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Background 

Kidney transplantation is a lifesaving option for pa-

tients with end-stage kidney disease (ESKD) because it signif-

icantly improves survival; it has a mortality rate that is 63%–
80% lower than that of continued dialysis [1, 2]. Modern im-

munosuppressive agents have tremendously reduced the inci-

dence of acute rejection within the first  
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Abstract 

Background: Kidney transplantation is a lifesaving option of selected patients with end-stage kidney disease (ESKD). Urothe-

lial carcinoma (UC) is the most common de novo cancer after kidney transplantation in Taiwan. UC has the characteristics of 

high mutational burden and elevated degree of molecular heterogeneity compared with other solid tumors. However, there are 

limited research exploring the genomic alterations in UC after kidney transplantation. 

Methods: In this study, we performed whole exome sequencing (WES) to compare the genetic alterations between UC devel-

oped after kidney transplantation (UCKT) and UC from hemodialysis patients (UCHD). After mapping and variant calling, a 

total of 18,733 and 11,093 mutations were identified from UCKT and UCHD patients, respectively. We first excluded known 

SNPs and then retained genes that were annotated in Cosmic, Intogen, and TCGA bladder databases for onco-driver genes. 

Seventeen UCKT unique genes with recurrent SNPs in more than two patients were subjected for further analysis. IPA pathway 

analysis was used to explore the interconnections among these genes. 

Results: 17 novel mutations of BTK, CARD11, ELL, FNBP1, GNAQ, HOXD13, IKZF1, MAX, MLLT10, NTRK3, PAX5, SEP-

TIN6, SEPTIN9, SH3GL1, SLC34A2, TAL1, and TRAF7 were identified UCKT groups, and none of the genes had been reported 

in the genomes of patients with UC. Among the affected genes, GNAQ, IKZF1, and NTRK3 were potentially involved in the 

signaling network of UCKT. 

Conclusion: Our findings provide information for understanding the mutational landscape of UC developed after kidney trans-

plantation, and a gene list that may be of great importance in related molecular mechanisms. Genetic analysis in malignancy 

after transplantation may help to identify high risk patients in post-transplant care and also illuminate a fundamental aspect of 

the molecular pathogenesis of post-transplantation UC. 

Keywords: Kidney transplantation, malignancy, urothelial carcinoma, whole exome sequencing, mutations 
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year and achieved outstanding short-term patient and graft sur-

vival [3]. However, the long-term survival rate of patients who 

receive kidney transplants is low. Recipients of a kidney trans-

plant experience various complications, including cardiovascu-

lar disease and post-transplant malignancies (PTMs), that lead 

to morbidity and mortality [3]. 

The incidence of cancer in recipients of a kidney trans-

plant is at least 2 to 4 times higher than that of their age-matched 

and gender-matched counterparts in the general population [4-

6]. Studies from Western countries have reported that non-mel-

anoma skin cancer is the most common PTM [7]. The inci-

dence of skin cancer is lower in Asian countries. Urothelial car-

cinoma (UC) of the bladder and urinary tract is the most com-

mon PTM in Taiwan and Mainland China, comprising approxi-

mately 40% of PTMs [8, 9]. In a nationwide cohort population-

based study, Tsai et al. reported that recipients of a heart, lung, 

kidney, or liver transplant exhibited a risk of de novo cancer that 

was three times higher than that of the general population [10]. 

The standardized incidence ratio of urinary tract malignancies 

(among which bladder cancer was the most common) among 

recipients of a kidney transplant was 10.93 (95% CI, 9.20–12.99) 

[10]. Furthermore, in our previous single-center retrospective 

study, the most common PTMs were UC and hepatocellular car-

cinoma [11].  

