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Upstream stimulatory factor 1 (USF-1) is an important transcription factor that participates in glucose
metabolism and tumorigenesis. The aim of the current study was to explore the regulatory mechanism
of USF-1 in HepG2 cells exposed to oxygen and glucose deprivation (OGD). After the establishment of
the OGD model in HepG2 cells, we determined that the cells treated with OGD exhibited a high apoptotic

Keywords: rate and that the introduction of siRNA against USF-1 protected the cells from OGD-induced apoptosis.
Upsnzeamusnmmamry factor 1 The miRNA microarray results demonstrated that a set of miRNAs were deregulated in the cells transfec-
:eggtoi s ted with USF-1 siRNA, and the set of downregulated miRNAs included a novel miRNA, miR-132. Further
Oiygen and glucose deprivation ..amalyses indicate.d that miR—.132 qverexpression'int}ibits.the protective.roles of USF—I siRNA in OGD-
miR-132 induced apoptosis. We also identified several binding sites for USF-1 in the miR-132 promoter. The

silencing of USF-1 resulted in a reduction in miR-132 expression, and USF-1 overexpression increased
the expression of this miRNA. Our study indicated that the silencing of USF-1 plays protective roles in
OGD-induced apoptosis through the downregulation of miR-132, which indicates that the silencing of

USF-1 may be a therapeutic strategy for the promotion of cancer cell survival under OGD conditions.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Upstream stimulatory factors (USFs) are members of the basic
helix-loop-helix leucine zipper family and function as important
cellular transcription factors by binding to the E-box motif within
genes. Therefore, the members of this family serve as key regula-
tors of the expression of genes involved in cell proliferation, stress,
and other cellular processes [1]. For instance, USFs can bind to the
E-box in the cdc2 gene and regulate its expression during the pro-
cesses of cell cycle and differentiation [2]. During the regulation of
the p53 tumor suppressor gene, a USF can also bind to the pro-
moter of p53 in a site-specific manner, resulting in the activation
of p53 expression [3], which indicates that USFs also play roles
in tumorigenesis. In addition, previous studies have demonstrated
that USFs are involved in metabolism, including the response to
glucose. USF-2 is reported to be involved in the regulation of
thrombospondin 1 gene expression in response to exposure to high
glucose concentrations [4]. The variant of USF-1 in hyperlipidemia

* Corresponding author. Fax: +86 022 60577196.
E-mail address: wrm20142233@sohu.com (R. Wang).
! These two author contribute equal to this work.

http://dx.doi.org/10.1016/j.bbrc.2014.03.064
0006-291X/© 2014 Elsevier Inc. All rights reserved.

and type 2 diabetes indicates that USF-1 is closely related to lipid
and glucose metabolism [5]. Moreover, USF-1 mediates the upreg-
ulation of hepatic lipid expression induced by glucose in HepG2
cells [6]. However, the response of USF-1 to low glucose or glucose
deprivation is poorly understood.

Oxygen and glucose play important roles in metabolism and
tumorigenesis [7]. Previous studies have demonstrated that oxy-
gen-glucose deprivation (OGD) results in cell damage. For exam-
ple, OGD can induce injury to oligodendrocyte precursor cells,
contributing to cell apoptosis [8]. The model of OGD in the central
neuron system results in the inhibition of cell viability and the
induction of inflammation [9]. Glucose deprivation increases the
production of reactive oxygen species and causes cancer cell death
[10]. USF-1 is validated as a glucose response element that also
functions as a hypoxia response element [11], indicating the poten-
tial roles of USF-1 during the induction of OGD. Thus, the aim of the
current study was to elucidate the regulatory mechanism of USF-1
in HepG2 cells treated with OGD.

The data obtained in this study demonstrate that OGD induces
the apoptosis of HepG2 cells and that the silencing of USF-1 inhibits
OGD-induced cell apoptosis. We then performed microarray analy-
ses to explore the target genes of USF-1 that may play protective


http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbrc.2014.03.064&domain=pdf
http://dx.doi.org/10.1016/j.bbrc.2014.03.064
mailto:wrm20142233@sohu.com
http://dx.doi.org/10.1016/j.bbrc.2014.03.064
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc

1054 R. Wang et al./ Biochemical and Biophysical Research Communications 446 (2014) 1053-1059

roles against cell apoptosis induced by OGD. Our results indicate
that the silencing of USF-1 may function as a therapeutic strategy
that results in cancer cell survival under OGD conditions.

