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Abstract: The incidence of upper tract urothelial carcinoma (UTUC) continues to rise in Southwestern Taiwan, de-
spite a reduction in known environmental carcinogens. This study aimed to characterize the mutational and mo-
lecular profiles of UTUC in this high-incidence region and evaluate potential therapeutic targets. We performed 
next-generation sequencing using the TruSight Oncology 500 panel on 19 formalin-fixed, paraffin-embedded UTUC 
samples. We analyzed single nucleotide variants (SNVs), insertions/deletions (INDELs), copy number variants 
(CNVs), microsatellite instability (MSI), and tumor mutational burden (TMB). MSI was stable in all cases, and 42.1% 
of samples exhibited high TMB (>20 mutations/Mb), often co-occurring with inactivation of TP53, BRCA1, or BRCA2. 
CNVs were significantly more frequent in advanced-stage UTUC (46.2%) than in early-stage disease (0%). FGFR3 
mutations were enriched in early-stage tumors (83.3%), while TP53 mutations predominated in advanced-stage 
tumors (46.2%). Notably, actionable mutations in PIK3CA, ERBB2, BRCA1, and BRCA2 occurred at higher frequen-
cies than in previously reported Japanese UTUC cohorts. Our findings reveal a distinct molecular signature of UTUC 
in Southwestern Taiwan, with early- and late-stage tumors showing divergent mutational landscapes. These insights 
emphasize the importance of molecular stratification in UTUC management and suggest that a broader repertoire 
of targeted therapies could benefit patients in this high-incidence region.
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Introduction

Upper tract urothelial cancer (UTUC) is a sub-
type of urothelial cancer (UC) that primarily 
arises in the renal pelvis. UTUC is relatively 
uncommon in the United States, representing 
approximately 5% of all UC cases [1, 2]. In  
contrast, data from the 2020 Taiwan Cancer 
Registry Annual Report documented 2,410 
newly diagnosed cases of urinary bladder uro-
thelial cancer (UBUC) and 1,752 cases of UTUC, 

indicating that UTUC accounts for nearly 42%  
of UC cases in Taiwan. A marked sex disparity 
has been o reported: the age-standardized sex 
ratio is 2.81 for UBUC but only 0.9 for UTUC. 
The highest incidence of UTUC occurs in Sou- 
thwestern Taiwan [3]. Collectively, these epide-
miological observations highlight a region-spe-
cific public health concern requiring urgent 
attention. Environmental exposures and dietary 
toxins have long been implicated in the devel-
opment of UBUC and UTUC. During the mid-20 
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century, prior to widespread implementation of 
municipal water systems, Southwestern Taiwan 
was a recognized hotspot for UBUC, primarily 
due to consumption of arsenic-contaminated 
deep well water [3, 4]. Following the introduc-
tion of municipal water infrastructure, the inci-
dence of UBUC declined in parallel with reduc-
tions in black-foot disease prevalence [5, 6]. 
Another established risk factor is aristolochic 
acid, a compound historically present in cer- 
tain herbal preparations for weight loss [7, 8]. 
Aristolochic acid is nephrotoxic, induces DNA 
adduct formation, and promotes carcinogene-
sis within the urinary tract. Although aristolo-
chic acid-containing products were banned in 
Taiwan in 2003, the incidence of UTUC has con-
tinued to rise over the past two decades, while 
UBUC incidence has declined [9]. These diver-
gent epidemiological trends suggest that aris-
tolochic acid exposure plays only a partial role 
in UTUC pathogenesis, and additional environ-
mental or dietary risk factors have not yet been 
identified.

The cornerstone of treatment for non-meta- 
static UTUC is surgical resection. Radical ne- 
phroureterectomy is recommended for high-
risk disease, whereas kidney-sparing surgery 
may be considered for low-risk tumors [10, 11]. 
Prognosis and recurrence risk depend on tu- 
mor number, size, grade, stage, and other path-
ological features [10, 11]. For advanced or  
metastatic UTUC, systemic therapy typically 
involves cisplatin- or platinum-based combina-
tion chemotherapy [10-12]. Immunotherapies 
and targeted therapies are available for select-
ed patients; however, clinical benefit is limited, 
indicating that additional mechanisms of the- 
rapeutic resistance remain to be elucidated. 
Tumor mutation burden (TMB) emerged as a 
predictive biomarker for immunotherapy res- 
ponsiveness in malignancies such as melano-
ma and non-small-cell lung cancer [13, 14]. Its 
predictive value in UTUC, however, remains 
uncertain.