UC has a high mutational burden and exhibits greater mo-

lecular heterogeneity than do other solid tumors [12]. Different 

genetic alterations and pathogenic pathways occur in UCs at 

various anatomical locations [13,14]. Somatic genetic mutation 

is a highly influential factor in UC tumorigenesis and progres-

sion. An abundance of information regarding somatic alteration 

in UC has been published due to rapid progress in next-genera-

tion sequencing [15]. According to the Cancer Genome Atlas 

(TCGA) database, the genes with the most common mutations 

in bladder UC are TP53, KDM6A, and ARID1A [15, 16]. TP53 

mutations were commonly observed in high-grade tumors, 

whereas FGFR3, CREBBP, and STAG2 mutations were 

more commonly observed in low-grade tumors [15]. 

Recipients of a kidney transplant are prone to developing 

cancer due to underlying diseases leading to renal failure, 

chronic infections by oncogenic viruses, immunocompromised 

status related to treatment with immunosuppressive drugs, nu-

tritional deficiencies, or altered DNA repair. Knowledge of the 

underlying somatic genomic alterations in UC developed after 

kidney transplantation (UCKT) is limited. To our knowledge, 

no unbiased systematic effort has been made to describe ge-

nomic alterations in UCKT. 

Whole-exome sequencing (WES) has been extensively ap-

plied to identify drivers of and somatic alterations in diseases, 

including cancer genome profiles, in both research and clinical 

settings [17,18]. WES is an effective tool for medical genetic 

research because it targets almost all protein-coding regions in 

the human genome. In this study, we performed WES and ana-

lyzed UC tissues from recipients of a kidney transplant (the 

UCKD group) and patients on hemodialysis (the UCHD group) 

to further characterize the unique genomic landscape of UCKT. 

Materials and methods 

Sample collection and DNA extraction  

The sample collection and study protocol were con-

ducted under the Institutional Review Board of Kaohsiung 

Medical University Hospital (KMUHIRB-G(I)-20150030). 

Written informed consent was obtained from all the patients, 

and all clinical investigations were conducted in accordance 

with the Declaration of Helsinki.  

A total of 12 tumor samples, comprising 7 forma-

lin-fixed archival UC samples from 6 recipients of a kidney 

transplant and 5 UC samples from patients on hemodialysis, 

were collected. Recipients of a kidney transplant who had a 

diagnosis of UC before their respective transplants were ex-

cluded. Because chronic kidney disease (CKD) and ESKD 

are risk factors for UC, five patients on hemodialysis who 

received a diagnosis of UC after the commencement of dial-

ysis were selected to form the control group. Each patient’s 
medical history was confirmed by chart review. None of the 

patients had previously received chemotherapy or radiother-

apy. 

After a pathologist reviewed all the samples, they 

macrodissected the tumor samples from the paraffin block. 

All the specimens were placed in an Eppendorf container to 

prevent tissue cross-contamination. To extract genomic 

DNA from the patients’ blood, we used a FavorPrep Blood / 
Cultured Cell Genomic DNA Extraction Mini Kit (Favorgen 

Biotech, Pingtung, Taiwan); for formalin-fixed paraffin-em-

bedded (FFPE) genomic DNA extraction, we used a Favor-

Prep FFPE Tissue DNA Extraction Micro Kit (Favorgen Bi-

otech, Pingtung, Taiwan). The DNA was quantified and 

qualified using a Nanodrop spectrophotometer (ASP-2680, 

Celltagen, Seoul, Republic of Korea) according to the man-

ufacturer’s protocol 

Whole exome sequencing (WES) 

Library enrichment for WES was conducted using a 

SureSelectXT V6_r2 reagent kit (Agilent Technologies, 

Santa Clara, CA, USA). The enriched samples were se-

quenced using an Illumina HiSeq2500 system (San Diego, 

CA, USA) and a 2 × 76–base pair (bp) paired-end sequencing 

approach. The mean coverage of the exomes was 79.76×, and 

more than 96% of the exomes had a coverage >10×. The se-

quencing data were annotated according to the 

GRCh37/hg19 reference genome. 

