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Abstract: Thymoma is a rare malignancy with an unclear etiology of occurrence and development. We observed a 
higher incidence of thymoma in the Taiwanese population compared to other Western populations, suggesting the 
existence of different genomic features. Since most genomic studies are based on Western populations, we aimed 
to characterize the genomic profile of the Taiwanese population and compare it to the TCGA cohort in this study. We 
analyzed the genome of 47 thymoma patients using the Tumor Mutational Burden Panel to discover the genetic pro-
file of the Taiwanese population. We also characterized the mutational signatures of these samples. Additionally, we 
leveraged RNA seq to estimate the gene expression profile and explored the featured pathways of thymoma in the 
Taiwanese population through gene set enrichment analysis.We identified several frequently mutated genes related 
to transcription, such as FAT1, KMT2D, and ZFHX3, as well as consensus mutational signatures associated with 
nucleotide excision repair (NER) and mismatch repair (MMR) deficiency. Our study also revealed increased activity 
of NER and MMR functions in our study cohort. Upon comparison with the TCGA cohort, we found dramatic differ-
ences in the most frequently mutated genes and mutational profiles between the Taiwanese and TCGA cohorts. 
Furthermore, we identified mismatch repair deficiency as a Taiwanese population-specific mutational signature with 
higher activity. These results highlight the distinct genomic background and molecular mechanisms of thymoma in 
the Taiwanese population, which may contribute to the development of new diagnostic and therapeutic strategies 
in the future.

Keywords: Thymoma, genomic features, mutational signatures, DNA repair mechanisms, population-specific dif-
ferences

Introduction

Thymoma is a rare type of thymic epithelial 
tumor that consists of varying proportions of 
epithelial and lymphocytic components. The 
World Health Organization (WHO) classifies thy-
mic epithelial tumors (TETs) as thymoma (types 
A, AB, B1, B2, and B3) or thymic carcinoma 
based on their morphological features and the 
relative proportion of lymphocytes [1]. However, 

effective treatments for thymoma are still lack-
ing. Surgical resection remains the primary 
approach, and the prognosis is influenced by 
the tumor stage at diagnosis and the extent of 
surgical removal [2, 3]. Despite the existence of 
various other treatment options, none of them 
are curative. The incidence of thymoma in west-
ern countries is 0.13-0.15 per 100,000 popula-
tion at risk [4, 5]. In the America, Asian/Pacific 
Islanders have a higher incidence of thymoma 
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than other racial groups [6]. Similarly, a higher 
incidence of thymoma has been observed  
in Taiwanese populations. According to the 
Cancer Registry Annual Report 2016 in Taiwan, 
the incidence of thymic cancer is 1.61 per 
100,000 population at risk in men and 1.33 
per 100,000 population at risk in women [6]. 
Thus, this recent study suggested the presen- 
ce of different genomic risk factors in the 
Taiwanese population. However, there is still a 
lack of relevant research at present.

Thymoma is commonly diagnosed based on  
its morphology, various studies have offered 
insights into the immunohistochemical charac-
teristics of these tumors. Presently, there is no 
established unique biomarker for thymic epi-
thelial tumor or thymoma. However, recent 
studies have indicated that epithelial cells in 
thymic epithelial neoplasms, including thymo-
ma, may express polyclonal PAX8 and PD-L1  
[7, 8]. These studies showed that high PD-L1 
expression was associated with advanced sta- 
ging and high-grade histology. Over the past 
decade, numerous investigations have aimed 
to characterize the molecular profile of thymo-
ma. Although some findings support the need 
for targeted biomarker treatment for thymoma, 
the genomic background of thymoma remains 
largely unknown. Previous studies have de- 
monstrated certain proteins in the immunohis-
tochemical characteristics of thymoma. For in- 
stance, a previous study using exome sequen- 
cing revealed a high frequency of recurrent 
mutations in the GTF2I gene in thymoma [9]. 
Additionally, several genes, including NRAS, 
HRAS, and TP53, have been identified as 
mutated oncogenes. Moreover, immunohisto-
chemical analysis has shown the overexpres-
sion of EGFR, HER2, KIT, and IGF-1R in thymo-
ma, while the activation of β-catenin has been 
linked to thymoma initiation and progression 
[10, 11]. These studies have led to the identifi-
cation of a new molecular subtyping of thymic 
epithelial tumors (TETs) associated with dis-
ease-free and overall survival [12]. However, 
most of these studies have been conducted on 
Western populations, and the genomic profile 
of thymoma in the Taiwanese population re- 
mains unclear. Additionally, there are currently 
no well-established unique markers for thymo-
ma in Taiwan.

