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Integrative Analysis Defines Distinct 
Prognostic Subgroups of Intrahepatic 
Cholangiocarcinoma
Benjamin Goeppert,1,2,* Reka Toth,3* Stephan Singer,1,4 Thomas Albrecht,1 Daniel B. Lipka,3 Pavlo Lutsik,3 David Brocks,3  
Marion Baehr,3 Oliver Muecke,3 Yassen Assenov,3 Lei Gu,3,5 Volker Endris,1 Albrecht Stenzinger,1 Arianeb Mehrabi,2,6  
Peter Schirmacher,1,2,7 Christoph Plass,3,7 Dieter Weichenhan,3,# and Stephanie Roessler1,2,#

Intrahepatic cholangiocarcinoma (iCCA) is the second most common primary liver cancer. It is defined by cholan-
giocytic differentiation and has poor prognosis. Recently, epigenetic processes have been shown to play an important 
role in cholangiocarcinogenesis. We performed an integrative analysis on 52 iCCAs using both genetic and epige-
netic data with a specific focus on DNA methylation components. We found recurrent isocitrate dehydrogenase 1 
(IDH1) and IDH2 (28%) gene mutations, recurrent arm-length copy number alterations (CNAs), and focal altera-
tions such as deletion of 3p21 or amplification of 12q15, which affect BRCA1 Associated Protein 1, polybromo 1, 
and mouse double minute 2 homolog. DNA methylome analysis revealed excessive hypermethylation of iCCA, af-
fecting primarily the bivalent genomic regions marked with both active and repressive histone modifications. 
Integrative clustering of genetic and epigenetic data identified four iCCA subgroups with prognostic relevance fur-
ther designated as IDH, high (H), medium (M), and low (L) alteration groups. The IDH group consisted of all 
samples with IDH1 or IDH2 mutations and showed, together with the H group, a highly disrupted genome, char-
acterized by frequent deletions of chromosome arms 3p and 6q. Both groups showed excessive hypermethylation 
with distinct patterns. The M group showed intermediate characteristics regarding both genetic and epigenetic 
marks, whereas the L group exhibited few methylation changes and mutations and a lack of CNAs. Methylation-
based latent component analysis of cell-type composition identified differences among these four groups. Prognosis 
of the H and M groups was significantly worse than that of the L group. Conclusion: Using an integrative genomic 
and epigenomic analysis approach, we identified four major iCCA subgroups with widespread genomic and epig-
enomic differences and prognostic implications. Furthermore, our data suggest differences in the cell-of-origin of 
the iCCA subtypes. (Hepatology 2019;69:2091-2106).

Cholangiocarcinoma (CCA) is a rare malig-
nancy of the intrahepatic or extrahepatic bile 
ducts with very limited treatment options 

and poor prognosis.(1) CCA is classified based on the 
anatomical location as intrahepatic (iCCA), perihilar 
(pCCA), and distal CCA (dCCA). The incidence and 
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Cholangiocarcinoma Consortium; TSS, transcription start site.
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etiologic factors of CCA vary in different geographic 
locations. In Southeast Asia, CCA is frequently 
caused by liver f luke infections, whereas the etiology 
is less clear in Western countries. Chronic inflam-
mation and injury of bile duct cells are known CCA 
promoting conditions. Based on histology, iCCAs 
are subdivided into two groups: a bile duct type that 
resembles extrahepatic CCA with columnar cells with 
mucin production, and a cholangiolar type that reca-
pitulates a genuine small-duct iCCA morphological 
pattern with cell-rich tubuli formed by cuboidal cells 
without extracellular mucin.(2) The bile duct type has 
a higher frequency of KRAS mutations, whereas the 
cholangiolar type shows a higher frequency of IDH 
mutations.(2) In addition, it was shown that the muta-
tional landscape is partly subtype-specific, particu-
larly displaying discriminating differences between 
iCCA versus pCCA and dCCA with, for example, 
isocitrate dehydrogenase (IDH) mutations almost 
exclusively detected in iCCA.(3,4) Frequent genetic 
alterations of epigenetic key players indicate a high 
impact of epigenetic processes in cholangiocarcino-
genesis.(5) Deletions and mutations of genes encoding 
the chromatin remodeling enzymes BAP1, ARID1A, 
and PBRM1(6,7) and gain-of-function mutations of 
IDH1 and IDH2(8) are the most common alterations 
perturbing the epigenetic landscape of iCCA.

Most epigenetic and genetic analyses were per-
formed on mixed iCCA, pCCA, and dCCA cohorts, 
which may result in failure to detect variation within 
the iCCA subtype. In addition, the phenotypic and 
molecular heterogeneity of CCA in general, and iCCA 
in particular, is suspected to be a result of diverse cel-
lular origins.(9,10) Potential cells-of-origin for iCCA 
are cholangiocytes, peribiliary glands, and hepatic 
stem/progenitor cells.(9,11-13) The methylation pattern 
of a tumor not only reflects tumorigenesis but also 
the methylation profile of the tumor-initiating cell 
types.(14) Therefore, we hypothesized that an integra-
tive approach with special attention to cell type–com-
position differences may result in the identification of 
tumor subgroups with distinct clinical behavior. Here, 
we present a comprehensive integrated analysis on the 
genetic and epigenetic data of 52 iCCA patients of 
European descent with a non-liver fluke–associated 
etiology. We identified four distinct iCCA subgroups 
with prognostic relevance: an IDH group, a low  
(L group), a medium (M group), and a high genetic 
and epigenetic alteration group (H group). These 
four iCCA groups differ in the degree and pattern of 
DNA methylation, in their genomic alterations and 
gene mutations. Thus, these four iCCA subgroups 
might be clinically relevant for patient prognosis and 
treatment.
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Materials and Methods
STUDY POPULATION AND 
HISTOMORPHOLOGICAL 
SUBCLASSIFICATION

