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Abstract: Biliary tract cancer (BTC) represents a heterogeneous disease with dismal outcome. Herein, we examined
genotype and angiogenesis features in BTC. We applied genotyping (Sanger, qPCR, 101-gene panel NGS), mRNA
relative quantification methods, and B-catenin immunohistochemistry in 84 FFPE BTC (55 gallbladder [GBC], 14
intrahepatic [ICC], 15 extrahepatic [ECC] carcinomas). We identified 541 mutations in 68 (81%) tumors. Top mu-
tated genes were CTNNB1 (36%); PTEN (33%); TP53 (31%); PIK3R1 (29%); PIK3CA (13%); BRCA2 and KRAS (12%);
BRCA1 (11%). Six GBCs were hypermutated [hm] displaying a distinct mutational pattern. Mutations in TP53 and
PI3K, Wnt and RAS components were prevalent among non-hypermutated tumors. All hmGBCs carried mutations
in BRCA2 and other homologous recombination repair (HRR) genes, in PD1, but not in CTNNB1 and KRAS. None
of the pathogenic BRCA2 p.D2723G and BRCA1 p.Q563* and ¢.5266dupC was present at frequencies expected
for germline mutations. We observed copy gains (>6 copies) in EGFR (9% of informative tumors), PRKAR1A (7%),
PIK3CA (6%), ERBB2 (5%) and MET (4%). TP53 mutations were prevalent in GBC (P<0.001) and PRKAR1A copy
gains in ICC (P=0.007). PTEN was frequently co-mutated with CTNNB1 (P<0.001). Unrelated to CTNNB1 muta-
tions, nuclear B-catenin was detected in 45% of tumors, among them in 5/6 hmGBC. We observed strong mRNA
expression correlation of the two neuropilins (NRP1 and NRP2) with each other (Spearman’s rho 0.59) and with the
endothelin receptor (NRP2 rho 0.66; NRP2 rho 0.51), and between VEGFA and its receptors (FLT1 rho 0.49; KDR
rho 0.45). All PIK3CA mutated tumors expressed endothelin 1 mRNA (P=0.010). Most tumors expressing nuclear
-catenin were negative for VEGFC (P=0.009) and FLT4 (P=0.002) mRNA expression. In conclusion, we confirmed
the presence of known genomic aberrations in BTC and different genotypes between BTC subsets. Novel findings
are the coexistence of PI3K and WNT pathway gene alterations in BTC, their association with angiogenesis, and the
hypermutated GBCs with HRR gene mutations, all of which may be considered for new treatment options in this
difficult to treat disease.

Keywords: Biliary tract cancer, gallbladder, TP53, RAS/PI3K, WNT pathway, homologous recombination repair,
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Introduction tumors, mostly adenocarcinomas, develop in

the background of chronic inflammation as a
Biliary tract cancer (BTC) comprises heteroge- result of malignant transformation of biliary epi-
neous carcinomas portraying similarities but thelia and are anatomically classified as intra-
also differences in their molecular profiles, hepatic (ICC) or extrahepatic cholangiocarcino-

pathogenesis and disease behavior. These ma (ECC), and gallbladder carcinoma (GBC) [1,
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2]. The incidence of the disease, although rela-
tively low and varying geographically, is rather
increasing globally. Prognosis is dismal, with
less than 18% of patients surviving after five
years of diagnosis. GBC is the most common
BTC, with the worst 5-year survival rate, below
10% [1-5].

Unravelling the genetic and epigenetic aberra-
tions and their signaling pathways is key to
identifying therapies for battling the challeng-
ing nature of the disease. Various genetic/
molecular targets have been identified, involved
in proliferation (RAS/MAPK), survival/apoptosis
(PIBK/AKT), angiogenesis (VEGF), cell fate/pro-
liferation (WNT/B-catenin) and tumor inflamma-
tion-associated (IL6/JAK/STAT3) pathways and
recently, via whole-exome and next generation
sequencing (NGS) studies, in SWI/SNF chroma-
tin-remodeling complexes, including ARID1A,
PBRM1 and BAP1, cell cycle regulation, mainly
CDKN2A and CDKN2B, as well as DNA repair
and FGFR pathways [1-4, 6-14]. Hot-spot acti-
vating mutations in KRAS, BRAF and PIK3CA
have been repeatedly reported in BTC, with
variable frequencies between subsets of pa-
tients and studies. TP53 mutations are also
well described in biliary tract cancers [1-4,
6-13, 15-20]. IDH1 and IDH2 mutations have
been found in ICC, CTNNB1 mostly in GBC and
ECC (4-9%), while PTEN mutations have been
reported in GBC (4-7%), ECC (1-7%) and ICC
(1-11%) [4, 6, 10-12, 17, 20-24].

