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Abstract

Background: MicroRNAs are involved in hepatocellular carcinoma metastasis, a principal cause of hepatocellular carcinoma—
related death in patients worldwide. MiR-212 is a microRNA that has been identified in several types of cancers and is postulated
to influence cell signaling and subsequent malignant pathogenesis. Despite emerging reports suggesting that miR-212 plays a
significant role in the onset, progression, and migration of these types of malignant tumors, its involvement in the development of
hepatocellular carcinoma has not been fully elucidated. Materials and Methods: Quantitative reverse transcription polymerase
chain reaction, wound healing, transwell migration and invasion assays, Western blotting, and xenograft tumor growth models
were performed to test the expression levels and functions of miR-212 in hepatocellular carcinoma. Luciferase reporter assay,
quantitative reverse transcription polymerase chain reaction, Western blotting, and immunohistochemistry were used to identify
and verify the target of miR-212. Results: In this study, we identify significant repression of miR-212 in hepatocellular carcinoma
and demonstrate that overexpression of miR-212 inhibits the migration of hepatocellular carcinoma cells in vitro and in vivo.
Furthermore, we identify forkhead box M1, whose expression is inversely related to that of miR-212, as a direct target of miR-
212. Additionally, reexpression of forkhead box M| rescues the miR-212-mediated inhibition of cell migration. We observed that
inhibition of miR-212 activates forkhead box M| but inhibits the Wnt/p-catenin pathway by suppressing Wnt, LEF-1, c-Myc, and
nuclear [-catenin. Finally, in vivo studies confirmed the inhibitory effect of miR-212 on hepatocellular carcinoma growth. Con-
clusion: Our present findings indicate that miR-212 is a potential prognostic biomarker of hepatocellular carcinoma and that the
miR-212/forkhead box M| regulatory axis may represent a new therapeutic objective for hepatocellular carcinoma treatment.
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Introduction

Hepatocellular carcinoma (HCC) is malignancy of the liver
parenchyma. Frequently, HCC is diagnosed during middle age
(40 years or older).! Hepatocellular carcinoma ranks fourth
among the most common malignancies and is the third leading
cause of cancer-associated death worldwide.? This low survival
rate is linked to delayed diagnosis, metastasis, resistance to
therapy, and recurrence.” Recent reports have demonstrated the
involvement of microRNAs (miRNAs) in cancer development
and elucidated their function both as cancer inducers (onco-
genes) and tumor suppressor genes, depending on the role of
their cellular target.> Because of their role in gene expression
and cellular signaling, studies on their mode of action might aid
in the identification of biomarkers that can serve as diagnostic
and therapeutic targets for cancer treatment. Elucidation of the
molecular mechanisms involved in hepatocellular carcinogen-
esis is critical for the identification of innovative prognostic
strategies for therapy; the majority of patients with HCC are
ineligible for curative surgery, largely because of distant
metastasis present upon initial diagnosis and the high recur-
rence rate of HCC.*

MicroRNAs belong to a class of small noncoding RNAs that
block messenger RNA (mRNA) translation or the degradation
of downstream target genes by binding to the 3’ untranslated
region (3’-UTR).>® Accumulating evidence implicates miRNA
dysfunction in the cellular proliferation, apoptosis, chemora-
dioresistance, and metastasis of tumors.”® Recent reports have
shed light on miRNA involvement in HCC tumorigenesis,
including roles for miR-221/222,° miR-124,'" miR-449,"
miR-26,'> miR-34a,'®> and miR-148a.'* Previously, we
reported that miR-539 upregulation inhibits growth and
induces apoptosis in HCC cells by targeting fascin homolog
1. However, the functions and mechanisms of miRNAs
involved in HCC metastasis are unclear, as recent gene profil-
ing studies have yielded unpredictable results.

