1X3]-){Jewiarems 1Xa1-)ewla1ems

1X31-)lew1a1ems

"% NIH Public Access
@@‘ Author Manuscript

2 HEpst

o WATIG,

Published in final edited form as:
Hepatology. 2012 November ; 56(5): 1792-1803. doi:10.1002/hep.25890.

Transcriptomic Profiling Reveals Hepatic Stem-like Gene
Signatures and Interplay of miR-200c and EMT in Intrahepatic
Cholangiocarcinoma

Naoki Oishil, Mia R. Kumarl7, Stephanie Roessler!, Junfang Jil, Marshonna Forgues?,
Anuradha Budhu?, Xuelian Zhao?, Jesper B. Andersen?, Qing-Hai Ye3, Hu-Liang Jia3, Lun-
Xiu Qin3, Taro Yamashita?, Hyun Goo Wo0°, Yoon Jun Kim®8, Shuichi Kaneko#, Zhao-You
Tang?, Snorri S. Thorgeirsson?, and Xin Wei Wang?1:8

1Laboratory of Human Carcinogenesis, Center for Cancer Research, National Cancer Institute,
National Institutes of Health, Bethesda, MD, USA

2Laboratory of Experimental Carcinogenesis, Center for Cancer Research, National Cancer
Institute, National Institutes of Health, Bethesda, MD, USA

SLiver Cancer Institute, Fudan University, Shanghai, China

4Liver Disease Center and Kanazawa University Hospital, Kanazawa University, Kanazawa,
Japan

SDepartment of Physiology, Ajou University School of Medicine, Suwon

6Department of Internal Medicine and Liver Research Institute, Seoul National University College
of Medicine, Seoul, Korea

Abstract

Intrahepatic cholangiocellular carcinoma (ICC) is the second most common type of primary liver
cancer. However, its tumor heterogeneity and molecular characteristics are largely unknown. In
this study, we conducted transcriptomic profiling of 23 ICC and combined hepatocellular
cholangiocarcinoma tumor specimens from Asian patients using Affymetrix mRNA and
Nanostring microRNA microarrays to search for unique gene signatures linked to tumor subtypes
and patient prognosis. We validated the signatures in additional 68 ICC cases derived from
Caucasian patients. We found that both mRNA and microRNA expression profiles could
independently classify Asian ICC cases into two main subgroups, one of which shared gene
expression signatures with previously identified hepatocellular carcinoma (HCC) with stem cell
gene expression traits. ICC-specific gene signatures could predict survival in Asian HCC cases
and independently in Caucasian ICC cases. Integrative analyses of the ICC-specific mRNA and
microRNA expression profiles revealed that a common signaling pathway linking miR-200c
signaling to epithelial-mesenchymal transition (EMT) was preferentially activated in ICC with
stem cell gene expression traits. Inactivation of miR-200c resulted in an induction of EMT while
activation of miR-200c led to a reduction of EMT including a reduced cell migration and invasion
in ICC cells. We also found that miR-200c and NCAM1 expression were negatively correlated
and their expression levels were predictive of survival in ICC samples. NCAML1, a known hepatic
stem/progenitor cell marker, was experimentally demonstrated to be a direct target of miR-200c.
Conclusion: Our results indicate that ICC and HCC share common stem-like molecular
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characteristics and poor prognosis. We suggest that the specific components of EMT may be
exploited as critical biomarkers and clinically relevant therapeutic targets for an aggressive form
of stem cell-like ICC.

Introduction

Primary liver cancer (PLC) is the second most lethal cancer for men in the world.(1)
Intrahepatic cholangiocellular carcinoma (ICC) is the second most common type of PLC.
While ICC is much less common than hepatocellular carcinoma (HCC), its incidence has
increased drastically over the past two decades.(2;3) However, the molecular pathogenesis
of ICC is largely unknown. Understanding of the tumor biology of HCC and ICC that
contributes to tumor heterogeneity is paramount in developing effective therapies to improve
patient outcome.

The cellular origin of HCC and ICC has been subject to intense debate in recent years. It is
thought that HCC is derived from hepatocyte while ICC arises from intrahepatic biliary
epithelium. However, a mixed form of HCC and ICC, also known as combined
hepatocellular cholangiocarcinoma (CHC), has been described to have distinct
clinicopathological features but morphological intermediates of HCC and ICC, suggesting
that HCC and ICC could share the same cellular origin.(4-6) Recent studies utilizing high
resolution genomic approaches have shed light on the revelation of cellular origin of HCC
and suggest that a subset of HCC contains stem cell-like features.(7-10) For example, a
subset of tumor cells isolated from HCC patients are tumor initiating cells with stem cell
traits.(11-14) Moreover, HCC may share an ICC-like gene expression trait.(15) These
results are consistent with the cancer stem cell (CSC) hypothesis, which suggests that most
tumor cells are derived from undifferentiated cells with stem-like capabilities and that both
ICC and HCC may share the same cellular origin of hepatic stem/progenitor cells.

