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Abstract

Thymic epithelial tumors (TETs) comprise a heterogeneous group of epithelial-derived thymic neoplasms with
diverse clinical behavior and underlying molecular genetic features. Owing to their rare nature, the molecular
classification of TETs has only recently begun to be fully explored. The advent of advanced molecular studies,
particularly the ability to sequence the DNA and RNA of tumors in a massively parallel fashion, has led to an
increased understanding of the molecular underpinnings of thymic neoplasia. Thymomas, characterized by a
heterogeneous group of molecular alterations, tend to have low mutational burdens and various copy number
abnormalities including a characteristic loss of chromosomal material in the region of 6q25.2-p25.3, a recurrent,
specific point mutation GTF2/ p.L424H, and specific expression of certain microRNAs. Thymic carcinomas, in
contrast, are generally characterized by increased tumor mutational burdens, multiple copy number alterations,
and varied, non-recurrent, somatic mutations. Advances in molecular knowledge of TETs allow for more precise
molecular classification of these tumors, and the presence of specific alterations aids in the diagnosis of borderline
lesions. In the future, additional molecular studies will better delineate the molecular landscape of these tumors
and may one day allow for more targeted treatment algorithms. This review aims to cover the current
understanding of the molecular alterations thus far identified in thymomas and thymic carcinomas.
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INTRODUCTION

Thymic epithelial tumors (TETs) comprise a heterogeneous group of epithelial-derived thymic neoplasms
with diverse clinical behavior and underlying molecular genetic features". Thymomas and thymic
carcinomas are the most common group of epithelial tumors arising within the mediastinum and represent
a rare occurrence relative to other human cancers. They are estimated to have an incidence of 1.3 per
1,000,000 person-years, with only approximately 400 new cases diagnosed per year in the United States'.
Thymomas make up the majority of lesions, with thymic carcinomas occurring only rarely. Even less
commonly, epithelial-derived tumors with neuroendocrine differentiation or salivary gland type features
may occur within the mediastinal compartment.

Traditionally and in current clinical practice, TETs are classified primarily based on histologic features.
Numerous classification systems have been proposed and used over the years, with the World Health
Organization (WHO) classification system being the most widely accepted"*®. Despite the presence of
numerous histology-based classification systems, problems still exist with the most current classification
schema due to the varied biological behavior of TETs!*). It is known that in some instances, the clinical and
biological behavior may differ between tumors with similar histology”. In addition, problems with
interobserver reproducibility lead to difficulties in classifying tumors and predicting their biological
behavior.

Staging of TET's is somewhat more simplified; the most commonly used staging is the modified Masaoka
staging system, although more recently, a tumor-nodes-metastases system has been adopted by the
American Joint Committee on Cancer in the 8th edition of their cancer staging manual"*"”. However, even
within the confines of these consolidated staging systems, tumors within the same stage category may still

[13]

sometimes display varied biological behavior

Owing to their rare nature, the molecular classification of TETs has only recently begun to be fully explored.
The advent of advanced molecular studies, particularly the ability to sequence the DNA and RNA of tumors
in a massively parallel fashion, has led to an increased understanding of the molecular underpinnings of
thymic neoplasia. The varied biologic behavior of thymic epithelial neoplasms, including histologic
classification and staging discrepancies, is likely explained by their underlying molecular features. This
review evaluates the currently known molecular information, primarily focusing on thymomas and thymic
carcinomas, and describes some of the evolving molecular classifications of these tumors that may one day
lead to an integrated morpho-molecular classification that will better prognosticate these tumors and allow
for potential future targeted therapies.

