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Abstract: Background: The incidence of biliary system cancer is higher in the Chinese population than in the West.
The overall prognosis of gallbladder cancer and cholangiocarcinoma is poor, and the current treatment is limited. In
order to explore the pathogenesis of biliary tract cancers and potential targeted therapies, we mapped the mutation
landscape of biliary tract cancer in the Chinese population and analyzed the molecular mechanism related to prog-
nosis. Methods: A total of 59 formalin fixed paraffin-embedded (FFPE) tissue samples were obtained from patients
with operable biliary tract cancer. We conducted targeted capture sequencing of 620 genes through high-through-
put sequencing technology and analyzed the fusion information of 13 genes. Results: Mutations were detected in
88% samples, and the most frequent mutation base was C>T. Genes with higher single nucleotide variations (SNV)
and copy number variations (CNV) frequency are TP53, KRAS, ARID1A, VEGFA, cyclin family related genes and
cyclin-dependent kinase genes. Actionable mutations were detected in 59.3% samples, and germline mutations
were detected in 22% samples. Patients with KRAS mutations, VEGFA pathway mutations and higher tumor muta-
tion burden (TMB) may have poor prognosis. Conclusions: We explored the mutation characteristics and prognostic
mechanism of biliary tract cancers in the Chinese population. This study provides potential evidence for targeted

therapy and immunotherapy of biliary tract cancers.
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Introduction

Biliary Tract Cancer (BTC) is a malignant tumor
originating from the gallbladder and bile duct
epithelium, including gallbladder cancer (GBC),
intrahepatic cholangiocarcinoma (ICC) and ex-
trahepatic cholangiocarcinoma (ECC). ECC con-
sists of hilar cholangiocarcinoma and distal
cholangiocarcinoma [1]. In Western countries,
the incidence of cholangiocarcinoma is low, wi-
th an annual incidence of 0.35-2 per 100,000
[2]. In Asian countries, the incidence of cholan-
giocarcinoma is several times higher than that
in Western countries. Gallbladder cancer is
closely related to cholelithiasis and chronic
cholecystitis, accounting for more than 80% of
biliary system cancers. The global incidence of
gallbladder cancer is 220,000, and the num-
ber of deaths is about 165,000 in 2018. In
China, the incidence and mortality of gallblad-

der cancer are 52,800 and 40,700, and the
morbidity and mortality are ranked 19th and
12th, respectively [3, 4].

Regardless of location, BTC has potentially
high transfer and invasion ability. Due to its
anatomical location and distribution along the
bile duct, it is difficult to remove completely by
surgical resection. Even if it is diagnosed at an
early stage, BTC is associated with poor prog-
nosis [5, 6]. Unfortunately, most BTC patients
are diagnosed with advanced disease at their
first visit and cannot be treated surgically. The
5-year survival rate of these patients is extre-
mely low, about 10% for cholangiocarcinoma
and less than 5% for gallbladder cancer [7-9].

There are no molecular markers related to clini-
cal diagnosis, but drugs targeted to IDH1 and
FGFR1/2/3 have shown superior performance
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Table 1. Characteristics of patients with BTC

cent years. In order to explore the
molecular mechanism of BTC and

Characteristic Total (n=59) (ﬁZ{-);”gtgfo) (T]Z;?ultf_t;/:) the population that would benefit
Age, median 57.2 (34-75) 56 65 from targeted therapy, we sequeq-
Vile gender 3 o@ie)  auay o4 620 genes relted o tmork
Female gender 26 23 (88.5) 3(11.5)
ECOG Materials and methods
0 9 8 (88.9) 1(11.1)
1 26 23(88.5) 3(11.5) Clinical samples
2 12 10 (83.3) 2 (16.7) ) )
Unknown 12 11 (91.7) 1(8.3) We collected 59 surgical tissue
Cancer type samples. .of BTC from Egstern
Hepatobiliary Surgery Hospital of
Cholangiocarcinoma 42 37 (88.1) 5(11.9) the Second Military Medical Uni-
Gallbladder cancer 17 15 (88.2) 2(11.8) versity (Shanghai, China). Accor-
Stage ding to WHO 2015 classification
I 1 1 (100) 0 (0) criteria, the tumor samples includ-
I 7 5(71.4) 2 (28.6) ing 17 cases of gallbladder can-
I 14 12 (85.8) 2(14.2) cer and 42 cases of cholangiocar-
v 21 21 (100) 0(0) cinoma. All tissue samples were
Unknown 16 13 (81.3) 3(18.7) paired with blood samples to rule

recently [10-12]. The phase Il clinical trial
ClarIDHy demonstrated IDH1 inhibitor Ivosi-
denib improved the medium progression free
survival (lvosidenib 2.7 months vs. placebo 1.4
months) of patients with ICC who have been
treated by chemotherapy [13]. FGFR2 target
drugs such as infigratinib, derazantinib and
TAS-120 showed good efficacy and controllable
toxicity in phase Il study [10-12]. The disease
control rate of Infigratinib, a tyrosine kinase
inhibitor, as a second-line drug for FGFR2
fusion-positive patients with advanced cholan-
giocarcinoma was 75.4% [12]. Irreversible pan-
FGFR inhibitor, TAS-120, inhibited secondary
mutations of FGFR2 and have efficacy in four
patients with FGFR2-fusion-positive ICC who
developed resistance to BGJ398 or Debio1347
[10]. On April 17th, 2020, the U.S. Food and
Drug Administration (FDA) approved pemiga-
tinib for FGFR2 fused cholangiocarcinoma and
grants priority review to a variety of FGFR in-
hibitors for their superior efficacy. The patho-
genesis of BTC is still unclear. Several previous
studies [14-16] have presented common gene
mutation spectrums in BTC in Japanese and
western populations. Few studies outline geno-
mic mutation characteristics of such tumors in
the Chinese population. The next-generation
sequencing with high throughput and high effi-
ciency can perform parallel detection on multi-
ple genes, which has been widely used in re-
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out nonpathogenic germline muta-
tions. Follow-up data of 26 sam-
ples were obtained from Eastern Hepatobiliary
Surgery Hospital of the Second Military Me-
dical University. The clinical features included
sex, age, tumor location, TNM stage, ECOG
score and other information that are presented
in Table 1. All the patients in our study signed
an informed consent.