2. Materials and methods
2.1. Cell culture and transfection

Hepatocarcinoma cells, namely, HepG2, Hep3B, Bel-7402,
SK-Hep1, LM-6, and LM-3 cells, were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM, Gibco) supplemented with 10%
fetal bovine serum (FBS) and maintained in a humidified incubator
at 37 °C with 5% CO,. The cells were transfected with USF-1 siRNA
and scramble controls, miR-132 mimics and the respective controls,
or pcMV-USF-1 and the respective controls using Lipofectamine™
2000 (Invitrogen) according to the manufacturers’ protocol. The
sequences for USF-1 siRNA were the following: sense, 5' GAC-
CCAACCAGUGUGGCUATT 3’; antisense, 5 UAGCCACACUGGU-
UGGGUCTT 3'. The miR-132 mimics and the pcMV-USF-1 plasmid,
as well as the controls, were purchased from Saier Company
(Tianjin, China).

2.2. Oxygen glucose deprivation (OGD) treatment

Prior to the induction of OGD, the medium was removed from
the cells, and the cells were then rinsed twice with 1x PBS without
Ca%*/Mg?*. The cells were then subjected to OGD for 2 h by being
suspended in a glucose-free solution (121.7 mM NaCl, 0.8 mM
MgSO,4, 20.7 mM NaHCOs;, 5.5mM KHCOs;, 1 mM NaH,;PO,,
1.8 mM CaCl,, 0.01 mM glycine, and 10 mM HEPES at pH 7.4) in
an anoxia incubator (95% N, and 5% CO,). After 2 h of OGD treat-
ment, the cells were removed from the anoxia incubator and cul-
tured under normal conditions. Cells that were not exposed to
OGD were used as controls and incubated under normal condi-
tions. For the treatment of USF-1 siRNA, the cells were transfected
with USF-1 siRNA, subjected to the OGD treatment, and then main-
tained under normal conditions for 24 h.

2.3. RNA isolation and real-time PCR

The total RNA from the cells was extracted using Trizol (Invitro-
gen) according to the manufacturer’s protocol. The RNA concentra-
tion was measured, and 500 pug of RNA was used for cDNA
synthesis. Real-time PCR was performed using the SYBR Premix
Ex Tagq™ Kit (TaKaRa) with the following conditions: 95 °C for
3 min and 40 cycles of 95 °C for 30 s, 56 °C for 30 s, and 72 °C for
30 s. U6 snRNA was used as an internal control for the normaliza-
tion of miR-132 expression. GAPDH was used as an internal control
for the normalization of USF-1 expression.

2.4. Western blotting

The transfected cells were subjected to a Western blotting assay
for the analysis of the expression levels of USF-1. Briefly, the cells
were washed with PBS and then lysed with RIPA buffer (50 mM
Tris-HCI pH 7.2, 150 mM NaCl, 1% Triton X-100, and 0.1% SDS)
for approximately 30 min at 4 °C. The concentration was deter-
mined, and 30 pg of the proteins were loaded into a 12% SDS-PAGE
gel for the analysis of USF-1. GAPDH was used as the loading con-
trol. A rabbit polyclonal antibody to USF1 (Abcam, ab180717) and a
rabbit polyclonal antibody to GAPDH (Abcam, ab9485) were used
as the primary antibodies. An HRP-conjugated goat anti-rabbit
antibody was used as the secondary antibody. The bound antibod-
ies were detected using the ECL Plus Western Blotting Detection
system (GE Healthcare), and the chemiluminescent signals were

detected using a high-performance chemiluminescence film (GE
Healthcare).

2.5. Annexin V-PE/7-AAD assay for apoptosis

Annexin V-FITC and 7-AAD (7-aminoactinomycin D) were used
for the detection of apoptotic cells. The transfected cells were
washed with ice-cold PBS, incubated with 10 pl of Annexin V-FITC
solution and 20 pl of 7-AAD viability dye in the absence of light,
and then covered with 400 pl of ice-cold Annexin V binding buffer.
The cells were then analyzed within 30 min using a flow
cytometer.