Genomic profiling has revealed widespread 
alterations in advanced bladder cancer [15].  
A comprehensive report demonstrated that 
99.7% of analyzed cases harbored at least one 
genomic alteration, with an average of 6.4 al- 
terations per tumor; 93% of tumors carried at 
least one clinically actionable alteration [15]. 
The most frequent included CDKN2A (34%), 
FGFR3 (21%), PIK3CA (20%), and ERBB2 (17%) 

[15]. These findings support the potential of 
genomics to guide targeted therapies in re- 
fractory UC. 

Over the past decade, UTUC incidence in 
Taiwan - particularly in Southwestern regions - 
has risen despite the elimination of known car-
cinogenic exposures more than 20 years ago. 
Intriguingly, UTUC occurs more frequently in 
women, further suggesting a unique and as- 
yet-uncharacterized etiology. The dispropor-
tionately high incidence of UTUC in Taiwan un- 
derscores the need for systematic molecular 
investigation. Comprehensive next-generation 
sequencing assays may help identify predictive 
biomarkers and novel therapeutic targets. 

In this study, we analyzed UTUC specimens col-
lected in Southwestern Taiwan using a clinically 
validated tumor mutation panel. Genomic find-
ings were compared with previously reported 
alterations in UBUC and UTUC, including those 
from Japanese cohorts. Our results provide 
insights into the distinct molecular features of 
UTUC in Taiwan and may serve as a foundation 
for the development of improved treatment and 
patient management strategies for refractory 
cases in high-incidence regions.

Materials and methods

Ethical approval and patient recruitment

This study was approved by the Institutional 
Review Board of Ditmanson Medical Founda- 
tion Chiayi Christian Hospital (approval No. 
2020062). All procedures for specimen acqui-
sition and analysis adhered to the principles 
outlined in the Declaration of Helsinki.

Patients diagnosed with UTUC at Ditmanson 
Medical Foundation Chiayi Christian Hospital 
were recruited. The cohort consisted of 19 
patients (10 males and 9 females), including 
13 with late-stage disease (stage III-IV) and 6 
with early-stage disease (stage I-II). All patients 
underwent surgical resection, and tumor histol-
ogy was confirmed as carcinoma by board-cer-
tified pathologists. Clinical and demographic 
characteristics are summarized in Table 1.

Tissue collection and DNA extraction

Formalin-fixed, paraffin-embedded (FFPE) tu- 
mor specimens were obtained from the De- 
partment of Pathology, Ditmanson Medical 
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Table 1. Patient characterizes

Characterizes
UTUC early stage (N=6) UTUC advanced stage (N=13)

p value
No. % No. %

Age-mean ± sd 75.2 ± 6.20 67.6 ± 8.65 0.064
Sex 
    Male 5 83.3 5 38.5 0.062
    Female 1 16.7 8 61.5
Stage
    Stage I 4 66.6 0 0
    Stage II 2 33.3 0 0
    Stage III 0 0 7 53.8
    Stage IV 0 0 6 46.2
Treatment
    Curative Surgery 6 100 13 100 0.244
    Systemic treatment 1 16.7 5 38.5
Recurrent or Progression
    No 5 83.3 7 53.8 0.678
    Within 6 months  1 16.7 4 30.8
    More than one year 0 2 15.4

Foundation Chia-Yi Christian Hospital. In total, 
of 11 UBUC and 8 UTUC specimens were 
included. DNA was extracted using the Gene- 
Read DNA FFPE Kit (Qiagen, Venlo, Netherlands) 
according to the manufacturer’s protocol. DNA 
concentration was quantified using the Qubit 
dsDNA High-Sensitivity Assay (Thermo-Fisher, 
Waltham, MA USA).

Mutation analysis

Genomic alterations - including single nu- 
cleotide variations (SNVs), insertions/deletions 
(INDELs), microsatellite instability (MSI), and 
copy number variants (CNVs) - were analyzed 
using the TruSight Oncology 500 (TSO500) 
panell (Illumina, San Diego, CA, USA). Library 
preparation was performed according to the 
manufacturer’s protocol. Briefly, purified DNA 
was enzymatically fragmented, size-selected 
using the AMPure XP magnetic system (Be- 
ckman Coulter, Brea, CA, USA), and quality 
assessed via capillary electrophoresis with the 
D1000 ScreenTape Assay on a TapeStaton 
2200 analyzer (Agilent Technologies, Santa 
Clara, CA, USA). 