MiR-212 is a new cancer-associated miRNA and has been
found to participate in the progression in different types of
human cancers. Evidences have revealed that miR-212 was
declined in renal cell carcinoma,'® ovarian cancer,'® gastric
cancer,'” and lung cancer as tumor suppressive role.'®!° On
the contrary, miR-212 was increased in pancreatic cancer and
promotes tumor development.?®?! The expression level of
miR-212 is decreased in renal cell carcinoma and negatively
correlated with renal cell carcinoma prognosis. X-linked inhi-
bitor of apoptosis protein was identified to be the direct down-
stream target of miR-212."> Functional study showed that
miR-212 suppresses the growth of HCC by inhibiting
FOXA1.?? In gastric cancer, miR-212 inhibited the prolifera-
tion of cancer cells via targeting retinoblastoma binding pro-
tein 2.>* Therefore, it is important to study the direct target
genes of miR-212, which helps us understand their role in
pathological mechanism of HCC.

In this study, we determined that miR-212 is significantly
downregulated in HCC. We observed that overexpression of
miR-212 suppressed the migration of HCC cells in vitro and

in vivo. Additionally, we demonstrated that forkhead box M1
(FOXM1) is a direct target of miR-212 and that FOXM1
expression exhibits an inverse relationship with the expression
of miR-212. Reexpression of FOXM1 rescued the miR-212-
mediated inhibition of cell migration. Furthermore, we
observed that inhibition and overexpression of miR-212 acti-
vated and decreased Wnt/B-catenin activity, respectively, by
altering the levels of LEF-1, c-Myc, and nuclear B-catenin.
In vivo studies confirmed the repression of HCC growth by
miR-212. Hence, our results suggest that miR-212 is a putative
biomarker of HCC and that the miR-212/FOXM1 regulatory
axis may represent a novel therapeutic marker for HCC treat-
ment. These findings reveal a potential mechanism underlying
the tumor-suppressing role of miR-212 and suggest that miR-
212 is a potentially useful marker and therapeutic target in
HCC 242

Materials and methods

Cell Culture and Reagents

The human liver cell line, HL7702, and human liver cancerous
cell lines, SK-HEP1, HCCLM3, HepG2, and SMMC7721,
were purchased from the Cell Bank Type Culture Collection
of the Chinese Academy of Sciences (Shanghai, China). Cells
were cultured in Dulbecco’s modified Eagle’s medium
(HyClone; Thermo-Fisher Scientific, Waltham, Massachu-
setts). The medium was supplemented with 10% fetal bovine
serum (FBS; Gibco, Carlsbad, California). Penicillin/strepto-
mycin was added to the medium at a concentration of 100
IU/mL and applied to the cells, followed by incubation in a
humidified incubator set at 37°C with 5% CO,.

MicroRNA Real-Time Reverse Transcription
Polymerase Chain Reaction

Cell lines and mice tissues were used as sources for the isola-
tion of total RNA using TRIzol reagent (Invitrogen, Carlsbad,
California). A miR-212 TagMan MicroRNA Assay Kit
(Applied Biosystems, Foster City, California) was used for
miRNA real-time reverse transcription polymerase chain reac-
tion (PCR) assays, according to the manufacturer’s protocol.
Briefly, complementary DNA was synthesized from total RNA
(10 ng) by reverse transcription. Real-time PCR was subse-
quently performed using specific primers for miR-212. A U6
endogenous control was used to normalize miR-212 levels. All
experiments were repeated 3 times. The miRNA expression
level was determined using the 27AACT method for relative
quantitative gene expression.

Transwell Migration Assays

A test to assess HCC cell migration was performed using a
MilliCell chamber (12-mm diameter with 8-um pores; Milli-
pore, Bedford, Massachusetts). Approximately 1 x 10> serum-
starved HCC cells were added to the upper chamber in media
supplemented with 0.1% FBS, and the chambers were placed
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into 24-well plates with medium supplemented with 10% FBS.
After 24 hours of incubation, a cotton swab was used to
scrape the top surface of the transwell chamber. Migrated
cells were fixed with paraformaldehyde (4%) and stained
with Giemsa solution. The cells were photographed and
counted in 5 randomly selected regions under an optical
microscope. Labeled cells were counted from images using
Image] software (https://imagej.nih.gov/ij/).