The study consisted of 52 iCCA patients (Table 1 
and Supporting Table S1) and 12 nonneoplastic sam-
ples of cholangiocytes originating from the cystic duct 
of nonneoplastic cholecystectomies. All tissue samples 
were provided by the Tissue Bank of the National 
Center for Tumor Diseases (NCT, Heidelberg, 
Germany) in accordance with the regulations of the 
NCT Tissue Bank. Informed consent in writing was 
obtained from each patient and the study proto-
col conformed to the ethical guidelines of the 1975 
Declaration of Helsinki as reflected by a priori approval 
of the ethics committee of the University of Heidelberg 
(S-206/2005, S-207/2015, and S-539/2012). Each 
iCCA tumor sample was histologically confirmed by 
at least two experienced pathologists (B.G., S.S., and 
P.S.). In addition, a histomorphological subtyping into 
bile duct type or cholangiolar type according to Liau 
et al.(2) was performed (Supporting Fig. S1).

GENOMIC DNA ISOLATION
Genomic DNA was isolated from fresh frozen tissue 

using the QIAamp DNA micro kit (Qiagen, Hilden, 
Germany) for whole exome sequencing according to 
the manufacturer’s instructions (Supporting Table S1). 
From formalin-fixed paraffin-embedded (FFPE) sam-
ples, genomic DNA was extracted using the AllPrep 
DNA/RNA FFPE Kit (Qiagen), as recommended by 
the manufacturer with the following modifications: 
After addition of xylene, samples were incubated at 
56°C for 2 minutes followed by two ethanol washes. 
The first proteinase K digestion was performed with 
20 µL at 56°C for 30 minutes. The DNA was eluted 
twice with 30 µL of H2O.

EXOME SEQUENCING
Whole exome sequencing libraries were prepared 

from DNA isolated from fresh frozen tissue and from 
microdissected surrounding normal tissue to distin-
guish somatic from germline mutations. Sequencing of 
the libraries was done at the German Cancer Research 
Center (DKFZ) Genomics and Proteomics Core 

Facility using the Agilent SureSelectXT Human all 
Exon V4 kit and a HiSeq2000 instrument (Illumina, 
San Diego, CA) using the 100-bp paired-end mode.

PANEL SEQUENCING
To analyze the samples for genetic variations, a 

custom gene panel for massive parallel sequencing was 
used. This panel consisted of 285 amplicons covering 
165 exons within 40 genes frequently mutated in bil-
iary tract cancers (Supporting Table S2). For detailed 
information see the Supporting Information.

DNA METHYLATION ANALYSIS
DNA methylation profiles were deter-

mined by the Genomics and Proteomics Core 
Facility (DKFZ Heidelberg) using the Infinium 
HumanMethylation450 BeadChip from FFPE tis-
sue–derived genomic DNA, as described previously.(15)

DATA ANALYSIS
Available data and the process of data analysis are 

shown in Fig. 1A.
Methylation data were processed using the R 

platform for statistical computing (see Supporting 
Information). Copy number alterations were assessed 
based on the signal intensities measured in the 
methylation array. Differential methylation analyses 
(between tumor and normal or between the identi-
fied subgroups) were conducted using linear models. 
Adjustments were made for patient age, gender, and 
the source of tissue in tumor-normal comparison and 
for age in the group-wise comparison among sub-
groups. A difference was considered to be significant 
if the false discovery rate (FDR) corrected P value  
(q value) was less than 0.05. Tumor purity was esti-
mated using the LUMP (leukocytes unmethylation 
for purity) method.(16) To assess cell type heterogene-
ity and to trace the cell-of-origin in tumor samples, 
we used MeDeCom(17) to decompose methylation 
data into latent methylation components (LMCs) and 
to assess their proportions in each sample. The inte-
grative clustering was confined to tumor samples and 
performed using the copy number, DNA methylation, 
and LMC data with the iClusterPlus R package.(18)

To identify possible candidate genes located 
in the respective chromosomal arms or focal 
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regions with significant copy Number alter-
ations (CNAs), we used the gene expression and 
copy number data of The Cancer Genome Atlas 
Cholangiocarcinoma Consortium (TCGA-CHOL)  

(https://portal.gdc.cancer.gov/projects/TCGA-CHOL).  
Pearson correlation was performed in chromosomal arm  
level analysis and Spearman correlation in the focal 
alterations. FDR values less than 0.05 were considered 

TABLE 1. Clinical Characteristics of the iCCA Study Population (n = 52)

P Value*

Age Mean (years) 59.91 0.51

Tumor size Mean (mm) 7.19 0.034

Number of patients n Percentage

Gender Male 25 48.1 Ref.

Female 27 51.9 0.31

Histological type Cholangiolar type 40 76.9 Ref.

Bile duct type 12 23.1 0.837

T stage pT1 16 30.8 Ref.

pT2 28 53.8 0.114

pT3 (n = 7)/pT4 (n = 1) 8 15.4 0.661

Histologic grade G1 4 7.7 Ref.

G2 36 69.2 0.55

G3 12 23.1 0.399

N N0 17 32.7 Ref.

N1 11 21.2 0.146

N.A. 24 46.2 N.A.

M M0 52 100.0 N.A.

L L0 31 59.6 Ref.

L1 16 30.8 0.343

N.A. 5 9.6 N.A.

V V0 33 63.5 Ref.

V1 14 26.9 0.809

N.A. 5 9.6 N.A.

R R0 28 53.8 Ref.

R1 16 30.8 0.016

R2 3 5.8 0.964

N.A. 5 9.6 N.A.

UICC UICC 1 4 7.7 Ref.

UICC 2 10 19.2 0.785

UICC 3 15 28.8 0.436

N.A. 23 44.2 N.A.

