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Previous work by us and others reported decreased expression of miR-199a-3p in hepatocellular carci-
noma (HCC) tissues compared to adjacent benign tissue. We report here a significant reduction of
miR-199a-3p expression in 7 HCC cell lines. To determine if miR-199a-3p has a tumor suppressive role,
pre-miR-199a-3p oligonucleotides were transfected into the HCC cell lines. Pre-miR-199a-3p oligonu-
cleotide reduced cell proliferation by approximately 60% compared to control oligonucleotide in only
two cell lines (SNU449 and SNU423); the proliferation of the other 5 treated cell lines was similar to con-
trol oligonucleotide. A pre-miR-199a-3p oligonucleotide formulated with chemical modifications to
enhance stability while preserving processing, reduced cell proliferation in SNU449 and SNU423 to the
same extent as the commercially available pre-miR-199a-3p oligonucleotide. Furthermore, only the
duplex miR-199a-3p oligonucleotide, and not the guide strand alone, was effective at reducing cell via-
bility. Since a CD44 variant was essential for c-Met signaling [V. Orian-Rousseau, L. Chen, J.P. Sleeman, P.
Herrlich, H. Ponta, CD44 is required for two consecutive steps in HGF/c-Met signaling, Genes Dev. 16
(2002) 3074–3086] and c-Met is a known miR-199a-3p target, we hypothesized that miR-199a-3p
may also target CD44. Immunoblotting confirmed that only the two HCC lines that were sensitive to
the effects of pre-miR-199a-3p were CD44+. Direct targeting of CD44 by miR-199a-3p was confirmed
using luciferase reporter assays and immunoblotting. Transfection of miR-199a-3p into SNU449 cells
reduced in vitro invasion and sensitized the cells to doxorubicin; both effects were enhanced when
hyaluronic acid (HA) was added to the cell cultures. An inverse correlation between the expression of
miR-199a-3p and CD44 protein was noted in primary HCC specimens. The ability of miR-199a-3p to
selectively kill CD44+ HCC may be a useful targeted therapy for CD44+ HCC.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

microRNAs (miRNA) are differentially expressed in essentially
all solid tumors including hepatocellular carcinoma (HCC) [1].
miRNAs with altered expression in HCC include those that are
upregulated (miR-221/-222 [2], miR-21 [3]) and downregulated
(miR-122a [4], miR-199a-3p (miR-199a*) [5]) in the tumor.
miR-199a-3p is of interest to us because it was reduced in several
HCC studies [6–9] and it was shown to target c-Met [10]. c-Met is
ll rights reserved.
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an important oncogene involved in HCC invasion and metastasis
[11]. Restoration of cellular miR-199a-3p levels decreased invasion
and proliferation in HCC cell lines [12]. miR-199a-3p is also
reduced in alcohol induced steatohepatitis, a known precursor to
HCC [13]. miR-199a-3p regulates hepatitis C [12] and hepatitis B
viral replication [14], both predisposing factors to HCC.

Often miRNAs with reduced expression in the tumor function as
tumor suppressors. Reintroduction of the miRNA to the tumor
causes a general reduction in the malignant phenotype (i.e. re-
duced proliferation, colony formation, invasion and tumor forma-
tion in nude mice). Examples include miR-122a in HCC [4] and
miR-1/-216 in rhabdomyosarcoma [15]. miR-199a-3p and
miR-199a-5p is abundantly expressed in epithelial as well as non
epithelial tissues [16]. We report here that miR-199a-3p targets
the hyaluronic acid (HA) receptor CD44. Introduction of the
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miR-199a-3p mimetic reduces the proliferation of HCC cell lines,
however, only if they express CD44. Our data suggest a potential
role for miR-199a-3p targeted therapy of CD44+ HCC.

2. Methods

2.1. Cell lines

The human HCC cell lines, Huh7, HepG2, SNU182, PLC/PRF/5,
Hep3B, SNU423, and SNU449 were purchased from the American
Type Tissue Collection (Manassas, VA). All cells were cultured
using standard conditions with Huh7, HepG2, and Hep3B cultured
in Minimum Essential Media (Invitrogen, Carlsbad, CA) and
SNU182, SNU423, and SNU449 cultured in RPMI 1640 media (Invit-
rogen). Primary hepatocytes (HH-2) were purchased from Scien-
Cell, Carlsbad, CA; short term cultures of these cells were
performed using standard conditions as recommended by the
supplier.

