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Background. Thymomas belong to rare tumors giving rise to thymic epithelial fissue. There is a classification of several
forms of thymoma: A, AB, B1, B2, B3, thymic carcinoma (TC) and thymic neuroendocrine thymoma. In this meto-
analysis study, we have focused on thymoma using articles based on the disease’s next-generation sequencing (NGS)
genomic profiling.

Materials and methods. We conducted a systematic review and meta-analysis of the prevalence of studies that
discovered the genes and variants occurring in the less aggressive forms of the thymic epithelial tumors. Studies pub-
lished before 12" December 2022 were identified through PubMed, Web of Science (WoS), and SCOPUS databases.
Two reviewers have searched for the bases and selected the articles for the final analysis, based on well-defined
exclusion and inclusion criteria.

Results. Finally, 12 publications were included in the qualitative as well as quantitative analysis. The three genes,
GTF2I, TP53, and HRAS, emerged as disease-significant in the observed studies. The Odds Ratio for all three extracted
genes GTF2l (OR = 1.58, CI [1.51, 1.66] p < 0.00001), TP53 (OR = 1.36, ClI [1.12, 1.65], p < 0.002), and HRAS (OR = 1.02,
CI[1.00, 1.04], p <0.001).

Conclusions. According to obtained data, we noticed that the GTF2/ gene exhibits a significant prevalence in the
cohort of observed thymoma patients. Moreover, analyzing published artficles NGS has suggested GTF2I, TP53, and
HRAS genes as the most frequently mutated genes in thymoma that have pathogenic single nucleotide variants (SNV)
and Insertion/Deletion (InDel), which contribute to disease development and progression. These variants could be
valuable biomarkers and target points specific to thymoma.
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Introduction

Thymomas originate from thymic epithelial tis-
sue. Thymoma and TC are similar and overlap-

Thymic epithelial tumors (TETs) are localized in
the anterior mediastinum and comprise several
forms of thymomas with different malignant po-
tentials, aggressive forms of thymic carcinoma
(TC), and thymic neuroendocrine thymoma.
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ping in many characteristics, but despite these his-
topathological and cytological features, thymomas
could be considered a more benign form of TETs
in comparison with TC with aggressive forms.
That is the reason why thymomas and TC, exhibit
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main differences in therapy approach.® Here we
analyze thymoma including the following sub-
types A, AB, Bl, B2, and B3.* A and AB subtypes
belong to GTF21, B1, and B2 are the T-cell signaling
group, B2 is as well chromosomal stability group,
and B3 (atypical thymoma because is the most ag-
gressive, if we exclude TC) belongs to the chromo-
somal instability group. Thymomas are classified
as rare thoracic tumors with an overall incidence
of 0.15 per 100 000 persons per year.>® The majority
of thymomas are less aggressive forms and their
treatment is based on surgery, while in the case of
more aggressive TC treatment approach includes
multimodal therapy. This tumor characterizes
high heterogeneity which is the reason for precise
molecular profiling to choose an adequate preci-
sion therapy approach.”® Due to the rarity of the
disease, there is still a lack of information about
external factors that cause diseases, such as smoke
or alcohol. Moreover, epidemiological studies sug-
gest that it is poorly known if various environmen-
tal impacts have any specific impact on disease
development.® The role of mutated genes is one
of the crucial factors for thymoma formation and
development. Identification of potentially patho-
genic variants is obligatory to better explain the
molecular milieu of the disease. Our latest study
published in January 2020 related to this pathol-
ogy exhibited variants that play an important role
in thymoma.’

