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Abstract
Background and rationale—MicroRNAs (miRs) recently emerged as prominent regulators of
cancer processes. In the current study, we aimed at elucidating regulatory pathways and
mechanisms through which miR-494, one of the miR species found to be downregulated in CCA,
participates in cancer homeostasis. miR-494 was identified as downregulated in CCA based on
miR arrays. Its expression was verified with quantitative real time RT-PCR (qRT-PCR). To
enforce miR expression, we employed both transfection methods, as well as a retroviral construct
to stably overexpress miR-494.

Main Results—Upregulation of miR-494 in cancer cells decreased growth, consistent with a
functional role. mRNA arrays of cells treated with miR-494, followed by pathway analysis,
suggested that miR-494 impacts cell cycle regulation. Cell cycle analyses demonstrated that
miR-494 induces a significant G1/S checkpoint reinforcement. Further analyses demonstrated that
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miR-494 downregulates multiple molecules involved in this transition checkpoint. Luciferase
reporter assays demonstrated a direct interaction between miR-494 and the 3’-Untranslated Region
(UTR) of Cyclin-dependent-kinase 6 (CDK6). Last, xenograft experiments demonstrated that
miR-494 induces a significant cancer growth retardation in-vivo.

Conclusions—Our findings demonstrate that miR-494 is downregulated in CCA and that its
upregulation induces cancer cell growth retardation through multiple targets involved in G1-S
transition. These findings support the paradigm that miRs are salient cellular signaling pathway
modulators, and thus represent attractive therapeutic targets. miR-494 emerges as an important
regulator of cholangiocarcinoma growth and its further study may lead to the development of
novel therapeutics.
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INTRODUCTION
Cholangiocarcinomas (CCA) are epithelial cancers of the biliary tree (1). CCAs are usually
diagnosed late in their progression, and the patient survival is usually measured in months
(2). Primary Sclerosing Cholangitis (PSC) is a major CCA risk factor in the USA, while
infection with Opistorchis Viverrini and Chlonorchis Sinensis represents a major CCA risk
factor in Southeast Asia (3, 4). These observations lead to the hypothesis that inflammation
in the biliary tree is a major predisposing factor to cancer formation. Molecular
characterization of CCAs (5) further suggested that inflammation and cholestasis, through
modulation of genes involved in DNA damage repair, promote cancer development.

MicroRNAs (miRs) are short, single-stranded sequences of RNA that were recently
demonstrated to play a major role in the regulation of virtually all cellular processes (6, 7).
In addition, microRNAs were also implicated in all solid cancers evaluated to date (6, 8, 9).
MicroRNAs act mainly by decreasing protein expression at a posttranscriptional level,
largely through nucleotide complementarity to the 3’UTR of corresponding species of
mRNA (10).

The involvement of miRs in the genesis or homeostasis of CCA was reported by several
studies. Alterations of miR expression was first reported in CCA cell lines (11), then in
human tissues (12). Subsequent studies demonstrated that the expression of miRs-7a, -29
and -370 is linked to cholangiocarcinogenesis, either through an IL-6-dependent pathway, or
by interacting with Mcl-1 (13–16). Further work linked miRs to cholangiocyte immune
responses to infection, suggesting miR implication in inflammation-derived carcinogenesis
(17–20).

One major hurdle in identifying miR roles and mechanisms in cancer results from the high
number of predicted targets for any single miR species (21). Nonetheless, experimental
validation confirms only a small fraction of these targets (21). To complicate matters,
conserved miR binding sites are as widespread in the open reading frame as they are in the
3’UTR, and are also common in the 5’UTR regions (22). Therefore, employing in-silico
search engines as a sole modality to identify biologically relevant targets appears to have
relatively low accuracy. Fortunately, recent work demonstrated that decreasing amount of
the target mRNA species account for approximately 84% of the miR effects on protein
expression (23). Therefore, it appears that screening for alterations in mRNA levels in
response to miR manipulation through either mRNA arrays or sequencing offers a valuable
complement to search strategies employing in-silico engines.
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In the current study, we find that miR-494 is downregulated in human CCAs. To obtain a
comprehensive and unbiased view regarding the effects of miR-494 in cancer cells, we
performed mRNA arrays on cells overexpressing miR-494 and on negative control,
respectively. By employing pathway analysis and then confirming the results with western
blotting, we found that miR-494 exerts moderate effects on multiple molecules along the
canonical G1-S transition pathway. These actions appear to converge to restore the G1-S
checkpoint, which explains, at least in part, the delayed growth of cells expressing miR-494.

