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Abstract: MicroRNA-22-3p (miR-22-3p) is downregulated in hepatocellular carcinoma (HCC), which contributes to
the development and progression of HCC. In this study, berberine treatment upregulated miR-22-3p expression in
HepG2 cells. Therefore, we investigated whether berberine suppresses the proliferation of HCC cells and explored
the underlying mechanism. The HCC HepG2 cell line was treated with a gradient of berberine concentrations (O-
300 pM) for 48 h, and 100 uM berberine inhibited cell growth at 24 h. The HepG2 cells were then incubated with
100 uM berberine for 0-48 h, and after treatment for 24 h, berberine markedly suppressed HepG2 cell growth and
significantly upregulated miR-22-3p expression. Berberine also downregulated the expression of SP1, CCND1, and
BCL2, determined with western blotting. Dual luciferase reporter assays and western blot analyses showed that
miR-22-3p directly targeted SP1, thereby suppressing the expression of its downstream targets, CCND1 and BCL2.
SP1 knockdown with small interfering RNA also reduced CCND1 and BCL2 expression in HepG2 cells. Therefore, we
conclude that berberine treatment suppresses cancer cell growth by regulating miR-22-3p and SP1 and its down-

stream targets, CCND1 and BCL2, in HCC.
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Introduction

Liver cancer is the fifth most prevalent form of
cancer and the third leading cause of cancer-
related death worldwide, followed by lung and
colon cancers [1]. Hepatocellular carcinoma
(HCC) is one of the most common forms of
adult liver cancer, representing over 90% of all
cases of primary liver cancer [1, 2]. Despite
extensive efforts to improve the diagnosis and
therapeutic strategies for HCC, the average
survival of HCC patients has been improved
only slightly in the past decade, so the discov-
ery of new treatment modalities is essential
[2-4].

Berberine, the major alkaloid component of
Huang Lian (Rhizoma coptidis) and other me-
dicinal herbs, is a commonly used medicine in
China [5, 6]. Berberine is a strong inhibitory
drug used in the treatment of inflammation
because it has both antimicrobial and anti-

inflammatory effects [7, 8]. Studies have recen-
tly shown that berberine also has antitumor
activity, inhibiting the growth, invasion, and
metastatic capacities of several cancers [6,
9-11]. Recent studies of HCC have focused on
the inhibition of cell growth, cell-cycle arrest,
the induction of apoptosis, and the prevention
of metastasis in this cancer [12-18].

The microRNAs (miRNAs) are a very large gene
family encoding small noncoding RNAs of
approximately 17-25 nucleotides [19]. These
regulate the expression of protein-coding genes
at the posttranscriptional level by binding to the
3’-untranslated regions (3’-UTRs) of their target
mMiRNAs [20]. Among the miRNAs, miR-22-3p is
a 22-nucleotide noncoding RNA that was origi-
nally identified as a tumor suppressor in HelLa
cells [21, 22]. Its expression has since been
detected in a variety of tissues, including the
liver, breast, lung, skin, and gastric cancer [23,
24]. Several studies have also shown that miR-
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22-3p is associated with many important bio-
logical processes, including neuroprotection,
tumorigenesis, and various other tumor pro-
gressions [25]. However, the roles of miR-22-3p
in the progression of various tumors are incon-
sistent. In some studies, miR-22-3p was report-
ed to act as an oncogene, promoting malignan-
cy in breast cancer, lung cancer, and multiple
myeloma [26-29]. While, several reports have
also shown that it may act as a tumor suppres-
sor in gastric cancer and esophageal squa-
mous cell carcinoma [30, 31].

In this study, we found that berberine treatment
inhibited the proliferation of HepG2 cells in a
time- and concentration-dependent manner.
Berberine also upregulated the expression of
miR-22-3p and downregulated the expression
of SP1 and its downstream targets, CCND1 (a
cell-cycle-related protein) and BCL2 (an apopto-
sis-related protein), in HepG2 cells. We demon-
strate that an miR-22-3p mimic and inhibitor
also regulated SP1, CCDN41, and BCL2 expres-
sion, confirming that SP1 is a direct target of
miR-22-3p. In conclusion, we show that the
overexpression of miR-22-3p suppresses the
growth of HepG2 cells by directly targeting SP1.
Our results indicate that miR-22-3p functions
as a tumor suppressor and is a potential thera-
peutic target in HCC patients.

