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Abstract

Background & Aims—microRNAs (miRNAs) are short noncoding RNASs that regulate gene
expression negatively. Although a role for aberrant miRNA expression in cancer has been
postulated, the pathophysiologic role and relevance of aberrantly expressed miRNA to tumor
biology has not been established.

Methods—We evaluated the expression of miRNA in human hepatocellular cancer (HCC) by
expression profiling, and defined a target gene and biologically functional effect of an up-
regulated miRNA.

Results—miR-21 was noted to be highly overexpressed in HCC tumors and cell lines in
expression profiling studies using a miRNA microarray. Inhibition of miR-21 in cultured HCC
cells increased expression of the phosphatase and tensin homolog (PTEN) tumor suppressor, and
decreased tumor cell proliferation, migration, and invasion. In contrast-enhanced miR-21
expression by transfection with precursor miR-21 increased tumor cell proliferation, migration,
and invasion. Moreover, an increase in cell migration was observed in normal human hepatocytes
transfected with precursor miR-21. PTEN was shown to be a direct target of miR-21, and to
contribute to miR-21 effects on cell invasion. Modulation of miR-21 altered focal adhesion kinase
phosphorylation and expression of matrix metalloproteases 2 and 9, both downstream mediators of
PTEN involved in cell migration and invasion.

Conclusions—Aberrant expression of miR-21 can contribute to HCC growth and spread by
modulating PTEN expression and PTEN-dependent pathways involved in mediating phenotypic
characteristics of cancer cells such as cell growth, migration, and invasion.

Hepatocellular cancer (HCC) is the most common malignancy of the liver, and is the fifth
most common cause of cancer worldwide. The incidence of HCC has been increasing in the
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United States in recent years.> Although the risk factors for HCC are well characterized, the
molecular pathogenesis of these tumors is understood poorly.2 An improved understanding
of critical pathways involved in cancer cell development and progression will facilitate the
development of effective targeted therapeutic strategies for HCC.

Tissue invasion and metastases are key phenotypic characteristics of cancer cells.3 These
processes require that cancer cells acquire the ability to proliferate in an unrestricted
manner, as well as to migrate and invade adjacent tissues. Tumor growth and metastases can
be facilitated by genetic changes in cancer cells that regulate these phenotypic changes.
Many recent studies have described genetic changes occurring in experimental and clinical
hepatocarcinogenesis. Moreover, gene expression patterns have been shown to be valuable
in predicting survival as well as response to therapy.# These studies have been helpful in
identifying potential candidates for therapeutic intervention.

microRNAs (miRNAS) are a class of gene products that recently were implicated in several
cancers.>7 Several hundred miRNAs have been described in human beings. miRNAs can
function as potent regulators of gene expression and altered miRNA levels can result in
aberrant expression of gene products that may contribute to cancer biology. In many studies,
the expression of miRNAs appears to be lower in malignant tissues compared with the
corresponding nonmalignant tissues. However, the expression of selected miRNAs can be
increased. Altered expression of several miRNAs has been described in HCC.8° However,
the specific role of aberrantly expressed miRNAs is unknown. We postulated that aberrantly
expressed miRNAs may contribute to tumor growth and spread by modulating the
expression of gene products involved in phenotypic characteristics of cancer cells such as
cell growth, migration, and invasion.

Materials and Methods

Cell Lines, Cultures, and HCC Tumor Tissues

Malignant hepatocyte cell lines were obtained from the American Type Culture Collection
(Manassas, VA) and cultured as recommended by the supplier. Normal human hepatocytes
were obtained from Sciencell (San Diego, CA). For miRNA profiling, total RNA from
normal human liver tissue and from HCC was obtained from BioChain Institute, Inc.
(Hayward, CA). For miR-21 expression, RNA was obtained from tumor samples with
histologic evidence of HCC, and nontumoral samples from adjacent liver without histologic
evidence of HCC from archival samples.

Transfections

Transfections were performed by nuclear transfection using the Nucleofector system
(Amaxa Biosystems, Koln, Germany). Transfection conditions for each HCC cell type first
were optimized to result in 20%-30% transfection efficiency with a cell viability of more
than 80% using solution V, program H22. The transfection efficiency of the normal human
hepatocytes used was 10.4% + 1.0% within 10 passages after purchase. Cells (1-2 x 10%)
were suspended in 100 pL Nucleofector solution (Amaxa Biosystems) containing 33 pL of
100 nmol/L miRNA precursor, antisense miRNA inhibitor, phosphatase and tensin homolog
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(PTEN) small interfering RNA (siRNA), or respective controls at room temperature as
previously described.10 Transfected cells then were resuspended in culture media containing
10% serum for 72 hours before study. All studies were performed in quadruplicate unless
otherwise specified.

Isolation of MicroRNA

Total RNA was obtained from cell lines and tissue samples using the Totally RNA isolation
kit (Ambion, Austin, TX). The miRNA fraction was obtained by flashPAGE purification
using the flashPAGE Fractionator System (Ambion) as previously described.10 The size of
the miRNA fractions was confirmed using an Agilent 2100 Bioanalyzer (Agilent
Technologies, Inc., Palo Alto, CA).