BTCs harbor further alterations, including over-
expression and/or amplification of EGFR, ER-
BB2 and MET, mediating abnormal activation
of their downstream pathways. Overexpression
and/or amplification of ERBB2 has been shown
in GBC (14-16%) and ECC (5-20%), whereas of
EGFR in all subtypes [5, 10, 25, 26]. For EGFR,
an association between overexpression and
poor prognosis has been described in ICC. MET
amplification has been shown recently in ICC
[1-6, 11, 20]. Overexpression of PKA regulatory
subunit 1 alpha (PRKAR1A) has also been
shown in ICC, whereas gene fusions of the two
catalytic subunits of PKA, PRKACA or PRKACB
have been found in ECC [6, 10, 27]. Regarding
angiogenesis, studies reveal increased expres-
sion levels of VEGFA in BTC and of endothelin
receptors, EDNRA and EDNRB, in cholangiocar-
cinoma cell lines and biopsy samples. VEGFA
expression has been associated with disease

recurrence, metastasis and poor prognosis in
BTC [1-4, 6, 28]. Herein, we interrogated muta-
tions and copy number aberrations (CNAs) of
genes shown to be altered in BTC or are mem-
bers of cancer-related pathways in 84 archival
tumor tissue samples from Greek BTC patients,
mostly GBC. The mRNA profile of angiogenesis
targets was also evaluated, together with pro-
tein expression of B-catenin via IHC. Genotyping
and expression profiling results were correlated
with each other and available demographic and
histopathological features.

Methods
Patients, tissue blocks and samples

FFPE blocks from 84 patients were processed
for genotyping, mRNA profiling and IHC. Patient
demographics and histopathological parame-
ters were collected from medical records and
blocks were retrieved from the Hellenic Co-
operative Oncology Group (HeCOG) tissue bank
depository. Histological review and molecular
analyses were implemented in the Laboratory
of Molecular Oncology (AUTH-HeFCR). The re-
search project was approved by the Board of
Directors of “Agii Anargiri” General Oncology
Hospital of Kifissia (02/04-1-2017).

H&E sections were evaluated by a pathologist
(S.L. or M.B.) for confirmation of diagnosis, ana-
tomic location, histologic type, grade and tumor
cell content (TCC%). Tumor dense areas were
selected for construction of tissue microarrays
(TMA) containing two cores (1 mm in diameter)
per tumor sample. Almost half the tumors
(48%) had TCC=50% but a few samples with
15% TCC were also processed. RNA and DNA
were extracted from TMA sections (5 x 8 um)
with the VERSANT Sample 1.0 Reagent Kit (Sie-
mens Healthcare Diagnostics, Tarrytown, NY),
enabling simultaneous total RNA and DNA iso-
lation [29]. For cDNA synthesis, random hexam-
ers and SuperScript Ill Reverse Transcriptase
were used, according to standard procedures
(Invitrogen, cat.no. 48190011 and 18080044).

Mutation analysis
Mutation analysis was performed with NGS and

for selected targets with Sanger sequencing or
gPCR with Tagman-MGB genotyping assays.
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Allelic discrimination with Tagman-MGB assays

Targeted mutation investigation of KRAS muta-
tions p.G12S, p.G12R, p.G12C, p.G12D, p.
G12A, p.G12V, p.G13D (exon 1, CCDS 8702.1),
BRAF p.V60OE (exon 15, CCDS 5863.1), PIK3CA
p.E545K (exon 9, CCDS 43171.1), AKT1 p.E17K
(exon 2, CCDS9994.1) and MEK1 p.Q56P and
p.K57N (exon 2, CCDS10216.1) was performed
with qPCR and duplex allelic discrimination
Tagman-MGB (minor-groove-binders) assays in
an ABI PRISM 7900HT Detection System (Ap-
plied Biosystems, Foster City, USA), as previ-
ously described [29, 30].

Sanger sequencing

Screening of tumor FFPE DNA for PIK3R1,
PIK3CA, CTNNB1, PTEN and IDH1 mutations
was accomplished with dd-sequencing of PCR
products, amplified with M13-coupled nested
primers for CTNNB1 exons 1-5 (CCDS 2694.1),
PTEN exons 1-9 (CCDS 31238.1), PIK3R1 exons
8-13 (CCDS 3993.1), PIK3CA exon 20 (CCDS
43171.1) and KRAS exon 2 (CCDS 8702.1) or
with primers for IDH1 exon 2 (CCDS 2381.1).
Sense and antisense sequencing was per-
formed in a 10 ul reaction with the Big Dye
Terminator kit v.1.1 [Applied Biosystems, Foster
City, USA]. Following capillary electrophoresis in
an ABI3130XL genetic analyzer, sequences
were visualized and initially called with the
Sequencing Analysis software v5.2 and further
analyzed with the SeqScape software v2.5.
Primer sequences and chromosome coordi-
nates, as well as annealing temperatures are
shown in Table S1.