Separate analyses were conducted for each of the sam-

ples. For each sample, variant calling was performed using 

the VARBANK pipeline (https://varbank.ccg.uni-koeln.de), 

which integrates numerous publicly available sequencing 

analysis tools. Sequencing reads with a coverage of ≥10× 
were included in the subsequent analyses.  
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Scripts developed in-house at the Cologne Center for Genomics 

were applied to detect protein changes, affected donor and ac-

ceptor splice sites, and overlaps with known variants. The anal-

ysis focused on single-nucleotide variants/polymorphisms 

(SNVs or SNPs) and insertions or deletions (InDels) that may 

result in alterations in primary protein structure or in strong 

splice site effects [19]. 

Identifying specific genes in UCKT 

The variant calling results of all 12 samples were down-

loaded from VARBANK. First, the mutations with dbSNPs an-

notations were excluded from the data sets. To ensure that the 

genetic alterations identified in our study were associated with 

tumor development, only cancer driver genes recorded in the 

Catalogue of Somatic Mutations in Cancer (COSMIC) were re-

tained [20]. The genes with newly identified mutations in our 

sample were considered potential driver mutations. Subse-

quently, we compared our data with those of previous studies 

that had analyzed bladder cancer using the COSMIC [20], the 

Integrative Onco Genomic (IntOGen) cancer mutations browser 

[21], the TCGA bladder tumor database [15], and the Chinese 

bladder cancer genome [22]. Genes that had not been listed in 

previous studies were of great interest. Figure 1 illustrates the 

steps of data collection and corresponding numbers of samples 

and controls. Mutations at the same genomic location that were 

annotated as different transcripts were counted as one occur-

rence. 

Sanger sequencing analysis for confirmation of somatic 

mutations 

All the somatic mutations in the selected genes were inde-

pendently verified through Sanger sequencing of the blood ge-

nomic DNA. Primer pairs were designed using the University 

of California, Santa Cruz Genome Browser (https://ge-

nome.ucsc.edu/) and Primer-BLAST Browser of the National 

Institude of Health (https://www.ncbi.nlm.nih.gov/tools/pri-

mer-blast/). 

The target regions were investigated using a touchdown 

polymerase chain reaction (PCR) protocol. The PCR mixture 

contained primers at 5 μmol L−1 each, Taq DNA polymerase 

(Vazyme Biotech, China), and 50 ng/uL genomic DNA. The 

following touchdown PCR protocol was executed in a T100 

thermal cycler (Bio-Rad Laboratories, CA, USA): initial dena-

turation at 94 °C for 5 min; annealing temperature decreased by 

0.5 °C every other cycle: 94 °C for 30 s, annealing from 72 to 

55 °C for 30 s, 72 °C for 30 s; followed by a cycle of 94 °C for 

30 s, 55 °C for 30 s, and 72 °C for 30 s; and extension at 72 °C 

for 10 min. The PCR products were resolved in 1.5% (w/v) aga-

rose gel for 20 min at 100 V in 1× TAE buffer and stained with 

Gel Red biosafety dye (Biotium, CA, USA). The gel was docu-

mented on a UV transilluminator (Major Science, Taiwan). The 

DNA sequencing was performed at the core facility of the Na-

tional Yang Ming University Genome Center. 

 

 

 

Analysis of gene expression profile by Ingenuity Path-

way analysis (IPA) 

The Ingenuity Pathway Analysis (IPA version 

68752261; QIAGEN) tool was used to establish protein net-

works. The main molecules detected from WES analysis 

(guanine nucleotide-binding protein G(q) [GNAQ], SEP-

TIN6, neurotrophic tyrosine receptor kinase 3 [NTRK3], 

and Ikaros family zinc finger protein 1 [IKZF1]) were set as 

the focus molecules and were analyzed using the build tool 

to determine how their relationships were affected by UC. 

The molecules from the QIAGEN knowledge base were 

then added to the network according to their specific onto-

logical associations. 