Hepatobiliary disease Hepatitis B virus 3 5.8 0.741

Hepatitis C virus 3 5.8 0.757

Hepatic steatosis 4 7.7 0.999

NAFLD 4 7.7 0.999

Pre-existing inflammatory biliary tract disease† 8 15.4 0.421

Chronic pancreatitis 1 1.9 N.A

M. Wilson 1 1.9 N.A

Thorotrast 1 1.9 N.A
None detected 27 51.9 Ref.

*Cox regression P value.
†Cholecystitis and/or choledocholithiasis.
Abbreviations: N.A., not available; NAFLD, nonalcoholic fatty liver disease; Ref., reference; and UICC, International Union Against 
Cancer.

https://portal.gdc.cancer.gov/projects/TCGA-CHOL
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FIG. 1. DNA methylome landscape of iCCA. (A) Overview of the study. (B) Clustering of the methylation values of tumor and 
normal samples (columns), ranging from 0 to 1, of the 10,000 most variable CpG sites (rows). Tumor purity is represented by LUMP 
values ranging from 0 (low purity) to 1 (high purity). (C) Enrichment analysis of the hypomethylated and hypermethylated CpG sites 
compared with normal controls, using the 18-state ChromHMM model of Roadmap Epigenomics. The log2 fold change is represented 
by the color of the dots, whereas the size ref lects the −log10(P value). The border of the dots shows whether the result is significant. 
(D) Enrichment analysis using the GO Molecular functions database for the hypermethylated CpG sites (|beta difference| > 0.2). 
FDR q values < 10−300 were set to 10−300. (E) Clustering results of the MeDeCom analysis for tumor and normal samples (columns) 
with respect to the five LMCs (LMC1 to LMC5) (rows). Color represents the contribution of the given LMC to the respective 
sample. Abbreviations: 1 TssA, active TSS; 2 TssFlnk, f lanking TSS; 3 TssFlnkU, f lanking TSS upstream; 4 TssFlnkD, f lanking 
TSS downstream; 5 Tx, strong transcription; 6 TxWk, weak transcription; 7 EnhG1, genic enhancer1; 8 EnhG2, genic enhancer 2;  
9 EnhA1, active enhancer 1; 10 EnhA2, active enhancer 2; 11 EnhWk, weak enhancer; 12 ZNF/Rpts, ZNF genes and repeats; 13 Het, 
heterochromatin; 14 TssBiv, bivalent/poised TSS; 15 EnhBiv, bivalent enhancer; 16 ReprPC, repressed PolyComb; 17 ReprPCWk, 
weak repressed PolyComb; and 18 Quies, quiescent/low.
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to be significant. Survival analysis was performed 
using Cox proportional hazards regression model.

Detailed information on the methods used is 
described in the Supporting Information.

Results
iCCA IS CHARACTERIZED BY 
FREQUENT TP53 AND IDH 
MUTATIONS AND LARGE 
CHROMOSOMAL ABERRATIONS

To genetically characterize our 52 iCCA sam-
ples, we performed whole exome or targeted panel 
sequencing of 40 genes commonly mutated in CCA 
in a subset of 36 iCCA tumor samples (Supporting 
Table S1), which revealed 24 mutations (Table 2 and 
Supporting Table S2). Recurrent missense muta-
tions in IDH1 were observed in 6 of 36 (17%) 
patients (Table 2). All IDH1 mutations were located 

in a mutation hotspot and altered the same codon: 
p.R132C, p.R132G, or p.R132L.(19) IDH2 encod-
ing the mitochondrial isozyme of IDH1 displayed 
three different missense mutations in the same 
mutation hotspot, leading to p.R172W, p.R172M, 
or p.R172S.(19) IDH1 and IDH2 mutations lead to 
the production of the oncometabolite 2-hydroxyglu-
tarate, which was shown to inhibit histone and DNA 
demethylation.(20) TP53 was the second most affected 
gene with two nonsense and two missense mutations 
in 4 patients. These mutations all impaired the DNA 
binding domain of the TP53 protein, as has been 
observed frequently in iCCA.(21) The mutations in 
IDH1, IDH2, and TP53 were mutually exclusive with 
each other. In addition, two missense mutations were 
found in TGFBR2 and one mutation was found in 
ARID1A, SF3B1, ROBO1, ROBO2, FBXW7, BRAF, 
CDKN2A, FGFR2, KDM5A, KRAS, SMARCA4, and 
GNAS each (Table 2).

We used HumanMethylation450 BeadChip data 
to identify recurrent DNA methylation and genomic 

TABLE 2. Mutations in the Study Population (n = 36)

