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See Covering the Cover synopsis on page 665;
see editorial on page 687.

BACKGROUND & AIMS: Cholangiocarcinoma, the sec-
ond most common liver cancer, can be classified as intrahepatic
cholangiocarcinoma (ICC) or extrahepatic cholangiocarcinoma.
We performed an integrative genomic analysis of ICC samples
from a large series of patients. METHODS: We performed a
gene expression profile, high-density single-nucleotide polymor-
phism array, and mutation analyses using formalin-fixed ICC
samples from 149 patients. Associations with clinicopathologic
traits and patient outcomes were examined for 119 cases. Class
discovery was based on a non-negative matrix factorization
algorithm and significant copy number variations were identi-
fied by Genomic Identification of Significant Targets in Cancer
(GISTIC) analysis. Gene set enrichment analysis was used to
identify signaling pathways activated in specific molecular
classes of tumors, and to analyze their genomic overlap with
hepatocellular carcinoma (HCC). RESULTS: We identified 2
main biological classes of ICC. The inflammation class (38% of
ICCs) is characterized by activation of inflammatory signaling
pathways, overexpression of cytokines, and STAT3 activation.
The proliferation class (62%) is characterized by activation of
oncogenic signaling pathways (including RAS, mitogen-acti-
vated protein kinase, and MET), DNA amplifications at
11q13.2, deletions at 14q22.1, mutations in KRAS and BRAF,
and gene expression signatures previously associated with poor
outcomes for patients with HCC. Copy number variation–
based clustering was able to refine these molecular groups
further. We identified high-level amplifications in 5 regions,
including 1p13 (9%) and 11q13.2 (4%), and several focal dele-
tions, such as 9p21.3 (18%) and 14q22.1 (12% in coding regions
for the SAV1 tumor suppressor). In a complementary approach,
we identified a gene expression signature that was associated

with reduced survival times of patients with ICC; this signature
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was enriched in the proliferation class (P � .001). CONCLU-
SIONS: We used an integrative genomic analysis to identify
2 classes of ICC. The proliferation class has specific copy
number alterations, activation of oncogenic pathways, and
is associated with worse outcome. Different classes of ICC,
based on molecular features, therefore might require dif-
ferent treatment approaches.

Keywords: Liver Cancer; Molecular Classification; Whole-
Genome Profiling; Prognosis.

Liver cancer is the third leading cause of cancer mor-
tality worldwide, and cholangiocarcinoma represents

he second most common type after hepatocellular carci-
oma (HCC), accounting for 10%–15% of all primary liver
alignancies.1 Cholangiocarcinoma (CC) is clinically clas-

sified into intrahepatic cholangiocarcinoma (ICC), arising
from the small bile ducts within the liver, and extrahe-
patic cholangiocarcinoma (ECC), from the ductal epithe-
lium of the extrahepatic bile duct. Both entities have
distinct genetic and histologic features, risk factors, and
clinical outcomes.2 Epidemiologic data suggest that ICC
incidence has increased significantly in recent years, with
great geographic variability, whereas ECC has remained
stable or slightly declined.3 Surgical resection is the only

otentially curative therapy for ICC patients, but most of

Abbreviations used in this paper: CC, cholangiocarcinoma; CI, confi-
dence interval; CNV, copy number variations; ECC, extrahepatic cholan-
giocarcinoma; EGFR, epidermal growth factor receptor; FFPE, formalin-
fixed paraffin-embedded; HCC, hepatocellular carcinoma; HLA, high-level
amplification; HR, hazard ratio; ICC, intrahepatic cholangiocarcinoma; IL,
interleukin; RTK, receptor tyrosine kinase; STAT, signal transducer and
activator of transcription.
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830 SIA ET AL GASTROENTEROLOGY Vol. 144, No. 4
them are diagnosed at an unresectable stage, for which
only palliative chemotherapy is available.4 – 6

Chronic inflammation facilitates cholangiocyte trans-
formation through a multistep process involving several
factors, such as transforming growth factor-� and cyto-

ines.7 In particular, interleukin (IL)-6 has been proposed
s an important oncogenic driver in CC.8,9 Activating
utations of KRAS,10,11 promoter hypermethylation of

DKN2A,10 and overexpression of MET12 and Human
pidermal Growth Factor Receptor 2 (HER2)13 also have
een described. Nevertheless, there is limited understand-

ng on the pathogenesis of this neoplasm, and no estab-
ished molecular classification is available to date.

Unlike many other solid tumors, no molecular targeted
gents have been approved for the treatment of this neo-
lasm. Phase III trials exploring molecular targeted ther-
pies or chemotherapeutical regimens specific for ICC are
acking. Most studies include patients with biliary tract
ancers, in which a small proportion are ICCs, as is the
ase with a recent trial testing cisplatin and gemcitabine.5

Sorafenib, a multiple tyrosine kinase inhibitor improving
survival in advanced HCC patients,14 showed limited ac-
tivity in such types of tumors in phase II studies.15 Hence,
he identification of novel therapeutic targets remains an
rgent need. To this end, genome-wide, unbiased charac-
erization of molecular aberrations provides important
nformation that would allow a better understanding of
his disease. DNA copy number alterations represent a
ommon mechanism driving oncogene and tumor-sup-
ressor alterations. Consequently, a high-resolution ge-
ome-wide map should facilitate the identification of
andidate drivers in ICC.

