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Hepatocellular carcinoma (HCC) is the most common cancer in the world. MicroRNAs (miRNAs) are a type 
of small noncoding RNA that can regulate the expression of target genes under physiological and pathophysi-
ological conditions. Aberrant expression of microRNA-935 (miR-935) has been reported in cancer studies. 
However, its expression and mechanism in HCC remain unclear. In our study, we found that miR-935 was 
upregulated in liver cancer tissues and cells. Overexpression of miR-935 in liver cells promoted cell prolif-
eration, tumorigenesis, and cell cycle progression, whereas inhibition of miR-935 reduced cell proliferation, 
tumorigenicity, and cell cycle progression. These changes in the properties of HCC cells were associated with 
upregulation of two well-known cellular G1/S transitional regulators: cyclin D1 and c-Myc. Additionally, we 
identified SOX7 as a direct target of miR-935. Overexpression of miR-935 inhibited SOX7 expression but pro-
moted the levels of c-Myc and cyclin D1, which promotes cell proliferation and tumorigenesis; knockdown of 
miR-935 increased SOX7 level and inhibited c-Myc and cyclin D1 expression, whereas SOX7 silencing could 
promote cell proliferation, cell motility, and invasiveness in vitro. Our findings suggest that miR-935 represents 
a biomarker and a potential new target in HCC progression by suppressing SOX7 expression.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is the fifth most 
common cancer and the third most common cause of 
cancer mortality in the world1–3. The absence of routine 
screening means that most HCC cases are initially diag-
nosed at advanced stages, and patients die from tumor 
growth or liver failure4. The late onset of clinical symp-
toms accounts for the late diagnosis and poor prognosis; 
therefore, the identification of reliable biomarkers for 
HCC is especially important. Screening for new targets 
and drugs for HCC is one important mission of doctors 
and biologists.

MicroRNAs (miRNAs) are about 21 nt noncoding 
RNAs. They inhibit gene expression by directly binding to 
the 3¢-UTR of genes and blocking mRNA translation and/
or mediate mRNA degradation5. They have been demon-
strated to play an important role in the development and 
progression of various cancers. For example, miR-221 
promotes the self-renewal of breast cancer stem cells by 
suppressing ATXN16, and miR-221/222 contributes to 

the invasion and angiogenesis of glioma through target-
ing TIMP27. miRNAs have been found to regulate the 
progression of HCC. Recently, multiple miRNAs have 
been shown to be implicated in HCC progression, such as 
miR-1018, miR-126, miR-1439, miR-14510,11, miR-18512, 
miR-199b8, miR-22110, miR-22310, and miR-2249. miR-
935 may be a prognostic biomarker of weight loss13; it 
also upregulates in CD133+ neural stem cells compared to 
medulloblastoma specimens14. However, its role in liver 
cancer has not been reported.

We first determined the miR-935 level in liver cancer 
cells and tissues and examined its role in the proliferation 
of liver cancer cell lines HepG2 and BEL7402 by over-
expressing and downregulating its expression. We found 
that miR-935 was upregulated in liver cancer cells and 
tissues, and overexpression of miR-935 promoted cell 
proliferation and tumorigenesis in vitro and that knock-
down of miR-935 reduced these effects. We found that 
sex-determining region Y box 7 (SOX7) was the direct tar-
get of miR-935. Simultaneous knockdown of SOX7 and 
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miR-935 promoted cell proliferation and tumorigenesis 
in vitro, and miR-935 contributed to the cell proliferation 
of liver cancer through inhibiting SOX7.

MATERIALS AND METHODS

Cell Lines and Cell Culture

Human liver cancer cell lines BEL7402, HCCC-
9810, Hep3B, HepG2, HuH7, MHCC97-L, MHCC97-H, 
and QGY-7703 were obtained from the American Type 
Culture Collection (ATCC; Manassas, VA, USA). Cell 
lines were cultivated in RPMI-1640 medium (Gibco, 
USA) supplied with 10% fetal bovine serum (FBS; Gibco) 
at 37°C in a humidified atmosphere containing 5% CO2. 
Immortalized normal liver epithelial cells (Chang liver) 
were maintained in RPMI-1640 medium (Gibco) sup-
plied with 10% FBS (Gibco) at 37°C in a humidified 
atmosphere containing 5% CO2.