Wound Healing Assay

A wound healing assay was utilized to evaluate tumor cell
migration as previously described.® Briefly, cells were grown
to the exponential phase and harvested, and the cell density was
adjusted to 1 x 10° cells/mL. Subsequently, 1 mL of the cell
suspension was added to each well of a 6-well plate. Cells were
grown overnight and transfected with miR-212 or anti-miR-
212, with mock-transfected respective controls. When the cells
reached close to 90% confluence, the cell monolayer was
scraped in the center with a sterile plastic tip to generate a gap
in the cell monolayer and then washed gently twice with media.
Pictures of the plates were taken, and the cells were recultured
with a serum-reduced medium containing 1% FBS for
24 hours. At various time points, cell migration to the gaps in
the center of each plate was monitored by taking photographic
images of the plates, which were taken under an inverted
microscope, and the data were analyzed at each time point
based on sextuplet assays.

Preparation of Cell Extracts and Analysis by Western Blot

Protein lysates preparation was performed using radioimmuno-
precipitation assay (RIPA) buffer (50 mM Tris—HCI [pH 8.0],
1% NP40, 150 mM NacCl, 0.5% sodium deoxycholate, and
0.1% sodium dodecyl sulfate [SDS]) on ice for 30 minutes.
Subsequently, freshly prepared 0.1 mg/mL phenylmethylsulfo-
nyl fluoride, | mM sodium orthovanadate, and 1 mg/mL apro-
tinin were added. After centrifugation at 12 000g at 4°C for 20
minutes, the supernatants were collected. The Bio-Rad protein
assay kit (Bio-Rad Laboratories, Richmond, California) was
used to determine the protein concentration of each sample.
Cell extract aliquots, containing 20 to 50 ug of total protein,
were resolved on 12% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) gels and transferred to a 0.22-
pum polyvinylidene fluoride membrane (Millipore, Temecula,
California). Blotto A (5% nonfat milk powder in TBS-T: 10
mM Tris—HCI (pH 8.0), 150 mM NaCl, 0.05% Tween-20) was
used to block the membranes for 1 hour at room temperature.
The membranes were subsequently incubated with antibody
solution containing Blotto A with a 1:1000 dilution of mouse
anti-FOXM1, anti-f-catenin, anti-c-Myc, anti-LEF-1, or anti-
GAPDH monoclonal antibodies for 1 hour at room tempera-
ture. Membranes were washed in TBS-T buffer [10 mM Tris-
HCI (pH 8.0), 150 mM NaCl, 0.05% Tween-20] (5 minutes,
room temperature) and incubated in Blotto A containing
peroxidase-conjugated anti-mouse secondary antibody at a

1:10 00 dilution (Amersham, Arlington Heights, Illinois) for
1 hour at room temperature. After washing in TBS-T, an
enhanced chemiluminescence luminol reagent (Pierce, Rock-
ford, Illinois) was used to detect the protein signals, according
to the manufacturer’s recommendation. Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) protein expression was
used in the assay to normalize protein loading.

Luciferase Reporter Assay

Wild-type (WT) and mutant FOXM1 3’-UTRs were amplified
by PCR and cloned into a pMIR-REPORT (Ambion, Austin,
Texas) vector with firefly luciferase. A total of 5 x 10* cells
treated with control, miR-212 mimics, or miR-212 inhibitors
(anti-miR-212) were transfected with WT or mutant FOXM1
3’-UTR luciferase reporters together with Renilla plasmid.
Approximately 48 hours posttransfection, the cell culture
medium was collected; luciferase activities were determined
by Dual Luminescence Assay Kits (Promega, Madison, Wis-
consin) according to the manufacturer’s protocols. The firefly
luciferase activities were normalized to Renilla luciferase
activities. Three independent experiments were performed in
duplicate to gather data for analysis.

Lentivirus-Based miR-2 12 Overexpression

To elucidate the role of miR-212 in vivo, we constructed a
recombinant lentivirus termed LV-miR-212 or the control len-
tivirus LV-miR-con to generate stable gain-of-function
miR-212 or miR-con in HCC cells. The recombinant lentivirus
LV-miR-212 and its control, LV-miR-con, were purchased
from GeneChem (Shanghai, China).