To that end, advances in high-throughput tech-
nology (next-generation sequencing-NGS) have
enabled assess of the mutational profiling of vari-
ous types of diseases including cancer. NGS in
genomics includes whole-genome sequencing
(WGS), whole-exome sequencing (WES), and tar-
geted sequencing (TS).® WGS covers all genomes
but provides lower sequencing coverage in com-
parison to TS. Advances in NGS have contributed
to a better understanding of molecular events that
lead to disease origin as well as the development
of various genetic tests and potential targeted
therapy. TS approach targets specific regions of
interest and is more cost-effective and often suit-
able for diagnostic panels which include a specific
set of genes characteristic of the disease. Thus, TS
provides a patient-specific mutational landscape
for effective targeted therapy and better patient
management.!*'2 Different approaches are used de-
pending on the need required by the type of study:.
WGS represents the most comprehensive method
for genome analysis and covers the entire DNA
of interest. The main limitation of WGS is low se-
quencing coverage (25 - 30x), high cost per sample

(which is lower with the increasing role of method-
ology), and complex and demanding computation
analyzed genome, in comparison to WGS or TS.®

This study aimed to identify all relevant articles
that evaluate the frequency of SNVs and InDels
in thymomas using NGS technology through
PubMed, Web of Science, and SCOPUS databases,
and to perform a meta-analysis of the prevalence
to get better insight into their possible involvement
in thymomas. The introduction should summarize
the rationale for the study or observation, citing
only the essential references and stating the aim
of the study.

Materials and methods

This systematic review was performed by the
Preferred Reporting Items for Systematic Reviews
and Meta-Analyses.*

Study selection Systematic review

Publications were screened for inclusion and ex-
clusion in the meta-analysis of prevalence in two
phases, and all disagreements were solved by a
discussion with the third reviewer. We included
studies that analyze the molecular landscape of
thymoma using next-generation sequencing (NGS)
genomics. Studies were excluded if they: 1) investi-
gated related diseases but not thymoma; 2) evalu-
ated other outcomes (NGS genomics for gene ex-
pression); 2) explored populations other than hu-
man (animal models, cell lines); 3) were abstracts;
4) were not original articles (reviews, systematic
reviews, case reports, etc.).

Database search

Two researchers have conducted a meta-analysis
of the prevalence of the genes and variants in-
volved in thymoma disease. The meta-analysis of
all published peer-reviewed articles related to the
study was performed by searching the PubMed,
Web of Science (WoS), and SCOPUS electronic da-
tabases, until the 12t of December 2022. Keywords
used for article search in all databases were next-
generation sequencing (NGS) and thymoma. Only
publications written in English were considered.
Additionally, reference lists of articles identi-
fied through electronic retrieval were manually
searched, as well as relevant reviews and editori-
als. Experts in the field were contacted to identify
other potentially relevant articles.
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FIGURE 1. Flow chart to illustrate the process by which articles were selected or
rejected for inclusion in the study.

Article screening and selection

Two reviewers (JKP, AC) independently evaluated
the eligibility of all titles and abstracts. Studies
were included in the full-text screening if either
reviewer identified the study as being potentially
eligible, or if the abstract and title did not include
sufficient information. Studies were eligible for
full-text screening if they included NGS genomics
analysis of thymoma. TETs include thymoma and
TC forms, which have been distinguished. The
same reviewers independently performed full-text
screening to select articles for inclusion accord-
ing to the criteria listed under the Inclusion and
Exclusion Criteria. Disagreements were resolved
by consensus (JKP, AC) or arbitration (SP).

Data extraction and quality assessment

Two reviewers independently abstracted the fol-
lowing data: author(s), country of research, year of
publication, study design, sample size, study pop-
ulation, type of thymoma, inclusion and exclusion
criteria used in the original articles, method of
NGS variant detection, genes harboring variants,
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number of patients having genes with SNVs/InDel
variants. Each reviewer independently evaluated
the quality of selected manuscripts.

Statistical analysis

The primary outcome was the number of patients
harboring SNVs/InDels variants per gene. The
odds ratio was evaluated as the ratio between
patients with variants in a specific gene per total
number of observed patients with thymoma.
Heterogeneity was assessed using the Chi-
square Q and 12 statistics. I2 presents the inconsist-
ency between the study results and quantifies the
proportion of observed dispersion that is real, i.e,,
due to between-study differences and not due to
random error. The categorization of heterogeneity
was based on the Cochrane Handbook and states
that 12 < 30%, 30% to 60%, or > 60%, corresponds to
low, moderate, and high heterogeneity, respective-
ly.'> Funnel plots were used to evaluate publication
bias. Forest plots were constructed for each analy-
sis showing the Odds Ratio (box), 95% confidence
interval (lines), and weight (size of box) for each
trial. The overall effect size was represented by a
diamond. A p-value < 0.05 was considered to be
statistically significant. For graph plots (Forest and
Funnel) we used Cohrain’s RevMan 5.4 version.!®