Gene Amino Acid Change Nucleotide Change Type Location

ARID1A p.M890V NM_006015:c.2668A>G Missense 1p36.11

BRAF p.V600E NM_004333.4:c.1799T>A Missense 7q34

CDKN2A p.A97V NM_058195:c.290C>T Missense 9p21.3

FBXW7 p.R505H NM_033632:c.1514G>A Missense 4q31.3

FGFR2 p.C382R NM_000141:c.1144T>C Missense 10q26.13

GNAS p.R201C NM_000516:c.601C>T Missense 20q13.32

IDH1 p.R132C NM_001282386:c.394C>T Missense 2q34

p.R132G NM_001282386:c.394C>G Missense

p.R132L NM_001282386:c.395G>T Missense

IDH2 p.R172W NM_002168:c.514A>T Missense 15q26.1

p.R172S NM_001290114:c.126G>T Missense

p.R172M NM_001290114:c.125G>T Missense

KDM5A p.R604C NM_001042603:c.1810C>T Missense 12p13.33

KRAS p.G12delinsGAG NM_004985:c.35_36insAGCTGG Insertion 12p12.1

ROBO1 p.V1454L NM_002941:c.4360G>T Missense 3p12.3

ROBO2 p.G866D NM_002942:c.2597G>A Missense 3p12.3

SF3B1 p.A702_S705delRTI NM_012433:c.2104_2112del Deletion 2q33.1

SMARCA4 p.E882D NM_001128845:c.2646A>C Missense 19p13.2

TGFBR2 p.R528C NM_004333:c.1799T>A Missense 3p24.1

p.V412M NM_001024847:c.1234G>A Missense

TP53 p.R248Q NM_000546:c.743G>A Missense 17p13.1

p.E171* NM_000546:c.511G>T Nonsense

p.Y163* NM_000546:c.489C>G Nonsense
p.R290C NM_000546:c.868C>T Missense

Note: All changes occurred once (2.8%) except for IDH1 p.R132C, which occurred 4 times (11.1%).
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CNAs. We found recurrent deletions and amplifi-
cations of entire chromosome arms (Table 3) and 
of focal genomic regions (Table 4 and Supporting  
Fig. S2). Chromosome arms 1p, 3p, 6q, 8p, 9p, 9q, 12q, 
13q, 14q, 16q, and 17p were affected by large dele-
tions consisting of between 422 genes on 9p and up to 
2,121 genes on 1p (Table 3). Some genes were found 
in both lists of deleted and mutated genes (namely, 
ARID1A on 1p; ROBO1, ROBO2, and TGFBR2 on 
3p; CDKN2A on 9p; and TP53 on 17p). Chromosome 
arm 1q showed long-range amplifications covering up 
to 1,955 genes (Table 3).

We identified genes whose expression might be 
affected by focal deletions or amplifications in our 
study population by correlation analyses of pub-
licly available CNA and gene expression data from 
TCGA-CHOL (n = 51) and considered informa-
tion on known driver genes(22) (Table 4). For exam-
ple, the focally deleted genes BAP1 and PBRM1 
on 3p21.1 were also commonly affected by an 
arm-length deletion in our study population (38%) 

TABLE 3. Recurrent Arm-Length CNAs and Affected 
Genes (n = 52)

Deletion Deleted Genes 
With Mutation in 

Study*Arm Genes (n) Frequency FDR q Value

1p 2,121 0.18 0.0002 ARID1A
3p 1,062 0.38 0 ROBO1, ROBO2, 

TGFBR2
6q 839 0.48 0 —

8p 580 0.16 0.0002 —

9p 422 0.25 9.64*10−13 CDKN2A
9q 1,113 0.25 2.56*10−11 —

12q 1,447 0.12 0.0493 —

13q 654 0.21 1.44*10−08 —

14q 1,341 0.23 4.00*10−09 —

16q 702 0.12 0.0222 —

17p 683 0.12 0.0222 TP53
Amplification

Arm Genes (n) Frequency FDR q Value
1q 1,955 0.21 5.48*10−06

*Mutated genes are listed in Table 2.

TABLE 4. Recurrent Focal CNAs and Possible Candidate Genes in the Region

Deleted Regions

Chromosome Cytoband Coordinates q Value Candidate Genes

1 1p13.2 100598444-116907532 0.0873 SLC30A7, CTTNBP2NL, PHTF1, KCNC4, RHOC, 
SARS, PSMA5, NRAS, MOV10, TMEM167B, 
DDX20, GNAI3, CSDE1, CLCC1, BCAS2

1 1p36.23 8014651-8874983 0.0045

3 3p21.1 52318567- 52812032 0.0089 BAP1,*† SPCS1, PBRM1*†

4 4q35.2 171011578-191154276 0.0289 CASP3, DCTD, FAT1,† FRG1,† ING2, FBXO8, UFSP2, 
LRP2BP, SNX25

5 5q14.3 76116089-95991890 0.0029 RASA1,† TBCA, XRCC4
7 7q21.11 79881211-85911765 0.0002

11 11q22.3 104769088-105947697 0.0002 CASP1†

17 17q21.2 38808305-39465712 0.0289

Amplified Regions

Chromosome Cytoband Coordinates q Value Candidate Genes

1 1q21.3 150554876-152815842 0.0106 ARNT, ENSA, PI4KB, VPS72, PIP5K1A, SETDB1, 
POGZ, GOLPH3L, CDC42SE1, ZNF687, PRUNE, 
GABPB2, LYSMD1

2 2q31.1 176936398-177001961 0.0023

4 4p15.32 16791107-17785836 1.57×10−31

12 12q15 66220166- 71083782 0.0023 MDM2,*† NUP107,† CNOT2

Note: Bold indicates a significant correlation between gene expression and CNA in TCGA-CHOL.
*Identified as possible driver gene in Ref. (50).
†Identified as driver gene in Ref. (22).
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(Table 3) and by known inactivating mutations in 
CCA and renal cell carcinoma.(6,23) As an example 
of a candidate gene residing in the amplified 12q15 
region, the MDM2 oncogene showed a significant 
positive correlation (P = 0.016, r = 0.40) with its 
expression in the TCGA-CHOL cohort.

iCCA SHOWS EXTENSIVE 
HYPERMETHYLATION

Clustering of the 10,000 most variably methylated 
CpGs (cytosine-guanine dinucleotides) revealed dis-
tinct clusters for the normal samples and the iCCAs 
(Fig. 1B). One cluster of iCCA samples displayed 
DNA methylation levels similar to the nonneoplastic 
cholangiocyte samples, whereas the remaining iCCA 
cases displayed different patterns (Fig. 1B). The simi-
larity in DNA methylation profiles between the group 
of nonneoplastic cholangiocyte samples and the nor-
mal-like iCCA group might in part be ascribed to a 
higher immune cell infiltration in both groups, as sug-
gested by LUMP analysis (Fig. 1B). Primarily CpG 
hypermethylation was seen in the iCCA cohort with 
approximately 37,600 hypermethylated CpGs exhib-
iting increased methylation by more than 20%. In 
contrast, only 2,217 CpG sites were hypomethylated 
by more than 20%. We overlapped the hyperthylated 
and hypomethylated CpG sites with publicly available 
18-state chromatin segmentation data of H1 ES cells 
and found that hypermethylated regions were enriched 
at transcription start sites (TSSs) and enhancers but 
depleted in heterochromatic regions and gene bod-
ies. Hypomethylated regions were enriched in gene 
bodies, heterochromatic and quiescent regions, but 
depleted at TSSs (Fig. 1C).

