through 
tetraploidization, followed by losses of selected 
chromosomes. The most recent data have convinc-
ingly shown that, over a median follow-up of 15.3 
years, increasing tumor aneuploidy strongly associ-
ates with an increased risk of lethal prostate cancer. 
When comparing the biological behavior of tumors 
with the same Gleason score, 23% of patients with 
five or more altered chromosome arms in their 
tumors had fivefold higher odds of lethal disease 
compared with those without aneuploidy (52).

Copy Number Alterations Copy number al-
terations (CNAs) are gains or losses in genetic 
material that affect a larger fraction of the ge-
nome. These alterations are found in nearly 90% 
of prostate cancers (2). Somatic tumor CNA bur-
den (TCB) and genome-wide CNA patterns were 
shown to be associated with biochemical recur-
rence and metastasis in primary prostate cancer, 
especially in low and intermediate-risk prostate 
cancer patients (Gleason scores of 7 and less) (53). 
Tumor CNA burden as a continuous variable was 
also shown to be significantly associated with 
prostate cancer-specific death (53) in conservative 
treatment cohort, independent of Gleason sum 
score and Cancer of the prostate risk assessment 
(CAPRA) score (53). Copy number alterations 
(gains and losses) have an integral role in both the 
activation of oncogenes and inactivation of tumor 
suppressor genes. For example, the most common 
loss of 8p (the minimal region of deletion: 8p21.3-
p21.2 harboring NK3 Homeobox 1 (NKX3-1)) 
was found in 304 of 546 (55.7%) and 105 of 116 
(90.5%) cases of localized and advanced prostate 
carcinoma, respectively. Other common deletions 
in primary tumors were also on chromosomes 
13q (13q13-q31.1; loss of RB transcriptional co-
repressor 1 (RB1)), 5q11.2-q23.3, 17p13.3-p11.2, 
10q23.2-q26.12, 18q. On the other hand, the gain 
of chromosome 8q was identified in 114 of 546 
(20.9%) and 97 of 116 (83.6%) primary and ad-
vanced cases, respectively (54). In metastatic tu-
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mors, hundreds of aberrations can be found. This 
phenomenon may reflect increasing genomic in-
stability, which relates to disease progression. 

Recent genetic studies revealed that mCRPCs 
with neuroendocrine (NE) features commonly are 
RB1 and TP53 deficient and display attenuated AR 
signaling compared with non-metastatic CRPC 
(35, 51). On the other hand, castration-resistant 
metastatic tumors often show amplification of 
chromosomes X, 7, 8q, and 9q and include genes 
from the androgen receptor pathway and the MYC 
oncogene. Numerous studies have demonstrated 
an increase of MYC copy number in up to 50% of 
prostate cancers (55). Overexpression of Myc in 
mice resulted in prostatic intraepithelial neopla-
sia (PIN) with progression to invasive carcinoma 
(56). Besides, Myc functions as a driver in the met-
astatic Pten/Trp53-deficient Rapid CaP genetically 
engineered mouse models (GEMM) (57), in which 
Myc activation in combination with phosphatase 
and tensin homolog (PTEN) loss drives genomic 
instability and contributes to the occurrence of 
metastatic disease (58, 59). 

It is challenging to detect CNAs in the sample 
obtained by prostatic needle core biopsy. There-
fore, it was proposed that their identification 
should be performed in circulating and dissemi-
nated tumor cells from blood and bone marrow, 
respectively (3). However, the most recent data did 
not confirm circulating prostate cancer cells in the 
blood and bone marrow of patients with a local-
ized prostate tumor (60).

Structural Rearrangements

Improper repair of double-stranded DNA breaks 
can result in both intra‑ and inter‑chromosome re-
arrangements. The most common prostate cancer 
genomic alterations are translocations involving 
androgen-regulated promoters and the ETS fam-
ily of transcription factors, such as ERG and the 
E twenty-six family of transcription factors (ETV) 
genes (61). In the previously mentioned study 
(41), 53% of tumors were found to have ETS-fam-
ily gene fusions (ERG, ETV1, ETV4, and FLI1). 
A recurrent gene fusion of the 5’ untranslated 

region of the androgen-responsive TMPRSS2 to 
ERG (TMPRSS2:ERG) was the first translocation 
discovered by Tomlins and collaborators (62). This 
type of fusion is present in ~50% of localized pros-
tate cancers (35). This chimera expression confers 
an increased risk of disease relapse after treatment 
for clinically localized prostate cancer due to the 
growth-promoting activity of the ERG oncogene 
under the control of the regulatory elements of 
TMPRSS2 gene. The presence of TMPRSS2:ERG 
chimera varies concerning ethnicity and is more 
prevalent (~50%) in Caucasians than in African‐
Americans (31.3%) and Japanese patients (15.9%) 
(63). Several other rearrangements have been de-
scribed in prostate cancer, including ESRP1:CRAF, 
the ETS family, and RAF kinase gene fusions (64). 
ERG-associated rearrangement has been associ-
ated with 10q, 17p, and 3p14 deletions (65). On 
the other hand, those tumors without ERG rear-
rangement exhibit 6q and 16q deletion and 7q am-
plification (65). The whole-genome sequencing of 
primary prostate tumors T2c or greater, and Glea-
son grade 7 or higher obtained from seven patients 
showed a median of 90 structural rearrangements 
(range 43–213) per tumor genome, highlighting 
the prevalence and complexity of these changes 
as well as the importance of chromatin structure. 
Further, in the tumors with TMPRSS2:ERG, rear-
rangement breakpoints were enriched near open 
chromatin, androgen receptor, and ERG DNA 
binding sites (66).

Single Nucleotide Polymorphisms and Point 
Mutations

The mutation rate is a crucial factor in determining 
a somatic cells risk of malignant transformation. 
Kan et al. have shown a low number of mutations 
(0.33 per Mb) in 58 analyzed prostate cancers, as-
sociated with a high number of TMPRSS2–ERG 
gene fusion transcripts, which were present in 75% 
of samples (67). Still, even with such a low muta-
tion rate, there are crucial and clinically important 
genes for occurrence, development, and biologi-
cal behavior of prostate carcinoma. It is thought 
that, on average, less than 20 mutations are likely 

Božo Krušlin et al: Genetics of Prostate Carcinoma



78

Acta Medica Academica 2021;50(1):71-87

to affect protein stability or function. For example, 
in Kan’s research, only three genes (TP53, speckle 
type BTB/POZ protein (SPOP), and A-kinase an-
choring protein 9 (AKAP9) were shown to have 
a significant prevalence of protein-altering muta-
tions (q-score ≥1.0) (67). 

On the other hand, there are genes whose 
SNPs gained interest concerning PCa occurrence 
and progression. Some of these polymorphisms 
were thoroughly analyzed. However, in the RNA-
SEL (HPC1) gene (1q25.3), elaC Ribonuclease Z 
2 (ELAC2 or HPC2) (17p12), and macrophage 
scavenger receptor 1 (MSR1) (8p22), none of the 
polymorphisms analyzed was shown to be a strong 
prognostic/predictive and independent factor for 
prostate cancer (68, 69) (Table 1).

However, there is no doubt that prostate can-
cer is a polygenetic disease that is highly depen-
dent on SNP–based genetic risk score (GRS). The 
first reported study assessing the association of a 
polygenic risk score derived from well-established 
risk-associated SNPs with patient age at PCa di-
agnosis was published in 2019 (70). The indepen-
dent PCa risk-associated SNPs discovered through 
GWAS were defined through three standard cri-

teria (70), which allowed for the profiling of 110 
PCa risk-associated SNPs. The paper was shown 
a significant association of GRS with patient age 
at PCa diagnosis, especially when combined with 
family history. The highest risk allele frequency 
(RAF) value (0.93) was shown for rs12480328. 
This polymorphism is located in the intron of the 
activity-dependent neuroprotector homeobox 
gene (ADNP). So far, there are no data related to 
the importance of this gene in PCa. 

Several GWAS have revealed the SNPs 
rs2292884 (missense mutation in melanophilin, 
MLPH; 2q37.3) and rs902774 in the noncoding 
region 12q13 (38). A large meta-analysis based on 
78 PCa GWAS risk associations within 85 distinct 
genomic regions was recently published (71). Al-
though numerous data have been published, the 
final confirmation of some SNPs as bona fide prog-
nostic markers is yet to come. For example, the 
polymorphism rs2735839 in the PSA coding gene, 
kallikrein-related peptidase 3, (KLK3), was crucial 
when estimating the occurrence and biological be-
havior of PCas in several populations (72, 73). A 
recently published meta-analysis, including 35,838 
patients and 36,369 control subjects, did not find 

Table 1. Common Genetic Changes in Prostate Carcinoma

Gene
Genomic 
alteration

Locus Function References

RNASEL (RNS4; 
PRCA1)

Mutation 1q25.3;
HPC1 – hereditary-prostate-
cancer (HPC)-predisposition 
locus; 8 exons

Innate immunity, part of the 
interferon-regulated 2-5A system

Alvarez-Cubero et al., 2016 (68);
Liu et al., 2018 (69);
Wallis et al., 2015 (3)

ELAC2 (HPC2; 
COXPD17)

Missense 
mutations

17p12; 25 exons tRNA biosynthesis; interacts with 
activated Smad Family Member 2 
(SMAD2)

Alvarez-Cubero et al., 2016 (68);
Liu et al., 2018 (69); Wallis et al., 
2015 (3)

MSR1(SRA; SR-
A; CD204)

Mutation 8p22; 12 exons The isoforms type 1 and type 2 
mediate the endocytosis of modified 
low density lipoproteins (LDLs).The 
isoform 3 inhibits the function of 
isoforms type 1 and type 2

Alvarez-Cubero et al., 2016 (68);
Liu et al., 2018 (69);
Wallis et al., 2015 (3)

SPOP (TEF2; 
BTBD32)

Mutation 17q21.33; 16 exons Modulation of the transcriptional 
repression activity of death-
associated protein 6

Clark et al., 2020 (75); An et al., 
2014 (76); Blattner et al., 2017 
(77)

FOX1A (HNF3A; 
TCF3A)

Mutations 14q21.1; 3 exons Binding to DNA Zhou et al., 2020 (78); Adams et 
al., 2019 (79)

IDH1
(IDH; IDP)

Mutation 2q34; 2 exons Oxidative decarboxylation Kang et al., 2009 (80); Ghiam et 
al., 2012 (81); Dang et al., 2009 
(82); Waitkus et al., 2018 (83)
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an association between rs2735839 and the risk for 
PCa. It was, however, shown that there is a strong 
association between rs1058205 (T>C) and the de-
creased risk of PCa (74).

SPOP SPOP has been found to be mutated in 
prostate cancer in a range from 4.4% to 28.6% of 
cases (75). The inability of the mutant SPOP to in-
duce degradation of full-length AR and inhibit AR-
mediated gene transcription is of great importance 
for prostate cancer pathogenesis (76). However, 
the mutant SPOP (SPOP-F133V) was not con-
firmed as a strong prostate cancerogenesis driver 
in a transgenic mouse with prostate-specific con-
ditional expression of the mutant allele, although it 
was associated with strong PI3K/mTOR signaling. 
However, when mice expressing mutant SPOP in 
a conditional Pten heterozygous background (Pb-
Cre; PtenL/+; R26F133V) was generated, a highly 
penetrant phenotype with focal areas of high-
grade prostatic intraepithelial neoplasia (HG-PIN) 
by six months of age was observed (77). The vali-
dation model presented by human SPOP mutant 
organoids revealed that SPOP mutations associate 
with specific changes, including genomic deletions 
at 5q21, 6q15, and 2q21 (77). On the other hand, 
SPOP mutant prostate cancers were shown to be 
exclusively negative for ETS rearrangement. All 
these facts point to the SPOP mutation-positive 
prostate cancers as a distinct molecular subtype. 
There is a high similarity in mRNA, copy-number, 
and methylation profiles in tumors with FOXA1 
mutations and those with SPOP mutations.

Forkhead Box A1 – FOX1A Zhou et al. were 
recently shown that FOXA1 mRNA is consistent-
ly the most abundant mRNA in prostate tumors, 
ranking in the 95th percentile in 492 of 497 pros-
tate tumors deposited in TCGA (78). By analyzing 
3086 primary and metastatic prostate cancers, Ad-
ams et al. (79) were shown FOXA1-related aberra-
tions in 11.4 % of samples. Among them, 3% were 
genomic amplifications, while 8.4% of tumors 
had somatic point mutations. Less than 1% of tu-
mors were carrying both types of changes. Over 
50% of FOXA1 mutations in the cited study were 
mapped to a specific hotspot in Wing2 of the fork-
head (FKHD) DNA-binding domain, mainly be-

tween H247 and F266. These mutations were more 
prevalent in primary locoregional cases. Trunca-
tion mutations with consequential loss of the C-
terminal transactivating domain were presented 
with 20% (79). Some functional consequences of 
these mutations will be explained later.

Isocitrate Dehydrogenase-1 (IDH1) In 2009, 
Kang et al. were shown the presence of the IDH1 
point mutations (R132H and R132C) in only two 
out of 75 analyzed prostate cancers (80). This find-
ing was confirmed three years later; identical IDH1 
point mutations in codon 132 were discovered 
in two out of 158 analyzed prostate cancers (81). 
IDH1 is a cytoplasmic metabolic enzyme needed 
for oxidative decarboxylation of isocitrate to 2-ox-
oglutarate (α-ketoglutarate). When one allele is 
mutated, abnormally high 2-hydroxyglutarate (2-
HG) production associated with an extensive re-
shape of cellular epigenome occurs (82). Targeting 
altered IDH1 in various tumors, including select 
prostate cancer patients, would be of the most sig-
nificant interest (83). Although mutations in IDH1 
are the most common in gliomas, the first mutant 
IDH1 blocking drug (ivosidenib) was approved by 
the FDA in 2019 for treating adults with relapsed 
or refractory acute myeloid leukemia (AML) with 
an IDH1 mutation. Whether PCa may be targeted 
in a similar way remains to be seen.

General Epigenetic Landscape in Prostate 
Cancer and Micro-RNAs

Deregulation of genes controlling epigenetic pro-
cesses involved in DNA modification (e.g., meth-
ylation and hydroxymethylation), histone modifi-
cation, or nucleosome remodeling has been rec-
ognized as a tumorigenesis driver in many cancer 
types, including prostate cancer. Genomic DNA 
can be methylated by canonical DNA methyltrans-
ferase (DNMT) consisting of DNMT1, DNMT3A, 
and DNMT3B at the C-5 position of the cytosine 
within CpG dinucleotides, which are present in 
CpG islands (CGIs). There is app. 50,000 experi-
mentally supported CGIs (eCGIs) in the human 
genome (84). Their length varies between 200 bps 
and 3.6 kbps. DNA methylation in normal cells 
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ensures that gene expression and gene silencing 
are adequately regulated. Aberrant level of DNA 
methylation is a part of disturbing epigenetics 
found in cancers. In the malignantly transformed 
cell, DNA is commonly hypermethylated in pro-
moter regions of tumor suppressor genes, leading 
to decreased activity. Notwithstanding this fact, 
cancer is a disease of global hypomethylation, 
which is commonly present in non-coding regions 
of DNA. In prostate cancer, hypomethylation of 
noncoding long interspersed nuclear elements 
(LINE-1), which constitutes approximately 17% 
of the human genome, was shown in 1999 (85). 
As recently reviewed by Lam et al., the methyla-
tion rate of certain genes in prostate cancer may 
be considered a valid prognostic parameter for 
certain disease aspects (86). With respect to meth-
ylation, among all explored genes so far, none was 
shown to be undoubtedly predictive when all stud-
ies were taken into consideration (86). The reasons 
for these findings include diversity in sample type, 
cohort size, clinical endpoints examined, methyla-
tion profiling methodologies, analytical approach, 
and clinicopathological factors adjusted for in 
multivariate analyses. The methylation status of 
the PITX2 (paired-like homeodomain transcrip-
tion factor 2)gene (4q25) seems to be highly con-
clusive for predicting biochemical recurrence-free 
survival in prostate cancer patients after radical 
prostatectomy (RP) (training cohort: hazard ra-
tio (HR) = 1.83 (95 % CI 1.07–3.11), P=0.027; 
validation cohort: HR=2.56 (95 % CI 1.44–4.54), 
P=0.001 (87). 

The only commercially available epigenetic 
test, ConfirmMDx, is made for diagnostic pur-
poses. It is set up to produce binary results based 
on the methylation status of three genes: APC, 
RASSF1, and GSTP1, to detect cancer in histologi-
cally negative biopsies. Methylation-positive test 
result profiles men who are at increased risk of 
harboring occult (high-grade) cancer. Methylation 
negative samples spare the patient from unneces-
sary repeat biopsy due to the high accuracy of the 
test (negative predictive value (NPV) between 90% 
and 96%) (88, 89).

Previously described transcription factor 
FOXA1 is a “pioneer factor” that can bind to 
DNA in those segments where the chromatin is 
compacted. The role of FOXA1 is to contribute to 
increased accessibility of these regions for other 
transcription factors to bind (90). Specifically, in 
prostate tissue, FOXA1 plays a crucial role in AR-
mediated gene regulation and signaling. AR chro-
matin binding is dependent on FOXA1 (91). The 
molecular basis of this process is not simple. Gao 
et al. were recently shown that lysine-specific his-
tone demethylase 1A (LSD1) may regulate FOXA1 
chromatin binding through directly demethylat-
ing its lysine 270, in vitro (91). The complexity of 
this process should be kept in mind when con-
sidering LSD1 inhibitors for treating tumors with 
mutated or highly expressed FOXO1. In prostate 
cancer, this may be problematic because the loss 
of FOXA1 can result in transdifferentiation from 
AR/FOXA1-driven adenocarcinoma to neuroen-
docrine prostate cancer (NEPC). This aggressive 
subtype is AR-ligand independent (92, 93).

Micro-RNA and Prostate Cancer Mi-RNAs are 
a class of small noncoding RNAs (22-25 nucleo-
tides long) that bind to messenger RNA (mRNA). 
Consequently, they negatively influence protein 
expression through cleavage of specific target 
mRNAs or inhibition of their translation (94). 
Thus, a specific mi-RNA’s functional role depends 
on the role of the specific mRNA, which is a miR-
NA binding partner (95). If specific mi-RNA tar-
gets mRNA originating from a tumor suppressor 
gene, then it has a strong potential to act as onco-
genic mi-RNA (96). If, on the other hand, miRNA 
targets mRNA originating from an oncogene, it 
may be considered a tumor-suppressive molecule 
in a specific tissue. Mi-RNAs are highly promis-
cuous molecules as one miRNA may bind to and 
control numerous target mRNAs simultaneously. 
Currently, 2654 mature human miRNA sequenc-
es are known (97). Many miRNAs are located in 
genetically unstable sites where they are prone to 
deletion or rearrangement, which occur in can-
cer (98). Accordingly, the miRNAs located in the 
chromosomal regions of deletion show the lowest 
expression level.
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In contrast, the miRNAs located in the regions 
of amplifications show the highest expression lev-
els (99). Many miRNA genes are located next to 
CpG islands, where they may be prone to epigene-
tic silencing through methylation. In prostate can-
cer, this miRNA silencing mechanism was shown 
in 2014 through analysis of 74 formalin-fixed, 
paraffin-embedded (FFPE) clinical specimens: 
24 normal prostate samples and 50 PCa samples 
from radical prostatectomies (100). Methylation 
occurred in 0%, 5%, and 13% of cancers for miR-
18b, miR-148a, and miR-450a/542-3p, respec-
tively, while no methylation was present in control 
samples. The same research study has shown that 
low levels of miR-132 correlated with a higher rate 
of metastatic events, lymph node invasion, and 
shorter recurrence-free time (Table 2). There was 
a negative correlation of miR-132 expression lev-
els with the overall Gleason score and tumor stage 
(100). Two years later, Qu et al. demonstrated that 

decreased miR-132 levels in prostate cancer cells 
positively regulate the Warburg effect through in-
hibiting solute carrier family 2 member 1 SLC2A1/
GLUT1 expression (101).

In 2007, Porkka et al. published a seminal pa-
per describing miRNA expression in 4 BPHs, 
5 untreated prostate carcinomas, and four hor-
mone-refractory prostate carcinomas (99). Their 
work has shown a unique profile of 51 differen-
tially expressed miRNAs (PCa vs. BPH: 37 and 
14 miRNAs downregulated and upregulated, 
respectively). Among these miRNAs, 22 and 8 
were decreased and increased in all carcinoma 
samples, respectively, whereas 15 and 6 of them 
were downregulated and upregulated, respectively, 
only in the hormone-refractory carcinomas com-
pared with BPH samples. These early data pointed 
out on mi-RNAs as unique molecules, which are 
mechanistically involved in prostate cancer devel-
opment. They were confirmed in recent studies. 
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Table 2. Some miRNAs with confirmed clinical value associated with Prostate Carcinoma 

miRNA Locus Clinical Significance Mode of Action References

miR-132 17p13.3 Downregulated in human 
PCa tissues; miR-adverse 
correlation with Gleason 
score

In vitro: inhibition of TGF-β 
(transforming growth factor-β)-induced 
EMT)

Formosa et al., 2013 (100); 
Qu et al., 2016 (101); Liu et 
al., 2016 (102)

miRNA -146a 5q33.3 Downregulated in 
androgen-independent 
prostate cancer (AIPC) 
tissue, suppressive role

Regulation of ROCK/Caspase 3 
signaling pathway

Xu et al, 2015 (103)

miR-141 12p13.31 Associated with increased 
risk of biochemical PC 
recurrence.

In vitro: Suppression of prostate 
cancer stem cells and metastasis by 
targeting a cohort of pro-metastasis 
genes, including Enhancer of Zeste 
Homologue 2 (EZH2)

Richardsen et al., 2019 
(105);  Liu et al., 2017 (106) 

miR-375-3p 2q35 Prediction of time to 
progression in mCRPC 
patients treated with 
docetaxel or abiraterone

Predicted targets: CCND2, MAP3K2, 
MXI1, PAFAH1B1, YOD1, ZFYVE26

Zedan et al., 2020 (107); 
Ciszkowicz et al., 2020 
(108) 

miR-331-3p 12q22 High expression is 
associated with advanced 
PC stage and distant 
metastases

Suppressive role through targeting 
NACC1, ERBB-2 expression and 
androgen receptor signaling. 
Oncogenic role through stimulation of 
epithelial-to-mesenchimal transition 
(EMT)

Epis et al., 2009 (111); 
Morita et al, 2018 (112);
Fujii et al 2016 (113)

miR1792 cluster
(miR-17, miR-18a, 
miR-19a, miR-20a, 
miR-19b-1 and 
miR-92a)

13q31.3 Oncogenic role in majority 
of prostate cancer models.

Specific targeting of SERTAD3 with 
miR-92a;enhancement of migration 
and invasion in vitro, attributed to the 
induction of integrin β-1

Zhang et al 2020 (114); 
Zhou et al 2016 (115)
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For example, the difference between androgen-
dependent- (ADPC) and androgen-independent 
prostate cancer (AIPC) tissues was shown to be 
dependent on miR-146a and its influence on 
Rho-associated coiled-coil containing protein ki-
nase 1 (ROCK1) kinase (102, 103). The presence 
of miRNAs in plasma of PCa patients was for the 
first time described in 2008 (104). The potential 
discriminatory miRNA was shown to be miR-141, 
which had the most significant differential expres-
sion and could detect individuals with cancer with 
60% sensitivity at 100% specificity (104). In PCa 
tissues (N=535), expression of miR-141 in the epi-
thelial part of the tumor significantly correlates to 
Gleason score ≥8 (P=0.040) and large tumor size 
(≥20 mm, P = 0.025). In contrast, its overall expres-
sion (defined as both epithelial and stromal expres-
sion) strongly relates to Gleason grade (P=0.001) 
(105). It was recently shown that plasma levels of 
miR-141-3p and miR-375-3p might predict time 
to progression in mCRPC patients treated with 
docetaxel or abiraterone; their high baseline levels 
were significantly associated with shorter overall 
survival (OS) in the abiraterone and in docetaxel 
treated patients (106-108).

There are also efforts to explore the clinical 
value of mi-RNAs in the urine. A novel logistic re-
gression model based on five urine miRNAs (miR-
151a-5p, miR-204-5p, miR-222-3p, miR-23b-3p, 
and miR-331-3p) and PSA were recently shown 
as a strong predictor for biochemical recurrence 
(109). 

The crosstalk between miRNAs and molecules 
belonging to various signaling pathways may be 
established through strong networks containing 
transcription factors and various protein kinases. 
Erb-b2 receptor tyrosine kinase 2, ERBB2 (Her-2/
neu), is a tyrosine kinase receptor that is overex-
pressed in abiraterone-resistant prostate cancer. It 
was recently shown to be included in the activa-
tion of the PI3K/AKT signaling and stabilization 
of AR protein. Accordingly, it was hypothesized 
that combination therapy with abiraterone and 
ERBB2 antagonists might be effective for treating 
the subset of CRPC with increased ERBB2 activ-
ity (110). In 2009, miR-331-3p expression was 

shown to be reduced in prostate tumors relative to 
normal adjacent tissue and is inversely correlated 
with ERBB2 mRNA expression (111). Thus, in this 
specific scenario, miR-331-3p may be considered 
to be a suppressive molecule (112, 113). At least 
ten different miRNAs have been found to be in-
volved in apoptosis. In many cases, their way of 
acting follows a cascade pattern. Up‑regulation 
of the miR‑17‑92 cluster leads to overexpression 
of miR‑20a, which subsequently targets E2F1‑3 
transcription factors (114-116). Then, depending 
on the cell cycle phase, reduced E2F1‑3 results 
either in cellular proliferation or reduced apop-
tosis via TP53 and caspase activity, thus creating 
an auto‑regulatory feedback loop as E2F1‑3 con-
trols miR‑20a expression. MiR‑21 also contrib-
utes to apoptosis through the mechanism, which 
includes TP53 and is preserved in various malig-
nant tumors (117). In prostate cancer specifically, 
miR‑21 acts as an oncogenic factor, as it targets 
both PDCD4 (programmed cell death 4) (118) 
and PTEN mRNA (119). Numerous biological 
processes can be significantly affected by mi-RNA 
molecules. For example, MiR‑15a and miR‑16‑1 
are down-regulated in most prostate tumors (120).

Conclusions

Advanced large-scale genomic studies revealed a 
large number of genetic alterations in PCa. The 
meaning of these alterations needs to be validated 
in the context of the specific PCa molecular sub-
type. Along these lines, there is a critical need for 
establishing GEMMs, which would include SPOP 
and IDH1 mutants and AR−NE− subtypes of 
PCa. Another urgent need is the development of 
highly metastatic PCa models, as less than 20% of 
available models display bone metastases and ex-
hibit a less typical NEPC or sarcomatoid pathol-
ogy. Moreover, androgen deprivation and relapse 
should be mimicked in the GEMMs models, as 
androgen independence may yield a better model 
for metastatic CRPC. The development of such re-
fined animal models should be guided by compar-
ative genomics of primary PCa and corresponding 
metastases. Such an approach will potentially illu-



83

minate the critical genetic events associated with 
specific molecular Pca subsets and indicate direc-
tions for effective therapy.
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Abstract
This review focuses on neoadjuvant chemotherapy for breast cancer which introduces practical issues for pathologists, including 
predicting response, optimising specimen handling, size measurement and assessment of residual disease, and recent advances 
in management of the axilla. The role of neoadjuvant chemotherapy in breast cancer is increasing, and it has become standard 
of care for high risk Human Epidermal Growth Factor Receptor 2 positive and triple negative breast cancers. The benefits of the 
neoadjuvant approach extend beyond pathological complete response to tumour downstaging permitting conservative surgi-
cal options in the breast and axilla, and assessment of response provides valuable prognostic information to enable escalation 
and de-escalation of adjuvant therapy to optimise oncological outcomes.  Hence histopathologists play a vital role in patient 
management in the neoadjuvant setting. Optimal patient selection for neoadjuvant chemotherapy requires consideration of pre-
treatment histopathological and molecular tumour characteristics. Post chemotherapy, tumour staging can be challenging, and 
changes in criteria for measurement of primary tumour and metastases in the 7th and 8th editions of the TNM have led to confu-
sion amongst pathologists. This review offers practical guidance on specimen handling and measurement of lesion size. Mov-
ing forwards more detailed information on degree of response will be required for adjuvant therapy decision making, and the 
Residual Cancer Burden is emerging as the preferred method for quantifying residual disease not just within clinical trials but 
in routine practice. Recent advances in management of the axilla are discussed, including the significance of minimal residual 
disease in the form of isolated tumour cells and micrometastases which portend a worse prognosis in the neoadjuvant setting. 
Conclusion. Neoadjuvant chemotherapy now forms part of routine breast cancer management, and detailed histopathologi-
cal assessment and an understanding of the importance of molecular tumour biology is essential for clinical decision making.

Key Words: Breast Cancer  Neoadjuvant Therapy  Staging  Grading Response.

Introduction

Neoadjuvant chemotherapy (NACT) has evolved 
from treatment of locally advanced breast cancer to 
routine management of biologically aggressive dis-
ease, particularly oestrogen receptor negative (ER-)  
and/ or human epidermal growth factor 2 posi-
tive (HER2+) cancers. The neoadjuvant approach 
shows similar survival outcomes to adjuvant thera-
py, but offers potential advantages in both standard 
clinical care and clinical trial settings (1). Firstly, 
response to neoadjuvant therapy with complete 
eradication of disease or a reduction of tumour vol-
ume enables less aggressive surgical options, with 

the potential for breast conservation surgery (BCS) 
in patients that would have required mastectomy 
pre-treatment (2). There is also a growing body of 
evidence to support the role of sentinel node biop-
sy (SLNB) following NACT in both node negative 
and node positive patients, leading to avoidance 
of axillary clearance (ALND) following a com-
plete response in the axilla (3-5). Interestingly, in 
our own multidisciplinary meetings, it is now the 
surgeons rather than the oncologists driving deci-
sions regarding NACT. Tumour downstaging to 
enable conservative procedures can reduce surgical 
morbidity without compromising oncological out-
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comes, however NACT is not the correct approach 
for all cases and careful patient selection based on 
clinical features and histological and molecular tu-
mour subtypes is essential to optimise results.

Perhaps even more importantly, assessment of 
response to NACT provides valuable prognostic 
information that is increasingly used to guide fur-
ther adjuvant therapy (6). Complete pathological 
response (pCR) shows an association with survival 
outcomes across all molecular subtypes, although 
this is strongest for ER- and/or HER2+ disease (1, 
7). As a result, pCR has been approved by the U.S. 
Food and Drug Administration (FDA) as a sur-
rogate outcome to survival for neoadjuvant clini-
cal trials in high risk breast cancer (8). The neo-
adjuvant context provides faster results in smaller 
cohorts of patients, and alongside novel adaptive 
trial designs such as ISPY provides exciting poten-
tial to screen new agents resulting in more rapid 
introduction of effective drugs into clinical prac-
tice (9, 10). Furthermore, patients who experience 
a pCR may not benefit from further adjuvant ther-
apy, and there are trials looking at de-escalation 
of adjuvant therapy in complete responders (11). 
Hence accurate identification of pCR is vital for 
ongoing patient management, and requires careful 
and methodical histological assessment beginning 
with gross specimen handling.

At the other end of the spectrum, patients who 
show a limited response to NACT have a poor 
prognosis. Recent trials, including the KATHER-
INE and CREATE-X trials, have shown improved 
survival outcomes with additional adjuvant ther-
apy in incomplete responders with HER2+ and 
triple negative breast cancer (TNBC) respectively 
(12, 13). However, non-pCR encompasses a wide 
variation of response from almost complete re-
sponse with minimal residual disease (MRD), to 
minimal or absent response with significant re-
sidual tumour. Some series have shown similar 
survival outcomes for patients with MRD to those 
who undergo a pCR, however the impact of resid-
ual disease volume on survival outcomes varies by 
molecular tumour subtype (14, 15). Assessment of 
the degree of response beyond pCR will form an 
integral part of patient care moving forwards. 

Tumour staging post NACT also shows a strong 
association with survival outcomes (16, 17). Mea-
suring residual tumour size can be challenging, 
particularly when there has been patchy response 
across the tumour bed. Definitions of size mea-
surements used for staging in both the breast and 
axillary lymph nodes have evolved across the 6th, 7th 
and 8th editions of the TNM, leading to confusion 
amongst pathologists (18-20). Accurate staging is 
essential not only in determining patient progno-
sis, but to generate reliable population based data 
from cancer registries around the world. 

Hence, the pathologist plays a key role in deter-
mining optimal patient care in the neoadjuvant set-
ting. This review will focus on some of the key prac-
tical issues for pathologists, including predictors of 
response, optimising specimen handling, size mea-
surement and assessment of residual disease, and 
recent advances in management of the axilla.

Predictors of Response to NACT

Response to NACT, including the likelihood of 
achieving pCR and its association with progno-
sis, is strongly linked to tumour biology (1, 21-
25). This has important implications for clinical 
decisions regarding whether to give neoadjuvant 
versus adjuvant therapy, particularly if the goal is 
tumour downsizing to enable conservation. Breast 
cancer is generally divided into 3 broad molecu-
lar groups; luminal (ER+/HER2-), HER2+ and 
TNBC (25). HER2+ and TNBC show the greatest 
response to NACT, but even these tumour types 
contain subgroups with different behaviour.

NACT response of HER2+ breast cancers large-
ly depends on ER status. ER+/HER2+ cancers giv-
en standard chemotherapy without HER2 targeted 
agents show a pCR rate of 18%, rising to 31% with 
the addition of trastuzumab (1). In contrast, ER-/
HER2+ tumours have a much higher pCR rate of 
30% without trastuzumab and 50% with trastu-
zumab; the addition of pertuzumab gives pCR rates 
as high as 80% (26). The association between pCR 
and survival outcomes is also much stronger for 
ER-/HER2+ cancers (HR 0.29; 95% CI 0.17-0.50) 
without trastuzumab and HR 0.08(95% CI 0.03-
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0.22) with trastuzumab) than for ER+/HER2+ 
cancers where it does not reach significance (HR 
0.57(95% CI 0.31-1.04) without trastuzumab and 
HR 0.56 (95% CI 0.23-1.37) with trastuzumab). 
ER+/HER2+ tumours also show a different pattern 
of recurrence with late relapses, in comparison to 
ER-/HER2+ disease where the majority of relapses 
occur within the first 5 years after diagnosis (27).

Similar differences are seen when clinically 
defined HER2+ tumours are classified as HER2-
Enriched or luminal subtypes by gene expression 
profiling (28). Within the NOAH trial only 55% 
of tumours were HER2-Enriched, with 21% lumi-
nal, 7% basal and 18% normal-like. The pCR rate 
was significantly higher in HER2-Enriched com-
pared with luminal HER2+ tumours (53% versus 
29% respectively), and there was a larger improve-
ment in event free survival with the addition of 
trastuzumab indicating greater benefit from HER2 
pathway blockade (29). These findings have been 
confirmed in a meta-analysis of 16 neoadjuvant 
trials which showed a significant association with 
HER2-Enriched subtype and pCR in both ER+ 
and ER- disease (30). Recent reviews suggest in-
trinsic subtype as defined by PAM50 is a valuable 
adjunct to clinical receptor status in making de-
cisions about NACT (27, 31).  Studies have also 
suggested a relationship between higher HER2 
protein expression, gene copy number >10 and 
HER2:CEP17 ratio >4.5 and improved pCR rates 
following NACT with trastuzumab (32-34). Can-
cers that are HER2 3+ on immunohistochemistry 
show higher pCR rates than those that are 2+ with 
HER2 gene amplification on FISH (35). Presence 
of intratumoural heterogeneity for HER2, more 
commonly found in association with equivocal 
cases and polysomy/ co-amplification of the HER2 
and CEP17 probe sites, is also associated with low-
er pCR rates and poorer survival outcomes; in one 
series 10% of cases showed HER2 heterogeneity of 
which none went on to pCR (31). Newer drug con-
jugates which use the HER2 receptor to enter cells 
and have a bystander effect, such as trastuzumab-
deruxtecan, may prove to be an effective treatment 
option in these difficult cases. Approximately one 
third of apocrine carcinomas are HER2+; a recent 

study found androgen receptor (AR) positivity 
was associated with improved response to NACT 
with trastuzumab, and better survival outcomes in 
ER- disease (36). Other tumour features that have 
been associated with response to NACT in HER2+ 
disease include higher levels of tumour infiltrating 
lymphocytes (TILs), and presence of PIK3CA al-
terations has been associated with lower pCR rates 
and poorer survival (31).

TNBC form an even more heterogeneous 
group, perhaps unsurprising given they encompass 
several histological subtypes including salivary 
type and metaplastic carcinomas. Overall, TNBC 
show a pCR rate of 34% with a very strong asso-
ciation between pCR and survival outcomes (HR 
0.16; 95% CI 0.11-0.25) (1). Modern chemotherapy 
regimens with inclusion of platinum agents have 
increased the pCR rate to over 50% (37). Gene ex-
pression analysis identified six different subtypes of 
TNBC which was revised to four subgroups; two 
basal-like, a mesenchymal, and a luminal AR group 
(38). The luminal AR group has high expression of 
genes related to AR signalling, and a response pat-
tern similar to ER+ cancers with a relatively low 
pCR rate (29%) but better survival outcomes than 
other TNBC subtypes (39). The basal-like 1 group 
has a signature enriched for genes involved in pro-
liferation and DNA damage repair and shows the 
highest pCR rate (49%) with intermediate survival 
outcomes, whilst the basal-like 2 group driven by 
growth factor receptor signalling has a low pCR 
rate (18%) and poor survival. 

The original 6 types included an immune 
modulatory group with a pCR rate of 30% and a 
relatively good prognosis; this signature is now be-
lieved to reflect infiltration with TILs which is asso-
ciated with chemotherapy response and improved 
outcomes in TNBC (38, 40). A recent meta-analy-
sis confirmed the relationship between increasing 
levels of TILs with pCR, disease free survival (DFS) 
and overall survival (OS) in TNBC (41).

Metaplastic carcinoma is a subtype of TNBC as-
sociated with poor response to NACT and adverse 
survival outcomes. This reflects the difference in 
molecular profile compared to NST TNBC, with 
lower levels of genomic instability and a higher 



91

Elena Provenzano: Breast Cancer Neoadjuvant Therapy Beyond pCR

rate of EGFR and PI3K and Wnt signalling abnor-
malities (42, 43). In one single institution series of 
18 patients, 7 showed no response or progressed 
whilst on treatment, and only 2 had a pCR (44). In 
another single institution series, there were 29 cas-
es of metaplastic carcinoma that received NACT 
with a pCR rate of 17% (45). Interestingly, 4 of the 
5 cases that had a pCR were matrix-producing 
metaplastic carcinomas with a pCR rate of 24% 
for this subtype, although pCR or tumour type 
were not associated with survival. There are sev-
eral special types of TNBC associated with good 
prognosis, including adenoid cystic carcinoma, se-
cretory carcinoma, the recently described tall cell 
carcinoma with reversed polarity (TCCRP), and 
low grade adenosquamous and fibromatosis-like 
variants of metaplastic carcinoma, where systemic 
therapy is not indicated (Figure 1). These tumours 
do not have the genomic instability typical of NST 
type TNBC, with adenoid cystic and secretory car-
cinomas characterised by translocations of MYB-
NFIB and ETV6-NTRK3 genes respectively, and 
TCCRP with mutations in the IDH2 gene (46). The 
important thing is to recognise these cancers on 
core biopsy to prevent the patient from receiving 
unnecessary NACT. If the diagnosis is uncertain 
then primary surgery should be recommended.

Luminal, or ER+, breast cancers are generally 
associated with low pCR rates of 0-16% (1). In the 
intrinsic subtype classification, they are divided 
into luminal A with low proliferation and high 
expression of ER signalling genes, and luminal B 
cancers with high proliferation and/ or HER2 pos-
itivity (47, 48). Low grade ER+ tumours with low 
proliferation have a very low pCR rate (2-7%) but 
retain an excellent prognosis due to their response 
to endocrine therapy, and do not derive any ad-
ditional benefit from chemotherapy (1, 48-52). 
Many invasive lobular cancers fall into the luminal 
A or low risk subtypes on gene expression profil-
ing, and several studies have shown poor response 
to NACT with lower pCR rates than grade and ER 
matched ductal NST cancers, as well lower rates 
of tumour downstaging and BCS (53-57). In one 
study, lobular histological type predicted absence 
of response to NACT (58). 

Figure 1. Special types of triple negative breast cancer as-
sociated with good prognosis: A) Classical adenoid cystic 
carcinoma (× 20); B) Tall cell carcinoma with reversed polar-
ity (×10); C) Low grade adenosquamous carcinoma (×20). 

However, there is a subset of ER+/HER2- breast 
cancers with a worse prognosis in which chemo-
therapy is indicated; features associated with in-

A

B

C
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creased responsiveness to NACT include grade 3, 
PR negativity and a high Ki67 labelling index (55). 
In the Cortazar analysis, grade 3 ER+ tumours had 
a pCR rate of 16%, with pCR showing a significant 
association with improved OS with a HR of 0.29 
(95% CI 0.13-0.65) (1). High Ki67 has been shown 
to predict pCR in ER+/HER2- cancers, however 
there are difficulties interpreting the literature due 
to differences in methodology and variation in 
cut points (59-61). The most recent ASCO-CAP 
guidelines recognise a Low Positive ER group with 
nuclear staining in 1-10% of cells, representing 
less than 5% of ER+ cancers (62); many of these 
tumours have a basal-like gene expression profile 
(63, 64). In one trial, 18% of ER+/HER2- cancers 
were of basal intrinsic subtype, and these tumours 
had a pCR rate of 32% (65). This reinforces data 
from HER2+ cancers that intrinsic subtype pro-
vides additional information regarding benefit of 
NACT.

Specimen Handling

Surgical excisions post NACT are becoming in-
creasingly common, and represent the most com-
plex breast specimens handled by histopathology 
laboratories. Methodical detailed gross specimen 
handling is essential for accurate determination of 
pCR, assessment of response and tumour staging. 
For this to occur, communication between pathol-
ogists and the multidisciplinary team, with provi-
sion of adequate clinical information on pathology 
request forms is vital (66). At a minimum, the clin-
ical notes need to state neoadjuvant therapy has 
been given and it’s nature, with a clear description 
of the number of tumour foci and their location 
within the breast; a schematic diagram indicating 
the site of tumour/s is very helpful. Where avail-
able, details of tumour size on pre-treatment im-
aging should also be provided, as sampling should 
include the area of the original pre-treatment tu-
mour bed, which may extend beyond macroscopi-
cally detectable residual disease.

Basic principles of specimen handling also ap-
ply in the neoadjuvant setting. Where national 
guidelines exist these should be followed. Good 

fixation is vital for subsequent histological inter-
pretation, and specimens should be sliced when 
fresh if possible to ensure formalin penetration. 
When delays are likely, one option is to instruct 
surgeons on how to slice larger specimens such as 
mastectomies to aid fixation without compromis-
ing subsequent pathological evaluation.

Residual tumour is often more ill-defined and 
softer post NACT, especially if there has been a 
good response to treatment, making it more chal-
lenging to detect on gross assessment. Textural 
changes may be found on palpation, even if there 
is no visible tumour bed. Placement of fiducial 
marker clips at the time of diagnosis is extremely 
helpful in localising the tumour bed when there is 
no gross residual lesion, and is recommended even 
in patients planned for mastectomy to aid locali-
sation of the tumour bed (67). Gel foam or larger 
metallic clips may be seen on slicing; gel foam clips 
appear as a cyst filled with gelatinous substance 
(68). Alternatively, the markers can be identified 
on x-ray of the specimen slices. Where the tumour 
was associated with malignant calcification this 
can also be identified on specimen x-ray, although 
calcifications can increase or decrease with NACT, 
and the presence of residual calcification does not 
show a good correlation with pathological tumour 
response (69).

As residual tumour is harder to delineate mac-
roscopically, it is typically necessary to take more 
sections than in the adjuvant setting. Blocks should 
include any gross residual disease and/ or marker 
clips, and adjacent uninvolved tissue to encompass 
the extent of the tumour on pre-treatment imag-
ing (67, 70). For small wide local excision (WLE) 
specimens it is prudent to submit the entire speci-
men for histological evaluation. For larger WLE or 
mastectomy specimens, close clinical-pathological 
correlation guided by the imaging findings to lo-
calise the site of the tumour bed is preferable to 
exhaustive blind sampling. There is some guidance 
on the number of blocks required for diagnosis of 
pCR and assessment of response. The US FDA have 
recommended taking one block for every cm of tu-
mour size on pre-treatment imaging, or at least 10 
tumour blocks, whichever is greater (8). In guid-
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ance published in 2015, the international Residual 
Disease Working Group advised taking blocks rep-
resenting the full face of the pre-treatment tumour 
area from every 1-2 cm slice of the specimen, up 
to a maximum of 25 blocks (70). To determine the 
Residual Cancer Burden (RCB), described below, 
five sections representing the maximum cross sec-
tion of the tumour bed is sufficient to estimate re-
sidual tumour cellularity (71). If clip site or tumour 
bed changes are not present in the initial sections, it 
may be necessary to review the specimen and take 
further blocks. Additional routine blocks, such as 
those for assessment of margins, should also be 
taken as per the adjuvant setting.

Precise description of where blocks have been 
taken is essential for reconstruction of the speci-
men from the glass slides to enable size and cel-
lularity estimates. A visual annotation of the posi-
tion of blocks on sketched diagrams, photographs 
of specimen slices, or copies of specimen radio-
graphs is the best way to do this, and is invalu-
able in subsequent reporting of the microscopic 
findings. Where available, large tissue cassettes or 
‘megablocks’ are helpful for measurement of lesion 
size and assessment of margins. 

Defining pCR

The ultimate goal of NACT is the attainment of 
pCR, i.e. the complete eradication of invasive dis-
ease. The broadest definition of pCR is the absence 
of residual invasive disease in the breast and axilla 
(ypT0 ypN0 and ypTis ypN0 – the y prefix indicat-
ing post NACT). The overall rate of pCR decreases 
according to the stringency of definition used; in 
a pooled analysis the rate of pCR was 22% for no 
invasive tumour in breast only, 18% for no inva-
sive tumour in breast and axilla, and only 13% for 
no invasive tumour or DCIS in the breast and no 
disease in the axilla (1). Early clinical trials con-
sidered pCR in the breast only, however up to 4% 
of patients who have a pCR in the breast will have 
residual disease in the axilla (72). Residual disease 
in the axilla, including the presence of isolated tu-
mour cells (ITCs) and micrometastases, is associ-
ated with worse survival outcomes independent of 

tumour response in the breast. Several series have 
shown number of involved nodes and size of larg-
est metastasis post NACT to be the strongest de-
terminants of overall survival (72-74). Hence, cur-
rently accepted definitions of pCR require absence 
of residual disease in the axilla also. Importantly, 
whilst ITCs are staged as ypN0(i+), their presence 
indicates treatment resistant residual disease and 
is not regarded as pCR (19). 

Whether the presence of residual DCIS should 
be considered pCR is controversial. A pooled anal-
ysis found no difference in survival outcome with 
residual DCIS alone (1), however in a cumulative 
analysis of their trials the German Breast Group 
found residual DCIS was associated with worse 
DFS but not OS (7). This may be due to increased 
local recurrence risk with incompletely excised 
DCIS, although a differential response in DCIS 
and invasive components has been reported in 
HER2+ disease (75). The histopathology report 
should include a comment on the presence of re-
sidual DCIS in the breast regardless of the defini-
tion of pCR used, along with measurement of its 
extent and proximity to margins as per the mini-
mum dataset in the adjuvant setting.

A rare but challenging scenario with respect to 
staging is the presence of lymphovascular invasion 
(LVI) in the absence of a residual invasive tumour 
focus. Firstly, ensure that the tumour bed has been 
adequately sampled and invasive tumour has not 
been missed. An alternative possibility is invasive 
disease or DCIS with retraction artefact; immu-
nostaining for a lymphatic marker such as D2-40 
(podoplanin) may be helpful in distinguishing the 
two (Figure 2) (70). When presence of residual LVI 
alone is confirmed, although this is strictly staged 
as ypN0, it should not be regarded as pCR, similar 
to the scenario with ITCs above. If the area of LVI 
is localised, the LVI itself can be measured and cel-
lularity assessed to quantify residual disease and 
calculate the RCB. This pattern of residual disease 
has been associated with poor survival outcomes 
in small series (76, 77), although one slightly larger 
study suggested that pre and post treatment nodal 
involvement are also important (78).  



94

Acta Medica Academica 2021;50(1):88-109

TNM Staging

Traditional staging systems, such as the TNM and 
Nottingham Prognostic Index (NPI), retain prog-
nostic significance following NACT (16, 79). Path-
ological TNM staging post NACT is given a y pre-
fix. There have been modifications to how primary 
invasive tumour and metastases are measured for 
staging purposes in the 7th and 8th editions (18, 19), 
which are summarised in Table 1. Although only 
currently applied following primary surgery, there 
is emerging evidence that the AJCC prognostic 
stage incorporating grade and receptor status in-
troduced in the 8th edition is also predictive of out-
come post NACT and may provide better discrim-
ination of prognostic groups (17, 80). Future stag-

ing systems incorporating both molecular tumour 
characteristics and tumour response are required.

There are two main patterns of response seen 
on serial imaging in patients receiving NACT (81, 
82). The first is concentric shrinking, where there is 
a single tumour mass that progressively decreases 
in size. Measurement of tumour size in this situa-
tion is relatively straight forward as there is a single 
invasive tumour focus. Tumour bed changes may 
extend beyond the invasive carcinoma, however it 
is the maximum residual invasive cancer size that 
is measured; surrounding stroma without invasive 
tumour is excluded (Figure 3) (66, 70, 71). 

The second pattern is the scatter or Swiss 
cheese pattern, where there is a patchy response 
with scattered foci of residual enhancement across 
the tumour bed. This pattern is a reflection of in-

A B

C D

Figure 2. Residual invasive carcinoma predominantly in the form of LVI (A); D2-40 immunohistochemical staining distin-
guishing tumour in lymphatic spaces from invasive disease (B); Tumour adjacent to a margin confirmed as LVI on D2-40 
staining (C+D).
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tratumoural heterogeneity leading to a differential 
response to NACT. At the histological level, this is 
seen as separate nests and islands of tumour cells 

Table 1. Definitions Used for Primary Tumour and Metastasis Measurement in Residual Cancer Burden and Subsequent 
Editions of the TNM Staging System

Staging system Size measurement breast Size measurement nodal metastases

Residual 
Cancer Burden

Maximum size residual invasive disease in two dimensions. 
Scattered foci measured as a single lesion including areas of 
intervening fibrosis.

Maximum dimension metastatic focus including 
associated fibrosis. ITCs regarded as positive.

AJCC/ UICC 6th 
edition

Maximum size residual invasive disease in one dimension. 
Scattered foci measured as a single lesion including areas of 
intervening fibrosis.

Maximum dimension metastatic focus including 
associated fibrosis. ITCs regarded as negative.

AJCC/ UICC 7th 
edition

Measurement largest contiguous tumour focus, with use of 
(m) classifier if multiple deposits present across the tumour 
bed

Maximum dimension size of metastatic focus 
including associated fibrosis. ITCs regarded as 
negative.

AJCC/ UICC 8th 
edition

Measurement largest contiguous tumour focus, with use of 
(m) classifier if multiple deposits present across the tumour 
bed

Maximum dimension of largest contiguous tumour 
cell deposit excluding associated fibrosis. ITCs 
regarded as negative.

ITCs=Isolated tumour cells.

Figure 3. Schematic diagrams illustrating measurement 
of tumour size post neoadjuvant chemotherapy. Hatched 
area is stromal reaction: a) is maximum size measurement 
according to 7th/8th edition TNM; b) is maximum size mea-
surement used for RCB. A) Concentric shrinking pattern. 
Size of residual invasive tumour is measured excluding 
tumour bed extending beyond the invasive focus: a and b 
are the same. B) Scatter pattern with even distribution of 
tumour islands across tumour bed, measured as a single fo-
cus: a and b are the same.  C) Scatter pattern with unevenly 
scattered tumour foci: a is the largest individual focus (black 
line); b is the size of the entire lesion including all foci and 
intervening fibrosis (red line).

dispersed within an ill-defined background of re-
active fibrous stroma (Figure 4). 

A B

C
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Perhaps unsurprisingly, the pattern of response 
has been shown to correlate with molecular sub-
type. In one series looking at histological findings, 
TNBC was more likely to show the concentric 
shrinking pattern, whilst ER+/HER2- and HER2+ 
tumours more commonly showed the scatter pat-

tern of response (53%, versus 11% and 29% re-
spectively) (83). On closer analysis, the HER2+ 
tumours differed by ER status, with 78% of ER+/
HER2+ tumours showing the scatter pattern com-
pared with 53% of ER-/HER2+ cancers. Of interest, 
presence of macrophages in the tumour bed was 
also associated with TNBC, whereas elastosis and 
myxoid change was more common in ER+/HER2- 
cancers. In contrast, the study of Ballesio et al looked 
solely at MRI patterns of response and found that 
ER-/HER2+ showed a concentric pattern, whilst 
TNBC showed a multinodular pattern (82).