Global mRNA and microRNA profiling approaches have been proven to be effective in
identifying genes critical to HCC.(8;9;16-22) In this study, we used both mRNA and
microRNA profiling approaches to determine tumor heterogeneity and molecular
characteristics of ICC. We found that ICC samples consist of at least two main subtypes that
share similar molecular activities with HCC linked to stem cell-like gene expression and
patient survival. Integrative genomic analyses revealed that genes and microRNAs involved
in epithelial-mesenchymal transition (EMT) are altered in stem-like ICCs. Our results shed
light on ICC diagnosis and may open new avenues for therapeutic interventions for targeting
poor prognostic ICC patients.

Experimental Procedures

Human Subjects

ICC and CHC tissues were obtained with informed consent from Asian patients who
underwent curative resection between 2002 and 2003 at the Liver Cancer Institute and
Zhongshan Hospital (Fudan University, Shanghai, China) and between 2008 and 2010 at the
Kanazawa University Hospital (Ishikawa, Japan). Sample collection was approved by the
Institutional Review Board of the corresponding institutes and recorded by the NIH Office
of Human Subjects Research. A total of 23 ICC and CHC cases were used to build mRNA
and microRNA signatures. The initial diagnosis was made based on serological test and
imaging, and was confirmed histopathologically by pathologists. The characteristics of 68
Caucasian ICC patients from an independent cohort were described recently.(23)
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Cell line, culture and transfection

HUCCT1 and HUH28 cell lines were used for miR-200c functional studies. These cell lines
were obtained from the Japanese Collection of Research Bioresources Cell Bank and were
cultured in RPMI supplemented with 10% fetal bovine serum, 100 U/ml penicillin, 0.1 mg/
ml streptomycin, and 2 mmol/L L-glutamine. An immortalized human cholangiocyte-
derived cell line, H69, kindly provided by Dr. Gregory Gores (Mayo Clinic), was cultured as
previously described.(24) A luciferase reporter containing an upstream 0.9kb fragment of
pri-miR-200c was kindly provided by Dr. Li Wang from University of Utah School of
Medicine.(25) A detailed description of other transfection reagents, methodologies such as
cell culture, cell proliferation and apoptosis assays, luciferase assay, immunohistochemical
analysis, and cell migration and invasion assays can be found in the supplemental materials.

Microarray Processing

Total RNA was extracted from frozen tissue using TRIzol (Invitrogen) according to the
manufacturer’s protocol. Only RNA samples with good RNA quality as confirmed with the
Agilent 2100 Bioanalyzer (Agilent Technologies) were included for array study. Gene
expression profiling of 23 tumor samples (16 ICC, 7 CHC), as well as 7 paired non-
cancerous liver tissues from ICC patients and 7 benign liver lesions (5 FNH, 2 adenoma)
was carried out on Affymetrix GeneChip Human Gene-ST 1.0 arrays according to the
manufacturer’s protocol and processed as previously described.(26) Affymetrix gene
expression arrays obtained from different platforms were combined with the match probes
package in R. Raw gene expression data were normalized using the Robust Multi-array
Average (RMA) method and global median centering. For genes with more than one probe
set, the mean gene expression was calculated. Total RNA was used for the nCounter
microRNA platform. All sample preparation and hybridization was performed according to
the manufacturer’s instructions. All hybridization reactions were incubated at 65 °C for a
minimum of 12 h. Hybridized probes were purified and counted on the nCounter Prep
Station and Digital Analyzer (NanoString) following the manufacturer’s instructions. For
each assay, a high-density scan was performed. For platform validation using synthetic
oligonucleotides, NanoString nCounter microRNA raw data was normalized for lane-to-lane
variation with a dilution series of six spike-in positive controls. The sum of the six positive
controls for a given lane was divided by the average sum across lanes to yield a
normalization factor, which was then multiplied by the raw counts in each lane to give
normalized values. Raw mRNA and microRNA data are accessible through the accession
numbers GSE32879 and GSE32957 at the NCBI Gene Expression Omnibus (GEO)
database. Other statistical methods can be found in the supplemental materials.