To further characterize the hypermethylated regions, 
we used the GREAT tool and found genes involved in  
transcription factor and HMG (3-hydroxy-3-methyl- 
glutaryl) box domain binding to be enriched (Fig. 1D).  
We also performed MeDeCom analysis to dissect 
methylation patterns into LMCs to incorporate infor-
mation on possible cell-type composition differences 
(Fig. 1E). Five major LMCs were identifiable, of 
which LMC1 appeared to be characteristic for normal  
bile duct samples (Supporting Fig. S3). LMC1 and 
LUMP values were strongly negatively correlated  
(r = -0.799, P < 0.01; Supporting Fig. S4).

FOUR iCCA SUBGROUPS ARE 
IDENTIFIED WITH INTEGRATIVE 
CLUSTERING

Using iCluster(18) on the tumor samples, we per-
formed an integrative clustering combining CNA, 
methylation, and MeDeCom analysis data and identi-
fied four iCCA groups, named the IDH group, L (low 
alteration) group, M (medium alteration) group, and 
H (high alteration) group. These four groups are char-
acterized by IDH mutation, the degree of acquired 
genetic and epigenetic alterations, and by LMC pro-
files (Fig. 2A, Supporting Fig. S3). The enrichment 
analyses of the LMC-specific hypermethylation show 
the involvement of developmental and differentiation 
processes for LMC3 and LMC4, whereas in LMC2, 
primarily metabolic processes are affected (Supporting 
Fig. S5). The L group partially overlaps with the nor-
mal-like samples (Fig. 1A) and is characterized by 
the highest proportion of LMC1 (48% versus 23%, 
17% and 17%, respectively) and LMC5 (28% versus 
22%, 2%, and 8%), low mutation number (4 muta-
tions in 4 of 11 samples sequenced), low frequency 
of CNA (approximately 40% for 6q deletion and less 
for the other alterations), and generally low methyl-
ation levels. The high ratio of LMC1 may be par-
tially explained by high infiltration of immune cells, 
as shown by the correlation of LMC1 with LUMP 
(Supporting Fig. S4).

Most of the samples in the IDH group are charac-
terized by mutations in IDH1 or IDH2 (9 out of 10 
sequenced), a unique pattern of relatively high meth-
ylation values, a high level of CNAs (up to 80% for 
3p deletions), and high values of LMC2 (Fig. 2A and 
Supporting Fig. S6). The high level of methylation in 
the IDH group is consistent with the neo-enzymatic 
function of affected IDH proteins, resulting in the 
inhibition of TET-enzymes and ultimately in inhibi-
tion of active DNA demethylation.(20) The iCluster H 
group has high methylation levels, frequent CNAs (up 
to 70% for some chromosome arms), and high LMC4 
values. Finally, the M group showed a mixed LMC 
composition, low frequency of deletions and amplifi-
cations, and a group-specific gain of the chromosome 
arm 8q harboring the Myc (myelocytomatosis) onco-
gene. Thus, iCluster analysis revealed four distinct 
iCCA subgroups with specific methylation patterns, 
LMCs, CNAs, and mutations.
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iCCA SUBGROUPS SHOW 
DIFFERENT MOLECULAR AND 
CLINICAL CHARACTERISTICS

The four iCCA subgroups did not show any sig-
nificant associations with basic clinical characteristics, 
including age, gender, tumor staging, and underlying 
hepatobiliary disease (Supporting Table S3). In the 
IDH group, the only histological type was the chol-
angiolar type, whereas the other three groups included 
18% to 36% samples with bile duct type (Fisher’s exact 
test P = 0.047; comparison of IDH versus L, M, and 
H groups combined). In addition, we found that the 
molecular subgroups showed significantly different 

outcomes (Fig. 2B). Overall survival (OS) of the M 
group was the worst (P = 0.005, OS M group versus 
L group), followed by the H group (P = 0.034, OS H 
group versus L group). The L and the IDH groups 
showed the most favorable prognosis and did not sig-
nificantly differ from each other (Fig. 2B).

Further analyses of known cancer driver genes 
showed that RPL22, ROBO1, ROBO2, TGFBR1, 
and TGFBR2 were most frequently altered either by 
deletion or promoter hypermethylation in all groups  
(Fig. 3A).(22) The IDH and H groups frequently 
showed deletions on chromosome arms 3p and 6q, 
the former harboring the tumor-suppressor genes 
BAP1, PBRM1, TGFBR2, ROBO1 and ROBO2, 

FIG. 2. Integrative cluster analysis identifying four subgroups in iCCA. (A) Integrative clustering using CNA, DNA methylation, and 
MeDeCom data splits the iCCA samples into four groups. In addition, the histological types of the iCCA samples, the mutation status 
of the three most commonly mutated genes, tumor size, and tumor purity according to LUMP are indicated. (B) Kaplan-Meier survival 
plots of the four groups. The tables indicate the number of patients at risk at given time points and the results of the Cox proportional 
hazard regression model using the L group as reference.
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the latter ZNF292 and EEF1A1. Both the M and 
H groups shared amplification of chromosome 1q, 
whereas amplification of 8q, which harbors the Myc 
oncogene, predominated in the M group (Fig. 3B and 
Supporting Table S4). We narrowed down the ampli-
fication to a focal region in 1q21.3 containing a num-
ber of candidate genes (Table 4).