NGS genotyping

For NGS analysis, a custom panel of 388 ampli-
cons covering a total region of ~42.6 Kb was
employed, targeting mutation relevant regions
of 101 genes implicated in cancer-associated
pathways (Table S2). Genotyping was accom-
plished in an lon Proton Sequencer. Tumor DNA
concentration was measured with the Qubit
fluorometer (Life Technologies, Paisley, UK); eli-
gibility criteria for processing samples for NGS
were 2 ng/ul DNA amplifiable at Ct 32 for two
different qPCR assays. For data retrieval, base
calling was performed on the Torrent Server
with Torrent Suite v5.0.2. Variants were called,
annotated (lon Reporter 5.2), and accepted

for analysis upon read quality filtering at P<
0.0001; position coverage >100; variant cover-
age >40 if position coverage between 100-
200; position and variant coverage for + or -
strand >50 and >20, respectively. Indels invol-
ving GC-stretches and non-annotated variants
were also excluded from analysis, whereas for
selected variants alignments were also visually
validated with the Integrative Genomics Viewer
(Broad Institute). Regarding NGS metrics of sa-
mples, median mean depth was 2718 (mean:
3279; min-max: 85-11885); Median uniformity
91 (mean: 90; Min-max: 54-95); Median num-
ber of variants 34 (mean: 51; Min-max: 17-471).
Eligible variants were called mutations if these
were amino acid changing, and if no reported
minor allele frequency (MAF) or with MAF (db-
SNP) or EMAF (5000 Exomes) <0.1% when an-
notated SNPs.

Gene copy number evaluation by gPCR

Gene copy number (CN) was evaluated by gPCR
on the 7900HT with premade CNA assays (Life
Technologies/Applied Biosystems, Paisley, UK).
For all targets except DUSPG, CN was assessed
with 2 different assays, targeting, if possible,
regions close to the 5" and 3’ end, in order to
achieve better representation across the entire
gene length. Assay IDs and relevant informa-
tion are shown in Table S3. The method involved
duplex PCR reactions with the TagMan Copy
Number Assay, containing gene-specific prim-
ers and a FAM dye-labeled MGB probe and the
TagMan Copy Number Reference Assay, con-
taining primers for the reference single-copy
gene and a VIC dye-labeled TAMRA probe.
Reactions were run in duplicates for each tar-
get assay under default conditions. Two periph-
eral blood DNA samples from non-cancer
patients were included in each run as calibrator
samples, along with no-template controls
(NTC). Results were obtained automatically
with the CopyCaller Software v2.0 as predicted
CN, in comparison to averaged calibrator val-
ues after setting the evaluation threshold for
RNase P at CT=32. Samples were considered
eligible for analysis if RNase P CT<32 and CN
range between duplicates <2. For statistical
purposes, once the predicted CN for each of
the two assays per gene was retrieved from
CopyCaller, total gene CN status was assessed
as no-gain for quadruplicate average CN<2.5
and as gain for average CN>2.5. A 4-scale clas-
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Table 1. Basic demographic and clinicopathological

data of 84 patients with BTC

N %
Age (years; median cut-off)&
>68 42 50.0
<68 37 44.1
Missing data 5 5.9
Sex
Men 38 45.2
Women 46 54.8
Surgery type
Biopsy only 14 16.7
Cholecystectomy (CE) 55 65.5
Partial hepatectomy 3 3.6
Partial hepatectomy & CE 4 4.8
Pancreato-duodenectomy 7 8.3
Missing data 1 1.2
Tumor size (cm)
<2 17 20.2
2-5 24 28.6
>5 6 71
Missing data 37 44.0
Lymph node status
Negative 14 16.7
Positive 13 15.5
Missing data 57 67.9
Site of primary disease
Intrahepatic cholangiocarcinoma (ICC) 14* 16.7
Extrahepatic cholangiocarcinoma (ECC)  15** 17.9
Gallbladder carcinoma (GBC) 55 65.4
Histologic differentiation
High 8 9.5
Moderate 31 36.9
Poor 34 40.5
Missing data 11 131
Adenocarcinoma, histologic specifications
In situ carcinoma (ISC) 2 2.4
Adenocarcinoma NOS 65* 77.4
Mucinous 2 2.4
Papillary 3 3.6
Tubular 4 4.8
Mixed histology# 8 9.5

&: range: 48-91 yrs; *: differential diagnosis (DDx) between primary

BTC and metastatic adenocarcinoma; there were 5 such cases, 4
DDx vs. ICC and 1 DDx vs. ECC; ~: 1 Vater ampullary carcinoma;

NOS: not otherwise specified, including the 5 DDx tumors. #:

including 2 infiltrative adenocarcinomas with ISC areas, 4 tubular &

papillary, and 2 tubular & cribriform adenocarcinomas.

sification was also used for a more detailed
evaluation of CN changes, as follows: no gain

(£2.5 CN); marginal (3-4 CN); low gain (4.5-
6 CN); high gain (=6.5 CN). The 2.5 cut-off
was favored for CN gain assessment in
order to exclude DNA replication [29].

MRNA expression analysis

MRNA expression analysis of all targets
was performed with premade exon-span-
ning Tagman-MGB assays (Applied Bio-
systems/Life Technologies), shown in
Table S4 alongside a Tagman-MGB expres-
sion assay targeting B-glucuronidase
(GUSB) (Assay ID: Hs99999908_m1;
RefSeq: NM_000181.1; Probe exon
Location: 11-12) to allow for relative quan-
tification assessment. The commercially
available TagMan Control Total RNA (cat.
no 4307281, Applied Biosystems) was
applied as a positive control for inter-run
evaluation of PCR assay efficiency, togeth-
er with no-template controls. Samples
were run in duplicates in the 7900HT sys-
tem under default conditions. To obtain
linear Relative Quantification (RQ) values,
relative expression was assessed as (40-
dCT), as previously [29]. Samples were
considered eligible if GUSB CT<36 and del-
taRQ for each duplicate pair (intra-run vari-
ation) of <1. The difference between inter-
run RQ values for the reference RNA
sample was <1 for all assays but NRP2,
corresponding to 1.5, respectively.

