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ABSTRACT
Cholangiocarcinoma (CC) is a raremalignancy of the extrahepatic or intrahepatic biliary tract with an outstanding
poor prognosis. Non-surgical therapeutic regimens result in minimally improved survival of CC patients. Global
genomic analyses identified a few recurrently mutated genes, some of them in genes involved in epigenetic
patterning. In a previous study, we demonstrated global DNA methylation changes in CC, indicating major
contribution of epigenetic alterations to cholangiocarcinogenesis. Here, we aimed at the identification and
characterization of CC-related, differentially methylated regions (DMRs) in potential microRNA promoters and of
genes targeted by identified microRNAs. Twenty-seven hypermethylated and 13 hypomethylated potential
promoter regions of microRNAs, known to be associated with cancer-related pathways like Wnt, ErbB, and PI3K-
Akt signaling, were identified. Selected DMRs were confirmed in 2 independent patient cohorts. Inverse
correlation between promoter methylation and expression suggested miR-129-2 and members of the miR-200
family (miR-200a, miR-200b, and miR-429) as novel tumor suppressors and oncomiRs, respectively, in CC. Tumor
suppressor genes deleted in liver cancer 1 (DLC1), F-box/WD-repeat-containing protein 7 (FBXW7), and cadherin-6
(CDH6) were identified as presumed targets in CC. Tissue microarrays of a representative and well-characterized
cohort of biliary tract cancers (nD212) displayed stepwise downregulation of CDH6 and association with poor
patient outcome. Ectopic expression of CDH6 on the other hand, delayed growth in the CC cell lines EGI-1 and
TFK-1, together suggesting a tumor suppressive function of CDH6. Our work represents a valuable repository for
the study of epigenetically altered miRNAs in cholangiocarcinogenesis and novel putative, CC-related tumor
suppressivemiRNAs and oncomiRs.
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Introduction

Cholangiocarcinomas (CCs) are heterogeneous hepatobiliary can-
cers with features of cholangiocyte differentiation.1 From a clinical
point of view, CC is an orphan cancer with poor patient outcome.
Presently, therapeutic options for CC are limited, and surgical
resection remains the only option with curative intent. Current
clinical trials often employ mixed cohorts of biliary tract cancers
(BTCs) including intrahepatic CC (ICC), extrahepatic CC (ECC),
and gallbladder carcinoma (GBC) and, so far, promising chemo-
therapeutic treatment strategies have not been identified.2 Recur-
rent mutations in CC have been found in TP53, KRAS, and
SMAD4.3 Profiling for additional mutations using exome sequenc-
ing identified mutations in genes associated with functions in epi-
genetic programming (e.g., BAP1, MLL3, ARID1A, IDH1, and
IDH2) suggesting alterations in epigenetic patterns.4,5

Aberrant gene promoter methylation is an early and driving
event in carcinogenesis, often manifested in an inverse correla-
tion between the levels of promoter methylation and gene
expression.6 In a recent global DNA methylation screen in
ECC and ICC patients, we identified many aberrantly methyl-
ated candidate genes related to cancer-relevant signaling path-
ways, thereby demonstrating the substantial contribution of
DNA methylation changes in the pathogenesis of CC.7

Aberrant expression of oncogenic or tumor suppressive micro-
RNAs (miRNAs) can also promote carcinogenesis and be attrib-
uted to epigenetic dysregulation, as exemplified by cancer-
associated promoter hypermethylation of the tumor suppressive
miRNAs miR-124a8 and miR-34b/c.9,10 When we screened for
aberrant methylation of known or suspected miRNA promoters in
patients with chronic lymphocytic leukemia, we also found

CONTACT Benjamin Goeppert benjamin.goeppert@med.uni-heidelberg.de Institute of Pathology, University of Heidelberg, Im Neuenheimer Feld 224,
D-69120 Heidelberg, Germany; Dieter Weichenhan d.weichenhan@dkfz.de Epigenomics and Cancer Risk Factors, DKFZ Heidelberg, Im Neuenheimer Feld 280,
D-69120 Heidelberg.

Supplemental data for this article can be accessed on the publisher’s website.
*These authors contributed equally to this study.
© 2016 Taylor & Francis Group, LLC

EPIGENETICS
2016, VOL. 11, NO. 11, 780–790
http://dx.doi.org/10.1080/15592294.2016.1227899

http://dx.doi.org/10.1080/15592294.2016.1227899
http://dx.doi.org/10.1080/15592294.2016.1227899


correlations between promoter methylation alterations and
miRNA dysregulation.11 Dysregulation of miRNAs has been also
described in CC,12 but a systematic study of the relation between
DNA methylation changes and miRNA expression in CC has not
been presented so far.

Here, we correlated our data sets of known or suspected
miRNA promoters and global DNA methylation to identify
CC-related differentially methylated miRNA promoters. Our
results represent a valuable repository enabling to study the
role of epigenetically altered miRNAs in the onset and progres-
sion of CC. Novel putative oncomiRs and tumor suppressive
miRNAs as well as their target genes were identified. For one of
them, CDH6, encoding cadherin-6, we found a stepwise down-
regulation at the protein level in cholangiocarcinogenesis and
association with patient survival, suggesting that CDH6 is a
putative tumor suppressor in CC.