Results 

Baseline characteristics 

The baseline characteristics of all the patients and their 

clinical and pathological features are listed in (Table 1). All 

patients were female and sporadic, with no family history of 

UC nor any history of smoking. The majority (10 out of 12) 

had high-grade tumors. The KT80 and KT721 samples were 

from the same patient, a woman who underwent surgical re-

moval of different parts of her genitourinary tract system 

over 5 years (Table 1). In the KT recipients, all the tumors 

occurred in their native genitourinary systems. The patients 

underwent induction treatments with steroids and IL-2 recep-

tor antagonists. Tacrolimus, mycophenolate mofetil, and 

steroids were selected as maintenance agents. The average 

age at UC diagnosis was younger in the UCKT group than in 

the UCHD group (55 vs. 61.6 years, respectively; Table 2). 

Exome sequencing of UC 

After WES was performed, the results were aligned to 

the human reference genome (hg19) and further used in a 

bioinformatics analysis. At least 100 million reads were col-

lected from each WES sample. In the UCKT and UCHD 

groups, the mean coverages were 81 and 77 reads for UCKT 

and UCHD, respectively, and 96.18% and 95.78% of the 

coding exons, respectively, were covered by at least 10 reads 

(Table 2). A total of 18,733 and 11,393 variants were iden-

tified from the UCKT and UCHD cohorts (Figure 1). The 

majority of the mutations were unique to individual patients. 

Mutations were slightly more common in the UCKT group 

than in the UCHD group. An analysis of the WES data re-

vealed an average of 564 known SNPs per individual. To 

identify new UC-related alterations, the mutations with 

dbSNP annotations were excluded.  

We used the COSMIC cancer driver genes database to 

identify new SNPs in our cohorts. During this step, 278 and 

235 genes in the UCKT and UCHD groups, respectively, 

were retained (Figure 1). To identify oncodriver genes spe-

cific to our cohorts (i.e., previously unknown to be related  

https://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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to UC), we first collected UC-related studies from the  COS-

MIC [20], IntOGen cancer mutations browser [21], TCGA 

bladder tumor database [15], and Chinese bladder  

 

 

 

 

 

cancer genome [22] and we excluded genes that had already 

been reported in these studies. Ultimately, we identified 150 

and 121 genes in the UCKT and UCHD groups, respectively, 

that had never previously been known to be associated with 

UC. 

  

Table 1. Baseline characteristics and clinic-pathologic features of all patients. 
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Table 2. Summary of whole exome sequence analysis of human urothelial carcinomas in Kidney transplantation (UCKT) 

and hemodialysis (UCHD).  
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Figure 1. Flow chart of data analysis. The data collected from WES was divided into two groups. UCKT; N=7 and 

UCHD; N=5. The data were pooled from each group and subjected to variant discovery by GATK tool. The allele fre-

quency ≤ 5% was excluded. The known dbSNPs were the excluded. The known cancer driver genes from COMSIC data-

base were retained followed by exclusion of bladder cancer-specific genes. The genes from two groups were compared and 

find the genes were unique in each group. Finally, only genes were identified in two or more UCKT patients were selected 

for further study. 
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Table 3. The list and genetic characteristics of UCKT-unique genes. (A) Gene lists 17 genes uniquely identified in urothe-

lial carcinomas post kidney transplantation. (B) Genetic characteristics of urothelial carcinomas post kidney transplanta-

tion, chromosome location and the frequency and mutations were summarized.

 

 

 

 

 

 

 

A. 

B. 
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Of these cancer driver genes, 80 were uniquely identified in the 

UCKT cohort, and 17 of them (BTK, CARD11, ELL, FNBP1, 

GNAQ, HOXD13, IKZF1, MAX, MLLT10, NTRK3, PAX5, SEP-

TIN6, SEPTIN9, SH3GL1, SLC34A2, TAL1, and TRAF7) exhib-

ited mutations that occurred in two or more patients (Table 3a).  