Real-time RT-PCR analysis

Total RNA was subjected to gRT-PCR. Mature microRNAs and other mRNAs were
analyzed using the TagMan microRNA Assays and Gene Expression Assays, respectively,
in accordance with manufacturer’s instructions (Applied biosystems, Foster City, CA). All
RT reactions were run in a GeneAmp PCR 9700 Thermocycler (Applied biosystems).
Probes used for the analyses were as follows: ZEB1, Hs00232783_m1; ZEB2,
Hs00207691_m1 ; VIM, Hs00185584_m1; CDH1, Hs01023894_m1; CDH2,
Hs00983056_m1; MYC, Hs00905030_m1; Hsa-miR-200c, 002300 ; Hsa-miR-141, 000463
(Applied Biosystems). The experiments were performed in triplicate. The Tagman gene
assay for 18s and actin was used to normalize the relative abundance of mMRNA. RNU6B
RNA was used as a control for miR-200c.
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We performed transcriptomic analyses of 30 retrospectively collected ICC and CHC clinical
specimens from Chinese (n=13) and Japanese (n=10) patients with seven paired non-tumor
liver tissues from ICC patients using Affymetrix GeneChip Human Gene-ST arrays. Five
focal nodular hyperplasia (FNH) cases and two adenomas were also included as benign
tumors of the liver. Clinical features of these ICC and CHC cases are included in Table S1.
Multidimensional scaling analysis revealed that malignant tumor samples were mainly
different from benign tumors and non-tumor tissues, suggesting that malignant tumors have
a vast different gene expression profile (Figure S1). To determine tumor heterogeneity,
unsupervised hierarchical clustering analysis of 23 ICC and CHC samples based on all genes
was conducted. The result revealed that tumor samples can be divided into two main groups,
i.e., cluster-A and cluster-B (Figure 1A). Kaplan-Meier survival analysis revealed that ICC
cases in cluster-A had a shorter survival than those in cluster-B (Figure 1B). These results
suggest that gene expression and tumor biology differ significantly among different ICC
tumor samples.

We previously identified two HCC subgroups, one resembling gene expression signatures of
hepatic stem cells (referring as HpSC-HCC) and the other similar to mature hepatocyte
(referring as MH-HCC). To determine if ICC subgroups have different gene expression
profiles compared to HCC subgroups, we randomly selected two groups of HCC samples,
each consisting of 23 age and gender matched HCC cases from an existing cohort of 246
HCC samples with available Affymetrix data (GEO accession number GSE14520) and
compared them to 23 ICC and CHC tumors (Table S1). Unsupervised hierarchical clustering
analysis revealed two main branches. All 8 cluster-A ICC samples were grouped with
EpCAM*AFP* HCC cases previously identified having a stem cell-like gene expression
trait while all 8 cluster-B ICC samples were grouped with EpCAM~™ AFP~ HCC cases with a
mature hepatocyte-like gene expression trait (Figure S2A).(9) Similar results were obtained
when ICC/CHC cases were compared to second group of 23 randomly selected HCC cases
(Figure S2B). Seven CHC cases were split among two clusters. For the convenience of
keeping track these ICC samples, we referred ICC cases in cluster-A as HpSC-ICC (i.e.,
hepatic stem cell-like ICC) and those in cluster-B as MH-ICC (i.e., mature hepatocyte-like
ICC). These results indicate that both ICC and HCC are heterogeneous and their subgroups
share similar gene expression profiles.

Next, we performed a class comparison analysis and identified 636 genes that are
differentially expressed between 8 HpSC-1CC and 8 MH-ICC cases [univariate p<0.01; false
discovery rate (FDR) <0.2] (Table S2). We then tested whether this 636 ICC-specific gene
signature could independently classify HCC cases based on HpSC-like or MH-like features.
We tested the robustness of the signature to discriminate HpSC-HCC from MH-HCC cases
by examining 61 well-defined extreme HCC cases or x-HCC, i.e., those with top quartile
EpCAM expression in HCC tissues and with >1000 ng/ml of serum AFP levels vs. those
with bottom quartile EpCAM expression and with <20 ng/ml of serum AFP levels (Table
S1). Hierarchical clustering analysis revealed that the 636 1CC-specific genes could nicely
divide x-HpSC and x-MH HCC cases (Figure 1C) and were associated with HCC survival
(Figure 1D). This 636 ICC-specific gene signature was also associated with survival in 139
remaining unstratified HCC cases from the original 246 HCC cases after excluding 46
randomly selected HCC cases and 61 extreme HCC cases used in the initial clustering
analysis (Figure S2C). Venn diagram analysis indicated that 158 of 636 ICC-specific genes
(25%) overlapped with previously identified stem-like HCC genes (Figure 1E). Consistent
with the data in Figure 1C, 158 overlapping genes could significantly discriminate stem-like
HCC cases from mature hepatocyte-like HCC cases (p<0.0001) and was associated with

Hepatology. Author manuscript; available in PMC 2013 November 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Qishi et al.