To better define candidate driver genes affected 
by genomic alteration in these regions, we correlated 
copy number gain with expression data obtained 
from TCGA-CHOL. Among the genes amplified 
on 1q, a strong correlation was observed for PI4KB  
(r = 0.71, FDR q = 3.66*10−5) and PIP5K1A (r = 0.69,  
FDR q = 5.91*10−5), which, together with AKT3 
(r = 0.28, FDR q = 0.19) (Supporting Fig. S7A), 
belong to the cancer-relevant phosphoinositide sig-
naling pathway.(24) Another candidate was YY1AP1 
(r = 0.65, FDR q = 2.36*10−4), known as an onco-
genic driver in EpCAM(+) AFP(+) hepatocellular 
carcinoma,(25) which shows features of hepatic stem/
progenitor cells.(26) By high correlation (r = 0.82, 
FDR q=1.09*10−6), SETDB1, encoding a histone 
lysine methyltransferase and known to be involved in 
breast cancer,(27) proved a candidate driver gene on 
the focally amplified 1q21.3 (Supporting Fig. S7B). 
Myc presented as a candidate on 8q, yet this role 
was not underscored by correlation with expression. 
However, potential candidates on 8q are CHRAC1  
(r = 0.61, FDR q = 0.010), RAD21 (r = 0.51, FDR  
q = 0.023), and TRAPPC9 (r = 0.50, FDR q = 0.030) 
(Supporting Fig. S7C), all known to be involved in 
breast cancer.(28,29) These results suggest the impor-
tance of CNA-driven gene-expression changes.

As the epigenomic landscape contributes to the 
properties and specification of tumor subgroups,(30,31) 
we searched for characteristics of the four iCCA 
groups regarding their methylation patterns. Globally, 
all four subgroups show a significant increase in 
their methylation levels, with significant differences 
between the L and the M versus the H and IDH 
mutant groups (Supporting Fig. S6). To decipher 
the group-specific changes, we performed differen-
tial methylation analysis comparing each group to all 
other tumor samples (Supporting Fig. S8). The IDH 
and H groups exhibited broad hypermethylation with 
highly group-specific patterns. This finding is sup-
ported by the number of unique and overlapping dif-
ferentially methylated CpG sites using the L group as 
reference (Fig. 4A). In contrast, the M group showed 

only few CpGs with group-specific hypermethylation 
(Fig. 4A and Supporting Fig. S8).

Enrichment analysis of the specific hypermeth-
ylated sites in the IDH group showed increased 
appearance in bivalent TSSs and enhancers, but the 
enrichment is even more pronounced in the flanking 
regions of the TSSs (Fig. 4B). The H group exhibited 
an even stronger enrichment at the bivalent enhancers 
and TSSs, whereas the TSS flanking regions were 
depleted. Pathway analysis revealed that most fre-
quently affected genes encode mostly homeobox pro-
teins and transcription factors (Fig. 4C). However, the 
IDH group-specific alterations did not show enrich-
ment of cancer-related pathways (Supporting Fig. S9) 
but were aggregated in CTCF and RAD21 binding 
sites and depleted in the binding sites of other tran-
scription factors (Fig. 4D).

To compare the resemblance and the potential 
cell-of-origin of the four iCCA groups with hepato-
cellular carcinoma (HCC) and pancreatic adenocar-
cinoma (PDAC), we applied our MeDeCom model 
to TCGA DNA methylation data (see Supporting 
Information). We included 100 randomly selected 
HCCs and added all IDH-mutant HCCs that were 
not randomly selected (TCGA-LIHC, n = 106,  
including 9 IDH-mutant HCCs), 100 randomly 
selected PDACs and added all IDH-mutant PDACs 
(TCGA-PAAD, n = 101, including 1 IDH mutant), 
and all available CCAs (TCGA-CHOL; n = 45; 
Supporting Table S5). Clustering analysis of the 
tumor-specific LMC2-5 profiles showed that LMC2 
co-occurred with IDH1 and IDH2 gain-of-function 
mutation of HCC and CCA but did not include 
any PDAC cases (Fig. 4E and Supporting Fig. S10). 
Furthermore, the TCGA-CHOL samples exhib-
ited similar subgroups as our iCCA study popula-
tion. A subgroup of PDAC cases formed a distinct 
cluster with primarily M group iCCA samples with 
high LMC3 ratio, whereas clusters with LMC4 
and LMC5 included only HCC and CCA cases. H 
group iCCA shared similarities with LMC4-high 
HCC and CCA, but this cluster did not include any 
PDAC cases. Consistently, the bile duct–type iCCA 
clustered together with M group iCCA and PDAC, 
whereas the cholangiolar-type iCCA showed simi-
lar patterns to a subgroup of HCC high LMC4 or 
LMC5. In addition, iCCA cases with amplification 
of YY1AP1, a potential marker of HCC with hepatic 
stem/progenitor features, did not cluster together 
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with the IDH-mutant cases that are LMC2-high 
(Fig. 4E). YY1AP1-amplified iCCA showed high 
levels of LMC4 or LMC5 and clustered primar-
ily with a subgroup of IDH wild-type HCC and 
CCA but not with PDAC. The remaining HCC and 
PDAC samples showed very low ratios of LMC2 
to LMC5. Taken together, using three TCGA data 

sets consisting of HCC, CCA and PDAC cases, we 
found that IDH gain-of-function mutations resulted 
in distinct LMC2-high profiles, M group iCCA were 
enriched for bile duct–type iCCA and exhibited sim-
ilarities with LMC3-high PDAC, whereas H group 
iCCA had higher LMC4 and the LMC4-high clus-
ter was enriched for cholangiolar-type iCCA.