Library building and sequencing

DNA was extracted from FFPE-fixed tumor tis-
sue or peripheral blood using QlAamp DNA
FFPE Tissue Kit (Qiagen). NimbleGen SeqCap
EZ choice capture panel was used to capture
the coding region of 620 genes (Supplemen-
tary Table 1) and the splicing sites. The DNA
libraries were built according to the procedure
of KAPA Hyper Prep protocols (KAPA). The final
libraries were sequenced on the lllumina Novo-
seq6000 (PE150) sequencer, and the original
FASTQ file was obtained. The final libraries
were sequenced by Illumina Novoseq6000
(PE150).

SNV and indel calling

Trimmomatic was used to filter the sequen-
ced FASTQ files, and Burrows-Wheeler Aligner
(BWA) was used to align the reads with the ref-
erence genome GRCh37 (hgl9). Duplicates
generated by PCR were removed by SAMtools.
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SNVs were called by Mutect2 with a paired
workflow. ANNOVAR was used to annotate the
variants. We filtered the obtained SNVs accord-
ing to the following conditions: (1) base quality
value >20; (2) mutation reads depth >4; (3)
variant allele frequency >1%; (4) reads support-
ing variation <4 in normal, tumor abundance/
normal abundance =8; (5) no strand bias (GATK
parameter FS >60 for SNP and FS >200 for
indel); (6) discard synonymous mutations; (7)
variation not in the dbSNP database.

Copy number variation (CNV) analysis

When the dispersion is normal, we set the cut-
off values for CNV as 1.5 and 0.5 copies. It is
regarded as copy number amplification when
the value is larger than 1.5, and it is regarded
as copy number deletion when the value is
smaller than 0.5.

TMB calculating

TMB is defined as the number of SNV muta-
tions per megabase. We kept mutations with
mutation frequency >5% and removed synony-
mous mutations.

Driver mutation analysis

Driver genes were identified using oncodrive-
CLUST software, which is based on mutation
frequency. The loss-of-function (LoF) gene mu-
tations in the coding region were used as back-
ground. Gain-of-function (GoF) gene mutations
were analyzed as key points.

Germline variant calling

Filter germline variants were obtained by GATK
according to the following conditions: (1) muta-
tion depth >50; (2) variation frequency >30%;
(3) discard synonymous mutations; (4) popula-
tion frequency <1/1,000 in EXAC, 1,000 geno-
me and other database; (5) according to the
Clinvar database, we reserved the splicing,
stop-gain, frameshift, or (likely) pathogenic
variants.

Survival analysis

All the analysis and graphs were based on R
software. The survfit and survdiff functions
in R were used to generate Kaplan-Meier sur-
vival curves and calculate the P value of the
log-Rank test. Genes with more than 4 muta-
tions were included in the survival analysis.
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Results
Mutation signature

Target capture sequencing was conducted in all
59 BTC samples, with an average sequencing
depth of 2,500X. At least one mutation was
detected in 88% of tumor samples. In total, we
identified 853 somatic mutations, including
736 SNVs and 99 indels. Among all the muta-
tions, there were 649 missense, 77 nonsense,
78 frameshift, and 7 splicing mutations. The
overall SNV mutation rate was 55.66 muts/Mb,
and the Indel mutation rate was 7.49 muts/Mb.
The mutation rates of cholangiocarcinoma and
gallbladder cancer were 30.25 muts/Mb and
25.41 muts/Mb, respectively. In this study, C>T
was found to be the most common type of
mutation, accounting for 62.4% of all SNVs
(Figure 1A). Non-negative matrix factorization
(NMF) was used to identify mutant signatures
of BTC. This analysis identified two different sig-
natures: signature A is characterized by (A/C/
T/G) CG> (A/C/T/G) TG, and signature B is char-
acterized by TC (A/C/T) <TG (A/C/T) and TC
(A/T/C/G) <TT (A/T/C/G) (Figure 1A). We com-
pared the identified signature with the COSMIC
signature and found that signature A is similar
to COSMIC signature SBS1 and SBS6 (cosine
similarity is 0.66 and 0.68 respectively), and
that signature B is similar to COSMIC SBS13
(cosine similarity is 0.78) (Figure 1B).