Page 5

HCC survival (P=0.031) (Figure S3). The above data indicate that ICC cases could be
classified into two main subtypes that are associated with stem-like or mature hepatocyte
like gene expression traits, respectively, and that ICC and HCC may share common gene
expression profiles reflecting their cellular origins.

Profiling of microRNA expression in ICC and CHC

We used the NanoString nCounter microRNA Expression Assay platform to independently
examine gene expression profiles of the same 30 ICC and CHC samples used above.
Unsupervised clustering analysis based on the expression of all 700 human mature
microRNAs revealed that ICCs were again divided into two main clusters, where 5 of 6 ICC
cases in cluster A belong to HpSC-1CC and 7 of 10 cases in cluster-B belong to MH-ICC as
assigned by mRNA expression (Figure 2A). Class comparison analysis revealed 23
microRNAs to be differentially expressed between HpSC-1CC and MH-ICC (p<0.05) (Table
S3). This ICC-specific microRNA signature was further tested for its ability to classify the
same HCC cohort described above with available microRNA expression data generated
from an independent array platform (GEO accession number: GSE6857). Again, the ICC-
specific microRNA signature could significantly discriminate well-defined extreme HCC
subgroups and was associated with HCC survival (Figure 2B and 2C).

Our results indicate that HpSC-ICC and MH-ICC cases can be independently classified by
mRNA and microRNA expression, which suggest that these two subgroups have a clearly
measurable difference at the gene expression levels. We hypothesized that those HpSC-ICC
tumors share the same stem-like traits with HCC with poor survival, and patients with this
type of ICC would have a poor outcome. To determine if ICC-specific gene signature is
predictive of ICC patient survival, we performed hierarchical clustering analysis using 158
overlapping genes (described in Figure 1E) in 68 ICC cases from an independent cohort
containing Caucasian patients (Figure 3A). Consistently, the 158 overlapping gene signature
was significantly associated with patient survival in this cohort (p<0.02) (Figure 3B).
Similar results were obtained when all 636 1CC-specific genes were used for this analysis
(p<0.04; Figure S4).

Integrative pathway analysis of ICC-specific mMRNA and microRNA

Since microRNA and mRNA are functionally linked, we hypothesized that the expression
levels between ICC-specific mMRNAs and ICC-specific microRNAs would be highly
correlative as they both are associated with the same stem cell-like phenotype. We plotted
the density distribution of Spearman correlation coefficients of 636 experimentally-derived
genes and 23 experimentally-derived microRNAs (Figure 4A). This analysis revealed that
there was a clear enrichment of correlative mMRNA-microRNA pairs derived from these
signatures since a positive correlative curve shifted to the right and a negative correlative
curve shifted to the left when compared to a normal distribution curve derived from a global
correlation of all available mMRNA and microRNA probes (Figure 4A). A correlation
coefficient of 0.5, corresponding to the 95t percentile of the 100-fold random permutations,
was used as the cutoff threshold for positive correlation. These results indicated that ICC-
specific MRNASs and microRNAs are enriched in the experimentally derived signatures and
they are highly correlative.

To determine if there is any enrichment of affected networks associated with ICC
subgroups, we combined significantly correlative mMRNA-microRNA pairs and performed
pathway analysis using Ingenuity Pathway Analysis (IPA, verson 9.0) that incorporates
microRNA-mRNA target relationships from TargetScan. Among 1077 mRNA-microRNA
pairs were identified by this analysis, 479 pairs showed negative correlation. Among the top
nine networks (Table S4), five microRNAs including miR-200c and miR-141 that are
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encoded by the same transcript were negatively correlated with genes in the TGF-p, NF-xB
and Smad signaling pathways (Figure 4B). A common link between ICC specific mMRNA
and microRNA seemed to be related to epithelial-mesenchymal transition (EMT) where all
three pathways are known regulators. Consistently, known stem cell-related genes such as
POUS5F1 (Oct4), NANOG, NCAM1 and (PROM1 (CD133) were much more abundantly
expressed in HpSC-ICC than MH-ICC cases (Figure S5A). TGFB1 was also significantly
elevated in HpSC-I1CC compared to MH-ICC. However, no difference in EpCAM
expression was observed among these two subgroups. An elevated expression of NCAM1
and TGFB1 in a majority of HpSC-ICC cases was confirmed by immunocytochemistry
analysis (IHC) (Figure S5B).