The mutations were classified into two categories: single-

base substitutions and InDels (insertions/deletions). The single-

base substitution category was further divided into six subcate-

gories: synonymous, missense, nonsense, frameshift, splice ac-

ceptor or donor, and nonstop (Tables 2 and 3b). The frameshift 

subcategory comprising one-base-pair differences between the 

alleles and reference sites, whereas the InDels category com-

prises mutations involving longer regions. Missense mutations 

were the most common type in both the UCKT and UCHD 

groups (74.75% and 79.40%, respectively; Table 2); these mu-

tations are associated with changes in amino acids in protein se-

quences, thereby affecting the structures and functions of the 

proteins that their respective genes encode. Interestingly, syn-

onymous substitutions were much more common among the pa-

tients with UCKT than among those with UCHD (10.57% vs. 

0.59%), which might indicate that the overall mutation rate in-

creases after kidney transplantation, resulting in a higher risk of 

cancer. Among the nucleotide changes, A:T>T:A was the most 

common in both the UCKT and UCHD groups (Table 2). 

Figure 2 illustrates the mutational features of the pa-

tients. Although missense mutations were the most common 

somatic mutations, followed by nonsense mutations, splice 

site mutations were also common. The effects of splice site 

mutations are difficult to determine; however, they may af-

fect protein function by causing alternative splicing, intron 

retention, or exon skipping.  

To verify the tumorigenic nature of the 17 genes in the 

UCKT cohort (BTK, CARD11, ELL, FNBP1, GNAQ, 

HOXD13, IKZF1, MAX, MLLT10, NTRK3, PAX5, SEPTIN6, 

SEPTIN9, SH3GL1, SLC34A2, TAL1, and TRAF7), we de-

veloped a reliable PCR system to validate the mutations in 

the patients’ genomic DNA. The results revealed that muta-
tions in GNAQ, SEPTIN 6, NTRK3, and IKZF1 occur only in 

tumor samples (data not show

 

 

Figure 2. The mutational features of the individual UC patients. The mutational features of patients were plotted ac-

cording to the percentages of nucleotide changes. 

 

IPA network analysis 
  Through IPA, we explored the interactions and path-

ways among GNAQ, SEPTIN 6, NTRK3, and IKZF1. SEP-

TIN6 exhibited no connections in the protein network. GNAQ, 

NTRK3, and IKZF1 were analyzed using the build tool to de-

termine how their relationships are affected by UC. The pro-

tein network associated with the three main molecules is in-

volved in the canonical signaling pathways of bladder cancer, 

PI3K/AKT, and mTOR. Each molecule was treated as a seed, 

and the network was constructed by connecting these seeds, 

thereby enabling us to explore the relationships among them. 

As indicated in (Figure 3), GNAQ, NTRK3, and IKZF1 may 

regulate UC through AKT1, MTOR, PI3KR1, HRAS, SRC, 

TP53, CCDN1, and RUNX3. The relationships among mole-

cules involve activation, causation, correlation, expression, 

phosphorylation, protein–protein binding, were indicated in 

the network. 

As indicated in (Figure 4), the network analysis re-

vealed that GNAQ, NTRK3, and IKZF1 are related to UC  

because they are involved in PI3K/AKT and bladder cancer 

signaling. The 25 interacting proteins in the network (AKT1, 

CCND1, CDKN1A, CDKN1B, CDKN2A, CXCL8, EGFR, 

ERBB2, FOXO1, HDAC5, HRAS, HSP90AA1, HSP90AB1,  

MAP2K1, MAPK1, MMP2, MTOR, PIK3CA, PIK3R1, 

RB1, SIN3A, TP53, TSC2, VEGFA, and RUNX3) war-

ranted further investigation. Thus, IPA was used to explore 
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the target proteins and networks that potentially contribute to 

UC and bladder cancer signaling pathways, which may in-

form future studies of the underlying mechanisms of UCKT.