Herein, we apply genomic methodologies to archived
xed tumor tissues obtained from a large series of ICC
atients with annotated clinical data. We report the pres-
nce of 2 highly distinct molecular classes identified
hrough transcriptional profiling, suggest class-specific
ncogenic mechanisms, and uncover their prognostic im-
act on clinical outcome.

Materials and Methods
Patients and Tumor Samples
A total of 153 formalin-fixed, paraffin-embedded (FFPE)

samples were obtained from ICC patients resected between 1995
and 2007 at 3 centers from the HCC Genomic Consortium:
IRCCS Istituto Nazionale Tumori (Milan), Mount Sinai School
of Medicine (New York), and Hospital Clinic (Barcelona). Patho-
logic diagnosis of ICC was confirmed by 2 independent liver
pathologists (M.S. and S.N.T.). A total of 149 good-quality
samples were analyzed for molecular characterization to define
molecular-based classes. Clinical follow-up data were available
for 119 patients and were used to identify prognostic classes
(Supplementary Figure 1). The study protocol was approved at
each center’s Institutional Review Board.

Gene Expression, Single-Nucleotide
Polymorphism Array, Fluorescence In Situ
Hybridization, and Immunohistochemistry

See Supplementary Materials and Methods section.
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Bioinformatics and Clinical Data Analysis
See Supplementary Materials and Methods section.

Results
Genomic Profiling Identifies 2 ICC Classes
With Distinct Molecular Alterations
We performed whole-genome expression profiling

in a final cohort of 149 ICC patients. The non-negative
matrix factorization– based unsupervised clustering16 re-
vealed 2 distinct and robust classes, which we named
proliferation (92 of 149; 62%) and inflammation (57 of
149; 38%), based on subsequent functional characteriza-
tion (Figure 1A, Supplementary Figure 2). Leave-one-out
cross-validation analysis further confirmed the robustness
of the non-negative matrix factorization– based classifica-
tion (Supplementary Table 1) and identified 1402 overex-
pressed genes in the proliferation and 163 overexpressed
genes in the inflammation classes (Supplementary Table
2). Patients in the proliferation class showed more aggres-
sive tumors characterized by poorer histologic differenti-
ation and intraneural invasion (Table 1). No significant
differences were found for sex, age, tumor size, TNM
stage, satellites, and macrovascular invasion.

Pathways Activated in the Proliferation Class
Gene set enrichment analysis showed that several

oncogenic pathways were enriched in the proliferation
class, including receptor tyrosine kinase (RTK) pathways
such as EGF, RAS, AKT, MET, and the angiogenesis-
related vascular endothelial growth factor and platelet-
derived growth factor (q � 0.05, Supplementary Table 3).

RAS pathway activation (q � 0.02) was identified by
ngenuity Pathway Analysis (available at: www.ingenuity.
om) with RAS homolog and RALA as the main molecules
n the major network (Figure 2A). A network including

DAC1 and mitogen-activated protein kinase also was prom-
inent in this class (Supplementary Figure 3). Top biofunc-
tions are shown in Supplementary Figure 4. Afterward, we
evaluated the genomic similarity between tumors in these
classes with published HCC profiles.17–20 HCC signatures

f poor prognosis were found enriched in the prolifera-
ion class, including cluster A,17 the CC-like class,18 G3

(cell-cycle– dysregulated class),19 transforming growth fac-
or-�/WNT-activated class (S1 class),20 and the �-fetopro-

tein-positive class (S2 class)20 (q � 0.10; Supplementary
able 4).

Pathways Activated in the Inflammation Class
Tumors clustering within the inflammation class

were characterized by induction of immune response–
related pathways, such as dendritic cells and cytokine
pathways (q � 0.05; Supplementary Table 5). Notably,
overexpression of cytokines belonging to the Th2 subtype,
such as IL-4 and IL-10, along with down-regulation of Th1
cytokines, was observed (Supplementary Figure 5A). Con-
sistently, Ingenuity Pathway Analysis revealed a strong

association with IL-17F, IL-17A, and chemokine signaling
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April 2013 INTRAHEPATIC CHOLANGIOCARCINOMA 831
(Supplementary Figure 5B). One top scored network re-
lated to inflammation and IL-10 was identified (Figure
2B). Members of the STAT family are key transducers of
cytokine signaling, especially the oncogene STAT3.21 Tu-

ors in this class were enriched for nuclear pSTAT3 (77%
s 58% in the proliferation class; P � .02; Figure 2C).
mmunostaining against the active subunit of nuclear
actor-�B revealed that it was activated in 9%–11% of

patients, with no differences between classes. Tumor-in-
filtrating immune cells did not differ in number between
our classes (data not shown).

Landscape of Chromosomal Aberrations
in ICC
The Genomic Identification of Significant Targets