Immunohistochemistry

Immunohistochemical staining for nuclear,
cytoplasmic and membrane (-catenin was
performed according to standard proto-
cols on 2.5 um thick TMA sections with
the Polymer Refine Detection system (DS-
9800; Leica Microsystems, Germany/Me-
narini Diagnostics, Athens, Greece). The
sections were stained with antibodies
against B-catenin, clone 17C2 (Novocastra,
Newcastle, UK) at dilution 1:350 over-
night. DAB (3,3-diaminobenzidine) was
used as a chromogen and hematoxylin as
counterstain. Each core was assessed for
the % of cells with strong (intensity 3),
moderate (intensity 2) and weak (intensity
1) staining. For nuclear, cytoplasmic or
membrane [3-catenin, staining was consid-
ered positive if 21% tumor cells were

stained at any intensity, as proposed by two
previous studies, given that no validated scor-
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84 patients;

84 FFPE tumors on TMA (2x1.5 mm cores)

9.3, SAS Institute Inc., Cary,
NC). Histograms and color
correlation maps were creat-

I
84 DNA samples

I |

informative results
| | \
IHC CNAs Mutations
l gPCR Sanger/qPCR NGS
b-catenin: MET: KRAS/BRAF/ Eligible variants:
71 (85%) 75 (89%) PIK3CA/IDH1: 3119
EGFR/STAT3/ 84 (100%) Tumors: 81
PIK3R1: CTNNB1: (96%)
74 (88%) 74 (88%)
ERBB2: PTEN:
73 (87%) 72 (86%)
PRKAR1A: PIK3R1:
69 (82%) 66 (79%)
DUSP6:
68 (81%)
PIK3CA:
63 (75%)

Figure 1. REMARK diagram. Study outline showing informative results per
molecular target and per method of detection for FFPE tumor DNA and RNA

79 RNA samples

1 ed with SPSS (version 20.0
for Windows, SPSS Inc.) or
| JMP

software (version
10.0.0, SAS Institute Inc.,
| Cary, NC).
cDNAs
Results
qPCR
VEGFC: Patient demographic and
EDi,TRgﬁ:f%m histopathological character-
55 (70%) istics are shown in Table 1.
5??6%1/;) Information on lymph node
EDN1/NRP2: status and tumor size was
?E(g;i) only available for 27 (32%)
52 (66%) and 47 (56%) patients; hen-
E?[‘é@% ce, these parameters were
FLT1: excluded from analysis.
50 (63%)
KDR: .
49 (62%) Genotyping and asso-

ciations between genotypic
markers and with patient
characteristics

samples, and for B-catenin immunohistochemistry (IHC). TMA: tissue microar-

ray; CNA: copy number alterations.

ing system exists for interpreting IHC data for
B-catenin [7].

Statistical analysis

Categorical data are presented as counts and
respective percentages, whereas continuous
data are presented as means, medians and
ranges. For categorical variables, associations
were examined with the Fisher’'s exact test.
A P<0.05 was considered statistically signifi-
cant. For statistical analysis, gallbladder carci-
nomas were either grouped together with bile
duct and ampulla of Vater carcinomas or exam-
ined separately. Cut-offs for continuous mRNA
RQ values of each gene target were selected
where available, according to natural breaks in
their distributional profiles in order to catego-
rizetumorsamplesaseitherexpressingornotexpress-
ing for each mRNA target. Correlations for con-
tinuous mMRNA RQ and average CN values in
paired gene comparisons were assessed us-
ing the non-parametric Spearman’s correlation
coefficient method and P<0.05 was considered
significant. Statistical analyses were performed
with SAS software (SAS for Windows, version

The REMARK diagram in

Figure 1 displays the study
outline and informative results per target and
per method. Sanger sequencing/qPCR yielded
informative results in 63 tumors; of these 47
harbored 114 mutations in 5 genes. NGS was
informative in 81 tumors; of these, 51 carried
436 coding mutations (14% of all eligible vari-
ants) in 77 out of 101 panel genes. The detailed
list of mutations detected with Sanger/qPCR
and NGS is shown in Tables S5 and S6, respec-
tively. Collectively, genotyping with all methods
yielded 541 mutations in 80 genes and in 68
tumors (81%); no mutations were found in 16
tumors. Most mutations were missense (93%),
6% were nonsense and 1% were frameshift
indels.