MiRNA Array Hybridization and Analysis

The isolated miRNAs were 3’-end labeled with Cy3 (control samples) or Cy5 (treated
samples) using the mirVana miRNA Array Labeling Kit (Ambion) and the Post Labeling
Reactive Dye kit (Amersham Bioscience, Pittsburgh, PA) as previously described.10 The
labeled samples were washed 3 times using miRNA washing buffer, mixed in the same
labeling cartridge, eluted, and stored at —=70°C, or analyzed by hybridizing to miRNA arrays.
miRNA arrays were generated on glass slides using the mirvVana miRNA Array Probe Set
(Ambion) and an OmniGrid Microarrayer (Gene Machines, San Carlos, CA). Each probe
was printed in duplicate. After hybridization, the miRNA arrays were scanned using a
GenePix 4000A array scanner (Axon Instruments, Union City, CA). Raw data were
normalized and analyzed using GeneSpring 7.0 Software (Silicon Genetics, Redwood City,
CA). Normalization was performed by expressing each miRNA replicate relative to a
control miRNA (Ambion) added to each sample, thus allowing comparisons between chips.
An average value of the median intensity of each replicate in 4 groups was generated.
Cluster analyses were performed by using MultiExperiment Viewer software from the
Institute of Genomic Research (Rockville, MD).11 Details and experimental data have been
deposited in the ArrayExpress data base (www.ebi.ac.uk/arrayexpress) with the accession
number E-MEXP-1125.

Real-Time Polymerase Chain Reaction Assays for Mature miRNAs

microRNA was isolated as described previously and the expression of specific mature
miRNAs was confirmed using real-time polymerase chain reaction (PCR) analysis using a
TagMan Human MicroRNA Assay kit (Applied Biosystems, Foster City, CA).

Northern Blot Analysis

An aliquot (10-20 pg) of total RNA was subjected to denaturing (7 mol/L urea)
polyacrylamide (15% acrylamide) gel electrophoresis, transferred to Zetaprobe GT
membrane (Bio-Rad, Hercules, CA), immobilized to the membrane by ultraviolet cross-
linking, and hybridized overnight at 42°C to 32P-labeled deoxyoligonucleotide antisense to
mir-21 as described.8 The blots were reprobed with antisense oligo specific for 5S ribosomal
RNA to show comparable RNA loading in each lane. The blots were subjected to
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autoradiography and the ratio of miR-21 to 5S ribosomal RNA was quantitated using Kodak
Imaging software (Rochester, NY).

Real-Time PCR Assays for PTEN and Matrix Metalloproteases

RNA was isolated using an RNA isolation kit (Bio-Rad), and cDNA was generated by
reverse transcription using 1 pg of total RNA and the reverse transcription kit (Invitrogen,
Carlsbad, CA). Quantitative realtime PCR was performed on a MX 3000P PCR Instrument
(Stratagene, San Diego, CA) and using SYBR Green as the detection fluorophore as
described previously.12 Forward (F) and reverse (R) primers used were as follows: matrix
metalloprotease (MMP)-1-F 5-AGCTAGCTCAGGATGACATTGATG-3’, MMP-1-R 5'-
GCCGATGGGCTGGACAG-3; MMP-2-F 5-TGGCGATGGATACCCCTTT-3/, MMP-2-
R 5-TTCTCCCAAGGTCCATAGCTCAT-3; MMP-3-F 5-TGG
CATTCAGTCCCTCTATGG-3, MMP-3-R 5’-AGGACAAAGCAGGATCACAGTT-3;
MMP-9-F 5-CCTGGGCAGATTCCAAACCT-3/, MMP-9-R 5’-
GCAAGTCTTCCGAGTAGTTTTGGA T-3'; MMP-11-F &/~
TGACTTCTTTGGCTGTGCC-3/, MMP-11-R 5-GTTGTCATGGTGGTTGTACCC-3;
actin-F 5’-CCAAGGCCAACCGCG AGAAGATGAC-3, and factin-R: 5/-
AGGGTACATGGTGGTGCCGCCAGAC-3'. PCR parameters were as follows: 10 minutes
at 95°C, and then 40 cycles of 30 seconds at 95°C, 1 minute at 60°C Each sample was tested
in triplicate. Threshold values were determined for each sample/primer pair and average and
standard error values were calculated. The PCR products were verified by melting curve
analysis as well as by 1.8% agarose gel electrophoresis of the PCR product. The mRNA
level of f-actin was used as an internal control, and gene-specific MRNA expression was
normalized against factin expression. For PTEN, realtime PCR was performed using the 5'-
CGGCAGCATCAAATGTTTCAG-3 and 5-AACTGGCAGGTAGAAGGCAACTC-3
and an annealing temperature of 55°C.

Cell Proliferation Assay

Cell proliferation was assessed using the CellTiter 96 AQueous assay kit (Promega,
Madison, WI). After transfection, cells (10,000/well) were plated in 96-well plates (BD
Biosciences, Rockville, MD) and incubated at 37°C, and cell proliferation was assessed after
72 hours as previously described.13

Cell Motility Assay

Normal human hepatocytes, SK-HEP-1 cells, and SNU-182 cells (5 x 10* cells) were placed
into the top chamber of a BD Falcon HTS FluoroBlok insert with a membrane containing 8-
pum pores (BD Biosciences) in 300 pL of serum-free Dulbecco’s modified Eagle medium in
triplicate. The inserts were placed into the bottom chamber wells of a 96-well plate
containing Dulbecco’s modified Eagle medium media and fetal bovine serum (5%) as
chemoattractant. Cells that migrated through the pores of the membrane to the bottom
chamber were labeled with 8 pg/mL calcein-AM (Molecular Probes, Eugene, OR) in
phosphate-buffered saline (PBS) for 30 minutes at 37°C. The fluorescence of migrated cells
was quantified using a fluorometer at excitation wavelengths of 485 nm and emission
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wavelengths of 530 nm and expressed as arbitrary fluorescence units. Data are expressed as
mean = standard error of 4 separate determinations.