Figure 1. Molecular classes of
ICC with distinct clinical outcome.
Non-negative matrix factoriza-
tion–based algorithm identified 2
robust classes: proliferation (or-
ange) and inflammation (green)
classes. (A) The heatmap shows
unsupervised clustering of 149
ICCs based on the whole-ge-
nome expression. High and low
expression levels are represented
in red and blue, respectively. The
top 100 differentially expressed
genes are presented in the heat-
map. (B) Kaplan–Meier estimates
of overall survival (n � 119); (C)
Kaplan–Meier plot of overall recur-
rence (n � 113). Patients in the
proliferation class (red) showed
shorter survival and earlier rec-
urrence.
in Cancer (GISTIC) algorithm identified frequent and s
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high-magnitude DNA copy number gain for chromosome
1q (32%) and 7p (25%), and loss for 6q (52%), 9q (45%), 9p
(42%), 3p (41%), 13q (38%), 14q (36%), 8p (30%), 21q (20%),
17p (21%), 4q (18%), 1p (16%), 18q (15%), and 11p (13%),
which were distributed equally among classes (Supple-
mentary Figures 6 and 7A, Supplementary Table 6). We
found 5 regions with high-level amplification (HLA),
which affected 23% of tumors mostly from the prolifera-
tion class (Table 2, Supplementary Figure 7B). One HLA
at 11q13.2, including 6 genes (ie, CCND1, FGF family
members, ORAOV1) was observed in 5 patients of the
proliferation class (5 of 128; 4%) and was confirmed by
fluorescence in situ hybridization (Figure 2D and E, Sup-

lementary Table 7). The ORAOV1 gene was overexpressed

ignificantly in all samples (P � .001; Figure 2F). Another

itoriale della Brianza from ClinicalKey.com by Elsevier on 
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832 SIA ET AL GASTROENTEROLOGY Vol. 144, No. 4
amplified locus was 1p13.1 (11 of 128; 9%), spanning
several transcriptional repressors (eg, TRIM45, TTF2, and
VTCN1; Table 2). In addition, HLAs at 1p31.3 and 6q12
were identified in 6% (8 of 128) and 5% (6 of 128) of
patients, respectively. The former covers only ROR1, a
poorly characterized RTK-like orphan receptor,22 whereas
the latter includes PHF3, a PHD finger protein.

Thirty regions showed focal deletions affecting 53% of
ICCs, without apparent accumulation in either class (Sup-
plementary Figure 7B and Supplementary Tables 8 and 9).

ocal deletion at 9p21.3 was identified in 18% (23 of 128),
locus harboring CDKN2A and CDKN2B tumor suppres-

ors (Table 2). Thirteen percent of patients (17 of 128)
resented a second focal deletion at 9p21.3 covering 2

Table 1. Clinicopathologic Characteristics of the Patients Acc

Proliferation class

n (%) 72 (60)
Demographics
Sex, n (%)

Male 43 (60)
Age, y

Median (IQR) 65 (56–72)
Race, n (%)

Caucasian 62 (93)
African American 1 (1.5)
Asian 3 (4.5)

Viral hepatitis, n (%)
Hepatitis C 10 (14)
Hepatitis B 5 (7)

Cirrhosis, n (%) 12 (17)
Jaundice, n (%) 2 (3)
Bilirubin, n (%)

�1 mg/dL 10 (14)
ALT, n (%)

�40 IU/L 21 (29)
Albumin, n (%)

�35 mg/dL 7 (10)
Tumor feautures (pathologic)
Tumor diameter, cm

Median (IQR) 7 (4–10)
Tumor number, n (%)

Single 63 (88)
Multiple 9 (12)

Cell differentiation, n (%)
Well 4 (7)
Moderate-poor 54 (96)

Stage,b n (%)
I � II 57 (79)
III � IV 15 (21)

Macrovascular invasion, n (%) 12 (17)
Invasion of peritoneum, n (%) 4 (6)
Infiltration of resection margins, n (%)

Positive 39 (54)
Invasion of bile duct, n (%) 4 (6)
Intraneural invasion, n (%) 18 (25)
Satellites, n (%) 20 (28)
Events, n (%)

Recurrence 45 (62)
Death 50 (69)

IQR, interquartile range.
aVariables included here had less than 10% of missing values except
bData according to the AJCC TNM stage 7th edition.
enes, ELAVL2 and TUSC1. A focal deletion at 12p13.2 was

Downloaded for Anonymous User (n/a) at Azienda Socio Sanitaria Terr
January 10, 2023. For personal use only. No other uses without permi
ound in 3% of ICC patients (4 of 128; Table 2).23 Mark-
dly, 1 of the 30 candidate regions covers only 1 gene,
AV1, within a minimal region from 50.16 to 50.26 Mb at
4q22.1 (15 of 128 patients; 11 from the proliferation
lass) and was associated significantly with reduced SAV1
ene expression (P � .006; Supplementary Figure 8A) This

Hippo pathway gene plays a pivotal role in organ size
control and tumor suppression.24 Expression of BIRC2
was overexpressed significantly in these samples, but no
significant changes were observed for YAP1, LATS1,
LATS2, or BIRC5 (Supplementary Figure 8B–D).

Mutation Analysis
We sought to determine the association of previ-

ing to ICC Classes

Inflammation class Total a P value

47 (40) 119

22 (47) 65 (55) .19

59 (52–68) 64 (54–70) .13

46 (98) 108 (95) .13
1 (2) 2 (1.8)
0 (0) 3 (2.7)