With respect to method concordance, we ob-
tained 100% consistent results for the ab-
sence of BRAF p.V60OE in all tumors and for
the presence of PIK3CA p.E542K and p.E545K.
PIK3CA p.H1047R was retrieved only with NGS.
NGS detected 3 out of 6 KRAS codon 12 or
13 mutations that were observed with qPCR
and none of 2 mutations found with Sanger in
codons 59 and 63. Four out of 5 discordant
findings concerned DNA samples with TCC>
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Figure 2. Distribution of mutations and copy number alterations (CNAs) across tumors. *Black asterisks represent
non informative tumors for mutations, nuclear B-catenin presence and CNAs. A. For mutations, tumors are clus-
tered together according to site of primary disease and denoted with distinct colors; yellow corresponds to a single
ampullary carcinoma grouped together with bile duct carcinomas as extrahepatic. Numbers 0->5 and the related-5
color scale represent the number of mutations per gene per tumor. Genes mutated in >1 tumors are shown. Hy-
permutated GBCs are clustered together within a grey rectangular. Upper bar charts show the number of detected
mutations vs. SNPs for each tumor, and the difference between number of mutations vs. number of mutated genes,
as indicated. Tumors with a difference >5, harboring multiple mutations in >10 genes were considered hypermu-
tated (arrow). Blue asterisk: truncated Y-axes. For tumors without SNP bars, mutations were detected with Sanger
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sequencing only. Black cells below the bar charts denote tumors positive for nuclear B-catenin protein with IHC.
Diagram on the left shows prevalence of mutated genes and diagram on the right prevalence of clonal mutations
(VAF>25%) in hypermutated GBCs and all other mutated tumors, as indicated; red asterisks: genes not interrogated
with NGS. CTNNB1 (36%), PTEN (33%), TP53 (31%) and PIK3R1 (29%) were the most frequently mutated genes,
followed by PIK3CA (13%), BRCA2 and KRAS (12%), and BRCA1 (11%) while all other mutated genes were present in
<10% of tumors. Mutations in TP53 and members of PI3K, Wnt and RAS pathways were prevalent in all mutated tu-
mors, excluding the hypermutated GBCs. Mutations in DNA repair, chromatin modification, immune response genes
together with TP53 were predominant in hypermutated GBCs, while KRAS and CTNNB1 mutations were absent. B.
For CNAs, CN status per gene is described by a 4-color scale, as indicated. Corresponding CN prevalence is shown
in the diagram on the left. EGFR was the most frequently amplified gene, with 35% of all tumors showing gain, either
high or low, followed by PIK3CA (27%), PRKAR1A (21%), MET (17%), PIK3R1 (8%) and ERBB2 (6%).

60%, suggesting distinct subclones in the tu-
mor; in one sample with TCC<20%, a low fre-
quency mutation would be below the default
sensitivity of and would have been missed by
the NGS method. Classic pathogenic or likely
pathogenic TP53 (p.R175H), PIK3CA (p.E542K,
p.E545K) and KRAS (p.G12A) mutations (Cli-
nVar), were present in 22 tumors. Three BRCA2
mutations (p.D2723G, p.A1233T, A627V), the
first one reported as pathogenic when inherit-
ed, were also recurrent but were present at low
frequencies, not anticipated for germline muta-
tions. Further recurrent mutations registered in
COSMIC and in dbSNP with MAFs<10”-4 were
observed in TP53, PTEN, KMT2D, BRCA2, KIT
and ABL1 (Tables S5, S6).

Figure 2A shows the distribution of genomic
variants across tumors. The number of SNPs
did not vary among the NGS informative tumors,
but the number of mutations did, ranging from
0 to 160 per tumor. More than half (56%) of
mutated tumors harbored 1 or, occasionally, 22
mutations in 1 or 2 genes; 17 (25%) in 3 or 4
genes; 13 (19%) in =5 of the interrogated
genes. Among the latter, 6 GBCs possessed
mostly multiple mutations in >10 genes, ac-
countable for 64% of all mutations detected
with NGS; hence, we considered these 6 GBC
as hypermutated (hm). Hypermutation or ab-
sence of mutations could not be considered as
artifacts, based on the constant SNP number,
the good quality metrics of the samples and
the perfect Integrative Genome Viewer (IGV)
reads. Although the number of hm tumors was
very small for performing reliable statistics, we
observed a distinct pattern of mutations be-
tween hm and non-hm tumors. All hmGBC car-
ried mutations in multiple homologous recom-
bination repair (HHR) genes, particularly BRCA2
(6/6), BRCA1 (5/6), BAP1 (5/6), PALB2 (3/6),
which were infrequent or absent in non-hm
tumors. Further, all hmGBC demonstrated mu-

tations in the PD1 gene (PDCD1), while only 1
non-hm tumor demonstrated the same fea-
ture. By contrast, none of the hmGBC carried
mutations in CTNNB1 and KRAS, which were
exclusively present in non-hm tumors.