EXPERIMENTAL PROCEDURES
Human tissues

The human specimens had been obtained at surgery performed at the Johns Hopkins
Hospital, the Mayo Clinic, and Fundeni Clinical Institute. The normal bile duct (NBD)
specimens had been obtained from surgical resections performed for other cancers. Informed
consent was obtained from all patients.

Cell lines
HuCCT1 and TFK1 cells were maintained in Dulbelcco’s Modified Eagle Media (DMEM)
supplemented with 10% fetal calf serum (FCS), 1000 U/mL penicillin/streptomycin (P/S), as
previously described (24). H69 cells, a gift from Dr. D. Jefferson, Tufts University, Boston,
MA), are normal human intrahepatic cholangiocytes transformed with SV-40. They were
derived from a normal liver prior to liver transplantation (25).

RNA extraction
Total RNA extraction was performed by lysing cells in TRIzol reagent (Invitrogen, Carlsbad
CA).

Quantitative real time RT-PCR (qRT-PCR) for miR expression
We performed miR qRT-PCR to evaluate the expression of candidate miRs. TaqMan miR
Assays (Applied Biosystems, Foster City, CA) were used. Cycle passing threshold (Ct) was
recorded and normalized to RNU6B expression. Relative expression was calculated as
2Ct_miR-Ct_RNU6B. PCR reactions were carried out in duplicate.

Transfection of miR mimic
The synthesized miR-494 mimic was purchased from Dharmacon (Lafayette, CO). 30~50%
confluent cells were transfected with 60nM of miR-494 mimic, or mimic-negative control
using Lipofectamine RNAi MAX (Invitrogen). RNA and proteins were harvested 72 hours
after transfection.

Western blotting
Western blotting was performed per standard protocols. Antibodies to Phospho-Rb, CDK4,
CCND1 and CCNE2 were purchased from Cell Signaling, and to CDK6 was purchased
from Santa Cruz.

Cell counting
Ten thousand cells were plated in 24-well plates (Day 0), transfected 24 hours later (Day 1)
and counted daily for a total of 5 days (Days 2–6) by using a hemocytometer and an
inverted-light microscope.
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cDNA microarrays and filtering genes
The Illumina cDNA microarray platform in the Johns Hopkins genomics facility was used
for cDNA microarrays. Cells were treated with miR-494 or NSM, and 72 hours later the
RNA was extracted. Candidate genes were filtered as follows: genes with expression in
either HuCCT1 or TFK1 cells under 3,000 units were eliminated from analysis due to low
expression. Genes that demonstrated less than 20% decrease in both HuCCT1 and TFK1
cells upon stimulation with miR-494 were eliminated. From 24,527 tags, the list of genes
was reduced to 137. These genes were input into Ingenuity Pathway Analysis (IPA) to
identify the pathways in which they are involved.

Proliferation assay with BrdU incorporation
72 hours post-transfection, cells were cultured for 10 minutes with 10uM BrdU in DMEM.
Subsequently, the cells were fixed and permeabilized, then were than treated with 100 μL
PBS, 300 μg/mL DNase I (BD PharMingen) for 1 hour at 37°C in the dark. After washing,
the cells were stained with allophycocianin (APC) labeled anti-BrdU antibody for 20
minutes at RT in the dark, and analyzed by FACSCalibur.