Materials and methods
Cell lines and culture conditions

The human HCC cell line HepG2 was obtained
from the Type Culture Collection of the Chinese
Academy of Sciences (Shanghai, China). It was
routinely cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Invitrogen, Carlsbad,
CA, USA) supplemented with 10% fetal bovine
serum (FBS; HyClone, Logan, UT, USA) at 37°C
in a humidified atmosphere of 5% CO.,,.

miRNAs and small interfering RNAs (siRNAs)

The miRNA mimic, inhibitor, and their negative
controls were purchased from Thermo Scientific
Dharmacon (Lafayette, CO, USA), and were
transiently transfected with a final concentra-
tion of 100 nmol/L using Lipofectamine® 2000
(Invitrogen) according to the manufacturer’s
instructions. After incubation for 5 h, the medi-
um was replaced with DMEM containing 10%
FBS. To knockdown human SP1 expression,
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cells were transfected with the appropriate
siRNA using Lipofectamine® 2000 (Invitrogen).
After 48 h, the levels of protein expression were
measured with western blotting.

Quantitative real-time reverse transcription-
PCR (qRT-PCR)

Total RNA was extracted from cultured cells
with TRIzol® Reagent (Invitrogen) and reverse
transcribed to cDNA with the PrimeScript RT-
PCR Kit (TaKaRa, Shiga, Japan). Real-time PCR
was performed with a SYBR® Premix Ex Tag™ Il
kit (TaKaRa), according to the manufacturer’s
protocol, on an MX3005P QPCR System (Stra-
tagene, La Jolla, CA, USA). All the reactions
were performed in triplicate. The -delta delta Ct
(22Ct) method for the relative quantification of
gene expression was used to determine the
miRNA expression levels. The forward and re-
verse primers for miR-22-3p were 5-AAGCTG-
CCAGTTGAAGAACTGTA-3’ and Universal Primer
(Qiagen, Hilden, Germany), respectively, and for
u6 were 5-CTCGCTTCGGCAGCACA-3’ and sn-
RNA 5-AACGCTTCACGAATTTGCGT-3’, respec-
tively. All the primers were synthesized by Sh-
anghai Sangon Biological Engineering Techno-
logy and Services Co., Ltd (Shanghai, China).

Western blotting

Western blotting assay was performed as fol-
lowing. Cells were harvested and lysed with
M-PER Protein Extraction Reagent (Pierce,
Rockford, IL, USA) supplemented with protease
inhibitor cocktail. Protein concentrations of the
extracts were measured with the bicinchoninic
acid assay (Pierce, CA, USA) and equalized with
the extraction reagent. Equal amounts of the
extracts were loaded and subjected to SDS/
PAGE, transferred onto nitrocellulose membr-
anes, and then blotted as previously described.
The primary antibodies used were: anti-SP1
(Abnova, Taipei, Taiwan), and anti-survivin (Ser-
473), anti-BCL2, and anti-glyceraldehyde 3-ph-
osphate dehydrogenase (GAPDH; Cell Signaling
Technology, Danvers, MA, USA).

Cell viability assay

HepG2 cells (500 cells per well) were plated
into six individual wells of a 96-well plate in 100
pL of complete medium and allowed to attach
overnight. The cells were then treated with
0-300 uM berberine for 48 h. After treatment,
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Figure 1. Berberine treatment inhibits cell proliferation and upregulates miRNA-22-3p expression in HepG2 cells.
A: HepG2 cells were stimulated with 0-200 uM berberine for 0-48 h. Inhibition of cell proliferation by berberine was
measured with an MTT assay. B: HepG2 cells stimulated with 100 uM berberine for up to 48 h compared with the
untreated control. miRNA-22-3p expression was measured with gRT-PCR and is expressed as fold increases.

20 pL of Cell Counting Kit-8 (CCK-8; Beyotime,
Nanjing, China) was added to each well and the
plates incubated for 2 h at 37°C. The Thermo
Multiskan™ Spectrum Reader (Thermo Scien-
tific) was used to measure the absorbance at
570 nm.

Measurement of the cell cycle

After treatment with 100 uM berberine for 24
h, HepG2 cells (1 x 10°) were fixed in 70% etha-
nol at -20°C overnight. After the cells were
washed, they were incubated with 0.25 mg/mL
RNase A at 37°C for 30 min. Then 5 uL of prop-
idium iodide (Pl; KeyGen, Nanjing, China) was
added to the cell suspension, which was incu-
bated at room temperature for a further 30 min
in the dark. The mixture was analyzed for cell-
cycle progression with a FACSCalibur™ flow
cytometer (BD Biosciences, San Jose, CA, USA).