In this study, we aimed to characterize the dis-
tinct genomic features between the Taiwanese 
and Western populations using a tumor muta-
tional target panel and the TCGA database.  
And our findings revealed specific frequently 
mutated genes and mutational profiles in the 
Taiwanese population, which will enhance our 
understanding of the biological features of thy-
moma and address clinical needs.

Materials and methods

Samples

From April 20, 2006 to December 29, 2020, 47 
thymoma patients who received surgical resec-
tion were retrospectively enrolled in this study. 
We get the specimen from the BioBank of 
Taichung Veterans General Hospital (TVGH) 
and apply to perform NGS. We collected clini- 
cal information such as age, sex, World Health 
Organization histologic classification, and his-
tory of myasthenia gravis. All subjects provided 
written informed consent, and the study proto-
col was approved by the Institutional Review 
Board (IRB) of TVGH (SF16054B-1).

The genomic analysis of tumor tissue and data 
collection were approved by the Institutional 
Review Board of Taichung Veterans General 
Hospital. DNA of 47 patients with thymoma 
specimens was extracted using the DNeasy 
Blood & Tissue Kit (Qiagen GmbH, QIAGEN 
Strasse 1, 40724 Hilden, Germany), according 
to the manufacturer’s instructions.

Target panel sequencing and genomic analysis

DNA libraries were generated by QIAseq Tumor 
Mutational Burden Panel (), which covers 486 
genes (1.3 Mbp), with 40 ng of tumor genomic 
DNA from all samples following the manufac-
turer’s instruction. The prepared library was 
sequenced with paired-end runs by Nextseq 
550 sequencer. DNA reads were mapped to  
the human reference genome GRCh38 and 
variant calling by built workflow in CLC soft-
ware. Somatic mutation annotation filtering 
and characterization were performed by QIA- 
GEN Clinical Insight (QCI). After removing vari-
ants which is reported in Taiwan biobank (TWB) 
frequency ≥ 1% or is reported as benign for dis-
eases by ClinVar, pathogenic and likely patho-
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expression between thymoma and peripheral 
normal tissues. Gene set C2 from the Mole- 
cular Signatures Database (MSigDB) was used 
to perform enrichment analysis on ranked 
genes. Only when the nominal p-value < 0.05 
was considered as statistically significant.

Results

The frequently mutated genes across thymo-
ma patients in the Taiwanese population

To identify the potential biomarkers in thymo-
ma, we conducted targeted panel sequencing 
on 47 thymoma samples, encompassing histo-
logical subtypes according to the WHO classifi-
cation (A, AB, B1, B2, and B3), with the corre-
sponding clinical characteristics detailed in 
Table 1. In total, we identified 347 mutations, 
including 23 indels, across all thymoma sam-
ples. In Figure 1A, we identified the genes  
with pathogenic or likely pathogenic mutations 
occurring in more than 10% of cases. Notably, 
FAT1 was the most frequently mutated gene, 
observed in 21% of all thymoma samples. 
Moreover, we also found other frequently mu- 
tated genes included ZFHX3 (12.7%), KMT2D 
(12.7%), LRP1B (14.8%), MSH6 (10.6%), KEL 
(10.6%), and LIG3 (10.6%).

Furthermore, we surprisingly identified several 
age-related mutations. For instance, patients 
with MSH6, AXL, CD276, or SPEN mutations 
had an average age of 34.0±7.9, 35.0±4.3, 
35.6±4.9, and 36.6±2.08 years, respectively, 
significantly lower than the average age of 
patients without these mutations (48.5±12.1, 
47.7±12.5, 47.7±12.5, and 47.6±12.6, respec-
tively, all p-value < 0.05) (Figure 1B). Conver- 
sely, patients with VSIR, DNMT3A, and PDIA3 
mutations had an average age of 58.5±2.1, 
66±1.4, and 64.5±3.5 years, respectively, sig-
nificantly higher than the average age of pa- 
tients without these mutations (46.4±12.5, 
46.1±12.1, and 46.1±12.2, respectively, all 
p-value < 0.05) (Figure 1B). However, we did 
not find any single variant correlated with myas-
thenia gravis (MG) or the WHO classification. In 
sum, we found frequent mutations in genes 
such as FAT1, ZFHX3, KMT2D, LRP1B, MSH6, 
KEL, and LIG3, while also identifying age-relat-
ed mutation patterns in genes like MSH6, AXL, 
CD276, SPEN, VSIR, DNMT3A, and PDIA3 in 
samples from thymoma patients.