We profiled the somatic mutation maps of BTC
(Figure 2A). A total of 603 genes were mutated
in all BTC samples, and most of the gene muta-
tions appeared at least in one sample. We
found 47% of all 59 patients harbored the TP53
mutation, significantly higher than previously
reported (33%, 26%) [15, 16]. The mutation fre-
quencies of TP53 in cholangiocarcinoma and
gallbladder cancer were 43% and 80%, respec-
tively (Figure 2B, 2C), and both are higher than
previously reported. TP53 gene mutations had
no hot spot, but were mainly in the DNA binding
domain (Figure 3). In previous reports, KRAS,
with mutation frequency ranging from 5% to
18%, was the gene with the second most sig-
nificant number of mutations after TP53 [15-
17]. In this study, the KRAS mutation frequency
was 19%, and the frequencies in cholangiocar-
cinoma and gallbladder cancer were 24% and
13%, respectively (Figure 2B, 2C). We used
oncodriverCLUST to analyze the possible driver
genes and found that KRAS and IDH1 muta-
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Figure 1. Mutational signatures. A. Mutational signatures identified in BTC. Two mutational signatures were detect-
ed in 59 patients’ tumor samples with BTC. B. Identified signatures compared to the COSMIC signatures. The two
mutational signatures detected in the 59 BTC samples were compared with the corresponding COSMIC signatures
determined by cosine similarity: signature A is similar to SBS1 (cosine similarity =0.66) and SBS6 (cosine similarity
=0.68); signature B is similar to SBS13 (cosine similarity =0.78).

tions were driver mutations (Supplementary
Table 3).

In addition to the above genes, other frequently
mutated genes in this study included ARID1A,
KMT2C, ATM, BRCA2, PBRM1, SMARCA4 et al.
We estimated that ARID1A was mutated in 17%
of all patients in this study, slightly higher than
that was recorded in the COSMIC database
(12%). The proteins encoded by the ARID1A,
ARID1B, PBRM1 and ARID2 genes are all parts
of the large ATP-dependent chromatin remodel-
ing complex SNF/SWI. ARID1A is the largest
subunit in the SWI/SNF chromatin remodeling
complex, which has activities of helicase and
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ATPase, and regulates transcription by chang-
ing the chromatin structure of specific genes
[18].

Copy number variation (CNV)

CNV is one of the driver factors of carcinogen-
esis and can directly affect gene transcription
and protein expression. In this study, CNV was
calculated based on the relative coverage of
tumor samples and normal samples. We used
GISTIC2.0 to analyze statistically significant
local amplifications or deletions, and found that
CNV occurred in 35.6% of patient samples
(Figure 4A). Frequently amplified or deleted

Am J Transl Res 2022;14(7):4990-5002



4994

A
20 I Altered in 46 (88.5%) of 52 samples.
10 =
I [ l-_II—__II_—_ [ 0 10 20 30
‘115 0 1 [ I O O P;S\CSS _— [
17% i T | ARIDIA mm
10% Il [ | [ | KMT2: [ ]
g B == = BEn QHVICAZ -
8% | | BRM1 1
8% | | | | | | || SMARCA4 m
7% wu HH | MT2D L1}
7% mm || ARID2 u
7% H N | PRKD -
7% M N | | | PTPRS -
7% B | | EPHA2 w
7% | | BCLAF1 n
7% M . [ | | CDKN2A -
7% | | | ELF3 "
7% | | || | | NOTCH2 -
7% | | SMAD4 1
1% | | STK11 1
Vm - = e =
5% M [ | ARHGAP35 m
L § = = SEEE e
5% 1 m ] m_ LG "
5% | || I DH1 ]
5% H EE MAP2K1 [ ]
5% H W || PTPRD L]
5% | | RECQL4 ]
. - e
300 - ] FATT u
3% . CARD11 u
3% B | Ux1 [ ]
3% - JAK2 1
= B - = e
305 = = ACS '
3% -— ZFHX3 n
3% | | | NK3 L]
Translation Start Site Frame Shift Ins In Frame Ins Nonsense Mutation
M Missense Mutation [l Frame Shift Del [l In Frame Del Splice Site
B Altered in 31 (83.78%) of 37 samples.
98
0 -____-—_II--__—-_-_- ——
P53 ---------------- 43%
KRrRAS Il | ] 24%
ARID1A Bl 1 ] 22%
SMARCA4 | ] 14%
ATM ] ] 11%
BCLAF1 | | | 11%
BRCA?2 ] 11%
CDKN2A B 11%
Pipled | | ] 11%
NOTCH2 || | 11%
PBRM1 H B Bl 11%
PTPRS | 1%
ARHGAP35 | ] 8%
cIc 8%
ELF3 | ] B H 8%
EPHAZ | ] | ] 8%
IDH1 | ] B %
KMT2D 8%
NCOR2 || 3%
PRKDC | ] 8%
- L"'SSE"SE—M”“’",““ = In_Frame_Del Figure 2. Somatic SNV and indel
= Nonsense_Mutation = In_Frame_Ins 5 .
= Frame_Shifi_Del = Splice_Site mutations of BTC. A. Somatic muta-
® Frame_Shifl_Ins ® Multi_Hit tion landscape of SNV and indel in
C Altered in 15 (100%) of 15 samples. patients with Biliary Tract Cancers.
273 Waterfall plots showing the frequency
and types of TOP 40 somatic SNV and
. » indel mutations found in 52 BTCs with
0 — mutations. B. Somatic mutation land-
ARJTDsz =----------- 12::“ ._ scape of SNV and indel in patients
ArRp2  EHIE 13% [l with cholangiocarcinoma. Waterfall
CT[’)",(,"E;- - | }g; = plots showing the frequency and
LG | types of TOP 20 somatic SNV and in-
ngﬁg [ | - 1;; = del mutations found in 37 cholangio-
pucsca . o ] carcinoma with mutations. C. Somatic
stk | [l | BN | mutation landscape of SNV and indel
ABCC6 7% . .
GPATOHS = 70 = in patents with gallbladder cancer.
PFKP | % Waterfall plots showing the frequency
e = el and types of TOP 20 somatic SNV and
TPRGT ] % 1 indel mutations found in 15 gallblad-
e = s = der cancers with mutations. Each col-
ZFHX3 ] £ | umn represents one patients’ sample
ZNF407 . 7% 1 and each row represents a feature.
= Missense_Mutation = Frame_Shift_Ins From top to bottom, the name and the
m Nonsense_Mutation m In_Frame_Del
e Dol = it mutated frequenc_y of each gene are
= In_Frame_Ins given. A color key is at the bottom.
Am J Transl Res 2022;14(7):4990-5002

