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AbstrAct

MicroRNA-212 (miR-212) has been reported to play oncogenic or tumor 

suppressive role in different human malignancies. Here, we demonstrated that the 

mean level of miR-212 in hepatocellular carcinoma (HCC) tissues was significantly 
lower than that in matched tumor-adjacent tissues. Similarly, the expression of miR-

212 was obviously reduced in HCC cell lines as compared with a nontransformed 

hepatic cell line. Ectopic expression of miR-212 inhibited cell viability and proliferation, 

and induced apoptosis in HepG2 cells. In contrast, down-regulation of miR-212 

increased cell viability and proliferation, and suppressed apoptosis in Bel-7402 cells. 

In vivo studies showed that miR-212 inhibited tumor growth of HCC via suppressing 

proliferation and inducing apoptosis. Furthermore, we confirmed that Forkhead box 
protein A1 (FOXA1) was a direct target of miR-212, and it abrogated the function of 

miR-212 in HCC. Finally, we disclosed that the aberrant expression of miR-212 and 

FOXA1 was evidently correlated with poor prognostic features of HCC. MiR-212, FOXA1 

and their combination were valuable prognostic markers for predicting survival of HCC 

patients. In conclusion, miR-212 may serve as a prognostic indicator for HCC patients 

and exerts tumor suppressive role, at least in part, by inhibiting FOXA1.

IntroductIon

MicroRNAs (miRNAs) are a class of evolutionarily 

conserved noncoding RNAs that act as post-transcriptional 

regulators of gene expression through interacting with 

the 3’-untranslated region (3’-UTR) of target messenger 

RNAs (mRNAs). They participate in various biological 

processes [1] including proliferation, apoptosis, cell cycle, 

and stem cell renewal. Abundant investigations have 

confirmed that deregulation of miRNAs contributes to the 
development and progression of human malignancies [2] 

including hepatocellular carcinoma (HCC). Furthermore, 

miRNAs are closely associated with the diagnosis, clinical 

features and survival of patients [3]. Increasing studies 

have confirmed that miRNAs play critical roles in the 
proliferation [4], apoptosis [5], angiogenesis [6, 7] and 

metastasis [8] of HCC. Therefore, miRNAs have been 

proposed as promising prognostic markers and attractive 

therapeutic targets for HCC patients [9, 10].

MiR-212, which is located at chromosome 17p13.3 

[11], has been shown to be deregulated in various 

human cancers. MiR-212 serves as a tumor suppressor 

in non-small cell lung cancer (NSCLC) [12] and gastric 

carcinoma [13]. However, other studies suggest that miR-

212 exhibits oncogenic properties in colorectal cancer 

[14], prostate cancer [15] and pancreatic cancer [16]. 

Therefore, the biological functions of miR-212 are cancer-

type specific, partly resulted from the different cellular 
contexts of various tumors. Different from miR-122 [17-

19], which has been actively studied in HCC, miR-212 has 

not been investigated in detail in HCC.

Forkhead box protein A1 (FOXA1) is a member 

of FOXA gene family, and is an important regulator of 

proliferation, apoptosis and cell cycle. It plays oncogenic 

roles and has been considered as a predictor of poor 

survival in anaplastic thyroid cancer [20] , prostate cancer 

[21] and triple-negative breast cancer [22]. FOXA1 

promotes hepatocarcinogenesis in male mice and is 
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responsible for the sexual dimorphism of HCC [23]. 

FOXA1 has been reported to promote the expression 

of Yes-associated protein (YAP), which is a terminal 

effecter of Hippo/YAP signaling and contributes to cell 

proliferation of liver cancer [24]. Therefore, FOXA1 is 

an important contributor of HCC development. But the 

clinical significance and regulatory mechanism of FOXA1 
expression in HCC are poorly understood.

In this study, we found that miR-212 was down-

regulated in the majority of HCC tissues. In vitro and 

in vivo studies demonstrated that miR-212 suppressed 

cell viability and proliferation, and induced apoptosis in 

HCC cells. Moreover, we revealed that miR-212 exerted 

its biological function, at least in part, by inhibiting 

FOXA1 expression. Notably, miR-212, FOXA1 and their 

combination are valuable predictors for the prognosis 

of HCC patients. Our results elucidate the underlying 

mechanism by which miR-212 inhibits HCC, and propose 

miR-212 as a potential therapeutic target for HCC.

results

the expression of mir-212 is down-regulated in 

Hcc tissues and cell lines

To determine the expression status of miR-212 

in HCC, we initially compared the expression of miR-

212 in 40 pairs of HCC tissues and adjacent non-tumor 

tissues. The expression of miR-212 in HCC tissues was 

significantly lower than that in matched tumor-adjacent 
tissues (P < 0.01, Figure 1A). Next, we evaluated the 

relative expression of miR-212 in a nontransformed 

hepatic cell line (LO2) and a panel of human HCC cell 

lines (Bel-7402, Hep3B, Huh7 and HepG2). Reduced 

expression of miR-212 was observed in all four HCC 

cell lines as compared with LO2 (P < 0.01, Figure 1B). 

Notably, the expression of miR-212 in Bel-7402 and 

Hep3B cells was higher than that in Huh7 and HepG2 cells 

(P < 0.01, Figure 1B). These data indicate that reduced 

level of miR-212 may be involved in the development of 

HCC.