Cell cycle analysis by flow cytometry
Cells were incubated with PI staining buffer (PBS 0.1mg/mL PI, 0.6% NP40, 2mg/mL
RNase A for 30 min on ice (Roche Diagnostics). The DNA content was analyzed using
FACSCalibur (BD Biosciences, San Jose, CA) and Cell Quest software (BD Biosciences).
Nocodazole treatment, where applicable, was performed 24 hours prior to harvesting cells,
at a final concentration of 100 ng/mL.

Retroviral vectors, viral supernatant production and viral transduction
MSCV-based bicistronic retroviral vector, MIEG3 (26) was used to express miR-494. The
genomic DNA sequence from -80 to +80 of miR-494 was amplified using PCR primers
flanked by EcoRI (5’) and XhoI (3’) and cloned into the multiple cloning site of MIEG3.
The expression of miR-494 was linked with expression of enhanced green fluorescence
protein (eGFP) via internal ribosome entry site 2 (IRES2).

The plasmid DNA was used to generate viral supernatant from Phoenix-gp cells as
previously described (27). To stably express miR-494, 1x105 HuCCT cells were incubated
with 3 mL of viral supernatant containing 8 mg/mL of hexadimethrine bromide (Polybrene,
Sigma-Aldrich, Milwaukee, WI). After 6-8h, the viral supernatant was discarded and fresh
DMEM was added. Two days after transduction, cells were harvested and sorted for eGFP
expression.

Luciferase reporter assay
A portion of the CDK6 3′-untranslated region (3′UTR), containing miR-494 predicted
binding site, was amplified using linker primers containing XbaI restriction sites. Next, we
employed Gene Tailor Site-Directed Mutagenesis System (Invitrogen) to introduce
mutations in the miR-494 binding site. The sequences of primers is provided in the
Supplementary materials. After sequence verification, 6,000 cells per well were seeded onto
96-well plates on the day prior to transfection. Cells were transfected with miR-494 mimic
(Dharmacon) or the control, then with the pGL3 vector and an internal control pRL-CMV
(Renilla luciferase). Forty-eight hours later, the luciferase reporter assay was performed
using a Dual-Glo Luciferase Assay System (Promega). The luminescence intensity of firefly
luciferase was normalized to that of Renilla luciferase. The effect of miR-494 on the wild
type or mutant CDK6 3’UTR was calculated as a fraction of the effect exerted by the
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negative control (NSM). The raw data allowing direct comparison of wild type and mutant
CDK6 3’UTR luciferase activities is available in Supplementary materials.

Subcutaneous tumor formation
HuCCT1-MIEG3-E and HuCCT1-MIEG3-miR494 were grown in T175 plastic flasks. A
number of 3.25 million cells were resuspended in 350 uL of PBS and 200uL of Matrigel.
The cells were injected subcutaneously into 6 week-old NOD/SCID mice (strain 394)
purchased from Charles River Laboratories. Tumors were measured with a caliper. The
reason we choose the NOD/SCID mouse model instead of the SCID mouse was based on the
following rationale: Severe combined immune-deficient (SCID) mice have T and B cell
deficiencies (28) , however, they retain residual immunity from Natural Killer (NK) cells
and complement. The non-obese diabetic (NOD)/SCID mice represent a theoretical
advantage for tumor xenotransplantation compared to the SCID mice, because they have less
residual immunity resulting from defects in complement pathway and macrophage function
(29). In addition, NOD/SCID mice housed in clean conditions may have less NK cells (29).
Due to these considerations, we opined that choosing NOD/SCID mice for our
xenotransplantation experiments might offer higher tumor engraftment.