Invasion Assays

Cell invasion was assessed across a solid gel of basement membrane proteins prepared from
the Engelbreth Holm-Swarm mouse tumor using the QCM 96-well cell Invasion assay kit
(Chemicon International, Temecula, CA).

Western Blotting

Cells grown in 100-mm dishes were washed twice with ice-cold PBS before lysis by
incubation for 20 minutes in 1 mL of ice-cold cell lysis buffer (1% Nonidet P-40, 50
mmol/L HEPES, pH 7.4, 150 mmol/L NaCl, 2 mmol/L ethylenediaminetetraacetic acid, 2
mmol/L phenylmethylsulfonyl fluoride, 1 mmol/L sodium vanadate, 1 mmol/L sodium
fluoride, and 1x protease inhibitor mixture). Modified cell lysis buffers (without the
phosphatase inhibitors sodium vanadate and sodium fluoride) were used for focal adhesion
kinase (FAK) [P-Tyr>16/517] immunoblots only. The protein concentrations of the lysates
were measured using a Bradford protein assay kit (Bio-Rad). Equivalent amounts of protein
were mixed with 6x sodium dodecyl sulfate-polyacrylamide gel electrophoresis sample
buffer, electrophoresed in a 4%—-20% linear gradient Tris-HCl-ready gel (Bio-Rad), and then
transferred to nitrocellulose membranes. The membranes were blocked with 5% nonfat dry
milk in Tris-buffered saline, pH 7.4, containing .05% Tween 20, and were incubated with
primary antibodies and IRDye700- and IRDye800-labeled secondary antibodies (Rockland,
Gilbertsville, PA) according to the manufacturer’s instructions. The protein of interest was
visualized and quantitated using the LI-COR Odyssey Infrared Imaging System (LI-COR
Bioscience, Lincoln, NE).

Immunocytochemistry

Cells were cultured to confluency on 1.5% gelatin-coated culture chambers (Chemicon
International). Monolayers were washed twice and fixed in 100% ice-cold acetone for 10
minutes, then blocked in PBS containing 2% rabbit serum and 5% mouse serum for 1 hour
at room temperature before incubation with primary antibodies, mouse anti-PTEN (1:100),
and rabbit anti-P-FAK (1:100) overnight at 4°C followed by secondary fluorescein
isothiocyanate—conjugated anti-rabbit (1:200) and Texas Red—conjugated anti-mouse 1gG
(1:200) for 1 hour at room temperature. After 3 washes, monolayers were mounted on glass
slides with ProLong antifade mounting medium with DAPI (Molecular Probes). Images
were viewed and captured using an Axiovert 200 Motorized Fluorescent Microscope
Imaging System from Carl Zeiss Microlmaging Inc. (Thornwood, NY).

Luciferase Reporter Assay

The pGL3-PTEN-3’-UTR construct, which contains the putative binding site for mir-21
downstream of the stop codon in the pGL3 Firefly luciferase reporter, was constructed as
reported.10 SK-HEP-1 and SNU-182 cells were plated (2 x 106 cells/well) in 6-well plates.
One microgram of pGL3-PTEN-3’-UTR construct was cotransfected with 1 ug of a Renilla
luciferase expression construct pRL-TK (Promega), using Trans-It (Mirus, Madison, WI).

Gastroenterology. Author manuscript; available in PMC 2015 January 06.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

MENG et al. Page 6

Luciferase assays were performed 48 hours after transfection using the dual-luciferase
reporter assay system (Promega). Firefly luciferase activity was normalized to renilla
luciferase expression for each sample.

Reagents

Pre-miR miRNA precursors and anti-miR miRNA-specific inhibitors of miR-21, miR-132,
along with control precursor and inhibitor miRNA were purchased from Ambion.
Peroxidase-conjugated anti-rabbit and anti-mouse secondary antibodies were obtained from
Santa Cruz Biotechnology Inc. (Santa Cruz, CA). Antibodies against PTEN and phospho-
FAK [Tyr516/517] were from Santa Cruz Biotechnology Inc.; phospho-Akt [Ser473] from
Cell Signaling Inc. (Beverly, MA); and a-tubulin from Sigma (St. Louis, MO). PTEN and
control siRNAs were obtained from Cell Signaling.

Statistical Analysis

Data are expressed as the mean + standard error from at least 3 separate experiments
performed in triplicate, unless otherwise noted. The differences between groups were
analyzed using a double-sided Student t test when only 2 groups were present and the null
hypothesis was rejected at the .05 level unless otherwise specified.

