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Abstract
Background & Aims—MicroRNAs (miRNAs) have been implicated in the development and
progression of human cancers. We investigated the roles and mechanisms of miR-26a in human
cholangiocarcinoma.

Methods—We used in situ hybridization and quantitative reverse transcriptase polymerase chain
reaction to measure expression of miR-26a in human cholangiocarcinoma tissues and cell lines
(eg, CCLP1, SG231, HuCCT1, TFK1). Human cholangiocarcinoma cell lines were transduced
with lentiviruses that expressed miR-26a1 or a scrambled sequence (control); proliferation and
colony formation were analyzed. We analyzed growth of human cholangiocarcinoma cells that
overexpress miR-26a or its inhibitor in severe combined immune-deficient mice. Immunoblot,
immunoprecipitation, DNA pull-down, immunofluorescence, and luciferase reporter assays were
used to measure expression and activity of glycogen synthase kinase (GSK)-3β, β-catenin, and
related signaling molecules.

Results—Human cholangiocarcinoma tissues and cell lines had increased levels of miR-26a
compared with the noncancerous biliary epithelial cells. Overexpression of miR-26a increased
proliferation of cholangiocarcinoma cells and colony formation in vitro, whereas miR-26
depletion reduced these parameters. In severe combined immune-deficient mice, overexpression
of miR-26a by cholangiocarcinoma cells increased tumor growth and overexpression of the
miR-26a inhibitor reduced it. GSK-3β messenger RNA was identified as a direct target of
miR-26a by computational analysis and experimental assays. miR-26a–mediated reduction of
GSK-3β resulted in activation of β-catenin and induction of several downstream genes including
c-Myc, cyclinD1, and peroxisome proliferator-activated receptor δ. Depletion of β-catenin
partially prevented miR-26a-induced tumor cell proliferation and colony formation.

Conclusions—miR-26a promotes cholangiocarcinoma growth by inhibition of GSK-3β and
subsequent activation of β-catenin. These signaling molecules might be targets for prevention or
treatment of cholangiocarcinoma.
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Cholangiocarcinoma is a highly malignant cancer of the biliary tract with a poor
prognosis.1–9 The incidence and mortality of cholangiocarcinoma is rising worldwide, and
currently there is no effective chemoprevention or treatment. The tumor often arises from
background conditions that cause long-standing inflammation, injury, and reparative biliary
epithelial cell proliferation, such as primary sclerosing cholangitis, clonorchiasis,
hepatolithiasis, or complicated fibropolycystic diseases. The pathogenesis of
cholangiocarcinoma is complex and involves alterations of a number of signaling cascades
and molecules, including Wnt/β-catenin10–14 and cyclooxygenase-2 (COX-2)-derived
prostaglandin E2 (PGE2) pathways.5

β-catenin is a key mediator in Wnt regulation of multiple cellular functions in
embryogenesis and tumorigenesis.15–18 In the absence of a Wnt signal, β-catenin exists
within a cytoplasmic complex (β-catenin destruction complex) along with glycogen
synthase kinase 3β (GSK-3β), adenomatous polyposis coli, and axin, where it is
phosphorylated and targeted for degradation by the proteasome. Activation of Wnt signaling
disrupts this destruction complex, leading to cytoplasmic accumulation of β-catenin and
allowing its translocation into the cell nucleus. In the nucleus, β-catenin associates with T-
cell factor (TCF)/lymphoid enhancer factor (LEF) that stimulates transcription of target
genes important for proliferation, differentiation, and apoptosis.15–18 Recent studies have
shown that accumulation of nuclear β-catenin is induced by COX-2/PGE2, in addition to the
canonical Wnt/Frizzled signaling, in human colon cancer cells19,20 and cholangiocarcinoma
cells.10

MicroRNAs (miRNAs) are noncoding RNAs of 20–22 nucleotides involved in the
regulation of gene expression at a post-transcriptional level by binding to the target sites of
messenger RNAs (mRNAs). Recent studies suggest an important role of miRNAs in a
number of human and animal cancers21,22; however, the potential implication of miRNAs in
cholangiocarcinogenesis remains largely unknown. Given the recently documented
importance of miRNAs in protein regulation and tumorigenesis, we postulated that GSK-3β/
β-catenin pathway might be regulated by miRNAs during cholangiocarcinoma growth. To
explore this possibility, we performed computational analysis using TargetScan 5.1 and this
approach led us to identify miR-26a as a noncoding RNA that directly binds to the 3′-
untranslated region (UTR) of the GSK-3β mRNA. The objective of the current study was to
validate the effect of miR-26a on GSK-3β in cholangiocarcinoma cells and to examine the
role of this mechanism in cholangiocarcinogenesis and tumor progression. Our findings
demonstrate a novel role of miR-26a–mediated β-catenin activation in human
cholangiocarcinoma.

