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Abstract: Background and objective: MicroRNAs play an important role in cell proliferation, apoptosis, differentiation,
and invasion by regulating the expression of various genes. For example, the downregulation of microRNA-199a-3p
(miR-199a-3p) that is noted in numerous human malignancies, including hepatocellular carcinoma (HCC), results in
a poor prognosis in patients with HCC. This finding suggests that miR-199a-3p overexpression in HCC could provide
a new treatment approach. We explored this possibility by examining the effects of miR-199a-3p on the growth and
apoptosis of HCC cells in vitro and vivo. Methods: The miR-199a-3p signaling pathway was examined using ZHX1
(zinc-fingers and homeoboxes-1) or PUMA (a p53 upregulated modulator of apoptosis) siRNA transfection to deter-
mine the effects of miR-199a-3p on growth and apoptosis of HepG2 cells in vitro. A subcutaneously implanted tumor
model of HepG2 cells in nude mice was used to assess the effects of miR-199a-3p on the signaling pathway and
tumorigenesis development in vivo. Results: miR-199a-3p inhibited growth and induced apoptosis of HepG2 cells in
vitro. These effects were accompanied by upregulation of ZHX1 and PUMA. Targeting ZHX1 inhibited upregulation of
PUMA after miR-199a-3p transfection. In addition, miR-199a-3p inhibited Bcl2 expression, but increased Bax and
cleaved caspase-3 expression. Targeting PUMA or ZHX1 reversed the effect of miR-199a-3p, followed by upregula-
tion of Bcl2 and downregulation of Bax and cleaved caspase-3, respectively. Furthermore, miR-199a-3p inhibited
tumorigenesis of xenografts in nude mice. Conclusions: miRNA-199a-3p could effectively prevent primary tumor
formation. The ability of this therapy to decrease tumorigenesis may be related toZHX1-dependent PUMA signals.
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Introduction with HCC who do not respond to currently avail-
able medical treatments is critical.

Hepatocellular carcinoma (HCC) is the third

most frequent cause of cancer-related death
globally [1]. The incidence of HCC is increasing
in Asian countries because of the high preva-
lence of chronic hepatitis and liver diseases [2].
There is also a high recurrence rate of HCC in
patients following principal treatment modali-
ties that include surgical liver resection, local
ablation, and liver transplantation. Unfor-
tunately, this high recurrence rate and poor
response to medical treatments can result in a
grave prognosis for the patient. There are no
effective adjuvant therapies for HCC, so
research into ways to effectively treat patients

MicroRNAs (miRNAs), which have rapidly em-
erged as modulators of gene expression in can-
cer, may have great diagnostic and therapeutic
importance. miRNAs are actively involved in
carcinogenesis and mediate fundamental cel-
lular processes like cell invasion, proliferation,
differentiation, and apoptosis [3]. Micro-
RNA-199a-3p (miR-199a-3p) is downregulated
in several human malignancies, such as ovari-
an carcinoma [4], osteosarcoma [5], and pros-
tate cancer [6]. Clinical and pathological sur-
veys of patients with these types of cancer
indicate that low levels of miR-199a-3p corre-
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late with poor patient prognosis [4-6]. Con-
versely, administration of miR-199a-3p inhibits
proliferation and invasion of osteosarcoma [7],
ovarian carcinoma [4], and papillary thyroid car-
cinoma cells both in vitro and in vivo [8]. Low
levels of miR-199a-3p are also present in tis-
sue and serum samples of HCC patients [9,
10], whereas overexpression of miR-199a-3p is
found in normal liver tissue [9]. Fornari et al.
reported that patients with lower miR-199a-3p
levels have a shorter time before recurrence of
disease after HCC resection than those with
high miR-199a-3p levels [11]. In addition, they
found that restoring miR-199a-3p in HCC cells
leads to G,-phase cell cycle arrest and reduced
invasive capability in vitro [11]. Taken together,
these findings suggest that miR-199a-3p could
provide a new approach for treatment of HCC.