Measurement of apoptosis

HepG2 cells were plated in six-well plates at a
density of 2 x 10° cells/well and treated with
100 uM berberine for 24 h. The cells were later
collected, gently vortexed, resuspended in
binding buffer at a concentration of 3 x 10%/
mL, and 100 uL of the cell suspension was
added to 5 yL of annexin V-FITC and 10 L of PI.
The samples were mixed for 15 min in the dark
at room temperature, and 400 pL of phos-
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phate-buffered saline was added to the solu-
tion. AFACScan flow cytometer (BD Biosciences)
was used to count the cells (1 x 10%) at an exci-
tation wavelength of 490 nm. The CellQuest
software was used for data collection and
processing.

3’-UTR luciferase reporter assays

A human SP1 3’-UTR luciferase reporter con-
struct was prepared by cloning the human SP1
mRNA 3’-UTR sequence into pMIR-REPORT
(Ambion, Austin, TX, USA). The SP1 3-UTR
mutant binding sites were synthesized with
PCR. HepG2 cells were cotransfected with 100
ng of the luciferase reporter plasmid and 40 ng
of the Renilla-luciferase-encoding pRL-TK plas-
mid (Promega, Madison, WI, USA). The final
concentration of RNA (100 nM) was determined
with Jet-siENDO transfection reagent (Polyplus-
Transfection, Graffenstaden, France). After in-
cubation for 24 h, the luciferase activity was
measured with the Dual-Luciferase Reporter
Assay System (Promega, Sunnyvale, CA, USA),
and the data were normalized for transfection
efficiency by dividing the firefly luciferase activ-
ity by the Renilla luciferase activity.

Statistical analysis
All experiments were carried out at least 3

times with triplicate samples. The differences
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Figure 2. Berberine treatment induces cell-cycle arrest in HCC cells. Stimulated HepG2 cells and untreated control
cells were harvested and analyzed with flow cytometry, and the cell-cycle distributions were determined.

between groups were analyzed by one-way
ANOVA when there were more than two groups.
In all cases, differences were considered to be
statistically significant at P < 0.05. All analyses
were performed with SPSS 17.0 (Chicago, IL,
USA).

Results

Berberine treatment inhibits cell proliferation
and upregulates miRNA-22-3p expression in
HepG2 cells

Berberine has shown antitumor effects by
inhibiting the growth, invasion, and metastatic
capacity of a variety of cancers [10, 15]. To
examine the effects of berberine on HCC cells,
concentrations of 0-200 yM berberine were
used to treat HepG2 cells for 48 h. The ability of
berberine to inhibit cell proliferation at different
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time points was tested with a Cell Counting
Kit-8 (CCK-8) assay. Berberine inhibited the
proliferation of HepG2 cells in a time-depen-
dent manner from 12 to 48 h, and also showed
a concentration-dependent effect from O to
200 uM (Figure 1A). Real-time PCR was used to
measure the expression of miR-22-3p with time
in HepG2 cells during treatment with 100 yM
berberine for 0-48 h. As shown in Figure 1B,
miR-22-3p levels increased after treatment
with berberine for 12 h (two-fold increase), 24 h
(three-fold increase), and 48 h (five-fold incre-
ase).

Berberine treatment induces cell-cycle arrest
and apoptosis in HCC cells

Because berberine treatment inhibited HepG2

cell proliferation, we investigated whether ber-
berine affects the cell cycle and/or apoptosis.

Am J Transl Res 2016;8(11):4932-4941
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Figure 3. Berberine treatment induces apoptosis in HCC cells. Berberine stimulated HepG2 cells and untreated
control cells were harvested, stained with annexin V and propidium iodide, and measured with flow cytometry.

HepG2 cells were treated with 100 yM berber-
ine, and the cell-cycle distribution and levels of
apoptotic cells were measured at different time
points from O to 48 h. Cell-cycle arrest in G2/M
phase was observed after treatment for 24 h
(Figure 2). As shown in Figure 3, berberine
treatment also induced significant apoptosis in
the HepG2 cells (P < 0.01). These results indi-
cate that berberine treatment inhibits HepG2
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cell growth by inhibiting cell-cycle progression
and inducing apoptosis.