RESULTS
We have previously identified miR species dysregulated in CCA (28). For the purpose of
this study, we concentrated on miRs that were downregulated in CCA vs. normal biliary
duct epithelia (NBD). The arrays were performed on 5 NBDs and 5 CCAs. Data was filtered
as previously described (30). In brief, raw expression data less than 5 was considered to be
at background levels. We then performed 75th percentile normalization. miR species
demonstrating a statistically significant difference (unpaired Student’s t-test) between the
CCA and NBD group were retained for further analyses. The candidate miRs were then
ordered by the mean expression in NBDs, since a higher expression in normal tissue is
suggestive of a putative role, which might be lost in cancer. The top 5 miRs are displayed in
Table 1. We selected miR-494 for all subsequent studies. To confirm these initial miR array
data, quantitative real time RT-PCR (qRT-PCR) analysis was performed using 12 human
CCA as well as 5 normal cholangiocyte specimens. As shown in Figure 1A, miR-494 is
uniformly and significantly downregulated in human CCA specimens vs. normal specimens.
In addition, the level of miR-494 in a transformed normal cholangiocyte cell line, H69, was
similar to the level found in NBDs. Correspondingly, the level of miR-494 in a
cholangiocarcinoma cell line, HuCCT1, was similar to the level found in human primary
CCA specimens (Figure 1A, last lane). Since H69 and HuCCT1 cell lines closely mimic the
levels of miR-494 in normal and malignant cholangiocytes, respectively, they were used as
an in-vitro model to further characterize the function of miR-494 in CCA. To verify our
findings, we measured the levels of miR-494 in a larger cohort of CCA specimens that was
obtained after the screening experiments. As Figure 1B demonstrates, miR-494 was found to
be statistically significantly downregulated in a group of 43 CCA vs. 30 normal tissues.

To characterize the function of miR-494 in cancer, miR-494-mimic or non-specific mimic
(NSM) were transfected into HuCCT1 cells. Cells transfected with miR-494 showed a
significant decrease in growth as early as Day 2 and this difference became more obvious at
later time points (Figure 2A). Once we established that miR-494 promotes decreased cancer
cell growth, we sought to further delineate the specific mechanisms underlying its function.
First, we confirmed the effects of miR-494 on cancer cell proliferation. Malignant HuCCT1
cells were transfected with miR-494 or NSM and analyzed for Brd-U incorporation. As
shown in Figure 2B, HuCCT1 cells transfected with miR-494 have significantly decreased
BrdU uptake when compared to cells transfected with non-specific mimic, which explains,
at least in part, the difference in their growth.
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To obtain a mechanistic view into the effects of miR-494 in cancer cells, and since miR-
induced destabilization of mRNA is the main reason for decreased protein levels (23), we
stimulated 2 different CCA cell lines, HuCCT1 and TFK1 cells with a miR-494 mimic and
performed cDNA microarray analysis to quantify changes in mRNA levels. We added the
second CCA cell line to circumvent any potential cell line-specific biases. The list of genes
identified to be downregulated upon miR-494 stimulation in both cell lines was then filtered
and input into Ingenuity Pathway Analysis (IPA, Ingenuity Systems Incorporated, Redwood
City, CA), with the purpose of identifying general mechanisms of miR function. Of note,
this analysis was performed on mRNA species that are reported to be downregulated by
miR-494 on the cDNA arrays, irrespective of presence of binding site in the 3’UTR or in-
silico search engine prediction. IPA reported that the top 2 networks associated with the list
of genes regulated by miR-494 were “Cell Cycle, Antigen Presentation, Cellular
Function”, and “Cell cycle, Cancer, Genetic Disorder”, respectively (Supplementary
Table 1). Furthermore, the top ranked molecular and cellular function of the genes regulated
by miR-494 was reported to be “Cell Cycle” (Supplementary Table 1).

Data obtained from 1) cell growth and proliferation and 2) cDNA arrays coupled with IPA
analysis, suggested that miR-494 exerts its function mainly through regulation of cell cycle.
To identify the precise effects of miR-494 on cell-cycle, we performed cell cycle analysis by
PI staining. These experiments demonstrate an increased in G0/G1 fraction in miR-494
transfected cells (Figure 2C), consistent with data obtained from BrdU incorporation
experiments. This difference becomes more robust upon treatment with Nocodazole, a
microtubule-destabilizing agent (Figure 2D). Interestingly, the downregulation of miR-494
in HuCCT1 cells has no impact on cell cycle distribution, presumably because of low
baseline levels of miR-494 in these cells (Supplementary Figure 1). Of note, the transfection
of H69 normal cholangiocytes with miR-494 had no effect on cell cycle progression despite
upregulation of miR-494 by 18-fold (Supplementary Figure 2).