Results

Aberrantly methylated miRNA promoters in
cholangiocarcinoma

To identify aberrantly methylated miRNA promoters in CC, we
searched for overlaps between previously published CC-related dif-
ferentially methylated regions (DMRs)7 and known or suspected
miRNA promoters (for simplicity, henceforth designated miRNA
promoters).11 We considered 1099 hypermethylated and 565
hypomethylated regions, common to more than 50%, i.e., more
than 9 of 18 CC cases examined in a previous study, and found
overlaps with 27 and 13 miRNA promoters, respectively (Fig. 1;
Supplementary Table S2 and S3). All overlapping DMRs were rep-
resented in both ECC and ICC. Screening miRCancer,13 a litera-
ture-based database covering 454 cancer-related miRNAs (version
December 2014), we found that 20 miRNAs or miRNA families
with CC-related promoter DMR had been already described as

dysregulated in cancer (Supplementary Table S4); yet, only one of
them,miR-200b, in CC.14

To substantiate our previous array–based methylation results,
we validated several of the miRNA-associated DMRs in CC cohort
#1 (see CC cohort #1 in Table 1) using MassARRAY. From the
miRNAs with suspected hypermethylated promoters, we selected
miR-129-2, miR-9-3, miR-124-2, and miR-9-2, since they have
been described as dysregulated in various cancer types (see Supple-
mentary Table S4). The respective DMRs were shared by 12 CC (6
ECC and 6 ICC), 14 CC (8 ECC and 6 ICC), 16 CC (each 8 ECC
and ICC), and 14 CC (6 ECC and 8 ICC) samples (Supplementary
Fig. S1A-D). MassARRAY analyses revealed significantly higher
average methylation levels of the CC samples compared to normal
tissue in all 4 selected regions (Supplementary Fig. S2A-D and Sup-
plementary Fig. S3A-D) and confirmed our CpG island array
data.7 Among the miRNAs with hypomethylated promoters, we
selected the frequently dysregulated cluster comprising miR-200a,
miR-200b, and miR-429 for validation. The three miRNAs share a
common promoter that overlaps with a single DMR observed in all
18 previously examined CC samples (Supplementary Fig. S1E).
The average methylation levels in the CC samples of cohort #1
were significantly reduced compared to normal samples, confirm-
ing our earlier data (Supplementary Fig. S2E-F and Supplementary
Fig. S3E-F). In summary, independent validation byMASSARRAY
analysis confirmed our previous microarray results for DMRs that
were shared by themajority of the CC samples.

Aberrantly methylated miRNA promoters in
cholangiocarcinoma target cancer related signaling
pathways

We tested, in silico, whether signaling pathwaysmight be targeted by
miRNAs aberrantly methylated at their promoters in the majority of
the CC cohort #1 cases. Using miRPath v.2.0,15 we identified 100
and 69 signaling pathways targeted by the hypermethylated and

Figure 1. Hypermethylated and hypomethylated miRNA promoters in cholangiocarcinoma identified by overlapping genomic DMR and putative miRNA promoter coordi-
nates. A) From 1374 putative miRNA promoter regions,11 27 and 13 overlapped with 1099 hypermethylated and 565 hypomethylated regions, respectively, common
to >9/18 CC samples.7 B) Integrated Genomics Viewer (IGV 2.3)41 browser view on an example of a hypermethylated DMR common to 17 of 18 CC patients7 and overlap-
ping with the promoter of miR-124-3 (see Supplementary Table S2). CGI: CpG island.
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hypomethylatedmiRNApromoters, respectively; 63 of the pathways
overlapped (Supplementary Fig. S4A-B and Supplementary
Table S6). Pathways ranking high in both lists were cancer related,
such as the neurotrophin,Wnt, ErbB, PI3K,MAPK, and TGF-b sig-
naling pathway. Notably, the Wnt, PI3K/AKT, MAPK, and TGF-b
pathway proved also affected in our earlier study, which focused on
the global aberrant methylation of protein coding genes in CC.7

Thus, additional data presented here not only complements our pre-
vious work but also confirms that cancer related signaling pathways
are targeted by global epigenetic alterations in CC.

Correlation of miRNA expression and promoter
methylation in an independent cholangiocarcinoma
validation cohort

We used DNA and RNA preparations frommicrodissected forma-
lin-fixed paraffin embedded (FFPE) material from 20 CCs (9 ICC
and 11 ECC; see CC cohort #2 in Table 1) and 10 control samples
(normal bile duct) to correlate expression and promoter methyla-
tion of selected miRNAs. Promoter methylation of miR-129-2 was
significantly higher in tumor samples compared to normal bile
duct specimens (Fig. 2A and Supplementary Fig. S5A). Collectively,
expression of miR-129 was lower in ECC and ICC sample groups
as compared to the normal extra- and intra-hepatic bile duct sam-
ples, but the difference reached statistical significance only for the
ECC group (Fig. 2B). Promoter methylation of miR-9-2 and miR-
9-3 in CC cohort #2 was less pronounced than in cohort #1, but still
reached statistical significance (Supplementary Fig. S6A-B). No
miR-9 expression differences, however, could be observed between
normal and tumor samples (Supplementary Fig. S6C). For pro-
moter methylation analysis of the clustered miR-200a, miR-200b,
and miR-429 and for miR-429 expression analysis, we included
additional patients samples (55 ECC, 37 ICC) and controls (92),
which were also used in the tissue microarray (TMA) analyses.
Methylation was significantly lower in ICC and lower in ECC with
borderline significance (Fig. 2C and Supplementary Fig. S5B and
S7A). Correspondingly, expression of miR-200a and miR-200b
was significantly higher in ICC, but not in ECC, than in the corre-
sponding controls (Supplementary Fig. S7B-C). Expression of
miR-429, however, was significantly higher in both ECC and ICC
samples, whether considering the samples of cohort #2 alone (data
not shown) or in combination with those from the TMA cohort
(Fig. 2D).We also observed an inverse correlation between the pro-
moter methylation andmiR-429 expression, supporting the notion
of promoter methylation-dependent regulation of this miRNA
(Supplementary Fig. S8).