The scatter pattern has been associated with 
a higher locoregional recurrence (LRR) rate post 

Figure 4. Example of tumour showing scatter pattern of 
response. Pre treatment MRI showed a single tumour (A). 
Post treatment histology showed widely dispersed residual 
tumour foci with intervening fibrosis (B-E). For TNM stag-
ing the largest single focus is measured, however to calcu-
late the RCB the entire size including intervening fibrosis is 
measured in 2 dimensions. 
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breast conservation surgery and increased risk of 
positive margins. Standard definitions of clear mar-
gins as ‘tumour at ink’ are likely to be inadequate 
in this context, and if residual invasive tumour lies 
in close proximity to the margin with transection 
of the tumour bed consideration should be given 
to re excision (2). The MD Anderson group identi-
fied four features associated with increased risk of 
LRR post NACT; clinical nodal stage 2/3, residual 
invasive tumour size >2 cm, scatter/ multifocal pat-
tern of residual disease and presence of LVI (84). 
A recent study found no difference in LRR rates 
between a margin <1 mm and wider margins of ex-
cision, although numbers were too small for mean-
ingful subset analyses (85). When assessing margin 
status in BCS specimens post NACT, it is important 
to comment on the presence of tumour bed at the 
inked margin, however this is not an indication for 
further surgery in the absence of invasive tumour 
or DCIS. When the clip site/ tumour bed is located 
centrally within the specimen and has been well 
sampled, then excision is most likely adequate 
even if tumour bed extends to margins. However, 
if the clip site/ tumour bed lies at the edge of the 
specimen this should be noted in the histopathol-
ogy report, and multidisciplinary discussion is 
needed to determine if the tumour bed has been 
accurately targeted and adequately sampled.

Accurate determination of lesion size can be 
particularly challenging with the scatter pattern, 
and this is further complicated as the TNM and 
various national and international guidelines dif-
fer in their approach to what is measured (70, 86). 
The original approach was applied in TNM 6th edi-
tion (20). Where there is a single lesion present on 
pre-treatment imaging and the tumour cells are 
present within a reactive stromal tumour bed, then 
the residual disease is treated as a single tumour 
with the maximum extent being the area involved 
by all the residual islands of tumour cells including 
intervening stroma; i.e. residual islands of tumour 
cells, although separated, are treated as a single le-
sion and measured together (Figure 3, Table 1). As 
above, tumour bed beyond the residual invasive 
foci is not included. This is the tumour size mea-
surement used to calculate the RCB, and adopted 

by the U.K. Royal College of Pathologists (87, 88), 
and has been shown to correlate with survival (16). 

The method of size measurement was amend-
ed in  7th edition TNM, whereby if the residual 
tumour consists of multiple nests in a fibrotic 
stroma, the largest contiguous focus of invasive 
carcinoma is measured and used for ypT staging, 
with the ‘m’ modifier to indicate multiple tumour 
foci are present (18, 19). So in simple terms, the 
largest single tumour focus is measured and this 
is used for TNM staging; other foci and the as-
sociated stromal background are NOT included. 
Confusion arises in what precisely is meant by a 
‘contiguous focus’, and an element of practical 
judgement is required. My approach is to look at 
the way the residual disease is distributed across 
the tumour bed; if there are discrete foci situated 
some distance from each other, I regard them as 
separate foci and measure them individually. If the 
tumour foci are distributed relatively evenly across 
the tumour bed, then I measure it as a single large 
focus (Figure 3). For this situation, a more detailed 
descriptive report including both measurements is 
often best; for example ‘Residual invasive carcino-
ma is present as scattered islands of cells extending 
across a tumour bed 52 mm by 36 mm, the larg-
est single focus measuring 16 mm in maximum 
dimension’. This scenario would have a T classi-
fication of ypT1b(m). When there were multiple 
tumours present on pre-treatment imaging, the 
residual tumour foci are separated by intervening 
normal breast tissue, or are morphologically dis-
tinct with different grade and/ or histological sub-
type, then they should be regarded as distinct tu-
mour foci and measured independently. Response 
should be assessed separately for each focus.

Evaluation of nodal metastases can also be 
more complex post NACT. The number of posi-
tive nodes, the size of the largest metastatic de-
posit measured microscopically and the presence 
of extracapsular extension should be reported. 
The presence of fibrosis or evidence of regressed 
metastatic disease should be documented; metas-
tasis with complete regression has an intermediate 
prognosis to a true negative axilla, and an estimate 
of the number of positive nodes pre-treatment will 
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influence decisions to give adjuvant regional radio-
therapy (70). If a node was clipped pre-treatment, 
then presence of the clip site should be document-
ed and specific comment made as to presence of 
residual disease and treatment effect in the clipped 
node. As with the primary tumour, there is a lack 
of agreement in how to measure disease in this 
setting that generates confusion amongst patholo-
gists. In the 6th and 7th edition TNM the approach 
was to measure the size of the entire area involved 
by metastatic tumour including intervening fibro-
sis (18, 20); as in the breast, this is the distance be-
tween tumour cells, and fibrous tissue extending 
beyond metastatic tumour cells is excluded. This 
is also the maximum metastasis size measure-
ment used for calculating the RCB, and has been 

associated with survival (71, 72, 74). The 8th edi-
tion TNM has changed the method of measuring 
metastases to the size of the largest contiguous fo-
cus in the node not including tumour associated 
fibrosis (19). According to the definition in adju-
vant disease, a contiguous focus is tumour cells 
directly in contact with one another without inter-
vening lymphocytes. When there has been good 
response to NACT, residual metastatic disease is 
often present as scattered single cells within a reac-
tive fibrous background and this is now defined as 
ITCs under the 8th edition (Figure 5). This could 
potentially downstage nodal involvement in a sig-
nificant number of patients, and again an element 
of clinical judgement is required. My personal ap-
proach, as with the primary tumour, is to look at 

Figure 5. Lymph node post chemotherapy showing an area of fibrosis containing scattered single cells and small clusters, 
classified as isolated tumour cells in the 8th edition TNM: A) Low power H&E showing area of fibrosis; B) Low power cytokera-
tin stain highlighting distribution of residual tumour cells; C-D) Higher power images of residual tumour cells (bold arrows) 
on H&E (×40 magnification). 
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ITCs are handled the same way as in the adjuvant 
setting in the TNM Staging System and are classed 
as node negative [ypN0(i+)] (19), whereas in the 
UK reporting guidelines nodes containing ITCs 
should be counted as positive (87). Regardless of 
whether they are considered positive or negative, 
ITCs post NACT represent tumour cells that have 
persisted despite systemic therapy and have dif-
ferent significance to the adjuvant setting and it 
is agreed they should not be regarded as axillary 
pCR. There is considerable evidence that the pres-
ence of any residual tumour cells in the axillary 
lymph nodes following NACT, even in the form of 
ITCs, is associated with worse prognosis (72-74). 
In a recent series examining a US National Can-
cer Database (NCD) cohort, ITCs were associated 
with poorer survival outcomes with 83% 5 year 
OS compared with 89% for ypN0; this was present 
in patients that were cN0 and cN1 pre-treatment 
(66% and 81% increase in mortality respectively), 
with the greatest impact on TNBC (89). 

Assessing Response

Whilst early clinical trials showed a drop in pro-
portion of cases classified as pCR following cen-
tral histology review compared with local reports 
(90), our own experience with the ARTEMIS trial 
showed excellent agreement between source labo-
ratory reports and central review with respect to 
pCR (91). However, in an audit of local pathology 
reports as part of the trial, only 45% of reports in-
cluded an assessment of tumour response in the 
breast, dropping to 30% for response in the axil-
lary lymph nodes (92). A similar review of exter-
nal pathology reports is being undertaken as part 
of the UK multicentre PARTNER trial, and whilst 
most reports now include a general comment on 
presence or absence of response in both the pri-
mary tumour and axillary nodes, the majority still 
do not incorporate formal grading of response 
(unpublished data).

There are two main approaches to assessment 
of residual disease post NACT. The first examines 
actual response by comparing tumour cellularity 
before and after treatment. Response to NACT is 

Figure 6. Schematic diagram illustrating measurement of 
metastases post neoadjuvant chemotherapy. Hatched area 
represents associated fibrosis. A) Single metastatic focus 
within area of fibrosis. Measure extent of tumour only, not 
background fibrosis extending beyond tumour. B) If mul-
tiple separate foci of tumour, with or without fibrosis, them 
measure the largest single focus. C) Scattered metastatic 
foci in a single area of fibrosis: a) size of largest single contig-
uous cluster of cells excluding background fibrosis used for 
TNM staging (black line); b) maximum size including all foci 
and intervening fibrosis (red line) used to calculate the RCB.

the pattern of spread of the tumour cells across the 
metastatic deposit; if they form discrete foci a dis-
tance apart then these should be measured indi-
vidually, however if they are evenly dispersed cells/
foci across the area of fibrosis I measure the entire 
lesion as a single deposit (Figure 6).

The interpretation of ITCs is a particular source 
of controversy in the neoadjuvant setting (70). 

A

B
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often accompanied by a reduction in tumour cel-
lularity, and this is associated with improved sur-
vival outcomes. Comparison between pre and post 
treatment cellularity forms the basis for several 
grading systems of response, including the Che-
vallier, Sataloff, Miller-Payne and Pinder systems 
(93-96). The second approach is quantification of 
residual disease post NACT by looking at inva-
sive tumour size and cellularity, the main example 
of which is the RCB proposed by Symmans et al. 
(71). Newer systems such as the Neo-Bioscore 
have been developed that incorporate tumour 
molecular profile and biomarkers such as Ki67, al-
though these are currently not in widespread use 
(60, 97, 98). The different systems have advantages 
and disadvantages and at present there is no one 
universally agreed system; readers are referred to 
review articles comparing the different systems 
(99-101). The important thing for pathologists is 
to work closely with their oncology colleagues to 
agree which system to use. 

Residual Cancer Burden

The RCB is presently the most widely used system 
and will be described in more detail; it has been 
well validated, is simple and reproducible (91, 102, 
103), and shows a strong association with survival 
outcomes across all molecular subtypes. As a re-
sult the RCB has been incorporated in the soon to 
be released International Collaboration on Cancer 
Reporting (ICCR) minimum dataset for breast pa-
thology reporting post NACT. The RCB website 
provides detailed instructions on how to assess the 
RCB score, including macroscopic specimen han-
dling, a visual guide to estimating the percentage 
of residual tumour cells, and an online calculator 
that provides both the numerical RCB score and 
RCB class (88). 

The RCB incorporates four variables; maxi-
mum invasive tumour size measured in two di-
mensions, average residual invasive tumour cel-
lularity, number of positive lymph nodes and size 
of largest metastasis. There are several important 
things to note when making measurements for 
the RCB. The website refers to primary tumour 

bed area; ‘tumour bed area’ refers to the size of 
the residual invasive cancer, i.e. the greatest dis-
tance between invasive tumour cell foci (Figure 
3). Background stromal changes such as reactive 
fibrosis or DCIS that extends outside the limit of 
the invasive tumour are not included. It is not nec-
essary to measure the area of stromal change, just 
the dimensions of the residual invasive disease. 
Second, the invasive tumour dimension for the 
RCB includes intervening background stroma, i.e. 
include fibrosis between invasive tumour cell foci.  
If there are scattered islands of tumour cells across 
the tumour bed you measure the total size across 
all the islands as a single lesion, unless there are 
multiple separate primary tumours. This is differ-
ent to the size measurement for TNM staging from 
the 7th edition onwards, described above (Table 1, 
Figure 3). Similarly, when evaluating cellularity, 
the entire tumour area including intervening fields 
with no tumour should be assessed to calculate the 
average, not just fields that contain tumour cells. 

There are similar caveats in evaluating the 
nodal disease. The total nodal count includes all 
nodes that contain tumour cells including nodes 
with ITCs only, although these are not regarded 
as positive nodes for TNM staging. As with inva-
sive tumour, the size of the largest metastasis is the 
greatest distance between tumour cells within a 
lymph node including background reactive fibro-
sis between metastatic tumour cell islands, but not 
fibrosis that extends outside the metastasis. Again, 
this is different to how metastases are measured 
according to the 8th edition of the TNM (Table 1, 
Figure 6)

These values are combined in an algorithm 
available online that calculates a continuous nu-
merical score, and places residual tumour in 3 
classes with class I representing MRD and class III 
extensive residual disease. Although class I cor-
relates with excellent response and class III with 
poor response, this system is not strictly a measure 
of response as cellularity in this case is absolute 
cellularity post treatment rather than the change 
in cellularity. Indeed low cellularity post-treat-
ment does not necessarily equate with response as 
some cancers, e.g. lobular cancers, are hypocellu-
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lar to begin with. Cellularity is heavily weighted in 
the algorithm, so small tumours with a high cel-
lularity will often end up as RCB II, whereas larger 
tumours with low cellularity can still be RCB I.

As mentioned, both RCB class and the RCB 
score as a continuous variable show an associa-
tion with survival outcomes across all molecular 
subtypes, although the nature of the relationship 
varies by subtypes (14). Early data suggested for 
TNBC, patients that achieve RCB I have an excel-
lent prognosis similar to that of pCR. A more re-
cent multicentre pooled analysis with larger num-
bers has shown a linear relationship between RCB 
and BCSS, with a small but significant difference 
between pCR and RCB I (15). In contrast, for ER-/
HER2+ patients the curve has a slightly different 
shape with a steeper rise at low levels of residual 
disease that plateaus out across higher RCB scores 
suggesting even small volumes of residual disease 
has an adverse prognosis for this subtype. ER+/
HER2- cancers had the opposite profile with the 
curve rising slowly across low volumes of residual 
disease and a steeper rise beginning in RCB II. The 
relationship between residual disease and survival 
in ER+/HER2- cancers has been a source of con-
troversy, with these tumours having a relatively 
favourable prognosis despite low pCR rates and a 
poorer correlation between residual disease and 
survival outcomes; this data confirms the prognos-
tic relevance of RCB for this subtype, and molecu-
lar type-specific RCB class cut-offs could improve 
clinical accuracy. This highlights the importance 
in considering molecular subtype when assessing 
residual disease, and the future need for a com-
bined system including anatomical residual dis-
ease extent and tumour biological characteristics.

Whilst ypAJCC and RCB staging both provide 
a quantitative assessment of residual disease and 
show an association with survival outcomes, an 
analysis of cases from the I-SPY-1 trial showed a 
discrepancy in classification in up to one third of 
cases using 7th edition TNM (104). Of 55 discrep-
ant cases, 36 had a higher RCB class, and 19 had a 
higher ypAJCC stage. The source of discrepancy 
was weighting of lymph node involvement and tu-
mour cellularity in the RCB. For example, a small 

tumour with high cellularity will be low AJCC 
stage but RCB class II, and conversely a large tu-
mour with low cellularity will have a higher stage 
but a relatively low RCB score. For discrepant cas-
es, if residual disease was RCB or ypAJCC stage 3 
there was a poor outcome suggesting the two sys-
tems are complementary.

Management of the Axilla

In patients that are axillary node negative pre-
treatment, the safety and accuracy of SLNB post 
NACT has now been established in several large 
series with identification (IR) and false negative 
rates (FNR) comparable to the adjuvant setting. A 
meta-analysis found IR of 93-97%, a FNR of 6% 
and axillary recurrence rates of 2% (105). In pa-
tients with proven positive axillary lymph nodes 
pre-NACT surgical management of the axilla is 
still subject to debate. Early series showed huge 
variation in results, with one meta-analysis find-
ing an IR of 68-100% with a pooled FNR of 11%, 
although the FNR was as high as 33% in individual 
studies (106). However, the reliability of SLNB in 
node positive patients has now been examined in 
several prospective clinical trials, and with better 
patient selection and the evolution of targeted axil-
lary sampling techniques is yielding more promis-
ing results. 

Early evidence came from the NSABP-B27 tri-
al, where a subset of 428 patients underwent SLNB 
followed by ALND; the SLN was positive in 36%, 
and in 56% was the only positive node (107). The 
FNR was 12% for patients that were cN1-2, and 
in patients with breast pCR this fell to 2%. Sub-
sequently, the ACOSOG Z1071 trial specifically 
addressed the question of post NACT SLNB in 
patients with biopsy proven axillary metastases 
with no prior axillary surgery (108). Patients un-
derwent SLNB followed by completion ALND; the 
overall nodal pCR rate was 41%, rising to 49% in 
TNBC and 65% for HER2+ disease, and in 21% 
residual nodal disease was confined to the SLN. 
The overall FNR was 12.6% which fell short of the 
study target of 10%, however if dual mapping with 
blue dye and radioisotope was used the FNR fell 
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to 11%, and if 3 or more nodes were sampled the 
FNR was only 9% compared with 21% for 2 nodes 
and 31% if one node was removed. The SN FNAC 
study looked at SLNB in node positive patients, 
with immunohistochemistry (IHC) undertaken 
on all negative nodes; the FNR was 13%, which 
fell to 8% when nodes with ITCs were regarded as 
positive (109). A subset analysis of Z1071 utilizing 
IHC found a similar FNR of 9%.

The Europe-based SENTINA study had a more 
complex design including both cN0 and cN1 dis-
ease. Patients that were cN1 proceeded directly to 
post NACT SLNB, with an IR of 80% and a FNR of 
14%. cN0 patients had a pre chemotherapy SLNB, 
and if positive had a second attempt at SLNB post 
NACT with ALND (110). The second line SLNB 
had an IR of 60% and a FNR of 52%, showing re-
peat SLNB has a poor success rate. 

Within Z1071, a substudy of 170 patients ex-
amined the role of clipping the biopsied node and 
identifying the clip at the time of SLNB. The clip 
was present in a SLN in 76% of cases with a FNR 
of 7%, however in the remaining 24% where the 
clip was in a non-SLN the FNR was 19% (111). In 
41% the clipped node was the only positive node. 
This has led to the evolution of targeted axillary 
sampling techniques, where the biopsied node is 
clipped or otherwise labelled and localised at the 
time of surgery and/ or at least 3 SLN are removed 
following dual localisation, achieving acceptably 
low FNR. 

In a series of 12 patients, Caudle et al. clipped 
the positive biopsied node then placed a radioac-
tive 125I seed before surgery to localise the clipped 
node; five underwent SLN, which included the 
clipped node in 4 patients (112). A total of 9 pa-
tients including the SLN group had an ALND; 4 
had residual metastatic disease and the clipped 
node was positive in all cases. In a larger follow up 
series, removing the clipped node gave a FNR of 4%, 
which fell to 2% when combined with SLNB (113). 
In a similar approach, a Dutch group used 125I seed 
to label the positive node at the time of diagnosis, 
termed the MARI procedure (Marking the Axillary 
lymph node with Radioactive I) then removed the 
labelled node alone with a FNR of 7% (114). 

The Mayo Clinic group reported 38 SLNB af-
ter clipping the biopsied node; 25 had a 125I seed 
placed in the clipped node, 9 had no preoperative 
localisation of the clip, and 4 had no documenta-
tion (115). In the 25 patients with the 125I seed, 
the labelled node was successfully identified pre-
operatively in 20; in the remaining 14 where the 
seed was not localised or localisation was not at-
tempted, the clipped node was found in 11. Over-
all, the IR for the clip was 78% with a FNR of 3%. 
The same group had trialled using HydroMARK 
gel clips to mark the biopsied node but found these 
were no longer visible following NACT, however 
in the Spanish ILINA trial placement of Hydro-
MARK clips with intraoperative US successfully 
localised the clipped node in 96% of cases, with a 
4% FNR when combined with SLNB; in all cases 
the clipped node was positive except one false neg-
ative case where both clipped node and SLN were 
negative (116). 

In a separate single institution series of 630 cN1 
patients without clipping of the positive node, 91% 
converted to cN0 post NACT and proceeded to 
SLNB (117, 118). Three or more SLNs were mapped 
in 93% of cases, regarded as adequate mapping, 
with 7% having less than 3 nodes identified and 
complete failure in 2%. Unsuccessful mapping was 
associated with high body mass index and pres-
ence of LVI. In patients with successful mapping, 
41% had nodal pCR and were able to avoid ALND, 
by molecular subtype 20% of HR+/HER2-, 44% 
of TNBC, 55% of HR+/HER2+ and 78% of HR-/
HER2+.  Of note, 43% of patients with unsuccess-
ful mapping also achieved an axillary pCR. Other 
predictors for avoiding ALND included ductal or 
apocrine histological subtype (44% and 50% ver-
sus 17% for lobular cancers), grade 3 cancers (54% 
versus 24% for grade 2 and 14% for grade 1) and 
absence of LVI (78% versus 22%). Grade 3, molec-
ular subtype and presence of LVI remained signifi-
cant predictors of ALND on multivariate analysis. 
This supports the conclusion from an earlier study 
that clipping the biopsied node is not required if 
there is thorough SLN technique with dual label-
ling and removal of 3 or more nodes at the time of 
SLNB (119). 
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The ISPY-2 trial group have published guid-
ance on surgical management of the axilla for use 
in clinical trials that is generalizable to routine 
practice (3). For cN0 patients, SLN with removal 
of at least 2 nodes is advised. For proven node pos-
itive patients, the biopsied node should be marked 
at the time of diagnosis with SLN or ALND after 
completion of NACT. Where SLN is performed, 
dual tracer mapping of the SLN is required with 
identification and removal of the clipped node. If 
the node was not clipped, a minimum of 2 SLNs 
must be removed. If the SLN is positive ALND is 
advised but not mandated; however, if RCB calcu-
lation is part of the trial then completion ALND is 
needed to determine the RCB score. In multidis-
ciplinary UK guidelines, in patients with a posi-
tive axilla SLN may be considered post NACT but 
dual mapping with removal of four nodes is ad-
vised (120). If any residual disease including ITCs 
is identified then ALND is recommended.

Of note, a recent review of the US NCD has 
shown an increase in adoption of SLNB for cN+ 
patients post NACT from 32% in 2012 to 49% in 
2015, with SLNB more frequent in younger pa-
tients, TNBC or HER2+ disease, and following 
BCS (5). Of concern, follow up ALND was not 
performed for 37% of patients with ITCs (21% in 
2012 increasing to 49% in 2015), 24% with mi-
crometastases (19% in 2012 to 31% in 2015) and 
13% with ypN1 macrometastases. This is despite 
clinical guidelines recommending ALND for any 
residual nodal disease including ITCs post NACT 
due to a lack of clinical evidence on safety of omis-
sion of ALND. Studies post NACT show higher 
FNR with additional non-SLN positivity in 17% 
of cases with ITCs, 64% with micrometastases 
and 62% with macrometastases (121). There is 
evidence showing worse DFS for ypN0(i+) and 
ypN1(mic) (1.9 and 2.2 times increased mortality 
respectively); this was true for both cN0 and cN1 
disease, with the greatest impact of low volume re-
sidual nodal disease in TNBC and HER2+ cancers 
(89). Using NCD data, Almahariq et al. showed 
inferior survival outcomes in ypN1 patients that 
underwent SLNB alone with regional nodal irra-
diation, with 71% 5 year OS compared with 77% 

in those that had ALND (122). There is still limited 
data on LRR rates in patients who achieve axillary 
pCR post NACT. The study of Pitilin et al. found 
17 LRR in 602 patients after 34 months of follow 
up, 3 in patients that were ypN0; of interest none of 
the 9 patients with ITCs had a LRR (123).  

Results of two ongoing clinical trials are await-
ed. The NSABP B-51/RTOG 1304 trial is looking 
at the oncological safety of SLNB alone in node 
positive patients that revert to node negative post 
NACT, and is randomising patients to regional 
nodal irradiation versus no further axillary thera-
py. In contrast, the Alliance 11202 trial will exam-
ine the group of women with positive SLNB post 
NACT and randomise them to nodal radiotherapy 
versus ALND. Of note, both trials regard women 
with ITCs as node negative so will not provide 
direct evidence as to the need for further axillary 
therapy in this important subset of patients.

A rare clinical scenario is presentation with 
axillary nodal disease and no identifiable primary 
breast tumour. A recent study looking at 28 wom-
en with occult primary breast cancer found a pCR 
rate of 80%, 93% in those with cN1 disease, sug-
gesting that SLN alone post NACT may be an op-
tion for these patients (124). Interestingly, looking 
at the molecular subtypes the pCR rate was 50% 
in ER+/HER2- tumours, 88% for TNBC and 100% 
for HER2+ disease, higher than for women with 
an identifiable breast primary in most series. One 
proposed theory is this represents a subset of tu-
mours that invoke a strong immune response with 
regression of the primary disease, and immune 
therapies may be a future treatment option for 
these patients.

Conclusion

In conclusion, NACT is now routine breast cancer 
management. Assessment of response is becoming 
increasingly important in adjuvant therapy deci-
sions, and more than ever the pathologist plays a 
vital role in patient care. Management of the ax-
illa remains controversial but there is growing evi-
dence supporting the safety of SLNB in previously 
node positive patients, however even minimal re-
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sidual nodal involvement in the form of ITCs and 
micrometastases has adverse prognostic signifi-
cance and clinical evidence for the safety of omit-
ting ALND in these patients is currently lacking.
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Abstract
The aim of this paper is to review morphologic, immunophenotypic, and molecular features of classic Hodgkin lymphoma, as 
well as different prognostic markers in this neoplasm. Classic Hodgkin lymphoma (CHL) accounts for 15-25% of all lymphomas 
in the Western world. The hallmark of this disease is the neoplastic Hodgkin/Reed-Sternberg (HRS) cell, which is favored to 
be derived from germinal center B-cells but has lost many of the B-cell markers. HRS cells are scattered within a dense inflam-
matory infiltrate, and through a network of cytokines and chemokines they shape their microenvironment, evade immune 
response, survive, and grow. In the last two decades multiple prognostic markers related to HRS cells, the microenvironment 
or both, have been evaluated in patients with CHL. They include clinical, immunohistochemical, cytogenetic, and molecular 
markers that can predict survival and identify high-risk patients who will likely relapse after therapy. More recently, circulating 
tumor DNA analysis by next-generation sequencing has opened new avenues for diagnosis and disease monitoring after therapy. 
The increased understanding of molecular mechanisms underlying CHL pathogenesis has led to successful implementation 
of novel therapies, such as anti-PD-1 antibodies, which are becoming a mainstay of treatment in relapsed/refractory patients. 
Conclusion. Currently, pathologic prognostic markers are not routinely assessed at initial diagnosis of CHL. However, as more 
therapies become available, it will be important to identify patients with high-risk disease who may benefit from more intense 
or targeted therapy upfront.

Key Words: Classic Hodgkin Lymphoma  Prognostic Markers  Immunohistochemical Markers  Tumor Microenvironment  
Epstein-Barr Virus.

Introduction
Hodgkin lymphoma is a common lymphoma 
in the Western world accounting for 15-25% of 
all lymphomas. This group is comprised of two 
morphologically and immunophenotypically dis-
tinct entities – classic Hodgkin lymphoma (CHL) 
which accounts for over 90% of cases and nodu-
lar lymphocyte predominant Hodgkin lymphoma 
(1, 2). Although “Hodgkin’s disease” was first re-
ported nearly 200 years ago and Hodgkin/Reed-
Sternberg (HRS) cells were described at the turn 
of the 20th century, the nature of this disease (i.e. 
neoplastic vs. infectious/inflammatory) remained 
a mystery for a long time (3, 4). The B-cell origin 

of HRS cells was finally elucidated in the 1990s 
and the new terminology “Hodgkin lymphoma” 
was included in the Revised European American 
Lymphoma (REAL) Classification (5-7). Since 
then, CHL has been a focus of extensive research 
which paved the way for better risk stratification 
and novel therapies.

Classic Hodgkin lymphoma has a bimodal age 
distribution, with the first peak from 15 to 35 years 
of and the second after 55 years of age. In resource-
poor countries, however, the first peak occurs ear-
lier in childhood. The overall male-to-female ra-
tio is 1.5:1, but females have higher incidence of 
nodular sclerosis subtype of CHL (2, 8-10). Clini-
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cally, CHL mainly involves lymph nodes, most fre-
quently above the diaphragm with cervical, medi-
astinal, axillary, and supraclavicular lymph node 
chains being most commonly affected. In a subset 
of patients, extranodal tissues are involved, such 
as spleen, lungs and liver (2, 10). Bone marrow 
involvement is uncommon, occurring in approxi-
mately 5% of patients and is more common in the 
elderly and HIV positive patients (11). So-called 
“B-symptoms” such as fever, weight loss and night 
sweats are seen in 30-40% of patients (10). Mod-
ern therapy of CHL is based on risk stratification 
with a goal of curing the patient while minimizing 
acute toxicity and long-term complications, the 
most feared being malignancy such as acute leuke-
mia and myelodysplastic syndrome (12). Imaging 
studies, specifically fluorodeoxyglucose positive 
emission tomography (FDG-PET) is used in stag-
ing as well as during treatment to assess response 
to chemotherapy and plan further treatment (13). 
For early stage CHL, the standard treatment in-
cludes ABVD (doxorubicin, bleomycin, vinblas-
tine, dacarbazine) chemotherapy with or without 
involved-field radiation therapy. Even though, 
compared to many lymphomas, CHL has a very 
good prognosis and high cure rates, 10-30% of pa-
tients will experience relapse and 5-10% are refrac-
tory to initial treatment. The management of these 
patients is challenging and includes high-dose 
chemotherapy, autologous stem cell transplant, as 
well as anti-CD30 antibody brentuximab vedotin, 
and more recently anti-PD-1 antibodies, such as 
pembrolizumab and nivolumab (12, 14-16). 

The current World Health Organization 
(WHO) Classification requires integration of all 
available information – morphology, immuno-
phenotype, genetic, and molecular information, as 
well as clinical features, in order to properly classi-
fy lymphomas. Moreover, additional studies to as-
sess prognostic markers are frequently performed, 
particularly in non-Hodgkin lymphomas, as they 
help guide clinicians in choosing the most appro-
priate course of therapy (2). Prognostic markers 
in CHL are currently not routinely assessed by 
pathologists, but as more therapies become avail-
able, there will likely be a push to identify patients 

with more aggressive disease who would benefit 
from more intense or combined therapy upfront. 
Prognostic markers in CHL include clinical mark-
ers, which differ for early and advanced stage dis-
ease. The presence of a bulky mediastinal mass, 
involvement of multiple nodal sites, extranodal in-
volvement, massive splenic disease, age ≥50 years, 
and elevated sedimentation rate are predictors of 
poorer outcome in early stage CHL (17). For ad-
vanced disease, the International Prognostic Score 
(IPS) that incorporates seven clinical variables is 
used (18, 19). The most frequently used pathologic 
prognostic markers are immunohistochemical 
markers, due to their wide availability, relatively 
easy interpretation and low price compared to 
other methods. Molecular methods used in prog-
nostication most frequently include high-reso-
lution array comparative genomic hybridization 
(aCGH), gene expression profiling (GEP) and next 
generation sequencing (NGS). These methods are 
still not widely available as they require substan-
tial expertise and are relatively expensive. Over the 
past two decades, numerous studies in the litera-
ture have addressed prognostic markers in CHL. 

This review will summarize the most relevant 
pathologically-determined prognostic markers.

Histopathologic Characteristics and 
Immunophenotype 

Classic Hodgkin lymphoma is histologically char-
acterized by HRS cell and its variants, that usually 
comprise less than 1% of cellular infiltrate, scattered 
in a mixed inflammatory background. Hodgkin/
Reed-Sternberg cell has two or multiple nuclei with 
open chromatin, accentuated nuclear membrane, 
and prominent eosinophilic nucleoli. Morphologic 
variants of HRS cells include mononuclear Hodg-
kin cells, degenerated mummified cells and lacunar 
cells, which show shrinkage artifact (i.e. lacunae) in 
the formalin-fixed tissue. WHO classification rec-
ognized four morphologically distinct subtypes of 
CHL – nodular sclerosis (50-80% of cases), mixed 
cellularity (20-30% of cases), lymphocyte-rich (5% 
of cases), and lymphocyte-depleted (1% of cases). 
These subtypes are associated with different clini-
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cal presentations and are differently represented 
among varied age groups (2, 10). 

Nodular sclerosis CHL, the most common sub-
type in the Western world, typically presents as a 
mediastinal mass in young adults. Histologically, 
lymph nodes show nodular pattern of effacement 
with cellular nodules surrounded by thick fibrotic 
bands. The infiltrate is composed of scattered la-
cunar cells (as well as other HRS variants), which 
sometimes form clusters and sheets, in a mixed in-
flammatory background composed of small lym-
phocytes, plasma cells, histiocytes, eosinophils, 
and neutrophils (Figure 1A and 1B). Mixed cellu-
larity CHL is more commonly seen in the elderly 
population, among patients with HIV infection, as 
well as in the pediatric population in developing 
countries. Notably, around 75% of 
cases are associated with Epstein-
Barr virus (EBV). Histologically, 
lymph node shows diffuse efface-
ment by infiltrate composed of 
scattered HRS cells in an inflam-
matory background (Figure 1C 
and 1D). Lymphocyte-rich sub-
type is relatively rare and patients 
frequently present in early clinical 
stages. Lymph node is effaced in 
nodular, or less frequently diffuse 
pattern, and HRS cells are seen in 
a background composed mainly 
of small lymphocytes, hence the 
term “lymphocyte-rich”. In the 
nodular pattern, small/regressed 
germinal centers are usually seen 
in the nodules with HRS cells/
variants in the expanded mantle 
zones (Figure 1E and 1F). Lym-
phocyte-depleted subtype, the 
rarest of all, is associated with 
aggressive clinical behavior, and 
often with HIV infection. His-
tologically, it is characterized by 
sheets of neoplastic cells, some-
times with prominent fibrosis, 
with scarce inflammatory cells in 
the background (2, 20).

Table 1. Immunohistochemical Profile of Classic Hodgkin 
Lymphoma

Positive markers Negative or rarely positive markers

CD30 CD19

CD15 CD79A

PAX5 (dim) PU.1

CD20 OCT-2

MUM1 BOB.1

Fascin CD10

LMO2 BCL6

HGAL CD45

CD25 CD43

Vimentin EMA

- ALK

- Cytokeratin

Figure 1. Nodular sclerosis subtype of classic Hodgkin lymphoma showing lymph 
node effacement by cellular nodules surrounded by thick fibrotic bands (A); in-
filtrate is composed of scattered lacunar cells in the inflammatory background 
(B). In mixed cellularity subtype of classic Hodgkin lymphoma there is a diffuse 
infiltrate composed of scattered RS cells in the inflammatory background (C, D). 
Lymphocyte-rich subtype of CHL showing neoplastic nodule composed almost 
entirely of small lymphocytes (E); CD30 immunohistochemical staining high-
lights scattered RS cells. (A-H&E, original magnification ×10; B and D-H&E, original 
magnification 400; C-H&E, original magnification ×200; E-H&E, original magnifi-
cation ×100; F-CD30 immunohistochemical stain, original magnification ×200).
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Molecular and Cytogenetic Features

Hodgkin/Reed-Sternberg cells likely originate 
from germinal center B-cells and show monoclo-
nal immunoglobulin heavy-chain gene rearrange-
ments. In some cases, there is “crippling” somatic 
hypermutation of this gene that would typically 
lead to the death of the cell by apoptosis; such 
cells are rescued by oncogenic mutations and/
or EBV. Another mechanism contributing to the 
survival of these cells that are otherwise destined 
to die is the loss of most B-cell surface proteins, 
as well a B-cell transcription factors PU.1, OCT-
2 and BOB.1 (5, 7, 29, 34-36). This loss of B-cell 
phenotype is due to epigenetic silencing of B-cell 
program regulators, promoter hypermethylation, 
and upregulation of ID2 and NOTCH1, which are 
transcriptional antagonists (37-40). Given these 
unique molecular features of neoplastic HRS cells, 
including loss of B-cell receptor (BCR) which nor-
mally leads to apoptosis in mature B cells, they 
are dependent on multiple alternate pathways for 
survival. Major genetic alterations in CHL are 
summarized in Table 2. Constitutive activation of 
NF-κB and JAK-STAT signaling pathways are the 
main genetic features of CHL. Canonical and non-
canonical NF-κB pathways are activated through 
several mechanisms, including mutations in nega-
tive regulators (TNFAIP3, NFKBIE, NFKB1A) as 
well as amplifications, chromosomal gains and 
structural rearrangements that affect gene loci for 
MAP3K14, REL, and BCL3 and lead to increased 
activity (41-46). The JAK-STAT pathway is most 
commonly activated by amplification of JAK2 gene 
(9p24.1) and mutations and deletions in negative 
regulators (SOCS1 and PTPN11). Activation leads 
to increased phosphorylation of STATs, including 
STAT3, STAT5 and STAT6 and increased tran-
scription of downstream targets (47-52). Other 
important deregulated pathways in CHL include 
NOTCH and PI3K-AKT (53). More recent ge-
nomic studies showed that cases of refractory CHL 
show TP53 mutations, as well as mutations of epi-
genetic regulators EP300 and CREBBP (54-56). 

Table 2. Major Genetic Alterations in Classic Hodgkin 
Lymphoma

NF-κB

Mutation – loss of function 

TNFAIP3

NFKBIE

NFKB1A 

Amplification

MAP3K14

REL

BCL3

JAK-STAT

JAK2 (amplification – 9p24.1)

Mutation – gain of function  

JAK1

JAK3

STAT3

STAT5B

STAT6

Mutation – loss of function  

SOCS1

PTPN11

Immune Escape (evasion)

PDL-1/2 (amplification – 9p24.1)

Mutation – loss of function  

TNFRSF14

CD58

B2M

CIITA (translocation)

NOTCH

NOTCH 1

NOTCH 2

FBXW7

SPEN

PI3K-AKT

GNA13

ITPKB

Tumor Microenvironment and Immune Evasion 
by Reed-Sternberg Cells

Malignant HRS cells are embedded in a dense re-
active microenvironment composed of lympho-
cytes, plasma cells, macrophages, eosinophils, 
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neutrophils, mast cells, and stromal cells. Through 
very complex interaction with their microenvi-
ronment, mediated by cytokines and chemokines, 
HRS cells evade immune response, survive and 
grow (Figure 2) (57-60). The most abundant cells 
in the microenvironment are CD4+ T cells, mainly 
T helper 2 (TH2) and T regulatory (Treg) cells that 
express CCR4 receptor; however, the dominance 
of TH2 cells has recently been questioned and 
TH1 cells may be more important. Several che-
mokines, such as thymus and activation-related 
chemokine (TARC) and macrophage-derived che-
mokine (MDC), as well as CCL5 are secreted by 
HRS cells and attract TH2 and Treg cells via CCR4 
receptor (59, 61-64). Macrophages are another 
very important cell subset in CHL microenviron-

ment and were found to be prognostically relevant. 
The major cytokines produced by HRS cells that 
attract macrophages and enhance their function 
are interferon gamma, CSF1 and CXCL13. Mac-
rophages, on the other hand, secrete macrophage 
migration inhibitory factor (MIF), which contrib-
utes to proliferation of RS cells (59, 65-67). 

So-called “immune evasion” of HRS cells oc-
curs through multiple mechanisms. Programmed 
death protein-1 (PD-1) is expressed in on activat-
ed T cells, B cells, macrophages, NK cells, Tregs 
and follicular T cells. Malignant cells of CHL 
highly express programmed death ligand-1 (PD-
L1) and programmed death ligand-2 (PD-L2). 
PD-1/PD-L1 binding leads to crosslinking of the 
antigen-T-cell receptor (TCR) complex with PD-1 

Figure 2. Complex interaction between neoplastic HRS cells and their microenvironment, mediated by cytokines and che-
mokines. APRIL, a proliferation-inducing ligand; BCL, B lymphocyte chemoattractant; BCMA, B-cell maturation antigen; CC, 
chemokine (C-C motif ); CSF-1, colony stimulating factor-1; CXC, chemokine (C-X-C motif ); FASL, Fas ligand; FGF, fibroblast 
growth factor; Gal-1, galectin-1; IFN-γ, interferon-γ; IL, interleukin; MDC, macrophage-derived chemokine; MIF, macrophage 
migration inhibitory factor; PDL1, programmed cell death 1 ligand; TARC, thymus and activation-related chemokine; TGF-β, 
transforming growth factor-β; TH, T helper cell; TNF, tumor necrosis factor; TNFR, tumor necrosis factor receptor; Treg, T 
regulatory cell; VEGF, vascular endothelial growth factor
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which results in attenuation of TCR-associated 
downstream signaling, decreased cytokine pro-
duction, and inhibition of T-cell proliferation. In 
CHL, copy number gains in PD-L1 and PD-L2 
(9p24.1) are the main mechanisms for increase in 
PD-1 protein expression on malignant HRS cells. 
This leads to T-cell exhaustion (i.e. reduced T-cell 
activation, suppression of T-cell proliferation and 
cytokine production) in tumor microenvironment 
and contributes to immune escape (51, 68-74). 
Furthermore, amplification of 9p24.1 also results 
in JAK2 copy gain, increased JAK-STAT signal-
ing, and increase in PD-1 ligand expression (51). 
Anti-PD-1 blocking antibodies have been suc-
cessful in prolonging survival of patients with re-
lapsed/refractory CHL (12, 15, 16). Other genetic 
lesions that contribute to immune evasion of RS 
cells include translocations of the MHC class II 
transactivator (CIITA) gene, which result in gene 
inactivation, and downregulation of HLA class II 
molecules, as well as increased surface expression 
of PD-L1/L2 (75). Moreover, inactivating muta-
tions of beta2-microglobulin (B2M) gene result in 
downregulation of HLA class I molecules (76). 

Cytogenetic Studies

Classic Hodgkin lymphoma shows recurrent cy-
togenetic abnormalities, including copy number 
changes and translocations. Among the most fre-
quent are amplifications of 9p24.1 locus, affecting 
JAK2, PD-L1 and PD-L2 genes, as outlined above. 
Other copy number changes include gains of 2p, 
12q, 14q, 16p, 17p, 17 q, 19q, and 20q; and losses 
of 4q, 6q, 11q, and 13q (45, 77, 78). Translocations 
involving immunoglobulin loci (IG) are common 
and can be seen in approximately 20% of cases. The 
partners were identified in a subset of cases and 
included REL (2p16), BCL6 (3q27), MYC (8q24), 
and BCL3/RELB (19q13.2) (79). 

Molecular Prognostic Models 

Several studies proposed molecular prognostic 
models in CHL patients with clinically advanced 
disease by combining expression of multiple genes 

(80-82). Sanchez-Espiridion et al. (80) applied 
reverse-transcription polymerase chain reaction 
(RT-PCR) assay to 282 formalin-fixed paraffin-
embedded (FFPE) tissue samples of CHL patients 
with clinical stage III and IV, as well as stage IIB 
with bulky disease. They evaluated expression of 
30 genes, including genes expressed by malignant 
cells and microenvironment and integrated best 
predictor genes into an 11-gene model. The model 
included four functional pathways – cell cycle, 
apoptosis, macrophage activation, and interfer-
on regulatory factor 4, and was able to identify a 
group of high-risk patients with significantly worse 
5-year failure free survival (FFS; 44.1% for high-
risk vs. 74% for low-risk). Moreover, when com-
bined with clinical stage IV this model identified a 
group of patients with particularly poor outcome. 
Scott et al. (81) evaluated expression levels of 259 
genes (including genes associated with microenvi-
ronment and the cellular processes associated with 
outcomes in CHL) by NanoString platform on 
pretreatment FFPE tissue samples from 290 CHL 
patients with locally extensive or advanced stage 
disease. Using penalized Cox regression, they cre-
ated a prognostic model for overall survival (OS) 
comprising 23 genes. The model separated the pa-
tients into low- and high-risk groups (94% vs. 75% 
5-year OS) and was validated in an independent 
CHL cohort. Furthermore, this prognostic model 
was superior to IPS in the multivariate analysis. 
Chan et al. (82) constructed an interesting 30 gene 
model (so-called “RHL30”) using FFPE CHL bi-
opsies taken at disease relapse that predicted out-
come post-autologous stem-cell transplantation 
(ASCT). Gene expression profiling was performed 
by using NanoString platform and the model in-
cluded 18 outcome-associated and 12 housekeep-
ing genes and included B-cell, macrophage, RS-
cell, neutrophil and natural killer-cell signatures, 
as well as drug resistance signature. The model 
identified a group of patients with significantly 
lower 5-year post-ASCT OS (27.8% for high-risk 
vs. 85.4% for low-risk) and FFS (23.8% for high-
risk vs. 77.5% for low-risk). In summary, these 
prognostic models are robust and conveniently 
performed on FFPE tissue samples. However, they 
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require considerable technical and bioinformat-
ics expertise and are unlikely to become routinely 
used in the near future.

Immunohistochemical Prognostic Markers 

A number of immunohistochemical markers ex-
pressed on HRS cells, single or in combination, 
have been evaluated as prognosticators in CHL. 
Immunohistochemistry is widely available and 
relatively inexpensive; however, immunohisto-
chemical studies frequently suffer from poor re-
producibility due to differences in tissue fixation 
and processing, different antibody clones used, 
and significant interobserver variability (83). More 
commonly reported immunohistochemical prog-
nostic markers are outlined in Table 3 (30, 84-97). 

The most convincing findings appear to be the 
poorer prognosis associated with BCL2 and T-cell 
antigen expression by HRS cells (84, 87, 88, 91, 94, 
95). Other reported markers associated with de-
creased survival and refractory disease are MAL 
and ABCC1 (89, 92). Studies that assessed expres-
sion of CD20 showed conflicting results and prog-
nostic significance of CD20 expression in CHL is 
uncertain (85, 86, 88, 91). Interestingly, studies 
that assessed prognostic significance of PD-L1 
also showed controversial results, including more 
favorable outcome and poorer prognosis. Ozturk 
et al. (97) reported poorer prognosis of PD-L1 
positive patients. This study also found that over-
expression of PD-1 in tumor microenvironment, 
together with positivity for EBV on RS cells, por-
tends particularly unfavorable prognosis. 

Table 3. Immunohistochemical Prognostic Markers Expressed on Hodgkin/Reed-Sternberg Cells in Classic Hodgkin 
Lymphoma

Prognostic marker Prognosis Reference

CD20

CD20+ - no prognostic significance Rassidakis et al. (2002)

CD20+ - decreased OS and FFS Portlock et al. (2004)

CD20+ - no prognostic significance Asano et al. (2006)

Decreased CD20 expression – associated with refractory disease or early relapse Canioni et al. (2009)

BCL2

BCL2+ - decreased FFS Rassidakis et al. (2002)

BCL2+ - decreased OS and FFS Sup et al. (2005)

BCL2+ - associated with refractory disease or early relapse Canioni et al. (2009)

BCL2+ - no prognostic significance Koh et al. (2013)

PD-L1

PD-L1+ - increased FFS Roemer et al. (2018)*

PD-L1+ - associated with advanced disease; when combined with PD-1+ in 
microenvironment and EBV+ HRS cells – very high-risk disease

Ozturk et al. (2020)

MHC class I and II

MHC class I+ - no prognostic significance
Roemer et al. (2018)*

MHC class II+ - increased FFS

MHC class II+ - increased FFS Diepstra et al. (2007)

HGAL HGAL+ - improved OS and FFS Natkunam et al. (2007)

MAL MAL+ - decreased OS and FFS Hsi et al. (2006)

ABCC1
ABCC1+ - associated with refractory 
disease and decreased FFS

Greaves et al. (2013)

T-cell markers

CD3, CD4, CD8, CD45RO, TIA-1, granzyme B  – decreased OS Asano et al. (2006)†

CD3, CD4, CD8, CD5, CD2, CD7 – decreased OS and FFS Venkataraman et al. (2013)‡

CD2, CD3, CD4, CD5, CD7, TIA-1 – no prognostic significance Nguyen et al. (2016)

EBV=Epstein-Barr virus; FFS=Failure free survival; OS=Overall survival; HRS=Hodgkin/Reed-Sternberg; *Immunohistochemical markers were correlated with 
clinical responses and progression-free survival after anti PD-1 therapy (nivolumab); †27 cases in the study expressed different combinations of T-cell markers; 
‡50 cases in the study expressed different combinations of T-cell markers, most commonly CD4 and CD2.
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Prognostic Markers Associated with Tumor 
Microenvironment

The prognostic significance of the inflammatory 
microenvironment in CHL has been a topic of nu-
merous studies. Tumor-associated macrophages 
and different T-cell subsets have been most stud-
ied, but also other cells such as B cells, plasma cells, 
and mast cells have also been investigated (Table 
4) (91, 95, 98-109). Steidl et al. (103) analyzed 130 
CHL samples using GEP, which identified a gene 
signature of tumor-associated macrophages that 
was associated with poorer prognosis. Numer-
ous immunohistochemical studies have examined 
prognostic significance of macrophages in CHL 
microenvironment using CD68 and CD163 anti-
bodies. The results of these studies vary, with some 
studies showing worse outcome with increased 
number of macrophages, while others found no 

impact on survival, suggesting that GEP results 
from the Steidl et al. (103) study are not consis-
tently reproducible by immunohistochemistry. 
Guo et al. (107) performed a meta-analysis of 22 
studies (2959 patients) that showed high-density 
of macrophages to be associated with decreased 
overall and failure-free survival. T-cells in the mi-
croenvironment were also found to be important 
prognostic marker, with increased number of T 
regulatory cells being associated with better prog-
nosis, while increased number of cytotoxic T cells 
portends worse prognosis (91, 95, 98-102, 104).

MicroRNA Signature
MicroRNAs (miRNAs) are small non-coding 
RNA molecules that regulate important biologic 
processes such as proliferation and differentia-
tion. Furthermore, they can act as oncogenes (on-

Table 4. Prognostic Markers Associated with Cells in Tumor Microenvironment of Classic Hodgkin Lymphoma

Prognostic marker Prognosis Reference

Tumor-associated macrophages 
IHC for CD68+/- CD163

High-density of CD68+ TAMs – decreased OS and FFS; poor DSS; 
High-density of CD163+ TAMs – decreased OS and FFS

Guo et al. (2016)*

T-cells Regulatory T cells  
(FOXP3 IHC)

Increased number – increased OS and FFS Tzankov et al. (2008)

Increased number – increased EFS Chettaile et al. (2009)

Increased number – increased OS Greaves et al. (2013)

Increased number (anergic signature) – decreased FFS Hollander et al. (2018)

Cytotoxic T cells  
(TIA-1 or granzyme B IHC)

Increased number – decreased FFS Oudejans et al. (1997)

Increased number – decreased OS and EFS Alvaro-Naranjo et al. (2005)

Increased number - associated with refractory disease or early relapse Canioni et al. (2009)

Increased number – decreased OS Chettaile et al. (2009)

Increased number – decreased OS Nguyen et al. (2016)

Ratio of regulatory 
T cells to cytotoxic T cells

Ratio ≤1 – decreased OS and FFS Kelley et al. (2007)

B-cells (CD20 IHC)

Increased number – increased OS and EFS Chettaile et al. (2009)

Increased density - increased OS Greaves et al. (2013)

Increased number – increased OS and improved FFS Panico et al. (2015)

Plasma cells (CD138 IHC)
High proportion of plasma cells – decreased OS and EFS; presence of 
B-symptoms and advanced stage (IIB-IVB) 

Gholika et al. (2019) 

Mast cells  
(tryptase or CD117 IHC)

Increased number - associated with refractory disease or early relapse Canioni et al. (2009)

High number in CHL-MC – decreased OS and EFS† Andersen et al. (2016)

CHL-MC=Classic Hodgkin lymphoma, mixed cellularity; DSS=Disease-specific survival; EFS=event-free survival; FFS=failure-free survival; IHC=Immunohis
tochemistry; OS=Overall survival; TAM=Tumor-associated macrophage; *Meta-analysis of 22 studies with 2959 patients; some studies in the literature showed 
no impact on survival; †Degree of mast cell infiltration not prognostic in classic Hodgkin lymphoma, nodular sclerosis subtype.
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comirs) and tumor suppressor genes and have an 
important role in carcinogenesis, including lym-
phoma development (110-112). Sanchez-Espirid-
ion et al. (113) performed miRNA microarray hy-
bridization to define HRS and microenvironment 
miRNA signatures on frozen tissue samples from 
29 CHL patients with advanced clinical stage.  
They identified CHL-miRNA signature with 234 
differentially expressed miRNAs, a subset of which 
was prognostic. Quantitative polymerase chain re-
action (Q-PCR) was performed to evaluate expres-
sion of miRNA associated with clinical outcome 
in an independent cohort of 168 FFPE CHL sam-
ples. Ultimately, a miRNA signature that included 
MIR21, MIR30E, MIR30D, and MIR92B* stratified 
patients into two risk groups with significantly dif-
ferent 5-year FFS (35.7% for high-risk vs. 81% for 
low-risk).