Among the affected networks, it was noticeable that mir-200c appeared a common
molecular note linking to EMT as it had a direct interaction with many of the affected genes
in this pathway (Figure 4B). Consistently, the expression level of miR-200c was associated
with overall survival and disease-free survival in ICC cases (Figure S6). These data
suggested that miR-200c may play an important role in maintaining HpSC-like phenotype.

To determine whether EMT was functionally linked to HpSC-ICC cells, we first analyzed
representative expression levels of EMT markers in ICC specimens by qRT-PCR.
Consistently, mesenchymal markers such as ZEB1, ZEB2, CDH2 and VIM were more
abundantly expressed, while an epithelial marker, CDH1, and miR-141/miR-200c were
much less abundantly expressed in HpSC-1CC cases as compared to MH-ICC cases (Figure
5A). Next, we determined if an altered miR-200c expression could lead to EMT in ICC
cells. We selected two ICC cell lines that represent two opposite ends of the EMT spectrum.
A non-malignant H69 cell line derived from normal human intrahepatic cholangiocytes was
included as a control.(24) HuH28 cells had fibroblast-like cell morphology with
mesenchymal appearances and expressed very low levels of miR-200c but high levels of
mesenchymal markers, while HUCCT1 cells had cobblestone-like cell morphology with
epithelial appearances and expressed high levels of miR-200c but low levels of
mesenchymal markers (Figure 5B). The miR-200c level was also relatively high in H69
cells with epithelial morphology. Transient transfection of miR-200c oligos in HUH28 cells
induced a reversed EMT from a cobblestone-like to a mesenchymal-like morphology with a
suppression of genes that mediate EMT (Figure 5C). Conversely, transfection of an anti-
miR-200c oligo in HUCCT1 resulted in an induction of mesenchymal markers (Figure 5D).
In addition, overexpresson of miR-200c suppressed cell migration (Figure 5E) and invasion
(Figure 5F) in HuH28 cells. However, miR-200c did not affect cell proliferation and
apoptosis in HUH28 cells as measured by MTT and TUNEL assays (Figure S7).

Analyses of the genomic region encoding the human miR-200c/miR-141 locus at the UCSC
Genome Browser revealed that miR-200c and miR-141 are derived from a single transcript
encoded by a predicted gene (ENST00000537269) (Figure 6A). The available Chip-Seq data
revealed several transcriptional factors such as c-Myc and TCF4 to be preferentially bound
to the immediate 5" upstream sequence of the predictive transcription initiation site. To
determine whether c-myc directly regulates miR-200c expression, we silenced c-Myc
expression with a c-myc specific sSiRNA in HuH28 cells and examined the activity of a
luciferase reporter containing an upstream 0.9 kb fragment of pri-miR-200c (Zhang Y et al,
BBRC 2011) (Figure 6B). Consistently, we found that inhibition of c-Myc resulted in an
increased hmiR-200cLuc activity. Moreover, c-myc siRNA could effectively induce
endogenous miR-200c expression while suppress mesenchymal markers but induce
epithelial marker (Figure 6C).
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NCAML1 as a direct target of miR-200c

Since several stem/progenitor cell-related genes such as POU5F1, NANOG, MYC, TGFB1,
NCAM1 and PROML1 are overexpressed in HpSC-ICC cases (Figure S5), we reasoned that
some of these genes may be targets of miR-200c. TargetScan analysis (TargetScanHuman
6.0) revealed that only NCAML1 contained a classical and evolutionarily conserved
miR-200c binding site at its 3"UTR (Figure 7A). Ectopic expression of miR-200c in HuH28
cells resulted in a reduction (Figure 7B) while inhibition of miR-200c in HUCCT1 cells lead
to an increased expression of NCAM1 (Figure 7C). To further determine whether NCAM1
was a bona fide target of miR-200c-mediated silencing, the miR-200c binding site was
cloned into a luciferase reporter. We found that forced expression of miR-200c in HUH28
cells resulted in decreased luciferase activity when a wild-type sequence but not a mutant
sequence was present (Figure 7D). Moreover, inhibition of miR-200c in HUCCTL cells
resulted in increased luciferase activity only from a wild-type reporter (Figure 7E).
Consistently, ICC cases with high levels of NCAM1 had a worse survival compared to those
with low NCAML1 expression (Figure 7F). Moreover, a significant inverse correlation was
observed between miR-200c and NCAML1 (Figure 7G).