Tumor suppressor genes DLC1, FBXW7, and CDH6 are
potential targets of miR-200a and miR-429

Upregulation by promoter demethylation of the clustered
miR-200a, miR-200b, and miR-429 may contribute to CC by
downregulation of target genes with tumor suppressive capabil-
ity. We performed in silico prediction of genes potentially tar-
geted by miR-200a and miR-429, the latter sharing the same
seed sequence with miR-200b. Potential targets, 744 for miR-
200a and 1057 for miR-429 (Supplementary Table S6), were
screened for known downregulated genes in CC.16,17 Targets
with high scores and suspected tumor suppressive potential

(Supplementary Table S7) were then tested in a luciferase
reporter assay. We observed a reduction by about 40% in lucif-
erase activity for the potential miR-200a target DLC1 (Supple-
mentary Fig. S9A) and a reduction of about 30 and 20% for
potential miR-429 targets FBXW7 and CDH6, respectively
(Supplementary Fig. S9B), whereas the other targets remained
unaffected (Supplementary Fig. S9A-B). The positive targets
DLC1, FBXW7, and CDH6 each harbor 2 30 UTR sequence
motifs that perfectly match the seed sequences of either miR-
200a or miR-429 (Supplementary Fig. S10A-C).

Protein expression of CDH6 is stepwise downregulated and
associated with patient survival in biliary tract cancer

We studied the relevance of DLC1, FBXW7, and CDH6 expres-
sion in cholangiocarcinogenesis at the protein level by immuno-
histochemical analysis of conventional tissue slides and TMAs

Table 1. Clinicopathological characteristics of cholangiocarcinoma cohorts #1 and
#2 used for methylome and miRNA analyses. Cases with pNx had no lymph nodes
resected. 16 cases (ID 1-16) were used in our methylome screen.7

CC cohort #1

Sample ID CC subtype Gender Age (years) TNM

1 ECC m 68 pT2, pN0, M0, G2
2 ECC m 66 pT2, pN0, M0, G2
3 ECC f 43 pT2, pN0, M0, G2
4 ECC m 71 pT2, pN0, M0, G2
5 ICC m 73 pT2, pN0, M0, G2
6 ICC f 43 pT2, pN0, M0, G2
7 ECC m 64 pT2, pN0, M0, G2
8 ECC f 57 pT2, pN0, M0, G2
9 ICC m 42 pT2, pNx, M0, G2
10 ICC f 55 pT2, pN1, M0, G2
11 ICC m 77 pT2, pN0, M0, G2
12 ICC f 64 pT2, pN0, M0, G2
13 ICC f 45 pT2, pN1, M0, G3
14 ECC m 60 pT2, pN0, M0, G3
15 ICC m 76 pT1, pNx, M0, G1
16 ICC m 54 pT2, pNx, M0, G2
17 ICC m 77 pT2, pNx, M0, G3
18 ICC m 70 pT2, pN0, M0, G2
19 ICC m 51 pT4, pNx, M0, G2
20 ICC f 75 pT3, pN1, M1, G2
21 ECC f 78 pT4, pNx, M1, G3
22 ECC f 81 pT3, pN1, M0, G3

CC cohort #2

23 ICC m 67 pT1, pN0, M0, G2
24 ICC m 67 pT1, pN0, M0, G2
25 ICC f 56 pT1, pN0, M0, G3
26 ICC f 50 pT1, pN1, M0, G3
27 ICC f 65 pT2, pN0, M0, G2
28 ICC f 56 pT2, pN0, M0, G2
29 ICC m 68 pT3, pNx, M0, G2
30 ICC f 40 pT2, pN0, M0, G2
31 ICC f 55 pT1, pN0, M0, G1
32 ECC f 49 pT2, pN1, M0, G3
33 ECC m 54 pT2, pN0, M0, G2
34 ECC m 77 pT2, pN0, M0, G2
35 ECC f 66 pT2, pN0, M0, G2
36 ECC m 51 pT2, pN0, M0, G2
37 ECC m 58 pT2, pN0, M0, G2
38 ECC m 54 pT2, pN0, M0, G2
39 ECC f 70 pT1, pN0, M0, G2
40 ECC m 64 pT2, pN0, M0, G2
41 ECC f 56 pT2, pN0, M0, G3
42 ECC m 65 pT2, pN0, M0, G2
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from normal and biliary tract cancer (BTC) samples. While
DLC1 did not show expression in either sample type, FBXW7
displayed strong signals in both normal and tumor samples;
thus, appropriate discrimination between expression levels was
not possible (data not shown). Potential miR-429 target CDH6,
however, showed strong cytoplasmic and membranous staining
in normal cholangiocytes of gallbladder and extra- and intra-
hepatic bile ducts (Fig. 3A), but significantly reduced immuno-
reactivity in the vast majority of neoplastic tissues (Fig. 3B, C).
High CDH6 expression was visible also in some ICC cases
(nD11; Fig. 3D, Table 2). Statistical analysis revealed a signifi-
cantly higher immunoreactive score (IRS) of CDH6 in human
normal biliary epithelium than in BTC (Fig. 4A). Significant
downregulation of CDH6 could be already observed in BTC pre-
cursor lesion BilIN 3 followed by an even more pronounced
CDH6 reduction in invasive BTC (Fig 4A). These findings were
consistent in all BTC-subgroups (Fig 4B).