2.2. RNA, protein isolation and tissue procurement

Nine pairs of HCC tumors and adjacent benign liver were avail-
able for the study (Supplementary Table 1). Tumor samples with
matched adjacent benign tissue were collected during surgical
resections at the Mayo Clinic, frozen in liquid nitrogen, and stored
at �80 �C. Following pulverization in a cold mortar and pestle, total
RNA was isolated from the tissues using Trizol reagent (Invitrogen).

2.3. miR-199a-3p oligonucleotides for introduction in cells

pre-miR-199a-3p mimetic and control oligonucleotide (nega-
tive control #1) were purchased from Ambion (Austin, TX). Oligo-
nucleotides representing the guide and passenger strands for
miR-199a-3p were synthesized from IDT (Coralville, IA) using the
following chemical modifications to enhance stability and assure
proper processing. 50-x-ACCAAUGUGCAGACUACUGt (passenger
strand) and 50 pACAGUAGUCUGCACAUUGGUUA 30 (guide strand)
where p represents phosphate, x SpC3; capital letters RNA; small
letters DNA and bold underlined 20 OMe RNA. Oligos were HPLC
purified by the manufacturer. To prepare the passenger strand-
guide strand duplex, the equivalent amounts of oligo were com-
bined in water, heated to 56 �C for 5 min, 37 �C for 10 min, then
cooled to room temperature and placed on ice.

2.4. Oligonucleotide transfection and cell proliferation assay

Cells were plated on a 96 well plate at 2000 cells per well one
day before transfection. Oligonucleotides were transfected using
Lipofectamine 2000 and Opti-MEM medium (Invitrogen) following
the manufacturer’s protocol. The cell proliferation assay was per-
formed using the reagent WST-1 (Roche, Indianapolis, IN).
Ninety-six hours after transfection, 20 lL of WST-1 was added to
the cell culture medium and incubated for 2 h. Sample absorbance
was analyzed at 450 nm. All experiments were performed at least
in triplicate.

2.5. Protein extraction and immunoblotting

Protein was harvested using CellLytic™ MT (Sigma) and 1� pro-
tease and phosphatase inhibitor (Pierce) using standard tech-
niques. Protein concentration was measured using the BCA
Protein Assay Kit (Pierce). Thirty micrograms of total protein
extract was separated on a 10% SDS–PAGE gel. Blotting was
performed for c-Met (Cell Signaling, Boston, MA) and CD44 (Cell
Signaling, 3578). b-Actin (Abcam, Cambridge, MA) was used as a
loading control. Secondary horseradish peroxidase antibody was
detected using ECL Western Blotting Analysis System (Amersham
Biosciences, Piscataway, NJ).

2.6. qPCR

One microgram of total RNA was used to synthesize cDNA using
random primers. cDNA was analyzed for gene expression using
gene specific primers (IDT) and the SYBR� Green PCR Master Mix
(Applied Biosystems, Foster City, CA). For the miRNA, 100 ng of
total RNA was assayed using the TaqMan miRNA Assays (Applied
Biosystems). Data were normalized to 18S rRNA and presented
using the comparative CT method. Data were multiplied by 106 to
simplify presentation.

2.7. Matrigel invasion assay

The in vitro invasion assay was performed using 6.5-mm Trans-
well chambers (Costar, Cambridge, MA) with porous filters (pore
size 8 lm). Matrigel™ basement membrane matrix (BD Biosci-
ences, San Jose, CA) was diluted in cold serum free cell culture
media (200 lg/ml) and then 100 ll was added to the filters, and al-
lowed to dry overnight. SNU182, SNU423 or SNU449 cells
(50,000 cells/well) were then seeded onto the membrane of the
upper chamber in serum free RPMI1640. The lower chamber was
filled with 600 ll of NIH-3T3 conditioned media as a chemoattrac-
tant. To assess the invasive potential of the HCC cells upon HA,
matrigel was prepared with or without 2 mg/ml ultra low or high
molecular weight hylauronic acid (R&D Systems, Minneapolis,
MN). Twenty-four hours after incubation, cells were fixed, stained
with crystal violet and the image density (mean of 4 visual fields,
20�) was captured using Image J software (NIH, Bethesda, MD).