Results

Expression of miRNAs in HCC

We first isolated and compared the miRNA expression profile from normal liver and HCC
tumor tissue (Figure 1). Eight microarray hybridization studies were performed on 3
different pairs of tumor and normal human liver- derived RNA. The miRNAs that are
overexpressed differentially in HCC included miR-21, miR-34a, miR-221, miR-213,
miR-376a, miR-222, miR-373, miR-210, and miR-294 (Table 1). Of the miRNAs that had
decreased expression, the greatest changes were noted for miR-92-1 and miR-199a-1. A
bootstrapping hierarchal cluster analysis confirmed a highly significant increase in
expression for miR-21 and miR-34a, with unchanged or minimally increased expression in
151 miRNA, and decreased expression of 44 miRNA in tumor tissue compared with normal
liver. The group of miRNA that are altered significantly in expression may contribute to the
pathogenesis or phenotypic behavior of HCC. Moreover, these miRNAs also are potential
markers that may be useful for the diagnosis of HCC.

miRNAs Are Expressed Differentially in Human Malignant Hepatocytes

Studies on the analysis of miRNA expression from whole tumors may be confounded by the
presence of cell types other than malignant hepatocytes. Indeed, miRNA expression in
biliary epithelia is distinct from that in hepatocytes.10 To study the potential contribution of
aberrant miRNA in pathophysiologic processes involved in HCC, we began by profiling the
expression of mMiRNASs in normal and tumoral tissues and in several HCC cell lines
(Supplementary Figure 1; supplementary material online at www.gastrojournal.org). In each
cell type, there was a wide range in miRNA expression varying from undetectable to greater
than 24-fold relative to that of an internal standard control. Notably, the expression patterns
varied with different cell types. After normalization, an increased expression of several
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miRNAs was seen in vitro as well as in vivo compared with the expression of an internal
control mMiRNA. These include miR-21, let7a-1, let7c, let7d, let7f, miR-16-1, miR-17-5p,
miR-23, miR-24, and miR-320. A greater than 5-fold increase in expression was noted for
miR-21 and selected members of let-7 family, whereas decreased expression was noted for
let-7b, miR-127, miR-149, miR-154, miR-221, and miR-329 for all cell lines and for tumor
tissue. Because the pattern of miRNA expression can occur in a tissue-specific manner,
these specific miRNAs may reflect markers of a hepatic lineage. miR-122 is abundant and
specific for hepatic tissue, and was noted to be decreased in SK-HEP-1, SNU-182, and
SNU-449 cells but not in HepG2 and PLC/PRF-5. Indeed, the pattern of expression for SK-
HEP-1, SNU-182, and SNU-449 cells was similar to each other and distinct from Hep-G2
and PLC/PRF-5 cells. These differences may reflect variations in the developmental origins
of these cell lines.

Next we compared miRNA expression between malignant and nonmalignant hepatocytes
and confirmed them with the patterns discovered in vivo. The pattern of miRNA expression
in malignant cells was markedly different from that of normal human hepatocytes. In the
malignant cells, the expression of most miRNAs was decreased when compared with the
nonmalignant cells. We determined the percentage of all miRNAs from the total set of 197
miRNAs that were increased more than 2-fold compared with expression of a control
standard miRNA. An increase in expression was noted for 25.6% of miRNAs in normal
hepatocytes, greater than that noted in Hep-G2 (18.8%), SK-HEP-1 (12.2%), SNU-182
(9.8%), SNU-449 (10.3%), or PLC/PRF-5 (10.9%) cells. These data are similar to our in
vivo findings that show an increased expression of 23.8% of miRNAs in normal liver tissues
but only 12.4% in HCC tissues. The expression of a group of miRNA including human
miR-21, miR-34a, and miR-20 was increased by greater than 2-fold in at least 4 HCC cell
lines compared with normal human hepatocytes (Table 2). These miRNAs may play an
important role in malignant transformation or tumor cell behavior.

miR-21 Is Up-Regulated in Primary Human HCCs

miR-21 was selected for further study because it was the most overexpressed miRNA in our
profiling studies in HCC cell lines, moreover, its expression is increased in liver tumors
induced in rats fed folate/methyl-deficient diets.® Furthermore, miR-21 is overexpressed in
several other cancers.10.14.15 To determine whether miR-21 is up-regulated in primary
human HCCs, Northern blot analysis was performed using total RNA and 32P-labeled
deoxyoligonucleotide anti-sense to mir-21. The results showed that among the 20 HCC
samples analyzed, miR-21 was up-regulated significantly 2-fold or more (2-to 65-fold) in 14
samples (samples 1, 5, 9, and 10-20) compared with the matching nontumoral liver tissues
(Figure 2). These results show that miR-21 expression is indeed increased frequently in
human primary HCCs.

miR-21 Modulates Cell Proliferation

To investigate the pathophysiologic role of miR-21 in HCC, we first verified the expression
of miR-21 in HCC cell lines by real-time PCR analysis for expression of mature miR-21.
The findings were similar to the pattern of expression observed using the miRNA
microarray (Figure 3). To characterize the effect of miR-21 on cell proliferation we
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performed both overexpression studies using miR-21 precursor and inhibition studies using
miR-21-specific antisense oligonucleotide inhibitor (anti-miR-21). In HepG2, PLC/PRF-5,
SK-HEP-1, and SNU-182 cell lines, anti-miR-21 decreased cell proliferation (Figure 4A).
In contrast, cell proliferation was not altered significantly by anti-miR-132 (data not
shown), whose expression was not altered in malignant hepatocytes. Moreover, an increase
in proliferation occurred in cells transfected with miR-21 precursors (Figure 4B). These
studies indicate that tumor cell growth can be modulated by expression of miR-21.