We correlated CDH6 expression with miR-429 promoter
methylation and expression and compared the data of tumor
with that of normal samples for which all 3 data sets were avail-
able. Generally, lower promoter methylation correlated with
higher miR-429 expression, which, in turn, was inversely corre-
lated with lower CDH6 expression (Supplementary Fig. S11A-
D). Comparing ECC (n D 55) with normal EBD (n D 34),
CDH6-IRS and miRNA promoter methylation were lower
[P < 0.0001 and P D 0.1859 (not significant), respectively] and
miR-429 expression was higher (P D 0.0006) in ECC (Supple-
mentary Fig. S11A-B). Similarly, in ICC (n D 36), CDH6-IRS
and miRNA promoter methylation were lower (P D 0.0006 and
P < 0.0001, respectively), while miR-429 expression was higher
(P < 0.0001) than in normal IBD (n D 31) (Supplementary
Fig. S11C-D).

Relating CDH6 expression with clinical data, we found a sig-
nificant positive correlation between expression and tumor-
associated patient survival (Fig. 4C; PD 0.007). The vast major-
ity of BTC cases showed absent to low (n D 178, IRS 0-4)
CDH6 expression. A smaller proportion of tumors showed
intermediate/high (n D 23, IRS 6-9) CDH6 expression. These
two groups displayed very similar survival curves (data not
shown). A minority of cases (n D 11) showed very high (IRS D
12) CDH 6 expression. This group consisted only of ICCs
(Table 2; P < 0.0001) and was associated with prolonged over-
all survival both in the complete BTC and in the ICC subgroup
(Fig. 4C and D; P D 0.007 and P D 0.0027, respectively). We
also observed a significant positive correlation between very
high CDH6 expression (IRS D 12) and lower pT-status of
tumors (i.e., pT1 and pT2; Table 2; P D 0.008); none of the
very high CDH6 expressing ICCs showed perineural tumor
invasion (Table 2; P D 0.008). For other clinicopathological
features, no significant correlation with CDH6 expression was
observed (Table 2). Moreover, there was no significant correla-
tion between overall survival and the promoter methylation
status of the clustered miR-200a, miR-200b, and miR-429
(Supplementary Fig. S12).

CDH6 delays growth of CC cell lines

To corroborate the potential tumor suppressive function of
CDH6, we stably transfected the 2 CC cell lines EGI-1 and
TFK-1 with a lentiviral construct harboring CDH6 under the
control of the CMV promoter. While CDH6-transfected cells
displayed expression of the CDH6 protein, untransfected and
GFP transfected cells did not (Supplementary Fig. S13). We
monitored growth of serial dilutions of CDH6 transfectants

Figure 2. Correlation between miRNA promoter methylation and miRNA expression in CC. Methylation levels of the promoters of miR-129-2 (A) and the co-regulated
miR-200a, miR-200b, and miR-429 (C) in cohort #2 and control samples. Corresponding relative expression is shown to the right (B and D). In C) and D), additional patient
samples were included (see text). NEBD: normal extrahepatic bile duct; NIBD: normal intrahepatic bile duct.
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and observed delayed growth of both cell lines as compared to
the untransfected lines or the GFP transfectants (Fig. 5 and
Supplementary Fig. S14). Growth delay by CDH6 was more
pronounced for the faster growing TFK-1 than for EGI-1 and
could be confirmed in TFK-1 by colony formation assay (Sup-
plementary Fig. S15).

Discussion

Exome and whole-genome sequencing studies of CC patients
revealed a number of recurrent somatic mutations, including
FGFR2-associated translocations18 and point mutations affecting
epigenetically relevant genes, such as ARID1, IDH1, and IDH2.5

Furthermore, expression profiling demonstrated recurrent dysre-
gulation of miRNAs in CC (reviewed in19). In the present study, we
aimed to globally identify and exemplarily characterize epigenetic
alterations of miRNA promoters in ECC and ICC to advance the
epigenetic characterization of CC. Overlapping the genomic coor-
dinates of CC-related DMRs identified in our previous study7 and
of known or suspected miRNA promoters,11 we identified 28 and
16 miRNAs associated with hypermethylated and hypomethylated
promoters, respectively, in more than 50% of the analyzed CC
cases. All DMRs were found in both ECC and ICC, and many of
the identified miRNAs targeted signaling pathways that were
already known to be affected in cholangiocarcinogenesis, such as

Wnt, ErbB, PI3K, MAPK, and TGF-b, but had not been described
in the context of alteredmiRNA promoter methylation in CC.

In cancer, downregulation of tumor suppressor genes is fre-
quently caused by promoter hypermethylation. We observed
hypermethylation of promoters from several miRNAs with sus-
pected tumor suppressive ability in the initial CC patient cohort
and confirmed promoter hypermethylation of miR-129-2,
miR-9-2, and miR-9-3 in an independent cohort. miR-129 was
also downregulated in ECC.MiR-129 was reported to be epigeneti-
cally downregulated in various cancers (e.g.,20,21) and to exert
tumor suppressive functions by inhibiting cell proliferation and
inducing cell death.22,23 Thus, its downregulation in ECC might
promote proliferation and survival of tumor cells. Promoter hyper-
methylation and downregulation of miR-9 have been described in
several tumor types.24,25 Though confirmed in CC cohort #2, pro-
moter hypermethylation of miR-9-2 and miR-9-3 was less pro-
nounced and was not associated with dysregulation of expression.
The downregulation of these miRNAs might be compensated by
concomitant upregulation of miR-9-1. Notably, the miR-9 family
was reported to be both up- and down-regulated depending on the
cancer type (see Supplementary Table S4).