Materials and Methods
In situ hybridization for miR-26a was performed in the formalin-fixed and paraffin-
embedded tissue specimens surgically resected from patients diagnosed with
cholangiocarcinoma by using the MiRCURY LNA microRNA ISH Optimization Kit
(Exiqon, Vedbaek Denmark), with the approval of the Institutional Review Board.

Four human cholangiocarcinoma cell lines, including CCLP1,23 SG231,24 HuCCT1,25

andTFK1,26 and 1 noncancerous cholangiocyte cell line (H69) were used in this study. The
CCLP1, SG231, and HuCCT1 cells were cultured according to our methods as described
previously.10,27–29 The TFK1 cells were cultured in RPMI-1640 containing 10% fetal
bovine serum, 100 U/mL penicillin, and 100 μg/mL streptomycin as described previously.26

The H69 cells were cultured in Bronchial Epithelial Cell Basal Medium (Lonza, Basel,
Switzerland) supplemented with growth factors in BEGM SingleQuot Kit and 10% heat-
inactivated fetal bovine serum.
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Human cholangiocarcinoma cell lines were transduced with miR-26a1 lentivirus or miRNA-
scramble control lentiviral vector and the cells were analyzed for proliferation and
colongenic formation.

A severe combined immune-deficient (SCID) mice tumor xenograft model was used to
determine the effect of miR-26a on cholangiocarcinoma growth in vivo. The tumor
xenografts were established by inoculating 1.5 × 106 miR-26a-overexpressed or control
CCLP1 cells into the flanks of mice (6 mice per group), and the animals were observed for 4
weeks for tumor formation.

Western blotting, immunoprecipitation, DNA pull-down, immunofluorescence, and
luciferase reporter activity assays were performed to determine the expression and activity
of glycogen synthase kinase-3β (GSK-3β)/β-catenin and related signaling molecules.

The methods are described in more detail in the Supplementary Material.

Results
Expression ofmiR-26a Is Increased in Human Cholangiocarcinoma Tissues and Cell Lines

Human cholangiocarcinoma tissue samples and non-neoplastic bile duct epithelia were
subjected to in situ hybridization using locked nucleic acid-modified probe against miR-26a.
Formalin-fixed, paraffin-embedded tumor and liver tissues from 21 patients who underwent
surgical resections for cholangiocarcinoma were analyzed. In cholangiocarcinoma tissues,
miR-26a is expressed in 19 of 21 cases (90.5%); in normal bile ducts and non-neoplastic
peribiliary glands, miR-26a is expressed in 7 of 21 cases (33.3%). As shown in Figure 1A
and Supplementary Table 1, the staining frequency and intensity of miR-26a is significantly
higher in cholangiocarcinoma cells (19.0% + + +, 28.6% ++, 42.9 +, 9.5% −) compared to
the non-neoplastic bile duct epithelial cells (0% + + +, 4.8% + +, 28.6% +, 66.7% −) (P < .
001). Consistent with these observations, quantitative reverse transcriptase polymerase chain
reaction (qRT-PCR) analysis showed higher levels of miR-26a expression in 4 human
cholangiocarcinoma cell lines (ie, CCLP1, HuCCT1, SG231, TFK1) compared to the
noncancerous human biliary epithelial cell line H69 (Figure 1B). These findings provide
novel evidence for overexpression of miR-26a in human cholangiocarcinoma tissues and
cell lines.