The mutation landscape of biliary tract cancer




The mutation landscape of biliary tract cancer

TP53 : [Somatic Mutation Rate: 47 46%]
NM_000546

L43 Maddelins CNGX
A138VY_K130del
R175H
RI74W
M243fs

G245y

P3Gfs
Q3
® RG6SX
e Q104X
& Y126U05"41
K132N
P152L
@ A159Y
@ Q19X
» R2EL
V216M
1232F
« M237
* R2480Q
29175
® R2B0T/K
& K201X
& R306X

- = i
T

T T T 1
0 100 200 300 393

« Frame_Shifi_Ins Missense_Mutstion
& Nonsense_Mutstion In_Frame_Cel
© Frame_Shift_Del

Figure 3. Mutation sites of TP53. Distribution of spot mutations on full length TP53 gene with a bar code represent-
ing their frequency was presented. Twenty-eight of 59 BTC patients’ samples were identified with TP53 mutated
spots. No hot spot was found, and mutations were mainly in the DNA binding domains. A color key is at the bottom.

genes included vascular endothelial growth important role in regulating cell proliferation,
factor A encoding gene VEGFA, cyclin family growth and differentiation. Mitogen activated
genes (CCND1, CCND2, CCND3), cyclin depen- protein kinase (MAPK) can promote vascular
dent kinase genes (CDK12, CDK®6), cyclin endothelial cell proliferation and neovascular-
dependent kinase inhibition genes (CDKN2A, ization, which can provide more nutrients for
CDKN2B), Erb-B2 receptor tyrosine kinase tumors, accelerate tumor growth, and promote
encoding gene ERBB2 and other genes such as the spread of cancer cells [22].

MYC, MDM4, MDM2.
Germline variants in BTC patients

Statistical analysis showed that the chromo-

some segments that are more prone to amplifi- In order to explore the genetic characteristics
cation and deletion were 6p21.1 and 5035.3, of cancer in the biliary system, we analyzed
respectively (Figure 4B). The 6p21.1 region germline mutations in 61 genes (Supplemen-
occurs in a variety of cancer types in Chinese tary Table 2) associated with genetic suscepti-
population, including lung cancer and esopha- bility. Germline mutations in BTC have been
geal cancer, and is also associated with various reported in several studies, and the reported
familial genetic diseases such as hypertension detection frequency is 10%-20% [23]. Germline
and atherosclerosis [19]. CNV in the 5g35.3 mutations were found in 13 (22%) patients’
region is relatively rare and has been reported samples in this study. Each germline mutation
in pancreatic cancer [20]. was detected in only one patient sample, and
most of them were truncated, frameshift or
Pathway enrichment analysis splicing variations with high evidence of patho-
genicity. Germline mutations are mostly DNA
In order to explore the molecular mechanism of damage repair related genes, such as Lynch
BTC, KEGG pathway enrichment analysis was syndrome related mismatch repair genes
used to enrich somatic mutant genes into MLH3, MSH6 [24, 25], nucleotide excision
important signaling pathways. Among these repair gene ERCC4, DNA single-strand damage
pathways, the tumor associated signal path- repair gene XRCC1. Germline mutations have
ways with frequent gene mutations are PI3K- also occurred in other genes including POLD1,
Akt, MAPK and Ras signaling pathways (Figure XRCC1, IKZF1, ERCC4, TLR4, EPPK1, CDKN1A,
5). PI3K-AKT signaling pathway (Supplementary NCOA3 and FGFR1. So far all these mutation
Figure 1A) not only regulates tumor cell prolif- nucleotide sites above have not been reported
eration, but also is closely related to tumor in biliary tract cancers (Table 2).
angiogenesis [21]. The Ras-Raf-MAPK signal
transduction pathway (Supplementary Figure Survival impacts of molecular characteristics
1B) is involved in the signal transduction of vari-
ous activated growth factors, cytokines, mito- To analyze the relationship between molecular
gens and hormone receptors, and plays an characteristics and prognosis, we obtained sur-
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Figure 4. Somatic copy number variation (CNV) spectrum of BTC. A. Waterfall plots showing the frequency and types
of the TOP 28 somatic CNV found in BTC. Each column represents one of the 59 BTC samples and each row repre-
sents a feature. From top to bottom, the name and the mutated frequency of each gene are given. A color key is at
the bottom. B. CNVs concentration region of 59 BTC patients on the chromosome.

vival information of 26 patients and plotted
Kaplan-Meier survival curves by univariate
analysis. Patients with KRAS mutations had
worse median overall survival (0S, 108 d vs.
320.5 d, p=0.00057) (Figure 6A) among all
patients in this study. We also compared the
effects of mutations in various signaling path-
ways on survival and found that gene muta-
tions in the VEGFR signal pathway had a sig-
nificantly negative impact on OS (144.5 d vs.
324.5d, p=0.0077) (Figure 6B). In addition, we
analyzed the correlation between TMB and sur-

4996

vival in stage IV patients. Patients whose TMB
was higher than the median TMB had worse
prognosis than those below (172.5 d vs. 474 d,
p=0.05) (Figure 6C).