 

 

 

 

Figure 3. IPA based protein networks involved in target protein and disease. The focused molecules represented in grey 

color and bold were NTRK3, GNAQ and NTRK3 which related to Urothelial cancer (UC). The solid lines indicate direct 

interaction whereas dashed lines correspond to indirect relationship among the interacting proteins, pathways and disease. 

The node shapes of the protein, molecular classes and relationship labels as outlined in the legends in the inserted boxes.
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Figure 4. Protein network of Urothelial cancer (UC) relevant target protein with canonical pathway (CP). The molecules 

represented in CP were bladder cancer signaling and PI3K/AKT signaling. The relationships represented in light blue lines 

were genes involved in CP related to NTRK3, IKZF1, GNAQ, respectively. 
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Discussion 
Mutational profile analysis is key to understanding the tu-

morigenic mechanisms of UC. The mutational profiles of UC 

that develop after transplantation have not been thoroughly in-

vestigated. In this study, WES analysis allowed us to character-

ize the mutational signatures of UCKT in detail. Specific nucle-

otide conversion patterns that develop in certain cancers can elu-

cidate the establishment of these mutations [23,24]. In a TCGA 

study, 51% of all the mutations in bladder cancers were TpC>T 

or G mutations and 3.8% were TpC>A mutations [15]. In addi-

tion, TP53, PIK3CA, and FGFR3 are the most common molec-

ular alterations associated with UC [15,25]. 

Tumors developed after kidney transplants are believed to 

be related to various factors, including immunosuppressive 

agents, viral infections, geographic area, and uremic environ-

ment, in patients with CKD/ESKD [26-28]. In the present study, 

missense mutations were the most common somatic mutations, 

followed by nonsense mutations. Furthermore, A:T>T:A re-

placements were the most common point mutations. Aris-

tolochic acid (AA), which originates from plants in the genus 

Aristolochia that were used in herbal medicine, is a powerful 

nephrotoxin and human carcinogen associated with CKD and 

upper urinary tract UC (UUC) [29]. Aristolactam–DNA adducts, 

which are found in urothelial tissues [30], initiate mutation in 

the TP53 tumor suppressor gene, creating a biomarker specific 

to AA-induced UCC [30,31]. Taiwan has an extraordinarily 

high incidence of UCC due to the widespread use of Aris-

tolochia herbal therapies [32], which suggests that AA might 

play a central role in the etiology of UCC. The mutation pattern 

discovered in our patients suggests that a possible history of ex-

posure to Aristolochia remedies led them to develop ESKD. 

Four somatic mutations (GNAQ, SEPTIN 6, NTRK3, and 

IKZF1) identified in current study may be related to UCKT. All 

these mutations were single-base substitutions specifically iden-

tified in the UCKT group, and none of the genes had been re-

ported in the genomes of patients with UC. In our study, these 

mutations were detected in more than one UCKT genome, 

which suggests they did not occur randomly and potentially 

played roles in the pathogenesis of UCKT. According to the pro-

tein network IPA, GNAQ, NTRK3, and IKZF1 may regulate 

UC through AKT1, MTOR, PI3KR1, HRAS, SRC, TP53, 

CCDN1, and RUNX3. Therefore, PI3K/AKT and bladder can-

cer signaling and their associated pathways must be further in-

vestigated in the future.  

G proteins play an essential role in cellular signal transduc-

tion. The Gq protein alpha subunit (encoded by GNAQ) couples 

with a seven-transmembrane receptor to activate phospholipase 

C-beta, which generates second messengers, and to activate ki-

nase cascades in the cytoplasm of the cells [33]. These signals 

ultimately control gene transcription and cell survival, motility, 

and growth. However, signals transmitted by G-protein-coupled 

receptors/G proteins and downstream targets are involved in the 

initiation and progression of cancer [34]. GNAQ is located on 

chromosome 9q21. The role of GNAQ as an oncogene has been 

observed in uveal melanoma [35], blue nevi [36], and malignan-

cies affecting the meninges [37].  