miR-21 Regulates Cell Migration and Invasion

We assessed the role of miR-21 on cell migration, a key determinant of malignant
progression and metastases. HCC cell lines or normal hepatocytes were transfected with
either control precursor or inhibitor, and vertical migration was assessed. A significant
difference in cell migration was found between anti-miR-21 and control inhibitor-
transfected HCC cells (Figure 4C). Moreover, cell migration was increased in normal human
hepatocytes transfected with precursor miR-21 compared with cells transfected with controls
(P =.011) (Figure 4E). However, cell migration was not altered significantly by the
transfection of normal human hepatocytes with precursor miR-132 (P = .48), or of SNU-182
cells with anti-miR-132 (P = .37). Next, we determined the effect of miR-21 on cell
invasion across an extracellular matrix. The HCC cell lines varied in their invasive potential,
with SK-HEP-1, SNU-182, and Hep-G2 having the greatest invasive activity (Figure 5A).
Four HCC cell lines were transfected with control or miR-21—specific inhibitors and their
invasive potential was assessed after 72 hours. We found that anti-miR-21 decreased the
invasion index in all cell lines by 35%-41% (Figure 5B), whereas anti-miR-132 failed to
show a significant effect (data not shown). These results support a functional role for
miR-21 in mediating cell proliferation, migration, and invasion in malignant hepatocytes,
and suggest a mechanism by which overexpression of miR-21 may contribute to tumor
metastasis in human HCC.

PTEN Is a Potential Target of miR-21

We previously identified the protein tyrosine phosphatase PTEN as a potential target for
miR-21 using a bioinformatics approach.10 To assess whether miR-21 directly can alter the
expression of PTEN in HCC cells, a fragment of the 3’-UTR of PTEN mRNA, containing
the putative miR-21-binding sequence, was cloned into a firefly luciferase reporter
construct, and cotransfected with a control Renilla luciferase reporter construct into SK-
HEP-1, SNU-182, HepG2, or PLC/PRF-5 cells along with control or miR-21-specific
inhibitor. An increase in relative luciferase activity was noted with anti-miR-21 in all HCC
cells, indicating that miR-21 can modulate gene expression directly at the PTEN 3’-UTR
(Figure 6).

miR-21 Modulates Both PTEN Expression and FAK Phosphorylation

PTEN is a tumor-suppressor gene and its role in tumor biology is well characterized.1® We
assessed cellular expression of the PTEN in human HCC tumors, normal human
hepatocytes, and in several HCC cell lines. First, we assessed PTEN protein expression by
immunohistochemistry in 4 human HCC tumor samples, but could not detect any expression
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using 2 different antibodies. Next we measured PTEN mRNA by real-time PCR in 11 HCC
tumoral and nontumoral samples (Figure 7A). An inverse correlation with miR-21
expression and PTEN mRNA expression was seen in some but not all HCC samples. By
immunoblot analysis, PTEN expression was decreased in all malignant cell lines compared
with normal hepatocytes (Figure 7B). Moreover, there was an increase in constitutive
tyrosine phosphorylation of FAK, an established downstream target of PTEN1718 FAK is a
protein tyrosine kinase involved in the regulation of cell-cycle progression, cell survival, and
cell migration. Expression of PTEN leads to dephosphorylation of FAK and inhibition of
cell migration. We next assessed the role of miR-21 on the expression of PTEN and tyrosine
phosphorylation of FAK. Transfection of normal human hepatocytes with miR-21 precursor
decreased PTEN protein expression and induced tyrosine phosphorylation of FAK at
Tyr516/517 (Figure 7C). Moreover, inhibition of miR-21 in HCC cell lines significantly
reduced the phosphorylation of FAK and Akt, downstream targets of PTEN that are key
mediators of tumor cell survival and invasion (Figure 7D).

PTEN suppresses the expression of several MMPs through FAK dephosphorylation.1819 To
confirm the functional relevance of miR-21-dependent modulation of PTEN, we assessed
the expression of MMPs involved in cell invasion. Transfection of normal human
hepatocytes with miR-21 precursor increased MMP-9 mRNA expression (Figure 8A).
Compared with expression in normal liver tissue, the expression of both MMP-2 and
MMP-9 was increased in HCC tumors by 21.7- + 8.7-fold and 17.5- + 8.6-fold, respectively.
Furthermore, the expression of both MMP-2 and MMP-9 were decreased after transfection
with anti-miR-21 in SK-HEP-1, SNU-182, and Hep-G2 HCC cell lines (Figure 8B). Our
findings provide evidence of a link between miR-21 and the expression of mediators of cell
invasion in HCC cell lines. These data suggest that altered expression of miR-21 in
malignant hepatocytes can contribute to metastasis by functional deregulation of activity of
key signaling intermediates.

PTEN Is Involved in miR-21-Dependent Effects in HCC Invasion and Migration

Loss of hepatocyte-specific PTEN has been associated with the formation of HCC.20
Although loss of PTEN can occur as a result of mutations, these are rare in HCC. Changes in
PTEN expression potentially may reflect aberrant expression of miR-21. PTEN silencing by
RNA interference in nonmalignant human hepatocytes results in an increase in AKT and
FAK phosphorylation, similar to those increases observed with enforced expression of
miR-21 by transfection with miR-21 precursor (Figure 9A). Moreover, cell migration is
increased in cells transfected with PTEN siRNA compared with control siRNA (Figure 9B).