Tissue Samples and Patient Data

Tumor specimens and nontumorous specimens from 
60 patients with liver cancer were obtained from the First 
Affiliated Hospital of Zhengzhou University between 
2011 and 2015. Follow-up data were obtained from review 
of the patients’ medical records. None of the patients had 
received radiotherapy or chemotherapy before surgical 
resection. This study was conducted under the regulations 
of the Institutional Review Board of Zhengzhou Medical 
University. Informed consent was obtained prior to sur-
gery from all enrolled patients.

RNA Extraction, Reverse Transcription,  
and Real-Time PCR

Total RNA from cultured cells was extracted using the 
TRIzol reagent (Takara, Japan) according to the manufac-
turer’s instructions. TaqMan microRNA assays (Applied 
Biosystems, Foster City, CA, USA) were used to deter-
mine the expression levels of miR-935 after reverse 
transcribing by sequence-specific primers (Applied Bio
systems), and U6 small nuclear RNA was used as an 
internal control. Quantitation of miRNA was based on 
the threshold cycle (Ct), and relative expression was cal-
culated as 2−[(Ct of miR-935) − (Ct of U6)] after normalization to the 
U6 small nuclear RNA. Three independent experiments 
were carried out to analyze the relative gene expression, 
and each sample was tested in triplicate.

Western Blot Analysis

Western blot was performed according to the method 
described previously. The following antibodies were used 
for analysis: anti-SOX7 (sc-20093; 1:1,000 dilution; 
Santa Cruz Biotechnology, Santa Cruz, CA, USA), and 
GAPDH (1:1,000; 10494-1-AP; Proteintech) served as 
the loading control.

miR-935 Mimics and Inhibitors

miRNA-935 mimic, miR-935 inhibitor, small interfer-
ence RNA for SOX7 (SOX7-siRNA), and their negative 
control RNA and their negative control RNA oligonucle-
otides were purchased from GenePharma (Shanghai, 
P.R. China). The liver cancer cell line cells were trans-
fected using Lipofectamine 3000 (Invitrogen, Carlsbad, 
CA, USA) according to the manufacturer’s instruction. 
Scramble siRNA was used as the control. After 48 h, the 
cells were harvested for further analysis.

Cell Proliferation and Colony Formation Assay

Cells (2 ́  103 cells per well) were incubated in 96-well 
culture plates in 100 ml of medium. CCK-8 (Dojindo 
Laboratories, Japan) was used according to the manufac-
turer's instructions. Absorbance was measured at 450 nm 
2 h after the addition of 10 ml of CCK-8 reagent per well 
to calculate the number of viable cells using a microplate. 
Cell viability was shown as the percentage of viable cells 
with vehicle-treated cells arbitrarily set as 100% viability. 
Cells (0.5 ́  103) were plated into six-well plates and cul-
tured for 10 days. Colonies were then fixed for 5 min with 
10% formaldehyde and stained with 1.0% crystal violet 
for 30 s.

Flow Cytometry Analysis

Cells (0.5 ́  104) were harvested by trypsinization, 
washed in ice-cold phosphate-buffered saline, and fixed 
in 80% ice-cold ethanol in phosphate-buffered saline. 
Before staining, cells were gently precipitated and resus-
pended in cold phosphate-buffered saline. Bovine pancre-
atic ribonuclease (Sigma-Aldrich, St. Louis, MO, USA) 
was added to a final concentration of 2 μg/ml, and cells 
were incubated at 37°C for 30 min, followed by incuba-
tion with 20 μg/ml propidium iodide (Sigma-Aldrich) for 
20 min at room temperature. Cell samples (5 ́  105) were 
then analyzed by a FACSCalibur flow cytometer (BD 
Biosciences, San Jose, CA, USA).

Migration and Invasion Assay

Cells were seeded into Transwell chambers (Corning, 
Corning, NY, USA) in the upper chambers in 200 μl of 
RMPI-1640 medium, and 500 μl of RMPI-1640 medium 
containing 10% FBS was added into the lower wells as 
the chemoattractant. Twenty-four hours later, the fil-
ters were stained with crystal violet. For invasion assay, 
chambers were coated with Matrigel (BD Biosciences). 
Cell migration and invasion were assessed by counting 
the number of cells that had penetrated through the filter. 
The experiments were repeated at least three times.