2.6. MTT assay

The cell viability was measured using the MTT assay. The cells
were seeded at a density of 5000 cells/well in 96-well plates.
Forty-eight hours after transfection, the cells were exposed to
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) for approximately 4 h and then incubated with DMSO for
10 min with shaking in the absence of light. The absorbance at
570 nm (ODs70nm) Was then measured using a spectrophotometer.

2.7. miRNA microarray

The total RNA from the transfected cells was extracted using a
miRCURY RNA isolation kit (Exiqon), and the RNAs were then sub-
jected to an miRNA microarray according to the manufacturer’s
instruction, as previously described [12].

2.8. Statistics

All of the data were acquired from three independent experi-
ments and are shown as the means * standard variation (SD). The
differences between groups were measured using Students’ t-test,
and P < 0.05 was considered statistically significant.

3. Results

3.1. USF-1 knockdown protects against OGD-induced apoptosis in
HepG2 cells

Because USF-1 is a glucose response element, we aimed to de-
tect the roles of USF-1 in OGD-induced cell apoptosis. We knocked
down the expression of USF-1 in HepG2 cells through the transfec-
tion of USF-1 siRNA, and the silenced USF-1 expression was con-
firmed by RT-PCR and Western blotting assay (Fig. 1A and B).
The degree of cell apoptosis was then analyzed with Annexin V-
FE/7-AAD. As shown in Fig. 3C and D, we discovered that OGD
treatment increased the percentage of apoptotic cells from
0.49 + 0.06% to 24.28 + 2.01%. In contrast, the analysis of the cells
that were transfected with USF-1 siRNA prior to OGD treatment
showed that the cell apoptosis exhibited by these cells was re-
duced compared to that observed in the untransfected cells after
OGD treatment. In line with the roles of USF-1 in cell apoptosis,
the silencing of USF-1 increased the cell viability that was reduced
by OGD (Fig. 1E). Taken together, these results suggest that the
silencing of USF-1 protects HepG2 cells from OGD-induced
apoptosis.

3.2. A set of miRNAs were regulated by USF-1 in HepG2 cells
Because miRNAs play important roles in cell apoptosis [13,14],

we used a miRNA microarray to determine the deregulated miR-
NAs that may be involved in the protective roles of USF-1 siRNA
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Fig. 1. Silencing of USF-1 protects HepG2 cells from OGD-induced apoptosis. (A and B) Cells transfected with USF-1 siRNA were subjected to RT-PCR and western blotting
assays for the analysis of the expression levels of USF-1 mRNA and protein. GAPDH was used as the internal control. (C and D) Cells treated with OGD (or OGD and USF-1
siRNA) were subjected to Annexin V-PE/7-AAD staining for the analysis of cell apoptosis using flow cytometry. The images in (C) represent cells under different conditions,
including live cells, early apoptotic cells, and dead cells. The graph in (D) indicates the percentages of apoptotic cells. (E) Cells treated with OGD (or OGD and USF-1 siRNA)
were subjected to the MTT assay for the analysis of cell viability. Untransfected cells that were not exposed to OGD treatment were used as control cells in all of these

experiments. The data are shown as the means + SD. *P < 0.05.

in OGD-induced apoptosis. As shown in Fig. 2A, we found that sev-
eral miRNAs are regulated by USF-1 siRNA, including both down-
regulated and upregulated miRNAs, compared to the cells
transfected with the USF-1 control siRNA. Based on the results of
the miRNA microarray, we performed a real-time PCR analysis to
confirm the effect of USF-1 on the expression of the miRNA identi-
fied from the microarray. As shown in Fig. 2B, USF-1 knockdown
increased or reduced the expression of the miRNAs that were
upregulated or downregulated in the miRNA microarray. These

data indicate that the miRNA microarray is reliable and that the
deregulated miRNAs may participate in the roles of USF-1 in cell
apoptosis.