Results
Systematic review

The literature search for original articles was
conducted according to the Preferred Reporting
Items for Systematic reviews and Meta-Analysis
(PRISMA) statement. A total of 166 potentially
eligible publications were found in search of
PubMed, WoS, and SCOPUS electronic databases
PubMed 49 articles, WoS 44 articles, and SCOPUS
71. Moreover, we included 3 additional studies
from an additional PubMed search (Additional re-
cords). After duplication removal, and exclusion of
review articles, case reports, abstracts, investiga-
tions on animals, cell lines, and articles with un-
suitable outcomes, 65 articles were excluded. After
exclusion, according to previously defined criteria,
44 articles were assessed in full text. Totally, 12
full-text articles were considered for final analy-
ses. The flow diagram represents the selection
workflow of publications (Figure 1).

Selected studies have been presented with the
names of studies” authors, year of published works,
NGS approach, type of tumor, and genes that har-
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bored any single nucleotide variants (SNVs) or
small insertions/deletions (InDels) in Table 1.

The number of patients harboring or not genes
with variants, as well as a total number of patients
is shown in the same table. Finally, selected studies
were published from 2014 to 12" December 2022.
The total number of patients analyzed for GTF2I
was 433 and 193 patients harbored SNVs/InDels
variants in this gene. The total number of cases
with SNVs/InDels variants was 58 in TP53 in the
group of 309 thymoma patients. The number of an-
alyzed patients for variants in HRAS was 187, while
15 among them had SNVs/InDel variants. The max-
imum sample size per group was 270. Four stud-
ies were from China (4), Japan (2), the USA (1), Italy
(1), Austria (1), France (1), Poland (1), and Serbia (1).
Analyzed studies used different study designs,
mostly cross-section, and case-control designs.

Meta-analysis of prevalence

The analyses of the original articles related to
the next-generation sequencing genomics of thy-
moma have suggested the prevalence of three
genes, namely, GTF2I, TP53, and HRAS. The re-
sults of analyzed genes have been represented on
Forest plots (Figure 2., Figure 3., and Figure 4.) and
Funnel plots (Figure 5., Figure 6., and Figure 7)
with corresponding Odds Ratio (box), Confidence
Interval (CL, lines), weight (size of box), and overall
size effect in diamonds.

The prevalence of the GTF2I gene was the high-
est (58%), a bit lower was for the TP53 gene (36%)
and the lowest was the HRAS gene (2%), for the
thymoma population. According to obtained data,
we pointed out genes GTF2I and TP53 that exhibit
the prevalence in the cohort of observed thymoma
patients.

Discussion

The aim of this study was to explore genomic
background of indolent forms of thymoma using
genomic high-throughput approach. Thymoma
epithelial tumors (TETs) comprise thymoma,
thymic carcinoma (TC), and thymic neuroen-
docrine thymoma, as we said previously. In this
meta-analysis, we take into consideration several
forms of thymomas, including A, AB, Bl, B2, and
B3 subtypes, which have diverse invasive (malig-
nant) potential. Thymoma is a tumor type that be-
longs to rare types of thoracic tumors, which is the
reason for a lower number of studies that we have
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FIGURE 2. Forest plot of GTH2I gene in thymoma.
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FIGURE 3. Forest plot of TP53 gene in thymoma.
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FIGURE 4. Forest plot of HRAS gene in thymoma.

finally selected as eligible for analysis, along with
the relatively recently developed method of analy-
sis that we have applied.