9 (19) 19 (16) .44
6 (13) 11 (9) .33
8 (17) 20 (17) 1.00
4 (9) 6 (5) .41

14 (30) 24 (20) .06

10 (21) 31 (26) .29

3 (6) 10 (8) .74

6 (4–8.4) 6 (4–9) .12

36 (77) 99 (83)
11 (23) 20 (17) .14

14 (38) 18 (19)
23 (62) 77 (81) <.01

37 (78) 94 (79)
9 (19) 24 (21) 1.00
4 (9) 15 (13) .27
0 (0) 4 (3) .15

15 (32) 49 (45) .05
2 (4) 5 (5) 1.00
2 (4) 17 (17) <.01

12 (26) 29 (27) .83

29 (62) 74 (62) .55
30 (64) 80 (67) .55

cell differentiation (n � 23, 19% missing).
ord

for
ously reported mutations with the molecular classes.
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KRAS exon 1–activating mutations were observed in 12
patients (12 of 147; 8%), 8 from the proliferation class
(8 of 90 vs 4 of 57 in the inflammation class; P � NS;
Supplementary Table 10, Supplementary Figure 9A and
B). Mutations at exon 15 of BRAF were found in 5 patients
(5 of 141; 4%), 4 from the proliferation class (4 of 87 vs 1
of 54; P � NS, Supplementary Figure 9C and D). Three-
point mutations were at V600E. Two mutations involving

Figure 2. Dysregulated gene
etworks and validation of HLA
t 11q13.2 in ICC molecular
lasses. Ingenuity Pathway
nalysis results for (A) prolifera-

ion and (B) inflammation classes
re presented. Network analysis
f deregulated genes in the prolifer-
tion class shows the presence of 3
entral nodes (ie, PI3K, RALA, and

RAS homolog). In the inflammation
class one top-scored network re-
lated to inflammation and including
several cytokines (eg, IL-10, IL-19)

as identified. A node represents a
ene or gene product, and an edge

ndicates the relationship between
odes. Solid lines symbolize direct

nteraction and dotted lines stand
or indirect interaction. (C) Im-

unohistochemical STAT3-
yr705 phosphorylation staining in

nflammation (right panel) and prolif-
ration (left panel) class representa-
ive samples. Images were cap-
ured with 20� (upper panel) and
0� (lower panel) objectives. Nu-
lear positive staining was enriched

n tumors of the inflammation class
77% positive patients in the inflam-

ation vs 58% in the proliferation
ubclass). (D) Annotated genes
apped in the minimal overlapping

egion at 11q13.2 and the genomic
ocation of the fluorescence in situ
ybridization probe (green bar)
sed for confirmation of 11q13.2
LA in 5 patients from the prolifera-

ion class. (E) HLA at 11q13.2 was
alidated by FISH. Red: BAC probe
entered on the region of interest;
reen: BAC probe CEP-11 for the
entromere of chromosome 11.
epresentative images are dis-
layed: 1 patient without HLA (left
anel) or with HLA (right panel). (F)
RAOV1 gene expression is in-
reased in the 5 patients harboring
1q13.2 HLA. Each dot represents
he corresponding copy number
nd expression level for a single tu-
or. Horizontal axis, log2 copy

umber for SNP probes in the min-
mal regionat11q13.2.Vertical axis,
ormalized gene expression level
or each tumor.
epidermal growth factor receptor (EGFR) (2 of 142; 1.4%) and
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1 at exon 7 of TP53 all occurred in proliferation class
patients.

Integration of Gene Expression, Copy
Number, and Mutation Profiles Refine
Proliferation and Inflammation Classes
The integration of DNA copy number variations

(CNVs) and gene expression-based classes refined the class

prediction. We found that the proliferation and inflam-
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834 SIA ET AL GASTROENTEROLOGY Vol. 144, No. 4
mation classes could be divided further into 3 subgroups
named P1–3 and I1–3, respectively (Figure 3, Supplemen-
tary Figure 10). Within the proliferation class (n � 87) we
identified P1 (n � 35; 40%), P2 (n � 24; 28%), and P3 (n �

8; 32%). P1 was characterized by enrichment of KRAS
utations (6 of 35 vs 4 of 92 in the rest; P � .03), IGF1R and
ET signaling pathways, and signatures of poor prognosis,

ncluding CC bad prognosis,25 G3,19 and S120 (false-discov-
ery rate, � 0.25; Supplementary Table 11). A recently pub-
ished CC signature with stem cell–like features26 was found

enriched in P2 along with recurrence signatures. Finally, P3
showed chromosome 7p gains (17 of 28), EGFR overexpres-
sion (Supplementary Figure 11A and B; P � .001; Kruskal–

allis test), EGFR mutations, and enrichment of an EGFR
ctivation signature.27 Also, chromosome 1q gains (14 of 28

vs 27 of 99; P � .04) and several signatures of poor prognosis
were found enriched in P3.

Within the inflammation class (n � 40), the subgroups
I1 (n � 17; 42.5%), I2 (n � 15; 37.5%), and I3 (n � 8; 20%)
were identified. The I3 subgroup presented with IL-6 gene
overexpression (P � .001, Kruskal–Wallis test), and chro-
mosome 7p gains (8 of 8 patients). I1 along with P1
present less chromosome instability as defined by the
total number of arms gains and losses, with a mean of 2
events (either arms gain or loss) vs a mean of 6 events in

Table 2. Most Relevant Copy Number Alterations in ICC Samp

Cytoband Gene no Wide peak boundaries
Amplifi

q va

1p13.1 TRIM45 chr1:64134549-64223024 �0.00
TTF2
VTCN1
hsa-mir-942

1p31.3 ROR1 chr1:117422805-117574724 0.15
6q12 PHF3 chr6:64401474-64683286 0.15
11q13.2 CCND1 chr11:68555478-69647117 �0.00