Discussion

We identified some molecular characteristics
of biliary tract cancers through targeted cap-
ture sequencing. Among all the mutated bases,
C>T bases accounted for the largest propor-
tion, which is consistent with previous reports

Am J Transl Res 2022;14(7):4990-5002
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Figure 5. Signal transduction pathway enrichment. Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses
were conducted using the clusterProfiler package of R software. P value <0.05 was set as the cutoff criterion. The
tumor associated signal pathways with frequent gene mutations are PI3K-Akt, MAPK, and Ras signaling pathways.

[15-17]. The mutation signatures were similar
to COSMIC signature SBS1, SBS6 and SBS13.
Signature SBS1 is an endogenous mutation
process, triggered by spontaneous or enzymat-
ic deamination of 5-methylcytosine to thymine,
resulting in G:T mismatch in double-stranded
DNA. Failure to detect and eliminate these mis-
matches before DNA replication always causes
C to replace T. Signature SBS6 is associated
with  DNA mismatch repair deficiency, and
often occurs in microsatellite unstable tumors.
SBS13 is related to the cytosine deaminase
activity of the AID/APOBEC family which may be
caused by the replication of the basic site gen-
erated by the error-prone polymerase (such as
REV1) during base excision and repair of uracil
[26]. Series of DNA damage and repair deficien-
cy may be the internal cause of biliary tract
cancers.

TP53 encodes a tumor suppressor protein
which contains transcriptional activation, DNA
binding and oligomeric domains. The protein
encoded by TP53 responds to various cell
pressures, regulates target gene expression,
and thereby induces cell cycle arrest, apopto-
sis, aging, DNA repair or metabolic changes.

4997

TP53 mutations are ubiquitous in many cancer
types, most of which are frameshift or non-
sense mutations that lead to protein inactiva-
tion. These mutations are widely distributed
throughout the whole gene, and occur most
frequently in the DNA binding domain [27, 28].
KRAS mutation is a key driver of oncogenesis
[29]. We also found that frequently mutation of
KRAS might be the driver mutation of BTC.
Ongoing cancer driver gene discovery efforts
have identified many new drivers within the
RAS pathway [30, 31]. In addition, there are
already preliminary results of clinical trials, and
AMG510 targeting KRAS G12C is particularly
prominent [32]. It has opened a historic gap
and helped patients with KRAS mutation.
Adagrassib (mrtx849) has excellent clinical
data recently [33]. Genes encoding SWI/SNF
chromatin remodeling complexes such as
ARID1A, ARID1B, PBRM1 and ARID2 were also
frequently mutated in this study. Recent stud-
ies have found that ARID1A mutation is associ-
ated with microsatellite instability, C>T muta-
tion pattern, and increased mutational burden
in many kinds of tumors. Those tumors formed
by ARID1A-deficient ovarian cancer cell lines in
mice have increased mutations, more tumor-

Am J Transl Res 2022;14(7):4990-5002
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Table 2. Germline gene mutations

Patient ID Cancer Type Gene Chrom Start_Position End_Position  Nucleotide change Protein change Location Variant classification
1810276 cholangiocarcinoma  IKZF1  chr7 50459525 50459525 c.688G>A p.A230T exon6 Missense
1810285 gallbladder carcinoma  TLR4 chr9 120476505 120476505 €.2099dupT p.P701fs exon3 Frame_Shift_Ins
1810285 gallbladder carcinoma POLD1 chr19 50912119 50912119 ¢.1853dupA p.Y618_T619delinsX exonl5 Nonsense
1810455 cholangiocarcinoma EPPK1 chr8 144947313 144947313 ¢.108dupC p.R37fs exon2 Frame_Shift_Ins
1810558 gallbladder carcinoma RFWD2 chrl 176054978 176054978 ¢.1075C>T p.R359X exonl10 Nonsense
1830007 gallbladder carcinoma XRCC1 chr19 44079097 44079097 c.109A>T p.K37X exon2 Nonsense
1830027 cholangiocarcinoma CDKN1A chr6 36652317 36652317 c.439A>G p.M147V exon2 Missense
1910201 cholangiocarcinoma NCOA3 chr20 46279949 46279949 ¢.3875T>C p.M1292T exon20 Missense
1910783 cholangiocarcinoma FGFR1 chr8 38271190 38271190 c.2518C>T p.R840X exonl19 Nonsense_Mutation
1912566 cholangiocarcinoma ERCC4 chrl6 14026143 14026143 ¢.1102+1G>A . intron6/7 Splice_Site
1912694 cholangiocarcinoma INSRR chrl 156816322 156816322 ¢.1798dupA p.T600fs exon8 Frame_Shift_Ins
1912695 cholangiocarcinoma TRAF3 chrl4 103342048 103342048 c.385A>G p.M129V exon4  Translation_Start_Site
1930095 cholangiocarcinoma  MLH3 chrl4 75513610 75513610 C.2749C>T p.Q917X exon2 Nonsense
1930184 cholangiocarcinoma MSH6 chr2 48033987 48033987 ¢.4068_4071dupGATT p.K1358fs exonl10 Frame_Shift_Ins