FIG. 3. Genetic profiles of the iCCA subgroups. (A) CNA, mutation, and DNA methylation differences of known tumor driver genes 
in the four groups. All driver genes located in a significantly amplified or deleted region, carrying a mutation in any of the samples or 
differentially methylated, are plotted. All samples were plotted, including those without sequencing data; thus, the number of mutations 
may be higher than indicated. (B) Frequency of CNAs in the different subgroups. Amplifications are indicated in red, deletions in 
green. Bar extent indicates the frequency of CNA. The light pink shading indicates significant CNAs based on GISTIC2.0 analysis.
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Discussion
As a reflection of the growing urgency to better 

understand the mechanisms underlying iCCA, ear-
lier omic studies analyzed the molecular landscape of 
CCA. These genome-wide studies focused primarily 
on the mutational and genomic CNA landscape of 
CCA.(6,7,21,32) Recent studies in cholangiocarcinoma 
used integrative analysis of genomic, transcriptomic, 
and epigenomic data in mixed cohorts of iCCA, 
pCCA, and dCCA.(33,34) Our present study included 
a clinicopathologically well-characterized European 
cohort of iCCA patients only (n = 52) with differ-
ent underlying hepatobiliary disease but without liver 
fluke association (Supporting Table S3). Consistent 
with previous studies, pre-existing cholecystitis and/or 
choledocholithiasis was associated with bile duct–type 
iCCA (Supporting Table S6). Here, we integrated 
mutational data from 40 candidate genes, CNAs, 
whole genome DNA methylation changes, and pub-
licly available TCGA-CHOL transcriptomes. We 
also harnessed the methylome data for tumor purity 
assessment and the identification of latent methyl-
ation components as proxies for different cell types, 
and thereby identified four distinct iCCA groups with 
prognostic significance. Importantly, the four iCCA 
groups resulting from the iCluster analysis are largely 
different in the proportions of LMCs, which recover 
cell type–specific hidden methylation patterns.(17)

Our sequencing analysis confirmed the recurrence 
of IDH1 and IDH2 gain-of-function mutations 

(28%) and TP53 loss-of-function mutations (9%) in 
carcinogenesis of iCCA. Moreover, additional muta-
tions in epigenetic genes other than IDH1 and IDH2 
included ARID1A and SMARCA, both involved in 
chromatin remodeling, and KDM5A, encoding a his-
tone demethylase, highlighting a strong epigenetic 
component in iCCA carcinogenesis. Recurrent long-
range genomic alterations additionally underscored 
the importance of known iCCA candidate genes 
such as BAP1 and PBRM1 on deleted 3p21.1(6) or 
MDM2 on amplified 12q15. The latter gene may 
initiate tumor onset and progression by negatively 
regulating tumor suppressor p53(35) or by a p53- 
independent mechanism.(36) In addition, ARID1A, 
ROBO1, ROBO2, TGFBR2, CDKN2A, and TP53 
were found to be affected by recurrent deletions or 
amplifications.

Methylome analysis showed excessive hypermeth-
ylation of iCCA. Hypermethylation disproportionally 
affected bivalent regulatory regions in this iCCA cohort 
and was enriched for differentiation and developmen-
tal processes. Hypermethylation of the regions show-
ing bivalent characteristics in embryonic stem cells is 
a general phenomenon in many different cancers.(37,38) 
It usually affects transcription factors and developmen-
tal genes, especially those from the homeobox gene 
family. Our data show high concordance with these 
previous findings. Despite its widespread occurrence, 
the role of this specific pattern is still not completely 
understood; some studies showed that hypermethyl-
ation of bivalent regions continues the repression of 

FIG. 4. Methylation differences between the iCCA groups in relation to the L group. (A) Venn diagram shows the numbers of unique 
and overlapping hypermethylated sites for the IDH, H, and M groups. The reference group was the normal-like L group. (B) Enrichment 
analysis of the group-specific hypermethylated promoters, using the 18-state ChromHMM model of Roadmap Epigenomics for the 
IDH group (top) and the H group (bottom). The reference category was the combination of the other tumor groups. The log2 fold 
change is represented by the color of the dots, whereas the size ref lects to the −log10(P value). The border of the dots shows whether 
the result is significant. (C) Pathway analysis of the group-specific hypermethylation in the H group. The analysis used the GREAT 
tool and the GO Molecular Function database. The blue shades ref lect the strength of the enrichment as fold change, whereas the 
bars show the −log10(FDR) values. (D) Enrichment analysis of the IDH group–specific hypermethylation using transcription factor 
binding sites from ENCODE. The log2 fold change is represented by the color of the dots, whereas the size ref lects the −log10(P value). 
The border of the dots shows whether the result is significant. (E) Heatmap applying LMCs 2-5 on DNA methylation data including 
CCA, HCC, and pancreatic adenocarcinoma (PDAC) cases from TCGA (TCGA-CHOL, TCGA-LIHC, TCGA-PAAD). The 
study cohort iCCA indicates the cohort used in this study, and the variable cluster ref lects on the result of the integrative clustering, 
identifying the L, M, H, and IDH groups. The IDH “gain-of-function” category includes IDH mutations affecting IDH1 p.R132 
and IDH2 p.R172. The IDH variant categories “deleterious” and “benign/unknown” depict other IDH1 and IDH2 variants by their 
predicted effect, as determined by PolyPhen. Abbreviations: 1 TssA, active TSS; 2 TssFlnk, f lanking TSS; 3 TssFlnkU, f lanking TSS 
upstream; 4 TssFlnkD, f lanking TSS downstream; 5 Tx, strong transcription; 6 TxWk, weak transcription; 7 EnhG1, genic enhancer 
1; 8 EnhG2, genic enhancer 2; 9 EnhA1, active enhancer 1; 10 EnhA2, active enhancer 2; 11 EnhWk, weak enhancer; 12 ZNF/
Rpts, ZNF genes and repeats; 13 Het, heterochromatin; 14 TssBiv, bivalent/poised TSS; 15 EnhBiv, bivalent enhancer; 16 ReprPC, 
repressed PolyComb; 17 ReprPCWk, weak repressed PolyComb; and 18 Quies, quiescent/low.
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the genes involved,(37) but others found increased gene 
expression related to these regions.(38)