Tumor Studies

For in vivo studies, a suspension of 5 x 10° HCCLM3 cells was
stably transfected with LV-miR-212 or control LV-miR-con to
generate tumor cells. These infected cells were injected into
mouse to create mice tumor models. Each athymic nude
BALB/C mouse (7 in each group, female BALB/c-nu/nu at
5-6 weeks old) was injected subcutaneously in the hip region
with 0.1 mL of the tumor cells mixture using a microsyringe
under anesthesia. Tumor growth was monitored by perpendi-
cular measurements of the tumor diameters using an electronic
digital caliper over a 24-day period. Calculation of tumor vol-
ume was obtained using the tumor size formula ab?/2, with a
and b representing the larger and smaller of the 2 dimensions,
respectively. Mice were killed after 24 days, and the tumors
were harvested, weighed, fixed with phosphate-buffered neu-
tral formalin, and prepared for standard hematoxylin and eosin
(H&E) histological examination. The Animal Ethics Commit-
tee of Xi’an Jiaotong University approved our protocols and
experimental procedures (No.XJTULAC2016-675). We fol-
lowed the guidelines for all study protocols in congruence with
the Animal Care and Use Committee established by the Xi’an
Jiaotong University Health Science Center.
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Figure 1. MiR-212 expression in HCC tissues and cell lines. A, The
expression of miR-212 in HCC tissues was significantly lower than
that in matched tumor-adjacent tissues. **P < .01 by ¢ test. B, Com-
parison of the differences in miR-212 expression between the HL7702
normal liver cell line and HCC cell lines. n = 3 independent experi-
ments, ** P < .01 by analysis of variance. HCC indicates hepatocel-
lular carcinoma.

Statistical Analysis

Values are presented as the means (standard deviation) and
were analyzed using the Statistical Package for Social Scien-
tists (version 18.0; IBM, Armonk, New York). The statistical
significance between 2 selected groups was analyzed using 2-
tailed Student ¢ test with the assumption of a normal distribu-
tion of the data and equal sample variance. The statistical sig-
nificance among multiple groups was examined by analysis of
variance. P < .05 was considered statistically significant.

Results

Downregulation of MiR-212 in HCC Cell Lines
and Tissues

We first measured the expression of miR-212 in HCC by ini-
tially comparing the levels of miR-212 in 20 pairs of HCC
tissues and parallel nontumor adjacent tissues. The expression
of miR-212 in HCC tissues was considerably lower than that in
corresponding nontumor surrounding tissues (**P < .01, Figure
1A). Second, we evaluated the relative expression of miR-212
in a normal liver cell line (HL7702) and a panel of human HCC
cell lines (SK-HEP1, SMMC7721, HCCLM3, and HepG2). We
observed reduced expression of miR-212 in all 4 HCC cell lines
compared with the HL7702 cell line (**P < .01, Figure 1B).
Notably, miR-212 expression in SK-HEP1 and SMMC7721
cells was higher than that in HCCLM3 and HepG2 cells (P <
.01, Figure 1B). Our data indicate that reduced levels of
miR-212 may be correlated with the development of HCC.

MiR-212 Inhibits HCC Cell Migration In Vitro

To explore the biological function of miR-212 in HCC, miR-
212 mimic or miR-212 inhibitor (anti-miR-212) was used for
transient transfection to investigate the function of miR-212
compared with the cells transfected with a negative control

mimic (miR-con), which has no specific human gene product
target. Our transwell and wound healing assays demonstrated
that forced expression of miR-212 in SK-HEP1 and HCCLM3
cells produced a significant decrease in cell migration (¥**P <
.01, as shown in Figure 2A and B, respectively). Furthermore,
this downregulation observed with miR-212 in SK-HEP1 and
HCCLMS3 cells led to a remarkable increase in cell migration
compared with control cells (**P < .01, also shown in Figure
2A and B).