MOLECULAR FEATURES OF THYMOMA AND THYMIC CARCINOMA

Molecular landscape of thymoma

Thymomas are rare tumors that occur predominantly in the 5th and 6th decades of life, with an estimated
incidence of approximately 15-30 cases per 100,000 people per year"*"”. Currently, thymomas are classified
based primarily on their histomorphologic features. The most commonly used classification system is that
of the WHO, which classifies thymomas into five distinct subtypes based on the type of cell (spindle vs.
epithelioid) and the relative proportion of associated lymphocytes"’. The five distinct subtypes include type
A (predominantly spindled), type AB (spindled with increased lymphocytes), type B1 (sparse epithelioid
cells with abundant lymphocytes), type B2 (increased epithelioid cells with relatively fewer lymphocytes),
and type B3 thymoma (epithelioid cells with atypical features and few lymphocytes) [Figure 1]". It is worth
noting that this letter-number classification was originally meant to simply serve as a method for translating
the prior Bernatz and Muller-Hermelink classification and lends itself to problems with reproducibility and
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Figure 1. WHO histologic classification of thymoma (A) Type A thymoma is characterized by a spindle cell proliferation with limited
numbers of lymphocytes, (B) Type AB thymoma is characterized by a spindle cell population intimately admixed with increased
numbers of lymphocytes, (C) Type B1 thymoma is characterized by sparse epithelioid cells in a dense immature lymphoid cell
population, (D) Type B2 thymoma is characterized by an increased number of epithelioid cells with a relatively decreased proportion of
lymphoid cells, (E) Atypical thymoma (WHO type B3 thymoma) is characterized by sheets of epidermoid appearing epithelioid cells
with increased cytologic atypia and few lymphocytes, (F) Metaplastic thymoma is characterized by a pseudosarcomatous stromal
component with an admixed epithelial component composed of neoplastic thymic epithelial cells. Note: Not shown here are numerous
other subtypes of more esoteric thymomas that do not fit into any particular classification system and have limited documented
molecular data.

is generally insufficient at classifying many of the distinct subtypes of thymoma that exist. Type A and AB
tumors tend to present in lower clinical stages as compared to B1/B2/B3 thymomas"®. A unique clinical
characteristic of these tumors is their association with paraneoplastic syndromes, the most common of
which is myasthenia gravis. Myasthenia gravis may occur in up to 25%-45% of thymoma patients and more
commonly occurs in patients with lymphoid-rich tumors such as AB and B types'”. Various other
paraneoplastic syndromes including various immunodeficiency and autoimmunity states have been
described and may be related to the underlying molecular biology of these tumors"**..

Owing to their rarity, the molecular characteristics of thymoma have lagged behind other more common
tumor types. Currently, prognostication is based primarily upon post-surgical staging of the tumors;
however, the lack of a more refined classification and prognostication system leads to difficulty in the
management and treatment of patients with thymoma. In the past few decades, numerous studies have
begun unraveling the molecular landscape of thymomas. Inoue et al.”! performed an extensive molecular
study of multiple thymoma subtypes utilizing comparative genomic hybridization and analysis of
microsatellite markers across numerous chromosomes. This study identified an increased number of
genetic aberrations including frequent and multiple loss of heterozygosity across chromosome 6 (the
6Q25.2-p25.3 region contains the FOXC1 tumor suppressor gene) in thymoma types A, AB, B2, and B3.
Type B1 thymoma was not included in the study. In addition, frequent allelic imbalances were identified on
chromosomes 13q14.3 (RB gene), 16q22.1 (CDH1 gene), 8p11.21, and 7p15.3, primarily within non-A
subtypes of thymoma. These alterations were found to generally correlate with tumor stage, with alterations
at 8p11.21 and 16q22.1 occurring more frequently in stage IV thymomas. Numerous other cytogenetic
abnormalities have also been identified in the various subtypes of thymoma, with types AB and B2 having
multiple reported cases that demonstrate complex karyotypes as well other scattered cytogenetic alterations
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including rare translocations, ring chromosomes, and various copy number alterations ).
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More recently, advanced molecular studies and multi-omic studies have identified additional molecular
features of thymomas. This data can be used to further stratify these lesions based on their genetics, and
some genetic changes are so highly recurrent that they are being used as diagnostic biomarkers. Both
Enkner et al.” and Radovich et al.” identified the expression of multiple microRNAs (miRNA) including
overexpression of miRNA clusters on chromosomes 19q13.42 and 14q32 that can be regarded as
transcriptional hallmarks of WHO type A and AB thymomas. In addition, multiple somatic mutations have
been identified scattered throughout the spectrum of thymomas. Perhaps the most important of these is a
recurrent somatic mutation in the general transcription factor II-I (GTF2I) gene, which is mutated in
approximately 80%-100% of type A thymomas, 70%-80% of type AB thymomas®** and less commonly (0%-
30%) in type B thymomas and thymic carcinoma. This mutation occurs on chromosome 7 and results ina T
> A transversion resulting in a missense mutation that exchanges histidine for leucine at amino acid
position 424 (position chr7:74732629 on build38). The mutation is annotated as GTF2I p.L424H [Figure 2].