Fragmented DNA underwent end-repair, A-tail- 
ing, and adaptor ligation with unique molecular 
indices, followed by PCR amplification. Target 
enrichment was achieved through hybridization 
to biotin-labeled probes at 57°C for 18-24 h, 

capture with streptavidin-coated magnetic be- 
ads, and sequential washing, elution, and re-
hybridization enrichment steps. The final se- 
quencing-ready libraries were again quality-
checked and sequenced on an Illumina Nova- 
Seq 6000 platform.

Bioinformatic analysis

Gene copy number variations were analyzed 
using the TSO500 assay, a comprehensive 
panel designed to assess CNVs in genes asso-
ciated with oncogenesis (Figures S1, S2). The 
genes were selected based on their relevance 
to UTUC and their inclusion in the TruSight 
panel, which covers key genes involved in 
tumorigenesis, DNA repair mechanisms, and 
immune evasion.

Raw sequencing reads were trimmed to 100 
bp, and processed using the TSO500 Local App 
2.2. Reads were mapped to the human refer-
ence genome (hg19), collapsed using unique 
molecular indices (UMIs), and remapped. Va- 
riants were annotated to generate variant call 
format (VCF) file, which were subsequently  
visualized and classified using the Illumina 
BaseSpace Variant Interpreter. 

Microsatellite sites were assessed, and MSI 
status was reported as the percentage of 
unstable loci those detected. To filter germline 
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Table 2. Demographic data of the study cohort

No.
Early Stage UTUC Advanced Stage UTUC

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
Gender M M M F M M M M F F F F M F F F M M F

Stage 1I I I I II II III III III III III III III IV IV IV IV IV IV

TMB (nb) 5.5 62 29.8 87.7 4.7 7.2 0 3.2 11.1 12.5 26.1 33.4 43.5 5.6 5.9 8.6 11.8 29 133.7

MSI (%) 4.7 3.2 2.4 3.2 7.6 4.5 4.0 4.2 6.5 3.2 2.5 2.4 4.6 3.1 1.7 1.7 2.7 3.6 1.7

Recurrent stats (yes/no) No No No No No Yes No No No No Yes Yes No

Disease Status (CR/SD/PD) CR CR CR CR CR PD CR CR CR CR PD PD CR PD PD SD PD SD PD
CR, complete remission; No., number; SD, stable disease; PD, progress disease. TMB and MSI were calculated from the TSO500 sequencing data by using the analysis 
pipeline TSO500 local app v.2.2.

and common population variants, annotated 
variants were compared against the GnomAD 
Exome, GnomAD Genome, and 1000 Genomes 
databases. TMB was calculated as the num- 
ber of somatic mutations per megabase after 
excluding variants with a variant allele frequen-
cy (VAF) <5%. Annotation of the variants was 
performed using the ClinVar database, which 
categorizes variants based on clinical signifi-
cance and prior reports.

Statistical analysis

Statistical analysis was performed using a two-
sample t-test to compare continuous variables 
between two groups. A p-value of <0.05 was 
considered statistically significant.

Results

Characteristics of patients with UTUC

The sectioned FFPE specimens were analyzed 
using the Illumina Oncology 500 DNA panel. 
The analysis pipeline enabled the identification 
of SNVs and INDELs as well as the calculation 
of CNV, TMB, and MSI. The clinical characteris-
tics, TMB scores, and MSI status are summa-
rized in Table 2. All patients displayed stable 
microsatellite sequences, consistent with pre-
vious reports (94.7%) [16]. A high TMB (TMB 
>20) was found in 8/19 (42.1%) patients, oc- 
curring across both early and advanced sta- 
ges. igh TMB did not correlate with sex, age, or 
stage, suggesting High TMB did not correlated 
with sex, age, or cancer stage, distinct onco-
genic mechanisms between high- and low-TMB 
UTUC.