As well, keywords used in this research are
limited to the NGS genomics approach to analyz-
ing genes included in thymoma. The potential of
high-throughput sequencing or NGS enables the
detection of the molecular profile, typical for spe-
cific tumors or a variety of diseases. All genomic
sequencing methods, including WGS, WES, and
TS have been applied in the research or in diagnos-
tics. The selection of methodology depends on all
advantages or disadvantages suitable for appropri-
ate use. Applying previously explained inclusion/
exclusion criteria we were able to select and ana-
lyze articles related to this topic, and we were able
to find genes associated with thymoma.

Meta-analysis of the prevalence of the gene
variants that we performed using selected studies,
has indicated that the majority of patients exhib-
ited variants in GTF2I, TP53, and HRAS genes. The
number of analyzed articles was relatively low,
due to the rarity of the disease. Moreover, most of
the studies have been published from 2014 to 2022.

The molecular background of this pathology is
still poorly understood, including all types of A,

Radiol Oncol 2023; 57(1): 12-19.
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FIGURE 6. Funnel plot of TP53 gene in thymoma.
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FIGURE 7. Funnel plot of HRAS gene in thymoma.

AB, Bl, B2, and B3 thymoma. We have analyzed
only NGS genomics-based articles. Further in the
discussion will also be considered other meth-
odological approaches to better explain obtained
results. The newest data that appeared 2022, have
indicated that KIT gene is an important factor in

Radiol Oncol 2023; 57(1): 12-19.

different processes related to thymoma disease.
Unfortunately, we have not had enough data to
demonstrate the statistical significance of this
gene to put it in a group of prevalent genes for thy-
moma.!”18

GTF2I (General Transcription Factor IIi) encodes
a phosphoprotein that binds to the initiator ele-
ment (Inr) and Inbox element in promoters regulat-
ing transcription.?? GTF2I gene is a member of a B
cell receptor signaling pathway, the AKT signaling
pathway (genecards.org), and is involved in crucial
processes particularly, cell proliferation, cell cycle,
and development.” Finally, the advances in next-
generation sequencing characterized GTF2I as a
master gene in TETs pathology.?’ The frequency of
GTF2I variants is typical for less aggressive forms
of thymoma.?! GTF2! is a gene that embryonic ab-
erration could lead to lethality, which indicates its
essential role in embryo development.

The most pathogenic variants in this gene are
Chr 7 ¢1211T > A and ¢.1271 (COSM5095139) which
could be used in targeted therapy that could lead
to successful clinical application.??> Despite GTF2]
pathogenicity in thymomas, GTF2I mutations are
very rare (< 1%) in other types of cancer, accord-
ing to TCGA. Moreover, many types of molecular
events lead to thymoma genesis. TCGA'’s studies of
thymoma have shown recurrent mutations in the
GTF2I gene and suggested this gene as a potential
drug target for this disease.?>?* Our findings con-
firm the prevalence of the SNVs/InDels variants in
GTF2I in thymoma. Results have been reported in
several articles which have been presented in the
Forest and Funnel plots. Petrini and colleagues,
using WES have discovered missense mutation
Chr 7 ¢.1211T > A and subsequent protein change
p- Leud404His in all types of thymoma A, AB, Bl,
B2, B3, and TC.*?% In the publications that we se-
lected for analysis, GTF2I harbored p. Leu404His
and p. Leu424His (COSM5095139) pathogenic vari-
ants, recognized as a disease-marker gene in thy-
moma_22,26-28