Peripheral Blood Prognostic Markers and 
Circulating Tumor DNA

Several papers have investigated the role of pe-
ripheral blood prognostic markers in CHL; some 
of these markers are novel and can be used to as-
sess the response to therapy. Poratta et al. (114) re-
ported that peripheral blood lymphocyte/mono-
cyte ratio ≥1.1 was associated with increased OS 
and PFS. Koh and al. (115) found that patients 
with absolute neutrophil count/absolute lympho-
cyte count ≥4.3 had decreased OS. Galectin-1, a 
carbohydrate-binding protein that plays an impor-
tant role in immune response and fosters immune 
escape by tumor,  was found to be expressed on 
HRS cells in CHL (116). Subsequently, Ouyang et 
al. (117) found that serum levels of galectin-1 are 
higher in CHL patients that in normal controls. 
Moreover, higher levels correlated with advanced 
clinical stage and higher IPS. Hsi et al. (118) ana-
lyzed levels of serum soluble chemokines/cyto-
kines produced by HRS cells including TARC, 
MDC, interleukin-10 (IL-10) and soluble CD163 
(sCD163). None of the markers were associated 
with outcome at diagnosis/baseline. At the time 
of interim PET study, increased levels of sCD163 
were associated with favorable PFS. Furthermore, 

increased levels of TARC, MDC and IL-10 at the 
end of therapy were associated with shorter sur-
vival, making these markers useful in potentially 
identifying the patients at higher risk for relapse. 

Circulating tumor (ct) DNA analysis by NGS 
is a particularly attractive approach in CHL and 
it could become complementary method to tis-
sue biopsy in the near future. There are several 
possible applications of ctDNA analysis in CHL, 
including making diagnosis (especially in cases 
where tumor mass is difficult to biopsy and when 
biopsy is scant), evaluating response to treatment 
including minimal residual disease, as well as in 
prognostication to identify patients who are likely 
to experience disease relapse (55, 119-122). Sev-
eral studies showed that mutations detected by 
analyzing ctDNA mirrored mutations in the corre-
sponding tissue biopsies (55, 119). Higher plasma 
ctDNA levels at diagnosis were associated with un-
favorable clinical characteristics (120). Moreover, 
in patients who responded well to chemotherapy 
and had negative PET staging ctDNA became un-
detectable, while in patients with partial response 
or refractory disease ctDNA remained detectable 
(119-122). These findings are important and indi-
cate that ctDNA could be routinely used in disease 
monitoring after therapy and potentially decrease 
exposure to radiation from imaging techniques, as 
well as decrease the need for invasive tissue biop-
sies.  

Epstein-Barr Virus (EBV) – Role in 
Pathogenesis

Epstein-Barr virus, a member of herpes virus fam-
ily (a.k.a. Human herpesvirus 4), is an important 
etiological factor in number of human neoplasms, 
and is of particular interest in the field of lympho-
ma pathology (2). Epstein-Barr virus is detected 
in approximately 20-25% of CHL cases, with viral 
genomes in monoclonal form. Current “gold stan-
dard” for its detection in pathology practice is the 
EBV-encoded small RNA EBER1. Among the four 
histologic subtypes, EBV is most consistently and 
most frequently seen in mixed cellularity subtype 
(123, 124). The epidemiology of EBV-positive CHL 
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shows distinct patterns of distribution depend-
ing on age, as well as geographic and racial dif-
ferences. Distribution of EBV-positive CHL cases 
varies around the world and is generally higher in 
the resource-poor countries, and more prevalent 
among Asians and Hispanics, compared to whites 
and Blacks.  As for age, EBV+ cases are common in 
childhood, uncommon in young adults, and again 
common among older patients (123, 125). The rea-
sons for these differences are not entirely clear, but 
are likely multifactorial and related to age of first 
exposure to EBV, genetic background, and chang-
es in immune system related to disease and aging 
(so-called immunosenescence) (124, 126). People 
with a history of infectious mononucleosis have 
several times increased risk of EBV-positive CHL 
(127). Also, majority of CHL cases in HIV-positive 
individuals are EBV-positive (128). 

Epstein-Barr virus contributes directly to CHL 
pathogenesis, via its EBV-encoded proteins, in-
cluding nuclear antigens (EBNAs), latent mem-
brane proteins (LMP1, LMP2A, and LMP2B), 
noncoding Epstein-Barr-encoded RNAs (EBER1 
and EBER2) as well as miRNAs expressed in in-
fected RS cells. Classic Hodgkin lymphoma is 
characterized by so-called type II latency pattern, 
which includes expression of EBNA-1, LMP-1, 
LMP-2, EBERs, and BART miRNAs (129-131). 
LMP-1 is similar to constitutively activated CD40 
receptor, which leads to induction of JAK/STAT, 
NF-κB, and PI3K-AKT signaling pathways (132-
138). LMP1 also induces PD-L1 expression, con-
tributing to immune evasion (139). EBNA1 con-
tributes to pathogenesis of CHL in several ways, 
such as inhibiting TGFβ signaling and upregula-
tion of chemokine CCL20 in RS cells, which pro-
motes migration of regulatory T cells (140-142). 
LMP2 mimics BCR, which allows for B-cell de-
velopment in the absence of normal BCR signal-
ing. LMP activates cellular pathways required for 
B-cell survival and can immortalize BCR-negative 
germinal center B-cells (143-145). The tumor mi-
croenvironment in EBV-positive CHL cases is 
characterized by increased numbers of cytotoxic 
T cells and significantly higher number of macro-
phages, compared to EBV-negative cases (98, 102, 

146). Prognosis of EBV-positive CHL in elderly 
population is worse than EBV-negative cases. The 
choice of treatment for this group of patients are 
PD-1 inhibitors, which are showing very promis-
ing results (147, 148).

Conclusions

Over the past two decades numerous studies have 
contributed to our understanding of molecular 
mechanisms of CHL pathogenesis and complex 
interactions between HRS cells and their inflam-
matory microenvironment. These discoveries 
opened many avenues for targeted therapies, some 
of which are already in routine use in CHL man-
agement. The prognosis of CHL is overall favor-
able with modern therapies, however, up to 30% of 
patients will experience disease relapse and a small 
subset is refractory to treatment (12). A number of 
biological prognostic models and single markers 
have been proposed to improve risk stratification 
of CHL patients. Most of these prognostic markers 
are not routinely implemented at initial diagnosis 
of CHL, but this will likely change in the future as 
the goals of CHL therapy, like in other neoplasms, 
are to achieve sustainable remission, prevent re-
lapse, and minimize toxicity. In the era of person-
alized medicine “one size does not fit all”, and CHL 
is a prime example of this concept.
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Abstract
In the present review, we summarize and critically appraise recent advances in the pathology of endocervical adenocarcinoma. 
In recent years, the diagnosis of endocervical adenocarcinoma has shifted from morphologic criteria classification in 2014 
World Health Organization (WHO) to etiology- based classification of International endocervical adenocarcinoma criteria 
and classification (IECC). IECC recommends classifying endocervical adenocarcinoma into Human Papillomavirus (HPV)-
associated and non-HPV-associated. Ultimately, this approach may lead to different treatment options based on molecular 
pathways rather than purely based on the tumor’s grade and stage. Recently, the College of American Pathologists (CAP) has 
incorporated stromal invasion patterns as an optional data set in the synoptic report. The pattern of invasion classification is a 
valuable prognostic tool in excision specimens. Conclusion: IECC is a simple classification system that recognizes and classifies 
endocervical tumors based on pathogenesis and association to HPV. The pathologists should also be familiar with the pattern-
based classification of endocervical adenocarcinoma.

Key Words: Endocervical Adenocarcinoma  HPV  Classification  Silva Patterns.

Introduction

Endocervical adenocarcinoma is a relatively rare 
disease but still accounts for approximately 25% of 
all cervical carcinomas (1). The most recent World 
Health Organization (WHO) classification (2014) 
classifies in the cervical adenocarcinomas based 
on morphologic findings (2). There are multiple 
recent advancements in cervical pathology to rec-
ognize and to keep in mind for practicing patholo-
gists. In this review article, we will review the most 
recent changes in cervical pathology to keep the 
reader up to date.

In the first part, the article will focus on a rela-
tively new classification. It is common knowledge 
that the high-risk human papillomavirus (HPV) 
is a primary culprit in developing endocervical 
adenocarcinoma. International endocervical ad-

enocarcinoma criteria and classification (IECC) 
classifies endocervical adenocarcinomas into two 
major subtypes: 1. HPV-associated 2. Non-HPV-
associated subtype. This classification incorpo-
rates etiology but also coincides with distinctive 
morphologic patterns and clinical findings (3). 
The second part will focus on morphologic and 
stromal invasion patterns and their clinical signifi-
cance. Proposal for the Silva system for endocer-
vical carcinoma was published in 2013, but it was 
recently integrated as an optional data set in the 
College of American Pathologists (CAP) synoptic 
report. 

Lastly, we will briefly comment on changes 
implemented in the International Federation of 
Gynecology and Obstetrics (FIGO) staging clas-
sification system. 

Clinical Science
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International Endocervical 
Adenocarcinoma Criteria and 
Classification (IECC): HPV-Associated 
Endocervical Adenocarcinoma

HPV-associated endocervical adenocarcinoma 
has similar risk factors as cervical squamous cell 
carcinomas, including multiple sexual partners, 
young age at first intercourse, obesity, smoking etc. 
Most endocervical adenocarcinomas are HPV-as-
sociated and encompass about 85-90% of all en-
docervical adenocarcinomas (2). Three subtypes 
HPV 16, 18, and 45, appear to be the most preva-
lent and accounted for 94% of the cases (4). HPV-
associated endocervical adenocarcinoma presents 
in the younger age (<50 years), and most of them 
develop in the transformation zone similarly to 
cervical squamous cell carcinoma. The future 
treatments based on this classification may be eti-
ology driven and may have better outcomes. The 
current treatment approach is that all endocervi-
cal adenocarcinomas are treated the same, stage by 
stage, with no specific treatment strategy based on 
genetic signature or etiology. 

Usual Type HPV-Associated Endocervical 
Adenocarcinoma

Relatively good news is that most endocervical 
adenocarcinomas are easily recognizable as usual-
type endocervical adenocarcinoma. The glands 
may have papillary, micropapillary, cribriform and 
single-cell pattern, but the distinctive cytologic 
features are at least focally present. Those features 
include pseudostratified, elongated, and enlarged 
nuclei with eosinophilic cytoplasm and many api-
cal “floating” mitotic figures. Numerous apoptotic 
bodies are also easily identifiable (Figure 1). The 
principal differential diagnosis for usual-type en-
docervical adenocarcinoma is endometrioid ad-
enocarcinoma. Immunohistochemistry (IHC) 
is very helpful in differentiating the two. While 
endocervical adenocarcinoma is HPV-associated 
and p16 strongly and diffusely positive, endome-
trioid adenocarcinoma is patchy positive for p16 
with a high estrogen (ER) and progesterone (PR) 

Figure 1. HPV-associated endocervical adenocarcinoma 
with numerous “floating mitosis” and apoptotic bodies. 
(Olympus BX43, 20×).

Figure 2. Villoglandular variant of endocervical adenocarci-
noma in a 32-year-old woman. Clinically, a large mass with 
only superficial invasion. Please note that the invasive por-
tion of the tumor is glandular. Eight years later, the patient is 
well without metastases or recurrence. (Olympus BX43, 2×).

Figure 3. A high-power view reveals classical cytologic 
features of villoglandular endocervical adenocarcinoma. 
(Olympus BX43, 20×). 
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receptor and vimentin positivity (5). While pri-
mary endometrioid adenocarcinoma may arise 
in endometriosis of the cervix, it is exceedingly 
rare. Preoperative communication with the clini-
cal team and review of radiologic findings will help 
distinguish these two primary sites.

A rare but distinctive pattern worth mention-
ing is primary villoglandular endocervical adeno-
carcinoma. This subtype is recognized by long, 
thin exophytic papillae with cytologic features of 
usual-type endocervical adenocarcinoma (Figures 
2 and 3). Invasion, if present, is usually superfi-
cial. Deeper components/invasive tumor will have 
glands rather than papillae. This variant is rarely 
associated with lymphovascular space invasion 
or lymph node metastasis and therefore carries a 
better prognosis (6, 7). A gynecologist can grossly 
visualize the tumors. They may present as a higher 
stage by the International Federation of Gynecolo-
gy and Obstetrics (FIGO) staging, which would be 
treated with hysterectomy. However, if the biopsy 
suggests this variant, a cone biopsy may be an ex-
cellent initial treatment option to evaluate for stro-
mal invasion. The cone excisional biopsy would 
be sufficient therapy for no or minimal invasion 
in this subtype of endocervical adenocarcinoma 
despite the clinical appearance of a larger tumor. 
This treatment modality should be considered for 
fertility preservation in young patients. 

Additionally, a distinctive pattern is a micro-
papillary pattern. Microscopically it is character-
ized by small, cohesive papillary groups of neo-
plastic cells surrounded by stromal clefting. It is 
often associated with lymphovascular space inva-
sion and lymph node metastasis (8, 9). The prog-
nosis of this subtype is worse than pure usual type 
of endocervical adenocarcinoma. It is considered 
histology of aggressive behavior, and it can be as-
sociated with other subtypes (10).

Mucinous Type HPV-Associated Endocervical 
Adenocarcinoma

Mucinous endocervical adenocarcinomas are a 
diverse group of tumors. They are defined by the 
presence of intracellular mucin. The IACC classi-

fication recognizes 1. Mucinous adenocarcinoma, 
not otherwise specified (NOS) 2. Intestinal type, 
and 3. Signet ring-type. To be classified as such, 
the tumors have to have >50% of a tumor cell with 
intracytoplasmic mucin, intestinal goblet cell mor-
phology, or signet cells, respectively. To be classi-
fied as HPV-associated, all mucinous types have 
at least a small morphologic component of usual 
type endocervical adenocarcinoma (3).

Another distinctive subtype and a relatively 
newly described entity is invasive stratified mu-
cinous endocervical adenocarcinoma (iSMILE) 
(11). Histologic features are characteristic invasive 
nests of stratified columnar epithelium with hyper-
chromatic nuclei and variable amounts of intracy-
toplasmic mucin (Figures 4-5).  Intracytoplasmic 
mucin may range from large intracellular droplets 

Figure 4. iSMILE nests of neoplastic cells lined with palisad-
ing cells at the periphery. (Olympus BX43, 10×).

Figure 5. iSMILE mucin-poor variant can be difficult to dis-
tinguish on the biopsy material from glandular involve-
ment. (Olympus BX43, 40×).
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Figure 6. The very classical look of SMILE lesion with intra-
cellular mucin in this stratified epithelium. Mitotic figures 
are readily identified. This entity is often coupled with en-
docervical adenocarcinoma in situ or squamous intraepi-
thelial lesion. (Olympus BX43, 40×).

to almost entirely mucin depleted lesions. The 
nests at the periphery are lined by palisading cells 
that tend to be positive for p40 and p63. The tumor 
has a lower prevalence for PAX8 immunostaining 
with frequent nuclear expression of p53 by immu-
nohistochemistry. The mucin-poor variant may be 
difficult to recognize, but the large nests with the 
characteristic immunohistochemistry support the 
diagnosis. This lesion often arises or is associated 
with histologically distinct intraepithelial lesion-
stratified mucinous intraepithelial lesion (SMILE) 
(Figure 6). This distinct entity is readily recogniz-
able by multi-layered and stratified epithelium 
similar to the squamous intraepithelial lesion but 
intracytoplasmic mucin vacuoles. The lesion is 
positive for p16 by immunohistochemistry. The 
previously recognized adenosquamous carcinoma 
should be only diagnosed in the presence of un-
equivocal adenocarcinoma and squamous cell car-
cinoma component (12).

International Endocervical 
Adenocarcinoma Criteria and Classification 
(IECC): Non-HPV-Associated Endocervical 
Adenocarcinoma
Non-HPV-associated endocervical adenocarcino-
ma has four subtypes. The most common is a gas-

tric subtype, followed by clear cell, endometrioid, 
and mesonephric adenocarcinoma.

Gastric Type Endocervical Adenocarcinoma

Gastric type endocervical adenocarcinoma is a 
spectrum of lesions that ranges from well-differ-
entiated to poorly differentiated adenocarcinomas 
(Figures 7-9). This type of adenocarcinoma usu-
ally occurs in older patients. It usually presents as 
a larger lesion and often with no history of positive 
HPV test or abnormal Pap test. Lobular cervical 
glandular hyperplasia (LCGH) has been suggested 
to be a precursor lesion. This adenocarcinoma has 
pale cytoplasm, distinct cytoplasmic borders, deep 
invasion, glands near blood vessels, and often pools 
of mucin. Gastric type mucin can be easily iden-
tified using Alcian blue/PAS stain or MUC6 im-
munohistochemistry staining (13). The pathogen-
esis is via HPV independent pathways driven by 
TP53, SDK 11, GNAS, and KRAS mutations (14). 
Immunohistochemistry profile is not specific, and 
many times the cells are positive for only for CK7. 
MUC6 and p53 immunoreactivity can be seen in 
almost half of the cases. PAX8 is frequently nega-
tive. Genetically, the associations have been made 
with Lynch (Hereditary non-polyposis colorectal 
cancer syndrome) and Peutz-Jeghers syndromes 
(15, 16). 

Figure 7. Gastric type endocervical adenocarcinoma. The 
low-power view reveals deep, destructive growth. (Olym-
pus BX43, 2×).
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Figure 8. Complex glandular growth in gastric-type endo-
cervical adenocarcinoma. Most cells are mucinous. (Olym-
pus BX43, 10×).

Figure 9. The glands may appear deceivingly bland and can 
be easily missed on the biopsy material. (Olympus BX43, 
20×).

Clear Cell Type Endocervical Carcinoma

Clear cell carcinoma of the lower genital tract has 
been historically connected with exposure to the 
diethylstilbestrol. Nowadays, this association is al-
most never seen. In current milieu of endocervi-
cal carcinomas, clear cell carcinoma is rather rare 
and usually presents in older patients. It is impor-
tant to emphasize that it is not unheard of to see a 
younger patient present with clear cell carcinoma 
(Figure 10). The studies have shown that this car-
cinoma is not HPV-associated, and despite that 
about one-third of the cases have been reported to 
be p16 strongly positive. Positivity for p16 in these 
cases is seen as a result of aberrant Retinoblastoma 
(Rb) pathway rather than the HPV infection (17). 
Diagnosis is best achieved on morphologic crite-
ria: large clear cells with abundant cytoplasm and 
hyalinized background. The nuclei are high-grade 
with prominent nucleoli. Immunohistochemistry 
is not particularly useful, but it is essential to men-
tion that the cells are usually positive for HNF-1B, 
Napsin-A, MUC6 with sometimes aberrant p53 
staining. The differential diagnosis in young pa-
tients includes pregnancy-related changes (Arias-
Stella reaction) and exuberant microglandular hy-
perplasia (Figure 11) (18, 19). These benign glands 
are usually strongly positive for ER and PR, while 
clear cell carcinoma cells are usually negative. 

Figure 10. Large cervical mass in a young patient. The histo-
logic finding of clear cell carcinoma.  No history of exposure 
to the diethylstilbestrol. (Olympus BX43, 20×).

Figure 11. Microglandular adenosis/hyperplasia may look 
rather complex with cytoplasmic clearing. Nuclear features 
are low-grade with little variation in size. Mitoses are rare. 
(Olympus BX43, 10×).
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Endometrioid Adenocarcinoma of Endocervix

Endometrial adenocarcinoma of the cervix is a dif-
ficult entity to diagnose and the terminology may 
be confused with endometrial adenocarcinoma. 
Cervical primary tumor is associated with cervi-
cal endometriosis. Histologically, it exhibits endo-
metrioid morphology, columnar pseudostratified 
cells with squamous morules with predominantly 
intermediate nuclear grade. This particular type 
of endocervical adenocarcinoma is rare and not 
HPV-associated (Figure 12). The primary con-
sideration has to be given to the possibility of en-
dometrial adenocarcinoma extending from the 
uterus. The best way to differentiate the two would 
be on hysterectomy specimens where the tumor 
must be extensively sampled, and the bulk of the 
tumor is arising from the cervix (13). Immunohis-
tochemistry findings are similar to immunohisto-
chemistry findings in classical endometrioid type 
adenocarcinoma with patchy p16 positivity, vari-
able positivity for estrogen (ER) and progesterone 
(PR), and a consistent vimentin positivity. 

Mesonephric-Type Adenocarcinoma

This extremely rare tumor usually arises from 
mesonephric remnants. Mesonephric adenocar-
cinoma usually displays various growth patterns: 
ducts, tubules, papillary formations, and slit-like 
glands. One pattern can be dominant or solitary 
in the tumor.  Cytologically, mesonephric carcino-
mas reveal bland tumor cells with scant cytoplasm 
with tubular structures with luminal eosinophilic 
secretions (Figure 13). Immunohistochemistry 
findings are extremely helpful in establishing the 
diagnosis. The tumors are usually negative for ER 
and PR but are GATA3, calretinin, CD10, and 
TTF-1 positive (20, 21). The molecular studies 
have shown alterations in KRAS and NRAS genes 
and chromatin remodeling gene mutations such as 
ARID1A, ARID1B, and SMARCA4 (22). The pri-
mary differential diagnosis is a florid type meso-
nephric hyperplasia (Figure 14).

Figure 12A-D. A. Endometrioid adenocarcinoma of the uterine cervix with back to back glands B. Foci of endometriosis 
C. Focally more classical endometrioid cytologic features D. Prominent squamous morules. (Olympus BX43, A-10×, B-4×, 
C-20×, D-20×).
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Figure 13. Mesonephric carcinoma of the cervix with infil-
trative growth pattern composed of small tubes lined by 
cuboidal cells with scant cytoplasm. (Olympus BX43, 4×).

Figure 14. Florid mesonephric hyperplasia retains lobular 
architecture with associated ducts. No glandular crowding, 
solid growth, or nuclear atypia. (Olympus BX43, 4×).

Pattern Based Classification of 
Endocervical Adenocarcinoma

The pattern-based classification of endocervical 
adenocarcinoma (Silva pattern of invasion) was 
first recognized and published several years ago 
(23-26). Recently, the College of American Pa-
thologists (CAP) included this classification as 
optional data into a synoptic report.  Measuring 
the depth of invasion for endocervical adenocar-
cinoma can be problematic since it is difficult to 
estimate from which endocervical gland the in-
vasion originates. Besides, there are no provided 
guidelines for measurements of the depth of inva-
sion. Sometimes, endocervical adenocarcinoma 

grows exophytically, and it may be difficult to 
subtract exuberant exophytic growth from a true 
invasion. This may lead to an over-estimate of the 
depth of invasion, consequently causing overtreat-
ment. The pattern-based classification approach 
has been proven to have quite good interobserver 
variability and an excellent prognostic value (23). 
It is important to mention that the system applies 
only to HVP-associated usual type endocervical 
adenocarcinoma. The entire tumor has to be ex-
amined microscopically to assign the appropriate 
group. This three-tier system essentially provides 
risk stratification analysis for the patients (24). The 
invasion and pattern-based classification was de-
veloped in 2013, and the system was validated in 
subsequent studies, including the assessment of 
interobserver variability (25-28).

Pattern A can be assigned to the tumors com-
posed of glands with rounded contours, frequently 
forming groups, and cribriform structures. Papil-
lary growth is acceptable. No destructive stromal 
invasion, no single cells, or lymphovascular in-
vasion should be seen in this pattern. The solid 
growth is not acceptable (Figures 15-16) (26, 27). 

Pattern B can show focal destructive stromal 
invasion mostly from the pattern A appearing 
glands with small groups of tumor cells within 
desmoplastic stroma or inflammation. Invasion 
foci can be single, multiple, or linear at the tumor 
base. The lymphovascular invasion may be pres-
ent. Solid growth is not acceptable (Figure 17) (26).

Pattern C is easily recognized as a destructive 
stromal invasion with infiltrating angulated and 
open glands or solid growth pattern. It is impor-
tant to remember that the solid growth pattern 
is considered a high-grade pattern, and nuclear 
grade can be disregarded. The extensive desmo-
plastic response is frequently present (Figures 18-
20). The lymphovascular invasion may be present.

It is important to emphasize that quantitative 
criteria for pattern C classification is a linear focus 
of destructive invasion at the base or advancing 
front of the tumor filling the diameter of 4X field 
(5 millimeters or more). This guideline is provided 
to give some quantitative guidelines to better dis-
tinction distinguish pattern B from pattern C clas-
sification (26).
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Figure 15. Back to back glands with rounded contours. This 
exuberant architectural complexity differentiates it from 
in-situ adenocarcinoma. No infiltrative or solid growth. The 
findings are compatible with pattern A tumor. (Olympus 
BX43, 10×).

Figure 16. Low power view of pattern A tumor; deeper por-
tions of the tumor do not elicit a stromal response. (Olym-
pus BX43, 4×).

Figure 17. Pattern B shows predominately pattern A glands 
with foci of destructive growth. This emphasizes the impor-
tance of examining the entire specimen before assigning 
the pattern. (Olympus BX43, 4×).

Figure 18. This tumor was assigned pattern C with deep in-
vasion and infiltrative growth. (Olympus BX43, 4×). 

Figure 19. High-power view of desmoplastic response and 
inflammation around every gland. (Olympus BX43, 40×).

Figure 20. Another pattern C destructive growth and maze-
like glands. (Olympus BX43, 20×).
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Risk Stratification and Clinical Outcomes

Tumors classified as pattern A are not associated 
with a risk of lymph node metastasis. They are lim-
ited to stage one, and they do not recur. Pattern B 
tumors also frequently present as stage one. How-
ever, given the allowed presence of lymphovascular 
space invasion, some tumors are at risk for lymph 
node metastasis. The studies have shown that the 
pattern C tumors frequently present at the higher 
stage, and 22% of tumors present with lymph node 
metastasis. Additionally, about 20% of the cases 
show a local recurrence of the tumor (28). The 
classification is useful and reproducible only in ex-
cision procedures, and it has limited potential in 
biopsy material, particularly in pattern A tumors. 
However, based on the presence of lymphovascu-
lar space invasion or solid growth pattern in the 
biopsy material, the patient may undergo treat-
ment with a more aggressive deeper excision in-
stead of a superficial loop electrosurgical excision 
procedure (LEEP) (29, 30).

FIGO Staging

The International Federation of Gynecology and 
Obstetrics (FIGO) staging system is based on the 
presence or absence of a clinically visible or pal-
pable lesion. The clinically visible mass implies at 
least stage FIGO IB1. If the tumor is not clinically 
visible, the staging relies on microscopic measure-
ments.  IA1 includes ≤3 mm depth, whereas IA2 
includes >3 mm but <5 mm depth. Horizontal ex-
tent is now an optional data point in CAP synop-
tic report. It is no longer used in the AJCC staging 
update of the 2018 FIGO classification (31). How-
ever, the pathologists are encouraged to report 
horizontal spread in smaller tumors since it is still 
a valuable data point for future research.  

Conclusions

In conclusion, International Endocervical Adeno-
carcinoma Criteria and Classification (IECC) is a 
simple classification system that recognizes and 
classifies endocervical tumors based on pathogen-

esis and association to HPV. This may facilitate 
better treatment options based on the natural his-
tory of this cancer. The pathologists should also 
be familiar with the pattern-based classification of 
endocervical adenocarcinoma. If excisional biop-
sies show pattern A or B, the entire tumor should 
be submitted. Future treatments can be based on 
this classification system, given an excellent in-
terobserver variability. Lastly, FIGO staging does 
not include horizontal extent, but the pathologists 
are encouraged to provide this optional data point 
for future research purposes.
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Abstract
This review details the development and structure of a four-week rotation in pathology informatics for a resident trainee at 
Memorial Sloan Kettering Cancer Center (MSKCC) in New York City so that other programs interested in such a rotation can 
refer to. The role of pathology informatics is exponentially increasing in research and clinical practice. With an ever-expanding 
role, training in pathology informatics is paramount as pathology training programs and training accreditation bodies recog-
nize the need for pathology informatics in training future pathologists. However, due to its novelty, many training programs are 
unfamiliar with implementing pathology informatics training. The rotation incorporates educational resources for pathology 
informatics, guidance in the development, and general topics relevant to pathology informatics training. Informatics topics 
include anatomic pathology related aspects such as whole slide imaging, laboratory information systems, image analysis, and 
molecular pathology associated issues such as the bioinformatics pipeline and data processing. Additionally, we highlight how 
the rotation pivoted to meet the department’s informatics needs while still providing an educational experience during the onset 
of the COVID-19 pandemic. Conclusion. As pathology informatics continues to grow and integrate itself into practice, infor-
matics education must also grow to meet the future needs of pathology. As informatics programs develop across institutions, 
such as the one detailed in this paper, these programs will better equip future pathologists with informatics to approach disease 
and pathology. 

Key Words: Informatics Education  Residency  Digital Pathology  Whole Slide Imaging  Molecular and Genomic Pathology 
Education.

Introduction

Informatics in medicine and pathology has a long 
history. Medical informatics began in the 1950s as 
the “science of information” with pathology infor-
matics introduced as a field a few decades later in 
the 1990s. Many pathologist informaticians argue 
however, that technology and information man-
agement has been a part of pathology since its 
inception (1). Pathology at its core involves the 
identification, collection, and interpretation of 
data, information, and knowledge in order to di-
agnose, predict disease behavior, and guide treat-
ment. The College of American Pathology (CAP) 

identifies informatics as the application of infor-
mation management in healthcare to promote 
safe, efficient, effective, personalized, and respon-
sive care (2). The recent advent of electronic health 
records and the digitization of medical informa-
tion pushed medical informatics into the forefront 
as a critical and necessary aspect for education 
and practice. Similarly, in recent years, pathol-
ogy informatics is placed in the lead with expo-
nential and broad integration of advancements in 
molecular pathology, genomics, digital imaging, 
and artificial intelligence. Therefore, education in 
pathology informatics is crucial now more than 
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ever for future clinical practice in pathology. The 
current gap, however, is the limited amount of on-
line pathology informatics training resources and 
the few “hands-on” experiences in pathology in-
formatics. Online pathology informatics training 
resources are evolving, and pathology residencies 
still need training frameworks to keep up with the 
rapid advancements and ever shifting landscape of 
informatics education. Only a handful of articles 
guideline pathology informatics education (3-6). 
Moreover, the few “hands-on” opportunities in-
clude a few U.S. academic centers and pathology 
informatics fellowships where the focus is more to-
wards pathology informatics such as laboratory in-
formation systems (LIS) maintenance, whole slide 
imaging (WSI), and bioinformatics compared to 
the more general field of medical informatics (7). 

In our review, we detail the pathology infor-
matics rotation in New York City at Memorial 
Sloan Kettering Cancer Center (MSKCC), as a 
“hands-on” experience that supplements existing 
pathology informatics training resources. We de-
tail the rotation’s construction, development, and 
implementation at the trainee (e.g. resident/fel-
low) level, and also how the implementation of the 
rotation adapted because of the COVID-19 pan-
demic in early 2020 to support remote pathologists 
and clinical services. We provide our review as an 
example of a successful framework for a pathology 
informatics rotation so that other institutions, for-
mulating informatics curricula for their trainees, 
can leverage. Highlighted in this review are the 
online pathology informatics training resources 
available to use by any institution for their train-
ees. Such broad integration of pathology informat-
ics training assures the dissemination of necessary 
knowledge and empowerment of informatics to 
the future pathologist community.     

Construction and Development of the 
Pathology Informatics Rotation

The setting for the pathology informatics rotation 
was in the pathology department of MSKCC which 
has the experience of attendings who have com-
pleted pathology informatics training or have en-

gaged in pathology informatics activities. Through 
input from these attendings, construction of the 
rotation began with the objective of maximizing 
the exposure of the resident to pathology informat-
ics related aspects in a four-week period.  MSKCC, 
as an institution, also has many well-developed 
pathology informatics resources such as WSI and 
molecular bioinformatics, combined with clinical 
and research initiatives to abundantly supplement 
a well-rounded experience in pathology informat-
ics for the trainee.

An outline of general goals and objectives, 
though not necessary, is highly recommended 
in developing an educational curriculum for the 
trainee. An outline allows the trainee and faculty to 
gauge the experience and address specific bench-
marks throughout the rotation. Our outline of the 
rotation goals and objectives of the four-week rota-
tion is shown in Table 1. The authors recognize that 
not every training environment has access to such 
resources. Two accessible, free and comprehensive 
online pathology informatics training resources 
formed the starting point for the rotation and is rec-
ommended for training programs with and without 
resources. The two resources (Table 2) are the Pa-
thology Informatics Essentials for Residents (PIER) 
curriculum (3) and Training Residents in Genomics 
(TRIG) (4). Both online curricula provide interac-
tive modules and recorded lectures but also serve 
as helpful guides for content and structure to ap-
proach and teach the material during the rotation.

PIER is an online informatics curriculum, devel-
oped by informatics experts, and focused towards 
residents in helping meet the Accreditation Coun-
cil for Graduate Medication Education (ACGME) 
milestones in resident education/training in pathol-
ogy informatics. Developed in cooperation by the 
College of American Pathologists (CAP), Associa-
tion of Pathology Chairs (APC), and Association for 
Pathology Informatics (API), PIER details essential 
topics in informatics that are essential for future pa-
thologists. Topics and objectives addressed by PIER 
include fundamental principles of databases, data 
and communication standards, digital imaging, 
laboratory information systems, and the health 
care information ecosystem to more advanced  
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concepts like project management, clinical deci-
sion support, image analysis, and artificial intel-
ligence. In addition, participatory interactions 
with pathology informatics attendings at MSKCC 
helped solidify the didactic content of PIER 
through actual “hands-on” practice in the rotation.

Similarly, TRIG is an online curriculum, de-
veloped by an expert group in medical education, 
molecular pathology, and clinical genetics, that 
promotes genomic pathology education in mo-
lecular testing approaches and scenarios. TRIG is 
a unique collaborative effort with major pathol-
ogy organizations and representatives from the 

National Society of Genetic Counselors and the 
American College of Medical Genetics and Ge-
nomics. Through continual grant support from the 
National Cancer Institute, the TRIG working group 
holds workshops and courses at annual meetings 
of major pathology and oncology organizations. 
This four-week rotation was constructed and de-
veloped for anatomic pathology related informat-
ics objectives. Clinical pathology related aspects 
were not highlighted in the curriculum except for 
molecular and genomic pathology. Laboratory 
medicine related informatics activities in clinical 
chemistry, microbiology, and blood banking were 

Table 1. The Listed Goals and Objectives to Be Met by the Resident Throughout the Rotation*

General Goals and Objectives

Informatics Knowledge:

Handling and management of medical data storage

Familiarity with basic information system terminology

Familiarity with different data structures and database architecture

Data analysis fundamentals

Digital imaging fundamentals

Whole slide imaging fundamentals

Information Systems:

User interface design

Familiarity of pathology workflows and processes

Structure of laboratory information systems and electronic medical/health record (EMR/EHR) systems

Familiarity of how data is stored, transferred, and accessed for information systems

Interpretation and analysis of molecular/genomic data of bioinformatics pipelines

Management:

Management of laboratory information systems and electronic medical/health record (EMR/EHR) systems

Management of operations and flow in pathology practice

Laboratory finance principles

Professionalism:

Proficiency in communicating with and presenting to clinicians and pathologists about informatics related matters

Education:

Prepare a 30-minute informatics based presentation to be presented at the Weill Cornell Clinical Pathology Resident Lecture

*Having such an outline allows the resident and faculty involved in the rotation to have a clear goal as to the goals of the rotation. Therefore, by the end of the 
rotation the trainee is able to concretely identify what they have gained through the experience. 

Table 2. Easily accessible pathology informatics online curricula with their respective URL links

Henricks et al. (3) https://apc.memberclicks.net/index.php?option=com_content&view=article&id=152:pier&catid=20:si
te-content&Itemid=156Many

Haspel RL. (4) https://www.pathologylearning.org/trig

https://apc.memberclicks.net/index.php?option=com_content&view=article&id=152:pier&catid=20:site-content&Itemid=156Many
https://apc.memberclicks.net/index.php?option=com_content&view=article&id=152:pier&catid=20:site-content&Itemid=156Many
https://www.pathologylearning.org/trig
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not highlighted in the curriculum, because of the 
limited four-week time constraint, which was in-
sufficient to encompass those activities adequately. 
More time would have unlocked even more poten-
tial for learning opportunities in these laboratory 
medicine related areas in informatics as millions 
of data points are generated and interpreted for 
patient care. The focus on anatomic pathology in-
formatics as well as molecular genomic pathology 
likewise fit the rotating residents’ interests. Given 
the time constraint and the diversity of pathology 
informatics rotations in informatics training can 
be tailored to the trainee or pathologists’ interests. 

Each week in the four-week rotation was devot-
ed to a rotations/topic shown in Table 3. The first 
and last weeks were situated so the trainee would 
work with whole slide imaging in the WSI scanner 
facilities to understand concepts, challenges, the 
processes of digitizing diagnostic slides and their 
utilization. In addition, the first and last weeks 
were set up so that the trainee would also be inte-
grated with the anatomic pathology laboratory in-
formation system (AP-LIS) team. In this instance, 
MSKCC utilizes Cerner CoPathPlus for its AP-LIS. 
In these weeks the aspects of WSI, AP-LIS support, 
automation of lab processes in anatomic pathology, 
computer vision/artificial intelligence (AI) for WSI 
were addressed; further solidifying the didactic 
concepts serving as an adjunct to PIER. 

The second week was dedicated to informat-
ics in molecular and genomic pathology includ-
ing the bioinformatics pipeline and scripting. 
Understanding how sequencing data is processed 
and analyzed is integral to the future of pathology 
practice as molecular and genomic pathology ex-
pands in testing and complexity. At MSKCC there 

is a robust and well-integrated molecular/genom-
ics bioinformatics service within the department 
of pathology. This service allowed for an envi-
ronment in which a trainee could easily integrate 
themselves and identify individuals to enrich their 
experience in molecular bioinformatics. This sec-
ond week exposes the trainee to how informat-
ics aids in the organization and interpretation of 
molecular/genomic data and its practical role in 
clinical care and patient treatments. Through the 
integration of the bioinformatics pipeline, training 
includes the understanding of the strengths and 
weaknesses of molecular/genomic testing. 

During this second week, the resident would at-
tend molecular/genomic sign outs, rotate with the 
bioinformatics group, and attend quality assurance 
(QA)/quality control (QC) molecular/genomic 
meetings. MSKCC molecular/genomic sign out is 
held with a bioinformatician, a molecular fellow, 
and a molecular attending. In reviewing molecu-
lar/genomic reports and the associated molecular/
genomic data output, a fluid dynamic dialogue ex-
ists as any QA/QC issues are addressed at the time 
of sign out. This fosters a learning environment 
to how data is extracted as well as issues that may 
arise in the process. Additionally, the weekly QA/
QC meetings allows the trainee to see how the mo-
lecular/genomic data output from molecular plat-
forms are filtered and analyzed computationally 
as well as the challenges and pitfalls. Also sched-
uled for the resident during this second week, was 
one-on-one didactics with a molecular/genomics 
attending. These didactic sessions further delved 
into the bioinformatics pipeline by going over the 
code and architecture in further detail. Didactic 
topics included next generation sequencing (NGS) 

Table 3. The Rotations and Topics Addressed for Each Week of the Rotation*

Week Rotations/Topics

Week 1 AP-LIS support and automation, WSI, computer vision/AI

Week 2
Molecular and genomic informatics including 
bioinformatics pipeline and scripting

Week 3
Rotations in Machine Learning Labs and 
Pathology Imaging Labs

Week 4 AP-LIS, WSI, Surgical Pathology Informatics, and Previous Rotations of Interest

*Didactic lectures in pathology informatics by attending were performed throughout all the weeks. Any informatics related meetings were also attended to 
when possible throughout the weeks (i.e., QA/QC meetings, molecular sign out, lab meetings, and vendor meetings).
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file formats, QA pitfalls, filtering variants, and in-
troductions to using the programming language R 
for analyzing data. 

The third week was designed as an anatomic 
pathology informatics research week in which the 
trainee would rotate through the Thomas Fuchs 
Lab and the Yukako Yagi Lab. The Fuchs Lab is 
focused on computer vision and AI applications 
to either WSI, tissue-micro arrays, and medical 
imaging. The Yagi Lab investigates novel innova-
tive approaches to tissue processing and imag-
ing such as 3D tissue imaging, multispectral im-
age enhancement, and telepathology. During this 
third week, the trainee would attend lab meetings 
and team up with research scientists to help on 
their projects. Experience in both labs immerses 
the trainee in innovative approaches for pathology 
and in fostering inspiration in academic pursuits 
in pathology informatics.

The entire four-week rotation was overseen 
by multiple pathology informatics attendings. 
Integrated throughout the four-week rotation is 
practice experience supplemented by individual 
one on one didactic lectures with informatics at-
tendings on various informatics topics, infor-
matics research projects, vendor meetings, and 
hospital wide informatics meetings. Two specific 
informatics projects were slated for involvement 
by the trainee during the four-week rotation. The 
first project was the validation of the Leica Aperio 
LV1 for remote frozen section diagnosis. The Leica 
Aperio LV1 (Leica Biosystems, Buffalo Grove, IL) 
is a small footprint (e.g. 4 slide) hybrid robotic mi-
croscope/whole slide scanner providing both WSI 
capabilities and dynamic robotic telepathology 
ideal for frozen sections (5). The second project 
was analyzing component differences across dif-
ferent WSI platforms to further investigate high 
power field quantification in digital pathology (6). 

Implementation and Adaptation of the 
Rotation to the Covid-19 Pandemic
In December of 2019, cases of an unknown vi-
ral pneumonia were reported in Wuhan, China, 
later identified as SARS-CoV-2 or COVID-19. 

On January 20th 2020, the first reported case of 
COVID-19 infection was identified in the United 
States (8). On March 20th 2020, stay at home orders 
were placed in New York City with strict gathering 
and social distancing measures in order to hinder 
the spread of COVID-19 (9). By early April 2020, 
hospitals in New York City were overwhelmed, as 
intensive care units were expanded and healthcare 
workers redeployed to meet the increasing num-
ber of individuals infected with COVID-19. Pa-
thology departments in New York City also faced 
difficulties in moving forward safely with clinical 
operations. 

Though carefully developed and planned prior, 
the informatics rotation began right as COVID-19 
hit New York City. By the second week of the rota-
tion, all research labs had suspended in person activ-
ity with individuals working from home to decrease 
exposure. At the same time discussions as to how 
pathology informatics could help in not only data 
collection and investigation of COVID-19 but also 
remote sign out of WSI were discussed. MSKCC had 
in place a robust WSI lab and operation that was 
situated to aid pathology workflow in a safe manner 
(10, 11). The focus of the trainee’s rotation adjusted 
towards testing and validation of operational pro-
cesses adapted for pathologists to review and sign-
out pathology specimens remotely through WSI. 
Accomplishing such an endeavor meant promot-
ing the safety of individuals in the lab and digital 
scanning, as well as pathologists, while continuing 
clinical operations and responsibilities. The adap-
tation of the rotation during the pandemic high-
lights the flexibility as well as the wide applicability 
of pathology informatics for training. 

Testing and Validation of Remote Sign out 
Through WSI
MSKCC has numerous WSI technologies, digital 
scanning staffing, and existing processes to pilot a 
larger WSI operation for remote sign out. Incor-
porating WSI at scale during the pandemic for re-
mote sign out became the priority, though many 
operational questions remained that required 
tremendous efforts by the trainee in testing and 
validation in real time. In addition to these testing 
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and validation efforts, one on one didactic lectures 
with informatics attendings continued via web 
conferencing platforms (e.g. WebEx, Zoom Mi-
crosoft Teams) on informatics topics such as mo-
lecular/genomic bioinformatics, WSI, and labora-
tory information systems.

For the validation, the Leica Aperio GT450 and 
Philips UltraFast Scanner were selected as high 
throughput instruments to pilot remote sign out 
of surgical pathology specimens. Initially, a select 
group of attendings began a remote sign out pilot 
using WSI for one specialty. Shortly after the initial 
pilot, a study protocol was developed to encompass 
all surgical pathology subspecialties on randomly 
selected service days (11). WSI was then expanded 
to other services/specialties and attendings with the 
eventual intent to scale operations to all glass slides 
produced by the lab and all slides of cases received 
as consultations. The trainee worked as part of the 
team including digital imaging staff and operation-
al directors to test and address issues that arose. As 
there was no precedent, the trainee was actively 
involved in developing process frameworks for 
slide scanning operations and workflows, address-
ing slide-reading errors; continual optimization of 
slide scanning workflows were addressed firsthand 
without guidance from prior established examples. 
Additionally, how digital slides were viewed and 
how to best optimize the required components for 
WSI viewing, were also addressed directly without 
guidance from prior established examples. 

Regulatory considerations were addressed in 
the validation for remote WSI sign out. With the 
need for WSI remote sign out during COVID-19, 
Centers for Medicare and Medicaid Services 
(CMS) temporarily used their enforcement discre-
tion to allow remote sites meeting specific criteria 
to not require dedicated CLIA certifications; in or-
der for pathologists to work remotely (12). Other 
regulatory bodies in other countries also followed 
suit (13-15). The FDA also further provided guid-
ance with a temporary enforcement discretion on 
the use of non-510(k) cleared devices, with valida-
tion prior to use (16). 

In New York State (NYS), the NYS Department 
of Health is the CLIA-deemed entity that requires 

all CLIA-certified laboratories in NYS to have ap-
proval for laboratory developed testing (LDT). 
LDT validation documentation was required for 
submission and approval, in order to perform re-
mote sign out using WSI. The application for vali-
dation by NYS was written and submitted during 
the validation process and eventually granted ap-
proval. By developing the process for remote WSI 
sign out along with participation in testing, valida-
tion, and handling regulation around remote WSI 
sign out, the education of the trainee was greatly 
enhanced. Familiarity with all the nuances around 
digitization of glass slides, the steps required, and 
the regulations of government and professional 
societies, brought unforeseen practical experience 
that would not have occurred without the pan-
demic forcing adaptions by MSKCC.   

Conclusions

Pathology informatics continues to evolve with 
process-driven technological solutions for an in-
creasingly complex healthcare field. Advances in 
WSI, computer vision/AI, and digital imaging in-
novations allow pathologists to not only work ef-
ficiently, but also yield new approaches to disease 
diagnostics and management. Likewise, informat-
ics in molecular and genomic pathology plays a key 
role in disease diagnostics and management with 
generations of insights through breakthroughs in 
data analysis. Future pathologists need to know 
these aspects of informatics in in their practice. 
Therefore, training pathology residents and fel-
lows in pathology informatics concepts are es-
sential for the future pathologist workforce. Such 
essential training is acknowledged by the ACGME 
and CAP by their efforts to bolster informatics 
education for trainees. The pathology informatics 
rotation constructed, developed, and implement-
ed at MSKCC serves as a guide and example in 
structuring a resident/fellow pathology informat-
ics rotation. While the general goals, objectives, 
and designed activities pivoted to fit the needs of 
the department during the COVID-19 pandemic 
for remote WSI sign out, the rotation still yielded 
valuable experience in learning about informatics 
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processes and core concepts. Having clear and well 
thought out objectives prior to the rotation as well 
as dedicated mentors and attendings enhanced the 
education experience.
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Abstract 
This review aims to emphasize new insights into the diagnosis, classification, and therapy of bladder cancer (BC). Bladder cancer 
is a heterogeneous, complex disease on a morphological, molecular, diagnostic, and prognostic level. Cancer stage is still the 
most important attribute for prognosis and treatment, while early detection with optimal and rapid individual therapeutic and 
surveillance approach is crucial. The vast majority of patients have a superficial, non-muscle-invasive tumor associated with a 
good prognosis after resection and adjuvant intravesical maintenance immuno or chemotherapy if needed. On the other hand, 
muscle-invasive bladder cancer is a highly aggressive disease with high morbidity and mortality. However, it has become a 
model for oncology success over the last five years with many available targeted therapeutic modalities. Metastatic BC is now 
amenable to multimodal treatment combining cystectomy and neoadjuvant chemotherapy and immunotherapy and is a target 
for precision medicine. Conclusion. A new molecular taxonomy for bladder cancer has been proposed and provided insight 
into BC’s carcinogenesis, with some possible effects on therapy decisions. However, this classification is still not applicable in 
routine clinical practice. It opens new questions regarding the interplay between tumor genetic signature, intratumoral hetero-
geneity, therapy implications, and tumor progression.

Key Words: Bladder Cancer Pathology  Bladder Cancer Therapy  Bladder Cancer Genetics.

Introduction

Bladder cancer (BC) accounts for 3% of global can-
cer with higher frequency in the developed coun-
tries. According to the GLOBCAN data in 2020, 
the incidence was 9.5 (men) and 2.4 (women) per 
100 000 with mortality rates of 1.9/100 000. It is 
the fourth most common cancer in men, 11th in 
women, and the ninth most common cause of can-
cer deaths in Europe. Sixty-five years is the median 
age at diagnosis, and the average 5-year survival is 
about 75% in developed countries. Five-year sur-

vival for metastatic disease is up to 5%. Smoking 
is the strongest risk factor related to BC. Schisto-
somiasis infection with persistent chronic inflam-
mation in Africa and the Middle East is a critical 
tropical pathogen in BC carcinogenesis (1, 2).

Although BC is a heterogeneous disease in 
many ways, which is confirmed with new tech-
niques such as next-generation sequencing, at the 
morphological level, urothelial carcinoma of the 
usual subtype (UC) comprises 90% of BC. Among 
these, up to 85% of patients will have disease con-
fined to the mucosa (non-invasive BC; pTa) or 
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submucosa (non-muscle invasive BC; pT1), which 
were formerly called “superficial” bladder cancer. 
Muscle invasive BC (≥pT2) is a high-grade, ag-
gressive disease, which requires early detection 
with optimal and rapid therapeutic and surveil-
lance approaches (1, 3).

For the sake of clarity, in this review, we will use 
the following terminology: NMIBC (non-muscle 
invasive BC) and MIBC (muscle-invasive BC). 
Whereas the tumor stage primarily determines 
BC’s prognosis and therapy, other aspects of this 
malignancy also have considerable clinical signifi-
cance. These clinically important data on the di-
agnosis, classification, and therapy of BC will be 
discussed in this review.

Clinical Presentation, Screening,  
and Diagnosis

The most common symptom of bladder tumors 
(recorded in up to 85% of BC) is painless hema-
turia. Macrohematuria is usually associated with 
higher-stage disease. BC may also present with 
lower urinary tract symptoms (hesitancy, poor 
and intermittent stream, straining, prolonged mic-
turition, incomplete bladder emptying, dribbling, 
frequency, urge incontinence, and nocturia, lower 
urinary tract symptoms and especially irritative 
voiding, commonly seen with in situ carcinoma 
(CIS) (4).

After excluding urinary tract infection, clinical 
examination of the abdomen, external genitalia, 
urethra, and prostate is required. Ultrasound (US) 
of the kidneys and bladder, followed by cystoscopy 
using a flexible, fiberoptic cystoscope, is standard 
of care. In case of negative cystoscopy findings, 
further steps are urine cytology, computed tomog-
raphy (CT) or urography/intravenous urography if 
CT is not available (5). Positive urine cytology is a 
sign of UC anywhere in the urinary tract. Howev-
er, negative cytology does not exclude its presence 
since the false-negative rate is up to 20% in high-
grade UC. In high-grade tumors, urine cytology 
with cystoscopy has high sensitivity, up to 84%. 
In low-grade tumors, sensitivity is very low, up to 
16%. Although cytological interpretation is user-

dependent, the test’s specificity can be up to 90% in 
experienced centers (5, 6). In 2016 the Paris Work-
ing Group redefined the diagnostic categories for 
urine cytology, suggesting the diagnostic reports 
to be classified into the following diagnostic cat-
egories: a) Negative for high-grade urothelial car-
cinoma (Negative); b) Atypical urothelial cells 
(AUC); c) Suspicious for high-grade urothelial 
carcinoma (Suspicious); d) High-grade urothelial 
carcinoma (HGUC); and e) Low-grade urothelial 
neoplasia (LGUN) (7). 

In the last decade, urine and cytology sam-
ples are being adopted as promising and suitable 
sources to develop non-invasive, accurate, and 
cost-beneficial tests to diagnose and monitor BC 
patients, particularly for early low-grade tumors 
(8). Such tests include panels of markers related 
to gene expression and epigenetic changes such as 
DNA methylation patterns and post-translational 
histone modifications. In addition to cellular DNA 
or RNA, in urine samples, cell-free DNA (cfDNA), 
referring to degraded tumor DNA fragments, is 
valuable for detecting genetic and epigenetic al-
terations (9). The most useful panels for BC are 
those searching for TERT promoter mutations and 
FGFR3 mutations. Some studies have shown these 
changes months before the clinical manifestation 
of BC (10). In addition to cfDNA assays for urine, 
some promising plasma cfDNA diagnostic plat-
forms show good detection of genetic changes in 
patients with NMIBC and invasive and metastatic 
disease (11).