4998 Am J Transl Res 2022;14(7):4990-5002



The mutation landscape of biliary tract cancer

A Strata == KRAS=Mut == KRAS=WT

Survival probability
°
8

Number at risk

 KRAS=Mut+ 4 0 0 0 0
s
® Kras=wr+ 22 16 6 2 0
0 200 400 600 800
Time
B Strata == VEGFPathway=Mut = = VEGF Pathway=WT

Survival probability
o
8

Number at risk

VEGFPathway=Mut- 6 1 0 0 0

Strata

VEGF Pathway=WT + 20 15 6 2 0

0 200 400 600 800

infiltrating lymphocytes and PD-L1 expression.
PD-L1 monoclonal antibodies can reduce
tumor burden and prolong survival of mice,
but it cannot inhibit ARID1A wild-type ovarian
tumors. ARID1A deficiency may lead to tumor
MMR deficiency, and patients with ARID1A
deficiency may benefit from immune check-
point inhibitors [34].

Genes encoding vascular endothelial growth
factor A (VEGFA), cyclin family, cyclin-depen-
dent kinase, cyclin-dependent kinase inhibitor
and others had higher frequency of CNV than
others. The protein encoded by VEGFA belongs
to the PDGF/VEGF family whose products play
an important role in angiogenesis and endo-
thelial cell growth. The expression of VEGFA is
upregulated in various tumors including cho-
langiocarcinoma, which can induce endothelial
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Figure 6. Kaplan-Meier curves of patients with
mutated and wild genes. Survival analyses were
performed using the survival package of R soft-
ware. Each gene was evaluated individually using
the Kaplan-Meier method in R. A. Kaplan-Meier
curve of patients with mutated (n=4) and wild
(n=22) KRAS gene. B. Kaplan-Meier curve of pa-
tients with mutated (n=6) and wild (n=20) VEGF
signaling pathway. C. Kaplan-Meier curve of pa-
tients with high (n=8) and low (n=5) TMB group.

cell proliferation, promote tumor cell migration
and inhibit apoptosis [35-37]. Given the impor-
tance of CCND and CDK, the development of
CDK4/CDKG6 inhibitors has been a strategy for
the generation of new anticancer drugs [38,
39].

In this study, the incidence of germline muta-
tions was 22%, slightly higher than previously
reported [23]. Germline mutations of DDR
genes are associated with increased mutation
load, which causes patients with these muta-
tions to possibly be more sensitive to PARP
inhibitors and platinum-based treatments.
Germline mutations may be a susceptible fac-
tor for the occurrence of BTC. Screening for
germline mutations in susceptible people is of
great importance in prevention and treatment
of biliary tract cancers.

Am J Transl Res 2022;14(7):4990-5002



The mutation landscape of biliary tract cancer

Patients with KRAS mutations and VEGF sig-
naling pathway mutations have shorter overall
survival. As a cancer-driven event, KRAS muta-
tion is a predictor of drug resistance and poor
prognosis for various cancers [29]. Abnormal
VEGF signaling pathway promotes tumor cell
proliferation and migration, often leading to
poor prognosis [40, 41]. In addition, TMB-H
patients also exhibited poor OS in this study,
possibly due to complicated tumor clone com-
position and carcinogenesis mechanism. In
clinical practice, patients with poor prognosis
are suggested to adopt more aggressive treat-
ment and rigorous and regular follow up. Pa-
tients with high TMB may be eligible for immu-
notherapy such as PD-1/PD-L1 inhibitors.

According to the classification of oncoKB, the
proportion of actionable gene mutations in the
study was up to 59.3% (Supplementary Table
4). As more therapeutic targets are in research
and more targeted drugs are being approved,
there are more opportunities for biliary tract
cancer patients with actionable gene muta-
tions to receive precision medicine in the
future. With the rapid development of the next-
generation genome sequencing technology,
defining of somatic or germline mutation in
BTC patients could help accurately identify
patients benefiting from drugs such as PARP
inhibitors and immune checkpoint inhibitors.

The limited number of samples, insufficient
clinical information and not using the whole
exon sequencing may be deficiencies of this
study. In later research, it is necessary to ex-
pand the research cohort with comprehensive
clinical information and analyze samples with
the whole exon sequencing and other neces-
sary methods. Future prospective research is
needed to verify the correlation between spe-
cific molecular characteristics and prognosis.
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Supplementary Table 1. 620 gene list