TP53 is a crucial tumor suppressor gene regu-
lating the most important processes in the cell in-
cluding cell cycle regulation, DNA repair, senes-
cence, and apoptosis.? TP53 has been described
as the gene responsible for disease pathogenesis.
A recent study has demonstrated common loss-of-
function in TP53 in type B thymomas and TCs.*
In a study by Peric et al.,, two variants with stop
codon have been identified R213* and V91* as
well as four pathogenic missense changes name-
ly, D281IN, G244S, R158C, E221K.?23432 One of the
newest studies by Xu S et al., included in our meta-
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Number Total NGS
Author Year Study design Thymoma Gene (SNV) number of .
of cases genomics
cases
APC 23
TP53 12
ATM 22
Chen K, China 2020 Cross-sectional Type A, AB, B1, B2, B3 AKTI 5 50 TS
SMADA4 12
ALK 19
KRAS 2
NRAS 2
HRAS 3
Enkner F, Austria 2017 Cross-sectional Type A, B SMARCBI 1 19 TS
STK11 1
Higuchi R, Japan 2020 Cross-sectional Type A, AB, B GTF2I 14 22 IN
Petrini |, Italia 2014 Cross-sectional Type A, AB GTF2I 19 270 ES
GTF2I 44
Radovich M, USA 2017 Case-conftrol Type A, AB HRAS 10 105 MOPA
TP53 2
HRAS 1
PIK3CA 2
Sakane T, Japan 2020 Cross-sectional Type A, B2, B3, B4, B5 AKTI 1 33 SNO?ShOt
Multiplex
RAS pathway 1
EGFR pathway 3
. PIK3CA 1 TS
Song ZB, China 2016 Type B2, B3 EGFR . 37 lonAmpliseq
SMADA4 27
APC 27
Peric J, Serbia 2020 Case-control Type A, Bl, B2, B3 ATM 26 35 TSACP
ERBB4 24
IBSS] 26
Xu S, China 2021 Cross-sectional Type A, AB B1, B2, B3 TP33 ? 17 ES
HRAS 2
Liang N, China 2021 Cross-sectional Type A, AB, B1, B2, B3 GTF2I 15 24 SureS?SIeCTXT
L . KIT 1
Szpechcinski A, Poland 2022 Cross-sectional Type B2B3 ERBB2 1 19 TS
KIT 1
. . B8 8
Girard N, France 2022 Cross-sectional Type A, Bl1, B2, B3 HRAS 1 90 WES
Other genes 80

MOPA = multi-omics platform analysis; SNaPshot Multiplex = Snapshot multiplex assay for point mutation; TS = targeted enrichment-based sequencing: TSACP = TruSeq

amplicon cancer panel; (WES) = whole exome sequencing

analysis, has analyzed the genomic profile of TETs
that has indicated TP53 as the most mutated gene
especially in both B3 and C thymoma causing
worse prognosis.®

HRAS gene belongs to the Ras signaling path-
way, commonly mutated in many tumors harbor-
ing pathogenic variants, for instance, G13V in thy-
moma. One study suggests gain-off function mu-
tations in HRAS, especially in type A and AB thy-
momas.*® A recent study by Jovanovic D et al. has
identified recurrent mutations in HRAS, marked as
a thymoma-specific oncogene.* TCGA’s studies of

thymoma observed enrichment in the HRAS gene,
as well as NRAS and TP53.2? Our meta-analysis
of prevalence has reported the HRAS gene to be
involved in the pathogenesis of thymoma.?2333536
Genes that have shown the prevalence in less ag-
gressive forms of thymoma, especially thymoma-
specific oncogene GTF2I (transcription factor),
TP53, and members of Ras family HRAS have been
involved in crucial processes including cell cycle
regulation, cell proliferation, cell differentiation,
apoptosis, and cell survival. Therefore, pathogenic
variants within these genes could be important

Radiol Oncol 2023; 57(1): 12-19.
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disease markers and potential therapeutic targets
for thymoma.

Conclusions

Our meta-analysis of articles that analyze a muta-
tional portrait using NGS of thymoma has pointed
out GTF2I, HRAS, and TP53 genes as thymoma-
specific oncogenes. These genes harbor variants
SNVs/InDels which contribute to disease devel-
opment. Moreover, this study indicated the high-
est prevalence of the GTF2I gene (58%). Some of
the identified variants are driver mutations, for
instance, GTF2I (Chr7 c1211T > A, p. Leu404His
and c.1271T > A, p. Leu424His), associated with
thymoma pathology. In addition, the majority of
detected molecular changes are classified as pas-
senger variants, unable to cause disease and fur-
ther progression, without the presence of other
molecular events. However, the thymoma molecu-
lar landscape is still insufficiently understood and
explored. Therefore, there is a need for additional
analysis and information to get a comprehensive
genomic picture for better precision treatment of
the patients.
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