Berberine treatment downregulates the ex-
pression of SP1 and its downstream targets,
CCND1 and BCL2, in HCC

Various studies have shown that SP1 might be
a target gene of miR-22-3p in different cancers

Am J Transl Res 2016;8(11):4932-4941



Berberine to suppress hepatocellular carcinoma cell

A
48h — _ _ "
24h — — + _
12h -~ + _ -
oh - - - —
1. 00 1.13 0.86 0.82
Bcel2 s
CCND1 “ - 2
0.27
s M —
CAPDH i —— —
B p<0.001

25+ 1

- a N
I T <

Relative miR-22-3P Expression
W

K3

Relative miR-22- 3P Expression

p<0.001

Inhibitor _ — - +
Mimic — - + -
Inhibitor-NC + _ _
Mimic-NC — + — —
1.00 0.91 0.89 0.95
Bolp —— e e e

CONDT a0 1.01 0.37_
—— — ] —

1.00 0.98 0.31 1.81

Figure 4. Berberine treatment downregulates SP1 and its downstream targets, CCND1 and BCL2, in hepatocellular
carcinoma cells, and an miR-22-3p mimic and inhibitor regulated SP1, CCND1, and BCL2 expression in hepatocellu-
lar carcinoma cells. A: HepG2 cells stimulated with 100 uM berberine for up to 48 h were compared with untreated
control cells. The expression of SP1, CCND1, and BCL2 was then measured with western blots. B: Transfection of
HepG2 cells with an miR-22-3p mimic increased the expression of miR-22-3p. C: Transfection with an miR-22-3p
inhibitor downregulated the expression of miR-22-3p, as determined with real-time PCR (qRT-PCR). D: The miR-22-
3p mimic and inhibitor regulated SP1, CCND1, and BCL2 expression, determined with western blots.

[23, 28, 32, 33]. Here, as mentioned above we
found that berberine treatment upregulates
miR-22-3p expression. To confirm that berber-
ine treatment influences SP1 expression, we
used western blot to investigate SP1 expres-
sion at different time points from O to 48 h
after berberine treatment. And we found that
after 48 h, SP1 was downregulated almost
three-fold. Berberine also downregulated the
expression of CCND1 and BCL2 in a time-
dependent manner (Figure 4A). These results
confirm that berberine treatment downregu-
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lates the expression of SP1 and its downstream
targets, CCND1 and BCL2.

miR-22-3p mimic and inhibitor regulate SP1
and consequently CCND1 and BCL2 expres-
sion in HCC

Based on these results, we speculated that the
effect of berberine on SP1 expression might be
mediated by miR-22-3p. To confirm the effects
of miR-22-3p, we performed gain-of-function
and loss-off-function experiments with an miR-

Am J Transl Res 2016;8(11):4932-4941
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22-3p mimic and an miR-22-3p inhibitor. Figure
4B shows that the transfection of HepG2 cells
with 50 nM miR-22-3p mimic for 24 h caused a
22-fold increase in miR-22-3p expression.
Figure 4C shows that the transfection of HepG2
cells with 50 nM miR-22-3p hairpin inhibitor
caused a three-fold reduction in miR-22-3P
expression. As shown in Figure 4D, miR-22-3p
overexpression caused the downregulation of
SP1, CCND1, and BCL2, whereas these pro-
teins were upregulated when miR-22-3p was
inhibited (Figure 4D). These data confirm that
miR-22-3p plays a regulatory role in SP1 expres-
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Figure 5. miRNA-22-3p directly targets SP1, and
SP1 regulates CCND1 and BCL2 expression. A: A
sequence alignment of miRNA-22-3p and its con-
served target site in the SP1 3’-UTR. Luciferase
activity was measured in the indicated cells with
the Dual Luciferase Reporter Assay System. Firefly
luciferase activity was normalized to Renilla lucif-
erase activity, and the value for the empty pMIR
vector was used as the control. B: Knockdown of
SP1 had no effect on miRNA-22-3p expression,
determined with qRT-PCR, in HepG2 cells. C: SP1,
CCND1, and BCL2 protein expression in HepG2
cells was analyzed with western blotting after the
cells were transfected with miRNA-22-3p or nature
control (NC) for 48 h.

sion, and also influences the expression of its
downstream targets, CCND1 and BCL2. SP1 is
strongly associated with antitumor effects in
HCC and is a putative target of miR-22-3p.
Therefore, we examined the relationship bet-
ween miR-22-3p and SP1.

SP1 is a direct target of miR-22-3p

Because both the miR-22-3p mimic and inhibi-
tor significantly influenced SP1 expression, the
3-UTR segment of SP1 was cloned into a
reporter plasmid downstream from the lucifer-

Am J Transl Res 2016;8(11):4932-4941



Berberine to suppress hepatocellular carcinoma cell

ase gene to detect whether SP1 is a target
gene of miR-22-3p. Figure 5A shows that the
miR-22-3p mimic caused the substantial down-
regulation of reporter gene expression, and the
luciferase activity was reduced from approxi-
mately 1.0 to 0.5. However, the downregulation
of SP1 expression did not affect miR-22-3p
expression in HepG2 cells (Figure 5B). Taken
together, these results demonstrate that SP1 is
a direct target of miR-22-3p.