MiR-212 Directly Targets the 3’-UTR of FOXM |
and Inhibits the Wnt/[3-Catenin Signaling Pathway
in HCC Cell Lines

In order to determine the fundamental molecular mechanisms
of miR-212 in HCC cells, we performed a literature search for
representative target genes of miR-212 through bioinformatic
algorithms. The public databases including miRanda (http://
microrna.org and miRbase) and TargetScan (http://www.tar
getscan.org/) were used. As a result, FOXMI1 has been
showed to a be a potential target site of miR-212, as shown
in Figure 3A. Moreover, the 3’-UTR of FOXM1 mRNA con-
taining the complementary sequence of miR-212 was found
(Figure 3A). To affirm this prediction, we first detected the
expression of miR-212 and FOXM1 in HCC cases. Figure 3B
shows that the expression of FOXMI in miR-212 high-
expressing HCC tissues was obviously lower than that in
miR-212 low-expressing cases (P < .01). Then a dual-
luciferase reporter gene assay was used to evaluate whether
miR-212 could directly target the 3'-UTR of FOXM1 mRNA
to modulate its expression. As predicted, miR-212 notably
suppressed the luciferase activity of FOXM1 containing a
WT 3’-UTR but did not inhibit the activity of FOXM1 with
a mutant (Mut) 3’-UTR (P < .01, Figure 3C). In addition,
through anti-miR-212 transfection, a significant increase was
observed in the luciferase activity of FOXM1 3’-UTR WT;
however, there was no significant alteration in FOXM1 con-
taining FOXM1 3’-UTR Mut (P < .01, Figure 3C). Further-
more, overexpression of miR-212 in HCCLM3 cells
dramatically reduced the expression of FOXM1 and down-
regulation of miR-212 resulted in elevated expression of
FOXMI1 in HCCLMS3 cells (P < .01, Figure 3D). After all,
our results strongly suggest that FOXMI is a direct down-
stream target of miR-212 in HCC cells.

Wnt signaling is involved in embryonic development, adult
tissue self-renewal, tissue repair, and cancer development and
progression.”’ Furthermore, several miRNAs have been shown
to influence tumorigenesis by affecting the activity of the Wnt
pathway.”® We assessed the relationship between miR-212
expression and the function of the Wnt/B-catenin pathway.
First, we used TOPflash and FOPflash reporter molecules,
which are widely used to evaluate B-catenin-dependent signal-
ing activity, to determine the effects of miR-212 and FOXM1
on Wnt/B-catenin signal transduction in SK-HEP1 and
HCCLM3 cells. As speculated, the luciferase activity of the
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Figure 2. The effect of miR-212 on HCC cell migration. A, Representative images of a transwell migration assay of SK-HEP1 and HCCLM3
cells with miR-con, miR-212 mimic, or anti-miR-212 treatment (**P < .01, compared with miR-con). B, Representative images of a wound
healing migration assay in SK-HEP1 and HCCLM3 cells with miR-con, mock miR-212, or anti-miR-212 treatment (**P < .01, compared with
miR-con). HCC indicates hepatocellular carcinoma.
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Figure 3. Forkhead box M1 (FOXM1) acts as a direct target downstream of miR-212 in HCC. A, Schematic diagram of the presumed binding
site of miR-212 and on the 3’-UTR of FOXM1 (WT, wild-type; Mut, mutant). B, The expression of miR-212 and FOXM1 in HCC specimens.
Bar = 100 pm. n = 20, **P < .01. C, The results of luciferase reporter assay. n = 3, ** P <.01. D, Representative images of Western blot. HCC
indicates hepatocellular carcinoma.

cells changed, shown in Figure 4A. When the level of miR-212
was downregulated, inhibition of Wnt/B-catenin signaling was
observed. Fluorescence microscopy of B-catenin (Figure 4B)
revealed that B-catenin translocated from the nucleus to the
cytoplasm upon increased expression of miR-212. Addition-
ally, the levels of nuclear B-catenin decreased according to

Western blot analysis (Figure 4C). The protein expression
of Axin2, LEF-1, and c-Myc was affected by miR-212 and
anti-miR-212 transfection (Figure 4C). Together, these data
indicate that miR-212 binds to the FOXM1 3’-UTR and
that miR-212 expression correlates with Wnt/B-catenin
signaling activity.
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treatment increased B-catenin TCF/LEF promoter activity. B, Immunofluorescence assay for -catenin indicated that B-catenin translocated
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protein. HCC indicates hepatocellular carcinoma.