The miRNA cluster encompassing miR-200a, miR-200b, and
miR-429 did not only show promoter hypomethylation, but also
all 3 miRNAs were found to be upregulated in CC. Both up- and
down-regulation of the miR-200 family have been observed in

Figure 3. CDH6 expression in CC. High immunoreactivity for CDH6 in (A) normal biliary epithelium (large intrahepatic bile ducts) and (D) exemplary in one intrahepatic
cholangiocarcinoma. Low immunoreactivity for CDH6 in (B) one extrahepatic cholangiocarcinoma and (C) one intrahepatic cholangiocarcinoma. Original magnification:
50x, 200x (inset).
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cancer (see Supplementary Table S4), possibly depending on type
and stage of the malignancy. Supporting our data, miR-200b was
already reported as upregulated in CC.26

DLC1, FBXW7, and CDH6 were found to be potential targets
for downregulation by miR-200a and miR-429, respectively, and,
thus, to be potential tumor suppressor genes in cholangiocarcino-
genesis. Notably, the promoters of DLC1, FBXW7, and CDH6 did
not show CC-related hypermethylation in our previous study,7

supporting the role of miRNA-mediated downregulation of these
tumor suppressor genes in CC. Knockdown of DLC1, encoding an
activator of Rho family GTPases and involved in the regulation of
the cytoskeleton and cell motility,27 contributes to carcinogenesis
of HCC in an animal model;28 DLC1 downregulation might also
contribute to ICC, since bothmalignancies share commonmolecu-
lar characteristics.29 FBXW7 was shown to be affected by loss-of-
functionmutations30 and to suppress epithelial-mesenchymal tran-
sition, stemness, and metastasis in CC.31 CDH6 is a cell adhesion
molecule that contributes to the induction of apoptosis by dephos-
phorylation of ERK.32 CDH6 was already shown to be transcrip-
tionally downregulated in CC (see Supplementary Table S7), and
we also observed downregulation of the CDH6 protein in 2 CC cell
lines, EGI-1 and TFK-1. On the other hand,CDH6was reported to
be upregulated in other cancer types as well.33,34 In line with its
potential tumor suppressive function, we observed stepwise down-
regulation of CDH6 in a comprehensive and well characterized
cohort, including normal tissue, precursor lesions, and invasive
tumors of BTC patients. Additionally, we detected an ICC

subgroup with very high CDH6 expression, better patient survival,
and lower local tumor extent.When we expressedCDH6 in the CC
cell lines EGI-1 and TFK-1, both cell lines displayed delayed
growth. Together, these features suggest that CDH6 is a potential
tumor suppressor in cholangiocarcinogenesis. CDH6 could also
serve as a biomarker due to its stepwise downregulation that can
already be detected in pre-invasive BilIN 3 lesions.

In summary, our systematic approach revealed a considerable
number of aberrantly methylated miRNA promoters in CC. We
presented examples of inverse correlation between miRNA pro-
moter methylation and miRNA expression, suggesting miR-129 as
a novel tumor suppressor and members of the miR-200 family as
novel oncomiRs in CC. CDH6 was identified as a potential tumor
suppressor and biomarker in cholangiocarcinogenesis. The pre-
sented compilation of CC-related miRNAs constitutes a profound
repository for future studies to dissect the role of epigenetically dys-
regulatedmiRNAs in the onset and progression of CC.

Material and methods

Clinicopathological characteristics of cholangiocarcinoma
cohorts #1 and #2 used for methylome and miRNA
analyses

Tissue samples from 42 CC patients (20 perihilar ECCs and 22
ICCs) who underwent bile duct and/or liver surgery in the Univer-
sity Hospital Heidelberg between 2004 and 2010 were included in
these 2 cohorts (Table 1). Sixteen cases (ID 1-16) were already part
of our previous methylome screen.7 Patient cohort #1, initially
used here for quantitative DNA methylation validation by mass
spectrometry (MassARRAY) consisted of these 16 CC cases and
additional 2 ECC and 4 ICC patients. As validation controls, fresh-
frozen tissue specimens of 9 matched normal samples and one
non-matched normal sample were used. Cohort #2, used for corre-
lating miRNA expression with miRNA promoter methylation,
consisted of 11 ECC and 9 ICC cases (FFPE samples). The normal
controls used for comparison with cohort #2 consisted of extra-
and intra-hepatic bile duct samples from non-neoplastic cases.
Microdissection was performed as previously described.35 Only
patients with primary adenocarcinomas of the biliary tract and
without other known malignancies at the time of diagnosis were
included. Tumors were classified, graded, and staged according to
the current World Health Organization (WHO) tumor classifica-
tion system (4th ed., 2010) and the 7th TNM Classification of
Malignant Tumors, respectively. Patients who received radioche-
motherapy prior to surgery were excluded. The studywas approved
by the institutional ethics committee (206/05).

Clinicopathological characteristics of the biliary tract
cancer cohort used for tissue microarray analysis

Tissue samples from 212 patients with a median age of 64.7 y who
underwent bile duct and/or liver surgery in the University Hospital
Heidelberg between 1995 and 2010 were included in this cohort
(Table 2). Only patients with primary adenocarcinomas of the bili-
ary tract andwithout other knownmalignancies at the time of diag-
nosis were included. Patients who received radiochemotherapy
prior to surgery were excluded. BTCs of this study consisted of 88
ECCs, 59 ICCs, and 65 adenocarcinomas of the gallbladder

Table 2. Clinicopathological characteristics of the biliary tract cancer cohort used
for TMA analysis. Cases with pNx had no lymph nodes resected; therefore, UICC
status could not be assessed precisely in these cases. zMann Whitney U-test;
zzFisher’s exact test; zzzChi-square test.