Discussion

Similar to HCC, ICC is heterogeneous in clinical presentation although our knowledge
related to its tumor biology is limited. Several recent studies have begun dissecting the
molecular pathogenesis of ICC including functional roles of microRNA in ICC cells.(27;28)
Recently, we have utilized global transcriptomic approaches to study HCC heterogeneity
and have identified critical genetic loci functionally linked to hepatic CSCs with gene
expression profiles resembling normal hepatic stem cells.(7;8) We have also used these
approaches to study cholangiocarcinoma.(15;23) In this study, we examined whether ICC
and HCC are distinct at the transcriptomic levels. Using two independent transcriptomics
approaches, we found that ICC cases from Asian patients can be mainly divided into two
subgroups with one resembling of stem-like HCC and other mature hepatocyte-like HCC.
Consistently, we found that several known hepatic stem/progenitor cell-specific genes such
as POU5F1 (Oct4), NANOG, MYC, TGFB1, NCAM1 and PROM1 are more abundantly
expressed in stem-like ICC than mature hepatocyte-like 1CC.(29) Moreover, both ICC-
specific MRNA and microRNA signatures could independently predict HCC survival as well
as ICC prognosis in Caucasian patients. These results are consistent with our recent finding
that a subset of HCC may share an ICC-like gene expression trait.(15) Integrative pathway
analyses revealed that an altered miR-200c signaling pathway linked to EMT may be
responsible for the maintenance of stem-like ICC associated with poor prognosis. For
example, we found that two significant microRNAs, i.e., miR-200c and miR-141 encoded
by the same transcript, were negatively correlated with genes in the TGF-p, NF-xB and
Smad signaling pathways. These two microRNAs share the same seed sequences and are
predicted to have similar cellular functions. EMT is an important biological process
contributing to embryogenesis and organ development.(30) Recently, components of EMT
have been shown to be critical in promoting cancer invasion and metastasis.(31) TGF- is
essential for the induction of EMT during various stages of embryogenesis and plays an
important role in carcinoma progression into an invasive state.(32-34) Smad signaling is
essential for TGF-B induced EMT.(35) Furthermore, miR-200 family members including
miR-141 and miR-200c induce epithelial differentiation, thereby suppressing EMT by
inhibiting translation of MRNA for the EMT-activators ZEB1 and ZEB2.(36;37) miR-200
family members are functionally linked to EMT, in part via targeting ZEB1 and ZEB2, as
well as cell migration, invasion and tumorigenicity.(36;38) These results suggest that the
ZEB1-miR-200 feedback loop is critical for maintaining aggressive tumor features. In
addition, we also found that miR-200c directly targets NCAM1. NCAML1 is highly

Hepatology. Author manuscript; available in PMC 2013 November 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Qishi et al.

Page 8

expressed in hepatic stem cells and its function has been tightly linked to EMT.(29;39) Our
results are consistent with the hypothesis that the miR-200-EMT gene axle may be
functional critical to the development of stem-like ICC. Shared molecular activities
including EMT and microRNA among HCC and ICC have been noted in recent
publications.(40;41) Interestingly, abnormal regulation of EMT-related genes has been
reported to be linked to HCC development.(42—-44) However, no evidence has linked
miR-200 to HCC development. Consistently, we found no evidence that miR-200c is
silenced in stem-like HCC (data not shown). It is plausible that the miR-200c-EMT gene
axis is a unique signaling pathway functionally important for stem-like ICC and could be
exploited as molecular targets for ICC therapies. In addition, unlike HCC, EpCAM is not a
good prognostic biomarker for ICC since its expression is highly elevated in both HpSC-
ICC and MH-ICC (data not shown). Further studies involving in-depth analyses of
miR-200c and EMT signaling, and utilizing relevant animal models would be needed to test
the therapeutic relevance of these targets for ICC.

Human adult livers are believed to be comprised of maturational lineages of cells beginning
intrahepatically near the portal triads referred to as canals of Hering.(45) This region is close
to intrahepatic bile ducts and is believed to contain liver stem cells. It is suggested that liver
stem cells may give rise to bipotent progenitor cells which have the potential to differentiate
into both hepatocytic and cholangiocytic lineages. In principle, hepatic stem/progenitor cells
could be the common cellular origin for both HCC and ICC. It is hypothesized that cancer
progression is driven by the presence of CSC, which is also responsible for treatment
resistance and tumor relapse.(46) CSCs have been demonstrated in a growing range of
epithelial and other solid organ malignancies, suggesting that the majority of malignancies
are dependent on such a compartment.(47) This model is attractive because it may help to
address the heterogeneity of HCC and ICC, and could facilitate research strategies to define
novel and effective therapies.(48) Consistently, studies on clinicopathological features of
ICC suggest that some ICCs could arise from liver stem cells rather than from mature
cholangiocytes.(49;50) Moreover, gene expression profiling revealed that some HCC cases
contain ICC-like gene expression trait and embryonic stem cell-like traits.(15) These results
suggest that certain type of ICC could be derived from the same cell origin that leads to
HCC while distinct mechanisms may be evolved in the genesis of ICC.