Imaging of Bladder Cancer

In the initial diagnosis of BC, imaging plays an 
important role. The US is the first-line evaluation 
for patients with hematuria due to its availability. 
It can be used for staging, particularly in patients 
with renal insufficiency or contrast allergy; how-
ever, it may underestimate the local depth of inva-
sion. Newer US contrast involving microbubbles 
has enabled the developing of a novel imaging 
technique called contrast-enhanced ultrasound 
(CEUS), which is promising in predicting the 
grade of BC and T-stage. US is still the most im-
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portant imaging method for the initial evaluation 
of hematuria and follow-up of early-stage NMIBC 
after resection (12). 

Computed tomography is the primary imaging 
modality for assessing the extent of the tumor. The 
National Comprehensive Cancer Network’s cur-
rent recommendations for the staging of MIBC in-
clude CT of the chest, abdomen, and pelvis. Mag-
netic resonance imaging (MRI) of the abdomen 
and pelvis with additional non-contrast chest CT 
in patients with contrast allergies is required (13). 
Recent improvements in CT cancer imaging, in-
cluding multidetector acquisition with higher im-
age quality and radiation exposure reduction, have 
solidified its role as the primary imaging modal-
ity, despite the rise and availability of more com-
plex and modern methods. Studies show that CT’s 
specificity and sensitivity in bladder cancer de-
tection are 79-89% and 91-94%, respectively (14, 
15). One of the main diagnostic goals is to assess 
extravesical transmural spread. CT urography has 
almost wholly replaced intravenous urography for 
the diagnosis and surveillance of localized blad-
der carcinoma. However, it lacks the resolution 
to be used in primary tumor staging as it cannot 
distinguish between different layers of the bladder 
wall, and it can miss lesions smaller than 1 cm in 
size (16, 17). If CT is used to analyze and follow-
up changes after transurethral resection of bladder 
cancer, its accuracy can be further reduced due to 
inflammatory changes, which can be mistaken for 
BC (17, 18).

Despite its relatively low cost, rapid turnover, 
wide availability, and new low dose protocols, CT 
is still less advantageous than MRI or PET scan 
for local and distal lymph node involvement, with 
specificity ranging between 68-100% (16). A new 
imaging approach called dual-energy CT (DECT) 
uses software to merge 2 CT scans and create a 
split-dose CT urography in which 1/3 of the total 
contrast dose is given 8 minutes before the scan 
and the other 2/3 of the dose 2 minutes before 
the scan. With additional subtraction of contrast 
from initial CT scans, a virtual non-contrast CT 
is also recreated. The results in an artificially cre-
ated triple-phase exam (non-contrast, venous, and 

delayed urographic) are completed in one scan 
acquisition at 1/3 of the radiation dose since the 
delay non-contrast pass is not needed. The main 
benefit is reduced radiation exposure (17). When 
compared to MRI, CT is faster and more cost-
effective. Downsides include ionizing radiation, 
high interobserver variability, and the inability to 
differentiate the bladder’s muscle layers and distin-
guish T1 from T2 disease. Specificity and sensitiv-
ity of CT imaging are low for extravesical exten-
sion of locally advanced BC and small metastatic 
lesions, compared with MRI (17-20).

MRI is used for preoperative staging in T2 and 
advanced disease and staging after cystoscopy. 
Transurethral resection (TUR) is considered the 
most accurate technique for staging invasive and 
non-muscle invasive tumors. However, it can still 
underestimate this cancer by 42%. MRI provides 
extensive soft-tissue resolution with the ability to 
detect T3 and T4 diseases. MRI is superior to CT 
in distinguishing T2a from T2b stage. Diffusion-
weighted MRI are shown to be an excellent tool 
for differentiating benign and malignant bladder 
lesions, tumor staging, and assessment after che-
mo-radiotherapy treatment (19, 20).

Multiparametric MRI (mpMRI) is a new com-
bination of MRI sequences composed of T1W-
MRI, T2W-MRI, and functional MRI methods, 
including DCE-MRI and DW-MRI. It showed 
potential for detection, and staging assessment, 
particularly for assessing muscular invasion depth 
(21). MRI-PET was approved in 2011. It combines 
the advantages of two complex scans providing su-
perior sensitivity and specificity for bladder cancer 
detection and characterization; however, there are 
not enough clearly defined and large prospective 
studies to validate these findings (22). 

Histopathological Diagnosis

Histological confirmation of BC diagnosis is based 
on TUR sample analysis in most cases. The most 
common histological subtype is urothelial carci-
noma, constituting approximately 90% of all blad-
der cancers (in some institutions, the term transi-
tional cell carcinoma is still used). The diagnosis is 
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based on architectural and cytological characteris-
tics. Architecturally, BC shows papillary, infiltra-
tive-solid, or mixed growth patterns (3) (Table 1).

Grade 

In NMIBC, grade is still the most important find-
ing for therapy and follow-up decisions. In the 
WHO 2004 classification, a two-tiered grading 
system was recommended and confirmed in the 
WHO 2016 classification of UC (3). Low-grade 

UC is characterized by papillary architecture and 
distinct but low-grade cytologic abnormality, with 
increased crowding and layering of the atypical 
cells, which are relatively uniform in size and with-
out significant nuclear pleomorphism. Mitoses are 
mostly rare but sometimes easily visible and placed 
at the basal tumor layers (3, 23) (Figure 1).

High-grade UC shows prominent architectural 
and cytologic abnormalities with anastomosing 
papillae and confluence on low-power examina-
tion. Cells show dyscohesion, nuclear pleomor-
phism and anaplasia, prominent nucleoli, and ir-
regularly clustered disorganized cells. Mitotic fig-
ures are numerous and atypical and occupy the full 
thickness of the epithelial layer. Frequently in situ 
urothelial carcinoma is found close to high-grade 
UC (3, 23).

A three-tiered grading system is still used in 
some institutions (Grade 1: Well-differentiated; 
Grade 2: Moderately differentiated; and Grade 3: 
Poorly differentiated UC) but is mostly abandoned 
due to low interobserver concordance. To convert 
to a two-tiered system, grade I and II are defined 
as low grade and grade III as high grade. The grade 
is of particular importance in NMIBC due to dif-
ferences in the therapeutic approach. With rare 
exceptions, MIBC are high-grade tumors (23, 24) 
(Figure 1).

Table 1. Bladder Cancer Histological Types*

Urothelial Carcinoma, Pure or Mixed With Other Type

Squamous differentiation

Glandular differentiaton

Sarcomatoid differentiaton

Trophoblastic differentiation

Nested variant

Micropapillary variant

 Microcystic variant

Lymphoepitelioma like carcinoma

Giant cell variant

Clear cell variant

Lipid cell variant

Neuroendocrine (Carcinoid, Small cell/large cell carcinoma)

*Moch et al. WHO classification of tumours of the urinary system and male 
genital organs, 2016. 

Figure 1. A. Low grade papillary urothelial carcinoma, ×100; B. High-grade urothelial carcinoma, ×100 (Hematoxylin and 
Eosin stain).
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Staging

Tumor-node-metastasis (TNM) staging system 
is used in histopathological reports for exophytic 
and endophytic growth patterns. The tumor stage 
is determined by the depth of tumor invasion into 
the bladder wall’s layers, whose anatomy and his-
tology are variable and can sometimes be confus-
ing even for pathologists. Despite some limitations 
in sample adequacy and provided data in TUR 
specimens, it is still obligatory to determine the 
depth of invasion, defined as the highest pT stage in 
a given case. Clinical TNM and staging include not 
only pTNM but also other diagnostic findings (25).

In NMIBC, it is most important to determine 
the basal lamina’s integrity and distinguish between 
CIS and non-invasive UC. The 2017 American Joint 
Committee on Cancer TNM recommended pT1 
substaging and put the cut-off for microinvasion at 
0.5 mm. In the invasive growth pattern (invasion 
through basal lamina), the absence or presence of 
muscularis propria and its invasion is of the highest 
importance. It assigns a pT2 stage category and is 
an indicator of TUR adequacy. In MIBC, the stage 
is still the most important prognostic factor. In 
TUR specimens, muscularis propria may be mim-
icked by hyperplastic muscle bundles in the lamina 
propria, leading to overstaging. It is crucial to dis-
tinguish these two muscle types morphologically 
and immunohistochemically. All MIBC tumors are 
classified as pT2 tumors when confined to the blad-
der and pT3 tumors when the perivesical fat inva-
sion is found (24-26).

It may be difficult to demarcate the irregular 
muscularis propria at the perivesical soft tissue junc-
tion in cystectomy specimens. Studies have shown 
significantly poorer outcomes in pT3b compared 
with pT3a tumors. Proper gross assessment of peri-
vesical soft tissue invasion is of utmost importance 
for the proper staging of pT3 tumors (25, 26).

Molecular Classification of Urothelial 
Carcinoma

All malignant tumors are composed of different 
cell clones, which harbor different genetic makeup 

and gene expression changes, including molecular 
characteristics between primary and metastatic 
tumors (27). UC is well known for its heterogene-
ity at the morphological and molecular levels, with 
various subclones developing during tumor pro-
gression, metastatic spread, and therapy-induced 
changes. Identification of lethal tumor subclones 
and their molecular signature is crucial for preci-
sion medicine and patients’ survival with MIBC 
and metastatic BC. In BC, it is also essential to 
identify NMIBC with the potential for aggressive 
behavior and progression to MIBC (28, 29).

The main drivers in UC carcinogenesis are 
changes in DNA. Comprehensive wide genome 
multiplatform analyses by the TCGA (The Cancer 
Genome Atlas) group showed various DNA mu-
tations in UC patients. It provided a strong base 
for future classification of UC based on molecular 
taxonomy (30). DNA changes included mutations 
in multiple genes involved in cell-cycle regulation, 
chromatin remodeling, kinase receptor signaling, 
transcription, and DNA repair. These findings 
are in line with melanoma and lung cancer pro-
files, which are malignancies with most genetic 
alterations. The most frequently mutated gene in 
UC was TP53, found in half of the samples, and 
it was mutually exclusive with the amplification/
overexpression of mouse double minute 2 homo-
log (MDM2). Another frequently mutated gene 
was mixed-lineage leukemia 2 (MLL2), essential 
for chromatin remodeling and epigenetic regula-
tion. RB1 mutation was mutually exclusive with 
CDKN2A deletion. Recurrent hotspot mutations 
in the TERT promoter regions are also common in 
UC regardless of grade, stage, or histological sub-
type. Other mutated genes essential for cell prolif-
eration and differentiation were FAT atypical cad-
herin 1 (FAT1), CREB-binding protein (CREBBP), 
ERBB2/HER2, spectrin alpha non-erythrocytic 
1 (SPTAN1), hotspot activating receptor tyrosine 
kinases mutations, and gene fusions of FGFR3, 
PIK3CA, lysine (K)–specific methyltransferase 2C 
(KMT2C), ataxia-telangiectasia mutation (ATM), 
and lysine (K)–specific methyltransferase 2A 700 
Arch (KMT2A) (30, 31). 
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Only a few alterations are retained from pri-
mary tumors in respective metastases. Molecu-
lar/genetic changes are more expressed over time 
and due to therapy. Early tumor forms in UC are 
characterized by FGFR3, AFDN, and H3F3A mu-
tations, which are not found in invasive subclones. 
Mutations in KDM6A, TP53, PIK3CA, and FGFR3 
genes are also characteristics of primary UC clones, 
while TP53, MLL3, FBXW7, and SETD2 mutations 
are more commonly seen in metastatic clones (29). 
Most experts agree that high tumor mutation bur-
den (TMB) reflects frequent mutations and their 
accumulation over time in bladder cancer. MIBC 
has TMB >7 mutations per Mb and changes in 
genomic and transcriptional levels, which are not 
easy to frame. The DNA-editing enzyme apolipo-
protein B mRNA catalytic polypeptide-like (APO-
BEC3) family is believed to be responsible for high 
TMB in UC. Chemotherapy may affect APOBEC3 
expression, further influencing the genetic signa-
ture in UC clones (32, 33). Several molecular sub-
classification systems have been proposed based 
on different gene expression. These efforts may be 
limited by intratumoral heterogeneity, which may 
be seen morphologically in distinct BC subtypes 
within the same tumor (31-35). Recently blood 
and/or urine-based liquid biopsy platforms have 
been rapidly developing and may be a useful tool 
for capturing the fast changes in BC’s molecular 
signatures (34). Therefore, a new classification of 
UC based on histopathological findings and mo-
lecular characteristics is needed and proposed 
during the last five years. 

There is strong evidence for the existence of 
two pathways of bladder carcinogenesis. The first 
pathway comprises 80% of NMIBC with papillary 
architecture and precursor lesions in the form of 
urothelial dysplasia (36). These are locally recur-
rent tumors without risk of invasive growth. The 
second pathway is related to urothelial carcinoma 
in situ and shows high-grade tumor characteris-
tics with infiltrative growth (MIBC). Up to 15% of 
low-grade papillary tumors progress to high-grade 
lesions and invasive carcinomas with time.

Urothelial dysplasia and low-grade papillary 
tumors are characterized by activating fibroblast 

growth factor receptor 3 (FGFR3) mutations, 
which activate the RAS gene (36). In situ UC shows 
inactivation of TP53 and RB1 pathways with SV40 
large T antigen. Activation of the phosphoinosit-
ide 3-kinase/protein kinase B (PI3K/AKT/mTOR) 
pathway, resulting from deletions or mutations 
of tumor suppressor genes, promotes invasive 
growth. Additionally, loss of phosphatase/ten-
sin homolog (PTEN) is well known to be associ-
ated with invasive growth and high-grade tumors, 
which presumes PI3K/AKT/mTOR pathway as the 
driver of the invasive phenotype. Downregulation 
of TP53 and RB1 is essential in urothelial carcino-
ma’s invasive phenotype (35-37).

An important question is which cells harbor 
the mentioned mutations, and are the cell of origin 
for BC development? The multilayered urothelium 
comprises three cell types; basal cells, which sit on 
the basal membrane, an intermediate cell layer, 
and umbrella surface cells. These cells express dif-
ferent cell membrane markers, which may be an 
essential clue to track the tumor cell of origin. In 
UC, this cell of origin is believed to come from the 
basal cell layer (37, 38).  

Non-Muscle Invasive Bladder Cancer 

The molecular diversity of UC is responsible for 
the different clinical behavior, progression, and re-
sponse to conventional and targeted therapies. Dif-
ferent studies are currently trying to gather all the 
morphological, molecular, and clinical informa-
tion needed to define the molecular subgroups of 
UC to simplify therapy selection and improve clin-
ical response and prognosis of the disease. In 2012, 
Sjödahl et al. (38) analyzed gene expression profiles 
of NMIBC. They described three major molecular 
subtypes: urothelial-like (which expressed FGFR3 
and cyclin D1 and showed loss of 9p21), genomi-
cally unstable, which expressed Forkhead box M1 
[FOXM1], with loss of RB1, and basal/squamous 
cell carcinoma-like (which expressed cytokeratins 
CK5 and CK14). The authors showed prognostic 
differences: urothelial-like had a good prognosis, 
genomically unstable intermediate prognosis, and 
basal-like showed the worst outcome. For the first 
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time, an immunohistochemical staining panel dis-
tinguishing those subtypes was described (39). A 
comprehensive transcriptional analysis was done, 
and finally, three different molecular subgroups 
of NMIBC were found. The first group harbors 
FGFR3 mutation, expresses uroplakins, and is cor-
related with a good prognosis. The second group 
shows luminal-like differentiation with TP53 and 
ERCC2 mutations and is associated with high-risk 
NMIBC. The third group harbors FGFR3 muta-
tions and expresses KRT5 and KRT15 as markers 
of undifferentiated or basal cells (40, 41) (Figure 2). 

Muscle Invasive Bladder Cancer 

Different molecular subclassifications for MIBC 
were described as well. Guo et al. (31), based on 
whole-genome mRNA expression, proposed three 
subtypes of MIBC: basal, luminal, and p53-like. 
An immunohistochemical profile was proposed to 
differentiate these three groups. The basal subtype 
morphologically showed squamous or sarcoma-
toid differentiation and expressed CK5/6, CK14, 
and p63. The luminal subtype was characterized by 
uroplakins, CK18, CK20, GATA-3 expression, pap-

illary architecture, FGFR3 mutation, and ERBB2 
amplification. p53-like was described as a subtype 
of luminal tumors resistant to chemotherapy. The 
basal subtype showed aggressive behavior with an 
excellent response to cisplatin-based therapy (31). 
The following year, Robertson et al. (30) proposed 
five distinct molecular subtypes based on clini-
copathological findings and mRNA expression. 
These included luminal-papillary, luminal-infil-
trated, luminal, basal squamous, and neuronal.  
Luminal-papillary was related to the FGFR3 path-
way (overexpression, amplification, or mutation), 
papillary architecture, low-grade morphology, 
and low progression risk. The luminal infiltrating 
showed strong stromal reaction and myofibro-
blastic proliferation with dense intratumoral and 
peritumoral lymphocytic infiltration and revealed 
the importance of the microenvironment for tu-
mor growth and progression. In this subtype, im-
mune checkpoint markers were highly expressed 
[programmed death ligand-1 (PD-L1), cytotoxic 
T lymphocyte-associated protein (CTLA-4)], tag-
ging this subtype as a right candidate for immuno-
therapy with immune checkpoint inhibitors. The 
basal/squamous subtype showed squamous differ-
entiation and expression of basal markers (CD44, 
CK5, CK6A, CK14) as well as transglutaminase 1 
(TGM1), desmocollin 3 (DSC3), PI3, and occa-
sionally immune checkpoint markers. This sub-
type also showed a good response to both cispla-
tin-based chemotherapy and immune checkpoint 
therapy. The neuronal subtype was characterized 
by neuroendocrine marker expression but did not 
always show morphological features of neuroen-
docrine tumors, and it was correlated with the 
worst clinical outcome (36, 42). MIBC with lumi-
nal features is likely to progress from pre-existing 
superficial papillary tumors, while basal tumors 
develop from flat in situ lesions.

Despite the plurality of molecular taxonomies 
of UC, the most comprehensive one seems to be 
presented by the Lund University group and the 
TCGA group. Recently, the Bladder Cancer Molec-
ular Taxonomy Group issued its recommendations 
based on cohorts and studies proposing different 
classifications trying to assimilate and harmonize 

Figure 2. NMIBC molecular subgroups. FGFR3 – Fibroblast 
growth factor receptor 3, ERCC2 – Excision repair cross 
complementing repair 2.

Monika Ulamec et al: New Insights into the Bladder Cancer Management
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the terminology for these subtypes 
and provide a robust classification 
system of clinical relevance. Their 
proposed consensus classification 
includes six molecular types: lu-
minal papillary (LumP), luminal 
nonspecified (LumNS), luminal 
unstable (LumU), stroma-rich, 
basal/squamous (Ba/Sq), and neu-
roendocrine-like (NE-like). All lu-
minal tumors show urothelial dif-
ferentiation, FGFR3 genetic chang-
es, and active PPARG and GATA3 
regulons. LumP shows the least 
aggressive behavior and frequently 
harbors TP53 wild type. LumNS is 
strongly related to micropapillary 
morphology and CIS. LumU tu-
mors are characterized by enrich-
ment in genomic instability and 
mutations in the genes encoding 

Figure 3. MIBC molecular subgroups. FGFR3 – Fibroblast growth factor receptor 3, KDM6A – Lysine demethylase 6A, ELF3 
– ETS like transcription factor 3, ERCC2- excision repair cross-complementing repair 2, APOBEC3 – Apolipoprotein B mRNA 
catalytic polypeptide-like enzyme, RB1 – RB transcriptional corepressor 1.

Figure 4. Proposed immunohistochemical panel for bladder cancer subtyping. 
LumPap – luminal papillary, LumNS – luminal nonspecified, LumU – luminal 
unstable, Ba/Sq – basal/squamous, and Neuro E – neuroendocrine-like.
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for the APOBEC protein family and the highest 
levels of TP53 and ERCC2 mutations, associated 
with sensitivity to chemotherapeutic agents (41-
44). Stroma-rich tumors show high expression of 
endothelial and myofibroblastic gene signatures, 
T, and B cell markers. Ba/Sq and NE-like subtypes 
were confirmed as very aggressive with the worst 
prognosis (45) (Figure 3). To ease every-day histo-
pathological evaluation of BC and enable the best 
molecular classification in routine pathologists’ 
work, immunohistochemical algorithms for mo-
lecular BC subtyping have been proposed (Figure 
4) (43).  

Molecular subtypes and BC classification are 
based on different underlying oncogenic mecha-
nisms, genetic and epigenetic alterations, changes 
in the microenvironment and non-tumor cells, in-
filtration by immune cells, histologic patterns, and 
clinical outcomes. Still, some unresolved ques-
tions about different histological subtypes of BC 
are an ongoing topic of research and discussion. 
Currently, there is not enough evidence about the 
connection between molecular features and che-
motherapy response.

Therapy

Non-Muscle Invasive Bladder Cancer 

NMIBC of low-grade is subject to monitoring and 
early detection protocols, which can be improved 
with the above-mentioned multigene assays from 
urine to detect recurrent tumors and search for 
markers of NMIBC with increased risk of pro-
gression into the invasive high-grade tumor (8). 
NMIBC of high-grade is treated with locally ap-
plied chemotherapy (intravesical chemotherapy), 
which is very effective, together with TUR, in re-
ducing a local recurrence. Mitomycin C, epirubi-
cin, thiotepa, gemcitabine, and doxorubicin are the 
most commonly used cytotoxic agents (46). BC has 
been for decades the paradigm of immune-respon-
sive disease. For NMIBC, the standard treatment 
is still local instillation of Bacillus Calmette-Guérin 
(BCG), which acts as an immunomodulatory agent 
eliciting a cell-mediated immune response. This 

therapy reduces recurrence and progression. It is a 
good maintenance therapy for patients at interme-
diate risk and high risk of NMIBC (47).

Muscle Invasive Bladder Cancer 

Radical cystectomy with pelvic lymph node dis-
section as the sole treatment modality offers a 
chance for a cure only in a minority of patients 
with MIBC. Occult distant metastases are com-
mon even in patients that present with localized 
MIBC. Moreover, after radical surgery, 50% of pa-
tients experience metastatic relapse with a median 
time to distant failure around one year post-cystec-
tomy. Strategies undertaken to address such high 
distant failure rates include the use of perioperative 
chemotherapy. While perioperative chemotherapy 
implies the use of chemotherapy before or after 
cystectomy, several distinct features make neoad-
juvant chemotherapy specifically an appealing op-
tion for the curative treatment of MIBC (48, 49).

Neoadjuvant chemotherapy (NAC) (3 cycles 
of methotrexate, vinblastine, doxorubicin, cispla-
tin (MVAC)) followed by radical cystectomy can 
confront a lower burden micrometastatic disease. 
The in-vivo therapeutic effect of chemotherapy is 
observed, and before tolerate chemotherapy bet-
ter before surgery (decline in performance sta-
tus, deterioration in kidney function, postopera-
tive morbidity). In patients who respond to NAC, 
downstaging is possible, optimally resulting in 
pathologic complete response and clear surgical 
margins. Despite the level I evidence, NAC’s up-
take was relatively weak across different health-
care settings and hardly reached 25% of eligible 
MIBC patients (50-52). There are several possible 
explanations. Up to 50% of patients with MIBC 
have significant renal function impairment, which 
precludes the use of cisplatin-based chemothera-
py (kidney filtration rate <60 mg/minute/1.73 m2 
threshold), which leaves them out of the window 
of opportunity to benefit from NAC (53). More-
over, MIBC patients are often older, frail, and have 
a high comorbidities burden (primarily cardiovas-
cular, including heart failure). Around half of all 
patients with MIBC are ineligible to receive cispla-
tin (54) from the outset.
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Apart from eligibility issues, there is a fear of 
delaying cystectomy due to toxic chemotherapy 
given to frail patients, which is truly effective only 
in the minority of patients (25-35% of patients ex-
perience tumor downstaging or pathologic com-
plete response). A delay in cystectomy beyond 12 
weeks was associated with inferior survival out-
comes only when no NAC was given. However, 
most of the neoadjuvant regimens can be com-
pleted within this period, causing no surgery de-
lay. Reassuringly, there was no difference in radical 
cystectomy rates between the patients randomized 
to NAC and patients treated with radical cystec-
tomy alone in landmark SWOG 8710 randomized 
trial (82% vs. 81%) (55, 56).

Standard-dose MVAC regimen has significant 
toxicity. A novel approach to shorten the duration 
of treatment and decrease toxicity is the develop-
ment of a dose-dense (ddMVAC) 2-week regimen 
with the support of granulocyte–colony-stimu-
lating factors. The observed complete pathologic 
response after 3 or 4 cycles of ddMVAC is 26% 
and 38%, respectively. The time from initiation of 
NAC to cystectomy was well within the optimal 
12 weeks window (9.7 weeks). The most common 
toxicity was manageable myelosuppression and 
mucositis, with no severe and life-threatening side 
effects and no cystectomy cancellation (56-58). 
NAC is standard of care for patients with MIBC 
fit for cisplatin and is supported by European As-
sociation of Urology and National Comprehensive 
Cancer Network guidelines (50, 51).

Adjuvant chemotherapy for high-risk bladder 
cancer is based on an actual assessment of patho-
logical risk factors after radical surgery to tailor 
treatment based on the individualized risk of re-
lapse. This approach would overcome NAC’s main 
shortcoming: unselective treatment with high tox-
icity in a difficult-to-treat population with a small 
margin of benefit. However, only a few patients 
with high-risk pathological features following cys-
tectomy (node-positive patients, pT3-4 disease, 
positive surgical margins, and extracapsular ex-
tension) can receive cisplatin-based adjuvant che-
motherapy. This is secondary to several reasons: 
radical cystectomy is a major and highly morbid 

surgical procedure with a long recovery and many 
hospital re-admissions; frailty, poor kidney func-
tion, and malnutrition are significant problems 
that frequently preclude timely receipt of chemo-
therapy (58, 59).

Treatment of metastatic disease Metastatic 
bladder cancer is an incurable disease, and cur-
rent data still support cisplatin-based combination 
chemotherapy as a standard approach for patients 
who can tolerate cisplatin. The expected response 
rate with first-line cisplatin combinations is in the 
range of 40-60%, with a median survival of 13-16 
months (60). Available chemotherapy regimens in 
metastatic settings include standard MVAC, gem-
citabine-cisplatin, and ddMVAC, which are con-
sidered standard first-line treatment options for 
metastatic bladder cancer (61). It was mentioned 
above how in NMIBC, the use of intravesical BCG 
activates the immune response. In the era of tumor 
molecular insights, the discovery of a high tumor 
somatic mutation load in BC, typical for environ-
mentally caused cancers, as well as a peritumoral 
cell response, the use of immune checkpoint in-
hibitor (ICI) therapy became an option in meta-
static BC (62). Although it came relatively late in 
bladder cancer therapy, the first report of the prog-
nostic role of programmed death (PD) PD-1/PD/
L1 blockade was published in 2007 by Sharma et 
al. (63). Phase I testing of the activity of anti-PD-
L1 in metastatic bladder cancer was published in 
2014, which completely transformed the therapeu-
tic landscape of BC. Over the last few years, five 
ICI agents were approved for second-line treat-
ment of advanced BC after prior platinum-based 
chemotherapy progression. Those agents include 
atezolizumab, pembrolizumab, nivolumab, dur-
valumab, and avelumab. Two ICI agents were ap-
proved for first-line treatment of advanced bladder 
cancer in patients ineligible for cisplatin with posi-
tive PD-L1 status (atezolizumab, pembrolizumab) 
(64-67). Dual ICI is also being tested as an upfront 
treatment for advanced urothelial cancer. Cur-
rent data indicate that avelumab maintenance will 
become the standard option following induction 
chemotherapy in patients with advanced disease 
(68). Recently the selective tyrosine kinase inhibi-
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tor erdafitinib has obtained FDA approval to treat 
FGFR3 mutated metastatic UC resistant to first-
line chemotherapy (15-20% of the cases). Erdafi-
tinib represents the first approved targeted therapy 
for BC (69, 70). Although BC has been considered 
a grim disease in the not-so-distant past, it has 
now become a model for oncology success with 
many available therapeutic options over the last 
five years. Several ongoing clinical trials will have 
definitive results that will define the role and opti-
mal use of ICI and targeted treatments, hopefully 
further revolutionizing advanced bladder cancer 
management. 

Biomarkers of Response to Chemotherapy 

The main drawback of chemotherapy is its un-
selective nature associated with an absence of vali-
dated response biomarkers. More precisely, only a 
minority of patients exhibit clinical benefit while 
exposed to toxic treatment. To overcome these 
issues, an effort has been made to develop single 
gene-based assays, gene expression, and transcrip-
tome panels to characterize MIBC molecularly. 
These efforts aim to develop both prognostic and 
predictive biomarkers, as was previously men-
tioned. Using gene expression patterns, investiga-
tors could dichotomize MIBC in basal and luminal 
cancers, similar to previous breast cancer efforts, 
which had a significant clinical impact.

Currently, six biologically relevant consensus 
molecular classes have been described: luminal 
papillary, luminal nonspecified, luminal unstable, 
stroma-rich, basal/squamous, and neuroendo-
crine-like. The use of immunohistochemistry to 
reveal the molecular profile is an appealing strat-
egy, given its potential applicability in routine pa-
thology practice. However, this approach is not 
clinically validated (39-45). Despite some progress 
in unraveling the molecular complexities of MIBC 
over the last decade, there is still no readily avail-
able molecular biomarker of neoadjuvant chemo-
therapy response. Moreover, clinicians should be 
extremely cautious when making clinical decisions 
based on presumed molecular subtypes. Data sup-
porting neoadjuvant chemotherapy sensitivity in 

basal tumors are retrospective and require pro-
spective validation (49, 50).

Conclusions
Bladder cancer is a genetically heterogeneous 
disease. Recent advances have uncovered some 
aspects of bladder cancer development and pro-
gression, which have led to a unified molecular 
classification of this disease. It was hoped these ef-
forts would lead to clinically relevant subtyping of 
bladder cancer similar to breast cancer. This goal, 
however, is yet to be achieved. Some expected ben-
efits include a selection of patients for chemother-
apy and immunotherapy. Immunotherapy is an 
emerging treatment modality in advanced bladder 
cancer and soon is expected to become the stan-
dard of care. In summary, the outlook for bladder 
cancer patients is substantially improving, with 
new theranostic and therapeutic options expected 
to become available in the following years.
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Abstract
The aim of the paper is to give an update on molecular genetic aberrations in Spitz melanocytic proliferations with special em-
phasis on their correlation with morphological features and biological behavior. The Spitz group of melanocytic proliferations 
is defined by a combination of distinctive morphological features and driver molecular genetic events. Morphologically, these 
neoplasms are characterized by large, oval, polygonal, or spindled melanocytes with abundant eosinophilic cytoplasm, vesicular 
nuclei with prominent nucleoli, often in association with epidermal hyperplasia. Molecular aberrations in Spitz melanocytic 
proliferations can be divided into two main groups, according to the driver genetic change: 1) 11p amplification/HRAS muta-
tion, present in about 20% of cases, and 2) kinase fusions, present in about 50%, further subdivided into tyrosine kinase fusions 
(ALK, ROS1, NTRK1, NTRK3, MET, RET) or serine-threonine kinase fusions (MAP3K8, BRAF). Driver genetic aberrations 
can be detected along the whole biological spectrum of Spitz melanocytic proliferations, and are mutually exclusive. Although 
driver genetic aberrations enable proliferation of melanocytes, additional genetic events (often biallelic inactivation of CDKN2A 
and TERT promoter mutations) are necessary for the development of overt Spitz malignancy. Conclusions. Recent studies have 
demonstrated that certain driver genetic aberrations are more often associated with the benign spectrum of Spitz melanocytic 
proliferations and indolent biological behavior (11p amplification/HRAS mutation, tyrosine kinase fusions). In contrast, some 
driver aberrations are more frequent in the atypical/malignant spectrum of Spitz melanocytic proliferations with a potential 
for aggressive biological behavior (serine-threonine kinase fusions). In addition, certain driver aberrations are often associated 
with distinctive morphological features. However, none of the morphological features is entirely specific for any of these driver 
genetic aberrations. Immunohistochemistry for ALK, ROS1, and pan-TRK can be used for screening purposes to detect cor-
responding fusion proteins.

Key Words: Spitz Melanocytic Proliferations  Kinase Fusions  11p Amplification/HRAS Mutation  Morphology  Clinical Be-
havior.

Introduction

According to the most recent 4th WHO Classifica-
tion of Skin Tumours, the Spitz group of melano-
cytic proliferations is defined by a combination of 
morphological characteristics and driver molecu-
lar genetic abnormalities (1). Spitz melanocytic 
proliferations are characterized morphologically 
by a proliferation of large, oval, polygonal epithe-
lioid or spindled melanocytes with abundant eo-
sinophilic cytoplasm, vesicular nuclei with promi-
nent nucleoli, often in association with epidermal 

hyperplasia (1). They encompass the whole bio-
logical spectrum of melanocytic proliferations, in-
cluding Spitz nevi, atypical Spitz tumors, and Spitz 
melanomas, also referred to as malignant Spitz 
tumors (1). Based on the underlying genetic ab-
errations, Spitz melanocytic proliferations can be 
divided into four distinct groups: 1) 11p amplified/
HRAS mutated proliferations, 2) proliferations 
with tyrosine kinase fusions (ALK, ROS1, NTRK1, 
NTRK3, MET, RET), 3) proliferations with serine/
threonine kinase fusions (MAP3K8, BRAF) and 
4) proliferations with Spitz morphology but lack-
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ing an 11p/HRAS mutation, kinase fusions, BRAF, 
NRAS, GNAQ, GNA11 mutations and other driver 
genetic changes characteristic of other defined 
melanocytic subgroups (1). The last group is at 
present poorly defined and will not be discussed 
further in this review. Importantly, driver genetic 
events are mutually exclusive in a particular Spitz 
melanocytic proliferation and are by themselves 
insufficient for the development of overt malig-
nancy, generally characterized by the development 
of distant metastases and aggressive biological be-
havior (2, 3).

As has been demonstrated by recent studies, 
such a combined morphological/genetic classifica-
tion better correlates with the biological behavior 
of different groups of Spitz melanocytic prolifera-
tions. The vast majority of Spitz melanomas re-
sulting in distant metastatic spread harbor serine/
threonine kinase fusions (4-11). Furthermore, 
since several biological drugs are available to treat 
melanocytic proliferations with aggressive clinical 
behavior, the characterization of particular driver 
genetic events and additional genetic abnormali-
ties is becoming increasingly important.

Herein, we review recent advances in the mo-
lecular genetics of Spitz melanocytic proliferations. 
Special emphasis is given to the correlation of mo-
lecular genetic aberrations with morphological 
features and with the biological behavior of Spitz 
melanocytic proliferations. Immunohistochemis-
try can be a reliable surrogate tool for certain mo-
lecular abnormalities to molecular genetic testing, 
as discussed further in this review (for practical 
purposes, the list of antibodies reflecting possible 
kinase fusions the authors are using routinely is 
summarized in the Table 1. Also, at the end of each 

section, a table is presented with short summary of 
key data for each particular Spitz group of melano-
cytic proliferations).

11p Amplified and/or HRAS Mutated Spitz 
Melanocytic Proliferations

The first recurrent genetic alterations discovered 
in Spitz melanocytic proliferations were 11p am-
plification and HRAS mutation. They were also the 
first genetic alterations associated with a specific 
morphologic phenotype in this group of melano-
cytic neoplasms (12, 13). Both 11p amplification 
and HRAS mutation can appear exclusively or si-
multaneously in a single lesion and are most com-
monly associated with a desmoplastic Spitz nevus 
morphology (13, 14). HRAS (Harvey rat sarcoma 
viral oncogene homolog) resides on 11p chromo-
some arm (11p15.5) and belongs to the Ras family 
of oncogenes, encoding a GTPase that is involved 
in cellular signaling (the MAP kinase-signaling 
pathway) (15, 16). Mutations in HRAS lead to con-
stitutive activation of an altered protein that im-
pacts the expression of various transcription fac-
tors involved in cell cycle progression, thus stimu-
lating cell growth and differentiation (16). HRAS 
mutations have also been detected in urothelial 
and squamous cell carcinomas, adenocarcinomas 
of various origins, leukemias, and myelodysplastic 
syndromes (17-19). HRAS mutations in Spitz me-
lanocytic proliferations are most commonly mis-
sense mutations involving codons 61 and 13, with 
the three most commonly reported mutations 
being Q61L (2, 6, 14, 20),  Q61R (14, 20-23), and 
G13R (6, 21, 24-28). 

The prototypic 11p amplified/HRAS mutated 
Spitz nevus is a symmetrical, predominantly der-
mal, relatively hypocellular proliferation com-
posed of large, epithelioid and spindled melano-
cytes with desmoplastic stromal reaction (i.e., 
thickened collagen fibers between single neo-
plastic cells) and an infiltrative base (Figure 1) (2, 
13, 14). Melanocytes have abundant eosinophilic 
or amphophilic cytoplasm, vesicular nuclei, and 
mild to moderate nuclear pleomorphism (2, 13, 
14). The proliferation rate is usually low, although 

Table 1. The List of Antibodies Reflecting Possible Kinase 
Fusions Used Routinely by the Authors of the Current 
Review

Antigen Clone Manufacturer Dilution

ALK 5A4 Leica Biosystems, 
Wetzlar, Germany

1:10

ROS1 SP384 Ventana, Roche, Tucson, 
USA

RTU (Ready 
To Use)

panTRK EPR17341 Abcam, Cambridge, UK 1:50
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isolated deep mitoses and, in rare instances, mul-
tiple mitoses may be present and are not associated 
with malignancy (2, 13, 14, 29). Atypical mitoses 
are generally absent. 

In addition to solitary lesions with typical des-
moplastic Spitz nevus morphology, other melano-
cytic proliferations with HRAS mutations and/or 
11p gain have also been described, including agmi-
nated Spitz nevi with or without associated nevus 
spilus (25-28), recurrent Spitz nevi (30), melano-
cytic nevi with deep penetrating nevus-like mor-
phology (21), pseudogranulomatous Spitz nevi 
(31) and a combination of syringocystadenoma 
papilliferum, tubular adenoma and a Spitz nevus 
(24). Moreover, the desmoplastic Spitz nevus phe-
notype is not restricted to HRAS mutated lesions 
since rare Spitz nevi harboring ROS1, ALK or even 
a BRAF fusion exhibiting a desmoplastic Spitz ne-
vus morphology have been described (2, 32).

Even though the vast majority of Spitz prolif-
erations with HRAS mutations are essentially as-
sociated with benign clinical behavior (14, 29, 33), 
there are occasional reports of HRAS mutated Spitz 
melanomas (6, 23). Recently, Raghavan et al. pub-
lished a series of Spitz melanomas, two of which 
harbored HRAS hotspot mutations (23). Both 
lesions were associated with additional genetic 
aberrations, namely a loss of chromosome 9 (ac-
companied by negative p16 immunohistochemical 

reaction) in a case of a 50-year-old female, and a 
three-codon deletion in MAP2K1 (p.102_104del), 
a hemizygous mutation in ARID1A, homozygous 
deletion of CDKN2A and NOTCH2 amplifica-
tion in a case of a 75-year-old female (23). Un-
fortunately, clinical follow-up was not available 
in either of the two cases (23). Lazova et al. also 
reported two melanomas with HRAS mutations in 
their series (6). One case was of a 73-year-old male 
diagnosed with Spitz melanoma that harbored an 
HRAS Q61L mutation, which developed metasta-
ses two years later, but he was still alive at a 4-year 
follow-up (6). The second case was a 60-year-old 
male diagnosed with conventional melanoma that 

Figure 1. Desmoplastic Spitz nevus. A. Low power magnification reveals a fairly symmetrical intradermal proliferation with 
infiltrative growth pattern and a desmoplastic stromal reaction. B. Dense collagenous stroma containing epithelioid mela-
nocytes with abundant eosinophilic cytoplasm with darkly stained nuclei and prominent nucleoli is typical for the entity.
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Table 2. Spitz Melanocytic Proliferations with 11p 
Amplification/HRAS Mutation

Morphological 
features

•	 Symmetrical, predominantly 
intradermal, infiltrative base

•	 Epithelioid and spindled melanocytes
–	 Large
–	 Abundant cytoplasm
–	 Mild to moderate pleomorphism
–	 Mitoses rare, can be deep
–	 Low proliferation rate

•	 Desmoplastic stromal reaction

Biological behavior Generally benign

Confirmatory test Next generation sequencing 
Fluorescence in situ hybridization (for 
11p amplification)
Comparative genomic hybridization (for 
11p amplification)
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harbored an HRAS G13R mutation, who devel-
oped metastases two years later, and died at the 
age of 63 (6). 

Spitz Melanocytic Proliferations with 
Tyrosine Kinase Fusions

ALK Fusions

The anaplastic lymphoma kinase (ALK) gene re-
sides on chromosome 2p23 and encodes a tyrosine 
kinase receptor, a transmembrane protein that be-
longs to the insulin receptor family (34). Genetic 
alterations of the ALK gene include point muta-
tions, gene fusions, ALK locus amplification, alter-
native transcription, and small deletions (35) and 
influence cell proliferation and survival via consti-
tutive activation of the RAS-ERK, JAK3-STAT3, 
and PI3K-AKT-mTOR pathways (36-38). Fusions 
involving the ALK gene have been discovered in 
diverse cutaneous neoplasms, including primary 
cutaneous anaplastic large cell lymphoma (39), 
epithelioid fibrous histiocytoma (40), acral mela-
nomas (41, 42), and Spitz melanocytic prolifera-
tions (2, 43-50). 

In Spitz melanocytic proliferations, various 
different fusion partners have been identified, in-
cluding TPM3 (2, 11, 45, 51-54), DCTN1 (2, 23, 
45, 50, 54), MLPH (9, 44, 45, 55), KANK1 (9, 45), 
CLIP1 (50), DDX3Y (9), EEF2 (45), GTF3C2 (50), 
MYO5A (45), NPM1 (47), PPFIBP1 (9), SPTAN1 
(9) and TPR (50), in descending order of frequen-
cy. Lesions from the whole biological spectrum 
ranging from Spitz nevi, atypical Spitz tumors 
to Spitz melanomas have been distributed fairly 
equally among different fusion partners (2, 9, 11, 
23, 44, 45, 47, 50-52, 54-56). Although different fu-
sions in Spitz melanocytic proliferations are gener-
ally believed to be mutually exclusive with BRAF 
mutations, a few examples (two Spitz melanomas, 
one atypical Spitz tumor, and an acral melanoma) 
with concurrent ALK fusion and a BRAF mutation 
have been reported in the literature (41, 54, 57). 
Such a combination of ALK fusion and BRAF mu-
tation is, nevertheless, exceptionally rare.

Spitz melanocytic proliferations with ALK fu-
sions have the largest average diameter among all 
Spitz melanocytic proliferations (43). The vast ma-
jority of Spitz proliferations with ALK fusion are 
polypoid/dome and/or wedge-shaped solitary le-
sions with a bulbous and/or infiltrative base. They 
are composed of plexiform and intersecting fas-
cicles of fairly large, fusiform/spindle cell or mixed 
spindle and epithelioid cell melanocytes with 
amphophilic cytoplasm and vesicular nuclei with 
prominent nucleoli (Figure 2) (2, 23, 43-46, 49, 50, 
54, 55, 58). Nuclear pleomorphism is usually mild 
and occasionally moderate. Melanocytes may ap-
pear discohesive with clefts or small vesicle-like 
spaces in between (23, 50, 55, 59). Ulceration may 
be present, as may be dermal (even deep) mito-
ses and perineural invasion, but Kamino bodies 
are rare (23, 43, 45, 47, 50, 58). Melanin pigment 
is typically lacking or presents in limited amounts 
in the cytoplasm of melanocytes. Focal mucin 
deposits have been described (45). Proliferations 
with abundant myxoid areas with ALK+/SOX10+/
MelanA- spindle cells underneath the superficial 
nevoid or Spitzoid component have been termed 
melanocytic myxoid spindle cell tumors with ALK 
rearrangement (MMySTAR) (56). They have been 
shown to harbor ALK fusions with different fu-
sion partners, namely FBXO28, NPAS2, PPFIBP1, 
and TPM3 (56). Interestingly, a single example of a 
desmoplastic Spitz nevus harboring a TPM3-ALK 
fusion has also been reported (2).

ALK immunohistochemistry is a reliable sur-
rogate marker for molecular genetic techniques 
in cases with diffuse and strong immunopositiv-
ity in most melanocytes (Figure 2c) (2, 43-46, 50). 
In contrast, weak and focal or heterogeneous ALK 
staining has been demonstrated in non-Spitz me-
lanocytic proliferations with ALK overexpression 
due to other molecular mechanisms (e.g., alterna-
tive transcription initiation that leads to the ex-
pression of a novel ALK isoform ALKATI (60, 61) 
or in cases with chromosome 2p23 gain (62)), in 
rare cases of cellular blue nevi and in a single case 
of deep penetrating nevus (63).

Exceptionally rare examples of Spitz melano-
cytic proliferations with ALK fusion have har-
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bored additional molecular changes, i.e., homo-
zygous 9p21 (CDKN2A) deletion in combination 
with 6p25 (RREB1) gain in two cases (49) and a 
hotspot TERT-promoter mutation (C228T) in one 

case (45), which had no effect on the biological be-
havior of the proliferation. Only two cases of Spitz 
melanocytic proliferations with ALK fusion and 
with deposits in lymph nodes have been described, 
one of which had an additional homozygous 9p21 
deletion (49, 55). Importantly, however, none of 
the cases of Spitz melanocytic proliferations with 
ALK fusion and with available follow-up data were 
found to be associated with systemic metastases or 
death from the disease.

ROS1 Fusions

ROS1 protooncogene resides on chromosome 
6q22.1 and, like ALK, encodes a protein recep-
tor tyrosine kinase that is part of the intracellular 
signaling pathways Ras-Raf-MEK-ERK, JAK3-
STAT3, and PI3K-AKT-mTOR. (64) ROS1 fusions 
have been found in a variety of tumors, including 
non-small cell lung carcinomas, glioblastomas, pe-
diatric gliomas, cholangiocarcinomas, inflamma-

Figure 2. Spitz nevus with ALK fusion. A. A large diameter of the proliferation is a characteristic feature of ALK-fused mela-
nocytic proliferations. B. A plexiform growth pattern with deep extension of melanocytes is also frequently observed. C. 
ALK immunohistochemistry. 
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Table 3. Spitz Melanocytic Proliferations with ALK Fusions

Morphological 
features

•	 Symmetrical, polypoid/dome and/or 
wedge-shaped

•	 Large diameter
•	 Plexiform growth pattern
•	 Epithelioid and spindled melanocytes

–	 Mild to moderate pleomorphism
–	 Mitoses rare
–	 Pigmentation absent or scant
–	 Low proliferation rate

•	 Ulceration rare
•	 Kamino bodies usually absent

Biological behavior Generally favorable (benign)
Regional lymph node deposits 
uncommon
No distant metastases or death from the 
disease

Confirmatory test •	 Immunohistochemistry
•	 Next generation sequencing 
•	 Fluorescence in situ hybridization 
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tory myofibroblastic tumors, etc (64). ROS1 fusions 
are present in up to 17% of Spitz melanocytic pro-
liferations (2). Thirteen different fusion partners 
have been reported: PWWP2A, TPM3, PPFIBP1, 
CAPRIN1, MYO5A, PPFIBP1, CLIP1, ERC1, 
FIP1L1, HLA-A, KIAA1598, MYH9, and ZCCHC8, 
in descending order of frequency (2, 23, 32, 65). 

Although ROS1-fused Spitz proliferations lack 
unique identifying morphological features, most 
ROS1-fused melanocytic proliferations are com-
pound, composed either of spindle cells or of a 
combination of spindle and epithelioid cells with 
mild to moderate cytological atypia and with lim-
ited pigmentation of melanocytes (2, 32, 65). The 
junctional melanocytic component is frequently 
prominent, with floating nests or trans-epidermal 
elimination of melanocytic nests, often colonizing 
the epithelium of skin adnexa (Figure 3) (32, 65). 
Kamino bodies seem to be more frequently pres-
ent in ROS1 fused Spitz melanocytic proliferations, 
along with signs of maturation, lack of high-grade 

cytological atypia, lack of large cells, and fewer mi-
toses - all statistically significant features differing 
between ROS1 and non-ROS1 Spitz neoplasms in a 
study by Gerami et al. (32). Nonetheless, large cells 
were described in 9 of 11 ROS1 fused Spitz neo-
plasms in a study by Wiesner et al. (2), and up to 
8 mitoses per square millimeter were reported in 
a study of such proliferations by Donati et al. (65)

Immunohistochemistry for ROS1 protein is 
a reliable surrogate for molecular testing (Figure 
3c).  Studies have confirmed that the vast majority 
(97.4%) of Spitz melanocytic proliferations har-
boring ROS1 fusions display ROS1 cytoplasmic 
positivity on immunohistochemistry (2, 32). It 
is important to note, though, that immunohisto-
chemical staining is often weak yet diffuse. 

The vast majority of hitherto reported Spitz 
neoplasms with ROS1 fusion in the literature were 
classified as either Spitz nevi or atypical Spitz tu-
mors (2, 23, 32, 47, 65-67). Three lesions were of 
desmoplastic Spitz nevus phenotype (2, 32), four 

Figure 3. Spitz nevus with ROS1 fusion. A. ROS1-fused melanocytic proliferations often display a prominent junctional com-
ponent. B. The junctional component consists of melanocytic nests with transepidermal elimination and colonization of 
the adnexal epithelium. C. ROS1 immunohistochemistry. 
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were pigmented spindle cell nevi or Reed nevi (2, 
67), and one was an eruptive Spitz nevus (48). The 
last was reported in a 49-year old female, who de-
veloped over 100 similar lesions over four years. 
Further molecular characterization of the prolifer-
ation revealed identical TPM3-ROS1 fusions in the 
three analyzed lesions (48). Only five Spitz mela-
nomas with ROS1 fusion have been described, and 
none of them resulted in distant metastases or 
death from the disease (2, 47).

NTRK Fusions

Neurotrophic tyrosine kinase receptor genes 
NTRK1, NTRK2 and NTRK3, are oncogenes en-
coding the Trk family of tyrosine kinase recep-
tors (TrkA, TrkB, and TrkC, respectively) (68). 
These tyrosine kinase receptors are all single-pass 
transmembrane enzymes that stimulate different 
pathways once activated, namely the MAPK/ERK, 
PI3K-AKT-mTOR, and phospholipase C-γ path-
ways (3, 68). In most NTRK fusions identified, the 
3’ portion encoding the kinase domain is retained, 
and the 5’ portion encoding dimerization domains 
is provided by the fusion partner. The resultant 
chimeric Trk protein is an oncogenic, constitutive-
ly active tyrosine kinase (69). 

In Spitz melanocytic proliferations, NTRK1 fu-
sions predominate over NTRK3 fusions, the latter 

being more common in the pigmented spindle cell 
nevus of Reed, a special subtype of Spitz nevus (2, 
9, 11, 23, 43, 46, 47, 67, 69-74). Only a single case of 
superficial spreading melanoma with an TRAF2-
NTRK2 fusion has been reported so far (7).

The NTRK1 fusion partners in Spitz melano-
cytic proliferations include LMNA (2, 9, 72), TPM3 
(11, 23, 47, 72), TP53 (2, 72), and KHDRBS1 (9, 
72), in descending order of frequency. Even though 
the number of cases for each particular known 
NTRK1 fusion partner is relatively low (LMNA was 
identified in 16 cases, while TP53 and KHDRBS1 in 
two cases each), 4 of 5 Spitz melanocytic prolifera-
tions with TPM3-NTRK1 fusion were diagnosed 
as Spitz melanomas, all with several additional 
chromosomal aberrations, including (most com-
monly) homozygous deletions of CDKN2A (11, 
23, 47, 72). Furthermore, Spitz melanoma was also 
diagnosed in one of the two reported cases with an 
KHDRBS1-NTRK1 fusion (9, 72). 

Four different fusion partners have been iden-
tified so far for NTRK3 fusions, namely MYO5A 
(67, 69, 70, 73), ETV6 (67, 70, 73), MYH9 (70, 73), 
and SQSTM1 (9), in descending order of frequen-
cy. While no NTRK1 fusions have been identified 
in Reed nevi, they harbor NTRK3 fusions (with 
MYO5A and rarely ETV6 fusion partners) in up 
to 57% of cases (67). In addition to pigmented 
spindle cell nevi of Reed, Spitz proliferations with 
NTRK3 fusions are usually diagnosed as Spitz nevi 
or atypical Spitz tumors and much less frequently 
as Spitz melanomas (9, 67, 69, 70, 73). 