To study the molecular mechanisms responsible for the miR-494-induced G1/S arrest, we
queried IPA in regards to genes impacted by miR-494 that are also involved in the G1/S
checkpoint. As Figure 3 shows, based on cDNA microarray data, miR-494 appears to
regulate several molecules involved in the G1/S checkpoint. The mRNA levels of Cyclin-
dependent-Kinase 4 (CDK4), Cyclin-dependent-Kinase 6 (CDK6), Cyclin-D1 (CCND1),
Cyclin-E2 (CCNE2) and Histone-Deacetylase-1 (HDAC1) decreased following miR-494
stimulation. We then verified if miR-494 impacts the protein levels of these targets, by
treating HuCCT1 cells with miR-494 mimic and performing western blotting for these
putative targets. As seen in Figure 4A, expression of miR-494 results in decreased protein
levels of CDK6, CDK4, CCND1, CCNE2 and HDAC1. If the effects of miR-494 on these
proteins are significant, then, we hypothesized, the final step in the G1 to S transition
checkpoint should be affected. We therefore determined whether cells treated with miR-494
showed decreased phosphorylation of Rb. In accord with our hypothesis, we found a
decreasing level of phospho-Rb in cells treated with miR-494 (Figure 4A). We therefore
concluded that treatment of cancer cells with miR-494 reinstates the G1/S checkpoint
through the coordinated downregulation of CDK6, CDK4, CCND1, CCNE2 and HDAC1,
resulting in decreased phosphorylation of Rb and finally, delayed cell cycle progression.

The therapeutic upregulation of miR-494 specifically in cancer cells, without affecting
normal surrounding cells may prove difficult from a practical perspective, in particular if
high levels of miR-494 need to be delivered. To accomplish a lower, more physiologic level
of miR-494 upregulation than in transfection experiments, we inserted the genomic locus of
miR-494 in a retrovirus, MSCV-IRES-Enhanced-GFP-3 (MIEG3). We then infected
HuCCT1 cells with MIEG3-miR-494 and determined the level of miR-494 upregulation.
Compared to cells infected with MIEG3 alone, cells infected with MIEG3-miR-494
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displayed a 2.5 fold upregulation of miR-494 (Supplementary Figure 3A). Of note, this level
of miR-494, is higher than in CCA, and close to the level of miR-494 in normal
cholangiocytes. In spite of this modest upregulation of miR-494, cells infected with MIEG3-
miR494 behaved similarly to cells transfected with miR-494, displaying restoration of the
G1-S checkpoint (Supplementary Figure 3B).

To study the mechanism of miR-494 directed downregulation of CDK6, CDK4, CCND1,
CCNE2 and HDAC1, we searched for conserved binding sites in the 3’UTR of these genes
by employing TargetScan (www.targetscan.org). We found that CDK6 is the only gene that
has a conserved binding site in its 3’UTR. The binding site is located at position 228-234 in
the 3’UTR. A fragment of CDK6 3’UTR, containing the putative miR-494 binding site, was
cloned into a luciferase vector. We chose to clone a fragment of CDK6 3’UTR because the
whole length of the 3’UTR is 10,208 nucleotides. While cloning the whole 3’UTR would
have been ideal, previous experience shows that cloning of large fragments is difficult to be
achieved due to the adverse effect of size of insert on ligation and transformation
efficiencies (31). In addition, the standard in the field is to clone a fragment of the 3’UTR
containing the putative miR binding side into the reporter vector (32). Cells transfected with
the CDK6 3’UTR fragment showed an average of 30% reduction in luciferase activity upon
treatment with miR-494 compared to a non-specific microRNA mimic (NSM). This
decrease was statistically significant, with a p-value of less than 0.001 (Student’s unpaired t-
test). Upon miR-494 binding site mutation, the effect of miR-494 on CDK6 was lost, as
evinced by similar luciferase activity between miR-494 and NSM treated cells (p-value =
0.15, Student’s unpaired t-test, Figure 4B and Supplementary Figure 4).