2.8. Luciferase analysis

The full length CD44 30UTR was cloned into the psiCHECK-2
Vector (Promega, Madison, WI). SNU449 cells were plated at a den-
sity of 100,000 cells/well (24 well) and then incubated for 24 h
prior to transfection with either the modified pre-miR-199a-3p
miRNA precursor or control oligonucleotide (50 and 100 nM).
Luciferase expression was analyzed using the Dual-Luciferase
Reporter Assay System (Promega) per the manufacturer’s protocol.

2.9. Chemosensitivity

SNU449 cells (1500 cells/well) were plated onto a 96-well plate,
attached overnight and then transfected with the pre-miR-199a-3p
or the control oligomer (Ambion). Following a 48 h incubation,
cells were exposed to 0, 10, 50 lM of doxorubicin for 48 h. Twenty
microliters of WST-1 reagent (Roche) was added per well, the
plates were incubated for 2 h; sample absorbance was analyzed
at 450 nm.

3. Results

3.1. Effect of miR-199a-3p mimetic on viability of HCC cell lines

As miR-199a-3p was reduced in HCC tissues [6–9] and intro-
duction of certain miRNAs to cancer cell lines cause a general
reversal of the malignant phenotype, we wanted to study the effect
that pre-miR-199a-3p has on the viability of HCC cell lines. qPCR
was used to measure the expression of miR-199a-3p in 7 HCC cell
lines (SNU449, SNU423, SNU182, HepG2, Hep38, Huh7 and PLC/
PRF/5) along with primary hepatocytes (HH-2). The expression of
miR-199a-3p was significantly reduced in all 7 of the HCC cell lines
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compared to the primary hepatocytes (Supplementary Fig. 1).
miR-199a-3p mimetic or control oligonucleotides were transfected
into the 7 HCC cell lines. After 96 h, only two of the cell lines dem-
onstrated a reduction in proliferation; SNU423 and SNU449. The
proliferation of SNU423 was reduced by 62.5% with miR-199a-3p
mimetic (p < 0.001, Fig. 1A). SNU449 cell proliferation was also sig-
nificantly reduced by 56.8% with miR-199a-3p mimetic (p < 0.001).
The other 5 cell lines showed no change in proliferation from the
miR-199a-3p compared to control (Fig. 1A).

Before proceeding, we wanted to ask an important question
that has not been addressed in the literature to our knowledge. It
concerns the biological activity of duplex pre-miRNA oligonucleo-
tides compared to the guide strand alone. Ambion Pre-miR™ oligo-
nucleotides are duplex RNA oligonucleotides that use proprietary
chemical modifications to enhance stability while preserving pas-
senger strand degradation by miRISC. We had the miR-199a-3p
guide and passenger strands synthesized using the chemical mod-
ifications described in Section 2. The duplex miR-199a-3p oligonu-
cleotides synthesized with this chemistry were as effective at
reducing cell viability as the Ambion pre-miR-199a-3p (Supple-
mentary Fig. 2A). We then compared the activity (i.e. ability to re-
duce cell proliferation) of the duplex miR-199a-3p oligonucleotide
compared to the guide or passenger strands alone. The duplex miR-
199a-3p reduced proliferation by 42% compared to duplex control
oligonucleotides (Supplementary Fig. 2B). Unexpectedly, the cells
transfected with either strand alone showed a slight increase in
proliferation (Supplementary Fig. 2B). We conclude that only the
duplex miR-199a-3p mimetic is active at reducing cell
proliferation.
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Fig. 1. miR-199a-3p oligonucleotide reduces cell proliferation in CD44 positive HCC
cells. (A) HCC cells were transfected with 100 nM of pre-miR-199a-3p or control
oligonucleotides. Following a 96 h exposure, cell proliferation was measured using
a WST1 assay. (B) Protein expression in HCC cell line. The expression of c-Met,
CD44v, CD44 and b-actin protein was determined by immunoblotting; *p < 0.001.
We were puzzled as to why miR-199a-3p reduced proliferation
in only some of the HCC cell lines (Fig. 1A). In our search, we came
upon the work of Orian-Rousseau et al., who demonstrated that a
splice variant of CD44 (i.e. CD44v) is a necessary component of
c-MET signaling [17]. Since miR-199a-3p had been previously shown
to target c-met [18], we wondered if it is possible that miR-199a-
3p could target CD44. Examination of the program TargetScan did
indeed show that CD44 is a predicted target of miR-199a-3p.
Therefore, we measured CD44 protein levels in the cell lines to
see if there was a correlation between CD44 protein expression
and reduction in cell proliferation due to miR-199a-3p. CD44 was
detectable only in SNU423 and SNU449; precisely those cell lines
with reduced viability following transfection of pre-miR-199a-3p
(Fig. 1B). c-Met protein was present in all 7 cell lines, with slightly
higher levels being present in Hep3B, SNU423 and SNU449. CD44v
was absent in all cell lines.