Rescue of FOXMI in MiR-212-Expressing Cells Partially
Restores Cell Migration

To confirm that miR-212 suppresses the growth of HCCLM3 cells
directly via downregulation of FOXMI, “rescue” experiments
were performed using a FOXMI1 expression vector (pcDNA3-
FOXM1) containing the FOXM1 gene. When we cotransfected
HCCLM3 cells with miR-212 and pcDNA3-FOXM], the inhibi-
tion of FOXM1 expression, wound healing, and cell migration
were rescued, as shown in Figure 5A, B, and C. These results
indicate that FOXMI1 is a direct target of the miR-212-mediated
suppression of cellular proliferation in HCCLM3 cells.

MiR-212 Inhibits the Tumor Growth of Hepatoma
Xenografts in Nude Mice

After the consideration of the important roles of miR-212 in
HCC, we applied in vivo model of HCC xenograft to further
confirm the above findings. Due to significant downregulation
of miR-212 in HCC, we successfully constructed a recombi-
nant lentiviral vector (LV-miR-212) to transduce HCCLM3
cells (Figure 6A) and increase the expression of miR-212.

Meanwhile, lentiviral vector LV-miR-con was used as a con-
trol. Subsequently, LV-miR-212 or LV-miR-con-infected
HCCLM3 cells were administered by injection into the hip area
of athymic nude mice for HCC xenograft establishment.
Twenty-four days of postinjection, tumors were excised and
gauged. The results showed that the size of tumor in the
LV-miR-212 group were strongly smaller than in the
LV-miR-con group (Figure 6B, C, and D; tumor incidence
for LV-miR-212 vs LV-miR-con groups). Additionally, mice
were killed 24 days after inoculation, and the resected liver
tissues from mice with subcutaneous xenograft tumors were
analyzed using H&E staining (Figure 6E). Shown in Figure 6E
is the LV-miR-212 group, which exhibited a reduced number of
tumor cells in the liver tissues. Consistently, the LV-miR-212
group exhibited proliferation inhibition compared with the LV-
miR-con group (Figure 6E). These data provide strong evidence
that miR-212 can inhibit HCC proliferation in vivo.

Discussion

Previous reports indicate that human cancers exhibit deregu-
lated miRNA expression relative to the surrounding
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Figure 5. Rescue of FOXM1 in miR-212-expressing cells partially restored cell migration. A, Western blot analysis of FOXM1 expression and
related proteins in HCCLM3 cells transfected with empty vector as control, pPCDNA3-FOXM1 or pCDNA3-FOXM1, and miR-212. Lower
panel: Densitometric analysis of immunodetected bands. Data were normalized using GAPDH expression. B, Transwell analysis for FOXM3
and miR-212 in HCCLM3 cells transfected with empty vector, pPCDNA3-FOXM1 or pCDNA3-FOXM1 and miR-212. The histograms represent
the migrated cells + SD from 3 independent experiments after normalization. C, Wound healing analysis for FOXM3 and miR-212 in
HCCLMS3 cells transfected with empty vector pPCDNA3-FOXM1 or pCDNA3-FOXM1 and miR-212. The histograms represent the migration
distance + SD from 3 independent experiments after normalization. FOXM1 forkhead box M1; HCC, hepatocellular carcinoma.

noncancer tissue, and the role of this aberrant regulation
during oncogenesis has been highlighted.”® Several reports
have shed light on the roles of miRNAs in treatments and as
therapeutic targets in HCC.?**? For example, robust expres-
sion of miR-182 is related to intrahepatic metastasis and
poor prognosis,”> whereas low levels of miR-124 has a sig-
nificant association with a more aggressive phenotype and
poor prognosis.>* MiR-212 directly regulates the expression
of retinoblastoma binding protein 2 (RBP2) and inhibits cell
growth in gastric cancer in vitro and in vivo.”> Histone
demethylase RBP2 is overexpressed in HCC and negatively
regulated by miR-212, which is important in the pathogen-
esis of HCC.>

In the present study, we demonstrated that miR-212 is
downregulated in HCC tissues compared with nontumorous
liver tissues and that the level of miR-212 positively correlates
with cancer progression. Our prospective study indicates that
miR-212 may have therapeutic value in the treatment of HCC
in clinical practice. To date, several reports have demonstrated
the important roles of miR-212 in a variety of human tumors. In

chronic lymphocytic leukemia, there is an increase in tumor
cell proliferation upon IgM stimulation sustained by the
enhancement of miR-212 expression.>® MiR-212 may improve
the current prognostic risk stratification of acute myeloid leu-
kemia with cytogenetic and molecular abnormalities.>” MiR-
212 is frequently downregulated in different types of cancer.
For example, this phenomenon has been confirmed in gastric,
lung, and colorectal cancers as well as in head and neck squa-
mous cell carcinomas.'”® In our present study, we have
demonstrated that ectopic miR-212 expression markedly
repressed HCC migration in vitro and in vivo. Therefore, our
results suggested that miR-212 is a novel potential therapeutic
target for HCC treatment.