Mir-212 inhibits Hcc cell proliferation and 

induces apoptosis in vitro and in vivo

To further explore the biological role of miR-212 

in HCC, a miR-212 expression vector and a miR-212 

inhibitor (anti-miR-212) was transfected into HepG2 and 

Bel-7402 cells, respectively. As measured by qRT-PCR, 

miR-212 expression vector significantly increased the 
level of miR-212 in HepG2 cells (P < 0.01, Figure 2A), 

while the anti-miR-212 vector significantly reduced the 
expression of miR-212 in Bel-7402 cells (P < 0.01, Figure 

2B). MTT and BrdU assays demonstrated that forced 

expression of miR-212 in HepG2 cells (HepG2-miR-212) 

resulted in significant decrease of cell viability and 
proliferation (P < 0.01, respectively, Figure 2B and 2C), 

while down-regulation of miR-212 in Bel-7402 cells (Bel-

7402-anti-miR-212) showed remarkable increase of cell 

viability and proliferation as compared with control cells 

(P < 0.01, respectively, Figure 2B and 2C). Moreover, as 

determined by flow cytometry and caspase 3/7 activity 
assays, miR-212 overexpression increased the percentage 

of apoptotic HepG2 cells (P < 0.01, for both assays, Figure 

2D and 2E) and its down-regulation inhibited apoptosis in 

Bel-7402 cells (P < 0.01, for both assays, Figure 2D and 

2E). 

Figure 1: the expression level of mir-212 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 < 0.01 by t test. b. Comparing differences in the expression levels of 

miR-212 between HCC cell lines with different proliferative potentials and the nontranformed hepatic cell line LO2. n = three independent 

experiments, ** P < 0.01 by ANOVA.
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To further confirm these results in vitro, HepG2 cells 

that were transfected with miR-212 or control vector were 

implanted subcutaneously into nude mice. Tumor growth 

curves, generated over 21 days, revealed that up-regulation 

of miR-212 significantly slowed down tumor growth 
in mice (P < 0.01, Figure 3A). Importantly, the isolated 

tumor tissues were subjected to immunohistochemistry for 

Ki67 and TUNEL assays. Our data confirmed that forced 
expression of miR-212 inhibited cell proliferation and 

induced apoptosis in vivo (P < 0.01, respectively, Figure 

3B). These results indicate that miR-212 adversely affects 

tumor growth of HCC by inhibiting cell viability and 

proliferation, and inducing apoptosis.

FoXA1 is a direct downstream target of mir-212

To find out the molecular mechanism responsible 
for the biological functions of miR-212 in HCC cells, 

we searched for candidate target genes of miR-212 by 

Figure 2: the effect of mir-212 on Hcc cell proliferation and apoptosis. A. MiR-212 mimics significantly increased the 
expression of miR-212, while miR-212 inhibitors effectively decreased miR-212 expression, as determined by qRT-PCR. ** P < 0.01 by t 

test. b-e. Altering expression of miR-212 significantly affected the cell viability, proliferation, caspase-3/7 activity, and the percentage of 
apoptotic cells in HepG2 and Bel-7402 cells. n = three repeats with similar results, * P < 0.05, ** P < 0.01 by t test (BrdU incorporation, 

caspase-3/7 activity and flow cytometry assays) and ANOVA (MTT assay).
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using public databases including TargetScan (http://

www.targetscan.org/) and miRanda (microrna.org and 

miRbase). Finally, we found that the 3’-UTR of FOXA1 

mRNA contained the complementary sequence of miR-

212 (Figure 4A). This finding suggests that FOXA1, an 
important regulator of cell proliferation and apoptosis, 

may be a direct downstream target of miR-212. To confirm 
this prediction, we first examined the relationship between 
miR-212 and FOXA1 expression in HCC cases. As 

presented in Figure 4B, the expression of FOXA1 in miR-

212 high-expressing HCC tissues was significantly lower 
than that in miR-212 low-expressing cases (P < 0.01). 

Next, Western blot analysis was performed to determine 

the effect of altering miR-212 expression on FOXA1 

abundance in HCC cells. Additionally, we examined the 

expression of alpha-fetoprotein (AFP) and Yes-associated 

protein (YAP), of which the expression could be regulated 

by FOXA1. Overexpression of miR-212 in HepG2 cells 

dramatically reduced the expression of FOXA1 (P < 

0.01, Figure 4C). The expression of AFP and YAP, the 

downstream targets of FOXA1, were reduced accordingly 

in miR-212 overexpressing HepG2 cells (P < 0.01, 

respectively, Figure 4C). In contrast, down-regulation of 

miR-212 resulted in increased expression of FOXA1, AFP 

and YAP in Bel-7402 cells (P < 0.01, respectively, Figure 

4C). Furthermore, we confirmed the regulatory effect of 
miR-212 on FOXA1, AFP and YAP in xenograft tumor 

tissue (Supplementary Figure 1). These results confirmed 

Figure 3: Mir-212 slows down tumor growth in mice. A. Tumor growth curve revealed that miR-212 overexpression significantly 
inhibited tumor growth in vivo. n = six, ** P < 0.01 by ANOVA. b. Up-regulation of miR-212 inhibited proliferation and induced apoptosis 

in vivo. The photomicrographs for Ki-67 staining and TUNEL assays were shown. The percentage of Ki-67 positive cells in tumors arising 

from HepG2-miR-212 group was significantly lower than that arising from HepG2-miR-control group. The percentage of apoptotic cells 
in the HepG2-miR-212 group was significantly higher than that in the HepG2-miR-control group. n = six, * P < 0.05, ** P < 0.01 by t test.
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that miR-212 inversely regulated FOXA1 abundance in 

HCC cells. Herein, we performed dual-luciferase reporter 

gene assays to determine whether miR-212 could directly 

target 3’-UTR of FOXA1 mRNA to regulate its expression. 