Polycarbonate filters (8-um pore size) were coated 
with Matrigel (BD Biosciences, Canada) at a concentra-
tion of 1 μg/ml and placed in 24-well cell culture plates. 
Then 1 ́  105 cells per well in 100 μl of FBS-free media 
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were seeded onto the upper part of the chamber, whereas 
its lower compartment was filled with media containing 
10% FBS as a control. After 36 h at 37°C, cells that had 
invaded the Matrigel-coated membrane were fixed with 
4% formaldehyde and stained using hematoxylin and 
eosin (H&E). Nonmigrated cells at the upper side of the 
filter were swiped off. A minimum of 10 fields per filter 
were counted.

Statistical Analysis

All statistical analyses were performed using the 
SPSS17.0 (SPSS Statistics, Chicago, IL, USA) software. 
Data were expressed as mean ± SD and analyzed using 
the Student’s t-test. Paired t-test was used for paired 
samples. A value of p < 0.05 was considered statistically 
significant.

RESULTS

miR-935 Is Upregulated in Human HCC Tissues  
and Cell Lines

To determine the role of miR-935 in liver cancer, real-
time (RT)-PCR was performed in 60 tumor and 40 corre-
sponding nontumorous tissues. RT-PCR analysis revealed 
frequent upregulation of miR-935 expression in tumor tis
sues compared with the neighboring noncancerous tissues 

(p < 0.01) (Fig. 1A). In addition, 40 paired tumor tissues 
and corresponding neighboring noncancerous tissues 
were analyzed, showing significant upregulation of miR-
935 in tumor tissues (p < 0.001) (Fig. 1B). Subsequently, 
RT-PCR demonstrated that miR-935 was overexpressed 
in eight HCC cell lines compared with the noncancer 
hepatocyte cell line Chang liver (p < 0.001) (Fig. 1C). 
Collectively, these results indicate that miR-935 is over-
expressed in HCC cell lines and tissues.

miR-935 Upexpression Is Related  
to Disease Progression

To investigate the prognostic role of miR-935 upregu-
lation in liver cancer, patients were divided into high- and 
low-935 groups according to the median value of miR-
935 expression in all 60 cases. Kaplan–Meier analysis 
revealed that the upregulation of miR-935 was signifi-
cantly correlated with poorer outcome in liver cancer 
(Fig. 2). These results suggested that miR-935 might play 
an important role in liver cancer progression.

Overexpression of miR-935 Promotes the Proliferation 
of HCC Cells

We transfected miR-935 mimic into liver cancer cell 
line HepG2 and BEL7402 to investigate the role of 

Figure 1.  miR-935 was significantly upregulated in human HCC tissues and cell lines. (A) The expression of miR-935 in nontumor-
ous tissues (Normal, n = 40) and liver cancer tissues (Cancer, n = 60) was determined by RT-PCR. (B) Expression of miR-935 in 40 
representative liver cancer tissues and their corresponding nontumorous tissues from the same patients were analyzed side by side for 
comparison. (C) Expression of miR-935 in eight HCC cell lines compared with the noncancer hepatocyte cell line Chang liver.
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miR-935 (Fig. 3A). CCK-8 analysis showed that over-
expression of miR-935 increased the cell proliferation 
rate (Fig. 3B and C). Colony formation analysis found 
that overexpression of miR-935 significantly promoted 
cell proliferation (Fig. 3D). Together, miR-935 over
expression promoted cell proliferation and tumorigenesis 
in vitro.

Downregulation of miR-935 Inhibits Proliferation 
Through Inducing Cell Apoptosis In Vitro

HepG2 and BEL7402 cells were successfully trans-
fected with the miR-935 inhibitor (Fig. 4A). The CCK-8 
assay demonstrated that inhibition of miR-935 signifi-
cantly reduced the cellular growth of HepG2 and BEL7402 
cells (Fig. 4B and C). Furthermore, downregulation of 
miR-935 inhibited HepG2 and BEL7402 cell prolifera-
tion in the colony formation assay and anchorage in the 
dependent growth ability assay (Fig. 4D). Moreover, we 
found that downregulation of miR-935 could promote cell 
apoptosis compared with control cells (Fig. 4E). These 

Figure 3.  Overexpression of miR-935 promotes the proliferation of HCC cells. (A) The expression of miR-935 in liver cancer cell 
HepG2 and BEL7402 after transfection of miR-935 mimic. (B, C) Cell proliferation was detected by the CCK-8 assay at 24, 48, 
72, and 96 h after transfection with NC or miR-935 mimics in HepG2 and BEL7402. (D) Colony formation analysis of HepG2 and 
BEL7402 in response to the overexpression of miR-935 was performed.