FGF3
FGF4
FGF19
MYEOV
ORAOV1

12q12 TMEM16A chr12:43835040-43925043 0.15
TPCN2

9p21.3 CDKN2A chr9:21855843-22441030 5.36
CDKNB

9p21.3 ELAVL2 chr9:22441032-25673219 0.06
TUSC1

10q23.2 PTEN chr10:89299367-90034324 0.10
PAPSS2
ATAD1

12p13.2 BCL2L14 chr12:11393730-12374584 0.17

14q22.1 SAV1 chr14:50157014-50265114 3.45

NOTE. See Supplementary Tables 8 and 9 for a comprehensive descr
the other subgroups (P � .001; Supplementary Figure
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11C). Furthermore, even if the expression of most inflam-
mation class–related cytokines, such as IL-10 and IL-4,
was homogeneous among I1–3 subgroups, I1 was charac-
terized by IL-17A and CCL19 overexpression (P � .003
and P � .001 vs rest, respectively; Supplementary Figure
11D and E), whereas the I2 subgroup showed IL-3 over-
expression (P � .001 vs rest; Supplementary Figure 11F).

Prognostic Relevance of the ICC Molecular
Classification
Overall, characteristics of our cohort resemble

those reported in previous studies.28 Patients were mostly
Caucasian (108 of 119; 95%), with a similar gender distri-
bution (65 of 119 men; 55%), a median age of 64 years,
and without clinically significant underlying liver disease
(cirrhosis in 17%; 20 of 119). On pathologic analysis, the
median tumor size was 6 cm (25%–75%, 4 –9 cm), 17% (20
of 119) were multinodular, and 27% (29 of 119) had
satellite lesions. Fifteen patients (13%) had macrovascular
invasion, and 5 patients (5%) had bile duct invasion.
Forty-nine patients (45%) had surgical margin infiltration.
The median survival of the entire cohort was 34.3 months.
One-, 3-, and 5-year overall survival rates were 85%, 49%,
and 34%, respectively. The median time to recurrence in
the cohort was 19 months; and 1-, 3-, and 5-year recur-

(n � 128)

High-level amplifications

ion

Proliferation class
(n � 88)

Inflammation class
(n � 40)

All samples
(N � 128)

Patients harboring
amplification, n (%)

Patients harboring
amplification, n (%)

Total frequency,
N (%)

9 (10) 2 (5) 11 (9)

6 (7) 2 (5) 8 (6)
6 (7) 0 (0) 6 (5)
5 (6) 0 (0) 5 (4)

7 (8) 1 (3) 8 (6)

Focal deletions

7 17 (19) 6 (15) 23 (18)

76 11 (13) 6 (15) 17 (13)

6 1 (1) 2 (5) 3 (2)

4 2 (2) 2 (5) 4 (3)

8 11 (13) 4 (10) 15 (12)

on of the 30 focal deletions identified.
les

cat
lue

1

1

E-0

78

10

56

E-0
rence rates were 37%, 64%, and 71%, respectively. No
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differences were found between cirrhotic and noncirrhotic
ICC patients regarding clinical behavior.

Survival Analysis
We sought to evaluate the prognostic impact of

our molecular classes and focal copy number alterations
along with known prognostic clinicopathologic variables.
Patients in the proliferation class had significantly shorter
survival (median, 24.3 vs 47.2 months in the inflamma-
tion class; P � .048; Figure 1B). Univariate analysis also
dentified sex, tumor size, tumor number, TNM stage,

acrovascular invasion, invasion of peritoneum, intran-

Figure 3. CNV-based identification of further subgroups within the ICC
lasses. Non-negative matrix factorization clustering of copy number
ata identified the subgroups P1–3 and I1–3 within the proliferation and

nflammation classes, respectively. Patients with copy number data are
epresented (N � 127). Survival and recurrence signatures were en-
iched significantly in the proliferation class (patients in red, P � .001).

Mutated patients are shown by black bars; KRAS mutations were en-
riched in the P1 subgroup (P � .03). Heatmap represents IL-6, EGFR,
IL-17A, IL-3, IL-10, and I-L4 expression, highest in red and lowest in
green; IL-6 and EGFR were found overexpressed in I3 and P3 (P � .001)
whereas IL-17A and IL-3 were found overexpressed in I1 (P � .003) and
I2 (P � .001) subgroups, respectively. CNV affecting broad arms are
shown, gains are in red and losses are in blue. Only significant changes
are represented. The presence of focal deletion of 14q22.1 and positive
STAT3 staining is shown by black bars.
ural invasion, and satellite lesions to be associated sig-
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ificantly with overall survival (Table 3). In multivariate
nalysis, male sex (hazard ratio [HR], 0.42; 95% confidence
nterval [CI], 0.25– 0.72; P � .01), tumor size (HR, 1.92;

95% CI, 1.13–3.27; P � .02), macrovascular invasion (HR,
3.17; 95% CI, 1.68 –5.95; P � .01), and satellite lesions
HR, 2.89; 95% CI, 1.69 – 4.91; P � .001) were independent
redictors of overall survival (Table 3).

Recurrence Analysis
Patients in the proliferation class had significantly

shorter time to recurrence (median, 15 vs 37 months in
the inflammation class; P � .03; Figure 1C). At the same
ime, patients harboring focal deletion at 14q22.1 devel-
ped earlier recurrent disease earlier with a median time
f 9 vs 21 months in the rest of the patients (P � .01;
upplementary Figure 12). Other variables also were as-
ociated with recurrence at univariate analysis such as
umor size, TNM stage, macrovascular invasion, invasion
f visceral peritoneum, and satellite lesions (Table 3). Two
olecular variables (ICC molecular classification and fo-

al deletion at 14q22.1) and 2 pathologic variables (intra-
eural invasion and satellite lesions) retained independent
redictive value on multivariate analysis (Table 3).
We next used the recently published data on CC gene

xpression prognostic classes25 to understand whether
here was an enrichment of our signature in those pa-
ients previously reported with poor prognosis (Supple-

entary Materials and Methods section). Effectively, 42 of
8 patients from the poor outcomes class showed an
nrichment of our proliferation class as compared with 21
f 56 of the good prognosis class (P � .006; Supplemen-
ary Table 12).