As expected, miR-212 significantly inhibited the luciferase 
activity of FOXA1 containing a wild-type (wt) 3’-UTR 

but did not suppress activity of FOXA1 with a mutant (mt) 

3’-UTR (P < 0.01, Figure 4D). When anti-miR-212 was 

transfected, a significant increase in luciferase activity of 
wt FOXA1 3’-UTR was observed. However, transfection 

of anti-miR-212 did not lead to obvious alteration of the 

luciferase activity of FOXA1 containing mt FOXA1 3’-

UTR (P < 0.01, Figure 4D). These data strongly suggest 

FOXA1 is a direct downstream target of miR-212 in HCC.

Altering expression of FOXA1 influences the 
effect of mir-212 on Hcc cells

To further determine whether FOXA1 is a functional 

target of miR-212, we restored the FOXA1 expression in 

HepG2-miR-212 cells by transfecting FOXA1 expression 

plasmid. FOXA1 expression was significantly up-
regulated in HepG2-miR-212 cells after FOXA1 plasmid 

transfection, and resulted in obvious up-regulation of YAP 

and AFP (P < 0.01, respectively, Figure 5A). Functionally, 

restoration of FOXA1 expression in HepG2-miR-212 

cells partially abrogated the effect of exogenous miR-

212, resulting in significant increase of cell viability and 
proliferation (P < 0.01, respectively, Figure 5B and 5C) 

and obvious decrease of apoptosis (P < 0.01, respectively, 

Figure 5D and 5E). As a control group, HepG2-miR-

control cells transfected with FOXA1 expression plasmid 

showed similar change of protein expression and cell 

function (Supplementary Figure 2). Similarly, silencing 

of FOXA1 in Bel-7402-anti-miR-212 cells partially 

abolished the effect of anit-miR-212 on cell viability, 

proliferation and apoptosis (P < 0.05, respectively, Figure 

5B - 5E). These results demonstrate that FOXA1 is a 

downstream mediator for the function of miR-212 in HCC.

Clinical significance of miR-212 and FOXA1 in 
Hcc patients

After confirming the functional role of miR-212 
and FOXA1 in HCC, we further evaluated their clinical 

significance in 95 HCC patients. As shown in Table 1, 
decreased level of miR-212 was associated with high 

serum AFP level (P = 0.032), large tumor size (P = 0.018) 

and advanced TNM tumor stage (P = 0.031). Meanwhile, 

increased expression of FOXA1 was correlated with 

large tumor size (P < 0.001), venous infiltration (P = 

0.002), high Edmondson-Steiner grading (P = 0.028), 

Figure 4: FoXA1 is a direct downstream target of mir-212 in Hcc. A. MiR-212 and its putative binding sequence in the 

3’-UTR of FOXA1. The mutant miR-212 binding sites were generated in the complementary site for the seed region of miR-212 (wt, 

wild type; mt, mutant type). b. Inverse relationship between the expression of miR-212 and FOXA1 was found in HCC specimens. n = 

40, ** P < 0.01 by t test. c. Up-regulation of miR-212 in HepG2 cells significantly inhibited the expression of FOXA1, AFP and YAP. 
Down-regulation of miR-212 in Bel-7402 cells significantly increased the expression of FOXA1, AFP and YAP. n = three repeats with 

similar results, ** P < 0.01 by t test. d. miR-212 overexpression significantly suppressed the luciferase activity that carried wild type but 
not mutant type 3’-UTR of FOXA1. Downregulating miR-212 increased the luciferase activity that carried wild type but not mutant type 

3’-UTR of FOXA1. n = three repeats with similar results, ** P < 0.01 by t test.
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and advanced TNM stage (P < 0.001). These results 

indicate that aberrant expression of miR-212 and FOXA1 

is correlated with poor clinical features of HCC patients. 

Furthermore, we investigated the prognostic value of 

miR-212 and FOXA1. Compared with patients with 

high level of miR-212, patients with low expression of 

miR-212 had shorter overall survival (OS) (P = 0.002, 

Figure 6A) and disease free survival (DFS) (P < 0.001, 

Figure 6B). Otherwise, OS and DFS of patients in the 

high FOXA1 group were significantly decreased (P < 

0.001, respectively, Figure 6C and 6D). Multivariate Cox 

regression analysis showed that miR-212 level, FOXA1 

expression, tumor size, TNM stage and Edmondenson 

stage were independent prognostic predictors for both OS 

and DFS (Table 2). Next, we divided patients into four 

subgroups based on miR-212 and FOXA1 expression 

levels. Patients with low expression of miR-212 and high 

expression of FOXA1 had the lowest OS and DFS (Figure 

6E and 6F). In contrast, HCC patients with high expression 

of miR-212 and low expression of FOXA1 had the best 

OS and DFS (Figure 6E and 6F). Thus, combination of 

miR-212 and FOXA1 was an independent prognostic 

predictor for OS and DFS in HCC.