The inhibitory role of miR-199a-3p in tumor pro-
gression may result from an ability of miR-
199a-3p to interfere with the function of vari-
ous cellular anti-oncogenes. Zinc-fingers and
homeoboxes-1 (ZHX1), a type of zinc-finger pro-
tein that contains two C2H2 zinc-finger motifs
and five homeodomains, is downregulated in
gastric cancer and HCC [12, 13]. In addition,
ZHX1 inhibits growth and enhances apoptosis
via downregulation of Bcl2 and upregulation of
Bax and cleaved caspase-3 in gastric cancer
cells [12]. Wang et al. demonstrated that miR-
199a-3p promotes cell proliferation and sup-
presses apoptosis in gastric cancer cells via
targeting ZHX1 for RNA degradation [14].
Furthermore, restoration of ZHX1 expression
abolishes oncogenicity in gastric cancer cells
[14]. However, in HCC cells, miR-199a-3p leads
to G,-phase cell cycle arrest and induces cell
apoptosis [10]. We theorized that the anti-
tumor effect of miR-199a-3p in HCC cells could
be due to upregulation of ZHX1 expression.

PUMA, a p53-upregulated modulator of apopto-
sis, is a pro-apoptotic member of the BH3-only
subgroup of the Bcl-2 family [15, 16]. PUMA
induces death signals primarily to the mito-
chondria, where it acts indirectly on the Bcl-2
family members Bax and/or Bak by relieving
the inhibition imposed by antiapoptotic mem-
bers and inducing mitochondrial dysfunction
and caspase activation [15]. ZHX1 inducesmi-
tochondrial dysfunction and caspase activa-
tion, resulting in inhibition of growth and
enhancement of apoptosis [12]. Whether PUMA
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is regulated by ZHX1 needs further inves-
tigation.

In the present study, we assessed the effect of
miR-199a-3p on apoptosis and growth of
HepG2 cells in vitro and vivo to shed light on
the molecular mechanisms involved and poten-
tial usefulness of this miRNA as an anticancer
therapeutic agent. Our findings demonstrate
that miR-199a-3p inhibited growth and induced
apoptosis of HepG2 cells at least in part via
activation of the ZHX1/PUMA signaling path-
way. This study reveals a novel mechanism for
the effect of miR-199a-3p on growth and apop-
tosis in HepG2 cells and provides data indicat-
ing that miR-199a-3p may be a novel therapeu-
tic target for the treatment of HCC.

Materials and methods
Cell line and culture

The HepG2 cell line was purchased from the
Institute of Biochemistry and Cell Biology
(Shanghai, China). The cell line was maintained
in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin-streptomycin (PS) at
37°Cin a humid atmosphere of 5% CO..

SiRNA transfection

ZHX1 siRNA, PUMA siRNA, and control siRNA
were purchased from Santa Cruz Biotechnology
(Shanghai, China). ZHX1 and PUMA silencing
was accomplished by transfecting HepG2 cells
with 10-nM specific siRNAs for 48 h using
Lipofectamine™ LTX and Plus™ Reagent (In-
vitrogen, Carlsbad, CA) following the manufac-
turer’s reverse transfection protocol. Cells were
distributed into 96-well plates (10%/well) and
then subjected to 2 ug/ml of puromycin-con-
taining medium 48 h after siRNA transfection
to achieve stable transfection. All transfection
experiments were performed at least three
times.

Oligonucleotide transfection

A chemically synthesized miRNA-199a-3p that
mimics mature endogenous mMiRNA-199a-3p
(MiR-199a-3p mimic) and scrambled oligonu-
cleotides (NS) were purchased from Geneco-
poeia (Shanghai, China). To achieve miR-199a-
3p over-expression, HepG2 cells were trans-
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fected with 0.1 uM miR-199a-3p mimic for 72 h
using Lipofectamine™ LTX and Plus™ Reagent
(Invitrogen) according to the manufacturer’s
instructions. The transfection efficiency was
determined by green fluorescence. Cells were
distributed into 96-well plates (10%/well) and
then subjected to 2 pg/ml of puromycin-con-
taining medium 48 h after miR-199a-3p mimic
or control NS transfection to achieve stable
transfection. All transfection experiments were
performed at least three times.