Furthermore, we created a specific signature with the
ole purpose of discriminating against patients according
o outcome (recurrence and survival), regardless of tumor

olecular traits, by using the Cox score for feature selec-
ion (Supplementary Tables 13 and 14, Supplementary
igure 13) and successfully validated their performance in
previously published CC data set25 (Supplementary Ta-

ble 15). Interestingly, the poor prognosis signature iden-
tified a subgroup of patients with significantly worse
survival (P � .001), which were accumulated significantly
in the proliferation class (P � .001; Figure 3).

Discussion
ICC lacks an established molecular classification

based on high-throughput genomic data. Our findings
provide compelling evidence of the existence of 2 clear-cut
molecular ICC subtypes based on integration of whole-
genome expression data, chromosomal aberrations, and
signaling pathway activation. The molecular landscape of
ICC entails one class—the proliferation ICC class— char-
acterized by induction of cellular signals involved in cell-
cycle progression and proliferation. This class shows ag-
gressive clinical behavior and holds genomic resemblance
to poor-prognosis HCC, suggesting a shared ancestral line

between both entities. In the second class—the inflamma-
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tion ICC class—there is an enrichment of inflammation-
related pathways, mainly IL-10/-6 and STAT3 (Figure 4).

Previous reports have suggested that inflammation sig-
nificantly contributes to ICC pathogenesis.7 In addition, it

as been suggested that STAT3 constitutive activation,
ependent on IL-6 and IL-17 signaling, could contribute
o cholangiocarcinoma growth.29,30 Even so, the immune
ystem plays a crucial role in tumor immunosurveillance
y destroying cancer cells. Hence, the tumor-progression

Table 3. Univariate and Multivariate Analysis for Survival and

Variables

Overall survival

Univariate
analysis

Mu
a

P value HR 95% CI P value H

Male sex <.01 0.47 0.30–0.75 <.01 0
Caucasian .08 1.30 0.97–1.76
tiology, hepatitis B virus .07 0.43 0.17–1.06
tiology, hepatitis C virus .59 1.17 0.66–2.09
lbumin level �3.5 g/L .25 2.35 1.11–4.95
aundice .55 0.70 0.22–2.33
irrhosis .26 1.45 0.76–2.79
ilirubin level �1 mg/dL .57 0.17 0.68–1.98
LT level � 40 IU/L .75 1.09 0.64–1.84
umor size � 6 cm .02 1.69 1.08–2.63 .02 1
umor number .03 1.82 1.07–3.08
NM stage (I � II vs III � IV) <.001 2.50 1.49–4.18
acrovascular invasion <.01 2.49 1.38–4.49 <.01 3

nvasion of visceral peritoneum .02 4.25 1.32–13.63
ntraneural invasion <.01 2.41 1.40–4.15
esection margins (positive) .02 1.45 1.05–1.96

nvasion of bile duct .08 2.13 0.93–4.91
atellite lesions <.001 3.75 2.34–5.98 <.001 2

CC molecular classification .048 1.59 1.00–2.51
ocal deletion at 1p36.21 .80 1.07 0.64–1.78
ocal deletion at 3p25.3 .87 1.06 0.52–2.14
ocal deletion at 9p24.1 .04 2.42 1.03–5.70
ocal deletion at 14q22.1 .59 1.21 0.60–2.45

OTE. Bold indicates variables that remained statistically significant in the univ
I, confidence interval.

aMissing data for recurrence (n � 6).
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ctivities and tumor-suppression actions of the immune
ystem are not mutually exclusive.31 Here, we show that
n inflammatory background, defined by humoral re-
ponse and imbalance of cytokines, mainly defines a class
f ICC with a more favorable prognosis. Notably, we
ound that this inflammation-related class was associated
ith enrichment of inflammation and cytokine pathway

ignatures and with overexpression of IL-6, IL-10, IL-17,
nd STAT3 constitutive activation. On the other hand,

currence

Overall recurrencea

riate
sis

Univariate
analysis

Multivariate
analysis

95% CI P value HR 95% CI P value HR 95% CI

0.25–0.72 .09 1.49 0.94–2.36
.76 1.15 0.46–2.88
.12 0.51 0.22–1.18
.76 1.10 0.59–2.05
.52 1.35 0.54–3.39
.44 0.63 0.20–2.02
.55 0.79 0.36–1.74
.92 0.97 0.55–1.72
.82 1.06 0.63–1.80

1.13–3.27 .02 1.79 1.12–2.85
.48 1.25 0.67–2.33
.04 1.82 1.04–3.19

1.68–5.95 .04 2.00 1.04–3.82
.02 4.03 1.25–12.94

<.01 2.36 1.31–4.24 .02 2.24 1.12–4.48
.39 1.20 0.79–1.82
.21 1.91 0.69–5.25

1.69–4.91 <.001 3.87 2.31–6.48 <.001 4.85 2.60–9.06
.03 1.68 1.05–2.69 .04 1.81 1.01–3.23
.04 1.74 1.03–2.93
.04 1.91 0.99–3.68
.02 3.73 1.30–10.73
.01 2.55 1.28–5.10 .01 3.58 1.73–7.38

te and multivariate analysis.