dIscussIon

Numerous studies have demonstrated the critical 

roles for miRNAs whereby they participate in the initiation 

and progression of human cancers. Exploration of cancer-

specific miRNAs and their downstream targets contributes 
to the identification of novel biomarkers and therapeutic 
targets for human cancers. In this study, we initially 

evaluated the expression of miR-212 in 40 paired samples 

of HCC and non-tumor tissues. Our data showed that the 

Figure 5: Altering FoXA1 expression partly abrogated the effect of mir-212 on Hcc cells. A. The FOXA1 expression 

plasmid significantly upregulated the expression of FOXA1 in miR-212 overexpressing HepG2 cells (HepG2-miR-212), while FOXA1 
specific siRNA effectively downregulated FOXA1 expression in Bel-7402 cells transfected with miR-212 inhibitors (Bel-7402-anti-
miR-212). n = three repeats with similar results, ** P < 0.01 by t test. b-e. Alteration of FOXA1 expression partly abolished the functional 

effect of miR-212 on cell viability, proliferation, capasase3/7 activity and the percentage of apoptotic cells of HepG2 and Bel-7402 cells. n 

= three repeats with similar results, *P < 0.05, ** P < 0.01 by t test (BrdU incorporation, caspase-3/7 activity and flow cytometry assays) 
and ANOVA (MTT assay).
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expression of miR-212 was impaired in HCC tissues. 

Furthermore, miR-212 was reduced in HCC cell lines as 

compared with a normal hepatic cell line. These results 

indicate that miR-212 may be a novel tumor suppressor 

and may play a critical role in hepatocarcinogenesis. 

Sustaining proliferation and resistance of cell death are 

two prominent hallmarks of cancer cells [25]. MiR-212 

has been found to inhibit proliferation of gastric cancer 

by repressing retinoblastoma binding protein-2 [13]. 

And in NSCLC, it negatively regulates the anti-apoptotic 

protein PED and increases TRAIL-induced cell death 

[12]. But another study reported that miR-212 promoted 

pancreatic cancer cell proliferation by inhibiting patched-1 

in pancreatic cancer [16]. Therefore, the influence of 

Figure 6: the prognostic value of mir-212 and FoXA1 for Hcc patients assessed by Kaplen-Merier analysis. HCC 

patients with high expression of miR-212 had better A. overall survival (OS) and b. disease free survival (DFS). HCC Patients with high 

expression of FOXA1 had shorter c. OS and d. DFS. HCC Patients in subgroup I had shortest e. OS and F. DFS, which were divided based 

on the combination of miR-212 and FOXA1 expression (subgroup I: low miR-212/high FOXA1; subgroup II: low miR-212/low FOXA1; 

subgroup III: high miR-212/high FOXA1; subgroup IV: high miR-212/low FOXA1). For each cohort, subgroups were divided according 

to the cutoff values of miR-212 and FOXA1, which was defined as the mean value of the cohort.
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miR-212 on proliferation and apoptosis of malignant 

cells seems to be elusive and may be dependent on the 

type of cancer cells. In this study, with in vitro and in vivo 

experiments, we confirmed that miR-212 inhibited cell 
viability and proliferation, and promoted apoptosis of 

HCC cells.

To further understand the underlying mechanisms by 

which miR-212 exerts its biological effects on HCC cells, 

it is necessary to identify its downstream functional targets. 

FOXA1, an important regulator of cell proliferation and 

apoptosis, has been found to promote the development of 

HCC in male mice [23]. Elevated expression of FOXA1 

has been observed in liver cancer cells [26]. Moreover, 

two public databases (TargetScan and Miranda) facilitated 

us to find out that FOXA1 was one of the predicted targets 
of miR-212. In this study, we confirmed that FOXA1 
was a direct downstream target of miR-212 and it was 

implicated in the functional effect of miR-212 on HCC. 

An inverse correlation between the expression of miR-212 

and FOXA1 protein was observed in HCC tissues. Up-

regulation of miR-212 significantly reduced the expression 
of FOXA1 in HepG2 cells, whereas down-regulation of 

miR-212 increased the expression of FOXA1 in Bel-7402 

cells. Overexpression of miR-212 decreased the luciferase 

reporter activity of FOXA1 wt 3’-UTR but not mt 3’-

UTR. Finally, we confirmed that restoration of FOXA1 
expression partly abrogated the functional effect of miR-

212 on HCC cell viability, proliferation and apoptosis. 

Taken together, these data provide solid evidences to 

support that miR-212 exerts it inhibitory effect on HCC, 

at least in part, through inhibiting FOXA1.

Furthermore, it is interesting to mention that AFP 

is a well-defined downstream target of FOXA1 [27], 
and a widely used biomarker for the early detection and 

diagnosis of HCC [28]. Our study indicated that miR-212 

decreased the expression of AFP by inhibiting FOXA1. 

Due to its association with AFP, miR-212 can potentially 

serve as a diagnostic biomarker for HCC. Therefore, 

it is worth to examine the sensitivity, specificity, and 
ROC on miR-212 as a diagnostic biomarker for HCC 

in further study. A recent study showed that YAP was 

a novel downstream target of FOXA1 [24]. And YAP 

overexpression is an early event in liver tumorigenesis 

[29] and can serve as an independent prognostic indicator 

for HCC patients [30]. Our data confirmed that miR-212 
down-regulated YAP expression by inhibiting FOXA1. 

Therefore, miR-212/FOXA1/YAP pathway potentially 

plays an important role in HCC. Further experiments are 

needed to determine the function of this pathway in HCC.