NTRK1 and NTRK3 fusions are also occasion-
ally detected in non-Spitz melanocytic prolifera-
tions, e.g., pigmented epithelioid melanocytomas 
(75, 76), acral melanomas (42), and in a wide va-
riety of non-melanocytic tumors, e.g., infantile fi-
brosarcoma, secretory carcinoma of the breast, se-
cretory carcinoma of the salivary gland, congenital 
mesoblastic nephroma, lung carcinoma, thyroid 
papillary carcinoma and high grade gliomas (77). 

Histologically, NTRK1-fused Spitz melanocytic 
proliferations are characterized by filigree-like rete 
ridges (elongated, thin rete ridges), lobulated der-
mal melanocytic nests (composed of smaller nests 
inside the larger ones), and by the formation of 

Table 4. Spitz Melanocytic Proliferations with ROS1 Fusions

Morphological 
features

•	 Junctional component prominent
–	 Transepidermal elimination of nests
–	 Adnexal involvement

•	 Epithelioid and spindled melanocytes
–	 Mild to moderate pleomorphism
–	 Mitoses rare
–	 Pigmentation limited
–	 Low proliferation rate
–	 Maturation present

Biological behavior Generally favorable (benign)
Regional lymph node deposits 
uncommon
No distant metastases or death from the 
disease

Confirmatory test •	 Immunohistochemistry
–	 Staining can be faint

•	 Next generation sequencing 
(preferred)

•	 Fluorescence in situ hybridization 
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pseudorosettes (23, 43, 72). Exaggerated matura-
tion of spindled and/or epithelioid melanocytes 
displaying mild to moderate nuclear pleomor-
phism is also a characteristic finding (23, 43, 72). 
Mild to moderate and sometimes even marked 
lymphocytic infiltrate is often present (2, 46, 72). 
While the pagetoid spread of melanocytes has 
been observed in up to 25% of cases, Kamino bod-
ies are variably present (Figure 4) (2, 43, 46, 72). 
NTRK1 fused Spitz melanocytic proliferations can 
occasionally resemble those with ALK fusions, ex-
hibiting an intersecting fascicular growth pattern 
in the dermis (46).

Pigmented spindle cell nevus of Reed is a pro-
totype of Spitz melanocytic proliferation harbor-
ing an NTRK3 fusion (67). While MYO5A-NTRK3 
fusions are the most common driver genetic ab-
errations in this subgroup of Spitz nevi, NTRK1 
fusions are generally absent (67). It has been re-
cently demonstrated that various NTRK3 fusion 
partners have different intracellular localizations, 
ultimately determining the morphological charac-
teristics of the Spitz melanocytes (62). For exam-

ple, MYO5A-NTRK3 chimeric protein is localized 
to cell dendritic processes and is associated with 
a fusiform/spindled morphology of melanocytes 
with a fascicular or sometimes plexiform or syn-
cytial growth pattern (70). Besides, the formation 
of pseudo-Verocay bodies or pseudorosettes is as-
sociated with a more neuroid appearance of these 
proliferations (70). In contrast, the ETV6-NTRK3 
chimeric protein is localized to both the nucleus 
and cytoplasm of melanocytes and is linked to 
an epithelioid morphology with well-defined cell 
borders. Melanocytes have abundant, glassy cyto-
plasm and somewhat large, pleomorphic nuclei. 
They are arranged in large coalescing and also lob-
ulated nests. Signs of maturation are fairly discrete 
(70). Finally, Spitz melanocytic proliferations with 
MYH9-NTRK3 fusion are distinguished by fibrotic 
stroma and peripheral collagen trapping (70).

Immunohistochemistry with pan-TRK an-
tibody can be used to detect the fusion protein 
(Figure 4c). Both available clones, clone A7H6R 
(Cell Signaling Technology) and EPR17341 (Ab-
cam/Ventana) are highly sensitive and specific, 

Figure 4. Spitz nevus with NTRK fusion. A. A symmetrical compound melanocytic proliferation associated with hyperplasia 
of the epidermis is depicted in this photo. B. Kamino bodies are often numerous in NTRK1-fused Spitz melanocytic prolifera-
tions.  C. pan-TRK immunohistochemistry.
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EPR17341 being slightly superior in terms of spec-
ificity (78). The staining pattern can hint at the 
presence of the NTRK fusion subtype. However, 
most pan-TRK immunohistochemistry studies in 
different NTRK fusion subtypes were performed 
on mostly non-Spitz NTRK-fused tumors (79, 80). 
Pan-TRK immunohistochemical staining is more 
intense and cytoplasmic in NTRK1-fused tumors, 
with additional nuclear accentuation in cases with 
an LMNA-NTRK1 fusion (79, 80). On the other 
hand, up to 50% of tumors with an NTRK3 fusion 
exhibit a cytoplasmic and nuclear pan-TRK im-
munohistochemical reaction (79, 80). However, a 
study by de la Fouchardière et al., which included 
only NTRK3-fused Spitz melanocytic prolifera-
tions, demonstrated that more intense nuclear and 
less intense cytoplasmic immunoreactivity is indic-
ative of an ETV6-NTRK3 fusion. At the same time, 
linear staining along dendritic processes can point 
to the presence of an MYO5A-NTRK3 fusion (70). 

Exceptional cases of non-Spitz (‘spitzoid’) mel-
anomas with NTRK fusions have been reported 
resulting in widespread hematogenous metastases 
(7). In contrast, Spitz melanomas with NTRK fu-
sions do not carry a dismal prognosis since only 
rare metastases to lymph nodes, but not beyond, 
have been described (47, 71). At present, no ex-
amples of Spitz melanocytic proliferations with 

NTRK fusions and with distant metastases or 
death from the disease have been reported. In the 
unlikely event of an NTRK-fused metastatic Spitz 
melanoma, specific therapy with TRK inhibitors is 
available (81, 82).

RET Fusions

The RET protooncogene resides on chromosome 
10q11.21 and encodes a protein receptor tyrosine 
kinase involved in the MAPK/ERK, PI3K/AKT/
mTOR and phospholipase C-γ1 intracellular sig-
naling pathways (2). Only a handful of Spitz mela-
nocytic proliferations with RET fusions have been 
reported (2, 9, 43, 67, 83). Four different fusion 
partners have been identified: CCDC6 (9), GOL-
GA5 (2), KIF5B (2), and MYO5A (67). Similar 
fusions have also been detected in thyroid cancer 
(84) and lung adenocarcinomas (85).

RET fusions have been reported in the whole 
biological spectrum of Spitz melanocytic prolif-
erations, including ordinary Spitz nevi and pig-
mented spindle cell nevus of Reed, atypical Spitz 
tumors, and Spitz melanomas (2, 9, 43, 67, 83). 
Although the morphologic features of RET fused 
Spitz melanocytic proliferations lack specificity, 
such proliferations are often well-circumscribed, 
symmetrical, compound melanocytic prolifera-
tions with a plaque-like silhouette, a nested growth 
pattern of small to intermediate-sized epithelioid 
and spindled melanocytes with only mild cytologi-
cal atypia (2, 43, 67). 

RET-fused Spitz melanocytic proliferations 
generally follow an indolent clinical course (2, 9, 
43, 67, 83). At present, no Spitz melanomas with 
RET fusion and a dismal outcome have been re-
ported in the literature (2, 9, 43, 67, 83). Never-
theless, in the unlikely event of aggressive clinical 
behavior, potential therapy with RET inhibitors is 
available (2).

MET Fusions

The MET protooncogene is localized on chromo-
some 7q31.2 and encodes a tyrosine kinase recep-
tor with high affinity for hepatocyte growth factor 

Table 5. Spitz Melanocytic Proliferations with NTRK1 
Fusions

Morphological 
features

•	 Filigree-like rete ridges
•	 Lobulated melanocytic nests
•	 Rosette-like structures
•	 Extreme maturation
•	 Epithelioid and spindled melanocytes

–	 Mild to moderate pleomorphism
–	 Mitoses rare
–	 Kamino bodies frequent

Biological behavior Generally favorable
Regional lymph node deposits 
uncommon
No distant metastases or death from the 
disease in proliferations classified as Spitz 
melanomas

Confirmatory test •	 Immunohistochemistry with pan-TRK 
antibody

•	 Next generation sequencing 
(preferred)

•	 Fluorescence in situ hybridization 
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(86). Only eight Spitz melanocytic proliferations, 
including a Spitz nevus, five atypical Spitz tumors, 
and two Spitz melanomas with MET fusions, have 
been reported (74, 83, 86). The largest series of six 
Spitz neoplasms with MET fusions demonstrated 
a breakpoint in intron 14 in all of the cases (86). 
The breakpoint event is localized upstream of the 
kinase domain-encoding exons 15 to 21, which are 
fully retained. In contrast, the auto-inhibitory do-
main encoded in exon 14 is absent in the chimeric 
protein (86). The N-terminal fusion partners iden-
tified in their series were ZKSCAN1, PPFIBP1, 
TRIM4, LRRFIP1, EPS15, and DCTN1 (86). 

MET fusions result in constitutive activation of 
tyrosine kinase with subsequent activation of the 
MAPK/ERK, PI3K/AKT/mTOR, and phospho-
lipase C-γ1 pathways, which can be inhibited by 
cabozantinib (inhibitor of c-MET and VEGFR2) 
or PF-04217903 (c-MET inhibitor) (86).  The num-
ber of reported Spitz melanocytic proliferations 
with MET fusions is too small to conclude specific 
morphologic features and prognosis. However, 
none of the cases with available follow-up resulted 
in aggressive clinical behavior (86).

Spitz Melanocytic Proliferations with 
Serine/Threonine Kinase Fusions

The largest proportion of Spitz melanocytic pro-
liferations with serine/threonine kinase fusions 
involves the MAP3K8 or BRAF genes. Neverthe-
less, other serine/threonine kinase fusions involv-
ing the RAF1, PRKCA/B, and ARAF genes have 
exceptionally been reported in a few examples of 
atypical Spitz tumors and Spitz melanomas (9, 83). 
Notably, the vast majority of Spitz melanocytic 
proliferations with serine/threonine kinase fu-
sions are classified as atypical Spitz tumors or Spitz 
melanomas and are infrequently detected in Spitz 
nevi. 

MAP3K8 Fusions

Mitogen-activated protein kinase kinase kinase 8 
(MAP3K8), also known as Tpl-2 and COT, is an 
enzyme belonging to the group of serine/threo-

nine protein kinases (87, 88) and is encoded by the 
MAP3K8 gene that resides on chromosome 10p11. 
The enzyme consists of a kinase domain encoded 
by exons 1-8 of the MAP3K8 gene and an inhibi-
tory C-terminal domain encoded by exon 9 of the 
MAP3K8 gene. The inhibitory C-terminal domain 
covers the kinase domain in its inactive state, pre-
venting it from phosphorylating MEK proteins. 
The inhibitory C-terminal domain is also essential 
for targeting the MAP3K8 enzyme for proteolytic 
degradation. Fusions involving the MAP3K8 gene 
and truncation of the MAP3K8 gene follow the 
same basic mechanism, resulting in a fusion/trun-
cated transcript including the intact kinase do-
main while lacking the inhibitory C-terminal do-
main. Consequently, kinase activity is unopposed 
by the C-terminal inhibitory action and, at the 
same time, the MAP3K8 is not targeted for proteo-
lytic degradation, resulting in significant MAP3K8 
overexpression and increased phosphorylation of 
MEK proteins, which in turn phosphorylate and 
activate ERK1/2 proteins that influence cell pro-
liferation, division and differentiation (88-90). 
Similarly, one of the MEK proteins (MAP2K1, 
also called MEK1) has an autoinhibitory domain 
in amino acids 98 to 104, and deletions in this re-
gion (e.g., p.I103_K104del of MAP2K1) also result 
in constitutive activation of downstream ERK1/2 
proteins (91).

A number of different MAP3K8 fusion part-
ners have been identified, including SVIL (9, 
23, 92, 93), DIP2C (53, 83, 91, 92), UBL3 (9, 83, 
92), SPECC1 (9, 92), STX7 (9, 92), ATP2A2 (91), 
CCNY (92), CDC42EP3 (92), CUBN (92), GNG2 
(9), LINC00703 (92), MIR3681HG (92), PCDH7 
(91), PIP4K2A (92), PRKACB (9), SFMBT2 (92), 
SLC4A4 (92), SUBN (9) and ZFP36L1 (23). 

MAP3K8 fusions and truncations have also been 
identified in ovarian, lung, and breast carcinomas, 
mesotheliomas, cutaneous myxoinflammatory fi-
broblastic sarcoma, squamous cell carcinomas, and 
melanocytic tumors – in rare acral melanomas and 
Spitz neoplasms (9, 23, 53, 83, 92-97). 

Morphologically, Spitz proliferations with a 
MAP3K8 fusion are often ulcerated tumors (more 
than 50%) with predominantly epithelioid mor-
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phology, moderate to pronounced cytological 
atypia, and generally lack maturation (Figure 5). 
Additional characteristic features include focal 
hyperpigmented dermal clones and giant multi-
nucleated melanocytes. Deep mitotic activity is 
not uncommon (9, 23, 53, 91, 92). Furthermore, 
desmoplastic stromal reaction and focal pagetoid 
scatter can be seen in 73% and 45% of cases, re-
spectively (92).

A literature review revealed that most Spitz 
proliferations with MAP3K8 fusion or truncations, 
a MAP3K3 fusion, and a MAP2K1 p.I103_K104del 
were classified either as atypical Spitz tumors or 
Spitz melanomas (40% and 52%, respectively). In 
comparison, Spitz nevi represented only a small 
portion (8%) of cases in this Spitz subgroup (23, 

53, 91, 92, 98). Houlier et al. reported the larg-
est series of 33 cases of Spitz melanocytic prolif-
erations with MAP3K8 fusions, of which 13 (40%) 
were classified as atypical Spitz tumors and 15 
(45%) as Spitz melanomas (92). Moreover, 77% of 
these atypical Spitz tumors and Spitz melanomas 
harbored CDKN2A (92) inactivation, which was 
also reported as one of the most common second-
ary genetic events in some other series (23, 83, 91). 
The biological behavior of Spitz melanocytic pro-
liferations with a MAP3K8 fusion is variable; it ap-
pears that the prognosis depends on the presence 
of these additional genetic aberrations. Biallelic 
inactivation of CDKN2A, demonstrated either by 
p16 immunohistochemistry (with focal or diffuse 
complete loss of p16 expression) or molecular ge-

Figure 5. Atypical Spitz tumor. A. This is an example of an ulcerated Spitz melanocytic tumor. B. The lesion is composed of 
epithelioid melanocytes with moderate cytological atypia. C. No maturation is present. D. Large multinucleated giant me-
lanocytes (arrows) can be a morphological clue for the presence of MAP3K8 fusion.

A

C

B
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netic techniques, has been detected in about 35% 
of all reported cases of this MAP3K8 fused Spitz 
subgroup of melanocytic proliferation (23, 83, 91, 
92), followed by TERT promotor mutations and 
a complex TERT structural rearrangement, albeit 
less frequently (9, 83).

A single case has been reported that resulted 
in the death of an 11-year old boy, who was diag-
nosed as having a Spitz melanoma with MAP3K8-
GNG2 fusion, additional complex structural rear-
rangement in the TERT gene, and a homozygous 
CDKN2A/B deletion (9). Three other Spitz mela-
nomas with MAP3K8 fusions, all three with ad-
ditional biallelic CDKN2A inactivation, demon-
strated tumor cells’ deposits in at least one lymph 
node. However, none of these cases resulted in 
widespread metastatic disease during the 6 to 18 
months follow up period (91, 92). Two atypical 
Spitz tumors with MAP3K8 fusions locally re-
curred, with otherwise no signs of distant metas-
tases (83, 91). 

BRAF Fusions

The BRAF gene encoding a serine-threonine pro-
tein kinase is composed of three highly conserved 
regions (CRs) (99, 100). CR1 contains N-terminal 
RAS-binding and cysteine-rich domains, while 
CR2 contains serine-threonine-rich domains, and 
both CR1 and CR2 act as auto inhibitors of CR3, 
the kinase domain (99, 100). In BRAF fusions, the 
resulting chimeric protein retains only the intact 
kinase domain (CR3) of the BRAF gene. The loss 

of autoinhibitory domains results in increased ki-
nase activity, evidenced by increased phosphory-
lation and activation of downstream MEK1/2 and 
ERK1/2 proteins (4, 5).

Numerous fusion partners have been identi-
fied: AKAP9 (9, 10, 101), AGK (10, 102), CLIP2 
(102, 103), BAIAP2L1 (11, 47), CEP89 (2), CUX1 
(10), DYNC1/2 (10), EML4 (11, 47), LSM14A (2), 
MAD1L1 (9), MLANA (102), MYO5A (102), MZT1 
(10), NRF1 (23), SKAP2 (102), SLC12A7 (10), 
SOX6 (23), TRIM24 (10) and ZKSCAN1 (10). In 
non-Spitz melanoma subtypes, additional fusion 
partners have been identified, such as KIAA1549 
in a case of an acral melanoma (8), ZNF767 in two 
cases of mucosal melanomas (5, 10), PPFIBP2 in a 
case of superficial spreading melanoma (8), GTF2I 
in a metastatic melanoma of unknown primary 
origin (10), AGAP3, CCDC91, CDC27, PAPSS1, 
RAD18 and TAX1BP1 in melanomas either classi-
fied as non-Spitz (spitzoid) or unclassified (4, 10). 

Similar to the MAP3K8 fused Spitz subgroup 
of melanocytic proliferations, the vast majority of 
Spitz melanocytic proliferations with BRAF fusion 
cluster towards the malignant end of the biologi-
cal spectrum, with roughly 45% of published Spitz 
melanocytic proliferations with BRAF fusion be-
longing to atypical Spitz tumor, 41% to Spitz mela-
noma and only 14% to Spitz nevi (2, 9-11, 23, 43, 
47, 71, 74, 83, 101-103).  

BRAF fusions are present in various tumors, 
including gliomas, thyroid, and pancreatic carci-
nomas, non-small cell lung adenocarcinomas, and 
colorectal carcinomas (10).

Secondary genetic alterations in BRAF fused 
Spitz melanocytic proliferations were similar to 
those in other Spitz subgroups. The most common 
secondary changes were the homozygous deletion 
of 9p21, TERT promoter mutations, 6p25 gains, 
and, in single cases, MDM2 amplification and 
ARID2 p.Q720 mutation (11, 43, 47, 101-103). 

Histologically, BRAF fused Spitz melanocytic 
proliferations are predominantly dermal tumors 
composed of epithelioid or mixed, epithelioid and 
spindled melanocytes with vesicular nuclei and 
prominent nucleoli, with moderate to high-grade 
cytological atypia and somewhat amphophilic  

Table 6. Spitz Melanocytic Proliferations with MAP3K8 
Fusions

Morphological 
features

•	 Ulceration common
•	 Epithelioid morphology

–	 Moderate to high grade cytological 
atypia

–	 Lack of maturation
–	 Mitoses not uncommon

•	 Giant multinucleated melanocytes
•	 Focal hyperpigmented dermal clones

Biological behavior Mostly in atypical Spitz tumors and Spitz 
melanomas

Confirmatory test •	 Next generation sequencing
•	 Fluorescence in situ hybridization 
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cytoplasm (11, 23, 43, 101-103). Interestingly, 
some authors have described a common, distinct 
growth pattern comprising of densely cellular 
sheet-like proliferation in the superficial part of 
the lesion, overlying a less cellular, desmoplastic 
base with prominent dermal sclerosis (Figure 6) 
(2, 43, 101, 102). 

Widespread metastatic disease (i.e., metastases 
beyond the sentinel lymph node) has been de-
scribed in 19 patients with melanomas with BRAF 
fusion (4, 5, 8, 10, 11, 47), ten of which were called 
Spitz melanomas (10, 11, 47). One case of non-
Spitz metastasizing melanoma in a 54-year-old 
male harbored a BRAF V600E mutation and an 
AGAP3-BRAF fusion (10). Another case reported 

as a Spitz melanoma harbored concurrent BRAF 
fusion, NRAS mutation, and a TERT promoter 
mutation (83).

Conclusion

Spitz melanocytic proliferations are defined by dis-
tinctive morphological and molecular genetic fea-
tures. They encompass the whole biological spec-
trum of proliferations ranging from Spitz nevi, 
atypical Spitz tumors to Spitz melanomas. While 
most Spitz nevi can be reliably diagnosed on mor-
phological grounds alone, additional molecular 
genetic testing is generally necessary to classify 
atypical Spitz tumors and Spitz melanomas and, 
significantly, to predict their biological behav-
ior. The proposed algorithm of how to approach 
Spitz melanocytic proliferations is summarized in 
Figure 7. Molecular testing includes the detection 
of different driver fusions and additional genetic 
events associated with biologic behavior. In addi-
tion, since several biological drugs are available to 
treat melanocytic proliferations with aggressive 
clinical behavior, characterization of particular 
driver genetic events and additional genetic ab-
normalities is becoming increasingly important.

Figure 6. Atypical Spitz tumor. A. Low power magnification depicting an ulcerated melanocytic proliferation composed 
of epithelioid melanocytes. B. Epithelioid melanocytes with desmoplastic stromal reaction. Although such morphological 
changes can be seen in BRAF-fused Spitz melanocytic proliferations, they lack specificity.

A B

Table 7.  Spitz Melanocytic Proliferations with BRAF Fusions

Morphological 
features

•	 Epithelioid morphology
–	 Moderate to high grade cytological 

atypia
–	 Lack of maturation
–	 Mitoses not uncommon

•	 Desmoplasia at base

Biological behavior Mostly in atypical Spitz tumors and Spitz 
melanomas

Confirmatory test •	 Next generation sequencing
•	 Fluorescence in situ hybridization 



170

Acta Medica Academica 2021;50(1):157-174

Conflict of Interest: The authors declare that they have no 
conflict of interest.

References

1.	 Elder DE, Massi D, Scolyer RA, Willemze R, editors. 
WHO Classification of Skin Tumours. 4th ed. Lyon: In-
ternational Agency for Research on Cancer; 2018.

2.	 Wiesner T, He J, Yelensky R, Esteve-Puig R, Botton T, Yeh 
I, et al. Kinase fusions are frequent in Spitz tumours and 
spitzoid melanomas. Nat Commun. 2014;5:3116.

3.	 Wiesner T, Kutzner H, Cerroni L, Mihm MC Jr, Busam KJ, 
Murali R. Genomic aberrations in spitzoid melanocytic 
tumours and their implications for diagnosis, prognosis 
and therapy. Pathology. 2016;48(2):113-31.

4.	 Hutchinson KE, Lipson D, Stephens PJ, Otto G, Lehmann 
BD, Lyle PL, et al. BRAF fusions define a distinct molecu-
lar subset of melanomas with potential sensitivity to MEK 
inhibition. Clin Cancer Res. 2013;19(24):6696-702.

5.	 Kim HS, Jung M, Kang HN, Kim H, Park CW, Kim SM, 
et al. Oncogenic BRAF fusions in mucosal melanomas 
activate the MAPK pathway and are sensitive to MEK/
PI3K inhibition or MEK/CDK4/6 inhibition. Oncogene. 
2017;36(23):3334-45.

6.	 Lazova R, Pornputtapong N, Halaban R, Bosenberg 
M, Bai Y, Chai H, et al. Spitz nevi and Spitzoid melano-
mas: exome sequencing and comparison with conven-
tional melanocytic nevi and melanomas. Mod Pathol. 
2017;30(5):640-9.

7.	 Lezcano C, Shoushtari AN, Ariyan C, Hollmann TJ, 
Busam KJ. Primary and Metastatic Melanoma With 
NTRK Fusions. Am J Surg Pathol. 2018;42(8):1052-8.

8.	 Menzies AM, Yeh I, Botton T, Bastian BC, Scolyer RA, 
Long GV. Clinical activity of the MEK inhibitor tra-
metinib in metastatic melanoma containing BRAF kinase 
fusion. Pigment Cell Melanoma Res. 2015;28(5):607-10.

9.	 Newman S, Fan L, Pribnow A, Silkov A, Rice SV, Lee S, et 
al. Clinical genome sequencing uncovers potentially tar-
getable truncations and fusions of MAP3K8 in spitzoid 
and other melanomas. Nat Med. 2019;25(4):597-602.

10.	 Ross JS, Wang K, Chmielecki J, Gay L, Johnson A, Chud-
novsky J, et al. The distribution of BRAF gene fusions in 
solid tumors and response to targeted therapy. Int J Can-
cer. 2016;138(4):881-90.

11.	 Wu G, Barnhill RL, Lee S, Li Y, Shao Y, Easton J, et al. 
The landscape of fusion transcripts in spitzoid melanoma 
and biologically indeterminate spitzoid tumors by RNA 
sequencing. Mod Pathol. 2016;29(4):359-69.

12.	 Bastian BC, Wesselmann U, Pinkel D, Leboit PE. Molecu-
lar cytogenetic analysis of Spitz nevi shows clear differ-
ences to melanoma. J Invest Dermatol. 1999;113(6):1065-
9.

13.	 Bastian BC, LeBoit PE, Pinkel D. Mutations and copy 
number increase of HRAS in Spitz nevi with distinctive 
histopathological features. Am J Pathol. 2000;157(3):967-
72.

14.	 van Engen-van Grunsven AC, van Dijk MC, Ruiter DJ, 
Klaasen A, Mooi WJ, Blokx WA. HRAS-mutated Spitz 
tumors: A subtype of Spitz tumors with distinct features. 
Am J Surg Pathol. 2010;34(10):1436-41.

Figure 7. Proposed algorithm for diagnostic work-up of Spitz melanocytic proliferations.



171

Daja Šekoranja et al: Spitz Melanocytic Proliferations – An Update

15.	 Maldonado JL, Timmerman L, Fridlyand J, Bastian BC. 
Mechanisms of cell-cycle arrest in Spitz nevi with consti-
tutive activation of the MAP-kinase pathway. Am J Pathol. 
2004;164(5):1783-7.

16.	 Ross AL, Sanchez MI, Grichnik JM. Molecular nevogen-
esis. Dermatol Res Pract. 2011;2011:463184.

17.	 Bos JL. ras oncogenes in human cancer: a review. Cancer 
Res. 1989;49(17):4682-9.

18.	 Hand PH, Vilasi V, Thor A, Ohuchi N, Schlom J. Quan-
titation of Harvey ras p21 enhanced expression in hu-
man breast and colon carcinomas. J Natl Cancer Inst. 
1987;79(1):59-65.

19.	 Riou G, Barrois M, Sheng ZM, Duvillard P, Lhomme C. 
Somatic deletions and mutations of c-Ha-ras gene in hu-
man cervical cancers. Oncogene. 1988;3(3):329-33.

20.	 van Dijk MC, Bernsen MR, Ruiter DJ. Analysis of muta-
tions in B-RAF, N-RAS, and H-RAS genes in the differen-
tial diagnosis of Spitz nevus and spitzoid melanoma. Am J 
Surg Pathol. 2005;29(9):1145-51.

21.	 Bender RP, McGinniss MJ, Esmay P, Velazquez EF, Rei-
mann JD. Identification of HRAS mutations and absence 
of GNAQ or GNA11 mutations in deep penetrating nevi. 
Mod Pathol. 2013;26(10):1320-8.

22.	 Kiyohara T, Takata M, Itoh H, Kawami K, Yasuta M, Hay-
akawa K, et al. HRAS-mutated Spitz nevus on the cheek in 
a middle-aged man. Acta Derm Venereol. 2012;92(3):326-
7.

23.	 Raghavan SS, Peternel S, Mully TW, North JP, Pincus LB, 
LeBoit PE, et al. Spitz melanoma is a distinct subset of 
spitzoid melanoma. Mod Pathol. 2020;33(6):1122-34.

24.	 Li JY, Berger MF, Marghoob A, Bhanot UK, Toyohara 
JP, Pulitzer MP. Combined melanocytic and sweat gland 
neoplasm: cell subsets harbor an identical HRAS muta-
tion in phacomatosis pigmentokeratotica. J Cutan Pathol. 
2014;41(8):663-71.

25.	 Nemeth K, Szabo S, Cottrell CE, McNulty SM, Segura A, 
Sokumbi O, et al. Mosaic pathogenic HRAS variant in a 
patient with nevus spilus with agminated Spitz nevi and 
parametrial-uterine rhabdomyosarcoma. Br J Dermatol. 
2018;178(3):804-6.

26.	 Pontoizeau J, Stefan A, Comoz F, Houlier A, Haddad V, 
Pissaloux D, et al. Agminated Spitz nevus arising in nor-
mal skin with redundant HRAS mutation. Eur J Derma-
tol. 2017;27(1):73-4.

27.	 Porubsky C, Teer JK, Zhang Y, Deschaine M, Sondak VK, 
Messina JL. Genomic analysis of a case of agminated Spitz 
nevi and congenital-pattern nevi arising in extensive ne-
vus spilus. J Cutan Pathol. 2018;45(2):180-3.

28.	 Sarin KY, Sun BK, Bangs CD, Cherry A, Swetter SM, 
Kim J, et al. Activating HRAS mutation in agminated 
Spitz nevi arising in a nevus spilus. JAMA Dermatol. 
2013;149(9):1077-81.

29.	 Da Forno PD, Pringle JH, Fletcher A, Bamford M, Su 
L, Potter L, et al. BRAF, NRAS and HRAS mutations in 

spitzoid tumours and their possible pathogenetic signifi-
cance. Br J Dermatol. 2009;161(2):364-72.

30.	 Harvell JD, Bastian BC, LeBoit PE. Persistent (recurrent) 
Spitz nevi: a histopathologic, immunohistochemical, and 
molecular pathologic study of 22 cases. Am J Surg Pathol. 
2002;26(5):654-61.

31.	 Sabater Marco V, Escutia Muñoz B, Morera Faet A, Mata 
Roig M, Botella Estrada R. Pseudogranulomatous Spitz 
nevus: a variant of Spitz nevus with heavy inflammatory 
infiltrate mimicking a granulomatous dermatitis. J Cutan 
Pathol. 2013;40(3):330-5.

32.	 Gerami P, Kim D, Compres EV, Zhang B, Khan AU, Sun-
shine JC, et al. Clinical, morphologic, and genomic find-
ings in ROS1 fusion Spitz neoplasms. Mod Pathol. 2020.

33.	 Roh MR, Eliades P, Gupta S, Tsao H. Genetics of melano-
cytic nevi. Pigment Cell Melanoma Res. 2015;28(6):661-
72.

34.	 Iwahara T, Fujimoto J, Wen D, Cupples R, Bucay N, Ara-
kawa T, et al. Molecular characterization of ALK, a recep-
tor tyrosine kinase expressed specifically in the nervous 
system. Oncogene. 1997;14(4):439-49.

35.	 Hallberg B, Palmer RH. Mechanistic insight into ALK re-
ceptor tyrosine kinase in human cancer biology. Nat Rev 
Cancer. 2013;13(10):685-700.

36.	 Pulford K, Morris SW, Turturro F. Anaplastic lymphoma 
kinase proteins in growth control and cancer. J Cell Physi-
ol. 2004;199(3):330-58.

37.	 Slupianek A, Nieborowska-Skorska M, Hoser G, Morri-
one A, Majewski M, Xue L, et al. Role of phosphatidylino-
sitol 3-kinase-Akt pathway in nucleophosmin/anaplastic 
lymphoma kinase-mediated lymphomagenesis. Cancer 
Res. 2001;61(5):2194-9.

38.	 Zamo A, Chiarle R, Piva R, Howes J, Fan Y, Chilosi M, et 
al. Anaplastic lymphoma kinase (ALK) activates Stat3 and 
protects hematopoietic cells from cell death. Oncogene. 
2002;21(7):1038-47.

39.	 Falini B, Bigerna B, Fizzotti M, Pulford K, Pileri SA, Del-
sol G, et al. ALK expression defines a distinct group of T/
null lymphomas (“ALK lymphomas”) with a wide mor-
phological spectrum. Am J Pathol. 1998;153(3):875-86.

40.	 Doyle LA, Mariño-Enriquez A, Fletcher CD, Hornick JL. 
ALK rearrangement and overexpression in epithelioid fi-
brous histiocytoma. Mod Pathol. 2015;28(7):904-12.

41.	 Niu HT, Zhou QM, Wang F, Shao Q, Guan YX, Wen XZ, 
et al. Identification of anaplastic lymphoma kinase break 
points and oncogenic mutation profiles in acral/mucosal 
melanomas. Pigment Cell Melanoma Res. 2013;26(5):646-
53.

42.	 Yeh I, Jorgenson E, Shen L, Xu M, North JP, Shain AH, et 
al. Targeted Genomic Profiling of Acral Melanoma. J Natl 
Cancer Inst. 2019;111(10):1068-77.

43.	 Amin SM, Haugh AM, Lee CY, Zhang B, Bubley JA, 
Merkel EA, et al. A Comparison of Morphologic and Mo-



172

Acta Medica Academica 2021;50(1):157-174

lecular Features of BRAF, ALK, and NTRK1 Fusion Spit-
zoid Neoplasms. Am J Surg Pathol. 2017;41(4):491-8.

44.	 Chung CT, Marrano P, Swanson D, Dickson BC, Thorner 
PS. Fusion of ALK to the melanophilin gene MLPH in pe-
diatric Spitz nevi. Hum Pathol. 2019;87:57-64.

45.	 Kastnerova L, Martinek P, Grossmann P, Steiner P, 
Vanecek T, Kyclova J, et al. A Clinicopathological Study 
of 29 Spitzoid Melanocytic Lesions With ALK Fusions, 
Including Novel Fusion Variants, Accompanied by Fluo-
rescence In Situ Hybridization Analysis for Chromosomal 
Copy Number Changes, and Both TERT Promoter and 
Next-Generation Sequencing Mutation Analysis. Am J 
Dermatopathol. 2020;42(8):578-92.

46.	 Kiuru M, Jungbluth A, Kutzner H, Wiesner T, Busam KJ. 
Spitz Tumors: Comparison of Histological Features in Re-
lationship to Immunohistochemical Staining for ALK and 
NTRK1. Int J Surg Pathol. 2016;24(3):200-6.

47.	 Lee S, Barnhill RL, Dummer R, Dalton J, Wu J, Pappo A, 
et al. TERT Promoter Mutations Are Predictive of Aggres-
sive Clinical Behavior in Patients with Spitzoid Melano-
cytic Neoplasms. Sci Rep. 2015;5:11200.

48.	 Raghavan SS, Kapler ES, Dinges MM, Bastian BC, Yeh I. 
Eruptive Spitz nevus, a striking example of benign metas-
tasis. Sci Rep. 2020;10(1):16216.

49.	 Rand AJ, Flejter WL, Dowling CA, Brooke LM, Bo-
land GM, Kroshinsky D, et al. Atypical ALK-positive 
Spitz tumors with 9p21 homozygous deletion: Report 
of two cases and review of the literature. J Cutan Pathol. 
2018;45(2):136-40.

50.	 Yeh I, de la Fouchardiere A, Pissaloux D, Mully TW, Gar-
rido MC, Vemula SS, et al. Clinical, histopathologic, and 
genomic features of Spitz tumors with ALK fusions. Am J 
Surg Pathol. 2015;39(5):581-91.

51.	 Busam KJ, Kutzner H, Cerroni L, Wiesner T. Clinical and 
pathologic findings of Spitz nevi and atypical Spitz tumors 
with ALK fusions. Am J Surg Pathol. 2014;38(7):925-33.

52.	 Melchers RC, Willemze R, van Doorn R, Jansen PM, 
Cleven AHG, Solleveld N, et al. Corresponding ana-
plastic lymphoma kinase-tropomyosin 3 (ALK-TPM3) 
fusion in a patient with a primary cutaneous anaplastic 
large-cell lymphoma and a Spitz nevus. JAAD Case Rep. 
2019;5(11):970-2.

53.	 Newman S, Pappo A, Raimondi S, Zhang J, Barnhill R, 
Bahrami A. Pathologic Characteristics of Spitz Melanoma 
With MAP3K8 Fusion or Truncation in a Pediatric Co-
hort. Am J Surg Pathol. 2019;43(12):1631-7.

54.	 Saraggi D, Salmaso R, Zamuner C, Munari G, Lanza C, 
Alaibac MS, et al. Prevalence of ALK gene alterations 
among the spectrum of plexiform spitzoid lesions. J Am 
Acad Dermatol. 2018;79(4):728-35.

55.	 Fujimoto M, Togashi Y, Matsuzaki I, Baba S, Takeuchi 
K, Inaba Y, et al. A case report of atypical Spitz tumor 
harboring a novel MLPH-ALK gene fusion with discor-

dant ALK immunohistochemistry results. Hum Pathol. 
2018;80:99-103.

56.	 Perron E, Pissaloux D, Charon Barra C, Karanian M, La-
mant L, Parfait S, et al. Melanocytic Myxoid Spindle Cell 
Tumor With ALK Rearrangement (MMySTAR): Report 
of 4 Cases of a Nevus Variant With Potential Diagnostic 
Challenge. Am J Surg Pathol. 2018;42(5):595-603.

57.	 Rousi EK, Koskivuo IO, Juteau SM, Talve LAI, Hern-
berg MM, Vihinen PP, et al. Different expression of 
BRAFV600E, ALK and PD-L1 in melanoma in children 
and adolescents: a nationwide retrospective study in Fin-
land in 1990-2014. Acta Oncol. 2021;60(2):165-72. Epub 
2020 Aug 20.

58.	 Brown RA, Wang JY, Raghavan SS, Zhang J, Wan DC, 
Born D, et al. ALK-positive compound Spitz nevus with 
extensive perineural and intraneural neurotropism. J Cu-
tan Pathol. 2021;48(1):154-9. Epub 2020 Nov 8.

59.	 Ogawa K, Fukumoto T, Azukizawa H, Takeda M, Asada 
H. First Japanese case report of atypical Spitz tumor with 
an ALK rearrangement. J Dermatol. 2017;44(12):e342-3.

60.	 Busam KJ, Vilain RE, Lum T, Busam JA, Hollmann TJ, 
Saw RP, et al. Primary and Metastatic Cutaneous Mela-
nomas Express ALK Through Alternative Transcriptional 
Initiation. Am J Surg Pathol. 2016;40(6):786-95.

61.	 Wiesner T, Lee W, Obenauf AC, Ran L, Murali R, Zhang 
QF, et al. Alternative transcription initiation leads to 
expression of a novel ALK isoform in cancer. Nature. 
2015;526(7573):453-7.

62.	 Farah M, Nagarajan P, Curry JL, Tang Z, Kim TB, Aung 
PP, et al. Spitzoid melanoma with histopathological fea-
tures of ALK gene rearrangement exhibiting ALK copy 
number gain: a novel mechanism of ALK activation in 
spitzoid neoplasia. Br J Dermatol. 2019;180(2):404-8.

63.	 Dunn ALJ, Gardner JM, Kaley JR, Bellamy W, Shalin SC. 
ALK Rearrangements Are Infrequent in Cellular Blue Ne-
vus and Deep Penetrating Nevus. Am J Dermatopathol. 
2018;40(7):469-78.

64.	 Drilon A, Jenkins C, Iyer S, Schoenfeld A, Keddy C, Da-
vare MA. ROS1-dependent cancers - biology, diagnostics 
and therapeutics. Nat Rev Clin Oncol. 2020.

65.	 Donati M, Kastnerova L, Martinek P, Grossmann P, Sti-
cová E, Hadravský L, et al. Spitz Tumors With ROS1 Fu-
sions: A Clinicopathological Study of 6 Cases, Including 
FISH for Chromosomal Copy Number Alterations and 
Mutation Analysis Using Next-Generation Sequencing. 
Am J Dermatopathol. 2020;42(2):92-102.

66.	 Mitsui Y, Ogawa K, Takeda M, Nakanishi T, Azukizawa H, 
Asada H. First Japanese case of atypical Spitz tumor exhib-
iting ROS1 rearrangement. J Dermatol. 2018;45(9):e248-
9.

67.	 VandenBoom T, Quan VL, Zhang B, Garfield EM, 
Kong BY, Isales MC, et al. Genomic Fusions in Pig-
mented Spindle Cell Nevus of Reed. Am J Surg Pathol. 
2018;42(8):1042-51.



173

Daja Šekoranja et al: Spitz Melanocytic Proliferations – An Update

68.	 Rubin JB, Segal RA. Growth, survival and migration: the 
Trk to cancer. Cancer Treat Res. 2003;115:1-18.

69.	 Wang L, Busam KJ, Benayed R, Cimera R, Wang J, Denley 
R, et al. Identification of NTRK3 Fusions in Childhood 
Melanocytic Neoplasms. J Mol Diagn. 2017;19(3):387-96.

70.	 de la Fouchardière A, Tee MK, Peternel S, Valdebran M, 
Pissaloux D, Tirode F, et al. Fusion partners of NTRK3 af-
fect subcellular localization of the fusion kinase and cyto-
morphology of melanocytes. Mod Pathol. Epub 2020 Sep 
23.

71.	 Lee CY, Sholl LM, Zhang B, Merkel EA, Amin SM, Gui-
tart J, et al. Atypical Spitzoid Neoplasms in Childhood: 
A Molecular and Outcome Study. Am J Dermatopathol. 
2017;39(3):181-6.

72.	 Yeh I, Busam KJ, McCalmont TH, LeBoit PE, Pissaloux 
D, Alberti L, et al. Filigree-like Rete Ridges, Lobulated 
Nests, Rosette-like Structures, and Exaggerated Matura-
tion Characterize Spitz Tumors With NTRK1 Fusion. Am 
J Surg Pathol. 2019;43(6):737-46.

73.	 Yeh I, Tee MK, Botton T, Shain AH, Sparatta AJ, Gagnon 
A, et al. NTRK3 kinase fusions in Spitz tumours. J Pathol. 
2016;240(3):282-90.

74.	 Zarabi SK, Azzato EM, Tu ZJ, Ni Y, Billings SD, Arbes-
man J, et al. Targeted next generation sequencing (NGS) 
to classify melanocytic neoplasms. J Cutan Pathol. 
2020;47(8):691-704.

75.	 Friedman BJ, Hernandez S, Fidai C, Jiang A, Shwayder 
TA, Carskadon S, et al. A pediatric case of pigmented epi-
thelioid melanocytoma with chromosomal copy number 
alterations in 15q and 17q and a novel NTRK3-SCAPER 
gene fusion. J Cutan Pathol. 2020;47(1):70-5.

76.	 Isales MC, Haugh AM, Bubley J, Verzì AE, Zhang B, Ku-
dalkar E, et al. Genomic Assessment of Blitz Nevi Suggests 
Classification as a Subset of Blue Nevus Rather Than Spitz 
Nevus: Clinical, Histopathologic, and Molecular Analysis 
of 18 Cases. Am J Dermatopathol. 2018;40(2):118-24.

77.	 Cocco E, Scaltriti M, Drilon A. NTRK fusion-positive 
cancers and TRK inhibitor therapy. Nat Rev Clin Oncol. 
2018;15(12):731-47.

78.	 Uguen A. Spitz Tumors With NTRK1 Fusions: TRK-A 
and pan-TRK Immunohistochemistry as Ancillary Diag-
nostic Tools. Am J Surg Pathol. 2019;43(10):1438-9.

79.	 Gatalica Z, Xiu J, Swensen J, Vranic S. Molecular char-
acterization of cancers with NTRK gene fusions. Mod 
Pathol. 2019;32(1):147-53.

80.	 Hechtman JF, Benayed R, Hyman DM, Drilon A, Zehir 
A, Frosina D, et al. Pan-Trk Immunohistochemistry Is an 
Efficient and Reliable Screen for the Detection of NTRK 
Fusions. Am J Surg Pathol. 2017;41(11):1547-51.

81.	 Drilon A, Laetsch TW, Kummar S, DuBois SG, Lassen 
UN, Demetri GD, et al. Efficacy of Larotrectinib in TRK 
Fusion-Positive Cancers in Adults and Children. N Engl J 
Med. 2018;378(8):731-9.

82.	 Forschner A, Forchhammer S, Bonzheim I. NTRK gene 
fusions in melanoma: detection, prevalence and po-
tential therapeutic implications. J Dtsch Dermatol Ges. 
2020;18(12):1387-92. 

83.	 Quan VL, Zhang B, Zhang Y, Mohan LS, Shi K, Wagner A, 
et al. Integrating Next-Generation Sequencing with Mor-
phology Improves Prognostic and Biologic Classification 
of Spitz Neoplasms. J Invest Dermatol. 2020;140(8):1599-
608.

84.	 Rabes HM, Demidchik EP, Sidorow JD, Lengfelder E, 
Beimfohr C, Hoelzel D, et al. Pattern of radiation-induced 
RET and NTRK1 rearrangements in 191 post-chernobyl 
papillary thyroid carcinomas: biological, phenotypic, and 
clinical implications. Clin Cancer Res. 2000;6(3):1093-
103.

85.	 Lipson D, Capelletti M, Yelensky R, Otto G, Parker A, Ja-
rosz M, et al. Identification of new ALK and RET gene fu-
sions from colorectal and lung cancer biopsies. Nat Med. 
2012;18(3):382-4.

86.	 Yeh I, Botton T, Talevich E, Shain AH, Sparatta AJ, de la 
Fouchardiere A, et al. Activating MET kinase rearrange-
ments in melanoma and Spitz tumours. Nat Commun. 
2015;6:7174.

87.	 Hagemann D, Troppmair J, Rapp UR. Cot protooncop-
rotein activates the dual specificity kinases MEK-1 and 
SEK-1 and induces differentiation of PC12 cells. Onco-
gene. 1999;18(7):1391-400.

88.	 Salmeron A, Ahmad TB, Carlile GW, Pappin D, Narsim-
han RP, Ley SC. Activation of MEK-1 and SEK-1 by Tpl-
2 proto-oncoprotein, a novel MAP kinase kinase kinase. 
Embo j. 1996;15(4):817-26.

89.	 Ceci JD, Patriotis CP, Tsatsanis C, Makris AM, Kovatch 
R, Swing DA, et al. Tpl-2 is an oncogenic kinase that is 
activated by carboxy-terminal truncation. Genes Dev. 
1997;11(6):688-700.

90.	 Gándara ML, López P, Hernando R, Castaño JG, Alemany 
S. The COOH-terminal domain of wild-type Cot regu-
lates its stability and kinase specific activity. Mol Cell Biol. 
2003;23(20):7377-90.

91.	 Quan VL, Zhang B, Mohan LS, Shi K, Isales MC, Panah 
E, et al. Activating Structural Alterations in MAPK Genes 
Are Distinct Genetic Drivers in a Unique Subgroup Of 
Spitzoid Neoplasms. Am J Surg Pathol. 2019;43(4):538-
48.

92.	 Houlier A, Pissaloux D, Masse I, Tirode F, Karanian M, 
Pincus LB, et al. Melanocytic tumors with MAP3K8 fu-
sions: report of 33 cases with morphological-genetic cor-
relations. Mod Pathol. 2020;33(5):846-57.

93.	 Quan VL, Panah E, Zhang B, Shi K, Mohan LS, Gerami 
P. The role of gene fusions in melanocytic neoplasms. J 
Cutan Pathol. 2019;46(11):878-87.

94.	 Clark AM, Reynolds SH, Anderson M, Wiest JS. Muta-
tional activation of the MAP3K8 protooncogene in lung 
cancer. Genes Chromosomes Cancer. 2004;41(2):99-108.



174

Acta Medica Academica 2021;50(1):157-174

95.	 Gruosso T, Garnier C, Abelanet S, Kieffer Y, Lemesre 
V, Bellanger D, et al. MAP3K8/TPL-2/COT is a poten-
tial predictive marker for MEK inhibitor treatment in 
high-grade serous ovarian carcinomas. Nat Commun. 
2015;6:8583.

96.	 Lee JH, Lee JH, Lee SH, Do SI, Cho SD, Forslund 
O, et al. TPL2 Is an Oncogenic Driver in Keratocan-
thoma and Squamous Cell Carcinoma. Cancer Res. 
2016;76(22):6712-22.

97.	 Sourvinos G, Tsatsanis C, Spandidos DA. Overexpres-
sion of the Tpl-2/Cot oncogene in human breast cancer. 
Oncogene. 1999;18(35):4968-73.

98.	 Kim D, Khan AU, Compres EV, Zhang B, Sunshine JC, 
Quan VL, et al. BRAF Fusion Spitz Neoplasms, Clinical, 
Morphologic and Genomic Findings in 6 Cases. J Cutan 
Pathol. 2020;47(12):1132-42.

99.	 Aramini JM, Vorobiev SM, Tuberty LM, Janjua H, Camp-
bell ET, Seetharaman J, et al. The RAS-Binding Domain 
of Human BRAF Protein Serine/Threonine Kinase Ex-

hibits Allosteric Conformational Changes upon Binding 
HRAS. Structure. 2015;23(8):1382-93.

100.	Richtig G, Hoeller C, Kashofer K, Aigelsreiter A, Heine-
mann A, Kwong LN, et al. Beyond the BRAF(V)(600E) 
hotspot: biology and clinical implications of rare BRAF 
gene mutations in melanoma patients. Br J Dermatol. 
2017;177(4):936-44.

101.	Perron E, Pissaloux D, Neub A, Hohl D, Tartar MD, 
Mortier L, et al. Unclassified sclerosing malignant mela-
nomas with AKAP9-BRAF gene fusion: a report of two 
cases and review of BRAF fusions in melanocytic tumors. 
Virchows Arch. 2018;472(3):469-76.

102.	Kim D, Khan AU, Compres EV, Zhang B, Sunshine JC, 
Quan VL, et al. BRAF fusion Spitz neoplasms; clinical 
morphological, and genomic findings in six cases. J Cu-
tan Pathol. 2020;47(12):1132-42.

103.	Donati M, Kastnerova L, Ptakova N, Michal M, Kazakov 
DV. Polypoid Atypical Spitz Tumor With a Fibrosclerotic 
Stroma, CLIP2-BRAF Fusion, and Homozygous Loss of 
9p21. Am J Dermatopathol. 2020;42(3):204-7.



175
Copyright © 2021 by the Academy of Sciences and Arts of Bosnia and Herzegovina.

Narrative Review 
Acta Medica Academica 2021;50(1):175-196

DOI: 10.5644/ama2006-124.334

A Review of Molecular and Genetic Diagnostics of Myeloid Malignancies with 
Emphasis on Diagnostics in Bosnia and Herzegovina

Amina Kurtovic-Kozaric1, 2, 3, Erna Islamagic2, Adna Asic3, Lejla Mehinovic-Cavcic2, Larisa Besic3, Hana 
Sahinbegovic4, 5, 6, Hana Komic7, Sabira Kurtovic8, Lejla Burazerovic8

1Department of Clinical Pathology, Cytology and Human Genetics, Clinical Center of the University of Sarajevo, Sarajevo, 
Bosnia and Herzegovina, 2Faculty of Science, University of Sarajevo, Sarajevo, Bosnia and Herzegovina, 3Department 
of Genetics and Bioengineering, International Burch University, Sarajevo, Bosnia and Herzegovina, 4Department of 
Hematooncology, University Hospital Ostrava, Ostrava, Czech Republic, 5Faculty of Medicine, University of Ostrava, Ostrava, 
Czech Republic, 6Faculty of Science, University of Ostrava, Ostrava, Czech Republic, 7TIMM Laboratory, Sahlgrenska Center 
for Cancer Research, University of Gothenburg, Gothenburg, Sweden, 8Hematology Clinic, Clinical Center of the University of 
Sarajevo, Sarajevo, Bosnia and Herzegovina

Correspondence: amina.kozaric@kcus.ba; Tel.: + 387 33 298 752; Fax.: + 387 33 297 826

Received: 6 March 2021; Accepted: 2 April 2021

Abstract
Here we describe the major genetic and genomic aberrations found in myeloid malignancies and how those markers are used 
in patients’ diagnosis, prognosis, and targeted treatment. In Bosnia and Herzegovina, cytogenetic and molecular diagnostics 
for myeloid malignancies have been established and continually improved since 2005. We report the current state of avail-
able diagnostic tools for myeloid malignancies in Bosnia and Herzegovina. Myeloid malignancies are a heterogeneous group 
of clonal blood diseases characterized by defects in hematopoietic stem cells and myeloid progenitors that lead to abnormal 
proliferation, differentiation, localization, and self-renewal. Most common myeloid malignancies include myeloproliferative 
neoplasms (MPNs), myelodysplastic syndrome (MDS), and acute myeloid leukemia (AML). Molecular diagnostics of myeloid 
malignancies have significantly expanded in the last decade with new genetic and genomic markers for diagnosis, prognosis, 
and treatment. Conclusion. In the last decade, several new genomic markers important for patient diagnosis, prognosis, and 
therapy have been discovered that need to be implemented in routine molecular diagnostics not only in developed nations but 
also in developing nations such as Bosnia and Herzegovina.
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Myeloid Leukemia.