Gene copy number variations in patients with 
UTUC

The TSO500 sequencing panel and associat- 
ed analysis pipeline were used to assess focal 

amplifications in preselected genes. The results 
are summarized in Tables 3 and S1. CNV events 
were identified in six cases of advanced stage 
UTUC, while none were observed in early stage 
UTUC. Specifically, patients #11 (Stage III) and 
#12 (Stage III) exhibited CNV events with ampli-
fication of CCND1, FGF19, FGFR4, and FGFR3. 
These genes are located on the long arm of 
chromosome 11, suggesting the possibility of 
structural variation within this region. Patient 
#15 (Stage IV) demonstrated an additional 
copy amplification of ERBB2 on chromosome 
17. Similarly, patient #19 (Stage IV) exhibited 
amplification of FGFR4, but without concurrent 
amplification of neighboring FGF19 and FGFR3. 
In total, amplification of the chromosome 11 
q13 region was observed in patients #11 
(Stage III) and #12 (Stage III), and #19 (Stage 
IV). The role of this CNV event in UTUC carcino-
genesis or progression warrants further investi-
gation. In patient #8 (Stage III), simultaneous 
amplifications of NRAS, RAF1, and FGFR1 were 
detected. Patient #12 (Stage III) demonstrated 
amplification of both ERBB2 and CCND1. Lastly, 
patient #13 (Stage III) exhibited moderate MYC 
amplification. Overall, a higher percentage of 
patients with advanced-stage UTUC (6 of 13, 
46.2%) exhibited CNV events compared to 
those with early-stage UTUC (0 of 6, 0%). 

Mutations in primary therapeutic target genes

Variants annotated as pathogenic and likely 
pathogenic in ClinVar were retained for subse-
quent comparisons between the early-stage 
and the advanced-stage UTUC. Some of the 
pathogenic variants identified in this study were 
target variants for FDA-approved therapies and 
were included in the target lists of correspond-
ing companion diagnostics. These variants we- 
re located in genes such as FGFR3, BRCA1, 
BRCA2, ERBB2, and PIK3CA (Tables 4 and S1). 

https://e-century.us/files/ajcr/15/10/ajcr0168674suppltab1.xlsx
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Table 3. Copy number variant events identified in UTUC patients

No.
Early Stage UTUC Advanced Stage UTUC

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
Stage I I I I II II III III III III III III III IV IV IV IV IV IV
TMB 5.5 62 29.8 87.7 4.7 7.2 0 3.2 14 12.5 26.1 42 43.5 5.6 5.9 8.6 11.8 29 133.7
Gene Chr
NRAS 1 5.9
RAF1 3 15.9
MYC 8 4.7
FGFR1 8 24.2
CCND1 11 8.5 4.9
FGF19 11 9.4 5.9
FGFR4 11 10.1 6.1 4.6
FGFR3 11 10.6 7.7
ERBB2 17 9.2 4.7
TMB was calculated as the total number of mutations detected per megabase (Mb) of genomic DNA. Specifically, TMB was determined by divid-
ing the total number of mutations by the size of the exonic region analyzed (in megabases). Data for TMB calculation were derived directly from 
the Illumina TruSight Oncology 500 sequencing platform. No., number.

The most frequently mutated gene was FGFR3, 
with the p.(Ser249Cys) variant detected in 5 
out of 11 cases. Additionally, the p.(Ser373Cys) 
variant in FGFR3 was identified in patient #4 
(Stage I). Notably, FGFR3 mutations were more 
prevalent in early-stage UTUC than in advan- 
ced-stage UTUC (83.3% vs. 8.7%, respectively). 
Other common mutations included the ERBB2 
mutation and PIK3CA activation mutations, 
each found in two cases (10.5% of patients). 

Pathogenic variants in tumor suppressors

In addition to mutations targeted by therapies, 
this study also identified loss-of-function muta-
tions in tumor suppressor genes. The most 
common of these were pathogenic and likely 
pathogenic variants of TP53. Six out of the 13 
advanced-stage UTUC cases (46.2%) harbored 
TP53 mutations, while only one out of six early-
stage UTUC cases (16.7%) exhibited a TP53 
mutation (Tables 5 and S1). A premature ter- 
mination mutation in TSC1 was identified in 
one case, and a PTEN mutation was detected 
in another.

In addition to TP53, other loss-of-function 
mutations in cancer suppressor genes, in- 
cluding BRCA1/BRCA2, TSC1 and PTEN, were 
observed in this study. When pooling these 
cases, we found that inactivation of these five 
tumor suppressor genes was strongly correlat-
ed with a high tumor mutational burden (Figure 
1).