The critical role of miR-212 and FOXA1 in the 

tumor growth and their aberrant expressions in HCC 

tissues promoted us to examine their clinical significance. 
Interestingly, we confirmed, for the first time, that 
decreased level of miR-212 and elevated expression 

of FOXA1 were associated with poor clinical features 

of HCC. Furthermore, we confirmed that miR-212, 

FOXA1 and the combination of miR-212 and FOXA1 

were independent prognostic indicators for OS and DFS 

of HCC patients. And the prognostic significance of the 
combination of miR-212 and FOXA1 was more valuable 

than miR-212 or FOXA1 alone.

Currently, restoration of tumor suppressive miRNAs 

expression seems to be a promising strategy for cancer 

treatment [3]. Using the mimics for miR-34a and let-7 

[31] or lentiviral vectors encoding let-7 [32] has achieved 

remarkable therapeutic benefit in both murine and human 
NSCLC. Thus, miR-212 mimics or viral vectors encoding 

miR-212 may also become the treatment options for HCC 

in the future. Moreover, results of our in vitro and in vivo 

experiments suggest that miR-212 may be a therapeutic 

target for HCC. Therefore, comparing the advantage of 

miR-212 targeted therapies to conventional and targeted 

drugs (e.g. sorafenib) for HCC will be of great importance 

in further study.

In conclusion, we find that miR-212 is down-
regulated in HCC and its decreased expression is 

associated with poor prognostic features. In vitro and in 

vivo studies indicate that miR-212 inhibits tumor growth 

by inhibiting HCC cell proliferation and promoting 

apoptosis. Mechanistically, we suggest that miR-212 

inhibits HCC cell viability and proliferation, and induces 

apoptosis by suppressing FOXA1. Notably, miR-212, 

FOXA1, and the combination of miR-212 and FOXA1 are 

independent prognostic factors for OS and DFS of HCC 

patients. Taken together, we consider that miR-212 may 

potentially act as a clinical biomarker, and may also be a 

therapeutic target, in HCC.

MAterIAls And MetHods

clinical samples and data

A total of 95 HCC samples and paired normal 

tumor-adjacent samples (>2cm distance from the margin 

of resection) were collected and used after obtaining 

informed consent. All patients received curative resection 

of their primary HCC in the Department of Hepatobiliary 

Surgery at the First Affiliated Hospital of Xi’an Jiaotong 
University during January 2006 to December 2008 with 
a median follow-up time of 38.7 months. All enrolled 

patients did not receive any perioperative chemotherapy 

or embolization. All protocols of this study are approved 

by the Ethics Committee of Xi’an Jiaotong University.
Patients’ demographic and clinicopathologic data 

was obtained through review of hospital records. And 

disease recurrence and survival information was updated 

at each follow-up visit. The time between surgery date and 

first disease recurrence date was calculated as DFS. The 
time between the diagnostic biopsy or surgery date to death 

or last follow-up was determined as OS duration. The 
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demographic features and clinicopathologic characteristics 

are presented in Table 1. Then, we divided these enrolled 

patients into different subgroups based on the expression 

of miR-212 and FOXA1. The clinical features and survival 

information were compared between groups to determine 

the clinical significance and prognostic value of miR-212 
and FOXA1.

cell lines and transfection

Four HCC cell lines (HepG2, Huh7, Hep3B, 

and Bel-7402), and the human immortalized normal 

hepatocyte cell line (LO2) were obtained from the Institute 

of Biochemistry and Cell Biology, Chinese Academy of 

Sciences, Shanghai, China. All cells were cultured in 

complete Dulbecco’s modified Eagle medium (DMEM, 
Gibco, Grand Island, NY, USA) containing 10% fetal 

bovine serum (FBS, Gibco) with 100 units/mL penicillin 

and 100 μg/mL streptomycin (Sigma, St-Louis, MO, USA) 
in a humidified containing of 5% CO2 incubator at 37°C.

MiRNA vectors, including miR-212 expression 

vector (HmiR0269-MR04), the control vector for miR-

212 (CmiR0001-MR04), miR-212 inhibitor (HmiR-

AN0319-AM04) and the negative control for the miR-

212 inhibitor (CmiR-AN0001-AM04), were purchased 

from Genecopoeia (Guangzhou, China). Plasmids 

carrying human FOXA1 were purchased from OriGene 

(SC108256, Beijing, China). Cells were seeded at 1 × 

105 cells per well in a six-well plate and transfected with 

synthetic miRNA vectors and FOXA1-expression plasmid 

using Lipofectamine 2000 according to the manufacturer’s 

instructions (Invitrogen, Carlsbad, CA, USA). 

Immunohistochemical staining

Immunohistochemistry was performed on 

paraformaldehyde-fixed paraffin sections. Paraffin 
embedded samples were cut into 4 μm-thick sections, 
which were baked at 60 °C for at least 6 hours. Paraffin 
sections were then deparaffinized in xylene and re-
hydrated through graded ethanol. Antigen retrieval was 

performed in sodium citrate buffer for 2 minutes in a 

pressure cooker, and then these slices were quenched for 

endogenous peroxidase activity in 3% hydrogen peroxide 

for 10 min. They were blocked with goat plasma at 37 

°C for 30 minutes and incubated with FOXA1 antibody 
(1:100, #5089, Abcam, Cambridge, MA) or Ki-67 

antibody (1:100, #9027, Cell Signaling, Danvers, MA, 

USA) at 4 °C overnight. The biotinylated secondary 
antibody (ZSGB-Bio, Beijing, China) was used to detect 

the primary antibody. Then sections were incubated 

with diaminobenzidine before being counterstained with 

hematoxylin. At last, they were dehydrated in graded 

ethanol and transparentized in xylene. The percentage of 

positive tumor cells or hepatocytes was graded as per the 

following criteria: 0, less than10%; 1, 10–30%; 2, 31–

50%; 3, more than 50%.