To further evaluate the contribution of PTEN to biological effects of miR-21, we assessed
the impact of PTEN silencing by RNA interference, and hence PTEN expression on
miR-21-dependent cell proliferation and invasion in HepG2, PLC/PRF-5, SK-HEP-1, and
SNU-182 cells. The effect of anti-miR-21 in decreasing both cell proliferation as well as
cell invasion was prevented by the presence of sSiRNA to PTEN in all 4 HCC cell lines
(Figure 9C and D), indicating that these effects were dependent on PTEN. We further
investigated the ability of PTEN to modulate mir-21-dependent repression of MMP-2 and
MMP-9 mRNA expression. Consistent with our observations in miR-21-mediated cell
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invasion, siRNA to PTEN enhanced MMP-2 and MMP-9 mRNA expression in all cell lines
transfected with anti-miR-21 (Figure 9E and F). These data indicate that miR-21-dependent
up-regulation of MMP-2 and MMP-9 involves a PTEN-dependent signaling pathway. In
addition, siRNA to PTEN increased FAK tyrosine phosphorylation, which is consistent with
our previous findings that FAK is dephosphorylated in vitro by anti-miR-21 inhibition.
Similarly, siRNA to PTEN abrogated the reduction in Akt phosphorylation by anti-miR-21
(Figure 9G). In combination, these studies define an important role for PTEN as a mediator
of the biological effects of miR-21 on cell proliferation and invasion in human HCC.

Discussion

Although a role for miRNAs in cancer has been proposed, the molecular mechanisms by
which miRNA can modulate tumor growth or metastases are unknown. We show that
miR-21 expression is increased in malignant hepatocytes, and in human HCC compared
with matching nontumoral tissue. Moreover, we show that miR-21 promotes cell invasion,
migration, and growth via repression of PTEN expression and downstream effects involving
the phosphorylation of FAK and Akt, and the expression of MMP-2 and MMP-9. The
identification of miR-21 as an important regulator of tumor cell proliferation, migration, and
invasion in vitro emphasizes an essential role of this miRNA in mediating hepatic
oncogenesis and tumor behavior, and provides insight into the contribution of altered
miRNA expression in contributing to the tumor phenotype.

miR-21 has been shown to be overexpressed in many different solid tumors, including
breast, colon, lung, pancreas, prostate, stomach, as well as in cholangiocarcinoma cell lines.
Thus, it is highly likely that miR-21 plays a fundamental role in tumor cell behavior and
malignant transformation, and our findings potentially may be relevant to other tumors in
which miR-21 is overexpressed. Inhibition of miR-21 also has been shown to increase cell
growth in other cancer cell types.2! Moreover, miR-21 has been reported to have anti-
apoptotic properties in glioblastoma and cholangiocarcinoma.10:14 Thus, altered expression
of miR-21 can have several diverse effects in tumor cells.

PTEN is a ubiquitous tumor-suppressor gene and the functional inactivation of PTEN by
regulation of its expression is relevant to many solid tumors. PTEN has been implicated as a
key contributor to HCC pathogenesis and growth. Targeted deletion of PTEN in murine
hepatocytes leads to the development of HCC.20 Although mutation of PTEN is an
infrequent event, PTEN protein expression frequently is decreased or absent in human
HCC.22 Moreover, decreased PTEN correlates with tumor progression and poor prognosis in
HCC.20.23 |_oss of functional PTEN leads to increased activity of AKT and the mammalian
target of rapamycin (mTOR) kinase pathways, which can promote both cell survival and
proliferation through phosphorylation and inactivation of several downstream mediators.24
Activation of FAK has been observed in human HCC, and an increase in FAK activity
correlates with more aggressive tumor behavior.25:26 Meanwhile, MMP-2 and MMP-9
activity have been shown to play an important role in invasion in HCC.27:28 Thus,
modulation of expression of PTEN in HCC can impact on the activity of critical downstream
mediators of tumor progression and metastases.
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Our observations indicating that PTEN can reverse many of the biological effects of miR-21
implicate it as a predominant target of miR-21 in these processes. However, an individual
miRNA has the potential ability to modulate the expression of many mRNA. In view of our
experimental findings, we speculate that other mRNA that may be targeted by miR-21 may
either serve unrelated functions, or may serve to modulate the effect of PTEN. Based on
target prediction algorithms, PTEN potentially could be targeted by miRNA other than
miR-21, but PTEN needs to be verified experimentally as a bona fide target for these
miRNA, and a biologically relevant role shown.

Recurrence and metastasis are associated commonly with a poor prognosis, and therefore
targeting these mechanisms may lead to more effective treatment for HCC patients. There is
considerable interest in therapy specifically targeting key signaling pathways involved in
tumorigenesis and tumor growth such as the phosphoinositide-3 kinase pathway, which is
regulated by PTEN. A practical application of our observations could be in the use of
miR-21 expression as a potential predictor of tumors that may be more likely to respond to
pathway-targeting therapies.