Integrative clustering is a powerful tool to identify 
patient subgroups. Our iCluster analysis revealed four 
different molecular iCCA groups, designated as the 
IDH, L, M, and H groups. The most conspicuous 
subgroup is the IDH group characterized by gain-
of-function IDH1 and IDH2 hotspot mutations in  
9 of 10 tumor samples sequenced, many CNAs, 
DNA hypermethylation, and high LMC2 values. The  
H group has a similarly disrupted genome as the IDH 
group with frequent deletions of chromosome arms 
3p and 6q. The 3p deletions include tumor-suppressor 
genes like BAP1 and PBRM1, found to be frequently 
inactivated in iCCA.(6) Amplification of 1q, which 
is seen in the M and H groups, is common in many 
different cancers and often associated with bad prog-
nosis.(39) In HCC, this amplification occurs in more 
than 70% of cases(40) and has been described in iCCA 
as well.(41) It harbors the stem cell–related oncogene 
YY1AP1 and genes of the phosphoinositide signaling 
pathway known to be involved in breast cancer.(24,25) 
A possible candidate gene of the 1q region, PIP5K1A, 
is a potential therapeutic target of kinase inhibitors, of 
which some are already in clinical trials.(22) SETDB1, 
which is amplified in almost 50% of the patients in 
the H and M groups, is discussed as a therapeutic tar-
get, showing sensitivity against mithramycin.(42)

Gain-of-function mutations of IDH1 and IDH2 
are known to lead to DNA hypermethylation by the 
enrichment of the oncometabolite 2-hydroxygluta-
rate, which inhibits TET enzymes involved in active 
demethylation.(20) IDH mutations alone were shown 
to be sufficient to induce a hypermethylator pheno-
type,(43) and they tend to appear more frequently in 
recurrent tumors with gene-expression traits of epithe-
lial-mesenchymal transition.(44) Targeted therapies for 
IDH-mutant tumors are already in clinical trials.(45,46) 
Our pathway analyses, consistent with the general 
hypermethylation of IDH-mutant tumors, showed 
no strong enrichment in any pathways (Supporting  
Fig. S9), but the transcription factor binding site- 
enrichment analysis revealed enrichment of hyper-
methylation at CTCF and RAD21 binding sites. This 
is largely in line with the recent finding of Flavahan  
et al.,(47) showing that hypermethylation led to disrup-
tion of the insulator function of the CTCF protein 
in IDH-mutant gliomas and subsequent overexpres-
sion of the PDGFRA candidate oncogene. Our results 

suggest a similar mechanism in the IDH-mutant 
iCCAs. Both the H and M groups have a specific 
hypermethylation profile that is less pronounced in 
the M group and different from the pattern associ-
ated with the IDH group. This profile is enriched 
in embryonic stem cell–related bivalent regulatory 
regions that are indicators of pluripotency in stem cells 
and whose methylation manifests silencing during dif-
ferentiation.(48) A strong difference between the M 
and H group is the enrichment of LMC4 in the H 
group. This enrichment, combined with the similar 
methylation profile, suggests related mechanisms of 
tumorigenesis, but probably a different cell-of-origin. 
Whether the L group and the IDH group with enrich-
ment in high LMC1 and LMC2 values, respectively, 
may be traced to distinct cells-of-origin, or whether 
these profiles reflect properties independent thereof, 
remains to be clarified. Multiple cells-of-origin have 
been proposed for CCA, and the distinct cells-of-origin  
is supported by a recent pan-cancer integrative clus-
tering that showed diverse cluster memberships for 
cholangiocarcinoma, where the clusters dominantly 
reflected on cells-of-origin-associated signals.(12,13,49) 
Our combined clustering based on the LMC patterns 
of PDAC, HCC, and CCA (Fig. 4E and Supporting 
Fig. S10) showed that bile duct–type iCCA resem-
bled PDAC, whereas cholangiolar-type iCCA showed 
similar patterns to a subgroup of HCC. This supports 
the hypothesis that the cells-of-origin of cholangio-
lar type and bile duct–type iCCA differ, as previously 
proposed.(2) In addition, subsets of HCC and PDAC 
cases clustered together with the iCCA L and M 
groups, respectively, indicating potentially different 
cells-of-origin. Finally, IDH gain-of-function muta-
tion is clearly associated with LMC2-high profiles in 
all cancer types. Therefore, IDH gain of function may 
overwrite parts of the cell-of-origin DNA methylation 
profiles dominating the resulting LMC profiles.

In this study, we used biliary epithelia microdis-
sected from nonneoplastic cystic ducts as normal 
control tissues. Comparative methylation data anal-
yses showed similar DNA methylation patterns and 
LMC profiles of L group iCCA and the normal con-
trol samples, indicating a large bile duct cholangiocyte 
as the cell-of-origin of the L group iCCA. However, 
due to the lack of direct matched-pair samples, direct 
comparisons cannot be conducted here. In addition, 
it would be very interesting to analyze matched-pair 
DNA methylation profiles of biliary precursor lesions 
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and invasive CCAs in future studies. Consistent with 
the low burden of mutations and epigenetic alter-
ations compared with the normal cholangiocytes, the 
L group exhibited the most favorable outcome with a 
3-year survival rate of 91%, compared with 65%, 50%, 
and 36% for the IDH, H, and M groups, respectively.

Further analyses are needed to reveal alterations in 
the background of the poor survival of the M group. A 
limitation of our study is that whole genome sequenc-
ing and gene-expression data that could reveal a hid-
den candidate gene affecting the prognosis in this 
group are missing. Our observation of group-specific 
clinical outcomes requires particular consideration: 
Both the L and IDH groups appear to have a bet-
ter outcome than the other two groups. The favorable 
outcome of the IDH group is in agreement with two 
other studies.(19,34)

In summary, we identified four different iCCA 
groups that probably differ by their cell-of-origin, 
underlying tumorigenic mechanism, and clinical out-
come. Thus, the four iCCA subgroups presented in 
this study demonstrate options for the stratification 
of patients according to our molecular profiling and 
may lead to subgroup-specific treatment modalities in 
the future.
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