3.2. CD44 mRNA is a target of miR-199a-3p

Additional experiments were performed to establish that CD44
is a target of miR-199a-3p. A putative miR-199a-3p binding site
was located in the 30UTR of CD44 (Fig. 2A). Luciferase reporter as-
says were conducted to establish the interaction between miR-
199a-3p and the 30UTR of CD44. Both the low (50 nM) and high
(100 nM) concentrations of miR199a-3p mimetic reduced the
luciferase expression by greater than 40% (p < 0.05, Fig. 2B). Three
cell lines (one that expressed CD44 and two that did not) were
transfected with pre-miR-199a-3p or control oligo. In the CD44+
SNU449 cell line, there was a 77% decrease in CD44 protein due
to pre-miR-199a-3p compared to control oligonucleotide
(Fig. 2C). The luciferase data and the reduction in CD44 protein
indicate that CD44 is a target of miR-199a-3p.

3.3. Ability of miR199a-3p mimetic to sensitive the effects of
doxorubicin

Pre-miR199a-3p was combined with doxorubicin to determine
if the miRNA mimetic can sensitize the effects of a traditional anti-
cancer agent. Control and pre-miR-199a-3p oligonucleotides were
transfected into SNU449 cells. As demonstrated in our previous
proliferation experiments, SNU449 cells transfected with pre-
miR-199a-3p alone showed a 42.4% reduction in proliferation
(Supplementary Fig. 3). Doxorubicin alone reduced cell prolifera-
tion by 68.6% and 71.2% at 10 and 50 nM, respectively. Combining
miR-199a-3p plus doxorubicin reduced the cell proliferation by
80.5% and 82.5% at the 10 and 50 nM concentrations, respectively
(Supplementary Fig. 3). These data demonstrate the ability of
miR-199a-3p mimetic to sensitize the HCC cells to doxorubicin.

3.4. Reduction of invasion of a CD44-positive HCC cell line by miR-
199a-3p

The ability of pre-miR-199a-3p to decrease the invasiveness of
HCC cells was studied. HA, a component of the extracellular matrix,
is a ligand for the CD44 receptor. We hypothesized that HA would
enhance the in vitro invasiveness of CD44+ HCC cells because
Lara-Pezzi et al., demonstrated that HA increased cell migration
in HCC by binding to CD44 [19]. SNU182 (CD44�) and SNU449
(CD44+) cells were plated with and without high-molecular weight
HA. The CD44� SNU182 cells did not invade through the matrigel
(Fig. 3A) and invasiveness was not enhanced by HA. The HA in-
creased the invasiveness of the CD44+ SNU449 cells by 32.8%.
SNU449 cells plated with HA and were transfected with either
the miR-199a-3p mimetic or control oligo. The miR-199a-3p mi-
metic decreased invasiveness of the HCC cell line by 84.6%
(Fig. 3B and C).
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Fig. 2. CD44 is a target of miR-199a-3p. (A) Schematic representing the location
and conservation of the putative miR-199a-3p binding site within the 30UTR of
CD44 mRNA. (B) Luciferase reporter plasmids containing the wild-type CD44
binding sequences were transiently transfected in SNU449 cells with either pre-
miRNA control or miR-199a-3p at 50 and 100 nM. Luciferase expression was
measure at 48 h after transfection as described in Section 2. The data are the
mean ± SD of at least 3 independent transfections; *p < 0.05 (C) SNU182, SNU449,
and HepG2 cells were transfected with pre-miRNA control oligonucleotide (n) or
pre-miR-199a-3p at 50 nM for 48 h. CD44 and b-actin protein levels was
determined by immunoblotting.