miR-26a Promotes Cholangiocarcinoma Cell Growth, In Vitro
To investigate the role of miR-26a in cholangiocarcinoma cell growth, we constructed
human cholangiocarcinoma cell lines with stable overexpression of miR-26a by infecting the
parental cell lines with lentivirus particles carrying the miR-26a1 gene (this vector also
carries the enhanced green fluorescent protein gene under the control of the same promoter).
High infection efficiency was confirmed by the expression of enhanced green fluorescent
protein in nearly all transduced cells (Supplementary Figure 1). Successful increase of
miR-26a expression in the established cell lines was verified by qRT-PCR. As shown in
Figure 2A, the cellular level of miR-26a was significantly higher in miR-26a–overexpressed
cells than in miRNA-scramble control cells. These cells (with and without miR-26a
overexpression) were then used to determine their growth curve and colony-formation
capacity. Overexpression of miR-26a significantly increased the growth of CCLP1 and
SG231 cholangiocarcinoma cell lines when compared to their corresponding controls
(Figure 2B). miR-26a overexpression was also found to increase colony-formation
efficiency in the CCLP1 and SG231 cells (Figure 2C). Accordingly, CCLP1 and SG231
cells with miR-26a depletion showed decreased cell growth and colony-formation capacity
(Figure 2D). The control lentivirus vector was found to have no effect on cell growth or
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colony formation (Supplementary Figure 2). These data indicate that miR-26a is able to
enhance the growth and colonogenic potential in CCLP1 and SG231 cells.

We observed that miR-26a overexpression did not significantly alter the growth rate or
colony-formation efficiency in HuCCT1 cells; this phenomenon is likely due to the high
COX-2 expression and PGE2 production in these cells. As shown in Figure 3A, the HuCCT1
cells express a much higher level of COX-2 and produce a higher amount of PGE2
compared to the CCLP1 and SG231 cells. Given the documented role of COX-2–derived
PGE2 in cholangiocarcinoma growth,5 we reasoned that enhanced COX-2 and PGE2
signaling in HuCCT1 cells may render the cells resistant to miR-26a–mediated growth
stimulation. To further evaluate this possibility, we examined the effect of miR-26a in
HuCCT1 cells with COX-2 depletion or inhibition. Specifically, HuCCT1 cells with or
without miR-26a overexpression were transfected with the COX-2 small interfering RNA
(siRNA) or transduced with the adenoviral vector encoding 15-hydroxyprostaglandin
dehydrogenase (15-PGDH; an enzyme that converts PGE2 to its inactive 15-keto metabolite
and serves as a functional inhibitor of COX-2); these cells were then analyzed for their
growth response and colony-formation capacity. As shown in Figure 3B and C, miR-26a—
overexpressed HuCCT1 cells exhibit significantly increased proliferation and colony-
forming capacity after COX-2 knockdown or PGE2 degradation by 15-PGDH. These
findings indicate that high levels of COX-2 and PGE2 in HuCCT1 cells masquerade the
miR-26—mediated growth stimulatory effect. To further evaluate the impact of COX-2 and
PGE2 signaling, we transfected miR-26a–overexpressed CCLP1 cells with COX-2
expression plasmid or treated CCLP1 cells with PGE2 to determine cell growth parameters.
As shown in Figure 3D, miR-26 was unable to induce CCLP1 cell growth when COX-2 was
overexpressed or when the cells were treated with exogenous PGE2. These findings suggest
that the status of COX-2 and PGE2 signaling in cholangiocarcinoma cells is an important
factor that determines the cell response to miR-26. It is of note that the cellular level of
miR-26a was not influenced by PGE2 treatment or altered expression of COX-2/15-PGDH
(Figure 3E). Consistent with the documented role of COX-2–derived PGE2 for activation of
β-catenin,10,19,20 our data showed that forced overexpression of COX-2 or treatment with
exogenous PGE2 increased the activity of β-catenin in CCLP1 cells (with low endogenous
COX-2/PGE2), whereas COX-2 knockdown or 15-PGDH overexpression decreased β-
catenin activity in HuCCT1 cells (with high endogenous COX-2/PGE2) (Figure 3F). These
observations suggest that COX-2–derived PGE2 signaling might influence miR-26 actions in
cholangiocarcinoma cells via activation of the β-catenin signaling pathway.