Somatic mutations across the GTF2I gene are documented in human cancers including other types of
epithelial tumors, central nervous system tumors, and hematologic malignancies; however, these are rare
and the L424H variant thus far appears only to occur in thymic epithelial neoplasms. The increased
incidence of this mutation in the more indolent thymoma subtypes (A1 and AB) indicates that this
mutation harbors positive prognostic significance in these tumors. Furthermore, due to its specificity for
thymic epithelial neoplasms, GTF2I p.L424H is diagnostically useful to differentiate thymic neoplasms from
other entities that enter the histologic differential. Somatic mutations occurring in other genes, such as
HRAS, NRAS, and TP53, have also been described, but these tend to be rare and provide less prognostic or
diagnostic utility””. Finally, it is worth noting that gene fusions may rarely occur in thymic epithelial
neoplasms. Recurrent YAP1-MAML2 gene fusion events were recently identified in metaplastic thymoma -
a specific subtype of thymoma which does not fit into any of the conventional WHO categories”®. These
fusions were identified in treatment-naive tumors indicating that they are the primary driver alterations in
these tumors. A microdissection study using FISH demonstrated that the rearrangement can be identified
within the epithelial and spindle cell components of these tumors, suggesting that the spindled component
shares a common lineage with the epithelial component™. Although not yet targetable, YAP1-MAML2
appears to be fairly specific for metaplastic thymoma*), Rare KMT2A-MAML2 gene fusion events have
been described in a small percentage of type B2 and B3 thymomas and are thought to correlate with more
aggressive behavior; of note, this rearrangement was originally identified in a tumor that had undergone
induction therapy, suggesting it may represent a secondary therapy-related genetic event*”. Future studies
may yet uncover additional fusion genes that play a role in the tumorigenesis of these lesions.

Molecular classification of thymoma

In the past few years, two significant molecular studies have been published that describe potential
molecular classification systems for thymomas. The first study by Lee et al.”" stratified thymomas into four
separate molecularly defined groups: (1) the GTF2I group (enriched for GTF2I mutations); (2) the T-cell
signaling group characterized by increased expression of genes related to T-cell signaling; (3) the
chromosomal stability group characterized by low levels of chromosomal abnormalities, and (4) the
chromosomal instability group characterized by increased genetic complexity”'. Interestingly, these
molecular groups roughly correlated with traditional histologic classification and staging parameters: type A
and AB thymomas tended to fall into the GTF2I group, type B1 and B2 thymomas tended to fall into the T-
cell signaling group, and type B3 thymomas tended to fall into the chromosomal instability group.