Immunoblotting

Cells and xenograft tumor tissues were lysed in 

RIPA buffer (50 mM Tris pH 7.5, 150 mM NaCl, 1% 

TritonX-100, 5 mM ethylenediaminetetraacetic acid). 

Protein concentration was determined using the BCA 

Kit (Pierce, IL, USA). Protein samples (30 ug) were 

separated by sodium dodecyl sulfate-polyacrylamide 

gel electrophoresis and transferred onto a nitrocellulose 

membrane. The blots were then probed with antibodies 

against the following primary antibodies: FOXA1 

(1:1000), YAP (1:1000, #12395, Cell signaling, Danvers, 

MA, USA), AFP (1:1500, #3903, Cell signaling, 

Danvers, MA, USA) and β-actin (1:1000, #12262, Cell 
signaling, Danvers, MA, USA). Blots were incubated 

with horseradish peroxidase-conjugated goat anti-mouse 

or anti-rabbit secondary antibodies (1:5000-1:10000, Bio-

Rad, Hercules, CA, USA) and detected using the Bio-Rad 

Gel imaging system.

real-time quantitative reverse transcription 

polymerase chain reaction (qrt-Pcr)

The PCR amplification for the quantification of the 
miR-212 and U6 was performed using TaqMan miRNA 

Reverse Transcription Kit (Applied Biosystms, Foster 

City, CA, USA) and TaqMan Human MiRNA Assay Kit 

(Applied Biosystems). The relative expression of miR-212 

was shown as fold difference relative to U6.

cell viability and proliferation assays

2 × 103 HCC cells were seed in 96-well plates 

and the 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl 

tetrazolium bromide (MTT, Roche, USA) assay was 

employed to assess cell viability at 12, 24 and 36 hours. 

For proliferation assay, a Cell Proliferation ELISA, BrdU 

(5-bromodeoxyuridine) (chemiluminescent) (Roche, USA) 

was used as previously described [33].

cell apoptosis detection 

The apoptosis of cells was evaluated by the 

Annexin-V-FLUOS Staining Kit (Roche, USA), as 

previously described [34]. The caspase-3/7 activity 

assay was measured using an Apo-ONE® Homogeneous 

Caspase-3/7 Assay (Promega, Madison, WI, USA), as 

described in our previous study [35].
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luciferase reporter assay

The 3’-UTR sequence of FOXA1 predicted to 

interact with miR-212 or the mutated sequence within the 

predicted target sites was synthesized and inserted into 

the pGL3 control vector (Promega, Madison, WI, USA). 

These constructs were named as wt FOXA1-3’UTR or 

mt FOXA1-3’UTR, respectively. Then, HepG2 cells (1 × 

105) were seeded into 24-well plates, and were cultured in 

OptimMEM reduced serum media (Life Technologies) as 

per the recommended conditions, and were cotransfected 

with 200 ng of each luciferase reporter construct (the wt 

or mt 3’-UTR of FOXA1 mRNA) and miR-212 expression 

vector, miR-212 inhibitor, control vector or negative 

control (50 nM) using Fugene (Promega, Madison, WI, 

USA). After 48 h, the cells were harvested and luciferase 

activity was measured using the dual-luciferase reporter 

assay system (Promega, Madison, WI, USA). Firefly 
luciferase activity was normalized to the Renilla luciferase 

activity. Results were obtained from three independent 

experiments performed in triplicate.

In vivo experiments

4-6 week-old female BALB/c nude mice (Centre 

of Laboratory Animals, The Medical College of Xi’an 

Jiaotong University, Xi’an, China) were used to establish 
the nude mouse xenograft model. 5 × 106 HepG2 cells 

transfected with miR-212 expressing or control vectors 

were mixed in 150 uL of Matrigel and were inoculated 

subcutaneously into the flank of nude mouse. Tumor 
volume was determined by measuring two of its 

dimensions with calipers every 7 days, and then calculated 

as tumor volume = length × width × width/2. All mice 

were sacrificed at 3 weeks after the injection of HCC 
cells. The xenograft tumor tissues were explanted for 

pathological examination. Apoptosis cells in the isolated 

tumor tissues were detected using the TUNEL assay as 

described before. All in vivo protocols were approved by 

the Institutional Animal Care and Use Committee of Xi’an 

Jiaotong University.

statistical analysis

Results are presented as mean ± S.E.M. The SPSS 

statistical package for Windows Version 13 (SPSS, 

Chicago, IL, USA) and GraphPad Prism 5 software 

(GraphPad Software, Inc, San Diego, CA, USA) were 

used for the Pearson chi-squared test, a two-tailed 

Student’s t test, a Kaplan–Meier plot, a log-rank test or an 

ANOVA when appropriate. P < 0.05 was considered to be 

statistically significant.

AcKnowledgMents

This study was supported by grants from the 

National Natural Science Foundation of China [no. 