AKT1 ALK BRAF DDR2 EGFR FGFR1 ERBB2 KRAS  MAP2K1 MET
GAPDH RPP30 APC TSC1 TSC2 CDK4 CDKN2A NF1 NF2 NTRK1
MSH2 MSH6 PMS2 EPCAM POLD1 POLE CHEK2 RAD50 AR ARAF
FGFR3 FLT3 GNA11 GNAQ HRAS IDH1 IDH2 KDR KIT MAP2K2
SMO AXIN2 BLM BMPR1A  CDC73 CDH1 CDKN1B  CDKN1C EXT1 EXT2
SDHA SDHB SDHC SDHD  TMEM127 WT1 WRN VHL MDC1 ATR
FANCL FANCM SLX4 ERCC1 ERCC2 ERCC3 ERCC4 RAD1 XPA XPC
PMS1 PCNA RRM1 RFC1 CHEK1 HDAC1 HDAC2 IFNGR1 IFNGR2 IRF1
MuUC17 KMT2C KMT2D FAT1 ATRX NAV3 PTPRT  SMARCA4  MXRA5 ANK3
CTNNB1 KDM6A KEAP1 EP300 EPHA5S EPHA3 COL5A1 MED12 RBM10 CIC
KMT2A ERG TSHZ3 PIK3CG ALPK2  ARHGAP35  STAG2 BCLAF1 ~ NOTCH2 NSD1
TAF1 TET1 ASXL1 SETBP1 Cux1 PAK7 EPHB1 CHDS8 USPOX KDM5C
SOX9 CDK12 AMER1 IRS2 EPHA7 TSHZ2 ASXL2 TP53BP1 IKZF1 KEL
TGFBR2 EPHB6 RECQL4 SOX17 ARID5B CNBD1 LATS2 RUNX1 RPTOR CTCF
AXL INSR NFE2L2 FOXP1  SLC26A3 EPPK1 PLCG2 PPP2R1A  TCF7L2 INPPL1
MAP3K13 INPP4B HNF1A ERCC5 GNPTAB DDX3X MAP4K3 DIS3 CSF1R IL7R
PGR FGFR4 CBL RPS6KA4  FUBP1 SMAD3 TSHR MORC4 ETV6 MST1R
PIK3C3 MBD1 TRAF7 cuL4B SLC1A3 CUL3 SNX25 NCOA3 EZH2 RPL22
IRF4 AKT3 RARA BTK TOP1 ETV1 MPO PAX5 TNFAIP3 PRX
IPO7 OTUD7A WASF3 U2AF1 CSF3R MYCN SYK Cbi1D  TBC1D12 FOX01
RXRA TPX2 TRAF3 MPL NUP93 ALOX12B LCTL MICALCL  TCP11L2 TDRD10
EZH1 MEF2B STATSB CRIPAK  MAPKSIP1 RPL5 RSBN1L MITF SH2B3 HIST1H3B
AKT2 PAK1 RAD21 SuUz12 GNA13 GUSB RPSGKB2 CBFB BRE DIAPH1
RAD54L TNFRSF14 YAP1 PIK3R3 YES1 E2F3 SUFU RAC1 FAM166A BIRC3
SHQ1 FAM46C BCL2 AURKA ERRFI1 AZGP1 HLA-B KLHL8 TAP1 NFKBIA
ZNF620 CD79B INHA IGF2 MYD88 STAT5A CCNE1 EIF4A2 C3orf70 HIST1H4E
HISTIH2BD  EIF2S2 STX2 MAPK1 MYCL XIAP CRLF2 ICOSLG VTCN1 PPPGC
CD70 FGFBP1 STK19 CDKN2C  ZRSR2 CXCR4 CALR STK40 SH2D1A FAM175A
PCBP1 APOL2 HISTIH3G ~ PNRC1 VEGFA NKX3-1 ~ POU2AF1 CDKN2B HIST3H3 H3F3A
HISTAH3D RAB35 RHEB LMO1 HIST1H3I TACC3 BCL10 RPS2 TNF HISTA1H3F
KIF5B FOXQ1 HIST1H3A NAB2 FIP1L1 CENPA ID3 MST1 CCDC6  CDKN2B-AS1
NRAS PIK3CA PTEN RET ROS1 SMAD4 ATM BRCA1 BRCA2 TP53
STK11 BRIP1 PALB2 BARD1 BAP1 NBN RAD51C  RAD51D MRE11A MLH1
BCL2L11 CCND1 CCND2 CCND3 CDK6 ERBB3 ERBB4 ESR1 FBXW7 FGFR2
MDM2 MTOR NOTCH1 NTRK2 NTRK3 PDGFRA PIK3R1 PTCH1 PTPN11 RAF1
FH FLCN HOXB13 MAX MEN1 MLH3 MUTYH  PRKAR1A RB1 SDHAF2
RAD9A RAD17 FANCA FANCB FANCC FANCD2 FANCE FANCF FANCG FANCI
XRCC1 PARP1 RAD51B RAD51 XRCC2 XRCC3 XRCC4 XRCC5 XRCC6 PRKDC
JAK1 JAK2 TYK2 B2M MDM4 DNMT3A TERT FLG ARID1A XIRP2
SETD2 CREBBP PTPRD SACS PBRM1 ARID2 GRIN2A  NOTCH3 ZFHX3 SPEN
NCOR1 NOTCH4 ARID1B BCOR LRRK2 CHD4 MGA PTPRS CARD11 GATA3
PIK3C2G TMPRSS2 POLQ TBX3 MAP3K1 FLT1 RNF43 FLT4 TET2 COL5A3
DOT1L SF3B1 FOXA1 HGF ANKRD11  KMT2B MYOCD KDM5A DICER1 TLR4
SO0S1 TP63 IGF1R GLI1 SELP RASA1 JAK3 LATS1 NUP210L BRD4
SMC1A MECOM PDGFRB  SETDB1  SLC4A5 DNMT1 IRS1 DNER GNAS RICTOR
OR4A16 AXINL FRMD7 SGK1 ABL1 SPOP MAP2K4 CASP8 MED23 PIK3CB
DNMT3B LIFR SMC3 ZNF471  TGFBR1 EPHA2 ITPKB PIK3CD DAXX SMAD2
INPP4A INHBA SIN3A ADNP ZRANB3 RHOA PARK2 PRDM1  DNAH12  HSP90AB1
ACVR1B OR52N1 RFWD2 ACO1 IRF6 PIK3R2 XPO1 CDC27 ZNF483 PLK2
CDKN1A CNKSR1 SERPINB13 ZNF180 ZNF750 BCL6 IKBKE ~ SMARCB1 HIST1H1C  HIST1H1E
PPM1D AJUBA NFE2L3 PHF6 TBL1XR1 CAP2 MYB NTN4 MYC CDK8
TRIM23 PDCD1 KLF4 GATA2 TTLL9 STAT3 REL HLA-A NEGR1 DDX5
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NKX2-1 EIF1AX ING1 EWSR1 GATAL FOXL2 MYOD1  CCDC120 POU2F2 SEPT12
SOX2 SRC GSK3B ELF3 VEZF1 ACVR2A FGF3 TCF3 CEP76 OMA1
PHOX2B MCL1 MALT1 JUN BHMT2 INTS12 PAPD5 PIM1 FYN EED
GPS2 SMARCD1  ACVR2B GNB1 ODAM FOXA2 IGF1 RAD52 QKI SLC44A3
ITGB7 NBPF1 H3F3C ACVR1 GOT1 PDCD2L TRAF2 DNAJB1 CTLA4 RYBP
MAPK3 EML4 ATP5B PDSS2 RAB40A SRSF2 FGF19 AURKB CEBPA SOCS1
FGF4 BBC3 NPM1 CD276 IL10 RIT1 TIMM17A  CD274 CD79A EGR3
GREM1 EGFL7 ALKBH6  TXNDC8 FLI1 HISTIH3C HISTIH3H H3F3B PDAP1 SIRT4
B4GALT3 HISTAH3E  HIST1H3J CRKL EIFAE CD74 RPS15 PDPK1 BCL2L1 DCUN1D1
INSRR STAT6 TFE3 PMAIP1 ~ PRKACA  HIST2H3D SND1 TCEB1 BICC1 EZR