The expression of downstream mediators of tumor growth and metastasis could be
modulated by targeting miR-21. Therapeutic strategies to decrease miR-21 therefore
potentially may be useful to limit HCC growth and metastasis. Further work is warranted to
evaluate the role of miR-21 and the identified downstream targets and to develop therapeutic
strategies targeting miR-21 in vivo. The ability to therapeutically manipulate miRNA
expression is feasible, and recent proof-of-concept studies have shown that miRNA
antagonists targeted to the liver can modulate expression of downstream genes.29:30
Moreover, aberrantly expressed miRNA such as miR-21 may be useful to establish a
diagnosis and for assessing prognosis in HCC. Recent advances in techniques for the
identification of miRNA should enable the use of clinical material for this purpose.
Knowledge of specific processes such as tumor cell proliferation, invasion, and migration
that are regulated by miRNA, and the identification of critical targets for individual miRNAs
such as PTEN and FAK, provide novel insights into the mechanisms of tumorigenesis and
metastasis in HCC.
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Abbreviations used in this paper

FAK focal adhesion kinase
mMiRNA microRNA
MMP matrix metalloprotease
PCR polymerase chain reaction
PTEN phosphatase and tensin homolog
SiIRNA small interfering RNA
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Figure 1.
miRNA expression profiles in human malignant and nonmalignant liver tissues and cells.

miRNA was isolated and profiling was performed as described in the Materials and Methods
section by hybridization to miRNA-specific probes on epoxy-coated slides. Samples from
normal liver tissues were labeled with Cy3, whereas HCC tumor samples were labeled with
Cy5 (n = 8). Representative chip images and spots for selected miRNA that have increased
expression are illustrated. The data in the bottom panel represent the average + standard
errors of the log, of the ratios of Cy5/Cy3 fluorescence intensity for each specific miRNA.
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Figure 2.
miR-21 is up-regulated in human primary HCC. Total RNA was isolated from HCC (T) and

matching control (N), and Northern blot analysis was performed as described in the
Materials and Methods section. The signal in each lane was quantified by Kodak Imaging
software and the ratio of miR-21 to 5S ribosomal RNA was determined. Asterisks denote
human primary HCC in which mir-21 is up-regulated. In the first 9 samples the signal is
higher because more RNA (20 pg) was loaded. For samples 10-20, 10 pg of RNA was
loaded.
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Figure 3.
Increased expression of miR-21 in HCC cell lines. miRNA were isolated from normal

human hepatocytes and from 5 HCC cell lines. (A) miRNA was labeled and analyzed by
miRNA microarray. Representative hybridization spots for miR-21 are illustrated on the left
whereas quantitative expression data from 4 separate studies, each in duplicate, is shown in
the right panel. (B) Quantitative real-time PCR for miR-21 was performed using a TagMan
microRNA Assay kit. Representative amplification plots and disassociation curves are
shown on the left, whereas quantitative data representing the mean and SD from 3
experiments performed in triplicate are presented in the bar graph on the right. The
expression of miR-21 was normalized to that of the U6B small nuclear RNA gene (RNU6GB)
control. *P < .05 compared with expression in normal hepatocytes.
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Figure 4.
Modulation of cell proliferation and migration by miR-21. (A) HCC cells were transfected

with either 30 nmol/L miR-21-specific inhibitor (M) or control miRNA inhibitors (), and
the proliferation index was assessed after 72 hours. (B) HCC cells were transfected with
either 30 nmol/L miR-21 precursors (grey bars), or control miRNA precursors ([0), and the
proliferation index was assessed after 72 hours. (C) HCC cells were transfected with anti—
miR-21 (M) or control inhibitor (OJ). Cell migration across a membrane with 8-um pores was
assessed as described in the Materials and Methods section and is expressed as arbitrary
fluorescence units (AFU). (D) miR-21 expression was assessed by real-time PCR in normal
human hepatocytes (HHC) transfected with either control or mir-21 precursors, or in HepG2
cells transfected with control or anti-miR-21 inhibitors. (E) Normal human hepatocytes
were transfected with mir-21 precursor (grey bars) or control miRNA precursor (OJ), and cell
migration was assessed. The mean and standard error from 4 separate experiments are
illustrated. *P < .05 when compared with controls.
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Figure 5.
Regulation of cell invasion by miR-21. (A) Normal human hepatocytes (HEP) or HCC cells

(5 x 10%) were seeded in 96-well plates precoated with extracellular matrix, and cell
invasion was assessed as described in the Materials and Methods section. The invasion
index is expressed as arbitrary fluorescence units (AFU). The cell lines varied in their ability
to invade extracellular matrix. (B) HCC cells were transfected with 30 nmol/L anti-miR-21
(m) or control inhibitor (0J), and cell invasion was assessed after 72 hours. Anti-miR-21
decreased cell invasion in all 4 cell lines. The results shown represent the mean + standard
error from 4 independent experiments. *P < .05 when compared with controls.
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Figure 6.
PTEN is a target for miR-21. HCC cells were plated in 6-well plates. Cells were transfected

with 1 ug of a Renilla luciferase expression construct pRL-TK and 1 pg of the pGL3-
PTEN-3’-UTR firefly luciferase expression construct, along with either anti-miR-21 or
control inhibitor. An increase in relative firefly luciferase activity in the presence of anti-
miR-21 indicates that the 3’-UTR of PTEN contains a target that is modulated by miR-21.
Data represent mean + standard error from 8 separate determinations. *P < .05 when
compared with controls.
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Figure 7.
miR-21 regulates expression of PTEN and downstream kinases. (A) Real-time PCR for