Discussion

The incidence of UTUC in Taiwan has been 
steadily increasing over the past decade, par-
ticularly in certain southwestern townships. 
This study identifies genomic aberrations spe-
cifically associated with UTUC, highlighting vari-
ations in pathogenic variants of tumor suppres-
sor genes between early and advanced stages 
of the disease. A strong correlation was found 
between the inactivation of these genes and a 
high TMB. In patients with advanced-stage 
UTUC, there was an increase in the copy num-
bers of several genes, including NRAS, RAF1, 
MYC, FGFR1, CCND1, FGF19, FGFR4, FGFR3, 
ERBB2, and CCND1, which were not observed 
in early-stage patients. Additionally, no patients 
exhibited MSI, suggesting that DNA mismatch 
repair mechanisms remain functional in both 
early and advanced UTUC cases, consistent 
with findings from previous genomic studies of 
UBUC and UTUC [15-17].

A large genomic analysis study of UTUC in Japan 
identified the most common mutations as TP53 
(37.3%), FGFR3 (35.2%), and RAS (15.1%) [17]. 
The TP53 mutation was predominantly found in 
invasive UTUC (80% of 75 cases), while FGFR3 
was more commonly associated with non-inva-
sive UTUC (75.7% of 70 cases). In our study of 
UTUC samples from Southwestern Taiwan, the 
most frequent mutation was TP53 (36.8%), 
which was primarily found in advanced-stages 
cases (85.7% of 7 cases). The second most 

https://e-century.us/files/ajcr/15/10/ajcr0168674suppltab1.xlsx
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Table 4. Therapy-targeted pathogenic variants identified in the study cohort

No.
Early Stage UTUC Advanced Stage UTUC

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
Stage I I I I II II III III III III III III III IV IV IV IV IV IV
TMB 5.5 62 29.8 87.7 4.7 7.2 0 3.2 14 12.5 26.1 42 43.5 5.6 5.9 8.6 11.8 29 133.7
Gene
FGFR3 (%) c.1117A>T 43.1
FGFR3 (%) C746C>G 29.7 19.0 43.2 87.3 52.5
BRCA1 (%) C1138C>T 22.5
BRCA2 (%) C771_775del 24.1
PIK3CA (%) C1624G>A 36.5
PIK3CA (%) C1633G>A 35.1
ERBB2 (%) C929C>T 9.20 4.70
TMB was calculated as the total number of mutations detected per megabase (Mb) of genomic DNA. Specifically, TMB was determined by dividing the total number of mutations by 
the size of the exonic region analyzed (in megabases). Data for TMB calculation were derived directly from the Illumina TruSight Oncology 500 sequencing platform. No., number.

Table 5. Pathogenic variants in tumor suppressors identified in the cohort

No.
Early Stage UTUC Advanced Stage UTUC

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
Stage I I I I II II III III III III III III III IV IV IV IV IV IV
TMB 5.5 62 29.8 87.7 4.7 7.2 0 3.2 14 12.5 26.1 42 43.5 5.6 5.9 8.6 11.8 29 133.7
Gene (%) HGVSC
TP53 c.193A>T 14.8
TP53 c.326T>G 54.9
TP53 c.452C>G 18.5
TP53 c.614A>T 64.9
TP53 c.743G>A 39.0
TP53 c.840A>T 39.2
TP53 c.854A>T 42.6
TSC1 c.866C>G 20.9
PTEN c.103A>G 17.1
BRCA1 c.1138C>T 22.5
BRCA2 c.771_775del 24.1
TMB was calculated as the total number of mutations detected per megabase (Mb) of genomic DNA. Specifically, TMB was determined by dividing the total number of mutations by 
the size of the exonic region analyzed (in megabases). Data for TMB calculation were derived directly from the Illumina TruSight Oncology 500 sequencing platform. No., number.
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common mutation was FGFR3 (31.6%), which 
was predominantly observed in early-stage 
cases (83.3% of 6 cases). 