To study the effects of miR-494 upregulation in-vivo, we injected HuCCT1-MIEG3-Empty
(control, HuCCT1-EV) and HuCCT1-MIEG3-miR494 (HuCCT1-494V) cells
subcutaneously in NOD/SCID mice. Each mouse was injected with 3.25 million HuCCT1-
EV cells in the right flank, and with 3.25 million HuCCT1-494V in the left flank. Mice
formed large tumors in the right flank (HuCCT1-EV) while they had very small nodules in
the left flank (HuCCT1-494V, Figure 5A and B). The mice were sacrificed, and the tumors
removed and analyzed histologically. All 3 HuCCT1-EV tumors were large and formed
almost exclusively of cancer cells. One HuCCT1-494V mass was completely devoid of
cancer cells, one HuCCT1-cells was composed mainly of inflammatory cells with no clear
evidence of cancer, while the third HuCCT1-494V mass had inflammatory cells and very
few cancer cells (Figure 5C, the left panel shows the histology for HuCCT1-EV and the
right panel shows the histology for HuCCT1-494V).

DISCUSSION
MicroRNAs recently emerged as salient regulators of cancer homeostasis (33). In addition,
there is evidence that miRs may be valuable as in-vivo therapeutics (34–35). In the current
study, we report that: 1. miR-494 is downregulated in cancer; 2. miR-494 modulates
multiple key players along the canonical G1 to S progression; 3. miR-494 induces a robust
G1 arrest contributing, at least in part, to decreased cancer cell growth and 4. miR-494
induces decreased tumor growth in-vivo.

Many miR-based studies published to date focused on identifying pairs of interacting miR-
mRNA. Although this approach brings invaluable information, it is of somewhat limited
value in characterizing the global network regulatory effects of miRs. Furthermore, the
effects of a miR species on the protein level of a target mRNA is usually modest, arguing
that the interaction between one miR and one target is probably not sufficient to account for
the effects of miRs on cell phenotype (36). Therefore, miRs do not appear to function as on-
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off switches for any given target, but rather to function as rheostats to make fine-scale
adjustments on multiple targets with a significant change in cell phenotype (36).

The current data put forward that the manipulation of a sole miR species results in a
significant phenotypic effect, such as decreased cancer cell growth. Except for CDK6,
miR-494 exerted less than 50% decrease in the level of the proteins tested (CDK4, CCND1,
CCNE2, HDAC1 and phospho-RB). We believe that the effects of miR-494 are likely the
end-result of simultaneous action on multiple proteins along the same canonical pathway.
Our findings further solidify the theory that miRs act as signaling pathway modulators,
where relatively modest input may result in large responses (37). Signaling pathways, which
are highly dynamic, non-stoichiometric systems, with non-linear dose-dependent responses,
thus appear to be the ideal theater for miR function (37).

The unbiased identification of regulatory molecules downstream of miR-494 by employing
cDNA arrays, followed by western blot verification, unraveled a surprising coordination in
the actions of miR-494. Our data suggests that miR-494 is a significant modulator of the G1-
S transition canonical pathway by controlling expression of proteins involved at multiple
steps. Previous data showed that exposure of murine bronchial cells to benzo(a)pyrene
(known carcinogen) upregulates several miR species, including miR-494, and increases the
percent of cells in the G1 phase of cell cycle (38). In the current manuscript, we demonstrate
that miR-494 upregulation in human cancer cells has a direct effect on cell cycle regulation.
We further demonstrate that miR-494 directly interacts with the 3’UTR of CDK6 and results
in a decrease of CDK6 at protein level.