Most NGS mutations (89%) were present at
VAFs<25%, a feature most prominent in hm-
GBC (Table S6). Top genes with clonal muta-
tions (VAFs>25%) were TP53 and PIK3CA,
found only in GBC (Figure 2A). All TP53 (p.
R175H, p.R273H, p.H179Y) and most PIK3CA
(p.EB45K, p.E542K and p.H1047R) clonal
mutations were known pathogenic or likely
pathogenic, according to ClinVar. In non-hm
tumors, we found 19 clonal mutations
(VAFs>25%) in 9 genes and in 15 tumors (33%
of non-hm cases). In 4 hmGBCs we detected 28
clonal mutations, corresponding to 20 genes
(Figure 2A). Of note, a POLE clonal mutation
(p.Pro486Ser; not registered, outside the exo-
nuclease domain) was found at 30% VAF in a
hmGBC with 160 mutations in 56 genes; the
germline pathogenic BRCA1 p.Q1777fs (VAF
26%) and p.Q563* (VAF 40%) were present in
another but at frequencies not expected for
germline mutations, while 1 MSH3 mutation
and 4 mutations in HRR genes (2 PALB2, 1
BRCA1 and 1 BRCA2) were also identified at
VAFs>25% in a single hmGBC (Figure 2A; Table
S6).

Regarding CNAs, 38 tumors (45%) were infor-
mative for all examined targets (Figure 1). The
distribution of CN changes across tumors is
shown in Figure 2B. For all genes, most aberra-
tions were marginal gains. EGFR was by far the
most frequently amplified gene, while CN gains
of PRKAR1A, PIK3CA, ERBB2 and MET were
also observed (Figure 2B). Associations and p
values of genetic alterations are shown in Table
2. Most PTEN mutations coincided with
CTNNB1 mutations. TP53 mutations were mo-
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Table 2. Significant associations of mutations, copy number ab-
errations and mRNAexpression of angiogenesis related genes

Genomic change

No genomic change p value

Site TP53 mut TP53 wt
ECC 0 14 (100%) <0.001
GBC 23 (43%) 31 (57%)
ICC 2 (15%) 11 (85%)

Site PRKAR1A copy gain  PRKAR1A no gain
ECC & GBC 26 (45%) 32 (55%) 0.007
ICC 10 (91%) 1 (9%)

Sex CTNNB1 mut CTNNB1 wt
Men 20 (49%) 21 (51%) 0.017
Women 7 (21%) 26 (79%)

PTEN CTNNB1 mut CTNNB1 wt
Mutated (mut) 17 (63%) 6 (14%) <0.001
Wild-type (wt) 10 (37%) 38 (86%)

Age KIT mut KIT wt
>68 yrs 6 (15%) 35 (85%) 0.028
<68 yrs 0 35 (100%)

mRNA RQ positive mRNA RQ negative

Nuclear B-catenin EDNRB
Positive 15 (40%) 9 (75%) 0.047
Negative 23 (60%) 3(25%)

Nuclear B-catenin FLT4
Positive 6 (25%) 18 (69%) 0.002
Negative 18 (75%) 8 (31%)

Nuclear B-catenin VEGFC
Positive 4 (20%) 19 (59%) 0.009
Negative 16 (80%) 13 (41%)

CTNNB1 EDNRB
Mutated 10 (25%) 7 (70%) 0.021
Wild-type 30 (75%) 3 (30%)

PIK3R1 EDNRA
Mutated 5 (17%) 5 (6%) 0.032
Wild-type 25 (83%) 4 (44%)

PTEN EDNRA
Mutated 7 (20%) 7 (70%) 0.005
Wild-type 28 (80%) 3 (30%)

PIK3CA EDN1
Mutated 9 (27%) 0 0.010
Wild-type 24 (73%) 20 (100%)

ERBB2 FLT4
Copy gain 10 (36%) 2 (9%) 0.045
No copy gain 18 (64%) 20 (91%)

ICC, ECC: intra- and extrahepatic cholangiocarcinoma, respectiviey; GBC: gall-
bladder carcinoma; RQ: relative quantification value.

re prevalent in GBC, whereas PRKAR1A CN
gains in ICC. All KIT mutations were found in

patients >68 yrs old and a female
preponderance for CTNNB1 mu-
tations, although both these find-
ings may be biased by the overall
limited sample size.

B-catenin protein expression

Immunohistochemical  staining
for B-catenin was informative in
71 tumors. Membranous or cyto-
plasmic B-catenin staining was
seen in 69 tumors (97%), while
nuclear B-catenin in 32 tumors
(45%) and in 5 out of 6 hmGBC
(Figure 2A). No association was
observed between nuclear b-ca-
tenin and CTNNB1 mutations.

mMRNA expression profiling and
associations

In total, 79 RNA samples were
available for mRNA expression
analysis and 34 (43%) yielded
informative results for all targets
(Figure 1). The distribution of
tumor RQ values per target is dis-
played in Figure 3. Most tumors
expressed relatively high mRNA
levels of VEGFA, its receptors
FLT1 and KDR and co-receptors
NRP1 and NRP2, as well as of
endothelin EDN1 and its recep-
tors EDNRA and EDNRB (Figure
3). We observed strong mRNA
expression correlations between
NRP2 and EDNRA, but also
between the two neuropilins
(NRP1 and NRP2), NRP1 and ED-
NRA, as well as between VEGFA
and its receptors (Figure 4).