PTEN expression was assessed in RNA obtained from 11 HCC tumors (gray bars) and
matching nontumoral sections (C1). The normalized ratio of PTEN expression is indicated
above each bar. (B) Cell lysates were obtained from normal human hepatocytes and HCC
cell lines cultured in 100-mm culture dishes. Immunoblot analysis was performed for PTEN
and for FAK activation using phosphorylation-state dependent antibodies. The blots were
stripped and reprobed for a-tubulin as a loading control and for quantitation. Representative
immunoblots are shown along with quantitative data showing the mean + standard error
from 4 separate blots. *P < .05 relative to expression in normal hepatocytes. (C) Normal
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human hepatocytes were transfected with 30 nmol/L miR-21 precursor or control.
Immunocytochemistry for PTEN and phosphorylated FAK was performed after 72 hours. A
decrease in PTEN expression along with an increase in FAK phosphorylation is observed in
cells transfected with miR-21 precursor compared with controls. (D) HCC cells were
transfected with 30 nmol/L anti-miR-21 or control inhibitor. Cell lysates were obtained after
72 hours for immunoblot analysis of PTEN protein expression and phosphorylation of its
downstream target kinases Akt and FAK. Representative immunoblots and quantitative data
(mean = standard error) from 4 separate blots are shown. *P < .05 relative to expression in
controls.
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Figure 8.
miR-21 modulates mRNA expression of MMPs. (A) Normal human hepatocytes were

transfected with miR-21 precursors or controls. Quantitative real-time PCR was performed
for MMP-1, MMP-2, MMP-3, MMP-9, MMP-11, and f-actin mRNA expression. Enhanced
expression of miR-21 increases MMP-9 mRNA expression in normal human hepatocytes.
*P< .05 relative to control. (B) SK-HEP-1, SNU-182, and Hep-G2 cells were transfected
with anti-miR-21. MMP-2, MMP-9, and MMP-11 mRNA expression was assessed by real-
time PCR and normalized to expression of factin mMRNA. The data are summarized from 3
experiments performed in quadruplicate. Inhibition of miR-21 reduced MMP-2 and MMP-9
mRNA expression in HCC cell lines compared with controls. *P < .05 relative to control.
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Figure 9.
Down-regulation of PTEN attenuates the effects of anti-miR-21 on HCC cell growth and

invasion. (A) Nonmalignant human hepatocytes were transfected with control or PTEN
SiRNA, or control or miR-21 precursor and immunoblot analysis for PTEN, phospho-Akt
Ser(P)*73, phospho-FAKTyr(P)>16/517 and tubulin were performed. (B) Cell migration was
assessed in human hepatocytes incubated with control or PTEN miRNA. (C-F) HCC cells
(5 x 10%/well) in 96-well plates were cotransfected with either siRNA to PTEN or control
SiRNA, along with 30 nmol/L anti-miR-21. (O, control anti-miRNA + control sSiRNA; W,
anti-miR-21 + control sSiRNA,; grey bars, anti-miR-21 + PTEN siRNA). (C) Cell
proliferation or (D) invasion was assessed after 72 hours as described in the Materials and
Methods section. The mean and standard error from 4 separate experiments are shown.
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mRNA expression of (E) MMP-2 and (F) MMP-9 were quantitated by real-time PCR, and
expressed relative to that of f~actin mRNA concurrently assessed in the same samples. (G)
Cells were cotransfected with anti-mir-21 and either control or PTEN siRNA. Immunoblot
analysis of PTEN, phospho-Akt Ser(P)473, and phospho-FAK Tyr(P)>16/517 and tubulin was
performed. Representative immunoblots are shown along with quantitative data that show
the mean + standard error from 4 separate blots. *P < .05 when compared with control
siRNA-transfected cells.
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Table 1

miRNAs Expressed Differentially in HCC Compared With Normal Liver Tissue

miRNA

Mean £ SE P value

Chromosome location

Potential targets

Increased expression >1.5-fold

miR-21
miR-34a
miR-221
miR-213
miR-376a
miR-222
miR-373
miR-210
miR-294

943 +.
4.66 + .
177+,
170 +.
161+.
157+,
154+,
153 +.
150 +.

Decreased expression <.6-fold

miR-92-1
miR-199a-1
miR-122a
miR-125b-1
miR-292-3p
miR-125a

49+,

52+,
52+,

57+,

15
39
05
31
06
15
10
12
16

<.001
<.01
<.05
<.01
<.05
<.05
<.05
<.05
<.05

<.01
<.01
<.01
<.01
<.05
<.05

179232
1p36.23
Xp11.3
10313

14932.31
Xp11.3

19913.41

11p15.5

random

13¢31.3
19p32.2
18¢21.31
11q24.1
random

19913.33

PTEN, RECK
Cadherin, TP53BP2
FAT2

SATB2

VHLL

FAT2

TP53INP1, CLOCK
PCDH17

MECP

KRAS-2, HIPK3
KRAS

EDN1, VAV3
VEGF, Akt3
VAMP2

VEGF, EDN1
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