Introduction and Classification

Myeloid malignancies are a heterogeneous group 
of clonal diseases where hematopoietic stem or 
progenitor cells (HSPCs) are disrupted concern-
ing their self-renewal, proliferation, and differen-
tiation capacity as a result of genetic and epigen-
etic changes (1, 2). The World Health Organiza-
tion (WHO) classification of myeloid neoplasms 
was last updated in 2016 (3). According to this 
classification, myeloid neoplasms include myelo-
proliferative neoplasms (MPN), mastocytosis, my-

eloid/lymphoid neoplasms with eosinophilia and 
gene rearrangement, myelodysplastic/myelopro-
liferative neoplasms (MDS/MPN), myelodysplas-
tic syndromes (MDS), myeloid neoplasms with 
germline predisposition, acute myeloid leukemia 
and related neoplasms (AML), blastic plasmacy-
toid dendritic cell neoplasm, and acute leukemias 
of ambiguous lineage (3). 

In this review, molecular and genetic diagnos-
tics of more common myeloid malignancies such 
as MPN, MDS, and AML will be covered. 

Clinical Science
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Myeloproliferative Neoplasms (MPNs)

MPNs are acquired blood malignancies that arise 
from clonal hematopoiesis through the overpro-
duction of either one or more types of myeloid cell 
lines. MPNs are classified based on the presence 
of BCR-ABL1 gene fusion. Chronic myelogenous 
leukemia (CML) is therefore classified as a Phil-
adelphia-positive MPN, while polycythemia vera 
(PV), essential thrombocythemia (ET), and pri-
mary myelofibrosis (PMF) are classified as Phila-
delphia-negative MPNs (4-6). 

Philadelphia-Negative MPNs: Polycythemia 
Vera (PV)

PV is characterized by erythrocytosis, which is 
often accompanied by leukocytosis and thrombo-
cytosis. The 2016 revision of WHO classification 
defines three major and one minor criterion for 
the PV diagnosis. Major criteria are: (1) In men, 
hemoglobin level >16.5 g/dL or hematocrit >49%; 
in women, hemoglobin level >16.0 g/dL or hema-
tocrit level >48%, or increased red cell mass; (2) 
Hypercellular bone marrow with panmyelosis; (3) 
Detection of JAK2V617F mutation or JAK2 mutation 
within exon 12. The minor criterion is subnormal 
erythropoietin level in the patients’ serum. PV di-
agnosis requires confirmation of all three major 
criteria, or the first two major criteria + minor 
criterion (3). Treatment includes phlebotomy, hy-
droxyurea, and interferon-α (4-6). 

Philadelphia-Negative MPNs: Essential 
Thrombocythemia (ET)

ET is characterized by megakaryocytic hyperpla-
sia and thrombocytosis, which elevated granu-
locyte levels and splenomegaly may accompany. 
According to the last revision of the WHO clas-
sification, four major and one minor criterion are 
determined for ET diagnosis. Major criteria are (1) 
Thrombocyte count ≥450x109/L; (2) Prominent 
proliferation of the megakaryocyte lineage, with 
mature, enlarged megakaryocytes; (3) Not meet-
ing criteria for PV, PMF, MDS, BCR-ABL1+ CML, 

or other myeloid neoplasms; (4) Detection of the 
JAK2, CALR, or MPL mutations. Minor criterion 
implies the absence of the reactive thrombocyto-
sis and presence of a clonal marker. ET diagnosis 
requires meeting four major criteria, or three ma-
jor criteria and minor criterion (3). Treatment in-
volves salicylic acid and hydroxyurea (4-6). 

Philadelphia-Negative MPNs: Primary 
Myelofibrosis (PMF)

The main characteristics of PMF include abnor-
mal megakaryocytopoiesis, aberrant blood count, 
elevated myeloid cell proliferation, fibroblast pro-
liferation, as well as the release of reticulin and 
collagen which leads to bone marrow fibrosis, 
extramedullary hematopoiesis, and splenomeg-
aly (4-6). Three major criteria for PMF diagnosis 
are: (1) Megakaryocytic proliferation and atypia, 
granulocytic proliferation, decreased erythropoi-
esis, and absence of reticulin fibrosis > 1st grade; 
(2) Not meeting criteria for PV, ET, MDS, BCR-
ABL1+ CML, or other myeloid neoplasms; (3) De-
tection of the JAK2, CALR, or MPL mutations, or 
presence of another clonal marker. Minor criteria 
are (1) Palpable splenomegaly; (2) High activity of 
LDH; (3) Leukocytosis; (4) Anemia. PMF diagno-
sis can be confirmed if all three major criteria and 
one minor criterion are met (3).

Philadelphia-Positive MPN: Chronic 
Myelogenous Leukemia (CML)

CML is a Philadelphia chromosome-positive 
(Ph+) myeloproliferative disease. The main cause 
of CML is a reciprocal translocation between chro-
mosomes 9 and 22 in the bone marrow stem cells, 
which leads to the formation of the BCR-ABL1 
fusion gene. BCR-ABL1 protein conditionally ac-
tivates several key signal transduction pathways 
responsible for the proliferation, survival, and dis-
semination of the malignant myeloid clone (7-13). 
Bone marrow biopsy at diagnosis is necessary for: 
a) determination of blast cell percentage, b) assess-
ment of basophils proportion, c) the presence of 
BCR-ABL1 translocation by cytogenetic analysis 
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(karyotyping or FISH) or polymerase chain reac-
tion (PCR) (14). The detection of BCR-ABL1 clone 
at diagnosis and every three months after the ini-
tiation of treatment is required for each CML pa-
tient. Disease monitoring consists of measuring 
BCR-ABL1 transcripts by real-time quantitative 
PCR. Hasford and EUTOS scores were used to pre-
dict patients’ survival and response to the TKI ther-
apy; however, the new EUTOS Long Term Survival 
(ELTS) score is more adequate to predict the prob-
ability of leukemia-related deaths since the vast 
majority of CML patients die from the other causes 
than leukemia (15). A revolutionary advancement 
in the CML treatment was achieved with a tyrosine 
kinase inhibitor, such as imatinib mesylate, a drug 
that specifically blocks the enzymatic activity of 
the BCR-ABL1 fusion protein (16).

Myelodysplastic Syndrome (MDS)

MDS is a clonal disorder of hematopoietic stem 
cells (HSCs) characterized by aberrations in both 
morphology and maturation of cell precursors 
of one or several lineages and cytopenia with a 
tendency of progression to acute myeloid leu-
kemia (17, 18). This is a heterogeneous group of 
malignancies with aberrant proliferation, differ-
entiation, and maturation of HSCs, all of which 
are evident as morphological changes in myeloid 
cells. Clinical manifestation includes bone marrow 
failure, while pathological manifestation includes 
dysplastic morphology in one or several blood 
cell lineages in the bone marrow or the peripheral 
blood. The majority of patients suffer from cytope-
nia, anemia and require blood transfusions. Less 
common symptoms include neutropenia and/or 
thrombocytopenia (17).

Acute Myeloid Leukemia (AML)

AML is characterized by the clonal proliferation of 
abnormal, immature myeloid cells. The term acute 
refers to a disease that develops faster and leads to 
fatal outcomes in as little as a few months if left 
untreated (19). It arises due to genetic changes in 
the DNA of myeloid precursors. It is characterized 

by an obstruction in differentiation and a continu-
ous division of immature myeloid cells, more pre-
cisely leukemic blasts, which impair normal hema-
topoiesis (20). AML primarily forms in the bone 
marrow, but in most cases, blasts are also found 
within the peripheral blood. More precisely, AML 
is defined as a disease characterized by over 20% 
of blasts in the bone marrow or peripheral blood. 
This may also spread to other parts of the body, 
such as lymph nodes, spleen, liver, central nervous 
system, or testicles (21).

Molecular Markers

Genetic Markers of AML

Genetic markers, both molecular and cytogenetic, 
have their diagnostic, prognostic, and therapeutic 
role. As a part of a diagnostic workup, each AML 
patient requires both cytogenetic and molecu-
lar testing. Regarding molecular markers, studies 
have identified an overwhelming number of mu-
tations in AML genomes. On average, one AML 
genome shows five mutations. Nine gene cat-
egories relevant for AML pathogenesis have been 
identified, namely gene fusions, NPM1 mutations, 
tumor-suppressor genes, DNA methylation genes, 
signaling genes, chromatin-modifying genes, my-
eloid transcription factors, cohesin complex genes, 
and spliceosomal members (Table 1). The most 
commonly mutated genes in AML are FLT3 (32% 
of all cases), NPM1 (25%), and DNMT3A (20%), 
with the possibility that they are concomitant in 
the same sample. 

FLT3 (Fms-like tyrosine kinase 3) is a gene that 
encodes a class III receptor tyrosine kinase pres-
ent in both humans and mice (Figure 1). When a 
ligand binds to FLT3, it gets dimerized and auto-
phosphorylated, leading to the activation of PI3K/
AKT and RAS/MAPK pathways (22). Increased 
expression levels have been seen in 70% to 100% 
of AML cases; thus, it was hypothesized that FLT3 
expression plays a role in the survival and prolifer-
ation of leukemic blasts (23). The most commonly 
seen mutation in the FLT3 gene in AML is internal 
tandem duplication (24), while the second most 
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common one is FLT3 activation loop point muta-
tion. Internal tandem duplications (ITD) in FLT3 
account for 24%, while the activation loop muta-
tions are seen in 7% of AML patients. Therefore, 
30% of AML patients have acquired mutations in 
the FLT3 gene, making it the most mutated gene 
in AML (25). Mutations in the FLT3 gene result in 

cellular proliferation, resistance to apoptosis, and 
DNA defective repair (26). The identification of 
FLT3 mutations is essential because of the avail-
ability of FLT3 inhibitors, which are part of the 
standard treatment of AML.

CEBPA (CCAAT/enhancer-binding protein α) 
encodes transcriptional factor with leucine zipper 

Table 1. AML Risk Stratification and Genomic Classification. Risk Stratification Is Based on Molecular and Cytogenetic 
Abnormalities and Is Used for Therapeutical Strategies*

AML risk stratification Molecular markers Cytogenetics

Favorable

NPM1 mutated t(8;21)(q22;q22.1); RUNX1-RUNX1T1

FLT3 wild type t(15;17)(q24;q21), PML-RARA

CEBPA biallelic mutation inv(16) or t(16;16); CBFB-MYH11

Intermediate

NPM1 mutated &
FLT3-ITD mutated

t(9;11)(p21.3;q23.3); MLLT3-KMT2A

NPM1 wild type & FLT3 
wild type

t(6;9)(p23;q34.1); DEK-NUP214

– Cytogenetic abnormalities not classified as favorable or adverse

Adverse

NPM1 wild type & FLT3-
ITD mutated

t(v;11q23.3); KMT2A (MLL) rearrangement

RUNX1 mutated t(9;22)(q34.1;q11.2); BCR-ABL1

ASXL1 mutated inv(3)(q21.3q26.2) or t(3;3)(q21.3;q26.2); GATA2,MECOM(EVI1)

TP53 mutated −5 or del(5q); −7; −17/del(17p)

– Complex karyotype, monosomy

AML Genomic Classification

Classes of AML Frequency of all AML (%) Additional mutated genes

NPM1 mutant 30 DNMT3A (50%), FLT3 (40%), Cohesin (15%), NRAS (15%), IDH (15%), TET2 (15%)

Chromatin-spliceosome 13 RUNX1 (40%), MLL (20%), ASXL1 (20%), DNMT3A (20%), SRSF2 (20%), FLT3 (15%), 

t(15;17) 13 FLT3 (35%), WT1 (15%)

TP53/chromosomal 
aneuploidy

10 –

t(8;21) 7 KIT (25%), NRAS (20%), Cohesin (20%), ASXL1 (20%)

inv(16) 5 NRAS (40%), KIT (35%), FLT3 (20%)

t(v;11q23) 4 KRAS (20%), NRAS (20%)

biCEPBA 4 GATA2 (30%), NRAS (30%)

t(9;22) 1 –

t(6;9) 1 FLT3 (70%)

t(5;11) 1 FLT3 (80%)

inv(3) 1 –

Other translocations 1 –

IDH2 R172 1 –

*AML genomic classification presents classes of AML based on genomic and cytogenetic abnormalities; Cohesin = RAD21; SMC1A, SMC3 wild type = not 
mutated, normal.
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domain involved in cell cycle regulation (27, 28), 
proliferation, and differentiation of the myeloid 
lineage (28). Nonsense and frameshift mutations 
are frequent in the N-terminal region, while in-
frame indels are typical for the C-terminal region 
of the protein (27). In general, 5-15% of AML 
patients have single- or double-mutated CEBPA. 
Double-mutated CEBPA (CEBPAdm) is related 
to the characteristic gene expression profile that 

defines a specific subgroup of AML patients with 
a more favorable prognosis (3, 29). Coexisting 
mutations in genes ASXL1, RUNX1, NPM1, and 
FLT3-ITD, are more frequently present in CEB-
PAsm (single-mutated) cases (30). 

NPM1 (Nucleophosmin 1) is a gene that en-
codes multifunctional NPM1 protein, primarily 
localized in the nucleolus. It functions as a molec-
ular chaperone that transports ribosomal proteins 

Figure 1. FLT3 mutations are among the most common mutations in AML patients. Two types of mutations have been iden-
tified: internal tandem duplication (ITD) mutation and TKD (tyrosine kinase domain) mutations. ITD mutations are more 
common than TKD mutations. ITD mutations lead to 3-400 bp insertions in the JM domain, while TKD mutations (D835 and 
I836) are point mutations in the TK2 domain. Created in Biorender. 

Amina Kurtovic-Kozaric et al: Diagnostics of Myeloid Malignancies
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through the nuclear membrane (31). Mutations 
in NPM1 have been linked to tumorigenesis, as 
NPM1 was found to be frequently overexpressed 
in diverse solid tumors and involved in different 
translocations and deletions (32). It was shown 
that NPM1 is mutated in 25% of AML patients, 
making it one of the most frequently mutated 
genes in this type of cancer (33). Four-base inser-
tions in exon 12 of NPM1 are seen in 75-80% of 
cases (34). All mutations in exon 12 are frameshift 
mutations, causing changes in the C-terminal re-
gion, resulting in the loss of two tryptophan resi-
dues and creating a new nuclear export sequence 
(NES) domain. Consequently, mutant NPM1 
(called NPM1c) protein is exported to the cyto-
plasm instead of in the nucleus. 

KIT, a proto-oncogene type III tyrosine kinase, 
is a receptor for stem cell factors expressed on the 
surface of the leukemic blast (35). Mutations in 
this gene are seen either in exon 8 or in codon 816, 
the latter resulting in a formation of the activation 
loop. 20-30% of AML patients with t(8;21) and 
inv(16)/t(16;16) carry mutations in KIT (36). They 
cause the activation of MAPK and PI3K/AKT 
pathway and STAT3/STAT5 signaling that aid in 
cancer development (37).

RAS protein family is a diverse group of pro-
teins that activate various receptors, which further 
trigger downstream effector pathways. These con-
trol cell proliferation, differentiation, and survival 
(38). Guanine nucleotide-binding proteins, which 
include NRAS, KRAS, and HRAS, are involved in 
hematopoiesis. RAS activation may result from 
either a mutation in RAS itself or FLT3 or KIT; 
NRAS and KRAS mutations are seen in about 15% 
to 25% of AML patients. RAS mutations activate 
PI3K/Akt/mTOR and the RAF/MEK/ERK pro-
proliferative signaling pathways (38).

DNMT3A (DNA methyltransferase 3A) cata-
lyzes methylation of 5-methylcytosines and is 
important for differentiation of the embryo and 
hematopoietic stem cells. There are three active 
DNA methyltransferases in mammals – DNMT1, 
DNMT3A, and DNMT3B. They are primarily in-
volved in DNA methylation but also in genetic 
imprinting, differentiation, X-chromosome in-

activation, proliferation, and apoptosis (39). Mu-
tations in DNMT3A occur in more than 30% of 
AML patients with normal karyotype (40). Loss-
of-function mutations in DNMT3A halt the he-
matopoietic cell differentiation and are among the 
first events in leukemogenesis. Mutated DNMT3A 
preleukemic cells represent storage for further 
progression of the disease if additional mutations 
occur. The most common mutation seen in DN-
MT3A is at the R882 arginine residue, disrupting 
the methyltransferase activity. DNMT3A muta-
tions in combination with FLT3 or NPM1 muta-
tions are linked to adverse prognosis (41).

TET2 (a member of the TET family of dioxy-
genase proteins) mutations occur in 10-25% of 
AML (41). TET2 converts 5-methylcytosine to 
5-hydroxymethylcytosine, encouraging DNA de-
methylation. Mutations in TET2 do not promote 
AML by themselves but instead disrupt the func-
tion of the TET2 enzyme, which leads to the clonal 
expansion of pre-leukemic stem cells. These cells 
may override normal hematopoiesis with time and 
favor the accumulation of mutations leading to 
AML development (42). 

IDH1 and IDH2 are NADP-dependent en-
zymes involved in the KREBS cycle, as IDH1 
(isocitrate dehydrogenase 1) and IDH2 (isocitrate 
dehydrogenase 2) catalyze the oxidative decarbox-
ylation of isocitrate to alpha-ketoglutarate. IDH1 
and IDH2 mutations occur in 20% of AML pa-
tients and are heterozygous (43). The most com-
mon mutations are IDH1 R132, IDH2 R140, and 
IDH2 R172, which have different prognostic value. 
IDH mutations lead to the formation of a neomor-
phic enzyme and abnormal accumulation of an 
oncometabolite, 2-hydroxyglutarate (44, 45). Ac-
cumulated 2-hydroxyglutarate initiates potentially 
oncogenic events: it inhibits jumonji-C domain 
containing proteins involved in histone demeth-
ylation, TET2 protein, prolyl/lysyl hydroxylases, 
and cytochrome C in the electron-transport chain 
(41). IDH inhibitors such as enasidenib and ivo-
sidenib were approved in 2018 to treat relapsed/
refractory AML.

Regarding cytogenetic markers, recurrent cy-
togenetic aberrations are found in about 50% of 



181

all AML patients, where the most common ones 
are t(15;17), t(8;21), inv(16), t(9;11), inv(3), and 
t(6;9) (Figure 2). These balanced translocations 
and inversions are classified as “AML with recur-
rent genetic abnormalities” in the WHO classifica-
tion (3). It is worth noting that besides mentioned 

cytogenetic aberrations, ad-
ditional abnormalities in-
cluding complex karyotype 
(3 or more chromosomal 
abnormalities), such as −5 or 
del(5q), −7 or del(7q), i(17q) 
or t(17p), −13 or del(13q),  
del(11q), t(2;11)(p21;q23.3), 
t(3;21)(q26.2;q22.1), t(1;3) 
(p36.3;q21.2), t(5;12)(q32;  
p13.2), t(11;16)(q23.3;p13.3),  
t(5;7)(q32;q11.2), t(5;17)(q32; 
p13.2), t(5;10)(q32;q21.2), and 
t(3;5)(q25.3;q35.1). These are 
sufficient to establish the di-
agnosis of “AML with myelo-
dysplasia-related changes” if 
the bone marrow has ≥20% 
blasts (27). Around 50% of 
AML patients have normal 
karyotype without recurrent 
genetic abnormalities.

The most commonly 
found abnormalities can be 
found on the Atlas of Genet-
ics Oncology website. Here 
we describe two examples: 
PML-RARA and MLL trans-
locations. PML-RARA trans-
location, t(15;17)(q22;q12), 
involves PML (promyelocytic 
leukemia protein) and RARA 
(retinoic acid receptor alpha) 
genes, whereby PML N-ter-
minus is fused with the C-
terminal RARA receptor re-
gion (Figure 3). PML-RARA 
fusion protein acts as an ir-
regular retinoic acid receptor 
with modified DNA-binding 
and transcription-regulation 

properties. Different protein isoforms are possible, 
each resulting in a different clinical description of 
the disease. At the molecular level, this transloca-
tion causes inhibition of myeloid differentiation 
due to inactive RARA protein and blockage in for-

Figure 2. (A) 46,XX,t(15;17)(q22;q21.1) Abnormal female karyotype with translocation 
between chromosomes 15 and 17. (a) FISH analysis for PML/RARA on two hundred 
interphase nuclei with 1R1G2F positive signal pattern (1 red signal, 1 green signal, 
and 2 fusions; Abbott, Abbott Park, Illinois, USA). (B) 46,XX,t(8;21)(q22;q22) Abnormal 
female karyotype with translocation between chromosomes 8 and 21. (b) Dual color 
dual fusion translocation FISH probe for RUNX1/RUNX1T1 (Abbott, Abbott Park, Illi-
nois, USA) with abnormal 1R1G2F (1 red signal, 1 green signal, and 2 fusions) pattern. 
(C) 46,XX,t(9;11)(p23;q23) Abnormal female karyotype with translocation between 
chromosomes 9 and 11. (c) MLL break a part FISH probe with 1R1G1F (1 red signal, 
1 green signal, and 1 fusion) abnormal pattern. (D) 46,XY,inv(16)(p13;q22) Abnormal 
male karyotype with chromosome 16 inversion. (d) Break apart FISH probe for CBFB 
with abnormal pattern 1R1G1F (1 red signal, 1 green signal, and 1 fusion).

Amina Kurtovic-Kozaric et al: Diagnostics of Myeloid Malignancies
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mation of nuclear bodies, necessary for the proper 
functioning of the p53-related pathway. Molecular 
and cytogenetic diagnostics are essential for the 
fast determination of the presence of PML-RARA 
translocation in a blood or bone marrow sample 
because of the need for urgent clinical action. 
Fast FISH assay or RT-PCR are used to detect this 
translocation within 2-4 hours. 

MLL, coding for a methyltransferase, can har-
bor gene rearrangement that has been among the 
first to be associated with unfavorable patient 
prognosis (46). Translocations and partial tandem 
duplications in MLL are seen in 8-10% of AML. 
MLL translocates with over 50 different genes, 
causing the expression of chimeric proteins (47). 
However, MLL rearrangements show a very low 
number of potentially cooperating mutations 
thus indicating that MLL-rearranged leukemias 
are mostly driven through epigenetic dysregula-
tion (48). Duplication regions are found between 
exon 5 and 11 and between exon 5 and 12 and are 
strongly associated with trisomy 11 but have also 
been noted for karyotypically normal AML (49). 
MLL rearrangements in AML usually result in the 
overexpression of BCL2 protein, leading to drug 
resistance (46). 

NCCN and ELN risk stratification of AML is 
based on the presence of molecular and cytogenet-
ic mutations (Table 1) (27, 50). Each AML is cat-
egorized as favorable, intermediate, and adverse. 
The stratification is crucial for treatment strategy 
and is an integral part of patient evaluation. Even if 
a genetic mutation may not be included as a prog-
nostic marker, its presence may provide a target for 
new therapies as with IDH1, IDH2, and KMT2A.

Genetic Markers of CML

CML’s main cause is the reciprocal translocation 
between chromosomes 9 and 22 in bone marrow 
stem cells, leading to clonal proliferation of mature 
granulocytes and their precursors. Translocation 
t(9;22)(q34;q11) with characteristic Philadelphia 
chromosome (shortened as 22q-) is found in 95% 
of all CML cases (Figure 4). Depending on ex-
act breakage and rejoining sites, several different 
BCR-ABL1 proteins might result from this trans-
location. Protein size can be 210 (p210) or 190 
(p190) kDa, depending on the number of amino 
acids in the BCR primary sequence. p190 is mostly 
found in acute lymphocytic leukemia (ALL) cases, 
while p210 is found in both ALL and CML. 

The presence of SETBP1 and ETNK1 mutations 
and the absence of t(9;22) translocation and muta-
tions in genes associated with MPN characterize 
atypical CML (aCML), also called BCR-ABL1- 
CML. Mutations in CSF3R are infrequent, pres-
ent in less than 10% of aCML cases. Patients with 
advanced CML exhibit numerous genetic abnor-
malities, including duplicated Philadelphia chro-
mosome, isochromosome 17(p) resulting in TP53 
disturbance, and rarely deletion of p15 and p16 
tumor-suppressor genes and RUNX1-EV11 fusion. 
In addition, gene expression is likely to be dereg-
ulated in advanced diseases. This includes both 
increase in expression (nuclear genes, mitochon-
drial genes, RNA-binding genes, genes involved in 
protein synthesis), as well as a decrease (structural 
integrity and adhesion genes, inflammation, im-
mune response modulators). Finally, several pro-
to-oncogenes and tumor-suppressor genes can be 
differentially expressed, including N-RAS, H-RAS, 
FLT3, WT1, BCL-2, and PTPN11.

Figure 3. PML-RARα results from the translocation between 
chromosomes 15 and 17 in PML and RARA genes, respec-
tively, leading to the PML-RARα fusion protein.
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Genetic Markers of MPNs

Over 95% of patients suffering from Philadelphia-
negative MPNs harbor either JAK2, CALR, or 
MPL driver gene mutations. The fourth phenotype 
driver gene is CSF3R, and mutation in any of these 
genes is mutually exclusive with the other three. A 
common characteristic of MPNs is increased JAK-
STAT signaling. Besides, TET2, DNMT3A, ASXL1, 
IDH1/2, EZH2, SF3B1, SRSF2, TP53, NRAS, and 
KRAS mutations were also reported, mainly in so-
called triple-negative patients. These mutations can 
also appear before or after phenotypic driver mu-
tations, in which case they modify or amplify the 
effect of those drivers (5, 51). Other DNA sequence 
variants or mutations found in a fraction of MPN 
patients are TP53, CUX1, IKZF1, NF‐E2 (transcrip-
tional regulation), ASXL1, IDH1, IDH2, TET2, 
EZH2, DNMT3A (epigenetic regulation), SRSF2, 
U2AF1, and SF3B1 (RNA splicing). It has been re-
ported that TP53, IDH2, and SRSF2 mutations are 
over‐represented in blast‐phase MPN (52). Simi-
larly, ASXL1, EZH2, and SRSF2 mutations in PMF 

patients are associated with leukemic 
transformation and poor prognosis. 

The three most commonly mutated 
genes in MPN (JAK2, MPL and CALR) 
are a part of the MPN diagnostic algo-
rithm. JAK2 (Janus kinase 2) V617F 
mutation in exon 14 is most abundant-
ly found in the Philadelphia-negative 
MPNs, namely PV (in around 95% of 
cases), ET (around 55% of cases), and 
PMF (around 65% of the cases). This 
mutation leads to the growth-factor 
independence in affected cells due to 
constitutive tyrosine phosphorylation 
and consequential JAK2 protein acti-
vation (5, 6, 51-56). MPL (MPL proto-
oncogene) gene encodes thrombopoi-
etin receptor, and its mutations are 
found in around 4% of ET and 10% of 
PMF patients, but not in PV patients. 
Mutations are mostly found in residue 
W515 in exon 10, including W515L, 
which results in constitutive activation 

of downstream signaling pathway even in the ab-
sence of thrombopoietin. Other MPL mutations 
in MPNs are W515S, W515A, S505N, A506T, and 
A519T. Calreticulin (CALR) is a multifunctional 
chaperone protein involved in various cellular 
processes, including cell adhesion (57-60). Recent 
studies have found CALR mutations in exon 9 in 
MPN patients who lack the JAK2 or MPL muta-
tions. CALR mutations were reported in ET and 
PMF patients at a frequency between 20% and 30% 
and accounted for approximately 70% of JAK2/
MPL-nonmutated ET and around 85% of JAK2/
MPL-nonmutated PMF. They were not reported in 
PV patients (57-60). Over 36 different frameshift 
insertions or deletions were reported, all of which 
results in a novel C-terminal amino acid sequence 
in the mutated calreticulin, which leads to malfunc-
tioning in calcium-binding and cell growth. The 
most prominent two mutations are the type 1 and 
type 2 mutations, which account for over 80% of 
the CALR exon 9 mutations. The type 1 mutation 
(L367fs*46) is a 52-base pair deletion, while type 
2 mutation (K385fs*47) is a 5-base pair TTGTC  

Figure 4. BCR-ABL1 gene fusion results from a reciprocal translocation be-
tween long arms of chromosomes 9 and 22, leading to the BCR-ABL1 fu-
sion protein (depicted at the top). Created in Biorender.

Amina Kurtovic-Kozaric et al: Diagnostics of Myeloid Malignancies



184

Acta Medica Academica 2021;50(1):175-196

insertion, both of which lead to a frameshift. Both 
mutations induce a change in the subcellular lo-
calization signal by leading to a loss of negatively 
charged amino acids in the protein C-domain 
(57-60).

Genetic Markers of MDS

MDS is associated with two types of mutations: 
chromosomal aberrations and somatic gene muta-
tions. Common chromosomal aberrations that are 
associated with MDS are -5/5q-, -7/7q-, +8, 20q-, 
+21, 12p-, 13q- and 17p- (Figure 5, Table 2). Their 
prognostic values are shown in Table 3. They are 
detected in 40-60% of primary MDS patients and 
more than 80% of therapy-associated MDSs (61) 
(Table 1). These aberrations are best detected with 
karyotyping or microarrays. The affected chro-
mosomal regions often involve tumor-suppressor 
genes. While these changes are encountered at di-
agnosis, additional or evolved clones can be found 
during the clinical progression of the disease and 
are associated with a poor prognosis. 

Table 2. Cytogenetic Abnormalities Found in MDS and 
Therapy-Related MDS*

MDS cytogenetics Abnormality MDS (%) t-MDS (%)

Unbalanced +8* 10 -

-7 or       del(7q) 10 50

-5 or      del(5q) 10 40

del(20q)* 5-8 -

-Y* 5 -

i(17q) or   t(17p) 3-5 -

-13 or   del(13q) 3 -

del(11q) 3 -

del(12p) or  t(12p) 3 -

Balanced t(11;16)(q23;p13.3)  - 3

t(3;21)(q26.2;q22.1)  - 2

t(1;3)(p36.3;q21.2) 1 -

t(2;11)(p21;q23) 1 -

inv(3)(q21q26.2) 1 -

t(6;9)(q23;q34) 1 -

*Table adapted from reference (61); MDS=Myelodysplastic syndrome; t-
MDS=Therapy related MDS.

Table 3. Genomic/Molecular Abnormalities in MDS and AML*

Gene Frequency in MDS (%) Prognosis Comment

RNA splicing

SF3B1 20-30 Favorable MDS-rS and MDS-MLD, associated with ring sideroblasts, fewer mutations 
in other genes

SRSF2 15 Unfavorable CMML phenotype

U2AF1 10 Unfavorable Often with del(20q)

ZRSR2 5 Unknown On X-chromosome, more common in males

Epigenetic regulators

TET2 20-30 Unknown Normal karyotype, more frequent in CMML

DNMT3A 10-15 Unfavorable -

IDH1 and IDH2 5 Unknown -

ASXL1 15-20 Unfavorable -

EZH2 5 Unfavorable More common in CMML

Transcription and signaling pathways

TP53 8 Unfavorable Associated with complex karyotype and high risk disease, few mutations in 
other genes

RUNX1 5-10 Unfavorable Thrombocytopenia, excess blasts

NRAS/KRAS 5-10 Unfavorable Thrombocytopenia, excess blasts, more common in CMML

JAK2 5 Unknown 50% of RARS-T, often subclonal

*Table adapted from reference (68). 
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Figure 5. (A) 47,XY,+8 Abnormal male karyotype with chro-
mosome 8 trisomy. (a) FISH for centromere of chromosome 
8 (Abbott, Abbott Park, Illinois, USA). Trisomy 8 is shown (3 
red signals). (B) 45,XX,-7 Abnormal female karyotype with 
a chromosome 7 monosomy. (b) FISH dual color probes for 
chromosome 7 centromere and D7S522 locus at 7q31 (Ab-
bott, Abbott Park, Illinois, USA). Monosomy 7 is shown with 
an abnormal signal pattern 1R1G (1 red and 1 green signal). 
(C-c) FISH analysis for chromosomes 5 and 7 was performed 
on a patient sample. (C) Dual color probes for loci at 5p15.2 
and 5q31. Deletion is shown with a positive 1R2G scheme 
(1 red and 2 green signals). (c) Dual color probe for chromo-
some 7 centromere and D7S522 locus at 7q31. Monosomy 
of chromosome 7 is shown. (D) 44,XY,-5,-7 Abnormal male 
karyotype with monosomies of chromosomes 5 and 7 was 
determined in the analyzed cells.

Regarding somatic mutations, almost half of 
MDS patients have two or more genes simultane-
ously mutated (Figure 6). The most efficient meth-

od for the simultaneous detection of mutations 
in several genes is a next-generation sequencing 
(NGS). Affected genes are involved in RNA splic-
ing, transcription, signaling pathways, and epi-
genetic regulation. Their prognostic values are 
presented in Table 2. Mutations in SF3B1 (splic-
ing factor 3b subunit 1) are found in one-third 
of MDS patients). Other spliceosome-associated 
genes mutated in MDS include SRSF2, U2AF1, 
and PRPF8. Among the most significant epigen-
etic factors that mutate in MDS patients are TET2 
and DNMT3A. TET2 mutations are found in up to 
30% of all MDS patients and up to 60% of CMML 
patients. The most common DNMT3A mutation 
is R882, and patients with this mutation have an 
increased chance of AML progression. ASXL1 
encodes a polycomb protein involved in histone 
methylation. Mutations in this gene are found in 
15-20 % of MDS patients, usually frameshift or 
nonsense mutations in exon 12.

Mutations associated with the progression of 
MDS to secondary AML include SRSF2, SF3B1, 
U2AF1, ZRSR2, ASXL1, EZH2, BCOR, and STAG2. 
These mutations occur in MDS and continue 
through sAML. Mutations in IDH1 and IDH2 are 
found at frequencies around 5%, with a high oc-
currence in high-risk MDS (around 23%). Most 
mutations are missense, including R132 in IDH1 
and R172K in IDH2 (Table 2) (43, 62-68). The de-
tection of the mutations mentioned above leads to 
clonal expansion. However, it is worth noting that 
those mutations can also be detected, particularly 
TET2, ASXL1, DNMT3A, and TP53, in healthy 
aging populations, a phenomenon called clonal 
hematopoiesis of indeterminate potential (CHIP) 
(53-55). CHIP is defined as the presence of at least 
2% of a somatic mutation in peripheral blood and 
the absence of malignant hematological disease. 
Currently, somatic mutations are not a part of the 
clinical diagnosis of MDS. CHIP likely transitions 
to MDS through a complex interaction of several 
factors within HSC and bone marrow microenvi-
ronment. 

Amina Kurtovic-Kozaric et al: Diagnostics of Myeloid Malignancies
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Molecular and Genetic Techniques

Cytogenetics

Cytogenetic analysis of peripheral blood and bone 
marrow aspirates is the golden diagnostic stan-
dard for myeloid malignancies. AML, MDS, MPN, 
CML, and other myeloid malignancies rely on cy-
togenetic analysis for both diagnosis and progno-
sis. Conventional cytogenetic analysis is mandato-
ry in the diagnostic evaluation of AML. Standard 
cytogenetic analysis refers to karyotyping, where 
20 metaphases are screened for chromosomal 
abnormalities such as translocations, deletions, 
duplications, inversions, trisomies, monosomies, 
and other abnormalities. The karyotype is con-
sidered complex if it consists of three or more ab-
normalities. Reporting abnormalities is standard-
ized through ISCN (International System for Hu-

man Cytogenetic Nomenclature), which contains 
guidelines on cytogenetic formulations. Clonality, 
or the presence of one or more clones with unique 
abnormalities, can easily be deduced from cytoge-
netic formulas (56). If cytogenetic analysis cannot 
be obtained, fluorescence in situ hybridization is 
used to detect specific translocations or deletions, 
such as t(8;21), inv(16), t(15;17), del 5q, del7q, and 
del17p.

Cytogenetic abnormalities have diagnostic 
and prognostic values. The presence of t(9;22) in 
a myeloid patient is diagnostic of chronic myeloid 
leukemia when taken in the context of clinical pa-
rameters (one should also be aware of the AML 
with t(9;22)). Similarly, other translocations such 
as t(15;17), t(11;?), and t(6;9) are essential to detect 
in AML patients because of therapy management 
and prognosis. All these abnormalities are part of 
the WHO classification of tumors of hematopoi-

Figure 6. Clonal evolution of MDS. Initial clones develop mutations in splicing factors such as SF3B1, SRSF2, or U2AF1. Later 
events typically involve TP53 and NRAS mutations, leading to several different clones in MDS patients. Created in Biorender.
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etic and lymphoid tissues. Furthermore, deletion 
of the long arm of chromosome 5, or del5q, is a 
unique subset of MDS, referred to as del5q syn-
drome (Figure 7). Classical prognostic markers for 
MDS are deletion del7q, monosomy of 7, or tri-
somy 8, which carry a worse prognosis. Complex 
karyotypes are generally considered unfavorable 
prognostic markers (56).

The urgent karyotype is typically requested for 
AML or other hematological malignancies such as 
ALL or Burkitt lymphoma and can be signed out 
within 3-7 days. Once the bone marrow aspirate or 
peripheral blood are received, mononuclear cells 
are counted and the appropriate number placed 
in liquid media for 24-72 h. Once the cells have 
divided and proliferated, they are harvested, cy-
toplasm removed, fixed, dropped onto slides, and 
stained with trypsin and Giemsa (GTG banding). 
The analysis is conducted on 20 metaphases using 
a light microscope.

After BCR-ABL1 is confirmed by qualitative or 
quantitative PCR in CML patients, karyotyping is 
the next step to demonstrate additional chromo-

somal abnormalities besides the Ph chromosome; 
if the Ph chromosome is not found, FISH analysis 
is necessary to detect variant translocations (69-
70). Karyotyping is also an optimal method for 
analyzing additional chromosomal abnormalities 
(ACA), previously divided as major and minor 
route ACA (69). The current classification in-
cludes low-risk and high-risk ACA (additional Ph, 
additional 19 chromosome, trisomy 8, isochromo-
some 17q, deletion -7/7q) (69). The presence of 
high-risk ACA is related to a worse prognosis in 
the CML patients, who are accordingly classified 
as high-risk patients, and they usually show resis-
tance to the TKI therapy (70-73). 

Polymerase Chain Reaction - PCR

Endpoint polymerase chain reaction (PCR) used 
to amplify DNA segments of interest is applied in 
all branches of molecular studies, including mo-
lecular diagnostics of myeloid malignancies. The 
method has shown better sensitivity than the di-
rect sequencing of PCR-amplified DNA (detecting 
mutations with variant allele fractions between 1 
and 3%). The major drawback of this method is 
that many of the protocols are designed in a man-
ner that only the mutant sequence will be ampli-
fied if present (such as the protocol designed for 
the JAK2V617F mutation), which may potentially 
lead to false-negative results, but also prevents dif-
ferentiation between heterozygous and wild-type 
mutated samples (74-79). Jeong et al. (2016) de-
veloped an AS-PCR-based system for CALR type 
1 (L367fs*46) and type 2 (K385fs*47) mutation 
screening (80).

Amplification refractory mutations system 
(ARMS)-PCR is often used to detect single base 
variations or minor deletions. This screening 
method allows for the amplification of mutant and 
wild-type alleles in a single reaction with the addi-
tion of a second pair of primers. The primary de-
ployment of ARMS-PCR is the detection of single 
nucleotide polymorphisms (SNPs), which makes 
it ideal for JAK2 variant screening. Today, the 
method has been optimized to detect the mutation 
with as little as a 0.05% variant allele fraction. A 

Figure 7. Deletions of the long arm of chromosome 5 are 
defined as del5q syndrome, a subtype of MDS with a more 
indolent disease course. Deletions can be larger or smaller, 
where the common deleted region is in 5q32. Created in 
Biorender.
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drawback of the method is the lack of quantifica-
tion of wild type-mutant allele ratios (74, 81, 82). 
The JAK2V617F ARMS-PCR primers designed by 
Jones et al. (2005) involves two outer control prim-
ers (FO and RO) which are complementary to the 
region flanking exon 14 of the JAK2 gene, while 
the inner primers are complementary to the region 
flanking the G (in case of a wild-type sequence) or 
the T (in case of a mutation) (83).

Allele-specific oligonucleotide-polymerase chain 
reaction (ASO-PCR), also recommended to detect 
specific frequent mutations in the BCR-ABL1 kinase 
domain, is a more sensitive method compared to 
Sanger sequencing (84). The mechanism for TKI re-
sistance and a main cause of suboptimal response 
in CML patients is the presence of mutations in 
the BCR-ABL1 kinase domain (85, 86). However, 
the detection of mutations is more efficient and 
sensitive using next-generation sequencing (NGS) 
(87-90). 

Real-Time Quantitative PCR 

Real-time PCR enables simultaneous amplifica-
tion, quantification, and analysis of the variants 
of interest via fluorescent molecules’ detection by 
fluorescent excitation based on the change in fluo-
rescence during amplification. The combination of 
real-time PCR and DNA-melting curve analysis is 
a time- and cost-effective system. Its high sensitiv-
ity and specificity make it the best alternative to di-
rect sequencing. Besides, due to its quantification 
property, this method allows for detecting wild 
type-mutant allele ratios (76).

Type of BCR-ABL1 transcript (e13a3/b2a2, 
e14a3/b3a2, or atypical) in the peripheral blood 
should be identified by qualitative RT-PCR (nested 
PCR) at diagnosis and optionally during the follow-
up of the patient to assess the response to therapy 
(91). A quantitative PCR (qPCR) is used to evalu-
ate BCR-ABL1 transcript level. It is not required at 
the diagnosis; however, it is mandatory to perform 
qPCR every three months during follow-up to 
track patients’ molecular response to TKI (11).

The molecular response is defined as the ratio of 
BCR-ABL1 transcripts and ABL transcripts/GUSB 

transcripts, according to the International Scale 
(IS), and it should be reported as a percentage on 
the log scale. Values 1% (2 log), 0.1% (3 log), 0.01% 
(4 log), 0.0032% (4.5 log), and 0.001% (5 log) are 
below the baseline defined in the IRIS study (92-
95). Complete cytogenetic response (CCyR) is 
defined as ≤1% BCR-ABL1 transcript level. Major 
molecular response (MMR, MR3) is equivalent to 
≤0.1% BCR-ABL1 transcript level; deep molecular 
response is determined by MR4 (≤0.01%) and MR5 
(≤0.001%) (92, 93). It is recommended to use the 
term “molecularly undetectable leukemia” with 
the reported number of ABL1/GUSB transcripts 
instead of “complete molecular response” (94). 
Monitoring of BCR-ABL1 transcript level (time 
point at 3, 6, and 12 months of follow-up) is im-
portant in determining patient’s response to TKI 
therapy (optimal, warning, or failure). Achieve-
ment of MMR is crucial to assess eligibility for 
TKI continuation. At 12 months, optimal response 
is defined as ≤0.1 % BCR-ABL1 transcript (TKI 
treatment should be continued), warning as ≤0.1-
1% BCR-ABL1 transcript level (considering the 
treatment change), and failure as ≤1 % BCR-ABL1 
transcript (TKI should be changed) (92-97).

Sanger Sequencing

Sanger sequencing is a molecular method for de-
termining nucleotide sequence in a DNA molecule 
based on in vitro DNA replication, most widely 
performed to detect the single-nucleotide variants 
(SNVs) and small indels (98). Sanger (conven-
tional) sequencing has been the golden standard 
for the detection of SNVs because of the high-level 
of accuracy (99.99%), longer read length (1000 
bp), and cost-effectiveness for a smaller number 
of samples compared to the next-generation se-
quencing (NGS) (99). Thus, Sanger sequencing 
helps discriminate true genetic alterations from 
errors caused by NGS (99-101). However, below a 
threshold of 20%, the mosaic allele’s detection is 
not possible.

In Ph- MPN patients negative for JAK2 
and CALR mutations, Sanger sequencing can 
be used for detection and discrimination of 
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W515L (type 1, 1544G>T) and W515K (type 2, 
1543_1544TG>AA) mutations in MPL gene (exon 
10) (102). This method is performed for the se-
quencing of the BCR-ABL1 gene and detection of 
the most common BCR-ABL1 kinase domain mu-
tations related to the TKI resistance (like T315I, 
E255K, E255V, Y253H, Y253F) in Ph+ CML and 
ALL patients, and it is less sensitive compared to 
the ASO-PCR (103). In the MDS and AML sub-
clones, the vast majority of alterations in the DNA 
sequence are precisely detected at the lower allele 
fractions, which cannot be reported using Sanger 
sequencing due to its limitations regarding sensi-
tivity (100, 101).

Next-Generation Sequencing (NGS) 

Next-generation sequencing (NGS) allows identi-
fying mutations with variant allele fractions of a 
minimum of 1% or lower variant allele fractions, 
leading to discoveries of rare mutations. The de-
tection of rare mutations provides a better under-
standing of the disease complexity and prognostic 
relevance.  Discoveries of rare variants have also 
led to the classification of novel subsets of hema-
tologic diseases, enabling new targeted therapies. 
Furthermore, NGS is used to quantify variant al-
lele fraction, which is of great importance as it was 
reported that mutational burden is connected to 
prognosis in clonal hematopoiesis (104-107).

NGS is a fast, massively parallel/deep sequenc-
ing technology, with higher error rates (~0.1–15%) 
and generally shorter read lengths than Sanger se-
quencing. Two main NGS applications are short-
read and long-read sequencing. While short-read 
sequencing is cheaper, more accurate, and gener-
ally used for clinical variant discovery, the long-
read approach is more suitable for full-length se-
quencing isoforms and de novo genome assembly 
applications.

There are two main types of short-read NGS 
technologies: sequencing by ligation (SBL) and se-
quencing by synthesis (SBS). SBL approaches use 
a fluorophore-bound probe sequence that hybrid-
izes to a DNA fragment and ligates to an adjacent 
oligonucleotide for imaging purposes. The base(s) 

identity complementary to positions within the 
probes are identified by the emission spectrum 
of the fluorophore. SBS approach is polymerase-
dependent, and nucleotide incorporation into an 
elongating strand is detected by special signals 
(fluorophores or a change in ionic concentration). 
In most short-read sequencing cases, DNA is clon-
ally amplified on a solid surface, and the signal is 
distinguished from the background noise by plac-
ing identical copies of DNA fragments into a well-
defined area. To ensure massive parallelization 
of the process, millions of individual SBL or SBS 
reaction centers are formed, each with its clonal 
DNA template. A sequencing platform collects in-
formation from these reaction centers simultane-
ously, providing parallel sequencing of many mil-
lions of DNA molecules. SBS can be further clas-
sified into cyclic reversible termination (CRT) and 
single-nucleotide addition (SNA). CRT method is 
characterized by the use of terminator molecules, 
similar to Sanger sequencing. In contrast, the SNA 
method uses a single signal to detect the dNTP 
addition to an elongating strand. Long repetitive 
elements, copy number alterations, and structural 
variations important for disease onset, develop-
ment, or prognosis are not captured by short-read 
paired-end technologies. Long-read technology 
can provide continuous sequences from 10 kilo-
bases to several megabases directly from native 
DNA. Long reads help transcriptomic research, as 
they can capture the entire mRNA transcripts, al-
lowing the identification of precise exon junctions 
and gene isoforms. There are two main types of 
long-read technologies: single-molecule real-time 
sequencing (SMRT) and synthetic approach. The 
SMRT method does not require chemical cycling 
for added dNTPs. It does not rely on a clonal pop-
ulation of amplified DNA fragments to generate 
a detectable signal, in contrast to short-read ap-
proaches (108). Synthetic long-read technology 
relies on existing reads sequenced by short-read 
technology to construct longer reads in silico us-
ing barcodes’ power. 

Some of the NGS applications are de novo se-
quencing (sequencing and construction of new 
genome or transcriptome), resequencing, target-
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ed resequencing, metagenomics and meta-tran-
scriptomics, DNA- and RNA-protein interactions 
(ChIP-seq), methylation sequencing, and tran-
scriptome or RNA sequencing (mRNA, miRNA, 
snRNA). Among many different NGS myeloid 
panels available, two Illumina sequencing pan-
els (TruSight and AmpliSeq) target the most rel-
evant genes in AML, MPN, MDS, CMML, CML, 
and JMML (juvenile myelomonocytic leukemia). 
TruSight Myeloid sequencing panel provides an 
assessment of 15 full and 39 partial genes (tumor 
suppressor genes and oncogenic spots). AmpliSeq 
Myeloid sequencing panel enables analysis of both 
DNA and RNA in a single assay, with 40 key DNA 
target genes and 29 RNA fusion driver genes.  It 
allows the detection of SNVs, indels, and gene fu-
sions.

The challenges of NGS in the diagnostics of 
myeloid malignancies are reviewed by Bacher et 
al. (90). They reviewed bioinformatics tools to 
discriminate leukemia-initiating mutations from 
incidental passenger germline mutations vs. so-
matic mutations and somatic vs. CHIP mutations. 
A recent study by Duncavage et al. (2021) tested 
and streamlined the whole-genome sequencing 
(WGS) approach (ChromoSeq) for diagnosis and 
prognosis of AML and MDS patients (109). Chro-
moSeq provides comprehensive genomic profiling 
of clinically relevant AML/MDS mutations. Ge-
nomic profiling of 263 patients (including 235 that 
had previously undergone cytogenetic analysis) by 
WGS detected all 91 copy-number alterations and 
40 recurrent translocations previously identified 
by cytogenetics. Furthermore, it provided new ge-
netic information for 40 out of 235 patients (17%) 
that had not been detected by conventional cytoge-
netic analysis. New copy-number alterations were 
identified in 14 patients with conclusive and in 13 
patients either inconclusive or ambiguous cytoge-
netic results. Additionally, new structural variants 
were found in 13 patients. By using prospective 
sequencing of samples from 117 consecutive pa-
tients, WGS provided new genetic information for 
29 patients (24.8%), and 19 of them (16.2%) were 
reclassified into risk groups. WGS also allowed 
stratification of Patients with inconclusive cytoge-

netic analysis results into risk groups. In conclu-
sion, ChromoSeq provided a greater diagnostic 
yield and more efficient risk stratification based on 
standard risk categories, and could potentially be 
a good replacement for conventional cytogenetic 
analysis (109). 

Molecular Diagnostics of Myeloid 
Malignancies in Bosnia and Herzegovina

Hematological malignancies have increased sig-
nificantly in the last 20 years in Bosnia and Her-
zegovina compared to European data (110, 111). 
The possible causes of the increase in the number 
of patients have not yet been clarified. Cytoge-
netic tools, i.e., karyotyping, have been established 
in 2005 at the University Clinical Center Tuzla 
(UKCT), in 2007 at the Clinical Center of the Uni-
versity of Sarajevo (KCUS), and later in Univer-
sity Clinical Center of Republic of Srpska in Banja 
Luka (UKCBL). 

The largest cytogenetic laboratory is in KCUS, 
Sarajevo, which receives patient samples from all 
cantons of the Federation of Bosnia and Herze-
govina except Tuzla. FISH (hematological and 
tissue) is only performed in KCUS, with a wide 
variety of panels for myeloid malignancies, in-
cluding MDS panel (del5, del/mono 7, trisomy 
8), AML (t(15;17), t(8;21), inv(16), MLL, etc.). A 
molecular test for CML, quantitative BCR-ABL1, is 
performed in Sarajevo and Tuzla, where Sarajevo 
conducts about 70 samples every three months for 
current CML patients. Other CML tests include 
karyotype, FISH, qualitative nested PCR, and the 
detection of the most common BCR-ABL1 kinase 
domain mutations using ASO-PCR. For MPN, 
JAK2 is detected by real-time PCR using quali-
tative and quantitative assays. CALR mutations 
type 1 and type 2 are detected by ASO-PCR. MPL 
mutations are detected by Sanger sequencing. For 
AML, Invivoscribe can detect FLT3 mutations on 
the capillary sequencer and NPM1 mutations on 
real-time PCR. The Myeloid panel on NGS is cur-
rently in development. 

In order to understand the state of diagnostics 
of myeloid malignancies, we conducted a retro-
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spective study on myeloid neoplasms from the Sa-
rajevo Canton in the period from 1995 to 2015. We 
found 268 patients, including AML N=64), Ph(-)
MPN N=102), Ph(+)MPN (CML) N=47), MDS 
N=51), MDS/MPN N=4) (unpublished data, 111). 
The unique issue with CML patients in Bosnia and 
Herzegovina was that many of them had to wait for 
the start of treatment with tyrosine kinase inhibi-
tors. We have analyzed the effects of delayed treat-
ment in detail previously, are be summarized be-
low. In Bosnia and Herzegovina, TKI therapy has 
been available since 2005. First frontline TKI ther-
apy was imatinib (Glivec, first-generation TKI); 
however, due to lack of insurance cover, patients 
received therapy on a first-come-first-served basis 
(112). In resource-poor countries like Bosnia and 
Herzegovina, TKI therapy’s availability and moni-
toring of the disease are limited (113-115). Until 
2013, when generic formulations of imatinib were 
introduced, a certain number of CML patients had 
to wait for the TKI therapy for an extended period. 
These patients had worse responses to the therapy, 
progression or transformation of the disease, and 
lower survival rate (112). It was shown that generic 
versions of imatinib in Bosnia and Herzegovina 
(Anzovip, Meaxin, Plivatinib) are cost-effective, 
and response to the therapy was similar to the re-
sponse to Glivec (115-117). In 2011, nilotinib (Ta-
signa, Novartis, second-generation TKI) became 
available as front- or second-line therapy, and it 
was designed to overcome specific BCR-ABL1 mu-
tations in imatinib-resistant patients (85, 87, 118-
121). Our previous studies showed that nilotinib 
might be a more potent TKI therapy than imatinib 
for treating CML patients with a delayed start of 
therapy (both Glivec and generic alternatives) 
(112, 116). In addition, several international stud-
ies showed the superiority of 2GTKI over 1GTKI 
in terms of efficacy (72, 120-122). Besides stan-
dard TKI therapies, novel therapies for CML have 
emerged, specifically for T315I-mutated CML. As-
ciminib is a Specifically Targeting the ABL Myris-
toyl Pocket (STAMP) inhibitor capable of block-
ing BCR-ABL1 activity via allosteric binding to the 
myristoyl residue distinct to the BCR-ABL1 kinase 
domain (KD) (123). Asciminib blocks both, wild-

type and mutated BCR-ABL1 fusion protein, and 
has potential to overcome resistence to the front-
line 1GTKI or 2GTKI (124). 