BTC-patients CDH6 (IRS 0-9) CDH6 (IRS 12) P-value

201 (100 %) 11 (100 %)
Age range 30.8-91.6 years 44.8-75.5 years 0.475z

median 65.1 years 63.3 years
<65 years 100 (49.8%) 7 (63.6%) 0.538zz

>65 years 101 (50.2%) 4 (36.4%)
Sex male 112 (55.7%) 4 (36.4%) 0.230zz

female 89 (44.3%) 7 (63.6%)
BTC subtype ICC 48 (23.9%) 11 (100%) <0.0001zzz

ECC 88 (43.8%) 0 (0%)
GBAC 65 (32.3%) 0 (0%)

UICC stage 1 10 (5.0%) 2 (18.2%) 0.068zzz

2 56 (27.9%) 3 (27.3%)
3 48 (23.9%) 0 (0%)
4 39 (19.4%) 1 (9.1%)
NA 48 (23.9%) 5 (45.5%)

pT T1 17 (8.5%) 5 (45.5%) 0.008zz

T2 107 (53.3%) 6 (54.5%)
T3 59 (29.4%) 0 (0%)
T4 18 (9.0%) 0 (0%)

pN pN0 56 (27.9%) 5 (45.5%) 0.139zzz

pN1 77 (38.3%) 1 (9.1%)
pNx 68 (33.8%) 5 (45.5%)

M M0 182 (90.5%) 11 (100%) 1.000zz

M1 19 (9.5%) 0 (0%)
G G1 11 (5.5%) 1 (9.1%) 1.000zz

G2 135 (67.2%) 8 (72.7%)
G3 55 (27.4%) 2 (18.2%)

L L0 106 (52.7%) 9 (81.8%) 0.069zz

L1 95 (47.3%) 2 (18.2%)
V V0 156 (77.6%) 8 (72.7%) 0.715zz

V1 45 (22.4%) 3 (27.3%)
Pn Pn0 126 (62.7%) 11 (100%) 0.009zz

Pn1 75 (37.7%) 0 (0%)
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(GBACs). For 162 cases, corresponding histologically normal tis-
sue, and for 81 cases corresponding biliary intraepithelial neoplasia
grade 3 (BilIN 3) lesions could be included. Formost patients, com-
plete clinicopathological data, including sex, age, tumor grade,
TNM/UICC status, lymph- and haemangiosis carcinomatosa, peri-
neural tumor invasion, as well as overall survival data were
available.

Cell lines, cloning, and transfection

Cell line HEK293T and the human CC cell lines EGI-1 and
TFK-1 were obtained from the German Collection of Microor-
ganims and Cell Cultures (DSMZ) and stored as low-passage
aliquots in liquid nitrogen. For virus production and functional

assays, freshly thawed aliquots are regularly authenticated and
tested for absence of mycoplasmas using the Venor� GeM Clas-
sic kit (Minerva Biolabs, cat. no. 11-1025). HEK293T cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM; Life
Technologies, cat. no. 41965-039) supplemented with 10% fetal
calf serum (FCS). EGI-1 and TFK-1 were grown in high glucose
Dulbecco’s modified Eagle’s medium (DMEM; GE Healthcare
Life Sciences, cat. no. SH30243.02) and RPMI 1640 (Life Tech-
nologies, cat. no. 21875-034), respectively, supplemented with
10% FCS. A human CDH6 full ORF cDNA clone (Refseq no.
BC000019)36 was obtained from the DKFZ Genomics and Pro-
teomics Core Facility. The CDH6 ORF was re-cloned behind
the CMV promoter into lentiviral vector rwpLX305 (R. W.,
unpublished), a puromycin resistance-conferring derivative of

Figure 4. Statistical analyses of CDH6 expression in BTC and correlation with patient survival. (A) CDH6 immunoreactivity is already significantly reduced in pre-invasive
BillN 3 lesions and decreases even more in invasive BTC compared to normal biliary epithelium. (B) Subgroup analysis shows a significant stronger decrease of CDH6
expression for ECC and GBAC compared to ICC (Unpaired non-parametric Mann-Whitney-U test: �� P < 0.005; ns: not significant; Kruskal-Wallis test P < 0.001). (C)
Kaplan-Meier curves show that BTC patients with very high CDH6 expression levels (IRS D 12, n D 11 ICCs; see also Table 2 and Fig. 6D) show significantly prolonged
overall survival (red Kaplan-Meier curve) compared to patients with lower CDH6 IRS (blue Kaplan-Meier curve). (D) This also holds true in ICC subtype-specific survival
analysis.

Figure 5. Growth curves of the CC cell lines EGI-1 (A) and TFK-1 (B) after lentiviral transfection with CDH6 cDNA or GFP. Initial cell number of EGI-1 was 2,500, that of TFK-1 was 313.
Relative fluorescence units (RU) were determined after 24, 48, 72, and 96 h. Values aremeans of 3 technical replicates; error bars indicate standard deviation. untr.: untransfected.
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pLX304.37 The GFP gene instead of CDH6 was used in the same
lentiviral vector setting as a control. Lentiviral particles were
generated in HEK293T cells using a second-generation packag-
ing system and transfected in diverse dilutions into both EGI-1
and TFK-1 cells under puromycin selection.