Figure 4. Summary of charac-
teristics of ICC classes. Specific
molecular and clinical characteris-
tics differ between ICC classes.
Molecular characteristics such as
signatures of poor prognosis (ie,
cluster A,22 CC-like,23 G3,24 S1,25

S2,25 and stem-cell like ICC31),
oncogenic pathways (ie, IGF1R,
MET, EGFR), gene expression (ie,
EGFR, ILs), copy number varia-
tions, and oncogenes mutations
(KRAS and EGFR) are differentially
enriched in the proliferation and in-
flammation classes. Clinical char-
acteristics such as moderate/
poorly differentiated tumors and
intraneural invasion are more fre-
quent in the proliferation class. Dif-
ferences in survival and recur-
Re

ltiva
naly

R

.42

.92

.17

.89

aria
rence were observed.
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the proliferation class showed more aggressive behavior,
reflected by earlier recurrence and an enrichment of sev-
eral oncogenic pathways, such as RTK signaling and an-
giogenesis-related pathways, and HCC gene signatures of
poor prognosis, such as cluster A,17 G3 proliferation,19

and S1 signature20 (Figure 4). One can speculate that liver
progenitor cells might be the origin of both entities,
considering that these cells have bipotential capacity to
differentiate into hepatic or biliary progenitor cells. Inter-
estingly, the progenitor-cell subclass S2 signature in HCC
was clearly enriched in this ICC class.20 This common
progenitor cell of origin has been suggested previously,
and reinforced by the existence of combined hepatocellu-
lar-cholangiocarcinoma cases.32 In addition, 5 patients
belonging to this class showed HLA at 11q13.2, coding for
CCND1, FGF19, and ORAOV1. We previously reported the
same alteration in 6 of 89 HCV-related early HCC pa-
tients.33 The expression levels of ORAOV1 were overex-
pressed significantly in both ICC and HCC patients with
11q13 HLAs, suggesting that this oncogene could be a
common driver in liver tumors. Clinical and outcome data
of this study also point toward a more aggressive pheno-
type in ICC belonging to the proliferation class. These
findings give further support to our hypothesis that mo-
lecular features associated with an aggressive phenotype
are shared between the ICC proliferation class and HCC.
Validation in patients from different geographic areas
would be needed to confirm our molecular classification.
Given the rarity of this cancer, a multi-institutional effort
might be required to ensure the recruitment of a large
validation series of surgically resected ICC samples.

The identification of 2 classes raises the obvious ques-
tion about whether all ICC patients should be treated
similarly, or if a specific subset of patients would respond
differently to multikinase inhibitors. Certainly these data
indicate that preclinical studies recapitulating these
classes and testing multiple treatments should be con-
ducted. First, we need to understand if multikinase inhib-
itors with a broad spectrum of action might be active in
all ICCs or in a specific subclass, namely the proliferation
class. Sorafenib, the current standard of care in advanced
HCC patients,14 has shown marginal activity in cholan-

iocarcinoma patients compared with systemic chemo-
herapies.15 Nonetheless, considering the molecular simi-

larities between the ICC proliferation class and the HCC
signatures of poor prognosis, and KRAS enrichment, it is
reasonable to test a multikinase inhibitor such as rego-
rafenib, sorafenib, or sunitinib for this subpopulation. It
has to be kept in mind that the downside of otherwise
liver-toxic drugs in cirrhotic patients (as was the case with
sunitinib in HCC) will be less relevant in ICC patients. In
fact, ICCs often arise in a noncirrhotic liver in the absence
of a clear etiologic risk factor or underlying liver disease.
In our dataset, only 17% of patients had cirrhosis, 9% had
HBV infection, and 16% had HCV infection without sig-
nificant difference between our ICC classes.

Consistent with the class-specific therapeutic approach,

JAK–STAT inhibitors might be specifically more active in
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the inflammation class. Targeting the IL-6/STAT3 path-
way already has been proposed for the treatment of CC
patients.34 Recently, in a phase I/II study, siltuximab, an
anti–IL-6 monoclonal antibody, showed signs of efficacy
in metastatic renal cell carcinoma.35 However, IL-6 is a

leiotropic cytokine and can generate functionally dis-
inct or sometimes contradictory signals. Hence, therapies
argeting IL-6 should be considered carefully and the
evelopment of more specific drugs remains an urgent
eed. Alternatively, the promising results obtained with
TAT3 inhibitors in preclinical models of numerous can-
ers as well as early clinical trials in head and neck cancer
uggest that STAT3 is an attractive therapeutic target.
imilarly, dual JAK1–JAK 2 inhibitors have shown efficacy

n myeloproliferative disorders.36 Thus, whether treat-
ment of ICC should be tailored based on classes needs
additional preclinical investigations.