A second large, integrated molecular analysis performed by Radovich et al.”” led to a four-tiered molecular
classification system in which thymomas were assigned to one of three molecular subtypes, and thymic
carcinoma was assigned to the fourth group. The molecular thymoma subtypes include an A-like cluster
and AB-like cluster that share many similarities including frequent GTF2I mutations and overexpression of
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Figure 2. Lollipop plot from St. Judes PECAN database demonstrating somatic point mutations across the GTF2/ gene. GTF2I gene
(transcript RM_032999) is shown with overlayed data from the COSMIC database. Each individual dot corresponds to a documented
mutation. The majority of the mutations are of missense type (blue dots). GTF2/ p.L424H is one of the most commonly occurring
mutations. Source of data and image: https://pecan.stjude.cloud/ and https://cancer.sanger.ac.uk/cosmic’”” """,

the C19 miRNA cluster; these two groups are distinguished by differences in regulation of p53, MYB, MYC,

and FOXM1. The third molecular thymoma subtype is the B-like cluster characterized by the absence of
both GTF2I mutations and overexpression of the C19 miRNA cluster. The B-like subtype is also more
closely associated with myasthenia gravis. This study also demonstrated that thymomas generally have low
mutational burdens. We recently tested a small cohort of atypical type B3 thymomas using a 50 gene next-
generation sequencing panel and similarly found a low number of non-synonymous mutations indicating
that even some cases of the more aggressive subtype of thymomas harbor a low number of somatic
mutations, although these tumors would benefit from testing with more extensive panels to more clearly
delineate this [Figure 3]. A comparison of the aforementioned proposed molecular classification systems is
presented in Table 1. More recent studies have identified additional gene expression profiles within different
thymoma subsets including increased expression of SOX9"*. SOX9 expression was positively correlated
with multiple other genes including POU2F3 and expression of TRPM5 and KIT". These studies reveal
that thymomas show heterogenous molecular alterations that can be corralled into relatively discrete
groups. A morpho-molecular classification of thymomas will likely replace the traditional histomorphologic
classification systems sometime in the future. This welcomed modification will simplify and improve the
classification and prognostication of these lesions. However, at present, no recurrent clinically actionable
mutations have been identified, and molecularly guided treatment decisions remain elusive.

Molecular landscape of thymic carcinoma

Thymic carcinomas represent extremely rare cancers comprising approximately 15%-20% of all TETs. These
are separated from their more indolent counterparts based on the presence of aggressive histological
features including overt nuclear atypia, necrosis, infiltrative architecture, and loss of the normal
organotypical features of the thymus found in thymomas™. Thymic carcinomas pose a challenge for
diagnosis due to a harrowing degree of heterogeneity in their morphology; at least 12 different subtypes of
thymic carcinoma have been described to date [Table 2]. Due to their incredibly rare nature, these tumors
are difficult to study, and management of these patients may prove difficult in the absence of established
molecular targets or consensus treatment guidelines. Limited data exist on the molecular underpinnings of
the majority of these tumor types, with only few cases studied to date. In general, thymic carcinomas tend to
show increased tumor mutational burdens, multiple copy number alterations, and varied, non-recurrent,

somatic mutations””. The most prevalent of these tumors is squamous cell carcinoma and variants thereof.
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Table 1. Comparison of proposed molecular classification systems for thymic epithelial neoplasms

Group Lee et al. (2017)"" Radovich et al. (2018)"**

1 GTF2l group A-like cluster
Features: Encompasses type A and AB thymoma, this group is enriched for GTF2] mutations Features: Corresponds to type A thymoma. GTF2I mutations and CI9MC overexpression. Increase in p53
(>70%) and XBP1-2 expression, decrease in MYC, MYB and FOXMT1 expression

2 T-cell signaling group AB-like cluster
Features: Encompasses type B1and B2 thymoma. Characterized by increased expression of Features: Corresponds to type AB thymoma, shares some overlap with the A-like group. GTF2I mutations
genes related T-cell signaling including CD8A, CD8B, CD3D, CTLA4 and others and C19MC overexpression. Increase in MYB, EZF1, and FOXMT expression, decrease in p53 and Tap73a

expression

3 Chromosomal stability group B-like cluster
Features: Correlates to type B2 thymomas. This group harbors relatively simple karyotypes with  Corresponds to B-type thymomas. Increase in MYC and MYB expression, decrease in p53, XBP1-2, and
low levels of chromosomal abnormalities PPARA_RXRA_coactivator