GSK-3β Is a Direct Target of miR-26a in Cholangiocarcinoma Cells
As illustrated in Figure 4A, complementary sequence of miR-26a was found in the 3′UTR
of GSK-3β mRNA. qRT-PCR and Western blotting analyses showed that miR-26a
overexpression decreased the levels of GSK-3β mRNA and protein (Figure 4B). Treatment
with specific miR-26a inhibitor prevented miR-26a-induced reduction of GSK-3β mRNA
and protein (Figure 4C). miR-26a overexpression decreased the GSK-3β 3′UTR luciferase
reporter activity; this effect was abolished when the 3 nucleotides in the miR-26a seed
binding site of the GSK-3β 3′UTR were mutated (Figure 4D). Consistent with these
observations, alteration of GSK-3β level or activity impaired the pro-proliferation function
of miR-26a. As shown in Figure 4E and F, inhibition of GSK-3β by lithium chloride or
GSK-3β siRNA prevented miR-26a-induced cell growth; transfection with GSK-3β open
reading frame plasmid without 3′-UTR (cannot be targeted by miR-26a) also abolished
miR-26a–induced cell growth (alteration of GSK-3β level or activity did not affect the
cellular level of miR-26a). These results demonstrate that GSK-3β is a direct target of
miR-26a.
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miR-26a Increases β-Catenin Activity in Cholangiocarcinoma Cells
Given that β-catenin is targeted for degradation via phosphorylation of its serine
(Ser33/37/45) and threonine (Thr41) residues by GSK-3β,18,30 we measured the levels of β-
catenin and phospho-β-catenin in cholangiocarcinoma cells with or without miR-26a
overexpression. As shown in Figure 4B, miR-26a-mediated reduction of GSK-3β is
associated with decreased phospho-β-catenin (Ser33/37/Thr41) and accumulation of total β-
catenin. Luciferase reporter activity assays showed that miR-26a overexpression
significantly increased β-catenin reporter activity and the effect was blocked by treatment
with the miR-26a anti-miR (Figure 5A). As β-catenin degradation occurs in a multiprotein
complex containing Axin and GSK-3β,31 we performed co-immunoprecipitation assays to
determine the association of β-catenin with GSK-3β and Axin in CCLP1 and SG231 cells.
As shown in Figure 5B, miR-26a overexpression reduced the formation of the GSK-3β/β-
catenin/Axin binding complex. DNA pull-down using biotinylated TCF/LEF
oligonucleotide showed that miR-26a overexpression increased β-catenin binding to its
DNA response element (Figure 5C). Consistent with these observations,
immunofluorescence staining showed more β-catenin nuclear accumulation in miR-26a–
overexpressed CCLP1 cells compared to the vector control cells (Supplementary Figure 3).
The importance of β-catenin in miR-26a–induced tumor cell growth is further supported by
the observation that siRNA depletion of β-catenin prevented miR-26a–induced cell
proliferation and colony-formation capacity (Figure 5D).

miR-26a Enhances Cholangiocarcinoma Growth in SCID Mice
To further examine the effect of miR-26a on cholangiocarcinoma growth in vivo, miR-26a-
overexpressed and scramble control CCLP1 cells were injected subcutaneously into the
flank of SCID mice and the animals were closely monitored for tumor growth. As shown in
Figure 6A and B, miR-26a–overexpressed tumors were larger in size and had higher tumor
volume compared to the vector control tumors. An approximately 3-fold increase in tumor
weight was observed in miR-26a–overexpressed tumors compared to the controls (0.37 ±
0.09 g vs 0.12 ± 0.02 g; P < .001) (Figure 6C). More prominent mitosis was observed in
miR-26a–overexpressed tumors compared to the controls. Immunohistochemical staining for
the cell proliferation marker Ki67 showed higher percentages of Ki67-positive tumor cells in
miR-26a–overexpressed tumors (55.48% ± 7.04%) compared to the control tumors (27.65%
± 6.25%) (P < .01) (Figure 6D). qRT-PCR and Western blot analyses of the tumor tissues
confirmed elevated miR-26a with reduced GSK-3β mRNA/protein in miR-26–
overexpressed tumors (Figure 6E and F). Increased expression of miR-26a in
cholangiocarcinoma tissues from the SCID mice was also confirmed by in situ hybridization
using the locked nucleic acid–modified probe (same procedure as for analysis of human
cholangiocarcinoma tissue samples) (Supplementary Figure 4).