Cell proliferation and colony formation assay

Triplicates of 10,000 cells and twofold serial dilutions were
seeded into 96-well plates. Cell proliferation was evaluated after
24, 48, 72 and 96 h with the Cell Titer-Blue Cell Viability Assay
(Promega, cat. no. G8081), according to manufacturer’s
instructions using Spectramax M5e (Molecular Devices). To
determine relative units, mean values of fluorescence units of
medium only were subtracted from the fluorescence units
obtained with cells. Growth curves were generated with Graph-
Pad Prism 6 software. To monitor colony formation, 1,000 cells
were seeded into 10 cm dishes, grown for 13 d washed with
PBS, fixed with methanol, and stained with Giemsa (Sigma-
Aldrich, cat. no. T862.1).

Immunoblotting

Proteins were isolated from roughly 2 £ 106 cells using lysis
buffer composed of 0.0625 M Tris/HCL pH 6.8, 2% SDS, 10%
glycerol, 1 mM dithiothreitol, 1 mM NaVO4, 5 mM NaF and
1x protease inhibitors (Complete; Roche Diagnostics, cat.no. 11
697 498 001). Proteins (25 mg) were separated by 4-20% SDS-
PAGE (Sigma Aldrich, PCG2012-10EA) and transferred to
PVDF membrane (Immobilon, Milipore, cat. no. IPVH00010).
Either anti-CDH6 monoclonal antibody (dilution 1:300;
Thermo Fischer Scientific, cat.no. MA1-06305) or monoclonal
anti-ACTB (dilution 1:5000; Santa Cruz, cat. no. sc47778) were
used, followed by anti-mouse IgG horseradish peroxidase-
linked antibody (dilution 1:5000; Cell Signaling, cat. no.
7076P2). For signal detection, we used Western Lightning Plus
ECL (Perkin Elmer; cat. no. NEL 104001EA) and Amersham
Hyperfilm ECL (GE Healthcare; cat. no. 28906836).

Tissue microarray preparation, immunohistochemistry,
and analysis

Representative areas from vital tissue of invasive adenocarci-
noma, BilIN 3, and normal tissue (NT) of biliary epithelium
were marked by 2 pathologists experienced in BTC diagnostics
(BG and WW). Tissue cores (1 mm diameter) from the selected
representative areas were punched out of the sample tissue
blocks and embedded into a new paraffin array block using a
manual tissue microarrayer (Beecher Instruments, Woodland,
CA, USA). Immunohistochemistry was performed according to
standard protocols using the avidin-biotin complex-method
and diaminobenzidine as chromogen. Immunohistochemistry
was performed using an anti-CDH6 monoclonal antibody
(dilution 1:100; Thermo Fischer Scientific, cat. no. MA1-
06305), an anti-FBXW7 monoclonal antibody (dilutions 1:100
down to 1:2000; Abcam, cat. no. ab55036), and 2 anti-DLC1
antibodies (both polyclonal; dilution 1:50, each; Sigma Ham-
burg, cat. no. HPA017753 and Santa Cruz Biotechnology, cat.
no. sc-271915). All sections were counterstained with

hemalum. The specificity of the reaction was controlled by
omitting the primary antibody. For semi-quantitative immuno-
histochemical assessment of cytoplasmic CDH6 expression, the
product of the scores of staining intensity and percentage of
immunoreactive cells was calculated based on the following
scoring system: the intensity ranged from 0 = negative, 1 = low,
2 = medium to 3 = high; the quantity comprised 0 = no expres-
sion, 1 = positivity in less than 10 %, 2 = positivity in 10 % to
50 %, 3 = positivity in 51 % to 80 %, and 4 = positivity in more
than 80 % of biliary cells. The final immunoreactive score (IRS)
was obtained by multiplication of the intensity score and the
quantity score according to IRS (ranging from 0 to 12). Only
biliary cells were counted. Evaluations were performed inde-
pendently by 2 experienced pathologists (BG and WW).

Statistical analyses of IRS in normal biliary tissue, BilIN3,
and BTC samples were performed by unpaired non-parametric
Mann-Whitney-U and Kruskal-Wallis test with GraphPad
Prism 6. The same statistical test was also applied to the com-
parison of ICC, ECC, and GBAC groups. Kaplan-Meier sur-
vival analysis and determination of corresponding log-rank P-
values were performed with GraphPad Prism 6 software. Sur-
vival data of 28 cases was not available. All P-values were 2-
tailed and a P-value of less than 0.05 was considered significant.

Screening differentially methylated regions and miRNA
promoters for overlaps of genomic coordinates

In a previous study, we identified 7179 hypermethylated and
8893 hypomethylated regions (collectively designated DMRs)
in 10 ICC and 8 ECC samples using human CpG island tiling
arrays (Agilent; genome assembly hg18).7 In an independent
analysis, we identified 1374 putative miRNA promoter regions
by integration of H3K4me3-enriched genomic regions with
sequences upstream of pre-miRNA (miRbase v15).11 The geno-
mic coordinates of DMRs and putative miRNA promoter
regions (for simplicity, designated miRNA promoters) were
harmonized to hg18 using the LiftOver tool from the UCSC
genome browser.38 We screened for overlaps between
coordinates using a self-designed Perl script (kindly provided
by Lei Gu, DKFZ Heidelberg) considering only DMRs
represented by >9/18 (>50 %) CC samples.

Isolation of nucleic acids, cDNA synthesis, and expression
analysis

DNA preparations from fresh-frozen tissue specimens from
cohort #1 and its controls were performed as described previ-
ously.7 FFPE samples from cohort #2 and corresponding con-
trol samples were used for simultaneous extraction of DNA
and RNA using the AllPrepR DNA/RNA FFPE Kit as recom-
mended (Qiagen, cat.no. 80234). Due to limited material,
microdissected healthy bile duct samples were processed using
the RNeasy FFPE Kit (Qiagen, cat. no. 73504) following the
manufacturer’s protocol to ensure high RNA yield. RNA isola-
tion was done as recommended; the pellet from step 6 was used
to follow the DNA isolation protocol of the AllPrepR DNA/
RNA FFPE Kit starting at step 25 (Qiagen, version 2010a). In
contrast to the miRNA quality, DNA quality proved appropri-
ate for only a fraction of the CC cohort #2 and corresponding
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control samples for MassARRAY analysis, most likely owing to
the FFPE derivation of the DNAs and their harsh bisulfite
treatment.