Figure 2.  miR-935 upexpression is related to disease progres-
sion. The Kaplan–Meier curve for overall survival rate of liver 
cancer patients according to the expression of miR-935.
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results suggest that downregulation of miR-935 reduced 
proliferation through promoting apoptosis in HCC cells.

Downexpression of miR-935 Inhibited Cell Motility 
and Invasiveness In Vitro

An invasion assay was used to evaluate the effect 
of miR-935 on the metastatic potential of human liver 
cancer. BEL7402 and HepG2 were transfected with the 
miR-935 inhibitor and then analyzed for their metastatic 
potential using Transwell assays. Our results showed 
that the migration and invasion abilities of the miR-
935 downexpression group were significantly reduced 
when compared with the control group (Fig. 5A and B). 
These results demonstrated that downregulation of miR-
935 could inhibit the metastatic potential of human 
liver cancer.

SOX7 Was a Direct and Functional Target  
of miR-935 in HCC

SOX7 was the theoretical target gene of miR-935, as 
determined by analysis using publicly available algo-
rithms including TargetScan. Western blot analysis found 
that overexpression of miR-935 inhibited SOX7 expres-
sion, and knockdown of miR-935 increased SOX7 expres-
sion (Fig. 6A). Cyclin D1 and c-Myc are well-known 
oncogenes. RT-PCR analysis found that miR-935 knock-
down inhibited cyclin D1 and c-Myc, and overexpression 
of miR-935 promoted cyclin D1 and c-Myc expression  
(Fig. 6B). Further analysis revealed that the expression of 
miR-935 is inversely correlated with the SOX7 mRNA 
level in human liver cancer (Fig. 6C). We found that 
SOX7 silencing could promote cell proliferation, motil-
ity, and invasiveness in vitro (Fig. 6D–G). These results 
showed that SOX7 has an opposite effect on cell prolif-
eration and migration, in comparison with miR-935, indi-
cating that it may be a functional target of miR-935 in 
human liver cancer cells.

DISCUSSION

In this study, we found that miR-935 was upregulated 
in liver cancer tissues and cells, suggesting it might con-
tribute to the development and progression of liver cancer. 
In addition, it was found that overexpression of miR-935 
promoted cell proliferation and tumorigenesis in vitro, 
whereas knockdown of miR-935 inhibited cell prolifera-
tion and tumorigenesis in vitro. The tumor suppressor 
SOX7 is a direct target of miR-935, and knockdown of 
SOX7 in miR-935 inhibited cell promotion, proliferation, 
and tumorigenesis in vitro.

SOX7, together with SOX17 and SOX18, belongs 
to the SOX F subfamily15,16. It has been implicated in 
human cancers17, and its involvement in suppressing 
pathways such as Wnt/b-catenin signaling is highly acti-
vated in breast cancer18. Increasing lines of evidence have 

shown that SOX7 may disrupt the transcriptional func-
tion of the b-catenin–TCF/LEF (T-cell factor/lymphoid 
enhancer factor) complex and inhibit the activity of Wnt 
target genes, including cyclin D1, c-Myc, and COX-219. 
Several recent studies have demonstrated SOX7 to be a 
tumor suppressor through the Wnt/b-catenin signaling 
pathway in multiple cancers20,21. c-Myc and cyclin D1 are 
the downstream targets of the Wnt pathway, and cyclin 
D1 promotes the G1/S transition. c-Myc promotes cell 
cycle progression by multiple mechanisms. In our study, 
we found that miR-935 overexpression downregulated 
SOX7 protein expression and also increased c-Myc and 
cyclin D1 levels.

Taken together, this study demonstrates that miR-935 
is markedly upregulated in HCC cells and clinical tissues 
compared with the matched adjacent noncancerous tissues 
from the same patients. Furthermore, SOX7 is a direct 
target gene of miR-935, and overexpression of miR-935 
reduced the expression of SOX7 and inhibited the prolif-
eration of HCC cells in vitro, whereas downregulation of 
miR-935 had the opposite effect. Further investigation is 
required to fully characterize the biological function of 
miR-935 and its clinical relevance in the development of 
HCC. Although the precise mechanisms are not yet fully 
understood, this study suggests that miR-935 may play 
an important role in regulating the proliferation of HCC 
cells and indicates that miR-935 may represent a poten-
tial therapeutic target for HCC.
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