To date, few genomic studies have been reported ana-
lyzing the whole-genome expression of ICC,25,37–39 and
one study described a subgroup resembling stem-like
HCCs.26 The most comprehensive study to date included

oth ICC and ECC and aimed to define an outcome-based
lassification of cholangiocarcinoma.25 The investigators
uggested that patients belonging to the poor prognosis
ubclass, enriched with hilar-type tumors, had increased
GFR and HER-2/neu signaling and thus may benefit

rom treatment with lapatinib, a dual EGFR/HER2 ty-
osine kinase inhibitor.25 It is important to keep in mind
hat a distinct pattern of genetic mutations as well as
nique methylation and expression profiling has been

dentified differentiating ICC and ECCs.39 – 42 We found a
ignificant enrichment of the signatures related to EGFR,
ER2, and MET in our proliferation class, even though
o amplification of these receptors was observed in our
ataset, suggesting that mechanisms other than amplifi-
ation (eg, epigenetic changes) could be involved in their
ctivation. Particularly, signatures defining EGFR activa-
ion were specifically enriched in P3 of the proliferation
ubclass, along with up-regulation of EGFR and 2 recep-
or mutations. Furthermore, there is a significant enrich-

ent of our proliferation signature in their reported class
f poor prognosis,25 suggesting that our ICC signature
ight hold applicability to the general cholangiocarci-

oma population.
A more compelling approach toward a more stratified

reatment strategy would be to block specific oncogenic
ddiction loops.43 Cancer genetics has accelerated the
ime from driver mutation discovery to clinical proof-of-
oncept trials and regulatory approval. Two important
xamples have occurred recently: BRAF mutations were
eported in melanoma44 and EML4-ALK translocations

were reported in non–small-cell lung cancer.45 In both
nstances specific inhibitors such as PLX-4032 and crizo-
inib showed clinical efficacy.46,47 Our study provides

some insight on potential driver mutation discovery that
should be explored further by functional studies and early
clinical testing. For instance, we described 4% BRAF mu-

tations, mostly V600E, for which the specific inhibitor
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PLX-4032 has shown efficacy.46 Considering that approx-
mately 70,000 new cases of ICC are diagnosed globally
very year, this mutation might be involved in up to 3000
ases. Similarly, patients with FGF19 HLA (4%) could be
reated with FGF inhibitors.

The feasibility of analyzing CNV in genomic DNA us-
ng FFPE tissues has been described.48 This may open new

research frontiers by making large retrospective series of
samples suitable for novel genomic studies. Here, we first
tested a single-nucleotide polymorphism array platform
to characterize broad and focal alterations in more than
100 ICC FFPE samples. We have to note that ICCs are
desmoplastic cancers with marked cellular admixture and
this is a fact that should be considered for the interpre-
tation of results. Genome-wide CNV revealed a variety of
chromosomal alterations heterogeneously distributed
across our data set. Interestingly, CNV-based clustering
identified further subgroups with specific molecular alter-
ations within the gene expression-based classes (Figure 4).
HLAs and focal deletions also were identified, providing
the opportunity to pinpoint candidate regions harboring
novel oncogenes and oncosuppressors. We found that 9%
of patients harbored HLA at 1p13.1, spanning a number
of transcriptional repressors such as VTCN1, TRIM45, and
TTF2. VTCN1 recently was described as a B7 family co-
regulator ligand, plays a crucial role in regulation of
T-cell–mediated immunity, and has been associated with a
more aggressive phenotype in several cancers.49,50 Six per-
ent of patients harbored HLA at 1p31.3 covering only
ne candidate gene, ROR1. This gene is an orphan recep-
or that belongs to the evolutionarily conserved RTK
amily and, recently, it was found to be overexpressed in
pproximately 75% of cancer cell lines.22 Even if the role of
OR1 in disease is not yet clear, evidence suggesting its

mplication in MET signaling in human cancer has
merged.22 Focal deletions at cytoband covering already
nown oncosuppressors were found at 9p21.3 (CDKN2A,
DKN2B, and TUSC1). In addition, we found that 12% of
atients showed a minimal common region of focal dele-
ion at 14q22.1 covering only one gene, SAV1, the ho-

olog of Drosophila Salvador. Recently, this gene has
een proposed as the major suppressor of YAP, the main
arget of the Hippo pathway, in stem or progenitor cells,
here it could act as an inhibitor of the inappropriate

xpansion of undifferentiated cells.24 Furthermore, SAV1
onditional mutant mice developed liver overgrowth and
ixed hepatocholangiocarcinoma tumors.51 Functional

loss of SAV1 results in the overexpression of the cell-cycle
regulator cyclin E and anti-apoptotic proteins (eg, BIRC2
and BIRC5).51 In our dataset, focal deletion at 14q22.1 was
associated significantly with SAV1 reduced gene expres-
sion, BIRC2 overexpression, and earlier recurrence. Thus,
this gene may be relevant in a subset of ICC tumors and,
taken together, these data point to SAV1 as a potentially
pivotal alteration in the Hippo pathway. Functional vali-
dation of the role of these candidates is required before

launching clinical trials.
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The increasing incidence and poor outcome of ICC and
the lack of molecular targeted therapies for this neoplasm
represent major scientific challenges. The molecular clas-
sification proposed herein supports the existence of 2
distinct classes of patients that differ in their transcrip-
tional, biological, and outcome traits. In addition, the
copy number alterations provide insight on potential on-
cogenes and tumor suppressors as novel targets for ther-
apies such as CCND1-p16, FGF19, ROR1, and SAV1, for
which entire aberrant networks or specific genes could be
targeted in personalized therapy.

Supplementary Material

Note: To access the supplementary material
accompanying this article, visit the online version of
Gastroenterology at www.gastrojournal.org, and at
http://dx.doi.org/10.1053/j.gastro.2013.01.001.
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