CHC has been traditionally classified into three subtypes based on the histological
description by Allen and Lisa in 1949.(51) These subtypes include type-A (collision or
double cancer, which is referred to as separate HCC and ICC arising in the same liver), type-
B (contiguous mass, which is referred to as admixed HCC/ICC such as fibrolamellar
tumors) and type-C (transitional tumors, which is referred to as a tumor mass with cellular
features of both HCC and ICC). In type-A tumors, the HCC and ICC lesions could be
interpreted to be originated separately from hepatocyte and bile duct epithelium. Type-B
tumors could follow the same mechanism as type-A since it is difficult to distinguish them
based on histological data. Since both HCC and ICC cellular features are intimately
associated in the type-C tumors, they have been interpreted as arising from the same site and
sharing the same cell origin. In our study, two Chinese and five Japanese CHC cases belong
to type-B and seven Korean CHC cases(15) belong to type-C. Hierarchical clustering
analyses revealed that both type-B and type-C CHC samples could be divided into stem-like
ICC and mature hepatocyte-like ICC, which are also associated with survival (Figure S8).
While these results are not conclusive due to limited cases, they appear consistent with the
hypothesis that both type-B and type-C CHC could originate from the same hepatic
progenitor cells shared by HCC and CHC tumors. A new histological subtyping of CHC
according to the WHO Classification based on the presence of stem-cell features has been
proposed.(52) Long-term follow-up of larger cohorts is needed to define the clinical and
biological behavior of all CHC cases.
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Our analysis dissecting the heterogeneous ICC based on the expression of stem cell-like
signatures could classify ICC cases into subgroups with more uniformed and prognostic
phenotypes. In principle, targeting molecular pathways specific to each subpopulation would
be more effective for the development of personalized clinical strategies. We suggested that
the miR-200c associated EMT pathway and stem-cell activities may contribute to the
development of the HpSC-1CC tumors. The association of EMT with poor prognosis is well
known in many cancer types. Moreover, recent studies have demonstrated the critical role of
miR200c in the control of stem/progenitor cell renewal and differentiation. Our findings are
consistent with the hypothesis supporting the pivotal role of miR-200c in the aggressive
progression of stem-like ICC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ICC intrahepatic cholangiocarcinoma
HCC hepatocellular carcinoma
CHC combined hepatocellular cholangiocarcinoma
PLC primary liver cancer
EMT epithelial-mesenchymal transition
CsC cancer stem cell
FNH focal nodular hyperplasia
GEO gene expression omnibus
HpSC-ICC hepatic stem cell-like ICC
MH-ICC mature hepatocyte-like ICC
x-HCC extreme HCC
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Heterogeneity of Asian ICC and HCC cases based on mRNA expression profiling. (A)
Unsupervised hierarchical clustering of 23 ICC and CHC cases based on global mMRNA
expression using centered correlation and average linkage. The red and orange bars beneath
the dendrogram indicate ICC and ICC with CHC features, respectively. ICC cases in cluster-
A are referred as HpSC-I1CC and ICC cases in Cluster-B are referred as MH-ICC. (B)
Kaplan-Meier analysis of ICC cases based on the classification of cluster-A and cluster-B
from panel A. (C) Hierarchical clustering of 61 extreme HCC cases (i.e., 34 x-HpSC HCC
and 27 x-MH HCC) based on the expression of 636 ICC-specific genes. The red and green
bars above heatmap indicate x-HpSC and x-MH, respectively. A summary of HCC cases
based on the dendrogram classification with the ICC-specific signature is included. Chi-
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squared test was used to determine the correct classification. (D) Kaplan-Meir plot of 61

extreme HCC cases based on the classification by the 636-gene signature into HpSC-ICC
and MH-ICC clusters. (E) Venn-diagram of stem-like ICC genes and stem-like HCC genes.
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Figure 2.