Conclusions

Myeloid malignancies are a heterogeneous group 
of blood disorders in which myeloid cells show 
aberrant proliferation, differentiation, and local-
ization. In the last decade, several new discover-
ies regarding the genetic makeup of these diseases 
have led to the expansion of molecular genetic and 
genomic testing needed for diagnosis, prognosis, 
and therapy. Molecular diagnostics is required for 
determining the most suitable treatment, such as 
FLT3 or IDH inhibitors in AML. It is presumed 
that myeloid gene panels will soon be incorporat-
ed in disease guidelines and will become a routine 
molecular test needed for patient diagnosis and 
prognosis. 
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Abstract
In this review, we summarize current approaches to diagnosis of malignant pleural mesothelioma, focusing on the distinction 
from benign mesothelial proliferations and other malignant tumors. Current recommendations for reporting histological sub-
type and tumor grade are also reviewed. Particular emphasis is placed on immunohistochemical and molecular tools that may 
help in establishing the diagnosis of mesothelioma with greater confidence. Immunohistochemical stains for BRCA1-associated 
protein (BAP1) and methylthioadenosine phosphorylase (MTAP) and homozygous deletion of p16 using fluorescence in situ 
hybridization (FISH) are emphasized as important methods for distinguishing benign from malignant mesothelial prolifera-
tions. Conclusions. Diffuse malignant pleural mesothelioma is a heterogeneous group of aggressive pleural tumors for which 
histological classification plays an increasingly important role in patient management. Stage and resectability remain key drivers 
of therapeutic strategies and outcomes. There is an increasingly robust suite of diagnostic tools, including immunohistochemical 
stains for BAP1 and MTAP and p16 FISH, for differentiating benign from malignant mesothelial proliferations in cytology and 
tissue specimens. 

Key Words: Malignant Pleural Mesothelioma  Diagnostics  Immunohistochemistry  Fluorescence in Situ Hybridization.

Introduction

Malignant mesothelioma originates from meso-
thelial cells that line serosal surfaces (i.e., pleura, 
pericardium, peritoneum, tunica vaginalis). Pleura 
is the most frequently affected site, accounting for 
70% to 80% of incident cases. Malignant pleural 
mesothelioma (MPM) is the most frequent prima-
ry malignant tumor of the pleura, and is character-
ized by aggressive behavior with mean survivals of 
9 to 12 months. 

Incidence and mortality from MPM is highly 
variable from one geographic region to the next, 
and is heavily influenced by the prevalence of 
mining and commercial applications of asbestos 
and the long latency periods between exposure 
and disease onset. In addition to occupational or 
household asbestos exposure, thoracic radiation in 
patients with breast carcinoma or Hodgkin lym-

phoma has been identified as another environ-
mental risk factor for MPM.  

Mesothelioma most commonly affects individ-
uals 60 years of age or older, with a male predomi-
nance. MPM is very rare in the pediatric popula-
tion, with fewer than 300 cases reported in chil-
dren. MPM commonly presents as an otherwise 
unexplained persistent pleural effusion. Features 
that tend to favor malignant over benign pleural 
disease include chest wall pain, hemorrhagic ef-
fusion, circumferential pleural thickening that 
includes involvement of mediastinal pleura, and 
nodular pleural thickening on computed tomog-
raphy (CT) scans of the chest (1). 

Malignant mesothelioma is a locally aggressive 
tumor that infiltrates the chest wall and lung paren-
chyma. Distant metastases are common in late stage 
disease. Autopsy studies demonstrate extrapleural 
metastases in almost 90% of individuals (2). Nodal 
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metastases are a rare presenting manifestation of 
MPM and must be distinguished from benign nod-
al inclusions of mesothelial cells in patients with be-
nign pleural or pericardial effusions (3).  

The aim of this review article was to summarize 
the current approaches to diagnosis of malignant 
pleural mesothelioma, with a particular emphasis 
on its distinction from benign mesothelial prolif-
erations and other malignant tumors using immu-
nohistochemistry and molecular analyses. 

Cytology

Cytological examination of pleural fluid is often 
the first, and sometimes the only, opportunity to 
identify patients with mesothelioma. Cytologic di-
agnosis alone is more limited than tissue biopsies 
in being able to establish specific histological sub-
types or tumor grade, which may not significantly 
influence stage-dependent clinical management or 
prognosis for some patients. The sensitivity of cy-
tology for MPM ranges from 30% to 75%, mean-
ing that a negative cytology does not exclude the 
diagnosis (4). Liquid based processing and/or cell 
blocks can improve diagnostic performance (5). 
The International Mesothelioma Interest Group 
clusters cytology results from patients with MPM 
into three categories: 1. Malignant based on cyto-
morphological criteria, 2. Malignant on the basis 
of supportive ancillary studies, and 3. Nondiag-
nostic (6).  Cytological features of MPM include 
hypercellularity of specimen, presence of tissue 
fragments, enlarged mesothelial cells with en-
larged nuclei resulting in high nuclear:cytoplasmic 
ratios, macronucleoli, papillary three dimensional 
spheres, and acidophilic extracellular matrix. A 
“cell in a cell” phenomenon and membrane pro-
trusions or blebs have also been described. Ma-
lignant epithelioid mesothelial cells share some 
cytologic features with reactive, non-neoplastic 
mesothelial cells such as scalloped borders of cell 
groups and presence of intercellular windows ex-
hibiting lighter, dense cytoplasm edges. Effusion 
specimens characterized by cytologically malig-
nant cells often require immunohistochemical 
studies to confirm mesothelial origin (see Table 

1). Ancillary studies, such as immunohistochem-
istry for BRCA1-associated protein (BAP1) and 
methylthioadenosine phosphorylase (MTAP), and 
p16 fluorescence in situ hybridization (FISH), are 
often required to establish a cytological diagnosis 
of MPM with greater confidence, and can substan-
tially improve diagnostic sensitivity. 

Histology 

The 2015 WHO classification of pleural tumors 
divides diffuse malignant mesothelioma into three 
main histological subtypes: Epithelioid (60%-
80%), sarcomatoid (<10%), and biphasic (10%-
15%). The relative frequency is higher for bipha-
sic subtypes and lower for sarcomatoid subtypes 
in surgical specimens compared to pre-resection 
biopsies, indicating the importance of sampling in 
accurate classification of malignant pleural tumors 
(7). It is important to distinguish between these 
subtypes because of stage-dependent differences 
in therapeutic strategies and differences in average 
lengths of survival. Retrospective cohorts drawn 
from large multi-institutional data sets consistent-
ly show the longest overall survivals in patients 
with epithelioid histology, the shortest survivals in 
those with sarcomatoid MPM, and intermediate 
survival in patients with biphasic MPM (8). Truly 
localized mesotheliomas are extremely rare, show 
the same range of histologic subtypes, and are af-
filiated with better survivals given the possibility 
of complete surgical excision (9).

Epithelioid Mesothelioma 

Epithelioid mesothelioma, the most common 
form of MPM, usually comprises mildly atypical 
low columnar to cuboidal cells resembling reactive 
mesothelial cells arranged in a variety of growth 
patterns including most commonly a tubulopap-
illary architecture (Figure 1). A recent proposal 
from a large international multidisciplinary group 
suggested subclassifying epithelioid mesothelioma 
by specific architectural patterns and, in some 
variants, unique cytological features (10). The 
most common architectural patterns include tubu-
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lopapillary, solid, and trabecular, while micropap-
illary, adenomatoid (microcystic), clear cell, tran-
sitional, deciduoid, small cell, and lymphohistio-
cytic variants are relatively rare. Pleomorphic sub-
types are defined as epithelioid mesotheliomas in 
which more than 10% of tumor cells show marked 
nuclear pleomorphism; this subtype is associ-
ated with the worst overall survival (8.1 months) 
among epithelioid MPM (11). The international 
proposal includes recommendations for reporting 
percentages of the various architectural patterns 
and cell types for extrapleural pneumonectomy 
and extended pleurectomy/decortication surgical 
specimens, a reporting practice for which there is 
no evidence regarding its value and therefore not 
widely adopted outside of a research setting.

Grading of Epithelioid Mesothelioma

Histological subtype and TNM stage drive thera-
peutic strategies in patients with MPM. Several 
retrospective case series have demonstrated lim-
ited utility of histologic grading for epithelioid 
mesotheliomas, usually based on some combi-
nation of nuclear grade, mitotic rate, and necro-
sis.  Grading of MPM has not yet been adopted 

in routine practice and is not included in current 
cancer reporting templates from the College of 
American Pathologists. In their previously refer-
enced proposal, an international multidisciplinary 
group recommended a two-tier system of grading 
based on nuclear grade and necrosis. In this pro-
posed system, low-grade MPM comprises nuclear 
grade 1 with or without necrosis and nuclear grade 
2 without necrosis; high-grade is reserved for tu-
mors with nuclear grade 2 and necrosis or nuclear 
grade 3 with or without necrosis (10). In making a 
recommendation for a practice not yet widely ad-
opted the authors suggest that tumor grading may 
be of benefit in stratifying patients for clinical tri-
als or adding greater precision to the risk stratifica-
tion currently provided by histological subtyping. 
While this may eventually emerge as a standard re-
porting element, in our view it should be optional 
for pathology reporting given the absence of com-
pelling evidence regarding its value outside of a 
research setting. It also should be emphasized that 
this proposed grading system was recommended 
only for epithelioid mesothelioma; other types of 
MM (sarcomatoid MM, and sarcomatoid parts in 
biphasic MM) are inherently more aggressive and 
therefore high grade by definition.

Sarcomatoid Mesothelioma

Sarcomatoid mesothelioma is less frequent but 
more aggressive than epithelioid mesothelioma, 
with mean survivals of 3.5-8 months (12). Dif-
ferentiating between epithelioid and sarcomatoid 
MM is important because of stage-dependent 
differences in treatment approach (13). Sarcoma-
toid mesothelioma is characterized by neoplastic 
spindle cells exhibiting variable numbers of mito-
ses and degrees of cytologic atypia (Figure 2). The 
cells are typically arranged in vaguely fascicular 
growth patterns thus resembling soft tissue sar-
comas (“sarcomatoid”). Histological subtypes of 
sarcomatoid MPM include conventional (44%), 
desmoplastic (34%), sarcomatoid with desmoplas-
tic areas (21%), sarcomatoid with heterologous 
elements (1%), and lymphohistocytoid mesothe-
liomas (<1%) (14).

Figure 1. Epithelioid mesothelioma. Low magnification 
photomicrograph showing tubulopapillary mesothelioma 
composed of relatively bland non-mucinous cuboidal cells 
forming a combination of tubules (left center), papillae (up-
per left) and small irregularly shaped solid groups and cords 
(hematoxylin and eosin stain; original magnification 40×.
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Desmoplastic mesothelioma is a common subtype 
and is the most challenging to distinguish from 
benign fibrosing pleuritis, sometimes referred to 
as fibrous pleurisy.  Desmoplastic MPM is paucic-
ellular, with random variation in cellularity across 
a relatively narrow range. The areas showing an 
abrupt increase in cellularity comprise mildly 
atypical spindle cells with enlarged hyperchro-
matic nuclei arranged in a “patternless pattern of 
Stout” with abundant collagenous stroma (Figure 
3). Keys to diagnosis are a combination of this dis-
tinctive storiform histology, invasion of chest wall 
soft tissue and/or lung parenchyma, bland necro-
sis characterized by dropout of basophilic nuclei, 
focal areas with frankly malignant sarcomatoid 
histology, and/or distant metastases (15). Immu-
nohistochemical stains for cytokeratins are of lim-
ited value since non-neoplastic reactive spindled 
mesothelial cells are also positive, but can be help-
ful in identifying areas of chest wall invasion (16). 

Transitional mesothelioma, traditionally consid-
ered a rare architectural and cytological subtype 
of epithelioid MPM, comprises cohesive plump 
spindle cells with elongated ambiguous cytomor-
phology. Recent studies indicate that transitional 
mesothelioma is genetically more closely related 
to sarcomatoid MPM, and recommend that it be 
considered a subgroup of sarcomatoid mesothe-
lioma (17, 18).

Biphasic Mesothelioma 

Biphasic mesothelioma is defined as showing a 
combination of epithelioid and sarcomatoid his-
tologies, with each component comprising more 
than 10% of the tumor (Figure 4). A sarcomatoid 
component of less than 80% in biphasic MM has 
been linked to improved survival. Interobserver 
agreement in diagnosis of biphasic mesothelioma 
is moderate (Kappa = 0.45), suggesting that updat-
ing the definition of biphasic MPM is needed to 
support more consistent risk stratification (19). 
Although fibrous stroma in epithelioid MPM is 
typically scant, it is sometimes florid and thus can 
mimic biphasic MPM. Cases in which it is uncer-
tain whether the sarcomatoid component repre-
sents a benign florid stromal reaction or a prolif-

Figure 2. Sarcomatoid mesothelioma. Intermediate mag-
nification photomicrograph showing neoplastic spindles 
cells arranged in a loosely organized fascicular growth pat-
tern with invasion into chest wall soft tissue at upper left 
(hematoxylin and eosin stain; original magnification 132×).

Figure 3. Desmoplastic mesothelioma. A) Low magnifica-
tion photomicrograph showing thickened parietal pleura 
with random variation in cellularity and invasion of chest 
wall fat (hematoxylin and eosin stain; original magnifica-
tion 27×). B) Intermediate magnification photomicrograph 
showing more cellular zone in which neoplastic spindle 
cells are arranged in the vaguely storiform “patternless pat-
tern of Stout” (hematoxylin and eosin stain; original magni-
fication 100×).
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eration of neoplastic mesothelial cells may be re-
solved by demonstrating homozygous deletion of 
p16 using a FISH technique (20). 

Immunohistochemical Stains for Diagnosis

Histopathological diagnosis of MPM begins with 
careful examination of routinely stained sections 
in an appropriate clinical and radiological context. 
Immunohistochemical stains can be extremely 
helpful in distinguishing MPM from other ma-
lignancies capable of diffuse pleural involvement 
that may mimic mesothelioma (“pseudomesothe-
liomatous”), and in separating MPM from benign 
mesothelial proliferations. Pancytokeratin stains 
may be useful in separating MPM from other 
non-epithelial mimics, such as metastatic mela-
noma or diffuse high-grade lymphomas confined 
to the pleura and pleural space. They should be 
interpreted with caution, given that reactive spin-
dle cells of mesothelial origin are also keratin and 
calretinin positive (Figure 5). A small minority of 
sarcomatoid MPM may be keratin negative. Epi-
thelioid MPM is typically positive for cytokeratin 7 
as are many of the entities frequently considered in 
the differential diagnosis, which may limit its utility. 
Epithelioid MPMs are also frequently positive for 
high molecular weight cytokeratins using antibod-
ies directed against cytokeratins 5 and 6; staining 
for high molecular cytokeratins is less common in 
sarcomatoid types (21).

It is important to first establish a working di-
agnosis based on routinely stained sections and 
knowledge of the clinical and radiological findings 
before deciding on immunohistochemical stains 
likely to be of value. Choice of immunohistochem-
ical markers to distinguish MPM from other enti-
ties with epithelioid phenotypes depends heavily 
on the histologic subtype being considered (epi-
thelioid or sarcomatoid), location of the neoplasm 
(pleura or peritoneum), and the types of tumors 
included in the differential diagnosis (e.g., squa-
mous cell carcinoma, adenocarcinoma, epithelioid 
hemangioendothelioma, melanoma). Given that 
none of the markers have 100% specificity, a lim-
ited panel that includes antibodies with sensitivity 
or specificity of at least 80% is recommended (22). 
An immunohistochemical panel should contain 
at least two mesothelial markers and two markers 
appropriate to the working diagnoses established 
on the basis of routinely stained sections and any 
pertinent history including previously diagnosed 
malignancies. For confirmation of mesothelial 
origin in patients suspected of having epitheli-
oid or biphasic MPM, calretinin, WT-1 (nuclear 
staining only), cytokeratin 5/6, and D2-40 (podo-
planin) are useful markers (23). Markers useful 
for tumors in which metastatic carcinoma is a di-
agnostic possibility include MOC31, BG8, CEA, 
claudin 4, and BerEP4. MOC31 and BerEP4 target 
the same transmembrane glycoprotein (EpCAM), 
and therefore the final choice of markers should 
include one, rather than both of them. In addition 
to two general carcinoma markers, immunostains 
that are specific for certain carcinoma subtypes 
may be helpful. This is dependent not only on the 
histologic findings but also on relevant clinical and 
radiological information (i.e., previous malignan-
cies or suspicion of other primary sites at presen-
tation). In patients suspected of having metastatic 
adenocarcinoma for which no primary is known, 
TTF-1 may be helpful since lung is the most fre-
quent source for metastatic adenocarcinomas with 
a pseudomesotheliomatous growth pattern (24). 
Major differential diagnoses and immunohisto-
chemical markers useful for differentiating MPM 
from other malignant neoplasms are summarized 

Figure 4. Biphasic mesothelioma. Photomicrograph show-
ing a glandular epithelial component and a less differenti-
ated stromal component comprising spindle cells (hema-
toxylin and eosin stain; original magnification 100×).
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in the Table 1. Immunohistochemistry for BAP1 is 
used primarily to separate benign from malignant 
mesothelial proliferations (see following section, 
Separating malignant from benign mesothelial 
proliferations), but can also be helpful in selected 
circumstances for distinguishing MPM from car-
cinomas in malignant pleural effusion cytology 
specimens, with high sensitivity (87%) and speci-
ficity (98%) (25).

Immunohistochemistry for sarcomatoid MPM 
often begins with cytokeratin stains to establish an 
epithelioid phenotype and exclude soft tissue sar-
comas. In a large retrospective case series of over 
300 cases, 93% of sarcomatoid mesotheliomas ex-

pressed cytokeratins; sensitivity increased with use 
of an antibody cocktail (e.g., AE1/AE3 ± CAM5.2), 
more extensive tumor sampling, and adequate tis-
sue fixation (14). Keratin staining may be negative 
in the osteosarcomatous or chondrosarcomatous 
components of sarcomatoid MPM with heterolo-
gous elements (22). Immunohistochemical mark-
ers are less useful for distinguishing sarcomatoid 
MPM from sarcomatoid carcinomas. Calretinin is 
negative in >50% of sarcomatoid mesotheliomas, 
as is nuclear staining for WT-1 (21). Strong diffuse 
staining for GATA-3 is nearly universal in sarco-
matoid MPM and, along with radiological distri-
bution of disease (i.e., localized versus diffuse), 

Figure 5. Metastatic adenocarcinoma of the lung. A) Photomicrograph showing glandular neoplasm infiltrating the pa-
rietal pleura with a variably cellular stromal response resembling biphasic MPM (hematoxylin and eosin stain; original 
magnification 100x). B-D) Photomicrographs showing immunostains performed on this pleural biopsy. Both the metastatic 
adenocarcinoma and the stromal cells, which include non-neoplastic spindle cells of mesothelial origin, are positive for 
cytokeratin 7 (B). Staining for TTF-1 (C) is limited to the adenocarcinoma, and calretinin (D) to non-neoplastic mesothelial 
cells (original magnification 100×).
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can be especially helpful for this frequently chal-
lenging differential diagnosis (26).

Separating Malignant from Benign 
Mesothelial Proliferations

There are a number of histological features help-
ful in separating MPM from benign mesothelial 
proliferations. Invasion of chest wall soft tissues 
and/or pulmonary parenchyma is the single most 
helpful finding in establishing a diagnosis of MPM 
(Figure 6) (1, 16). Cytokeratin stains may be help-
ful in demonstrating invasion not otherwise eas-
ily observed with routinely stained sections alone. 
Reactive mesothelial cells do not invade the sur-
rounding tissues, but “pseudo invasion” may occur 
when benign mesothelial cells are entrapped in the 
fibrosis characteristic of fibrosing pleuritis result-
ing in a distinctive pattern of layering resembling 
the annual growth rings in trees (Figure 7). In-
flammation of the pleura with associated mesothe-
lial hyperplasia tends to have a predictably zonal 
distribution of cellularity in which the cellularity is 
greatest adjacent to the pleural space and gradually 
or abruptly diminishes as it approaches the chest 
wall interface. Benign mesothelial proliferations 
may include papillary structures but they lack the 
complex stratification characteristic of MPM and 
instead comprise simple, non-arborizing struc-
tures lined by a single layer of cells. In addition, 
reactive proliferations often are accompanied by 

surface fibrin and granulation tissue in which cap-
illary sized vascular spaces are arranged in parallel 
perpendicular to the pleural surface. 

Loss of BAP1 expression and homozygous de-
letion of p16 have become diagnostic methods for 
separating benign from malignant mesothelial 
proliferations with greater frequency and accura-
cy, thus increasing diagnostic sensitivity for MM. 
A growing number of studies attest to their practi-
cal value in the diagnostic process (27). 

BAP1 is a cellular enzyme with tumor suppres-
sor functions. It is involved in cycle-cell progres-
sion, repairing ionizing radiation-induced DNA 
damage, regulation of gene expression and chroma-
tin remodeling. Early studies showed lack of BAP1 
immunoreactivity due to somatic BAP1 genetic al-
terations, such as deletions or point mutations, in 
more than 40% of MPMs (28). More recent studies 
show loss of BAP1 expression in nearly 75% of epi-

Table 1. Immunohistochemical Stains Useful for Separating MPM from Malignant Mimics

Histologic MPM type Mesothelial markers
Markers more commonly expressed in 
non-mesothelial neoplasms

Epithelioid
CK AE1/3 +, calretinin +, WT-1 +, 
CK5/6 +, mesothelin +, D2-40 +

Lung adenocarcinoma (TTF-1 +, napsin A +)

Adenocarcinoma, NOS (CEA+, claudin 4+, MOC31/Ber-EP4+, BG8+)

Squamous cell lung carcinoma (p40 + MOC-31/Ber-EP4+)

Renal cell carcinoma  (PAX8 +, CAIX +)

Breast carcinoma (ER +, PR+, GCDFP-15+, mammaglobin +, GATA3 +)

Epithelioid hemangioendothelioma (CD31 +, CD34 +, FLI-1 +, ERG +)

Sarcomatoid
CK AE1/3 +, CAM5.2 +, D2-40 +, 
calretinin +, WT-1 +, GATA3 +

Sarcomatoid carcinoma (CK AE1/3 + CAM 5.2 +, GATA3 -).

Angiosarcoma  (CD31 +, CD34 +, ERG +)

Synovial sarcoma  (CD99 +, TLE-1 +)

MPM=Malignant pleural mesothelioma.

Figure 6. Epithelioid mesothelioma with chest wall invasion 
(hematoxylin and eosin stain; original magnification 19×).
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thelioid MPM with lower sensitivities on the order 
of 50% for biphasic and 10% or less for sarcoma-
toid MPM. Loss of BAP1 expression has been as-

sociated with younger age at onset and improved 
median survival in MPM, although BAP1 expres-
sion as a prognostic biomarker remains controver-
sial (29). Loss of BAP1 expression is manifested as 
complete, and rarely partial, loss of nuclear stain-
ing in tumor cells with positive staining of internal 
controls (i.e., inflammatory cells and stromal cells) 
(Figure 8). BAP1 loss occurs in both sporadic and 
familial MPM, the latter linked to germline BAP1 
mutations (30, 31). BAP1 loss has consistently 
shown 100% specificity for distinguishing ma-
lignant from benign mesothelial proliferations; 
benign reactive mesothelial proliferations always 
retain nuclear BAP1 expression. BAP1 expression 
is also retained in adenomatoid tumors, a lesion 
that only rarely occurs in the chest although ad-
enomatoid tumor-like histology has been well de-
scribed in MPM (32). In a comparison of two ret-
rospective cohorts, Erber showed that BAP1 loss 
occurred only in mesotheliomas and was retained 
in all 42 genital adenomatoid tumors (33). BAP1 
immunohistochemistry is a powerful addition to 
the growing portfolio of diagnostic tools for atypi-
cal mesothelial proliferations, but it is important 
to remember that the variable sensitivity of BAP1 
loss in MPM limits its negative predictive value: 
retention of BAP1 expression by itself cannot be 
used to exclude a diagnosis of mesothelioma. 

Loss of nuclear expression of 5-hydroxymeth-
ylcytosine (5-hmC) has shown promise as an ad-
ditional immunohistochemical stain for distin-
guishing malignant from benign mesothelial pro-
liferations with high (92%) sensitivity and 100% 
specificity, although this has not yet been widely 
adopted (34). Several other markers, including 
desmin, epithelial membrane antigen (EMA), p53, 
IMP3, GLUT-1, CD146, and CD147, have shown 
only limited diagnostic value and are unlikely to 
be useful in individual cases (1).

Homozygous deletion of 9p21 is an important 
method for separating benign from malignant 
mesothelial proliferations. This region comprises 
genes for two cyclin-dependent inhibitor kinases, 
CDKNA2A (p16) and CDKN2B, and MTAP. CDK-
N2A is present in normal cells where it is involved 
in cell cycle regulation. Deletion of p16 is present 

Figure 7. Fibrosing pleuritis (“fibrous pleurisy”) with layer-
ing of entrapped mesothelial cells.  A) Low magnification 
photomicrograph showing fibrous thickening of parietal 
pleura and a sharp interface with chest wall adipose tissue. 
Entrapped mesothelial cells are arranged in a linear fashion 
in the lower third without the random variation in cellular-
ity and invasive growth patterns more characteristic of me-
sothelioma (hematoxylin and eosin stain; original magnifi-
cation 20×). B) Photomicrograph of immunohistochemical 
stain for cytokeratins (AE1/AE3 and CAM5.2 cocktail) show-
ing the layering of entrapped mesothelial cells and the ab-
sence of chest wall invasion (original magnification 40×).
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in as many as 90% of sarcomatoid mesotheliomas, 
and about 70% of desmoplastic subtypes, but tends 
to be less common in epithelioid and biphasic me-
sotheliomas. Practically, p16 deletion is useful for 
distinguishing benign mesothelial proliferations 
from MPM, but cannot reliably distinguish MPM 
from other carcinomas in which p16 may also be 
deleted (35, 36). 

Homozygous p16 deletion is demonstrated 
with a FISH technique using centromere 9 and 
CDKN2A probes, and can be applied to both cy-
tology and histology specimens. Overall sensitiv-
ity of p16 FISH in effusion cytology specimens is 
between 56% and 79% with a high (100%) positive 
predictive value given 100% specificity. False nega-
tive p16 FISH may occur due to admixed reactive 
mesothelial cells that may be morphologically in-
distinguishable from malignant mesothelial cells 
(22). In histology specimens, the sensitivity of p16 
FISH for epithelioid and biphasic MM ranges be-
tween 45% and 85%. Homozygous p16 deletion 
has been associated with shorter overall survival. 

MTAP, a tumor suppressor gene co-located 
with CDKN2A, is often deleted with p16, making 
immunohistochemical staining for MTAP protein 
a reasonable surrogate for p16 FISH (37). Nega-
tive cytoplasmic staining for MTAP in tumor cells 
with positive cytoplasmic and nuclear staining in 
positive internal controls, such as inflammatory 
and stromal cells, favors the diagnosis of MM with 
100% specificity and a sensitivity of around 45% in 
tissue sections and cytology cell blocks. Combina-
tion with BAP1 immunohistochemistry increases 
sensitivity to around 75% to 80% (37). 

Other emerging methods that are used less fre-
quently, in part because of technological challeng-
es that serve as barriers to access, include hemi-
zygous deletion of neurofibromatosis type 2 (NF2 
gene) on 22q12 and gene expression arrays (38, 
39). Bruno and colleagues showed that expression 
analysis of 117 genes using a nanoString System in 
a relatively small number of cases performed bet-
ter than BAP1 and p16 FISH, with overall sensitiv-
ity of 95.6% and 100% specificity (38). There are 
no currently recommended predictive biomarkers 
for patients with MPM, although that may change 

Figure 8. Immunohistochemical markers for separating me-
sothelioma from benign mesothelial proliferations. A) High 
magnification photomicrograph showing two- dimensional 
groups of atypical mesothelial cells in a cell block prepared 
from pleural fluid (hematoxylin and eosin; original magnifi-
cation 400×). B-C) Immunohistochemical stains performed 
on the same cell block showed loss of nuclear staining for 
BAP1 (B) and loss of both cytoplasmic and nuclear staining 
for MTAP (C) with appropriately staining internal controls 
(original magnification 400×).
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as research continues with the hope of identify-
ing more personalized treatment strategies (10). A 
number of clinical trials using immune checkpoint 
inhibitors are underway and have shown limited 
utility for PD-L1 testing in identifying those most 
likely to respond.

Malignant Mesothelioma in Situ

Malignant mesothelioma in situ is a preinvasive le-
sion defined as a single layer of atypical mesothe-
lial cells lining the pleural surface and character-
ized by loss of BAP1 and/or MTAP expression us-
ing immunohistochemistry. Criteria for diagnosis 
include recurrent pleural effusions, lack of pleural 
thickening and nodularity on chest imaging, and 
either no or only incidental findings at video-as-
sisted thoracoscopic surgery (VATS) or thoracoto-
my. Given these criteria, diagnosis requires a mul-
tidisciplinary approach (40). Churg et al. showed 
that seven of ten patients with well-defined meso-
thelioma in situ developed MPM during a follow-
up period of 12-92 months (40). 

Conclusions

Diffuse MPM is a heterogeneous group of aggres-
sive pleural tumors for which histological clas-
sification plays an increasingly important role 
in patient management and survival. Update of 
epithelioid mesothelioma includes pleomorphic 
subtypes, in which more than 10% of tumor cells 
show marked nuclear pleomorphism; this subtype 
is associated with the worst overall survival among 
epithelioid MPM. Considering that transitional 
mesothelioma is genetically closely related to sar-
comatoid MPM, recent studies recommend it to 
be within a subgroup of sarcomatoid mesothelio-
mas. Stage and resectability remain key drivers of 
therapeutic strategies and outcomes. Given that 
none of the immunohistochemical markers has 
100% specificity, an immunohistochemical panel 
should contain at least two mesothelial markers 
and two markers appropriate to the working diag-
noses established based on routinely stained sec-
tions and any pertinent history including previ-

ously diagnosed malignancies. There is an increas-
ingly robust suite of diagnostic tools, including 
immunohistochemical stains for BAP1 and MTAP 
and p16 FISH, for differentiating benign from ma-
lignant mesothelial proliferations in cytology and 
tissue specimens. Mesothelioma in situ has been 
recognized as a distinct clinicopathological entity 
for which more evidence is required to understand 
its natural history and treatment strategies that are 
proportional and targeted to the risk. 
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Abstract
Objective. To present the characteristics of the AKT1E117K gene variant and a description of the clinical application in a 
patient with metastatic breast cancer. Results. 63 y/o woman with Stage IV Invasive lobular carcinoma at diagnosis was treated 
with Palbociclib and aromatase inhibitors (AI).  At progression, tissue was sent for comprehensive genomic profiling to Founda-
tion Medicine (FM) which revealed AKT1E17K mutation. In lieu of available clinical data within the patient’s tumor type (HR+ 
HER2- breast cancer), extrapolated data from the Flatiron Health-FM (FH-FMI) Clinico-genomic Database (CGDB) was dis-
cussed at our Molecular Tumor Board (MTB). After multidisciplinary discussion, the consensus recommendation was to start 
treatment with the combination of mTOR inhibitor everolimus, and AI, exemestane. Patient tolerated treatment without major 
side effects. By the second clinical visit the patient’s breast showed signs of improvement. PET/CT showed diminished left axil-
lary uptake, decreased right paratracheal lymph node PET avidity, and stable bone disease consistent with a partial response. 
The most recent office visit in January 2021, breast exam revealed a normal-appearing skin with only faint erythema. All other 
skin lesions have resolved.  Although, the role of AKT1 variant described here is not well defined and therapeutic significance of 
M-Tor inhibitors not established in metastatic breast cancers, comprehensive approach to this case unraveled new and successful 
therapeutic option in this patient. Conclusion. This demonstrates that applying available Precision Medicine tools like MTB and 
real world data sets from patient populations with similar clinical and genomic profiles may provide more options for treatment. 

Key Words:  AKT1  Breast Cancer  Molecular Tumor Board (MTB)  CGDB  – Comprehensive Genomic Data Base.

Introduction
Invasive lobular carcinoma (ILC) is the most com-
mon of the breast cancer special types, accounting 
for up to 15% of all breast cancer cases. ILCs are 
noted for their lack of E-cadherin function, which 
results in non-cohesive growth pattern, with the 
knowledge from genomic profiling now there is huge 
amount of new data, from the genomic landscape of 
ILC and in particular somatic alterations associated 
with therapy resistance, and the evolution of several 
potential therapeutic avenues. Many targeted and 
chemotherapy options are being evaluated.

Here we present a case of ILC treated at our can-
cer center based on the precision medicine tools. 
The information provided by genomic profile is used 

clinically to guide treatments decisions for approved 
targeted therapies and in clinical trials. In this case 
none of that could be used. We found an effective 
treatment for this patient based on the MTB discus-
sion and the real world data of the AKT1E17K vari-
ant and AKT1 WT breast cancer patients.

Results
Clinical Presentation

A 63-year-old pleasant woman with no major past 
medical history presented in January 2019 with a 
palpable left breast mass. On physical exam, be-
sides the breast mass, the patient had palpable 
lymph nodes in the left axilla. She was referred for 
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diagnostic mammography and ultrasound, which 
revealed a diffuse nonhomogeneous density at the 
site of palpable finding. A core needle biopsy was 
performed, and pathology revealed classic invasive 
lobular carcinoma infiltrating the fibrous tissue 
of the breast as single cells and in cords or linear 
strands of cells, most often found in the breast fi-
brous stroma (Figure 1A).

The infiltrating cells are monotonous, small in 
size, and possess round nuclear contours. This pat-
tern of invasion can at times encircle benign 
ducts in a concentric or “targetoid” fashion. 
These cells can be seen infiltrating together, as in 
the image (Figure 1B) or in a rather insidious fash-
ion separated by the fibrous stroma of the breast, 
presenting a challenge to find for even an experi-
enced pathologist. This is especially challenging 
when the amount of tumor  present is limited, as in 
needle biopsy material. The classic invasive lobular 
carcinoma typically expresses estrogen (ER) and 
progesterone receptors (PR) and is negative for 
HER2 expression. In this case, the cancer cells were 
ER-positive while PR and HER2 receptors were 
negative. The proliferation rate was ~50% (mea-
sured by Ki-67).

On February 5, 2019, the patient underwent a 
PET/CT scan, which revealed diffuse skeletal me-
tastases and extensive left axillary lymphadenopa-

thy (LADP) extending into the pectoralis minor 
muscle and the thoracic outlet. After this workup, 
the patient was staged as Stage IV Invasive Lobu-
lar Carcinoma of the left breast cT3N3M1, grade 
2. The patient has an indeterminate right middle 
lobe pulmonary nodule, which was slightly fluoro-
deoxyglucose (FDG) avid. Genetic testing by the 
Invitae Panel was done on 5/7/19 and was negative 
for any deleterious mutations. At that time patient 
was treated with a combination of CDK4/6 inhibi-
tor palbociclib and aromatase inhibitor (AI) letro-
zole. Zoledronic acid was also initiated as bone tar-
geting treatment. The patient tolerated treatment 
with the support of growth factors for low counts 
and palbociclib dose reduction to 100 mg from 
May 2019. She tolerated further treatments with-
out any major side effects. PET/CT scan in August 
2019 showed significant positive interval response 
with resolution of hypermetabolic thoracic outlet 
and left axillary LADP, as well as decreasing left 
breast activity and decreasing FDG avidity of sev-
eral osseous lesions. Scan in January 1/31/20 was 
reported as no evidence of disease (NED).

However, on a follow-up visit in February 
2020, the patient complained that her left breast 
was feeling “heavier”. She denied pain and strug-
gled to describe the change. On physical exam, 
the patient had an erythematous rash involving 

Figure 1. (A): A core needle biopsy was showing invasive lobular carcinoma infiltrating the fibrous tissue of the breast as sin-
gle cells, cords, or linear strands of neoplastic cells, most often found in the desmoplastic breast stroma (Hematoxylin and 
Eosin stain); (B): Immunohistochemistry (IHC) of invasive lobular carcinoma patient showing diffuse and strong estrogen 
receptor (ER) expression. The patient’s sample was PR negative and HER2 negative. Ki-67 was positive in ~50% cancer cells.
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the medial half of the breast. The breast was not 
tender, and there were no palpable masses. Biop-
sy of the involved skin was done, and pathology 
confirmed lobular carcinoma with no changes in 
receptor status. A repeated PET/CT scan in March 
2020 showed increased left anterior breast skin 
thickening, a mildly increased uptake within the 
left axillary lymph nodes, and an increased over-
all number and extent of osseous metastases. The 
patient also had several small skin lesions on the 
neck and chest. Biopsy of the left neck lesion con-
firmed metastatic lobular carcinoma with the 
same characteristics as previously reported. The 
patient continued on palbociclib, while the treat-
ment with letrozole was changed to the ER antago-
nist, fulvestrant. She enjoyed a clinical response 
from April to August 2020. However, on her of-
fice follow-up in August, the left breast was again 
increasingly erythematous and swollen. The ery-
thema involved about three-quarters of the breast, 
and PET/CT scan confirmed increasing osseous 
metastatic burden.

Genomic Analysis

To determine whether the patient was a candidate 
for the use of targeted therapy based on her tumor 
genomics, tissue from her neck skin biopsy was 
sent for Foundation One CDx (F1CDx) solid biop-
sy CGP and evaluation of PD-L1 receptor. F1CDx 
is a hybrid-capture-based CGP assay that baits ex-
onic regions of 324 genes and selects intronic re-
gions for rearrangements (FMI 2021). The test can 
detect gene alterations (GA) in the form of short 
variants (SV), rearrangements (RE), and copy 
number alterations (CNA), including amplifica-
tions / homozygous deletions. The patient’s CGP 
results showed detection of a previously charac-
terized and predicted activating AKT1 E17K mu-
tation. We characterize this gene variant and at-
tempt to assign its clinical significance below.

AKT1 is an intracellular serine/threonine ki-
nase that can phosphorylate and activate the  ser-
ine/threonine kinase mTORi (1). Upon activation, 
the mTORi complex can stimulate cell proliferation 
and growth through a variety of oncogenic mecha-

nisms. AKT1 is situated downstream of PI3K and 
upstream of mTORi in the PI3K-mTOR signaling 
pathway, which suggests inhibition of AKT1 or 
downstream signaling components could be an ef-
fective treatment in AKT1 altered cancers. It is im-
portant to note that the AKT1 kinase phosphory-
lates other proteins, which may have inhibitory ef-
fects on cell growth. This diverse biology suggests 
that AKT1 influences several mechanisms span-
ning both oncogenic and anti-oncogenic effects 
(2-5).

AKT1 E17K variant has been extensively char-
acterized preclinically in a variety of cancer cell 
types and model systems (6-11). AKT1 E17K is a 
hotspot mutation occurring at the N-terminal of 
the AKT1 protein (1, 12). In breast cancer cell line 
models, ectopic expression of AKT1 E17K leads to 
increased phosphorylation of AKT1 target genes, 
inhibition of apoptosis, increased colony forma-
tion, and increased tumor growth in mouse xeno-
graft models (6, 7). Furthermore, AKT1 E17K mu-
tant breast cancer preclinical models demonstrate 
sensitivity to inhibition of the mTORi pathway us-
ing several targeted therapy agents.

AKT1 mutations occur in 4% of breast cancer 
patients, and AKT1 E17K mutations account for 
~80% of those AKT1 mutations (COSMIC data-
base 2021). AKT1 is still in an early stage clinical 
development as a biomarker for mTOR pathway 
targeted therapy, but clinical trials are underway 
(13-17). Interestingly, oncogenic properties that 
AKT1 E17K cancer cells displayed in a preclinical 
setting have been recapitulated in a clinical setting. 
The mTOR pathway activity that has been demon-
strated in preclinical AKT1 E17K mutant breast 
cancer models has also been shown in breast can-
cer patient samples through pharmacodynamic 
analysis (i.e., mTORC1 activation and target gene 
activation). Clinical study also suggests that AKT1 
E17K breast cancer patients may spend longer time 
on mTORi therapy (i.e., everolimus) than AKT1 
wild- type (WT) patients (16), and early phase 
clinical data suggests that AKT1 E17K mutant ER+ 
breast cancer patients may benefit from AKT 
inhibitors such as capivasertib (15, 17).

Harsha Trivedi et al: AKT1 Mutation in Lobular Carcinoma
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Collectively, these data indicate that inhibition 
of mTOR pathway components may be a treat-
ment option for AKT1 E17K mutant breast cancer 
patients.

Application of Precision Medicine Tools

This report was discussed at our Molecular Tu-
mor Board (MTB) joint activity between Sparrow 
Herbert-Herman Cancer Center and Foundation 
Medicine Inc. (FMI) (18). As an educational pro-
gram, the goal of an FMI MTB program is to dis-
cuss the targetability of genomic alterations that 
are identified by FMI CGP. The focus of discussion 
during the MTB was whether mTORi pathway 
inhibition is a viable treatment option for AKT1 
E17K altered breast cancer patients. As noted ear-
lier, the available clinical data for AKT1 targeta-
bility is still accumulating. In lieu of clinical data 
within the patient’s tumor type (HR+ HER2- breast 
cancer), extrapolated data was discussed. However, 
this is not always appropriate or useful to ascertain 
treatment options for the MTB patient. One tool 
available to FMI cancer researchers is the Flatiron 
Health-Foundation Medicine (FH-FMI) Clinic-
genomic Database (CGDB). Retrospective longi-
tudinal clinical data were derived from electronic 
health record (EHR) data, comprising patient-level 
structured and unstructured data, curated via tech-
nology-enabled abstraction, and were linked to ge-
nomic data derived from FMI comprehensive ge-
nomic profiling (CGP) tests in the FH-FMI CGDB 
by de- identified, deterministic matching (19-22).

To better understand how the present patient 
may respond to mTORi  treatment, a real-world data 
cohort consisting of HR+/HER2- breast cancer pa-
tients with AKT1 E17K alteration were analyzed for 
treatment use by a line of therapy from the CGDB. 
Clinical characteristics and treatment history were 
obtained via technology-enabled abstraction of cli-
nician notes and radiology/pathology reports for 
3155 HR+/HER2- BC patients. AKT1 E17K muta-
tions were found in 143 patients while2964 patients 
had AKT1 WT. Thirty-one AKT1 E17K and 627 of 
AKT1 WT patients received mTORi (Figure 2).

Time to next treatment (TTNT) was also es-
timated with Kaplan-Meier analysis and hazard 
ratios from Cox proportional hazards models. 
Propensity-score matching (PSM) was used to ac-
count for the characteristics that predict receiv-
ing of the treatment. The cohort of patients with 
AKT1 E17K mutant BC receiving mTORi did not 
significantly differ on major demographic, clini-
cal, and genetic characteristics from the AKT1 WT 
cohort receiving the same treatment (Table 1). To 
compare TTNT on mTORi in the two cohorts, we 
matched the AKT1 E17K patients to AKT1 WT 
patients on age, tumor type, ECOG, TMB, and 
mTORi line using PSM. The TTNT on mTORi of 
AKT1 E17K vs. AKT1 WT patients was 6.5 months 
(95% CI 4.6 – n/a) and 8.7 months (95%CI 6.4 – 
na), respectively. The relative efficacy of receiv-
ing mTORi was not significantly higher in AKT1 
E17K group (HR=1.2 [95%CI: 0.6 – 2.3], P=0.6). 
The only characteristic by which the AKT1 E17K 
cohorts receiving chemo vs. mTORi were differ-
ent was the line of treatment (Table 2). A notice-
ably higher percentage of patients received che-
motherapy in earlier lines (79.7% in lines 1-2), 
while mTORi was chosen in later lines of treat-
ment (77.4% in lines 3+). To compare TTNT on 
mTORi vs. on chemotherapy in these cohorts, we 
matched the patients who received chemotherapy 
to the patients who received mTORi on age, tumor 

Figure 2. CGDB Cohort of HR+/HER2- Breast Cancer Patients 
with AKT1 E17K Mutation that Received mTORi.
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Table 1. Demographic Information for HR+ HER2- Breast Cancer Patients with or without AKT1 E17K Mutation that 
Received mTORi from the CGDB

Demographics AKT1 E17K (N=31) AKT1 WT (N=767) P-value P adjusted (FDR)

Age at Dx, yrs, Median (IQR) 52.0 (46.0, 58.0) 54.0 (46.0, 62.0) 0.315 0.999

Female 31 (100.0%) 760 (99.1%) 0.593 0.999

Race 0.808 0.999

Asian 1 (3.2%) 14 (1.8%) -

Black or African American 1 (3.2%) 45 (5.9%) - -

Hispanic or Latino 0 (0.0%) 2 (0.3%) - -

White 25 (80.6%) 541 (70.5%) - -

Other Race 3 (9.7%) 134 (17.5%) - -

Not documented 1 (3.2%) 31 (4.0%) - -

Stage at Dx 0.11 0.99

I-II 18 (58.1%) 305 (39.8%) - -

III-IV 12 (38.7%) 399 (52.0%) - -

Not documented 1 (3.2%) 63 (8.2%) - -

Tumor Grade 0.874 0.999

Grade 1 1 (3.2%) 40 (5.2%) - -

Grade 2 10 (32.3%) 205 (26.7%) - -

Grade 3 8 (25.8%) 193 (25.2%) - -

Not documented 12 (38.7%) 329 (42.9%) - -

Tumor Type 0.954 0.999

IDC 10 (32.3%) 255 (33.2%) - -

ILC 2 (6.5%) 59 (7.7%) - -

Other 19 (61.3%) 453 (59.1%) - -

Community practice 28 (90.3%) 708 (92.3%) 0.686 0.999

MFI, yrs, Median (IQR) 3.7 (0.2, 7.4) 3.0 (0.0, 7.25) 0.656 0.999

Solid biopsy 27 (87.1%) 668 (87.1%) 0.999 0.999

Metastases sites 0.876 0.999

Bone-only 3 (9.7%) 62 (8.1%) - -

CNS 8 (25.8%) 177 (23.1%) - -

Visceral 20 (64.5%) 527 (68.8%) - -

ECOG 0.0353 0.635

1 7 (31.8%) 230 (47.3%) - -

2 2 (9.1%) 53 (10.9%) - -

3 2 (9.1%) 7 (1.4%) - -

PD-L1 status 0.388 0.999

Negative 2 (6.5%) 86 (11.2%) - -

Positive 0 (0.0%) 26 (3.4%) - -

Not documented 29 (93.5%) 655 (85.4%) - -

TMB (RUO), muts/mB, Median (IQR) 2.6 (1.3, 4.5) 2.6 (1.3, 5.2) 0.541 0.999

MSI (RAW) 0.933 0.999

MSI-H 0 (0.0%) 2 (0.3%) - -

MSI-I 0 (0.0%) 4 (0.5%) - -

MSS 21 (67.7%) 543 (70.8%) - -

Not documented 10 (32.3%) 218 (28.4%) - -

mTORi 0.727 0.999

Everolimus 31 (100.0%) 764 (99.6%) - -

Temsirolimus 0 (0.0%) 3 (0.4%) - -

Start Date, Median (Range) 2017-09-18 (2013-03-01 - 2020-06-09) 2017-08-22 (2011-12-29 - 2020-09-23) 0.84 0.999

mTORi line 0.31 0.999

1-2 7 (22.6%) 239 (31.2%) - -

3+ 24 (77.4%) 528 (68.8%) - -

Deceased 22 (71.0%) 492 (64.1%) 0.437 0.999

MFI=Metastasis-free interval.

Harsha Trivedi et al: AKT1 Mutation in Lobular Carcinoma
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Table 2. Demographic Information for HR+ HER2- Breast Cancer Patients with AKT1 E17K Mutation that Received mTORi vs. 
Chemotherapy from the CGDB

Demographics Chemotherapy (N=74) mTORi (N=31) P-value P adjusted (FDR) * 

Age at Dx, yrs, Median (IQR) 55.0 (46.0; 62.0) 52.0 (46.0; 58.0) 0.366 0.93

Female 74 (100.0%) 31 (100.0%) 0.932 0.932

Race 0.932 0.932

Asian 2 (2.7%) 1 (3.2%) -

Black or African American 2 (2.7%) 1 (3.2%) - -

White 55 (74.3%) 25 (80.6%) - -

Other Race 12 (16.2%) 3 (9.7%) - -

Not documented 3 (4.1%) 1 (3.2%) - -

Stage at Dx 0.678 0.93

I-II 36 (48.6%) 18 (58.1%) - -

III-IV 35 (47.3%) 12 (38.7%) - -

Not documented 3 (4.1%) 1 (3.2%) - -

Tumor Grade 0.652 0.93

Grade 1 5 (6.8%) 1 (3.2%) - -

Grade 2 30 (40.5%) 10 (32.3%) - -

Grade 3 18 (24.3%) 8 (25.8%) - -

Not documented 21 (28.4%) 12 (38.7%) - -

Tumor Type 0.672 0.93

IDC 19 (25.7%) 10 (32.3%) - -

ILC 8 (10.8%) 2 (6.5%) - -

Other 47 (63.5%) 19 (61.3%) - -

Community practice 68 (91.9%) 28 (90.3%) 0.793 0.932

MFI, yrs, Median (IQR) 2.9 (1.3, 7.1) 3.7 (0.2, 7.4) 0.534 0.93

Solid biopsy 65 (87.8%) 27 (87.1%) 0.916 0.932

Metastases sites 0.343 0.93

Bone-only 5 (6.8%) 3 (9.7%) - -

CNS 11 (15.1%) 8 (25.8%) - -

Visceral 57 (78.1%) 20 (64.5%) -

ECOG 0.711 0.93

0 21 (40.4%) 11 (50.0%) - -

1 24 (46.2%) 7 (31.8%) - -

2 3 (5.8%) 2 (9.1%) - -

3 4 (7.7%) 2 (9.1%) - -

PD-L1 status 0.277 0.93

Negative 7 (9.5%) 2 (6.5%) - -

Positive 5 (6.8%) 0 (0.0%) - -

Not documented 62 (83.8%) 29 (93.5%) - -

TMB (RUO), muts/mB, Median (IQR) 2.5 (1.3, 6.1) 2.6 (1.3, 4.5) 0.86 0.932

MSI (RAW) 0.491 0.93

MSS 55 (74.3%) 21 (67.7%)

Not documented 19 (25.7%) 10 (32.3%)

Start Date, Median (Range) 2018-01-21 
(2012-02-14 – 2020-09-24)

2017-09-18 
(2013-03-01 - 2020-6-09)

0.429 0.93

Treatment Line 3.23e-08 0 *

1-2 59 (79.7%) 7 (22.6%)

3+ 15 (20.3%) 24 (77.4%)

Deceased 47 (63.5%) 22 (71.0%) 0.463 0.93

*Denotes a statistically significant difference.
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type, ECOG, TMB, and treatment line using PSM. 
The TTNT on mTORi vs. chemotherapy was 6.5 
months (95% CI 4.6 – n/a) and 5.8 months 
(95% CI 4.6 – na), respectively. The relative ef-
ficacy of receiving mTORi was not significantly 
higher than receiving chemo (HR=0.8 [95% CI: 
0.4 – 1.5], P=0.5).

After multidisciplinary discussion, the consen-
sus recommendation was to start treatment with 
the combination of mTORi, everolimus, and AI, 
exemestane. Treatment was initiated on 8/28/20, 
and the everolimus dose was decreased from 10 
mg to 7.5 mg daily due to the episode of neutrope-
nia after the first cycle. Otherwise, the patient tol-
erated treatment without major side effects. By the 
second clinical visit in October 2020, the patient’s 
breast was less erythematous, and the density of 
the tissue was lessening. There was no tenderness 
on palpation. PET/CT showed diminished left ax-
illary uptake, decreased right paratracheal lymph 
node PET avidity, and stable bone disease consis-
tent with a partial response. The most recent of-
fice visit in January 2021, breast exam revealed a 
normal-appearing skin with only faint erythema. 
All other skin lesions have resolved. The patient 
feels well and reports no pain.