miR-26a Knockdown Inhibits Cholangiocarcinoma Growth in SCID Mice
As a parallel approach, we established SG231 and CCLP1 cell lines with stable knockdown
of miR-26a; these cells were then injected subcutaneously into the flank of SCID mice and
the animals were monitored for tumor growth. As shown in Supplementary Figure 5, the
miR-26a knockdown tumors were smaller in size and weight compared to the scramble
control tumors. An approximately 2- to 3-fold decrease of tumor weight was observed in
miR-26a knockdown tumors compared to the controls (0.32 ± 0.15 g vs 0.62 ± 0.18 g; P < .
05 for SG231 and 0.18 ± 0.06 g vs 0.57 ± 0.12 g; P < .001 for CCLP1). The tumor volume
and tumor weight were not different between the scramble control lentivirus group and the
non-viral group.
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miR-26a Regulates β-Catenin Downstream Signaling Molecules
Given that β-catenin activates the transcription of a number of downstream genes implicated
in tumor growth, such as c-Myc, CyclinD1, CyclinE1, peroxisome proliferator-activated
receptor δ, CD44, TCF-1, TCF-4, and LEF-1,18,32–36 we further examined the potential
effect of miR-26a on these molecules in our system. As shown in Figure 7A, the levels of
these molecules were all increased in CCLP1 and SG231 cells stably overexpressing
miR-26a, in vitro. Accordingly, the levels of β-catenin, CyclinD1, c-Myc, peroxisome
proliferator-activated receptor δ, and LEF-1 were also increased in the xenograft tumor
tissues with miR-26a overexpression (Figure 7B). These findings demonstrate that miR-26a
induces the expression of (β-catenin downstream genes in human cholangiocarcinoma cells.
Given that β-catenin and its downstream molecules are also implicated in cell
migration,37,38 we further performed wound-healing assays to determine whether miR-26a
might influence cholangiocarcinoma cell migration. As shown in Supplementary Figure 6,
miR-26a overexpression enhanced CCLP1 cell migration at 8 h (45.40% ± 8.50% vs 21.52%
± 4.00% in mock control; P < .01) and 24 h (83.3% ± 7.78% vs 61.13% ± 2.27% in mock
control; P < .05). Taken together, these findings suggest a key role of miR-26a in
cholangiocarcinoma cell proliferation and migration.

Discussion
The current study provides the first evidence that miR-26a enhances cholangiocarcinoma
progression by targeting GSK-3β. Elevated expression of miR-26a in human
cholangiocarcinoma tissues and cell lines is documented by in situ hybridization and qRT-
PCR. The role of miR-26a in cholangiocarcinoma growth is highlighted by the observations
that miR-26a overexpression promoted cholangiocarcinoma cell proliferation, clonogenic
formation and migration; anti-miR-26 inhibited cholangiocarcinoma cell proliferation and
clonogenic formation; and overexpression of miR-26a enhanced cholangiocarcinoma growth
in SCID mice. We have found that GSK-3β is a direct target of miR-26a in
cholangiocarcinoma cells, and this conclusion is supported by the following observations:
complementary sequence of miR-26a is identified in the 3′UTR of GSK-3β mRNA;
miR-26a overexpression reduced GSK-3β mRNA and protein and this effect was attenuated
by miR-26a inhibitor; miR-26a1 overexpression decreased GSK-3β 3′UTR luciferase report
activity and this effect was abolished by mutation of the miR-26a seed binding site. The role
of GSK-3β in miR-26a-mediated cholangiocarcinoma growth is further supported by the
observations that alteration of GSK-3β level or activity by overexpression, siRNA, or
lithium chloride impairs miR-26a–induced cholangiocarcinoma cell proliferation. Our
findings are consistent with a recent study by Mohamed et al showing that miR-26a targets
GSK-3β in human airway smooth muscle cells.39

Our data indicate that miR-26a–mediated inhibition of GSK-3β leads to β-catenin activation
in cholangiocarcinoma cells, as highlighted by the following experimental evidences:
miR-26a overexpression decreased the phosphorylation of β-catenin; miR-26a
overexpression caused β-catenin accumulation and nuclear translocation; miR-26a
overexpression increased β-catenin reporter activity, and this effect was blocked by anti-
miR inhibition of miR-26a; miR-26a overexpression reduced the formation of β-catenin
degradation complex; miR-26a overexpression enhanced β-catenin binding to its DNA
response element. The importance of β-catenin in miR-26a–in-duced tumor cell growth is
also supported by the observation that siRNA depletion of β-catenin prevented miR-26a–
induced cholangiocarcinoma proliferation and colony-formation capacity. Consistent with
these findings, miR-26 overexpression was found to enhance the expression of several β-
catenin downstream genes in cholangiocarcinoma cells.
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Immunohistochemical studies have documented β-catenin activation in human
cholangiocarcinoma tissues10–14 (characterized by increased nuclear and cytoplasmic
staining and reduced plasma membrane staining). However, the exact mechanism for β-
catenin activation in cholangiocarcinoma has not been completely defined. As β-catenin
mutation in human cholangiocarcinoma has not been reported, it is likely that activation of
other growth-promoting signaling pathways may be responsible for β-catenin activation
during cholangiocarcinogenesis. Our findings in this study demonstrate a key role of
miR-26a for β-catenin activation in human cholangiocarcinoma cells. This finding is
noteworthy, given that miR-26a is commonly up-regulated in human cholangiocarcinoma,
as demonstrated in the present study, and that β-catenin is a key molecule implicated in
cholangiocarcinogenesis. Thus, miR-26a overexpression is a new mechanism that activates
β-catenin in human cholangiocarcinoma, and this pathway may play an important role in
cholangiocarcinogenesis. Furthermore, we observed that miR-26a–mediated
cholangiocarcinoma growth is influenced by COX-2/PGE2 which is also commonly up-
regulated in cholangiocarcinoma tissues.40–42 Elevated expression of miR-26 and COX-2
may coordinately regulate GSK-3β and β-catenin pathway and promote
cholangiocarcinogenesis.