Al PIK3CA mutated tumors
expressed EDN1 mRNA, while
the majority of EDNRA express-
ing tumors lacked PTEN or
PIK3R1 mutations. Most tumors
expressing nuclear [B-catenin
were negative for VEGFC and
FLT4 mRNA expression but posi-
tive for EDNRB, while most
EDNRB expressing tumors lacked

CTNNB1 mutations. Finally, the majority of
tumors with ERBB2 CN gain expressed FLT4
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Figure 4. Correlations of mRNA targets with each other. Relative quantification
values were compared as continuous variables. A. Spearman’s correlations
and statistically significant p values are shown. B. Correlation map (clustered).

(Table 2). Spearman’s coefficient values depict-
ing significant associations between angiogen-
esis targets and clustered correlation maps are
shown in Figure 4. We did not observe any
associations between clinicopathological para-
meters and mRNA expression of the examined
genes.

Discussion

Mutations in TP53 and in genes of the PI3K,
Wnt and RAS pathways were prevalent in our
BTC cohort. The frequency and predominance
of TP53 mutations in the present GBC is in line
with the proposed role of TP53 aberrations
early in GBC pathogenesis [4, 10, 12, 31]. The
herein higher than previously frequency of
CTNNBZ1, PTEN and PIK3R1 mutations could be
partly due to the screening method, since we
performed Sanger sequencing on nested PCR
products. A high incidence of CTNNB1 muta-
tions is reported in adenomas of the gallblad-
der but these mutations are not considered as
major contributors towards gallbladder carcino-
genesis [12, 23, 32]. Here, the detection of
nuclear B-catenin protein in almost half the
tumors suggests canonical Wnt pathway acti-
vation, complying with earlier work [7]. Although
CTNNB1 mutations were present in half the
tumors with nuclear [-catenin expression,
these two parameters were not associated,
implying that the Wnt pathway may be activat-
ed through different factors in BTC. In support
to this option, experimental studies show that
Wnt pathway activation in cholangiocarcinoma
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is sustained by Wnt ligand-

Qo
g il G secreting inflammatory mac-
ors rophages [6, 13, 33]. The co-

existence of CTNNB1 and
PTEN mutations is novel in
BTC; this pattern is seen in
ovarian and endometrial en-
dometrioid carcinomas im-
plying Wnt and PI3K pathway
cross-talk [34]. In agreement
with the involvement of inac-
tivating PTEN mutations in
GBC and ICC development,
almost half of PTEN muta-
tions in our BTC were predict-
ed pathogenic [10-12, 20,
21, 23, 24, 32]. The inci-
dence of PIK3CA mutations
abides by previous studies
[1, 2, 11, 31]. Despite the high incidence of
PIK3R1 mutations recorded here, few studies
have detected inactivating PIK3R1 mutations
in BTC [10, 24]. Nevertheless, the herein report-
ed high incidence of clonal and known patho-
genic mutations in the PISK pathway support
the rationale for testing BKM120, MK2206 and
everolimus (PI3K, AKT and mTOR inhibitors,
respectively) in phase I/l studies for their effi-
cacy as targeted therapies for refractory and
advanced disease [2, 4, 6, 11, 31].

A novelty in this study is the described subset
of hmGBC, with prevalent HRR gene mutations
that were present in all these tumors, and occa-
sionally with multiple clonal mutations in genes
from different DNA repair pathways (POLE,
MMR). Inactivating mutations in HRR genes
have been previously described in hypermutat-
ed BTC and in rare cases with familial cholan-
giocarcinoma [10, 11]. Germline DNA was not
available from our patients; therefore, we can-
not proof the inherited or acquired nature of
HRR mutations. However, since their frequen-
cies were in general lower than expected for
germline mutations in tissues, we rather specu-
late that our hmGBC mostly carried somatic
mutations in HRR genes. Since DNA repair defi-
cient tumors display sensitivity to PD1 block-
ade with immune checkpoint inhibitors (pem-
brolizumab), immunotherapy or treatment with
synthetic lethality drugs (e.g., PARP inhibitors)
might prove beneficiary for BTC patients with
the respective mutational profile [6, 11, 35]. Of
note, all hmGBC carried mutations in the PD1
and half of them in the PD-L1 gene. PD-L1
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mutations were clonal, perhaps justifying the
reported increased expression of PD-L1 in
hypermutated BTC [10]. However, PD1 muta-
tions presented at low frequencies and might
have derived from the tumor microenvironment
and not necessarily from the cancer cells. At
present, the effect of such mutations on the
PD1/PD-L1 axis and especially on the PD1 pro-
tein is unknown. This finding merits further
investigation, since pembrolizumab for exam-
ple, which is already trialed in BTC, particularly
targets the PD1 protein.

Mutations in epigenetic regulators have been
reported in BTC, in concert with our findings
[2, 9, 10, 12, 24]. Limited knowledge exists on
the prognostic significance of genetic aberra-
tions in chromatin remodeling genes, except
for BAP1, associated with aggressive disease,
suggesting that histone deacetylase inhibi-
tors might hold promise as therapeutic targets
[11]. The demonstrated incidence of KRAS mu-
tations agrees with earlier work. In addition,
although FGFR2 is considered as a therapeutic
target in BTC, particularly in ICC [6, 10], we only
observed 1 FGFR2 mutated ICC probably due
to the limited number of such tumors in the
present series. The latter may also explain the
absence of IDH1 and BRAF V60OE mutations
which are mostly reported in ICC [2, 4, 18, 22].