In addition to mutations in FGFR3, ERBB2, and 
PIK3CA, we also observed one instance each  
of BRCA1 and BRCA2 loss-of-function muta-
tions, suggesting a potential defect in homolo-
gous recombination repair. This finding war-
rants further investigation to assess its clinical 
relevance (Table 4). Other mutations commonly 
found in Japanese UTUC, such as CCND1, RAS, 
MET, were also detected in our samples, th- 
ough at a lower frequency (5-10% of cases, 
respectively). Additionally, we identified genetic 
alterations that are commonly associated with 

UBUC, including PIK3CA, ERBB2, BRCA1, and 
BRCA2. These alterations occurred more fre-
quently in our UTUC samples than previously 
reported, with an incidence of 10.5% in our 
cohort [15]. These genetic findings may help 
explain the higher incidence of UTUC in South- 
western Taiwan compared to other countries. 
The CNV analysis revealed that a higher propor-
tion of advanced-stage UTUC cases exhibited 
at least one CNV event compared to early-stage 
UBUC cases. Specifically, CNV events were 
more prevalent in advanced-stage (stage III 
and IV) disease, suggesting that copy number 
gains may represent a later event in oncogene-
sis and could be associated with increased 
aggressiveness and metastasis. Notably, two 
patients with UTUC exhibited ERBB2 amplifica-
tion, a known marker of poor outcomes in UTUC 
[18]. Although anti-HER2 therapy has been re- 
ported to be ineffective in unselected patient 
populations, it may offer therapeutic benefits  
in HER2-positive or ERBB2-amplified patients 
[19]. In our study, six patients exhibited the 
FGFR3 activation mutation, with the majority of 
these cases being early-stage UTUC. This result 
is consistent with the Japan study by Fujii et al. 
[17], who classified UTUC into five mutation 
subtypes: hypermutated, TP53/MDM2, RAS, 
FGFR3, and triple-negative. In their cohort, 35% 
of patients with UTUC carried FGFR mutations, 
with FGFR3 mutations being predominantly 
associated with non-invasive UTUC (75.7%) 
[17]. Clinically, Erdafitinib is an FDA-approved 
targeted therapy for FGFR2/3-altered meta-
static urothelial cancer [20]. While non-invasive 
or early-stage UTUC can often be cured by sur-
gical treatment, the FGFR3 mutation may have 
clinical significance for adjuvant therapy. A 
phase 3 study is currently underway to evaluate 
the therapeutic effects of anti-FGRF agents in 
urothelial carcinoma [21]. 

In our study, BRCA1 and BRCA2 mutations 
were identified in two patients with advanced-
stage UTUC. The use of PARP inhibitors, either 
alone or in combination with standard chemo-
therapy, has been evaluated in various clinical 
trials [22]. The ATLANTIS trial demonstrated 
that PARP inhibitors [23] are effective in extend-
ing progression-free survival in patients with 
metastatic urothelial carcinoma when used as 
maintenance therapy. Additionally, two patients 
with UTUC were found to have targetable 
PIK3CA mutations, specifically p. (Glu542Lys). 

Figure 1. Pathogenic variants in tumor suppressors 
are correlated with higher TMB.



UTUC’s molecular signature varies from UBUC’s

4367	 Am J Cancer Res 2025;15(10):4360-4370

PI3K inhibitors have been approved for the 
treatment of metastatic estrogen receptor-pos-
itive breast cancer with PIK3CA hotspot muta-
tions [24, 25]. However, the efficacy of PI3K 
inhibitors in metastatic urothelial carcinoma 
remains unestablished. Furthermore, two addi-
tional patients carried an ERBB2 mutation. 
This mutation, located in the HER2 extracellu-
lar domain, promotes the formation and activa-
tion of the HER2-EGFR heterodimer [26]. An in 
vitro study demonstrated that anti-HER2 treat-
ment can inhibit the growth of UC cell lines in  
a xenograft mice model, suggesting potential 
clinical benefits [27]. Although PARP inhibitors, 
anti-HER2 treatment, and PI3K inhibitors have 
not yet been approved by the FDA for the treat-
ment of UBUC and UTUC, case studies suggest 
that these therapies may offer clinical benefits 
to patients harboring the targeted mutations.

In our study, as well as in others, TP53 muta-
tions were the most frequently occurring loss-
of-function mutations in tumor suppressor ge- 
nes. These TP53 mutations were identified in 
seven UTUC patients; however, effective treat-
ment options for this group remain limited. 
Additionally, one patient was found to harbor a 
PTEN mutation, which was annotated as either 
likely pathogenic or pathogenic. PTEN inactiva-
tion mutations are commonly observed in vari-
ous solid tumors and contribute to increased 
downstream activity of the mTOR pathway. An- 
other patient exhibited a TSC1 premature ter-
mination mutation. TSC1 is a tumor suppressor 
that inhibits mTOR activity, and activation of the 
mTOR pathway has been implicated as a fre-
quent event in urothelial carcinoma [28, 29]. 
These findings are consistent with previous 
reports, suggesting that increased mTOR activ-
ity may play a key oncogenic mechanism about 
development of urothelial carcinoma.