miRNAs are increasingly recognized as a key player in carcinogenesis.21,22 Many human or
mouse miRNAs are located near cancer susceptibility loci43,44 and miRNA alterations are
involved in all stages of tumor development, including initiation, progression, and metasta-
sis.45–47 To our knowledge, the current study is the first to describe the expression, function,
and mechanism of miR-26a in human cholangiocarcinoma. There are 2 miR-26a genes in
human genome, hsa-miR-26a-1 and hsa-miR-26a-2, that both produce the same mature form
of miR-26a. miR-26a-1 is located on the intron of carboxy-terminal domain (CTD; RNA
polymerase II, polypeptide A) small phosphatase-like gene, whereas miR-26a-2 is located
on the intron of CTD small phosphatase 2 gene. Both CTD small phosphatase-like and CTD
small phosphatase 2 belong to the small CTD phosphatase family. Previous studies have
shown that CTD phosphatase counteract GSK-3β function by dephosphorylating Snail
protein (a substrate of GSK-3β), thus assisting epithelial-mesenchy-mal transition.48

Therefore, both miR-26a and its host gene productions show function against GSK-3β,
which represents an example of functional cooperation between miRNAs and their host
genes. It remains to be further investigated whether miR-26a host genes might play a role in
the regulation of cholangiocarcinoma growth.

In summary, this study provides novel evidence that miR-26a enhances cholangiocarcinoma
progression by targeting the GSK-3β and β-catenin pathway. Our findings suggest that these
signaling molecules might represent potential targets for future prevention and treatment of
human cholangiocarcinoma.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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GSK-3β glycogen synthase kinase-3β