Heterogeneity of Asian ICC cases revealed by microRNA expression profiling. (A)
Unsupervised hierarchical clustering of 23 Asian ICC cases based on global microRNA
expression using centered correlation and average linkage. The yellow and light blue bars
beneath the dendrogram indicate HpSC-ICC and MH-ICC subgroups, respectively, as
classified by mRNA expression profiling described in Fig 1A. *, CHC-like cases. (B)
Hierarchical clustering of 61 extreme HCC cases based on the expression of 23 ICC-specific
microRNASs. The red and green bars above heatmap indicate x-HpSC and x-MH,
respectively. A summary of HCC cases based on the dendrogram classification with the
ICC-specific signature is included. Chi-squared test was used to determine the correct
classification. (C) Kaplan Meir plot of 61 extreme HCC cases based on the clustering results
of panel B.
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Validation of the ICC-specific gene signature in an independent ICC cohort as a survival
predictor. (A) Hierarchical clustering of 68 Caucasian ICC cases based on the expression of
158 overlapping genes between stem-like ICC and stem-like HCC genes using centered
correlation and average linkage. The heatmap depicts high (red) and low (green expression
of these genes based on a log2 scale. (B) Kaplan-Meier plot of 68 ICC patients based on the
dendrogram classification from panel A.
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Integrative analyses of ICC-specific mMRNA and microRNAS based on spearman correlation
and Ingenuity Pathway. (A) Correlation between ICC-specific 636 mMRNA and 23
microRNA signatures. (B) The top nine gene networks of signaling including TGF-§,
Smad4 and NF-xB pathways activated in stem-like ICC tumors. Red shaded ovals represent
up-regulated genes in HpSC-1CC tumors, and open ovals represent genes that are not on the
list of significant genes but are reported to be associated with the network. Blue shaded
triangles represent down-regulated microRNAs specific to HpSC-ICC tumors. The open
ovals that are labeled as TGF-B, Smad4 and NF-xB represent molecular nodes related to
their respective signaling pathways. Arrows represent positive regulation of gene
expression, with solid arrows indicating direct regulation and broken arrows indirect
regulation. Blue lines connecting between microRNA and genes represent direct targeting

predicted by TargetScan.
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Figureb.
Inactivation of miR-200c/miR-141 and activation of EMT-related genes are associated with

stem-like ICC. (A) Expression analyses of miR-141/miR-200c transcripts and EMT-specific
markers based gRT-PCR data in 8 HpSC-1CC and 8 MH-1CC samples classified by gene
clustering from Figure 1. The horizontal lines in the box plots represent the median, the
boxes represent the interquartile range, and the whiskers represent the 10t and 90t
percentiles. A nonparametric test was used to compare the two groups and p values are
indicated. (B) Expression of miR-200c and EMT-specific genes in HuH28, HUCCT1 and
H69 cells as analyzed by gRT-PCR. (C) Expression of EMT-specific genes in HuH28 cells
transduced with miR-200c as analyzed by qRT-PCR. (D) Expression of EMT-specific genes
in HUCCT1 cells transduced with an anti-miR-200c oligo as analyzed by qRT-PCR. (E) Cell
migration of HUH28 cells transduced with miR-200c as determined by the wound healing
assay. (F) Cell invasion of HuH28 cells transduced with miR-200c as determined by the
Boyden chamber cell invasion assay. Representative images are shown.
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Figure6.

c-Myc-mediated silencing of miR-200c and induction of EMT. (A) The genome position of
ENST00000537269 encoding miR-200c and miR-141, based on Ensembl Gene Predictions
using UCSC Genome Browser. (B) Effect of c-Myc siRNA on miR-200cc-Myc expression
(left panel) and the miR-200c promoter luciferase activity (right panel) in HUCCT1 cells.
(C) Effect of c-Myc siRNA on endogenous levels of miR-200c and induction of EMT-
related gene expression in HUCCTL cells.
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Figure7.

Functional interactions between miR-200c and NCAML1. (A) Predicted duplex formation
between the 3"UTR sequences of human NCAM1 and miR-200c where vertical bars
represent the paired seed sequences. The box highlights the the nucleotides that were
changed to CAUAA in a mutant luciferase reporter. (B) Effect of premiR-200c oligo on
NCAML1 expression in HUH28 cells as determined by gRT-PCR. (C) Effect of anti-
miR-200c oligo on NCAML1 expression in HUCCT1 cells as determined by gRT-PCR. (D)
Luciferase activities of wild-type and mutant reporters in HuH28 cells with or without the
presence of pre-miR-200c oligo. (E) Luciferase activities of wild-type and mutant reporters
in HUCCT1 cells with or without the presence of anti-miR200c oligo. Each experiment was
repeated at least three times, and the expression value was shown as the mean + standard
deviation. (F) Kaplan-Meier estimates of overall survival according to expression of
NCAML1 in ICC cases from LCS and SNU cohorts. NCAM1 expression values were
dichotomized into low and high groups using the within cohort median expression value as a
cutoff. (G) Spearman correlation analysis of NCAM1 and miR-200c expression data as
determined by mRNA and microRNA arrays.
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