In the current manuscript we report that miR-494 acts on multiple targets involved in the
regulation of the G1-S transition checkpoint. CDK6 appears to be a direct target, while the
rest of the targets appear to be indirect. We believe that uncovering the rheostat qualities of
miR-494 unto the G1/S transition checkpoint and understanding its downstream effectors
sheds new light onto miR-dependent cell growth regulation. The understanding of the global
phenotypic effects of, as well as pathway modulation induced by miR-494 is therefore
crucial.

We found that while the upregulation of miR-494 in cancer cells induced G1 arrest, while in
normal cells it did not. Our findings advocate for a non-linear relationship between the level
of miR-494 and its effects, consistent with its involvement in cell signaling pathways. Also
importantly, the lack of cell-cycle impact of miR-494 in normal cells is reassuring from the
perspective of developing miR-494 based therapeutics for in-vivo delivery.

A previously published manuscript reports that miR-494 is upregulated in human
retinoblastoma compared to normal retina (39). We report a downregulation of miR-494 in
human cholangiocarcinoma as well as functional implications. The fact that miR-494
appears to be upregulated in retinoblastoma and downregulated in cholangiocarcinoma is not
singular in the microRNA literature. Previously published studies reported contradictory
expression levels, and sometimes roles, for several miRs in cancers arising in different
organs. We suspect, as others, that the role of miRs is tissue and/or organ and/or context
specific. Such examples include miR-31 (40–41), miR-126 (42-43), and others.

The data presented here suggests that miR-494 may represent a valuable therapeutic strategy
for CCA treatment. In contrast to the more widely studied siRNA species, miRs may offer
the added benefit of being intrinsic molecular species. We speculate that since miRs are
naturally occurring species, identifying miRs with impact upon cellular functions may be
extremely useful for utilizing their built-in, multi-pathway effects. Although their pervasive
effects upon multiple mRNA species may be construed as detrimental in terms of potential
off-target effects, we hypothesize that it is precisely this quality that makes miRs potent
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agents. In addition, we theorize that a fully developed miR-based anti-cancer therapeutic
agent will be difficult to evade by cancer cells, specifically because of the wide impact of
miRs on multiple molecules within a same pathway.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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NBD normal biliary duct epithelia
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CDK4 Cyclin dependent Kinase 4

Cdk6 Cyclin dependent Kinase 6

CCND1 Cyclin D1

CCNE2 Cyclin E2
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control HuCCT1-EV HuCCT1-MIEG3-Empty
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IRES2 internal ribosome entry site 2