LEF lymphoid enhancer factor

miRNA microRNA

mRNA messenger RNA

15-PGDH 15-hydroxyprostaglandin dehydrogenase

PGE2 prostaglandin E2

qRT-PCR quantitative reverse transcriptase polymerase chain reaction

SCID severe combined immune deficienct

siRNA small interfering RNAs

TCF T cell factor

UTR untranslated region
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Figure 1.
Expression of miR-26a in human cholangiocarcinoma tissues and cell lines. (A) In situ
hybridization for miR-26a in human cholangiocarcinoma tissues was performed as described
in the Materials and Methods section. Positive signals were shown as dark blue; nuclei were
counterstained as red. (i,ii) Negative staining in the normal bile duct epithelial cells in the
portal tracts; (iii,iv) positive miR-26a staining in human cholangiocarcinoma cells. Panels ii
and iv (200×) represent high magnifications of panels i and iii (100×), respectively, from the
highlighted areas. (B) qRT-PCR for mature miR-26a in a human cholangiocyte cell line
(H69) and 4 human cholangiocarcinoma cell lines (ie, CCLP1, HuCCT1, SG231, TFK1).
Results represent the mean ratio between miR-26a and the control miRNA U6b from 3
experiments.
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Figure 2.
miR-26a promotes cholangiocarcinoma cell proliferation and colony formation in vitro.
Human cholangiocarcinoma cell lines (ie, CCLP1, SG231, and HuCCT1) were infected with
miR-26a1 lentivirus (indicated as L/miR-26a1) and control lentivirus (indicated as L/
control), respectively, and the stably transduced cells were analyzed for proliferation and
colonogenic potential as described in the Materials and Methods section. (A) miR-26a levels
in cells infected with miR-26a1 and miRNA-scramble control lentivirus were measured by
qRT-PCR. Results represent mean ± standard error of mean (SEM) of the miR-26a/U6b
ratio normalized to the baseline level in the CCLP-1 scramble control cells (n = 4). (B) Cell
proliferation assay (WST-1). Data are presented as mean ± SEM from 4 independent
experiments. (C) Colonogenic assays. Data were obtained from 3 independent experiments.
(D) Inhibition of miR-26a prevents cholangiocarcinoma cell proliferation and colonogenic
potential. miR-26a1–overex-pressed or miRNA-scramble control cells were transfected with
anti–miR-26a1 or scramble control, respectively; 24–48 h after transfection, cells were
analyzed for proliferation and colonogenic formation. Data are expressed as mean ± SEM
from 3 experiments.
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Figure 3.
The effect of miR-26a in cholangiocarcinoma cells is influenced by COX-2 and PGE2. (A)
High levels of COX-2 expression and PGE2 production in HuCCT1 cells compared to
CCLP1 and SG231 cells. Representative Western blots for COX-2 and β-actin are shown at
the left panel. Production of PGE2 in culture supernatant of 1 × 106 cells is shown at the
right panel (data represent mean results from 3 experiments). (B) miR-26a1-overexpressed
or miRNA-scramble control HuCCT1 cells were transfected with COX-2 siRNA or
transduced with an adenoviral vector expression 15-PGDH (Ad/15-PGDH) or the control
adenoviral vector (Ad/control). Successful alteration of COX-2 and 15-PGDH was
confirmed by Western blotting analysis (upper and mid panels). Culture media were
collected to measure the production of PGE by enzyme immunoassay and data are presented
as mean ± standard error of mean (SEM) from 3 independent experiments (lowerpanel). (C)
Cell proliferation and colonogenic assays. miR-26a1-overexpressed HuCCT1 cells were
transfected with COX-2 siRNA or transduced with 15-PGDH adenoviral vector and their
respective controls. Cells were then analyzed for proliferation (n = 3) and colonogenic
capacity (n = 3). (D) WST-1 assay of miR-26a–overexpressed or miRNA-scramble control
CCLP1 cells transfected with COX-2 expression plasmid or treated with PGE2 (10 μM).
The values represent mean ± SEM from 4 independent experiments. The efficiency of
COX-2 overexpression was confirmed by Western blotting analysis. (E) qRT-PCR analysis
for miR-26a. The level of miR-26a was not influenced by PGE2 treatment or altered
expression of COX-2 or 15-PGDH. Data are presented as mean ± SEM from 3 independent
experiments. (F) The effect of COX-2/PGE2 on β-catenin transcription activity. CCLP1 and
HuCCT1 cells were transfected with the TCF/LEF luciferase reporter plasmid. The CCLP1
cells were co-transfected with COX-2 expression vector or treated cells with PGE2, whereas
the HuCCT1 cells were transfected with COX-2 siRNA or transduced with 15-PGDH
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adenovirus. Cells were cultured in serum-free Opti-MEM medium for 24 h, and the cell
lysates were obtained to measure the luciferase activity by a luminometer. Data are
presented as mean ± SEM from 3 independent experiments.
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Figure 4.
GSK-3β is a direct target of miR-26a in cholangiocarcinoma cells. (A) Putative miR-26a
binding sequence in the 3′-UTR of GSK-3β mRNA. 3′-UTR fragments of GSK-3β
containing wild-type or mutated (3 mutated nucleotides were indicated by italic type)
miR-26a binding site were cloned into pMIR-REP-dCMV vector to obtain GSK-3β 3′-UTR
luciferase reporter plasmids as described in the Materials and Methods section. (B) miR-26a
reduces GSK-3β mRNA and protein levels in cholangiocarcinomia cells. (Left) miR-26a
and GSK-3β mRNA levels as determined by qRT-PCR in miR-26a1–overexpressed and