4 Chromosomal instability group C-like cluster
Features: Contains tumors from the B3 group (atypical thymomas), as well as some B2 type Features: Corresponds to thymic carcinomas (increased molecular complexity). Chromosome 16q losses,
thymomas and thymic carcinoma. Characterized by more complex karyotypes with increased increased MYC and MYB expression, decreased p53, XBP1-2 and PPARA_RXRA_Coactivator expression

chromosomal abnormalities

Conventional squamous cell carcinoma has been the most amply studied tumor by molecular techniques. Studies have identified numerous whole and partial
arm chromosomal level copy number variations including gains of 1q, 4, 5, 7, 8, 9q, 12, 15, 17q, 18 and 20 and losses of 3p, 6, 6p25, 6q25.2-q25.3, 9p, 13q, 14,
16q, and 17p I. Cases with complex karyotypes have been described*”. Mutations and methylation of various epigenetic regulatory genes have also
been documented including BAP1, ASXL1, SETD2, SMARCA4, TET2, DNMT3A, HOX9, GHSR, and SALL3 have been described**!. Copy number gains of
BCL2 and loss of CDKN2A are common"’. Various somatic point mutations have been documented including RAS family genes, TP53, and only rarely KIT
mutations (an unusual finding given that thymic carcinomas commonly overexpress CKIT by immunohistochemistry)"***". GTF2I mutations have only been

[21,22,24,27,32,33

rarely described in thymic squamous cell carcinomas"”.

Poorly differentiated non-keratinizing thymic squamous cell carcinoma (also referred to as lymphoepithelioma-like carcinoma or lymphoepithelial carcinoma)
is a poorly differentiated malignant neoplasm of the thymus characterized by aggressive behavior with poor clinical outcomes. These tumors are associated
| The largest
molecular study to date identified at least one somatic variant of unknown significance in 16/18 cases™.. No clinically actionable or targetable mutations were

51-53

with Epstein-Barr virus infection in approximately 50% of cases, although tumors in adults tend to be negative for Epstein-Barr Virus!

identified; however, the sequencing was performed with a smaller panel of 50 genes. These tumors were also identified to have high levels of PD-L1 expression
in a significant number of cases suggesting they may be amenable to immunotherapy regimens

[54]
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Table 2. Current WHO classification of thymic carcinoma and associated molecular alterations

Tumor category

Molecular alterations

Squamous cell carcinoma

Basaloid carcinoma

Lymphoepithelial carcinoma

NUT carcinoma

Clear cell carcinoma
Mucoepidermoid carcinoma

Thymic carcinoma with adenoid
cystic-like changes

Enteric-type adenocarcinoma
Adenocarcinoma, NOS
Adenosquamous carcinoma
Sarcomatoid carcinoma

Undifferentiated carcinoma

GTF2I mutations (< 10%)

KRAS, NRAS, TP53 mutations

Complex chromosomal abnormalities with numerous losses (including homozygous CDKN2A deletions)
and gains. Loss of 6q25.2-g25.3 region is seen similar to thymomas

Mutations in epigenetic regulatory genes

Minimal or no data available

Various somatic mutations of unknown significance identified
EBV-infection seen in up to 50%

NUTM]1 gene rearrangements; most commonly with BRD3 and BRD4, but many other partner genes
reported

EWSRI-ATF1 rearrangement
CRTCI1-MAML2 rearrangement

Single case reported with gain of chromosome gLes

KRAS, TP53, TGFB2 and other somatic point mutations reported
Minimal or no data available

Minimal or no data available

Complex chromosomal abnormalities reported

No recurrent or specific abnormalities

EBV: Epstein-Barr virus; NOS: not otherwise specified. Note: list does not include neuroendocrine neoplasms of the thymus which are considered
a separate topic.