Discussion

Roughly 10% of all breast cancers are invasive 
lobular carcinomas (23, 24). Invasive lobular car-
cinoma is strongly associated with exposure to fe-
male hormones, and its incidence is more subject 
to variation. It is more strongly associated with 
early menarche, late menopause, and late age of 
first birth. Of high-penetrance genes, BRCA1 and 
TP53 are predominantly associated with invasive 
ductal carcinoma (IDC), BRCA2 mutations are 
associated with both IDC and invasive lobular 
cancer (ILC), while mutations in CDH1 (encod-
ing E-cadherin protein) are exclusively associated 
with ILC (25). It is characterized by functional loss 
of E-cadherin, resulting in cellular adhesion defect. 
Besides E-cadherin loss, Ciriello et al. identified 
mutations targeting PTEN, TBX3, and FOXA1 as 
ILC enriching features (26). PTEN loss is associ-

ated with increased AKT phosphorylation, which 
was highest in ILC among all breast cancer sub-
types. Spatially clustered FOXA1 mutations cor-
related with increased FOXA1 expression and ac-
tivity. Conversely, GATA3 mutations and high ex-
pression characterized Luminal A IDC, suggesting 
differential modulation of the ER activity in ILC 
and IDC. The proliferation and immune-related 
signatures determined three ILC transcriptional 
subtypes associated with survival differences. 
Mixed IDC/ILC cases were molecularly classified 
as ILC-like and IDC-like revealing no true hybrid 
features. This points to the heterogeneity of ILC 
and particularly to a distinct molecular profile of 
ILC vs. IDC. The case presented herein, however, 
seems to rather represent the Luminal B category, 
based on PR negative status and high Ki-67 (50%) 
for ILC. Generally, ILC is considered as cancer 
with a good short-term prognosis. Metastatic ILC 
spreads more commonly to the ovaries, colon, 
omentum, and stomach. Interestingly, a high tu-
mor mutational burden (TMB) is associated with 
metastatic ILC, with 8.9% of metastatic ILC classi-
fied as TMB-high (27).

The patient presented herein was treated with 
standard of care targeted therapy and aromatase 
inhibitors with some short-term success and ulti-
mate progression. However, CGP opened another 
avenue of treatment that otherwise would not be 
one on the mind of treating physician. In addition, 
basic analysis of the CGP results did not directly 
point to the use of mTORi. The deeper up-and 
downstream analysis and discussion at our Molec-
ular Tumor Board (MTB) uncovered those thera-
peutic options. An MTB also provides a unique 
setting for the application of RWD. During this 
MTB, RWD provided treatment information from 
patients in the CGDB that were genomically simi-
lar to the MTB patient. This, at least, at present, 
shows to be highly effective for this patient. When 
clinical literature for a biomarker is limited (such 
as AKT1), the CGDB can provide clinical utility 
through decision support. Future studies should 
seek to understand which controls and confound-
ers can improve clinical decision support using 
RWD. Our experience with MTB showed that al-
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most half of the patients (46%) presented at MTB 
were offered genomically matched therapy or clin-
ical trials (18). The patient presented here is one 
of 22% of patients who received recommended 
treatment. Others did not for different reasons, 
including physicians and patients’ preferences, 
poor performance status, lack of coverage, etc. In 
the future, more extensive use of CGP, more wide 
availability of MTB’s to treating physicians, wider 
accessibility to clinical trials, better education of 
physicians and community, and collaboration with 
third-party payers will open more possibilities for 
effective treatment of patients with advanced ma-
lignant diseases.

Conclusion

AKT1 mutations occur in 4% of breast cancer 
patients, and AKT1 E17K mutations account for 
~80% of those mutations (28). AKT1 E17K vari-
ants have been previously characterized as activat-
ing and oncogenic. The AKT1 E17K mutation is 
proposed to induce hyper activation of the mTOR 
pathway through constitutive AKT1 signaling and 
activation of the downstream components of the 
mTOR pathway (29, 30). Clinical study of mTOR 
pathway targeted therapy in AKT1 mutant breast 
cancer is still early in development. However, tar-
geting AKT1 and downstream mTOR pathway 
components has shown efficacy in a limited num-
ber of AKT1 E17K mutant breast cancer patients 
(28, 31, 32).

There is no consensus model for the application 
of comprehensive genomic profiling (CGP) and 
real-world data (RWD) in the treatment of cancer 
patients. This case study provides an example for 
the use of RWD and CGP in the context of a multi-
disciplinary Molecular Tumor Board (MTB). Fur-
thermore, the study adds to the growing body of 
clinical literature that suggests that AKT1 mutant 
breast cancer patients may be sensitive to mTOR 
pathway targeted therapy in the advanced setting.
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A 65-year-old woman with a negative family histo-
ry of breast cancer presented with a palpable mass 
in the left breast’s central portion. Mammography 
revealed an oval heteroechogenic, partly solid, 
partly cystic, sharply demarcated mass, measur-
ing 100×90 mm in greatest diameter, classified as 
BI-RADS 4c, according to ACR BI-RADS Atlas 
Fifth Edition (Figure 1A-B). Breast MRI showed 
a lobulated mass with smooth margins appearing 
hypointense on T1WI and high signal intensity 
on T2WI (Figure 1C-D). A core needle biopsy 
revealed a cellular neoplasm, composed of small, 
closely packed tubules with spindle cell interven-
ing stroma without prominent atypia and mitotic 
activity, classified as B3 category according to the 
UK National Coordinating Committee for Breast 
Screening Pathology (Figure 2A). The multidis-
ciplinary tumor board discussed the case and 
recommended a wide surgical excision. With the 
patient’s approval, a left mastectomy was recom-
mended and performed. The axillary clearance 
was not performed. The 100×90 mm tumor was 

grossly well-circumscribed, grayish-white, and 
predominantly solid, with a smaller cystic com-
ponent, without necrosis and hemorrhage (Fig-
ure 2B). Histopathologic examination revealed a 
well-circumscribed tumor with two distinct com-
ponents (tubular adenoma and phyllodes tumor) 
with the transition to one another (Figure 2C). 
The larger portion of the tumor was composed of 
closely packed small round to oval tubules with lit-
tle intervening spindle cell stroma consistent with 
tubular adenoma. The smaller component showed 
a biphasic fibroepithelial tumor with leaf-like pro-
jections with moderately cellular stroma (Figure 
2D-E). The stromal cells exhibited mild to moder-
ate atypia, and their mitotic activity was up to six 
mitoses/10 hpf (Figure 2F). Stromal overgrowth 
was absent, while the malignant heterologous el-
ements were not observed despite the exhaustive 
tumor sampling (25 paraffin blocks). The final 
diagnosis was a complex fibroepithelial tumor 
composed of borderline phyllodes and tubular ad-
enoma. 
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Figure 1A-D. Mammograms on the standard view (MLO and CC) revealed a round, dense mass partially surrounded by a 
clear halo, without any calcifications (A-B); Axial T1W1 MRI scans revealed a hypointense mass with some hyperintense foci 
of hemorrhage (C); Sagittal post-gadolinium subtraction image also showed intense enhancement (D).
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Figure 2A-F. A core biopsy specimen revealed predominantly tubular adenoma component with some spindle cell inter-
vening stroma (Hematoxylin and Eosin, 10×) (A); A gross specimen revealed a large, (10×9 cm), well-demarcated solid 
mass without hemorrhage and necrosis (B); Microscopic examination revealed two distinct fibroepithelial tumors: tubular 
adenoma and phyllodes tumor with the abrupt transition one to another (Hematoxylin and Eosin, 10×) (C); Leaf-like pro-
jections, a hallmark of phyllodes tumor of the breast, were easily identified in the phyllodes part of the mass (Hematoxylin 
and Eosin, 10×) (D); The stromal component exhibited moderate cellularity without stromal overgrowth (Hematoxylin and 
Eosin, 10×) (E); The stromal cells showed moderate atypia with up to six mitotic figures/10 hpf (Hematoxylin and Eosin, 
20×) (F).
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Abstract
This short biography focuses on the life and medical activities of Kornelija Rakić (1879–1952), a Serbian female pioneer of medi-
cine from the then Hungarian province of Vojvodina, who acquired an MD from the University of Budapest in 1905. Rakić came 
from a humble background, and a Vojvodina Serbian women’s organization enabled her to become a physician and pursue her 
social medicine mission. After a futile attempt to open a private practice as a “woman doctor for women” in Novi Sad in 1906, 
she successfully applied to the Austro-Hungarian provincial government in Sarajevo for the position of an official female physi-
cian in occupied Bosnia. Rakić began her career as an Austro-Hungarian (AH) official female physician in Bihać (1908–1912) 
and was transferred to Banja Luka in 1912 and to Mostar in 1917–1918. Kornelija Rakić stayed in Mostar after the monarchy 
collapsed in 1918 and continued to work as a public health officer in the service of the Kingdom of Serbs, Croats and Slovenes, 
founded in 1918. Subsequently, she served as the head of the “dispensary for mothers and children” at the Public Health Centre 
in Mostar, founded in 1929, where she practiced until her retirement in 1949. After World War II, Rakić served as Vice Presi-
dent of the Red Cross Society in Mostar. She received numerous awards and medals from the Austro-Hungarian Empire, the 
Kingdom of Yugoslavia and the Federal People’s Republic of Yugoslavia. Kornelija Rakić died in Mostar in 1952 and was buried 
at the local Orthodox cemetery of Bjelušine. Conclusion. Kornelija Rakić (1879–1952) was the first Serbian female physician in 
Novi Sad, Vojvodina, and she was employed as an AH official female physician in Bihać (1908–1912), Banja Luka (1912–1917) 
and Mostar (1917–1918). After World War I, she participated in the establishment and expansion of public health institutions in 
Mostar and Herzegovina from 1918–1949 against the backdrop of the devastation of the two World Wars.

Key Words: (AH) Official Female Doctor  Kornelija Rakić  Novi Sad, Bihać, Banja Luka, Mostar  Serbia  Bosnia and Herze-
govina.

Introduction

In 1911, a short biography of “Dr. Kornelija Rakić” 
appeared in the first volume of the Serbian wom-
en’s magazine Žena (1). Žena was edited by Mil-
ica Tomić (1859–1944),1 an established women’s  

1Milica Tomić (1859-1944) was a writer and Serbian women’s 
activist in Vojvodina. A daughter of the distinguished Serbi-
an politician Svetozar Miletić, she was active for the Serbian 
women’s organization “Dobrotvorna zadruga Srpkinja Novo-
satkinja” from the 1880s onwards. In 1911, she founded the 
women’s magazine “Žena”, issued 1911-1914 and 1918-1921 
[cited 2021 Jan 9]. Available from: https://en.wikipedia.org/
wiki/Svetozar_Mileti%C4%87; see also: Gordana Stojaković: 

activist in Novi Sad who had been active in the 
Serbian women’s movement in Vojvodina since 
the 1880s. The women’s movement was closely 
linked to the Serbian national movement in the (at 
the time) Hungarian province (2, 3). Tomić herself 
was the author of the biography, and she explained 
in the first paragraph that Serbian women’s health 
and wellbeing depended on the practice of female 
doctors, because many women were too “shy” to 
consult male doctors. This argumentation corre-

Milica Tomić [cited 2021 Apr 12]. Available from:  https://
zenskimuzejns.org.rs/milica-tomic-2/.
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sponds to an argument first used by Czech and So-
cial Democrat women’s activists in Austria in the 
1890s. These activists used the argument to sup-
port a proposal to improve health care for women 
by introducing public health institutions that em-
ployed female doctors. They also argued for wom-
en’s rights to academic education and particularly 
medical education. The second paragraph begins 
to provide information about Kornelija Rakić, who 
was among the first Serbian women in Vojvodina 
to acquire an MD at the University of Budapest.2 
As Tomić points out, Kornelija Rakić had worked 
as a “woman doctor for women” in Novi Sad be-
fore she was “invited” by the Austro-Hungarian 
(AH) authorities in Bosnia to work as the “first” 
female doctor in 1908 (1). 

In fact, Kornelija Rakić was the seventh female 
doctor to be employed by the AH provincial gov-
ernment in Sarajevo. Women were admitted to 
medical studies starting in 1895 in Hungary and 
1899 in Austria, and the governor of Bosnia, AH 
Finance Minister Benjamin de Kallay, created the 
office of “female health officer” for all districts of 
the “occupied territory” in 1890 primarily to serve 
the female Muslim population. The first AH offi-
cial female doctor in Bosnia, Anna Bayerová, was a 
well-known Czech feminist who had studied med-
icine in Switzerland. Bayerová left Bosnia after one 
year; however, according to Nečas, she was able to 
shape the office into a social medicine institution 
“for women and children” during that year, with 
the governor’s consent. Other AH official female 
doctors included Bohuslava Kecková in Mostar 
(1892–1911), Teodora Krajewska in Tuzla (1892–
1899) and Sarajevo (1899–1918), Jadwiga Olsze-
wska in Tuzla (1899–1918), Gisela Januszewska 
in Banja Luka (1899–1912) and Rosa Einhorn in 
Travnik (1902–1904). These doctors served pre-

2The first Serbian woman from Vojvodina (Hungary) who 
acquired an MD from the University of Zürich was Marija 
Prita, mariée Vučetić (1866-1954) in 1893; cf. Spasović Ivana 
B. Dr. Marija Vučetić-Prita, the first woman doctor in South-
ern Hungary, the second among in the Serbian people [in Ser-
bian]. In: Godišnjak grada Beograda, book 61/62 (2014/2015 
[print 2016]), p. 91-106; see also: https://sr.wikipedia.org/sr-el
/%D0%9C%D0%B0%D1%80%D0%B8%D1%98%D0%B0_%
D0%9F%D1%80%D0%B8%D1%82%D0%B0.

dominantly as general practitioners for women 
and children, with a focus on Muslim women. 

Kornelija Rakić filled the last vacant staff posi-
tion for an AH official female doctor in Bihać in 
1908. Transferred to Mostar in 1918, she stayed in 
the city for the rest of her life and practiced as a 
public health professional in the Kingdom of Serbs, 
Croats and Slovenes (1918–1929), the Kingdom of 
Yugoslavia (1929–1941), the pro-NS NDH-State 
(1941–1945) and the Federal People’s Republic of 
Yugoslavia (1945-1963). Rakić’s life and medical 
activities in Bosnia will be the subject of this re-
view, which relies on new sources from Serbian, 
Hungarian, Yugoslav and Bosnian archives.

Kornelija Rakić’s Short Biography 

Though Kornelija Rakić is little known interna-
tionally, she is not among the forgotten women 
pioneers of medicine. Serbian historian Gordana 
Stojaković (2001) draws on Milica Tomić’s portrait 
(3) in counting Kornelija Rakić as the first female 
doctor in Novi Sad, among the “famous women” 
of the city. 

Rakić’s career as an AH official female doc-
tor in Bihać from 1908–1912, Banja Luka from 
1912–1917 and Mostar in 1918 was documented by 
Czech historian Ctibor Nečas, author of a mono-
graph on the AH institution of female public health 
officers in Bosnia (4). In the absence of preserved 
sources other than Rakić’s personnel file, Nečas’ 
account of her person and professional activities is 
poor compared to the administrative and personal 
records available for other official female doc-
tors. An unpublished research paper by Barbara 
Martin contextualizes Rakić’s activities as an AH 
official female doctor by referring to the better-
documented careers of other AH female officers 
(Martin, 2017).3 In 1918, Kornelija Rakić came to 
Mostar as an AH official doctor and continued her 

3We thank Barbara Martin for sharing her research with 
us; see also Barbara Martin: Zur Tätigkeit von Kornelika 
Rakić als Amtsärztin in Bosnien-Herzegowina (1908−1918) 
[cited 2021 Apr 12]. Available from: https://de.scribd.
com/document/360574359/Zur-Tatigkeit-von-Kornelija-
Raki%C4%87-als-Amtsarztin-in-Bosnien-Herzegowina.
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social medicine mission in that city for more than 
30 years. However, neither Serbian nor Bosnian-
Herzegovinian medical historiography provides a 
detailed biography of her person (3, 5 -10).

Kornelija Rakić was born on August 19, 1879 in 
Ruma (11), a town in the region of Syrmia (Srem) 
in the (at the time) Hungarian province with a pre-
dominantly Serbian population. Her parents were 
Georgij (Đorđe) Rakić, an innkeeper at Ruma, and 
Ana Crnojević. In 1882, the family moved to Petro-
varadin (12, 13), an historic Serbian city near Novi 
Sad; today, this city is part of Vojvodina’s capital. 

As a young woman from a modest background 
in Hungary’s periphery, Rakić was given the op-
portunity to obtain higher academic education 
largely because of the Serbian national movement 
in Vojvodina. Since 1864, Novi Sad (or Újvidék 
in Magyar language) accommodated the “Matica 
Srpska”, a Serbian language cultural-scientific in-
stitution founded in 1826 in Pest. In the 1860s, the 
city became the flourishing centre of the national 
and cultural “revival” of the Vojvodina Serbs. From 
the 1870s on, Serbian women’s activists advocated 
for improvements in the social status of Serbian 
women and the introduction of higher education 
in Serbian language for girls. Their first success was 
the establishment of secondary schools for Serbian 
girls in Novi Sad and Pančevo in 1874, modelled 
on schools in the principality of Serbia (14, 15). 

After completing elementary school, Kornelija 
Rakić attended the girls’ higher school in Novi 
Sad. In school, she was introduced to the ideas of 
the “Charitable Cooperative of Serbian Women in 
Novi Sad” (Dobrotvorna zadruga Srpkinja Novo-
satkinja), which advocated for Serbian women’s 
right to higher academic education (16). Against 
this background, Kornelija Rakić decided to pur-
sue the medical profession. The only personal doc-
ument left by Kornelija Rakić is a letter she sent as 
a student in Budapest in 1901 to her former head-
master, Arkadija Varađanin, which demonstrates 
that her medical aspirations were supported by the 
“women’s club” even as a pupil (17). Rakić worked 
as an associate of the women’s cooperative month-
ly magazine Ženski svet (17), and she later worked 
for the Serbian daily newspaper Zastava (18).

After completing Serbian girls’ higher school, 
Kornelija Rakić had to overcome many obstacles 
to study medicine. Her school completion exam 
did not qualify her for university entrance. Women 
who applied to the Medical Faculty of the Univer-
sity of Budapest in November 1895 were required 
to submit a “Matura” (general qualification for uni-
versity entrance) certificate from an Austrian or 
Hungarian gymnasium. Perhaps mediated by the 
“women’s club”, Kornelija Rakić was admitted to 
the Serbian-Orthodox boys’ gymnasium in Novi 
Sad as a private pupil in 1895 (3, 5, 19). She was re-
quired to take an exam that included subject matter 
from the third to eighth grades of the gymnasium, 
and she passed her Matura exam in 1899 (20). 

Funded by a scholarship from the “Charita-
ble Cooperative of Serbian Women in Novi Sad” 
(Dobrotvorna zadruga Srpkinja Novosatkinja), 
Kornelija Rakić enrolled at the Medical Faculty 
of the University of Budapest in 1899 (Picture 1). 
Unlike at Swiss universities, the number of female 
students—particularly female students of medi-
cine—remained low (21). Kornelija Rakić pursued 
her medical studies and was awarded her MD on 
9 December 1905 (22) (Picture 2 and Picture 3) by 
Professor Emil Grósz4 after less than six years of 
study, at the age of 26 years. 

Kornelija Rakić completed her medical train-
ing by serving three months as a volunteer at the 
Department of Gynaecology at the university clin-
ic in Budapest (23). Vilmos Tauffer,5 the head of 
this clinic, had introduced modern obstetrics to 
Hungary. In early 1906, she returned to Novi Sad. 
In February 1906, an advertisement in Zastava an-
nounced that “Dr. Kornelija Rakić” had opened a 

4Emil Grósz (1865−1941) was a Hungarian ophthalmologist 
of international reputation. He was professor of ophthal-
mology at the Faculty of Medicine of the University of Bu-
dapest and head of the ophthalmological university clinic 
from 1905−1936. [cited 2020 Dec 25]. Available from: https://
hu.wikipedia.org/wiki/Gr%C3%B3sz_Emil.
5Vilmos Tauffer (1851–1934) was a Hungarian obstetrician, 
gynecologist, and university professor. He was a pioneer in 
the field in Hungary and reformed Hungarian midwife train-
ing. He was among the country’s leading obstetricians [cited 
2021 Feb 20]. Available from: https://www.biographien.ac.at/
oebl/oebl_T/Tauffer_Vilmos_1851_1934.xml.

about:blank
about:blank
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practice for women and children in the main street 
of the city (Pictures 4, 5) (3, 24). The initiative to 
establish herself as a local “woman doctor for 
women” was doubtlessly welcomed and supported 
by the “women’s club”; however, it was premature. 
Data concerning Rakić’s practice as a doctor in 
Novi Sad are not available;6 however, it is likely that 
6Kornelija Rakić’s “Form of personal and official data” (a form 
of the Ministry of Public Health of the Federal Republic of 

a sufficient number of female 
private patients failed to ma-
terialize. Forced to look else-
where for an opportunity to 
practice her profession, Kor-
nelija Rakić learned that the 
AH administration of Bosnia 
and Herzegovina (BH) had 
not yet staffed all positions for 
official female doctors in the 
country. 

Later in 1906, Kornelija 
Rakić travelled to Sarajevo to 
introduce herself personally 
to the AH public health au-
thorities. It was probably help-
ful to her cause that the Bihać 
district administration sent a 
letter to the provincial public 
health authorities in Sarajevo 
urging the appointment of an 
official female doctor for the 
district in October 1906. This 
letter was sent in reference to 
an intervention of the local 
mufti Hadži Jusuf ef. Jahić7 
and other Muslim notables in 
the matter and the high mor-
tality of Muslim mothers and 
infants in the district (23, 25). 

The evaluation process 
for Rakić’s application as an 
“official female doctor with 
forensic medical function” 
(Amtsärztin mit gerichtsärz-

Yugoslavia that all physicians in Yu-
goslavia were required to complete 

after World War II) (24) does not contain information about 
her private practice in Novi Sad.
7Hafiz Yusuf-ef. Jahić (Zijauddin-ef), was born in Miljanovci 
Kalesija in 1853 and died in Tuzla, BH in 1928 (Bosnia and 
Herzegovina). He was the Mufti of Bihać for 26 years (1888-
1914). He completed higher theological education as a cadet 
and state scholarship holder in Istanbul (Ottoman Empire). 
He was awarded the Golden Order of Merit of the Austro-
Hungarian emperor Franz Joseph I. He advocated the intro-
duction of modern education and health care for Muslim 
women (27).

Picture 1. The Faculty of Medicine of the University of Budapest at the time when 
Kornelija Rakić started studying there. With permission of Archives of Semmelweis 
University, Budapest.

Picture 2. The page of the register of graduated students (“Golden Book”) of the 
Medical Faculty in Budapest giving Kornelia Rakić’s date of graduation. With permis-
sion of Archives of Semmelweis University, Budapest.
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tlichen Funktionen) took more than a year, but 
the application was finally approved. In January 
1908, the authorities decided to employ Kornelija 
Rakić as an official female doctor in Bihać (23). 
They explained their decision by pointing out that 
Kornelija Rakić was a native of the AHE who had 
acquired her MD at a domestic university and was 

familiar with the native “custom and language”. 
She was also younger than any other official female 
doctor and “evidently of good health”, which was 
considered a great advantage (28). Kornelija Rakić 
received her decree of appointment as an official 
female doctor in Bihać, Bosnia on 11 April 1908 
(23, 26). She closed her practice “for women and 
children” in Novi Sad and left for Bosnia.

In Bosnia, she worked in Bihać (1908–1912), 
Banja Luka (1912–1918) and Mostar (1918–1949) 
(23, 26). She retired in 1949 at the age of 70 (29) 
and died on 11 July 1952 (30) in Mostar. Kornelija 
Rakić was buried at the Orthodox cemetery in 
“Bjelušine”. The wooden cross with her name has 

since vanished and no tomb-
stone was placed on the spot; 
therefore, her grave is not eas-
ily identifiable, except by a 
palm tree sprouting at the site 
(Picture 6). Kornelija Rakić 
received numerous AH com-
mendations and awards as 
an AH official female doctor 
in BH. She was awarded the 
Order of St. Sava of the Third 
Degree twice: once by the 
Ministry of Health and once 
by the Ministry of Social Af-
fairs of the Kingdom of Yugo-
slavia (31). 

Picture 3. Kornelija Rakić, about 1910.

Picture 4. Advertisment for "Dr. Kornelija Rakić's" practice 
in Novi Sad, published in "Zastava", 1906 Feb 4; p. 4 (col. 4). 

Picture 5. Novi Sad: The building (Light Pink) where Kornelija Rakic's private practice 
was located in 1906.
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Kornelija Rakić’s 
Professional Activities in 
Bosnia and Herzegovina

The previously employed AH 
female health officers were 
sworn into their offices at 
their residences. However, 
Kornelija Rakić took her oath 
of office in Sarajevo on 4 May 
1908. Due to “budgetary rea-
sons”, she did not report for 
duty in Bihać until 1 August 
1908; at that time, she was as-
signed to the provincial hos-
pital in Sarajevo, where she 
had completed an internship 
(26). Rakić’s position as an of-
ficial female doctor of Bihać 
became permanent on 4 Au-
gust 1909 (4, 23). 

Bihać (Picture 7), located 
in northeast Bosnia, was the 
smallest and least populated 
district of Bosnia at the time, 
and most of the rural popu-
lation was Serbian. The dis-
trict capital counted 6,201 
inhabitants in 1910, of whom 
61.0% were Muslim, 27.5% 
were Roman Catholic and 
8.5% were Serbian-Orthodox 
(32). The AH administration 
had established a community 
hospital with 31 beds, which 
was rebuilt and enlarged in 
1887/1888 (33).

Presumably, Kornelija Ra
kić ran an outpatient ward 
for women and children in 
accordance with the instruc-
tions for AH female health 
officers in BH. However, there 
is no evidence of her practice 
for local women and children 
other than annual assessments  

Picture 6. Kornelija Rakić’s unmarked grave at the Bjelušine cemetery in Mostar, 
recognizable by the palm tree.

Picture 7. Bihać at the time when Kornelija Rakić started working there. Street scene 
with a view of the Roman Catholic Church [in German]. Signature: PCH 3.033 - C POR 
MAG. Available from: http://data.onb.ac.at/rec/baa13769435 and https://www.onb.
ac.at/.

http://data.onb.ac.at/rec/baa13769435
https://www.onb.ac.at/
https://www.onb.ac.at/
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by her superiors. These assessments attest that 
Rakić was an excellent doctor who was popu-
lar with her patients and often visited by Muslim 
women, as well as an excellent obstetrician (23). 
Rakić was not able to spend much time with her 
outpatients, according to an assessment written 
by her recently appointed superior, district doctor 
Martin Bleicher, in 1911. Bleicher praised her par-
ticipation in syphilis eradication in the subdistricts 
of Cazin and Krupa and remarked that she had not 
had many other opportunities to pursue profes-
sional work (23). Kornelija Rakić was intensively 
involved in the eradication of syphilis campaign in 
the aforementioned subdistricts from the time she 
took office in 1908. In 1909, she was also commis-
sioned as a substitute to manage the community 
hospital in Bihać (23). 

In 1905–1906, the focus of AH public health 
policies in BH shifted from popularizing pub-
lic health utilization to campaigning for syphilis 
eradication. Control of the widespread endemic of 
syphilis was considered a priority as early as the 
1880s; however, the AH public health authorities 
had considered it unwise to carry out an unpopu-
lar military-led syphilis eradication campaign in 
BH. After the turn of the century, the authorities 
concluded that the whole population of BH must be 
subject to thorough medical examinations (34, 35). 
All female doctors in the country, including private 

doctors Gisela Januszewska and Rosa Einhorn-
Bloch, were ordered to examine the female Muslim 
population for symptoms of (endemic) syphilis. Ev-
idently, the AH official female doctors considered 
syphilis eradication a great burden (36). Two peti-
tions for equal pay in 1908 and 1912 were signed by 
all AH official female doctors. Among other things, 
these petitions argued that AH official female doc-
tors could no longer treat private patients because 
they had to spend 100–200 days per year working on 
syphilis eradication (25). Due to these constraints, 
the doctors were also prevented from spending 
time on their outpatient practices. The burden of 
anti-syphilis campaigning contributed to the deci-
sion of private doctors Gisela Januszewsa (Banja 
Luka) and Rosa Einhorn-Bloch (Travnik) to leave 
the country.

By 1912, Kornelija Rakić was one of only three 
female doctors remaining in BH. She applied suc-
cessfully for a transfer to Banja Luka (Picture 8)—
then a city of about 25,000 inhabitants—after her 
superior had assessed her “behaviour towards col-
leagues in Bihać” as “uncooperative” (23). 

In Banja Luka, Rakić took over from Gisela 
Januszewska in October 1912. Her superior in 
Banja Luka explicitly rejected his predecessor’s 
criticism, attesting in 1913 that Kornelija Rakić 
had “won the affection of the entire population 
by her modest, amiable and philanthropic behav-

iours” (23). In addition to her 
work as a general practitioner 
for women and children, she 
was commissioned (like her 
predecessor) to provide hy-
giene lessons at a higher girls’ 
school in Banja Luka (37, 25). 
AH sources indicate that Ko-
rnelija Rakić was also inten-
sively involved in anti-syphi-
lis campaigning (25) and she 
was commissioned repeat-
edly to work at the “district 
hospital” (Bezirksspital) of 
Kotor Varoš. The district hos-
pital had about 30 beds and, 
like all established “district 

Picture 8. Banja Luka at the time when Kornelija Rakić started working there. Pub-
lished with kind permission of Museum of the Republika Srpska, Banja Luka, Bosnia 
and Herzegovina.
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hospitals”, it was primarily dedicated to syphilis 
treatment (38). During the 1915 cholera epidemic 
in Bosnia, Kornelija Rakić was tasked with com-
bating cholera in the districts of Banja Luka and 
Travnik. During World War I, she received AH 
awards for her commitment to combating syphilis 
and cholera (26). 

In December 1917, Kornelija Rakić was in-
formed that she would be transferred to Mostar 
in the summer of 1918. The position of official 
female doctor of Mostar had become vacant after 
the death of Bohuslava Kecková in 1911. Kecková’s 
death likely delayed the syphilis eradication cam-
paign in Herzegovina. On her way to Mostar in 
late June 1918, Rakić’s health declined, and she 
spent several months on sick leave in Sarajevo. She 
finally arrived in Mostar (Picture 9) days before 
the monarchy collapsed in October 1918 and BH 
became a part of the newly established Kingdom 
of Serbs, Croats and Slovenes. 

Kornelija Rakić decided to stay in Mostar and 
took her oath of allegiance to King Peter in Febru-
ary 1919 (Picture 10) and King Alexander in Sep-
tember 1921 (23). From 1918–1926, she continued 
her function as a public health officer of the “Mo-
star region”8, and worked later, until her retire-

8After World War I, Mostar had become the administrative 

ment in 1949, as the head of 
the “Dispensary for Mothers 
and Children” at the Public 
Health Centre in Mostar.

The new state faced prob-
lems including starvation, 
significant child mortality, 
prevalent war epidemics and 
spread of endemic diseases 
such as syphilis, malaria and 
trachoma in Herzegovina; 
therefore, the public health 
system relied on the devel-
opment of socio-medical in-
stitutions. In Mostar, a “bac-
teriological ward” (Stalna 
bakteriološka stanica) opened 
in 1923 and served as a foun-

dation for the “public health centre” founded in 
1929 (39). The latter included gradually estab-
lished “dispensaries” to serve patients suffering 
from malaria, skin and venereal diseases and tu-
berculosis, as well as a children’s dispensary and 
“school policlinic” founded in 1926 and headed 
by the Bosnian paediatrician Berta Bergman.9 In 
1929, a “Dispensary for mothers and children” 
(Dispanzer za majke i djecu) was established (40) 
under the direction of Kornelija Rakić. She had 
attended the Institute for Health Care for Moth-

center of “Mostarka oblast” (Mostar region). As a result of the 
reorganization of the Yugoslavian state in 1929, Mostar region 
became part of the 1929-1939 existing province (“banate”) 
Primorska banovina (Littoral Banovina), cf. Political Repre-
sentation of BiH in the Kingdom of Serbs, Croats, and Slo-
venes / Kingdom of Yugoslavia (1918-1941) [in Bosnian]. 
[cited 2020 Feb 9] Available from: https://www.parlament.ba/
Content/Read/180?title=Politi%C4%8DkopredstavljanjeBiH
uKraljeviniSrba, HrvataiSlovenaca/KraljeviniJugoslaviji(191
8.%E2%80%931941.
9Berta Bergman (1892–1945) was the first Bosnian woman 
who had qualified for university education and studied medi-
cine in Vienna. When the Dispensary for Mothers and Chil-
dren (Dispanzer za majke i djecu) was established in 1929, 
Kornelija Rakić was appointed as its chief. Berta Bergman be-
came at that point the head of the newly established “School 
Polyclinic” (Školska poliklinika). Berta Bergman was arrested 
on January 14, 1945, and deported to the Jasenovac concentra-
tion camp, where she was murdered [cited 2021 Apr 8]. Avail-
able from: https://en.wikipedia.org/wiki/Berta_Bergman.

Picture 9. Mostar at the time when Kornelija Rakić started working there. With Per-
mission from Mr. Zlatko Serdarević of Mostar. 
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ers, Children, and Youth in Sarajevo 
and studied “social paediatrics and 
child health” with two other pioneers 
of Yugoslavian social medicine and 
hygiene, Maša Živanović10 and Mara 
Kurtović.11 

Rakić treated 907 pregnant wom-
en, 2,225 infants, and 10,429 children 
at the Mostar “Dispanzer za majke i 
djecu” in 1929; her patients were 63% 
Muslim, 20% Orthodox and 17% 
Catholic. As head and manager, Kor-
nelija Rakić also organized and coor-
dinated activities to educate the local 
women about public health and hy-
giene, and she was a lecturer as well 
(10). She also gave hygiene lessons at 
a higher school in Mostar (46). Kor-
nelija Rakić’s practice for women and 
children at the Mostar Public Health 
Centre was not interrupted when BH 
was annexed by the pro-NS NDH-
state in 1941 (7). Rakić supported the 
local anti-fascist resistance against 
the pro-NS “Independent States of 
Croatia” (26) and the premises of the 
children’s policlinic and the mater-
nity and child welfare ward in Mostar 
provided refuge to wounded parti-
sans, sick members of the resistance 
and displaced persons (10).

After World War II, the social 
and health situation in Herzegovina 
was precarious, and the public health 
care system in Mostar needed to be 
reorganized. Kornelija Rakić was 

10Maša Živanović (1898−1960) was a reputed pediatrician in 
Sarajevo in the interwar years. She was the head of the Chil-
dren’s Dispensary and the Institute for Health Care for Moth-
ers, Children, and Youth in Skerlić’s Street in Sarajevo. After 
World War II, she performed the same duty. Živanović was 
a well-known women’s activist and president of the Women’s 
Movement in Sarajevo (1924−1936).
11Mara Kurtović (1892− ?) was the first expert of school hy-
giene in Bosnia and Herzegovina. She was the head of the 
Children’s Dispensary at the Institute for Health Care for 
Mothers, Children, and Youth in Skerlić’s Street in Sarajevo.

employed by the public health department of the 
People’s Committee for Herzegovina as head of a 
new children’s and maternity dispensary (42, 43) 
comprised of three medical departments, a phar-
macy and a kitchen that provided free meals to 
malnourished local children. However, she was the 
only doctor at the clinic, along with a dentist, two 
health care professionals and four auxiliary techni-
cal workers. According to Rakić’s report, the ma-
ternity department was consulted by 514 pregnant 
women in March 1946, 136 of whom were gyne-

Picture 10. Kornelija Rakić’s Oath of allegiance to King Petar/Peter I. stating 
that she will abide by the constitution and exercise her duty according to 
the laws and regulations. Archives of Bosnia and Herzegovina.
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cologically examined. A total of 494 children were 
examined in the department for mothers, infants, 
and young children, and 648 children were served 
in the “children’s dispensary”. The pharmacy is-
sued prescribed medications, ointments, vitamin 
preparations (e.g., cod liver oil) and medical de-
vices for children’s treatment at home. The kitchen 
distributed 2,169 servings of cocoa and 2,333 serv-
ings of bread to 100 undernourished children, and 
each child had gained between 250–500 grams of 
body weight during the month (44).

After 1945, Kornelija Rakić served as vice pres-
ident of the Red Cross Society in Mostar (30) and 
distributed relief supplies such as food and cod 
liver oil to local children and pregnant women. 
Despite her advanced age, she continued to prac-
tice as a doctor for women and children, and she 
never tired of drawing the authorities’ attention to 
the social and medical welfare of the “new genera-
tions” (44). She was a pioneer of social medicine 
who dedicated her life to the welfare of women, 
mothers and children.

Concluding Remarks

Kornelija Rakić was the first female doctor in Novi 
Sad as a city that was located at Hungary’s periph-
ery but was a center of Serbian national culture 
and politics. Born as a Hungarian citizen in Ruma, 
Syrmia in 1879, Kornelija Rakić belonged to the 
first generation of female doctors in the AHE who 
were able to acquire their MDs at domestic uni-
versities. Following the completion of her medical 
studies in Budapest and a futile attempt to estab-
lish herself as a “woman doctor for women and 
children” in Novi Sad, she began her career as an 
AH official female doctor in occupied, then an-
nexed, Bosnia in 1908. Kornelija Rakić was even-
tually transferred to Mostar, where she worked 
for over thirty years, first as an official doctor in 
the service of the AH (1918) and later as a district 
public health officer (1918–1926) in the service of 
the Kingdom of Serbs, Croats and Slovenes. A pio-
neer of social medicine, she became the head of 
the maternity and child welfare ward of the Mostar 
Public Health Centre, founded in 1929, where she 

practiced until her retirement in 1949. Kornelija 
Rakić died in Mostar in 1952, having dedicated 
her life to the welfare of women and children. 

Authors’ Contributions: Conception and design: HT and BF; 
Acquisition, analysis and interpretation of data: HT and BF; 
Drafting the article: HT and BF; Revising it critically for im-
portant intellectual content: HT and BF; Approved final ver-
sion of the manuscript: HT and BF.

Conflict of Interest: The authors declare that they have no 
conflict of interest. 

References

1.	 Tomić M. Dr. Kornelija Rakić [in Serbian]. Žena. 
1911;1(1):2.  

2.	 Kolarić A. Gender, nation, and education in the wom-
en’s magazine Žena (The woman) (1911-1914). Espacio, 
Tiempo y Educación. 2017;4(1):1-23. doi: http://dx.doi.
org/10.14516/ete.142

3.	 Stojaković G. Dr. Kornelija Rakić. In: Stojaković G, edi-
tor. Famous women of Novi Sad [in Serbian]. Novi Sad: 
Futura publikacije; 2001. p. 176-177. 

4.	 Nečas C. Among Muslim Women. The activities of the 
female health officers in Bosnia and Herzegovina, 1892-
1918 [in Czech]. Brno: Masaryk University; 1992. 

5.	 Jeremić R. Contributions to the biographical dictionary 
of the Serbian physician of Vojvodina 1756-1940 [in Ser-
bian]. Novi Sad; 1952. p. 119.

6.	 Berić BM, Sloboda L, Subotić J. The first women physi-
cians in Vojvodina (1893-1919) [in Serbian]. Med Pregl. 
1988;41(1-2):79-82.

7.	 Mulić S. Health conditions in Herzegovina during the 
Second World War with special attention to the area of 
Konjic [in Bosnian]. In: Kamberović H, editor. Bosna i 
Hercegovina 1941: Novi pogledi. Sarajevo: Institut za is-
toriju; 2015. p. 115-142.

8.	 Tolj Z. Half a century at the scene of the fight for national 
health [in Croatian-Serbian]. In: Tolj Z, editor. 50th an-
niversary of the Regional Institute for Health Care Mo-
star [in Croatian-Serbian]. Mostar: Regionalni zavod za 
zdravstvenu zaštitu Mostar; 1980. p. 11-54.

9.	 Šimić Lj. Memories. [in Croatian-Serbian]. In: Tolj Z, edi-
tor. 50th anniversary of the Regional Institute for Health 
Care Mostar [in Croatian-Serbian]. Mostar: Regionalni 
zavod za zdravstvenu zaštitu Mostar; 1980. p. 358-364.

10.	 Žurovec M. The development of the health care of mother 
and child. [in Croatian-Serbian]. In: Tolj Z, editor. 50th 
anniversary of the Regional Institute for Health Care Mo-
star [in Croatian-Serbian]. Mostar: Regionalni zavod za 
zdravstvenu zaštitu Mostar; 1980. p. 221-228.

http://dx.doi.org/10.14516/ete.142
http://dx.doi.org/10.14516/ete.142


231

Husref Tahirović and Brigitte Fuchs: A Female Doctor in Serbia and Bosnia and Herzegovina

11.	 Kornelija Rakić’s certificate of birth from Ruma [in Ser-
bian]. Registry office of the city of Ruma, Serbia. No. 200-
00-2020; December 25, 2020.

12.	 Historical Archive “Srem” Sremska Mitrovica. Testimony 
of persons from the ‘first composition’ who lost their right 
to vote, based on the Electoral Order Act 1881 and the 
Order of the High Royal Government of the Department 
of the Interior of 1882 [in Serbian]. Fund - Ruma Market 
Magistrate, box 6.401-9.271.

13.	 Bošković Đ. Ruma in the period 1861 – 1914 [in Serbian]. 
Ruma: Zavičajni Muzej Ruma; 2016. p. 373; 392.

14.	 Stojaković G. “Women’s World” (1886-1914). Serbian 
women’s laboratory as an entrance into the public sphere. 
Journal of the North American Society of Serbian Studies. 
2011;25(1):21-57.

15.	 Spasović I. Higher Schools for girls in Serbian language 
in the region of Banat Military Border in the period of 
Hungarian rule. Research in Pedagogy. 2013:3(2):61-70.

16.	 Women’s World - Journal of Charitable Cooperative of 
Serbian Women in Novi Sad [in Serbian]. 1981;6(3):43.

17.	 Letter from Kornelija Rakić sent to Arkadije Varađanin 
in 1901 [in Serbian]. Matica Srpska Novi Sad; Manuscript 
Department. Inventory number: 15612.

18.	 Anonymous. Editors and Collaborators [in Serbian]. Daily 
newspaper Zastava in Novi Sad. 1926 Feb 23; p. 4 (col. 3).

19.	 Historical Archives of the City of Novi Sad, F 25 Gym-
nasium “Jovan Jovanović Zmaj”, book 75; Register of stu-
dents of I-VIII grades 1896/1897 and 1897/1898; book 
76 - Register of students of I-VIII grades 1898/1899 and 
1899/1900 [in Serbian].

20.	 Maturity exam, Kornelija Rakić, Historical Archives of 
the City of Novi Sad, Gymnasium “Jovan Jovanović Zmaj: 
The main protocol of exams maturity 1897-1905, No. 37 
[in Serbian].

21.	 Müller I. The social composition of the female student 
body of the University of Budapest (1896-1914) / The so-
cial composition of female students at the Budapest Uni-
versity of Sciences (1896-1914) [in Hungarian]. Korall 
Társadalomtörténeti folyóirat. 2001;(3-4):203-20.

22.	 Note in the so-called “Gold book” of the graduated stu-
dents at the Medical Faculty of Budapest. Budapest: Ar-
chives of Semmelweis University; 1905. p. 417.

23.	 Archives of Bosnia and Herzegovina. Service and qualifi-
cation table of Dr. Kornelija Rakić [in German]. Collec-
tions of personal files of the Archives of Bosnia and Her-
zegovina. Box No. 436.

24.	 Advertisement: Female and pediatric physician Dr. Kor-
nelija Rakić. Daily newspaper Zastava, Novi Sad; 1906 Feb 
4; p. 4 (col. 4). 

25.	 Martin B. About the work of Kornelija Rakić as a medi-
cal officer in Bosnia Herzegovina [in German] [cited 
2002 Jul 9]. Available from: https://www.scribd.com/
document/360574359/Zur-Tatigkeit-von-Kornelija-
Raki%C4%87-als-Amtsarztin-in-Bosnien-Herzegowina.

26.	 Form of personal and official data of Dr. Kornelija Rakić 
[in Serbian]. Archives of Yugoslavia, fund 39, fasc. 5, dat-
ed March 6, 1922.

27.	 Mešić M. Bihać madrasa [in Bosnian]. Bihać: NIP “Un-
sko-sanske novine”; 1998. p. 80. 

28.	 Provincial Government for Bosnia and Herzegovina Sara-
jevo doc. No. 149, 745 [in German]. Arhiv Bosne i Herce-
govine: 1907, box No. 51, code 38-43.

29.	 Anonymous. Biographies [in Croatian-Serbian]. In: Tolj 
Z, editor. 50th anniversary of the Regional Institute for 
Health Care Mostar [in Croatian-Serbian]. Mostar: Re-
gionalni zavod za zdravstvenu zaštitu Mostar; 1980. p. 
383.

30.	 Kornelija Rakić certificate of death from Mostar [in Bos-
nian]. Registry office of the city of Mostar. No. 09-10-
1264/2021; April 12, 2021.

31.	 The Order of St. Sava [in Serbian]. Glasnik lekarske ko-
more za Bosnu, Hercegovinu, Dalmaciju i Crnu Goru. 
1927;3(4):40.

32.	 Landesregierung für Bosnien und die Hercegovina, 
editor. Results of the Census from October 10, 1910 in 
Bosnia and Hercegovina [in German]. Sarajevo: Landes-
druckerei; 1912. p. XXIII, Tafel 11; p. 226-227.

33.	 Landesregierung für Bosnien und die Hercegovina, edi-
tor. Public Health in Bosnia and Herzegovina 1878–1901 
[in German]. Sarajevo: Landesdruckerei; 1903.

34.	 Syphilis eradication campaign in Bosnia and Herzegovina 
[in German]. Int Klin Rd. 1912;(33):519. 

35.	 Syphilis eradication campaign in Bosnia and Herzegovina 
[in German]. Int Klin Rd. 1912;(34):535.

36.	 Krajewska z Kosmowskich T. Diary (prepared for print 
by Boguslawa Czajecka) [in Polish]. Cracow: Krajowa 
Agencja Wydawnicza; 1989. p. 136-7; 162-8.

37.	 Sixteenth annual report of the State Girls’ High School in 
Banja Luka [in Bosnian]. Banjaluka: Tiskara Fon i Grgić 
(J. S. Wolf); 1914. p. 28.

38.	 Landesregierung für Bosnien und die Hercegovina (ed). 
Public Health in Bosnia and Herzegovina 1878–1901 [in 
German]. Sarajevo: Landesdruckerei; 1903. p. 324.

39.	 Komadina M. Construction and adaptation of the Insti-
tute [in Croatian-Serbian]. In: Tolj Z, editor. 50th anniver-
sary of the Regional Institute for Health Care Mostar [in 
Croatian-Serbian]. Mostar: Regionalni zavod za zdravst-
venu zaštitu Mostar; 1980. p. 287-292.

40.	 Babić L, Harambašić K, Ravlić S. Development of health 
organizations in Mostar and Herzegovina [in Croatian-
Serbian]. In: Tolj Z, editor. 50th anniversary of the Re-
gional Institute for Health Care Mostar [in Croatian-
Serbian]. Mostar: Regionalni zavod za zdravstvenu zaštitu 
Mostar; 1980. p. 74-83.

41.	 Miletić KD. Great Gymnasium in Mostar [in Croatian]. 
Mostar: Crkva na kamenu; 2003.



232

Acta Medica Academica 2021;50(1):221-232

42.	 List of staff of the Health department of the District 
people’s committee for Herzegovina December 4, 1945. 
HONO Mostar 1945: Department of Health No. 1-6000 
HNK Archives [in Croatian-Serbian].

43.	 Mulić J. The health care in Konjic from ancient time until 
today [in Bosnian]. Konjic: Opšta Bolnica Konjic; 2010. p. 
204-205.

44.	 Monthly Activities Report of Maternity and child welfare 
dispensary Mostar for March 1946 sent to District peo-
ple’s committee for Herzegovina - Department of Public 
Health. HONO Mostar 1945: Department of Health No. 
142-4884, HNK Archives [in Croatian-Serbian].



233
Copyright © 2021 by the Academy of Sciences and Arts of Bosnia and Herzegovina.

Emmanuel Addo-Yobo, GH
Mohammed Saeed Aldossary, SA
Shahzad Ali, PK
Mehmed Taha Alpaydin, TR
Luca Ansaloni, IT
Morten Arendt Rasmussen, DK
Kenan I. Arnautović, US
Mónica Asencio Duran, ES
Irene Asouhidou, GR
Goran Augustin, HR
Phillip Bonney, US
Frederick Boop, US
Robert Boyle, GB
Michael Buchfelder, DE
Ivan Buljan, HR
Franciszek Burdan, PL
Joshua Burks, US
Carlos Carona, PT
Santiago Cepeda, ES
Letícia Chaves de Souza, US
Iwona Ciechomska, PL
Marco Confalonieri, IT
Giulia Corrao, IT
Federico Cucchiara. IT
Mojca Čižek Sajko, SI
Ivan Damjanov, US
Andrea Di Cristofori, IT
Alberto Di Somma, ES
Joyce El-Haddad, AU
Stefan Florian, RO
Márk Fráter, HU
Brigitte Fuchs, AT
Mirella Gaboli, ES
Zoran Gatalica, US
Maciej Gawęcki, PL
Tatjana Gazibara, RS
Esra Genç, TR
Jason Girkin, AU
Anna Golebiewska, LU
François Graham, CA
Richard W. Gryglewski, PL
Andrzej Grzybowski, PL

Linda Heijmen, NL
Diego Hernández, AR
Angelika Homberg, DE
Omer Ć. Ibrahimagić, BA
Manoj K. Jain, US
Jelena Jovanović Simić, RS
Husnija Kamberović, BA
Milena Karapetrović, BA
Miki Katzir, US
Aslam Khan, SA
Deepak Khatri, US
Elie S. Khoury, LB
Blaženka Kljaić Bukvić, HR
Damjana Ključevšek, SI
Fountas N. Konstantinos, GR
Peter Korošec, SI
Kristina Kralik, HR
Božo Krušlin, HR
Mladen M. Kuftinec, US
Konstantinos Laios, GR
Janice A. Layhadi, GB
James Le Duc, US
Jenni Lehtimäki, FI
Andrica Lekić, HR
Lidija Lincender-Cvijetić, BA
Gianluca Lucchese, GB
Marko Lucijanić, HR
Fergus Macbeth, GB
Melinda Madléna, HU
Gorica Marić, RS
Dubravka Matanić, HR
Davide Mattavelli, IT
Michael W. McDermott, US
Aleksandar Milojević, RS
Jasenka Mršić-Pelčić, HR
Lohendy Muñoz-Vargas, CR
B. V. Murlimanju, IN
Ilia Nadareishvili, GE
John Nicholson, GB
Katarzyna Niespodziana, AT
Ogugua Okonkwo, NG
Kadir Oktay, TR

Emine Öksüz, TR
Maja Popović, IT
Venkatesh Rangarajan, IN
Lukas Rasulić RS
Fabio Roberti, US
Juan José Rodríguez Arias, ES
Jonathan Roth, IL
Godard de Ruiter, NL
Damir Sapunar, HR
Hülya Saray Kılıç, TR
Dimitrios Schizas, GR
Bianca Maria Scicchitano, IT
Ervin Sejdić, US
Patrick W. Serruys, GB
Mohamed H. Shamji, GB
Vikas Singh, IN
Janusz Skrzat, PL
Ihsan Solaroğlu, TR
Jehuda Soleman, IL
Zdenko Sonicki, HR
Robert J. Spinner, US
Bruno Splavski, HR
Guillermo Rafael Suárez Cuartin, ES
Sergiu Susman, RO
Aida Šemić-Jusufagić, GB
Husref Tahirović, BA
Kuniaki Takahashi, NL
Silvio Luigi Taschieri, IT
Tiziano Testori, IT
Kazuo Toda, JP
Jacek Tomczyk, PL
Mirosław Topol, PL
Gianluca Trevisi, IT
Justin Ruey Tse, US
Pim van der Meer, NL
Semir Vranić, QA
Petar Vuleković, RS
Grant Waterer, AU
Mehmet Yıldız, TR
Renata Zelić, SE
Valerijan Žujo, BA

PEER REVIEWERS FOR ACTA MEDICA ACADEMICA IN 2020

The Editorial Board of Acta Medica Academica (Acta Med Acad) wishes to acknowledge and thank the 
reviewers who volunteered their time and expertise to read and evaluate the submissions for AMA. The 
following individuals provided such expert assistance to AMA in 2020:

Acknowledgement to our reviewers