We detected gene copy gains more frequently
in EGFR and less so in PRKAR1A, PIK3CA,
PIK3R1, MET and ERBB2. Consistent with this
finding, EGFR protein expression has been
described in BTC and associated with amplifi-
cation [1, 6, 11, 26]. EGFR inhibitors have been
employed in BTC treatment, mostly phase I
and 1 phase Il study, with only modest suc-
cess, mainly due to downstream KRAS muta-
tions or other markers associated with res-
ponse to EGFR therapy [2, 6]. ERBB2 may also
be overexpressed and amplified in GBC and
ECC[1, 2, 6, 25, 26]. Treatment with trastuzum-
ab has shown beneficiary results in GBC pa-
tients with ERBB2 amplification or overexpres-
sion [5]. MET amplification is seen in ICC, while
MET protein overexpression in GBC, the latter
associated with decreased overall survival [1,
20]. Contrary to the PIK3CA copy gains obser-
ved here, amplification has not been described
in BTC [36]. In comparison, the present novel
finding on PRKARZ1A copy gains in ICC may ex-
plain the previously reported PRKAR1A mRNA
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and protein overexpression in these tumors
[27]. PRKAR1A knockdown reduces growth and
induces apoptosis in cholangiocarcinoma cell
lines, with a concomitant decrease in PI3K/Akt,
JAK/STAT and Wnt signaling, suggesting path-
way crosstalk and a role for PRKAR1A as a tar-
get for therapy [27].

In agreement with previous work, we obser-
ved increased mRNA expression of VEGFA and
other angiogenesis factors, and positive corre-
lations between mRNA expression of VEGFA
and its receptors [1, 3, 6, 37]. Inhibitors against
VEGFA (bevacizumab), or VEGFA receptors, in-
cluding sorafenib, sunitinib and vandetanib,
have been tested for their effectiveness in BTC
treatment in various phase I/Il trials; only the
former, depending on regimen, yielded a 7 or
8.1 months benefit in median PFS [1-4, 6].
About half the tumors in our cohort showed low
to moderate VEGFC and FLT4 mRNA expres-
sion, while we also report on a novel inverse
association between nuclear 3-catenin expres-
sion and lymphangiogenesis, which merits
functional proof. A recent study demonstrated
VEGFC protein expression in cholangiocarcino-
ma, shown to be higher in those with lymph
node metastasis [38]. Unfortunately, missing
information on lymph node status here prevent-
ed examination of associations between VEGFC
MRNA expression and lymph node metastasis.

Our observations on high mRNA expression of
neuropilins NRP1 and NRP2, complies with
their described expression in gastrointestinal
adenocarcinomas, gallbladder and ampulla of
Vater carcinomas and their roles in tumor pro-
gression, metastasis, angiogenesis and lym-
phangiogenesis, suggesting they are targets for
therapy [39, 40]. SEMA3B, a tumor suppressor
and inhibitory ligand of NRP2, is frequently hy-
permethylated in cholangiocarcinoma [4, 39].
Our findings of moderate mRNA expression of
EDN1 and its receptors EDNRA and EDNRB
agrees with previous findings displaying ED-
NRA and EDNRB protein expression in cholan-
giocarcinoma tissue at higher levels than nor-
mal tissue. EDNRA and EDNRB have emerged
as druggable targets in cancer treatment; they
are overexpressed in various cancers and their
activation mediates PISK/AKT, B-catenin and
Ras/Raf/MEK cascades, promoting tumor pro-
liferation, angiogenesis and metastasis. In epi-
thelial ovarian carcinoma, the EDN1/EDNRA
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axis facilitates nuclear B-catenin translocation
and subsequent transcriptional activation, de-
pendent on B-arrestin/EGFR cross-talk and
also induces VEGFA expression via HIF-1a [41].
Clearly, this retrospective descriptive study has
certain limitations, including small sample size
and missing data on tumor size and nodal sta-
tus. Nevertheless, the herein observed inter-
play between PI3K pathway or Wnt pathway
aberrations and the mRNA expression of angjo-
genesis factors is a novelty that necessitates
validation within a larger patient population.

In conclusion, we retrospectively validated in
our cohort of BTC patients genetic aberrations
and mRNA profiles of genes proposed to func-
tion as oncogenic drivers, are members of
pathways activated in BTC or are tested as drug
targets [8-11, 24]. We also confirmed the pres-
ence of distinct genotypes among GBC, ICC and
ECC. Novel findings include the presence of
PIK3CA and PRKARZ1A copy gains, the preva-
lence of the latter in ICC, the co-existence of
PIBK and WNT pathway gene mutations, their
association with angiogenesis, and the hyper-
mutated GBC subtype with HRR gene muta-
tions. The latter may be considered for new
treatment options in this challenging to treat
disease.
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