3.3. miR-132 participates in the roles of USF-1 in OGD-induced
apoptosis in HepG2 cells

In the miRNA microarray, miR-132 was found to be downregu-
lated in the cells transfected with USF-1 siRNA. To determine
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Fig. 2. Silencing of USF-1 affects the expression of a set of miRNAs. (A) Cells transfected with USF-1 siRNA were subjected to a miRNA microarray assay to identify miRNAs
that are regulated by USF-1. The table shows several miRNAs that are either up- or downregulated due to the transfection of USF-1 siRNA. (B) The expression levels of six
miRNAs that were deregulated in the cells transfected with USF-1 siRNA were analyzed by real-time PCR. U6 RNA was used as the internal control. Untransfected cells were
used as the control cells. The data are shown as the means + SD. **P < 0.01 and ***P < 0.001.

whether miR-132 is involved in the roles of USF-1 in OGD-induced
apoptosis, we analyzed the roles of miR-132 in cell apoptosis and
cell viability. As shown in Fig. 3A and B, we discovered that the
silencing of USF-1 protected against OGD-induced apoptosis and
that this protective effect was disrupted by miR-132 overexpres-
sion. Similar miR-132-induced effects were also observed with cell
viability. Overall, these results suggest that miR-132 is involved in
the protective roles of USF-1 siRNA in OGD-induced cell apoptosis.

3.4. USF-1 may increase miR-132 by binding to its promoter

To investigate the mechanism through which USF-1 regulates
the miR-132 expression level, we used a bioinformatics tool (TF
SEARCH software) to screen for potential transcription factors that
bind to the miR-132 promoter. As shown in Fig. 4A, we found that
there are several binding sites for USF-1 on the miR-132 promoter.
We then used real-time PCR assays to confirm the transcription
factor roles of USF-1 in the activation of miR-132 expression. We
discovered that the silencing of USF-1 decreased the expression
level of miR-132 in several hepatocarcinoma cells, including
HepG2, Hep3B, Bel-7402, SK-Hepl, LM-6, and LM-3 cells

(Fig. 4B). To confirm the effect of USF-1 in miR-132 expression,
we overexpressed USF-1 and found that ectopic USF-1 expression
increases miR-132 expression (Fig. 4C). These data suggest that
USF-1 may increase miR-132 expression by binding to its pro-
moter, but the evidence of the interaction between the miR-132
promoter and USF-1 needs to be further investigated.

4. Discussion

[llustrating the molecular mechanism underlying the survival of
tumor cells under stress conditions is useful in the search for novel
drugs for tumor therapy. The purpose of this study was to evaluate
the protective effect of USF-1 siRNA in OGD-induced cell apoptosis.

The results of the current study show that OGD induces cell
apoptosis and inhibits cell viability. These results are in agreement
with the findings of previous studies [8,10]. The cells that were
transfected with the siRNA of USF-1 prior to OGD treatment exhib-
ited decreased cell apoptosis and increased cell viability in
response to OGD treatment compared to the untransfected cells,
which indicates that the silencing of USF-1 exerts a protective
effect in HepG2 cells against OGD-induced cell apoptosis. USF-1
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Fig. 3. Overexpression of miR-132 inhibits the protective roles of UFS-1 siRNA in OGD-induced apoptosis. (A and B) Cells co-transfected USF-1 siRNA and miR-132 mimics
and exposed to OGD were subjected to Annexin V-PE/7-AAD staining for the analysis of cell apoptosis using flow cytometry. The images in (A) represent cells under different
conditions, including live cells, early apoptotic cells, and dead cells. The graph in (B) shows the percentages of apoptotic cells. (C) Cells co-transfected USF-1 siRNA and miR-
132 mimics and exposed to OGD were subjected to an MTT assay for the analysis of cell viability. Untransfected cells were used as control cells in all of these experiments. The

data are shown as the means + SD. *P < 0.05.

is a novel transcription factor that can bind to the promoter of tar-
get genes and activate their transcription. Thus, the identification
of downstream genes of USF-1 will aid the investigation of the reg-
ulatory mechanism of USF-1 in OGD-induced apoptosis.

miRNAs are a family of conserved, small non-protein-coding
molecules that can guide gene expression in a sequence-specific
manner [15]. These molecules can bind to a complementary se-
quence in the 3'UTR of the target mRNA to induce target mRNA
cleavage [16,17] or translational repression [18]. It has been re-
ported that approximately 60% of protein-coding genes are regu-
lated by miRNAs, indicating that miRNAs are widely involved in
diverse biological processes, including cell growth, apoptosis, and
metabolism [19,20]. In addition, aberrant miRNA expression is clo-
sely related to the pathogenesis of tumors. To date, approximately
30% of the identified miRNAs have been found to be located in
genomic regions that are associated with tumors [21]. For instance,
miR-125b suppresses the proliferation and metastasis of liver can-
cer cells by targeting LIN28B2 [22]. miR-301 modulates the prolif-
eration and invasion of human breast cancer cells [23]. Because
miRNAs are widely involved in cell apoptosis and growth [20],
we performed an miRNA microarray to determine the downstream
targets of USF-1.