81402039 and 81272645].

conFlIcts oF Interest

The authors declare that they have no conflicts of 
interest.

reFerences

1. Yates LA, Norbury CJ and Gilbert RJ. The long and short 
of microRNA. Cell. 2013; 153:516-519.

2. Lujambio A and Lowe SW. The microcosmos of cancer. 

Nature. 2012; 482:347-355.

3. Corsini LR, Bronte G, Terrasi M, Amodeo V, Fanale D, 

Fiorentino E, Cicero G, Bazan V and Russo A. The role 

of microRNAs in cancer: diagnostic and prognostic 

biomarkers and targets of therapies. Expert Opin Ther Tar. 

2012; 16:S103-S109.

4. Chang RM, Yang H, Fang F, Xu JF and Yang LY. 
MicroRNA-331-3p promotes proliferation and metastasis 

of hepatocellular carcinoma by targeting PH domain and 

leucine-rich repeat protein phosphatase. Hepatology. 2014; 

60:1251-1263.

5. Su H, Yang JR, Xu T, Huang J, Xu L, Yuan Y and Zhuang 
SM. MicroRNA-101, down-regulated in hepatocellular 

carcinoma, promotes apoptosis and suppresses 

tumorigenicity. Cancer research. 2009; 69:1135-1142.

6. Yang X, Zhang XF, Lu X, Jia HL, Liang L, Dong QZ, Ye 
QH and Qin LX. MicroRNA-26a suppresses angiogenesis 
in human hepatocellular carcinoma by targeting hepatocyte 

growth factor-cMet pathway. Hepatology. 2014; 59:1874-

1885.

7. Santhekadur PK, Das SK, Gredler R, Chen D, Srivastava 

J, Robertson C, Baldwin AS, Jr., Fisher PB and Sarkar 
D. Multifunction protein staphylococcal nuclease domain 

containing 1 (SND1) promotes tumor angiogenesis in 

human hepatocellular carcinoma through novel pathway 

that involves nuclear factor kappaB and miR-221. The 

Journal of biological chemistry. 2012; 287:13952-13958.
8. Budhu A, Jia HL, Forgues M, Liu CG, Goldstein D, Lam 

A, Zanetti KA, Ye QH, Qin LX, Croce CM, Tang ZY and 
Wang XW. Identification of metastasis-related microRNAs 
in hepatocellular carcinoma. Hepatology. 2008; 47:897-

907.

9. Giordano S and Columbano A. MicroRNAs: new tools 

for diagnosis, prognosis, and therapy in hepatocellular 

carcinoma? Hepatology. 2013; 57:840-847.

10. Cho WCS. MicroRNAs: Potential biomarkers for cancer 

diagnosis, prognosis and targets for therapy. Int J Biochem 
Cell B. 2010; 42:1273-1281.



Oncotarget13227www.impactjournals.com/oncotarget

11. Ucar A, Vafaizadeh V, Jarry H, Fiedler J, Klemmt PA, 
Thum T, Groner B and Chowdhury K. miR-212 and 

miR-132 are required for epithelial stromal interactions 

necessary for mouse mammary gland development. Nature 

genetics. 2010; 42:1101-1108.

12. Incoronato M, Garofalo M, Urso L, Romano G, Quintavalle 
C, Zanca C, Iaboni M, Nuovo G, Croce CM and Condorelli 

G. miR-212 increases tumor necrosis factor-related 

apoptosis-inducing ligand sensitivity in non-small cell lung 

cancer by targeting the antiapoptotic protein PED. Cancer 

research. 2010; 70:3638-3646.

13. Jiping Z, Ming F, Lixiang W, Xiuming L, Yuqun S, Han 
Y, Zhifang L, Yundong S, Shili L, Chunyan C and Jihui 
J. MicroRNA-212 inhibits proliferation of gastric cancer 
by directly repressing retinoblastoma binding protein 2. 

Journal of cellular biochemistry. 2013; 114:2666-2672.
14. Meng X, Wu J, Pan C, Wang H, Ying X, Zhou Y, Yu 

H, Zuo Y, Pan Z, Liu RY and Huang W. Genetic and 

epigenetic down-regulation of microRNA-212 promotes 

colorectal tumor metastasis via dysregulation of MnSOD. 

Gastroenterology. 2013; 145:426-436 e421-426.

15. Walter BA, Valera VA, Pinto PA and Merino MJ. 
Comprehensive microRNA Profiling of Prostate Cancer. 
Journal of Cancer. 2013; 4:350-357.

16. Ma C, Nong K, Wu B, Dong B, Bai Y, Zhu H, Wang 

W, Huang X, Yuan Z and Ai K. miR-212 promotes 

pancreatic cancer cell growth and invasion by targeting the 

hedgehog signaling pathway receptor patched-1. Journal of 
experimental & clinical cancer research : CR. 2014; 33:54.

17. Wang SC, Lin XL, Li J, Zhang TT, Wang HY, Shi JW, 
Yang S, Zhao WT, Xie RY, Wei F, Qin YJ, Chen L, 
Yang J, Yao KT and Xiao D. MicroRNA-122 triggers 
mesenchymal-epithelial transition and suppresses 

hepatocellular carcinoma cell motility and invasion by 

targeting RhoA. PloS one. 2014; 9:e101330.

18. Bandiera S, Pfeffer S, Baumert TF and Zeisel MB. miR-

122--a key factor and therapeutic target in liver disease. J 
Hepatol. 2015; 62:448-457.