μg micrograms
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Figure 1.
A. miR-494 is downregulated in CCA vs. normal biliary epithelium Crosses – normal
cholangiocytes; Circles – malignant cholangiocytes; X-axis – specimens; lane 1–H69
normal cholangiocytes; lanes 2-6–primary human normal biliary epithelium; lanes 7–13–
primary human CCA; lane 14–HuCCT1 malignant cholangiocytes. Y-axis–qRT-PCR
expression of miR-494 vs. RNU6B. B. qRT-PCR expression of miR-494 is decreased in a
large cohort of CCA vs. normal. X-axis–Normal and CCA specimens, respectively, are
shown. Y-axis – expression of miR-494 vs. RNU6B.
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Figure 2.
A. HuCCT1 malignant cholangiocytes display decreased growth upon miR-494
reinforced expression X-axis–HuCCT1 cells counted at day 1, 2, 3 and 4 after transfection
of miR-494. Y-axis–counts × 103 of HuCCT1 cells transfected with miR-494 (green line) or
the control non-specific mimic (NSM–red line). Average of 5 experiments, n=5. B.
HuCCT1 malignant cholangiocytes display decreased proliferation upon miR-494
reinforced expression. Flow cytometric analysis of BrdU incorporation of HuCCT1 cells
transfected with miR-494 (right panel) or NSM (left panel). Percentage displayed represent
percentage BrdU positive cells of total cells. X-axis–Forward Scatter (FSC); Y axis–BrdU
incorporation, representative of 3 experiments with 3 replicates per experiment. C.
HuCCT1 display G1 arrest upon reinforced miR-494 expression. Flow cytometric
analysis of cell cycle via PI staining of HuCCT1 cells transfected with miR-494 (right panel)
or NSM (left panel). X-axis – DNA content as measured by PI incorporation. Y-axis – cell
counts for each phase of the cell cycle. This experiment was performed without nocodazole.
The figure is representative of 3 experiments with 3 replicates per experiment. D. HuCCT1
cells treated with nocodazole display a more pronounced G1 arrest upon reinforced
miR-494 expression. Flow cytometric analysis of cell cycle upon nocodazole treatment of
HuCCT1 cells transfected with miR-494 (right panel) or NSM (left panel). X-axis –DNA
content as measured by PI incorporation. Y-axis – cell counts for each phase of the cell
cycle. This experiment was performed with nocodazole. The figure is representative of 3
experiments with 3 replicates per experiment.
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Figure 3. Genes with altered expression upon miR-494 stimulation are involved in the G1/S
checkpoint
CCND1, CCNE2, CDK4, and HDAC1 were identified to be regulated by miR-494. They are
involved in the final steps of G1/S checkpoint regulation. The decreasing levels of these
molecules results in decreased phosphorylated Rb, with the end result of reinforcement of
G1/S checkpoint.
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Figure 4.
A. Protein expression of miR-494 target genes decrease upon miR-494 stimulation
Representative western blots for CCND1, CCNE2, CDK4, HDAC1 and phospho-Rb are
shown. Equal protein loading was performed, as shown by b-actin. B. miR-494 directly
interacts with binding site in the 3’UTR of CDK6. Y-axis –relative luminescence
normalized to the luminescence level in NSM (non-specific mimic) treatment. X-axis –
treatment conditions. NSM –non-specific mimic, 494M –miR-494 mimic; CDK6 – correct
orientation fragment of CDK6 3’UTR containing miR-494 binding site; CDK6 –Mut
fragment of CDK6 3’UTR containing a mutated miR-494 binding site. Shown is the
Standard Error of the Mean. miR-494 induces a statistically significant decrease in
luminescence (p-value < 0.001, Student’s t-test) of the forward CDK6 3’UTR fragment vs.
NSM.
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Figure 5.
A. miR-494 induces cancer growth redardation in-vivo HuCCT1-EV and HuCCT-494V
were injected in mice. The upper panel shows the tumors formed from HuCCT1-EV cells,
that were significantly larger than the tumors formed from HuCCT1-494V cells (lower
panel). B. HuCCT1-494V tumors were significantly smaller than HuCCT1-EV tumors.
The mean percent tumor vs. mouse body weight are displayed in the figure. C.
HuCCT1-494V masses had no to very few cancer cells, while the HuCCT1-EV masses
were composed almost exclusively of cancer cells. The HuCCT1-EV tumors were large
and composed almost entirely of viable cancer cells. Of the HuCCT1-494V masses, one had
no cancer cells, the second showed no clear evidence of cancer cells, and the third (shown in
the figure) demonstrates very rare cancer cells amidst inflammatory cells and fibrosis.
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Table 1
miR-494 is overexpressed in human CCA vs. normal biliary epithelium

Microarray data is presented. The top 5 downregulated miRs in CCA are displayed. The miRs are ordered
based on the expression of miR-494 in normal biliary epithelium. NBD – normal biliary duct epithelium; CCA
– cholangiocarcinoma; NBD/CCA – average expression in NBD divided by average expression in CCA; t-
test–unpaired Student’s t-test

Mean NBD Mean CCA NBD/CCA t-test

hsa-miR-494 300.37 32.25 9.314657911 0.01

hsa-miR-370 137.87 13.82 9.973922306 0.00

hsa-miR-513 46.04 3.70 12.45113096 0.00

hsa-miR-188 31.37 2.05 15.28287383 0.00

hsa-miR-560 8.53 1.17 7.298486017 0.02
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