Table 1. Characteristics of the enrolled thy-
moma patients

Total (%)
Total Number 47
Age (years), median (range) 46.96 (24-80)
Gender Male 16 (34.0%)

Female 31 (66.0%)
WHO Type WHO type A 3 (6.4%)

WHO type AB 14 (29.8%)
WHO type B1 10 (21.3%)
WHO type B2 14 (29.8%)
WHO type B3 6 (12.8%)

History of myasthenia gravis 20 (43%)

genic variants were identified according to 
ACMG variant interpretation guidelines [13].

Mutational signature analysis

Mutational signatures in thymoma samples 
were analyzed by R package MutationalPa- 
tterns [14]. Single nucleotide variants identifi- 
ed from target panel sequencing was convert-
ed into 6 types of substitutions (C > A, C > G,  
C > T, T > A, T > C, T > G). Then, quantifying the 
contribution of COSMIC signatures in each thy-
moma sample by fitting constructed 96 trinu-
cleotide changes matrix in each sample to 
COSMIC mutational signatures (https://cancer.
sanger.ac.uk/signatures/). Mutational signa-
ture contribution of thymoma in TCGA were 
download from previous study [15].

Gene expression analysis

Sequence reads were mapped to the human 
reference genome GRCh38 by HISAT2 [16]. 
FeatureCounts was used to calculate read 
counts of each expressed gene [17], and the 
differentially expressed genes between thy- 
moma tissues and peripheral normal tissues 
were identified by R package DEseq2 [18]. 
When the adjusted p-value of DGE < 0.05  
was considered as statistical significant. The 
GEPIA2 database (http://gepia2.cancer-pku.
cn/#analysis) was utilized to analyze gene 
expression differences.

Gene set enrichment analysis

Total genes from RNAseq analysis were pre-
ranked according to signed -log10 P values 
based on the significance of differential gene 
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Figure 1. Genetic profiles of thymoma in 
the Taiwanese population. A. Pathogen-
ic and likely pathogenic somatic single 
nucleotide variants (SNVs) in thymomas, 
occurring in more than 10% of samples. 
B. Genes mutated in relation to age.

Consistent mutational profiles of thymoma in 
the Taiwanese population

As previously reported, SBS5, also referred to 
as Signature 5, is a mutational signature identi-
fied in cancer genomes through the analysis  
of somatic mutation patterns. SBS5 has been 

associated with aging, tobacco smoking, and 
an unknown deficiency in nucleotide excision 
repair (NER), whereas SBS26 is specifically link- 
ed to deficiencies in mismatch repair (MMR). 
[19]. These mutational signatures consistently 
contributed to all thymoma samples. Thus,  
to further identify cancer genomes, we used 
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mutational signature analysis and found two 
significant contributors related to previously 
described signatures, SBS5 and SBS26 (Figure 
2A).

Given the multiple possible causes of SBS5, we 
investigated its correlation with age and smok-
ing behavior. However, we found no correlation 
between the contribution of SBS5 and age 
(Pearson’s correlation, r = -0.14, t = -0.92, df = 
45, p-value = 0.36) or any difference between 
patients with and without a history of smoking 
(t-test, p-value = 0.48). Additionally, the contri-
bution of the SBS5 signature showed no corre-
lation with age in patients with age-related 
mutations (Pearson’s correlation, r = -0.06, t = 
-0.22, df = 14, p-value = 0.83) (Figure 2A). 
Therefore, NER deficiency might be the poten-
tial cause of the SBS5 signature in thymoma 
patients in the Taiwanese population.