Fig. 3. miR-199a-3p reduces in vitro invasion of CD44+ HCC cell lines. (A) Untreated
CD44� SNU182 cells did not invade through the matrigel coated chamber. CD44+
SNU449 cells exposed to high-molecular weight HA were transfected with control
(B) or miR-199a-3p mimetic (C) 48 h prior to migration through the chamber.
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3.5. miR199a-3p and CD44 levels in primary HCC and paired benign
tissues

To extrapolate our findings to HCC patients, we evaluated the
miR-199a-3p and CD44 (mRNA and protein) levels in 9 pairs of
HCC and adjacent benign tissues. Seven of the nine pairs had re-
duced levels of miR-199a-3p in the tumor compared to the unaf-
fected benign tissue (Fig. 4A). The reduction in miR-199a-3p
levels in the tumor ranged from 4- to 30-fold. CD44 protein levels
from the immunoblot inversely correlated with the miR-199a-3p
RNA levels (Fig. 4B and C). Examination of the CD44 mRNA by qPCR
showed that the CD44 mRNA positively correlated with the CD44
protein, suggesting that binding of miR-199a-3p to the CD44 30UTR
suppresses mRNA levels (Supplementary Fig. 4).

4. Discussion

This study was undertaken to more completely comprehend the
relationship between miR-199a-3p and HCC. It was puzzling when
we showed a very substantial reduction in cell proliferation follow-
ing introduction of miR-199a-3p mimetic in some HCC cell lines
but not others (Fig. 1A). We showed that miR-199a-3p specifically
targets CD44 following binding to conserved sequence within the
CD44 30UTR (Fig. 2) and only those cell lines that express CD44 pro-
tein were sensitive to the antiproliferative effects of miR-199a-3p
mimetic (Fig. 1). This effect is more clear cut for CD44 compared
to c-met, since the Hep3B, SNU423 and SNU449 cells express sim-
ilar levels of c-met protein, yet Hep3B was not sensitive to the miR-
199a-3p oligonucleotide (Fig. 1).

Of the two cell lines studied, only the CD44+ cells were invasive
(Fig. 3). miR-199a-3p mimetic reduced the in vitro invasion of the
CD44+ SNU449 cells by 85% (Fig. 3). The inverse relationship be-
tween miR-199a-3p and CD44 in patients’ specimens (Fig. 4) sug-
gests that re-expression of miR-199a-3p to the HCC could restore
levels to that of the benign condition. While additional in vivo
experiments are necessary, these data suggest that treating
CD44+ metastatic cells in advanced HCC with miR-199a-3p mi-
metic may be possible.

The CD44 family of transmembrane glycoproteins act mainly as
receptors for HA [20]. Interaction of HA with CD44 is involved with
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cell-cell interactions, cell adhesion and migration. A number of
CD44 isoforms exist due to alternative splicing of the CD44 gene.
All isoforms are expressed in cancers and at least one isoform is ex-
pressed in 75% of HCC cases [20–23]. CD44+ HCCs are often poorly
differentiated, have a higher rate of reoccurrence and a decreased
overall survival [23,24]. Inhibition of CD44 in CD44+ HCC cell lines
using antisense oligonucleotides increased apoptosis, enhanced
chemosensitivity, reduced tumorigensis and invasion and [25].
CD44 has also been linked to potential HCC stem cells [26]. There-
fore, CD44 appears to play an intricate role in at least a subset of
HCC cases. The use of miRNA to block CD44 expression has been
recently conducted by Shao et al. [27]. This group reduced the pro-
liferation of NIH3T3 fibroblasts in a cardiac transplant murine
model by CD44 antibodies or by transfecting the cells with a vector
expressing an artificial miRNA that regulates CD44 [27]. This study
is significant in that it demonstrates the ability of miRNA targeting
CD44 as a therapeutic for HCC.

In conclusion, we report that miR-199a-3p mimetic targets
CD44 and reduces in vitro proliferation and invasion in CD44+
HCC cells. In general, treating patients with oligonucleotide based
drugs (such as antisense, siRNA and miRNA mimetic) is a challenge
due to poor cellular uptake and lack of tissue targeting. However,
since negatively charged oligonucleotides naturally accumulate
in highly perfused organs such as the liver, treating advanced
HCC patients with miR-199a-3p mimetic may be feasible.
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