19. Wang B, Hsu SH, Wang X, Kutay H, Bid HK, Yu J, Ganju 
RK, Jacob ST, Yuneva M and Ghoshal K. Reciprocal 
regulation of microRNA-122 and c-Myc in hepatocellular 

cancer: role of E2F1 and transcription factor dimerization 

partner 2. Hepatology. 2014; 59:555-566.

20. Nucera C, Eeckhoute J, Finn S, Carroll JS, Ligon AH, 
Priolo C, Fadda G, Toner M, Sheils O, Attard M, Pontecorvi 

A, Nose V, Loda M and Brown M. FOXA1 is a potential 

oncogene in anaplastic thyroid carcinoma. Clinical cancer 

research : an official journal of the American Association 
for Cancer Research. 2009; 15:3680-3689.

21. Zhang C, Wang L, Wu D, Chen H, Chen Z, Thomas-

Ahner JM, Zynger DL, Eeckhoute J, Yu J, Luo J, Brown 
M, Clinton SK, Nephew KP, Huang TH, Li W and Wang 

Q. Definition of a FoxA1 Cistrome that is crucial for G1 
to S-phase cell-cycle transit in castration-resistant prostate 

cancer. Cancer research. 2011; 71:6738-6748.

22. Mehta RJ, Jain RK, Leung S, Choo J, Nielsen T, Huntsman 
D, Nakshatri H and Badve S. FOXA1 is an independent 

prognostic marker for ER-positive breast cancer. Breast 

cancer research and treatment. 2012; 131:881-890.

23. Li Z, Tuteja G, Schug J and Kaestner KH. Foxa1 and Foxa2 
are essential for sexual dimorphism in liver cancer. Cell. 

2012; 148:72-83.

24. Yu W, Qiao Y, Tang X, Ma L, Wang Y, Zhang X, Weng 
W, Pan Q, Yu Y, Sun F and Wang J. Tumor suppressor long 
non-coding RNA, MT1DP is negatively regulated by YAP 

and Runx2 to inhibit FoxA1 in liver cancer cells. Cellular 

signalling. 2014; 26:2961-2968.

25. Hanahan D and Weinberg RA. Hallmarks of cancer: the 

next generation. Cell. 2011; 144:646-674.

26. Wang J, Park JS, Wei Y, Rajurkar M, Cotton JL, Fan Q, 
Lewis BC, Ji H and Mao J. TRIB2 acts downstream of Wnt/
TCF in liver cancer cells to regulate YAP and C/EBPalpha 

function. Molecular cell. 2013; 51:211-225.

27. Taube JH, Allton K, Duncan SA, Shen L and Barton 
MC. Foxa1 functions as a pioneer transcription factor at 

transposable elements to activate Afp during differentiation 

of embryonic stem cells. The Journal of biological 
chemistry. 2010; 285:16135-16144.

28. Forner A, Llovet JM and Bruix J. Hepatocellular carcinoma. 
Lancet. 2012; 379:1245-1255.

29. Perra A, Kowalik MA, Ghiso E, Ledda-Columbano GM, 

Di Tommaso L, Angioni MM, Raschioni C, Testore E, 

Roncalli M, Giordano S and Columbano A. YAP activation 

is an early event and a potential therapeutic target in liver 

cancer development. Journal of hepatology. 2014; 61:1088-
1096.

30. Xu MZ, Yao TJ, Lee NP, Ng IO, Chan YT, Zender L, Lowe 
SW, Poon RT and Luk JM. Yes-associated protein is an 
independent prognostic marker in hepatocellular carcinoma. 

Cancer. 2009; 115:4576-4585.

31. Trang P, Wiggins JF, Daige CL, Cho C, Omotola M, 
Brown D, Weidhaas JB, Bader AG and Slack FJ. Systemic 
Delivery of Tumor Suppressor microRNA Mimics Using a 

Neutral Lipid Emulsion Inhibits Lung Tumors in Mice. Mol 

Ther. 2011; 19:1116-1122.

32. Kumar MS, Erkeland SJ, Pester RE, Chen CY, Ebert MS, 
Sharp PA and Jacks T. Suppression of non-small cell lung 
tumor development by the let-7 microRNA family. P Natl 

Acad Sci USA. 2008; 105:3903-3908.

33. Tu K, Yang W, Li C, Zheng X, Lu Z, Guo C, Yao Y and 

Liu Q. Fbxw7 is an independent prognostic marker and 
induces apoptosis and growth arrest by regulating YAP 

abundance in hepatocellular carcinoma. Molecular cancer. 

2014; 13:110.

34. Tu K, Zheng X, Zhou Z, Li C, Zhang J, Gao J, Yao Y 
and Liu Q. Recombinant human adenovirus-p53 injection 
induced apoptosis in hepatocellular carcinoma cell lines 

mediated by p53-Fbxw7 pathway, which controls c-Myc 

and cyclin E. PloS one. 2013; 8:e68574.



Oncotarget13228www.impactjournals.com/oncotarget

35. Zheng X, Vittar NB, Gai X, Fernandez-Barrena MG, Moser 

CD, Hu C, Almada LL, McCleary-Wheeler AL, Elsawa SF, 

Vrabel AM, Shire AM, Comba A, Thorgeirsson SS, Kim Y, 

Liu Q, Fernandez-Zapico ME, et al. The transcription factor 
GLI1 mediates TGFbeta1 driven EMT in hepatocellular 

carcinoma via a SNAI1-dependent mechanism. PloS one. 

2012; 7:e49581.