miRNA-scramble control cells. Data are shown as mean ± standard error of mean (SEM)
from 3 independent experiments. (Right) Representative Western blots showing the protein
levels of GSK-3β, β-catenin, phospho-β-catenin, COX-2, and β-actin in miR-26a–
overexpressed and control cells. The numbers under the bands indicate the relative
expression levels of individual proteins (the levels in control cells were set as 1.0). (C) Anti–
miR-26a inhibits miR-26a–induced reduction of GSK-3β mRNA and protein. (Left) qRT-
PCR assays of miR-26a and GSK-3β mRNA in miR-26a1–overexpressed cells treated with
anti–miR-26a or the scramble control. Data are shown as mean ± SEM from 3 independent
experiments. (Right) Representative Western blots for GSK-3β and β-actin in miR-26a1–
overexpressed cells treated with or without anti–miR-26a. The numbers under individual
bands show the relative expression level of GSK-3β protein (the level of GSK-3β in control
cells were set as 1.0). (D) GSK-3β 3′-UTR luciferase reporter activity assay. miR-26a–
overexpressed or control cells were transfected with either wild-type or mutant GSK-3β 3′-
UTR reporter plasmids (indicated as wt or mut on the X-axis). Twenty-four hours post
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transfection, cell lysates were obtained to determine luciferase activity by using a
luminometer. Renilla luciferase plasmid was used as the internal control. (E) Alteration of
GSK-3β level and activity prevents miR-26a–induced cell pro-proliferation. miR-26a–
overexpressed or control CCLP1 cells were treated with lithium chloride (as indicated in the
left panel), transfected with the GSK-3β siRNA (as indicated in the mid panel), or
transfected with the GSK-3β open reading frame (ORF) expression plasmid (as indicated in
the right panel). Cells were then analyzed for proliferation by WST-1 assay. Data represent
mean ± SEM from 3 individual experiments. Representative Western blots for GSK-3β in
cells transfected with GSK-3β siRNA or expression plasmid are also shown. (F) qRT-PCR
for miR-26a in CCLP1 cells treated with lithium chloride or transfected with the GSK-3β
siRNA or expression plasmid. Data are presented as mean ± SEM from 3 independent
experiments. The level of miR-26a was not altered by lithium chloride or GSK-3β level.
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Figure 5.
miR-26a inhibits β-catenin degradation and enhances its transcription activity. (A) The
effect of miR-26a on β-catenin transcription activity. miR-26a1–overexpressed and control
cells were transfected with the TCF/LEF luciferase reporter plasmid. The cell lysates were
obtained 24 h after trans-fection to measure luciferase activity by using a luminometer.
Renilla luciferase expression plasmid pRL-TK was used as internal control. Data are
presented as mean ± standard error of mean (SEM) from 3 independent experiments. (B)
The effect of miR-26a on the formation of β-catenin degradation complex. Equal amounts of
cell lysate from CCLP1 and SG231 cells infected with miR-26a1 lentivirus or control
lentivirus was subjected to immunoprecipitation and immunoblotting by using specific
antibodies as indicated for each panel. (C) DNA pull-down assay. Equal amounts of cell
lysates were pulled down with biotinylated TCF/LEF DNA probe or cold probe followed by
immunoblotting with anti-β-catenin antibody. (D) β-catenin knockdown partly prevents
miR-26a-induced cell proliferation and colony formation in CCLP1 cell line. miR-26a1–
overexpressed or control cells were transfected with β-catenin siRNA or control RNA, and
the cells were analyzed for proliferation and colony formation. Data represent mean ± SEM
from 3 independent experiments in triplicate. The efficiency of β-catenin depletion was
confirmed by Western blotting analysis.
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Figure 6.
miR-26a promotes cholangiocarcinoma growth in vivo. miR-26a1–overexpressed or
scramble control CCLP1 cells (1.5 × 106) were inoculated subcutaneously into SCID mice
(n = 6), and the mice were closed monitored for tumor growth. Twenty-five days post
inoculation, the mice were sacrificed and the tumors were recovered. (A) Photography of
xenograft tumor masses from SCID mice. (B) The volume of xenograft tumors. Data
represent mean ± standard deviation (SD) from 6 SCID mice. (C) The weight of xenograft
tumors. Data represent mean ± SD from 6 SCID mice. (D) Histopathological analysis of the
xenograft tumor tissues recovered from the SCID mice. (Upper panel) Representative H&E
stain and Ki67 immunostain. (Lowerpanel) Percentages of Ki67-positive cells (data are
expressed as mean ± SD, n = 6). (E) Levels of miR-26a and GSK-3β mRNA in xenograft
tumor tissues as determined by qRT-PCR. (F) Western blot analysis of GSK-3β protein in
miR-26a1–overexpressed and control xenograft tumor tissues. M1–4 denote individual
tumors grown in different mice.
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Figure 7.
The effect of miR-26a on Wnt/β-catenin downstream molecules. (A) Western blotting with
indicated antibodies in cultured CCLP1 and SG231 cells stably transduced with miR-26a or
control lentivirus. β-actin was used as the loading control. (B) Western blotting with
indicated antibodies in xenograft tumor tissues derived from miR-26a– overexpressed and
vector control CCLP1 cells. β-actin was used as the loading control. (C) Schematic
illustration of the key mechanism for miR-26a–induced cholangiocarcinoma growth.
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