Knockdown of SP1 reduces downstream
CCND1 and BCL2 expression

To confirm that SP1 is a functional target of
miR-22-3p, we knocked down SP1 expression
using a specific siRNA, and then evaluated miR-
22-3P expression and the effects on the regula-
tion of CCND1 and BCL2 expression. SP1 pro-
tein expression was reduced to approximately
60% after the knockdown of SP1 by siRNA in
HepG2 cells (Figure 5C), and the knockdown of
SP1 markedly reduced CCND1 and BCL2
expression (Figure 5C). These results suggest
that the antitumor effects of miR-22-3P act
through SP1 and its downstream targets,
CCND1 and BCL2, in HepG2 cells.

Discussion

Drug-induced miRNAs have emerged as key
regulators of cancer development and progres-
sion. Previous studies have shown that treat-
ment with berberine upregulates miR-21-3p
expression in hepatoma cells [34, 35]. In the
present study, we examined whether berberine
treatment also alters miR-22-3p expression in
a time- and concentration-dependent manner
in HCC. Our results show that the expression of
miR-22-3p increased after HepG2 cells were
treated with berberine. To improve mMiRNA-
based cancer treatments, it is essential to
identify functionally important target genes of
specific miRNAs and to understand the mecha-
nisms of the actions of these miRNAs to deter-
mine their biological functions. However, the
functions and specific mechanisms of miR-22-
3p in HCC are not currently well understood.
Here, we have demonstrated that berberine
treatment increases the expression of miR-22-
3p and reduces that of SP1 and its downstream
targets CCND1 and BCL2 in HepG2 cells. SP1
was recently reported to play a vital role in cell
proliferation in gastric cancer, breast cancer,
and HCC, and is therefore a valid target of anti-
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neoplastic therapies [36-42]. Although SP1 is
the predicted target of several miRNAs, no
study has experimentally demonstrated a direct
relationship between miR-22-3p and SP1 in
HCC. In this study, we have shown that miR-22-
3p directly targets the 3’-UTR of SP1, and thus
also regulates the expression of the down-
stream proteins CCND1 and BCL2, thus exert-
ing antitumor effects in HepG2 cells. Consistent
with these data, the knockdown of SP1 expres-
sion by siRNA in hepatoma cells increased
intracellular CCND1 and BCL2 expression.
Therefore, we propose that the antitumor
effects of miR-22-3p in HCC are mediated by its
direct targeting of SP1, and the consequent
regulation of CCND1 and BCL2 expression. The
miR-22-3p/SP1 axis plays a vital role in HCC
cell growth and may be an important therapeu-
tic target for HCC. However, the clinical rele-
vance of miR-22-3p in HCC remains unknown.
Further studies are required to determine the
treatment efficacy of berberine in other can-
cers, in animal models in vivo, and finally in
human interventional trials. Future studies
should also define the mechanism by which
berberine treatment enhances the expression
of miR-22-3p. Finally, because HCC is charac-
terized by its rapid growth, relentless invasion,
and redundant microvessel growth, future stud-
ies must focus on identifying the prognostic
value of miR-22-3p and other miRNAs in HCC
patients. In conclusion, our data indicate that
berberine exerts a significant antitumor effect
by upregulating miR-22-3p in HCC. miR-22-3p
then functions as a tumor suppressor by direct-
ly targeting SP1, thus causing the downregula-
tion of CCND1 and BCL2 expression in HCC. We
have identified miR-22-3p as a tumor suppres-
sor that directly targets SP1 to inhibit cell prolif-
eration and induce cell-cycle arrest and apop-
tosis in HCC.

Conclusions

This study suggests that berberine has antitu-
mor effects on HCC by inducing cell-cycle arrest
and apoptosis. Furthermore, berberine upregu-
lates miR-22-3p and downregulates SP1 expre-
ssion in HepG2 cells. We have also demonstrat-
ed that SP1 is a direct target of miR-22-3p.
These data suggest that berberine acts by reg-
ulating miR-22-3p/SP1 and the downstream
proteins, CCDN1 and BCL2. Therefore, berber-
ine has potential utility in the treatment of HCC,

Am J Transl Res 2016;8(11):4932-4941



Berberine to suppress hepatocellular carcinoma cell

and both miR-22-3p and SP1 may be candidate
anticancer therapies for HCC patients.
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