Deregulation of DNA repair is associated with 
the mutational profiles of thymoma

Furthermore, we observed that the mutational 
signatures related to DNA repair processes, 
such as SBS5 and SBS26, accounted for more 
than 50% of the total mutational signatures in 
each sample. To further investigate the impact 
of dysregulated DNA repair in thymoma, we 
analyzed somatic mutations in 450 DNA dam-
age response-associated genes (DDR-asso- 
ciated genes) curated by experts [20, 21]. In 
our study cohort, we identified 76 somatic  
SNVs and indels in 46 DDR-associated genes. 
Among these, POLE (17% of samples), MSH6 
(10.6% of samples), and LIG3 (10.6% of sam-
ples) were frequently mutated genes associat-
ed with nucleotide excision repair (NER) and 
mismatch repair (MMR) (Figure 2B). Through 
gene set enrichment analysis (GSEA), we found 
that NER- and MMR-associated genes were 
enriched in tumor tissues compared to periph-
eral normal tissues (Figure 2C, 2D; NER: ES = 
0.55, P < 0.001; MMR: ES = 0.75, P = 0.018). 
Additionally, we observed elevated expression 
of ERCC2 and RPA1, which are part of the lead-
ing-edge subset of NER and MMR gene sets, in 
mutated thymoma samples (Figure 2B).

Distinct genomic characteristics between the 
Taiwanese and western populations

The distribution of histological classifications in 
the TCGA cohort was similar to our study cohort 

(chi-squared test, P = 0.46), with 27% of 
patients (n = 34) diagnosed with MG. In addi-
tion, upon comparing the frequently mutated 
genes between the TCGA and Taiwanese popu-
lations, we found that the most commonly 
mutated gene in the TCGA cohort was GTF2I 
(33% of samples), followed by HRAS (8% of 
samples) and TP53 (3% of samples), which 
were not detected in the Taiwanese popula- 
tion (Figure 3A). Conversely, frequently mutat-
ed genes in the Taiwanese population, such as 
FAT1 (21% of samples), ZFHX3 (12.7% of sam-
ples), and KMT2D (12.7% of samples), were 
either not detected or found in fewer instances 
in the TCGA cohort (0%, 1.6%, and 0%, respec-
tively). Furthermore, although GTF2I was not 
detected by our tumor mutational burden tar-
get panel, we attempted to identify variants by 
using RNAseq data. However, only 11 variants 
were detected, and upon further analysis via 
Sanger sequencing, we confirmed that the 
identified nonsynonymous mutation was not a 
genuine variant, indicating that GTF2I variants 
were not present in our study cohort. Addi- 
tionally, we did not detect HRAS, with only one 
NRAS mutant identified in our study cohort.

The differences of mutational signatures were 
found between the Taiwanese and TCGA 
cohorts, including SBS1 and SBS5. In the 
Taiwanese cohort, SBS1 and SBS5 contribut- 
ed 8.8±1.9% and 28.4±4.7%, respectively, 
whereas in the TCGA cohort, they contributed 
11.9±10.8% and 41.3±30.5%, respectively 
(Figure 3B). Instead, we identified SBS26 as a 
Taiwanese-specific mutational signature, con-
tributing 22.9±2.4% and not detected in the 
TCGA cohort (Figure 3B). Through gene set 
enrichment analysis (GSEA), we observed that 
DNA repair-related functions had a higher en- 
richment score in the Taiwanese cohort than  
in the TCGA cohort, particularly in MMR (TW:  
ES = 0.74, P < 0.05; TCGA: ES = 0.52, P =  
0.17) (Figure 3C and Supplementary Figure 1). 
Furthermore, to verify the role of NER and  
MMR in thymoma, we analyzed ERCC2 gene 
expression using the GEPIA2 database bas- 
ed on TCGA data. The results indicated that 
ERCC2 is highly expressed in thymoma tumor 
tissue, suggesting that NER and MMR may play 
a critical role in thymoma progression (Figure 
3D). Taken together, our results demonstrated 
that the differences in frequently mutated 
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Figure 2. Deregulation of DNA repair genes is associated with the mutational profiles of thymoma. A. Consensus mutational profile among all thymoma patients. B. 
Single nucleotide variants (SNVs) and Indels of nucleotide excision repair (NER) and mismatch repair (MMR)-related genes in thymoma patients. C and D. Gene set 
enrichment analysis (GSEA) of NER and MMR-associated genes conducted in thymomas compared with normal tissues.
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Figure 3. Depicts the distinct genomic features observed in the TCGA cohort compared to the Taiwanese population. A. The frequently mutated genes of thymoma in 
the TCGA cohort compare to the Taiwanese population. B. The most contributed mutational signatures in the TCGA compares to Taiwanese populations. C. The activ-
ity of the MMR pathway in the TCGA compares to Taiwanese populations by using GSEA. D. The expression of the ERCC2 gene in thymoma from the TCGA dataset.
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genes and mutational signatures between the 
TCGA and Taiwanese populations.