Previous studies have demonstrated an association between
miR-25 and Dickkopf-related protein 3 (DKK3) expression
with HCC migration.>® However, how miR-212 modulates
HCC is not well understood. To increase the specificity of our
studies, we first used 2 computational prediction tools: miR-
anda and TargetScan. The results predicted that FOXMI1 is a
potential functional target of miR-212 in HCC. MiR-370 may
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Figure 6. miR-212 impairs the growth of hepatocellular carcinoma xenografts in vivo. A, Efficient infection of HCCLM3 cells with lentivirus
shown by fluorescence microscopy. The black and white pictures show the cells in the same field under normal white light. B, The tumor weights
were measured and calculated. C, Mice were killed and photographed 24 days after injection of HCCLM3 cells. D, HCCLM3 cells infected with
lentivirus LV-miR-212 or LV-miR-con were injected subcutaneously into nude mice. Tumor size measurements began on the sixth day and
occurred every other day for 24 consecutive days. The recorded data were used to generate tumor growth curves, as shown. Data are presented as
the mean (SD) tumor volume. E, Mice were injected with tumor cells and killed after 24 days. Livers were dissected and fixed in formalin,
embedded in paraffin, and sectioned for hematoxylin and eosin staining. *P < .05. HCC indicates hepatocellular carcinoma.

also represent a direct regulator of FOXMI1 in acute myeloid
leukemia, as previously reported.*’ MiR-370 may function as
a tumor suppressor by targeting FOXM1; thus, the epigenetic
downregulation of miR-370 would lead to derepression of
FOXMI1 expression and consequently contribute to acute
myeloid leukemia development and progression. However,
FOXMI1 can be regulated by many factors, including miR-
NAs.*® We determined that miR-212 regulates FOXM1
expression by overexpressing FOXM1 in HCCLM3 cells and
examining the changes in cellular proliferation and migra-
tion. The introduction of miR-212 significantly inhibited the
proliferation and migration of FOXM1-overexpressing cells
compared to controls. Additionally, we observed that over-
expression of miR-212 significantly downregulated FOXM1
protein levels. In contrast, knockdown of miR-212 in
FOXM1 cells resulted in significant increases in cell prolif-
eration and migration. Similarly, we observed noticeable
upregulation of FOXM1 protein levels. Reports indicate that
the multiple downstream target genes of the Wnt/B-catenin
pathway increase in various malignancies, correlating with
tumor progression and prognosis.*' Our study suggests that

miR-212 inhibits HCC cell proliferation and tumorigenesis
through regulation of LEF-1, c-Myc, and B-catenin, which
have been demonstrated to act as positive regulators of the
Wnt signaling pathway. Furthermore, we demonstrated that
FOXMI is a direct functional target of miR-212. Conse-
quently, we conducted dual-luciferase reporter assays to
demonstrate that FOXM1 is a functional downstream target
of miR-212. This finding suggests that miR-212 suppresses
FOXMI1 expression by interacting with the 3’-UTR of
FOXMI1 mRNA. Furthermore, ectopic expression of FOXM1
significantly increased the proliferation and migration of
HCCLMS3 cells, and the addition of miR-212 induced effects
that were opposite to those stimulated by FOXMI1. These
results confirm that FOXM1 is a functional target gene of
miR-212 in HCC. Thus, the reported targets for miR-212 are
consistent with our data and indicate that miR-212 regulates
Whnt signaling pathways and that the loss of miR-212 results
in HCC tumor progression. These findings reveal a potential
mechanism underlying the tumor-suppressive role of miR-
212 and suggest that miR-212 is a potentially useful marker
and therapeutic target for HCC.
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