Supplementary Table 2. Germline gene list

APC ATM AXIN2 BAP1 BARD1 BLM BMPR1A  BRCA1 BRCA2 BRIP1
FH FLCN HOXB13 MAX MEN1 MET MLH1 MLH3 MRE11A MSH2
PRKAR1A PTEN RAD50 RAD51C RAD51D RB1 RET SDHA SDHAF2  SDHB
CDC73 CDH1 CDK4 CDKN1B CDKN1C CDKN2A CHEK2 EPCAM EXT1 EXT2
MSH6 MUTYH NBN NF1 NF2 NTRK1 PALB2 PMS2  POLD1 POLE
SDHC SDHD SMAD4  STK11 TMEM127  TP53 TSC1 TSC2 VHL WRN
WT1

Supplementary Table 3. Driver genes

. MAX ) N N .
Symbol ENSID CGC Chrom Strand Coordinates - Width = — - Uniq_ P
Coord Mut Samples
Samples
KRAS ENSGO0000133703 TRUE 12 - 2,539,828,425,398,280 25398284 2 10 10 1 0.0006
IDH1 ENSG00000138413 TRUE 2 - 209,113,113,209,113,000 209113113 1 2 2 1 0.0415
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Supplementary Figure 1. Mutated genes in the signaling pathway. A. Mutated genes (red box) of 59 BTC patients
in the PIBK-AKT signaling pathway. B. Mutated genes (red box) of 59 BTC patients in the MAPK signaling pathway.

Supplemental Table 4. Actionable mutations

Patient ID Gene Protein change
1810011 KRAS p.G12v
1810011 CDKN2A p.T95fs
1810233 KRAS p.A146V
1810276 BRCA2 p.E2175Q
1810286 U2AF1 p.S34F
1810433 KRAS p.G12S
1810433 BRCA2 p.K3267N
1810433 HRAS p.vV14M
1810433 ATM p.DB61N
1810455 KRAS p.G12D
1810456 ATM p.Q1839X;p.H1847D
1810558 PIK3CA p.E542K
1810558 KRAS p.G12S
1810595 IDH2 p.R172K
1810709 KRAS p.G12C
1810709 MAP2K1 p.C121S
1830027 IDH1 p.R132C
1830027 PTEN p.V255E
1910134 TSC2 p.L717V
1910201 KRAS p.G12D
1910313 MET Amplification
1910463 BRCA2 p.L1390fs
1910611 MAP2K1 p.C121S
1910783 KRAS p.G12D
1910783 CDKN2A p.L31P
1910937 MET Amplification
1911157 PIK3CA p.H1047R
1911364 FGFR3 p.E364K
1911364 BRAF p.N581S
1911369 ALK p.L93V
1911369 BRCA2 p.L97TF
1911369 IDH1 p.L88F
1911369 CDKN2A p.RO8L
1911369 ATM p.P884A
1911369 NF1 p.1334M;p.S382F
1911518 MDM2 Amplification
1911551 BRCA1 p.M751L
1911551 KRAS p.G12A
1912208 KRAS p.G12C
1912208 RET p.R313Q
1912564 TSC2 p.L493I
1912564 BRCA2 p.T3033fs
1912564 FGFR1 p.R601IW
1912564 CDKN2A p.G23fs



1912568
1912569
1912694
1912695
1930033
1930033
1930095
1930095
1930095
1930162
1930179
1930184
1930629
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EGFR
ERBB2
IDH1
PTEN
EGFR
CDK4
BRCA1
KDMGA
NF1
KRAS
MDM2
BRAF
ATM

Amplification
p.S310Y
p.R132C
p.R55fs
Amplification
Amplification
p.G1738del
p.Q710del
p.S2687fs
p.G12V
Amplification
p.G469E
p.Y1957fs