Discussion

In this study, we used multiple sequencing tools 
to identify several novel transcription-related 
genes that are frequently mutated including 
FAT1, KMT2D, and ZFHX3 in thymoma tissue 
samples. Among these, FAT1, the most fre-
quently mutated gene, is a tumor suppressor 
gene and has been demonstrated that inac- 
tivation of FAT1 promotes Wnt pathway signal-
ing activation and cancer cell proliferation [20, 
22]. In consistence with our findings, previous 
study identified that activation of Wnt pathway 
is a molecular subtype of thymoma by genomic 
analysis [12]. Another frequently mutated gene, 
the histone methyltransferase KMT2D, plays 
critical roles in regulating cell fate transition 
[23], metabolism [24] and tumor suppression 
[25]. Moreover, KMT2D deficiency impairs the 
regulation of the glycolysis program and pro-
motes lung tumorigenesis [26]. However, the 
role of ZFHX3 in carcinogenesis is controver-
sial. Previous studies indicate that ZFHX3 is 
crucial for angiogenesis in liver cancer cells 
[27] and is reported to promote breast cancer 
proliferation and growth [28]. On the contrary, 
ZFHX3 is also identified as a tumor suppressor, 
and its defects are associated with a poor out-
come in endometrial cancer [29]. In our study 
cohort, we did not find overexpression of  
ZFHX3 in thymoma compared to normal periph-
eral tissues. Therefore, we suggest ZFHX3  
may play a tumor suppressor role in thymoma. 
Overall, these findings suggest that the fre-
quent mutation of these transcription-related 
genes may be involved in the carcinogenesis of 
thymoma in the Taiwanese population.

In addition, our previous study identified 140 
differentially expressed genes associated with 
myasthenia gravis (MG) in thymoma patients. 
Among these genes, we observed signifi- 
cant upregulation of hypoxia-inducible factor 3 
alpha (HIF3A), insulin-like growth factor-bind- 
ing protein 1 (IGFBP1), pyruvate dehydroge-
nase kinase (PDK) and Krüppel-like factor 15 
(KLF15) in patients with thymoma who had  
MG compared to those without MG [30]. These 
genes show promise as potential biomarkers 
for predicting the development of MG in thymo-
ma patients or as targets for therapeutic inter-

ventions. However, the detailed genetic muta-
tions of thymoma remain largely unknown. In 
this study, we discovered that FAT1, KMT2D 
and ZFHX3 are highly mutated in the Taiwanese 
population and in the TCGA database of thymo-
ma. However, we did not observe a statistically 
significant correlation with MG. Taken together, 
thymomas with or without MG may involve dif-
ferent underlying genetic regulatory mecha-
nisms, such as epigenetic regulation, which 
warrant further investigation.

A previous study found that increased MMR-
associated genes ERCC2 expression is corre-
lated with the tumor stage and grade of head 
and neck cancer [31] and downregulation of 
RPA1 enhances the radiosensitivity of naso-
pharyngeal cancer [32]. Moreover, the NER and 
MMR functions are well known to be activated 
in tumor tissues compared to peripheral nor-
mal tissues. Thus, it suggests that ERCC2 and 
RPA1 might be involved in the carcinogenesis 
and chemoresistance of thymoma in the 
Taiwanese population. In this study, we also 
observed that SBS 5 and SBS26 were the  
predominant mutational signatures, compris-
ing more than 50% of the total mutational pro-
file among all samples in the Taiwanese po- 
pulation. Since these two signatures are relat-
ed to NER and MMR, respectively, this might 
suggest a strong mutagenic effect of DNA 
repair dysfunction in thymoma patients. 
Following these findings, we showed that NER 
and MMR related genes ERCC2 and RPA1, are 
found to be overexpressed and mutated in thy-
moma tissues in our study cohort. Furthermore, 
previous research has shown that increased 
ERCC2 expression is associated with aggres-
sive tumors in head and neck cancer [31], while 
reduced expression of MMR genes, such as 
MSH2/MSH6, promotes pituitary tumor growth 
[33].