Isolation of miRNA was performed using the RNeasy Mini
Kit (Qiagen, cat. no. 74104) largely according to the manufac-
turer’s instructions. The Qiagen protocol was modified at 2
steps: for precipitation of RNA, 1.5 volumes of 100% ethanol
were used instead of 1 volume of 70% ethanol (step 4), and the
RW1 wash buffer from the first wash step was replaced with
RWT wash buffer (step 6). On-column DNase digestion was
performed as indicated in the RNeasy Mini Handbook (D1-
D4). For cDNA synthesis from 500 ng total RNA, the miScript
PCR system (Qiagen, cat.no. 218073) was used as recom-
mended (miScript II RT protocol).

For expression analysis, 2.1 ml of 1:20 diluted cDNA were
used in a 7 ml PCR reaction with 3.5 ml 2x QuantiTect SYBR
Green PCR Master Mix and 0.7 ml each of 10x miScript Uni-
versal Primer and respective 10x miScript Primer Assay (Sup-
plementary Table S1C). Cycling conditions on the Lightcycler
480 (Roche, Mannheim, Germany) were used as described in
the manufacturer’s protocol.

For FFPE tissue-derived RNA, miR-574 was used as a refer-
ence gene, which was identified as the best-suited reference
gene for this sample cohort using the web-based tool RefFinder
(http://www.leonxie.com/referencegene.php).

Relative expression was calculated using the DCt method.39

Statistical evaluation of expression differences was performed
by Mann-Whitney-U test, and accompanying boxplots were
generated using the R statistical environment, version 3.0.1
(http://www.R-project.org). A P-value <0.05 was considered
significant.

Quantitative determination of methylation levels by mass
spectrometry

Quantitative methylation levels of CpGs or CpG units were deter-
mined by mass spectrometric analysis using the Epityper Mas-
sARRAY approach as described previously7 and listed primers
(Supplementary Table S1A). Use of FFPE samples for cohort #2
analyses partially required smaller amplicons than the analyses
performed with cohort #1. Statistical evaluation of differences
between average methylation values was performed by Mann-
Whitney-U test, and accompanying boxplots and heat maps were
generated using the R statistical and graphical environment, ver-
sion 3.0.1. A P-value < 0.05 was considered significant. Kaplan-
Meier survival analysis was done as described above.

Prediction of miRNA target genes and dual luciferase/
renilla reporter assays

We used “TargetScanHuman” (release 6.2; http://www.targets
can.org/vert_61/) of the miRGator online tool for in silico pre-
diction of miRNA target genes.40 TargetScan predictions are
ranked based on the predicted efficacy of targeting and calcu-
lated as “context scores” as described (http://www.targetscan.
org/vert_61/docs/context_score.html). From the 30 UTRs of
selected target genes, amplicons containing the seed sequences
were generated and cloned into the 30 UTR of the firefly lucifer-
ase reporter gene of vector pMIR-REPORT (Ambion, cat. no.

AM5795). Positive controls cloned into the reporter vector were
short double-stranded sequence stretches formed by comple-
mentary phosphorylated oligonucleotides covering 4 times the
seed sequence of the respective miRNA with a 6 bp spacer after
the first and another 6 bp spacer after the third seed sequence.
Reporter constructs were transfected into HEK293T cells
together with synthetic microRNA Mimics (Qiagen, Supple-
mentary Table S1D) or a non-target small RNA control (AllStar,
Qiagen, cat. no. SI03650318) to test for physical interactions
between the microRNA Mimics and the cloned 30 UTR.
HEK293T cells were transfected with 1 pmol of the miRNA
mimic or AllStar non-target control using the DharmaFECT 1
transfection reagent (Thermo Scientific, cat. no. T-2001-01),
according to the manufacturer’s instructions. After overnight
incubation, cells were transfected using the TransIT LT1 trans-
fection reagent (Mirus, cat.no. MIR 2304) with 300 pg of the
reporter construct or empty vector pMIR-Report together with
10 ng of the pRL-TK Renilla luciferase reporter vector (Promega,
cat.no. E2241). The dual luciferase readout was performed with
nearly confluent cells using the SpectraMax M5 (Berthold, Bad
Wildbad, Germany); the luciferase signals were normalized to
the renilla signals. Mean values were calculated from 6 or 8 par-
allel measurements per transfection, and 4 independent trans-
fections were performed per construct. Barplots were generated
with the mean values using the R statistical environment, ver-
sion 3.0.1. Error bars indicate standard deviations. Statistical
evaluation of differences between mean values of target 30 UTRs
and empty vector was performed by one-sample t-test.

Pathway enrichment analysis

Lists of 28 hypermethylated and 16 hypomethylated miRNAs
present in >9/18 CC cases from patient cohort #1 (see Table 1)
were loaded separately into the DIANA miRPath v.2.0 online
tool to search with default settings for possibly affected signal-
ing pathways.15 In those cases, where the miRPath tool indi-
cates ambiguity, for example miR-200a, both options, miR-
200a-3p and miR-200a-5p, were loaded.

Oligonucleotides

The oligonucleotides used in this study are listed in Supple-
mentary Table S1.
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