In our results, therapy-directed mutations were 
independent of the increase in TMB. However, 
inactivation of tumor suppressor genes was 
strongly correlation with high TMB (Figure 1). 
Both BRCA1/2 and TP53 are involved in re- 
sponse pathways initiated by double-stranded 
DNA breaks (DSBs). Loss-of-function mutations 
in these DSB repair pathways could contri- 
bute to the accumulation of mutations in the 
genome. On the other hand, TSC1 and PTEN 
negatively regulate the activity of the mTOR 
complex. While mTOR promotes cell growth, its 

direct role in pathways leading to increased 
genome mutations remains unclear. Whether 
increased mTOR activity is merely correlational 
or causative in TMB accumulation requires fur-
ther investigation.

Systemic chemotherapy, including gemcitabine, 
cisplatin, carboplatin, doxorubicin, methotrex-
ate, and vinblastine, is commonly used to treat 
locally advanced or metastatic urothelial carci-
noma. For patients unable to tolerate cisplatin 
or platinum-based therapies, carboplatin-gem-
citabine is an alternative regimen [10, 11]. 
Additionally, immune checkpoint inhibitors su- 
ch as pembrolizumab, nivolumab, and avelum-
ab are widely used [10, 11]. Pembrolizumab is 
recommended for those who cannot undergo 
chemotherapy due to intolerance [30]. Atezoli- 
zumab is used as adjuvant therapy for PD-L1 
positive tumors [31], while avelumab serves as 
maintenance therapy for patients without dis-
ease progression following chemotherapy [32]. 
These inhibitors are approved for treating uro-
thelial carcinoma that has progressed during or 
after platinum-based chemotherapy, or within 
12 months of neoadjuvant or adjuvant plati-
num-containing chemotherapy, regardless of 
PD-L1 expression levels [33]. For patients who 
do not respond to or fail immunotherapy, sec-
ond-line erdafitinib has shown positive clinical 
responses in approximately one-third of pa- 
tients with FGFR2/FGFR3 variants or FGFR3 
fusions [34, 35]. Other second-line treatment 
options include enfortumab vedotin, an anti-
body-drug conjugate targeting nectin-4 [36, 
37], and vinflunine, a microtubule inhibitor [38]. 
For patients with locally advanced or metastat-
ic urothelial carcinoma who do not respond to 
these treatments, we recommend comprehen-
sive tumor mutation panel examinations us- 
ing next-generation sequencing. This approach 
may help identify potential therapeutic agents 
for disease control.

Despite the limited sample size in this study, 
the results revealed significant differences in 
oncogenic and actionable mutations between 
early-stage and advanced-stage UTUC. This 
finding suggests that the molecular signature 
and underlying oncogenic mechanisms of UT- 
UC may differ from those typically observed in 
UBUC or in UTUC from other geographic regions. 
Although the precise etiological mechanisms 
underlying UTUC remain unclear, it is possible 
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that some causative mutations were not cap-
tured by the panel used in this study. Expanding 
the scope of our research to include additional 
somatic mutations, as well as abnormal RNA 
expression and fusion events, may prove criti-
cal. Further investigation is warranted to eluci-
date the underlying etiological mechanisms 
and identify potential therapeutic approaches 
for patients with UTUC from the hotspot region 
of Taiwan, particularly Southwestern Taiwan.

In conclusions, only a subset of patients bene-
fits from immunotherapy and targeted thera-
pies, suggesting that other molecular mecha-
nisms may contribute to treatment resistance. 
Our study found that FGFR3 mutations are 
more prevalent in early-stage UTUC than in 
advanced-stage disease, while TP53 mutations 
are more common in advanced UTUC - a pat-
tern that diverges from urothelial carcinoma of 
the bladder. Additionally, we observed a hig- 
her incidence of genetic alterations such as 
PIK3CA, ERBB2, BRCA1, and BRCA2 compared 
to the Japanese UTUC study. While these find-
ings could inform treatment strategies and pre-
vention efforts for UTUC, more extensive stud-
ies are needed for further investigation these 
molecular mechanisms and their clinical im- 
plications.
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Figure S1. The list of target genes covered by Illumina TruSight Oncology 500 assay.
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Figure S2. The list of fusion events covered by Illumina TruSight Oncology 500 assay.