Thus, given the increased activity of NER and 
MMR pathways in thymoma, targeting these 
DNA repair mechanisms presents a promising 
therapeutic strategy. Notably, FDA-approved 
drugs such as immune checkpoint inhibitors 
(e.g., pembrolizumab and dostarlimab) have 
shown efficacy in tumors with MMR deficien-
cies [34], while agents like PARP inhibitors  
(e.g., olaparib) indirectly impact the NER path-
way by exploiting synthetic lethality [35], sug-
gesting potential avenues to enhance chemo-
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therapeutic response in thymoma patients. 
According to our results, these mutated genes 
may disrupt the DNA repair process, leading to 
the NER and MMR-related mutational signa-
tures observed in thymoma patients. However, 
MMR is the last line of defense when a misin-
corporation fails in proofreading [36]. There- 
fore, impaired MMR genes result in an 
increased mutation rate in cancer cells [37]. 
Moreover, we identified mutational signature 
SBS26, which is described as MMR deficiency, 
as a unique signature in the Taiwanese po- 
pulation. The increased DNA repair capacity,  
in coordination with the impaired DNA repair 
function, may cause the special genetic profile 
observed in thymomas in the Taiwanese 
population.

GTF2I is the most frequently mutated gene in 
thymoma and is reported as a marker of favor-
able prognosis [9, 38]. However, the Taiwanese 
population did not show a lower survival rate 
when lacking GTF2I mutants. Mutations of the 
TP53, HRAS, and NRAS genes are also fre-
quently discovered in thymoma in the TCGA 
database [12, 39]. HRAS and NRAS are 
GTPases involved in cell proliferation and sur-
vival [40] and are mainly found in type A and  
AB thymomas [41]. In addition, TP53 is a well-
known tumor suppressor gene, and its expres-
sion might be a prognostic factor in thymoma 
[42]. However, thymomas in the Taiwanese 
population also lack mutations of TP53. There- 
fore, these genes may not be involved in the 
onset of thymoma in the Taiwanese population. 
Furthermore, impaired DNA repair pathways 
can increase genomic instability. In this study, 
we found that DNA repair processes were  
activated in the tumor tissues of both the 
Taiwanese and TCGA cohorts, but most DNA 
repair pathways, especially MMR, had higher 
activity in the Taiwanese population than in the 
TCGA cohort. Taken together, our study used 
the limited sequencing method. By using Target 
panel sequencing has a limited scope com-
pared to whole-exome sequencing (WES) or 
whole-genome sequencing (WGS) coverage. 
Therefore, we may have missed some differ-
ences in regions not covered by the target 
panel, even though the panel comprised most 
tumor driver genes. In addition, while a target 
panel can be used to detect mutational profiles 
[43], there may be some bias in identifying 
mutational signatures due to the composition 
of the trinucleotide context not being as com-

prehensive as initially described for these 
signatures.

Conclusion

In this study, we present a comprehensive 
genomic characterization of thymoma in the 
Taiwanese population, highlighting its novel 
aspects. Through comparative analysis with 
the TCGA cohort, we identified distinct differ-
ences in the frequently mutated genes FAT1, 
KMT2D, and ZFHX3, as well as unique muta-
tional signatures specific to the Taiwanese  
population. Moreover, our findings suggest that 
differential activation of DNA repair pathways, 
along with mutations in nucleotide excision re- 
pair (NER) and mismatch repair (MMR) genes, 
may contribute to the observed genomic varia-
tions. These insights provide a foundation for 
further investigation and validation of these 
unique genomic features as potential biomark-
ers for prognostic assessment and therapeutic 
targeting in Taiwanese patients with thymoma.
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Supplementary Figure 1. DNA repair pathways of Taiwanese population showed more activity than in TCGA popula-
tion.