The miRNA microarray results revealed a set of miRNAs that
may be regulated by USF-1. A more detailed analysis of the down-
regulated miRNAs revealed that the expression of miR-132 if
downregulated in the cells transfected with USF-1 siRNA. This miR-
NA has been reported to be downregulated in some cancers and

functions as a tumor-suppressive miRNA. For instance, miR-132
has been demonstrated to be downregulated in benign breast can-
cer but not malignant breast cancer, indicating its tumor-suppres-
sive roles [24]. In the ductal carcinoma in situ form of breast cancer,
miR-132 is downregulated and can suppress cell proliferation [25].
Based on the inhibitory roles of miR-132 in cell proliferation, we
selected to further investigate the involvement of miR-132 in the
mechanism through which USF-1 protects against cell apoptosis.
Our data show that the silencing of USF-1 decreases the expression
of miR-132 and that USF-1 overexpression has the opposite effect.
In addition, through functional studies of miR-132 in cell apoptosis
and cell viability, we found that miR-132 overexpression increases
the cell apoptosis that was inhibited by USF-1 siRNA and inhibits
the cell viability induced by USF-1 knockdown. These data are in
agreement with the findings in previous reports [24-26].

To explore the mechanism through which USF-1 regulates miR-
132 expression, we analyzed the promoter of miR-132 and discov-
ered several binding sites for USF-1. A previous study indicated
that USF-1 can activate the expression of GATA through the E-
box motif and that the hypermethylation of the E-box inhibits
the activation of GATA5 by USF-1 [27]. It has been reported that
the promoter of miR-132 is hypermethylated in tumors [28].
Therefore, we hypothesized that the hypermethylation of the E-
box in the miR-132 promoter may disrupt the interaction between
miR-132 and USF-1 and that USF-1 may inhibit miR-132 expres-
sion. Conversely, our data demonstrate that USF-1 increases miR-
132 expression, suggesting that the E-box in the miR-132 promoter
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Fig. 4. USF-1 regulates the expression levels of miR-132. (A) Several binding sites for USF-1 were identified in the promoter of miR-132. (B) The effect of USF-1 on miR-132
expression in several hepatocarcinoma cell lines transfected with USF-1 siRNA was analyzed by real-time PCR. The cells transfected with USF-1 siRNA exhibited reduced miR-
132 expression levels. (C) Cells transfected with an USF-1 overexpression plasmid (pcMV-USF-1) were subjected to real-time PCR for the analysis of miR-132 expression. The
cells transfected with the pcMV-USF-1 plasmid exhibited increased miR-132 expression. Untransfected cells were used as the control cells in all of these experiments. All of
the data are shown as the means + SD. *P < 0.05 and ***P < 0.001. (D) Model of the mechanism through which USF-1 regulates OGD-induced apoptosis. OGD causes HepG2 cell
apoptosis, and the silencing of USF-1 decreases miR-132 expression. However, the inhibition of miR-132 by USF-1 knockdown suppresses the cell apoptosis induced by OGD.

may not be hypermethylated, but the detailed methylated regions
or the methylated status of miR-132 in HepG2 cells needs to be
further investigated.

In conclusion, our results indicate that USF-1 knockdown pro-
tects HepG2 cells from apoptosis induced by OGD via the downreg-
ulation of miR-132 (Fig. 4D). The study indicates that the silencing
of USF-1 or the inhibition of miR-132 may allow HepG2 cells to
survive under OGD conditions, which indicates the potential of
USF-1 and miR-132 as therapeutic targets for hepatocarcinoma.
However, the roles of miR-132 and its targets in HepG2 cells need
to be investigated further.
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