NTRK3 is a member of the NTRK-encoding family, which 

comprises the genes NTRK1, NTRK2, and NTRK3 that encode 

TrkA, TrkB, and TrkC, respectively [38].NTRK3 is located on 

chromosome 15q25. NTRK receptors signal through the 

JAK/STAT, PI3K/AKT, and MEK/ERK pathways to promote 

cell proliferation, differentiation, and survival [39]. Although 

numerous studies have investigated the key roles of these recep-

tors in the development and function of the central and periph-

eral nervous system [40], alterations in NTRK genes have been 

observed in patients with colon [41], thyroid [42,43], lung [44], 

glial [45], and breast [46] cancers. These alterations occur at rel-

atively low frequencies (<1%) among patients with each of 

these types of tumors, but NTRK-driven cancers affect numer-

ous patients, making them key therapeutic targets [47-49]. 

NTRK gene fusions have been implicated in several diseases, 

and numerous therapeutic inhibitors have been developed [50]. 

Exploring the possible effect of NTRK3 fusion on the develop-

ment of UCKT among our cohort was worthwhile. 

IKZF1 encodes a transcription factor that belongs to 

the family of zinc finger DNA-binding proteins associated 

with chromatic remodeling. IKZF1 is located on chromo-

some 7p12. IKZF1 expression was highly conserved, which 

suggests its fundamental role in the ontogeny of the lympho-

poietic system across species [51]. Ikaros genes are a major 

determinant of hematopoietic lineage, especially that of lym-

phocytes [52]. IKZF1 deletions and mutations affect B-cell 

precursor acute lymphoblastic leukemia and contribute to its 

poor prognosis [53]. Constitutional and acquired genetic 

changes in Ikaros genes have been associated with human 

diseases, including lung, ovarian, liver, and colorectal can-

cers [52,54-56]. 

Cell signaling pathways play key roles in tumorigenesis. 

Genetic and protein alterations in these pathways can modify 

cell cycle control, DNA repair, and carcinogen metabolism 

[57]. The mammalian target of rapamycin (mTOR) pathway 

is central to the development of multiple cancers, including 

UC [58]. mTOR is involved in complex signaling cascades 

that regulate cell growth and angiogenesis under both normal 

and cancerous conditions. Other key molecules involved in 

this pathway include upstream activators, such as PI3K; 

AKT; negative regulators, such as the tuberous sclerosis 

complex (TSC) 1/2; and downstream effectors, such as p70 

S6 kinase and 4EBP1 [59]. The functional roles of our can-

didate genes (GNAQ, NTRK3, and IKZF1) in these pathways 

identified through IPA require further validation. 

This study has several limitations. First, this was a ret-

rospective study with a limited sample size. Second, due to 

limitations in sample collection, all the patients in our study 

groups were female; nonetheless, this is consistent with the 

finding that most UCKT individuals in the Taiwanese popu-

lation are female [11,60]. Additional studies with larger sam-

ple sizes are required to achieve conclusive results. Third, 

the contribution of the dbSNPs were not thoroughly dis-

cussed. Lastly, functional validation is necessary to identify 

the characteristics of each of the candidate genes. 
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Conclusions 
In conclusion, we identified 17 novel mutations of BTK, 

CARD11, ELL, FNBP1, GNAQ, HOXD13, IKZF1, MAX, 

MLLT10, NTRK3, PAX5, SEPTIN6, SEPTIN9, SH3GL1, 

SLC34A2, TAL1, and TRAF7 in a group of patients with UCKT. 

Among the affected genes, GNAQ, IKZF1, and NTRK3 were 

potentially involved in the signaling network of UCKT. These 

findings could elucidate the development of UCKT and serve 

as a basis for the discovery of new potential biomarkers and the 

development of more effective treatments for UCKT.  
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