Numbers of Non-synonymous mutations by Samples

4

3
0

123456 7 8 91011121314151617 181920212223 2425262728 29303132 3334353637 383940414243 44454647

Number of Mutation

Samples

Figure 3. Numbers of non-synonymous mutations in atypical (type B3) thymomas. A bar plot of next-generation sequencing data is
shown from 47 atypical thymomas (unpublished data) using the AmpliSeq Cancer Hotspot Panel v2 (lllumina, product number
20019161) using paired-end 2 x 300 read format with an average 500X depth per sample. The bar plot demonstrates a low number of
non-synonymous mutations, with the majority of samples showing only two or fewer mutations.

Molecular studies regarding many other types of thymic carcinomas are extremely limited. Many subtypes
such as basaloid squamous cell carcinoma, adenosquamous carcinoma, gland forming adenocarcinomas of
the thymus, and sarcomatoid carcinomas have either only scattered reports or no testing reported .

Interestingly, though, rare cases of primary thymic salivary gland tumors appear to show similar molecular
alterations to their salivary gland counterparts including EWSR1-ATF1 fusion in clear cell hyalinizing
carcinoma and CRTC1-MAML2 fusion in mucoepidermoid carcinoma'®*?. Finally, although rare, thoracic
NUT carcinoma has been relatively well molecularly characterized and is known to harbor a characteristic



Page 8 of 11 Suster et al. J Cancer Metastasis Treat 2022;8:19 | https://dx.doi.org/10.20517/2394-4722.2021.210

BRD4-NUTM1 fusion gene in approximately 75% of cases'**”. Alternative fusion partners include BRD3
(15% of cases), as well as other less common fusion partners such as NSD3, ZNF532, and ZNF592 (<5% of
cases)!es7),

CONCLUSION

It has only been in the past few decades that the molecular landscape of thymic epithelial neoplasms has
begun to be defined. These tumors tend to show a heterogenous complement of molecular alterations,
although multi-omic analyses have shown that they can be stratified into different categories based on some
recurrent molecular alterations. Of interest are the losses documented at 6q25.2-q25.3 that are found both in
thymic carcinoma as well as all subtypes of thymoma, suggesting that these tumors may, in some cases,
evolve from pre-existing lower grade lesions; this is corroborated by the fact that thymic carcinomas may
rarely be seen arising from thymomas of various subtypes, particularly in combination with atypical (WHO
type B3) thymomas"”'!. Despite this, many thymic carcinomas arise in the absence of a pre-existing
thymoma, and the presence of significant differences in the documented underlying molecular alterations
between the two indicates that thymic epithelial cells may arrive at malignancy through more than one
molecular pathway. Clinical management and staging of thymomas can be difficult and should be
approached in a multidisciplinary setting”. The discovery of recurrent alterations including point
mutations, fusions, and characteristic micro RNA expressions indicate that these tumors may at some point
be amenable to targeted therapies as new treatments are developed. A recent clinical trial (REMORA trial)
demonstrated some efficacy with Lenvatinib in patients with advanced thymic carcinoma™. Some cases of
thymic epithelial neoplasms have also shown alterations that modify cellular signaling pathways such as
RAS and mTOR signaling and appear to be amenable to treatments directed at these pathways. Recent
studies using immunotherapy have shown conflicting results in aggressive thymic tumors, and additional
studies are likely required to identify best use scenarios””*. For now, molecular alterations such as GTF2I
mutations or MAML2, EWSR1, and NUT rearrangements, are most valuable in a diagnostic capacity,
although rare mutations, such as KIT mutations, may be targeted with specific therapies. Future studies will
seek to continue delineating the molecular characteristics of these tumors with the goal of eventually
arriving at more precise morpho-molecular classifications that can be used to better guide prognosis,
treatment and management of patients with TETs. In current clinical practice, patients with these tumors
may benefit from advanced sequencing studies, particularly patients with thymic carcinomas, as the findings
can inform the diagnosis and rarely help guide treatment if a clinically actionable mutation is detected.
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