Quantitative reverse-transcription polymerase
chain reaction (QRT-PCR)

Expression levels of the miR-199a-3p mimic
were quantified by two-step qRT-PCR. RNA (50
ng) was reverse transcribed using a Tag-
ManMicroRNA RT Kit and quantified using a
TagManmiRNA assay (Applied Biosystems, Inc.,
Hangzhou, China). U6-snRNA was selected as
the endogenous control for the normalization of
RNA input. miR-199a-3p mimic expression lev-
els were calculated by relative quantitation
using ABI 7900HTRT-PCR SDS (Sequence De-
tection System) 1.2 software (Applied Biosy-
stems Inc., Foster City, CA). The qRT-PCR reac-
tions were performed in triplicate. Data were
analyzed with SDS 2.2.2 software using the
284¢t method with a relative quantification
RQmin/RQmax confidence set at 95%.

Cell viability assay

Cell viability was detected by lactate dehydro-
genase (LDH) release using an LDH cytotoxicity
assay kit (Cayman Chemical, Ann Arbor, MI)
according to the manufacturer’s protocol. LDH
activity was quantified by measuring absor-
bance at 490 nm with a microplate reader
(Hangzhou, China). The ratio of released LDH to
total LDH was calculated and presented as rel-
ative LDH release compared to LDH release in
non-treated cells. All experiments were per-
formed with triplicate wells and repeated three
times.

Colony formation assay

Stable miR-199a-3p mimic-transfected HepG2
cells were seeded at a density of 300 cells/ml
on 35-mm dishes. Colonies were allowed to
grow for 14 days. The cells were fixed in metha-
nol for 15 min and stained with crystal violet for
20 min. Positive colony formation (more than
50 cells/colony) was counted.
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Flow cytometry

Annexin V/PI double staining followed by flow
cytometry was used to detect cell apoptosis
using an apoptosis detection kit (Biovision,
Mountain View, CA) according to the manufac-
turer’s instructions. Briefly, transfected cells
were gently detached and washed with ice-cold
phosphate-buffered saline (PBS). Cells were
suspended in 300 pL of binding buffer contain-
ing Annexin V and propidium iodide, and incu-
bated for 5 min at room temperature. Early
apoptotic cells were identified as Annexin V
positive/Pl negative cells and late apoptotic/
necrotic cells were identified as Annexin V posi-
tive/Pl positive cells using a BD LSR Il cell
analyzer.

Western blot assay

Cells were washed once with PBS and lysed
with RIPA buffer (Hangzhou, China) for 30 min
on ice to extract total protein. Protein concen-
trations were quantified with a Coomassie Plus
(Bradford) Protein Assay Reagent according to
the manufacturer’s instructions. Then, 40 ug
ofextract was resolved using 10% sodium
dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) and transferred to Hybond-C
Extra nitrocellulose membrane (GE Healthcare;
Shanghai, China). Membranes were probed
with primary antibodies against ZHX1, PUMA,
Bcl2, Bax, and cleaved caspase-3 (Cell signal,
Shanghai, China) followed by incubation for 1 h
at room temperature with the appropriate HRP-
conjugated anti-rabbit IgG or anti-goat IgG sec-
ondary antibodies. Immunoblotting for B-actin
served as the protein loading control. All experi-
ments were performed at least three indepen-
dent times.

Xenograft model in nude mice

A xenograft model in nude mice was created by
injecting 3 x 10° cells (MiR-199a-3p mimic/
HepG2 or HepG2/NS) in 100 pl of PBS into the
right hind limbs of 4-6-week-old Balb/C athymic
nude mice. The mice were sacrificed 6 weeks
after tumor inoculation. Tumor size was mea-
sured using a slide caliper. Tumor volume was
determined using the formula 0.44 x A x B?,
where A is the diameter of the base of the
tumor and B is the corresponding perpendicu-
lar value. After mice were euthanized, the
tumors were excised, fixed in 10% neutral buff-
ered formalin, and embedded in paraffin before

Am J Transl Res 2017;9(5):2457-2465



miRNA-199a-3p effects on HCC cells

A SR negtive control miR-199a-3p Terminal deoxynucleotidy!
‘ ~ transferase (TdT) dUTP
X # nick-end labeling (TUNEL)
" i a1 a2 '.'- assay
o 10 Plwo e
Pl 1o — Pl a1 | @z . {'«-"
T : a = [P o w] - TUNEL was performed us-
D o 2.17% ‘2; ‘I 2.36% “rl- 24.1% |ng an In situ Cell Death
oy g 0T 1B —m; :;mx“v_;;;c 10° 20 LA Detection Kit (Roche, Sh-
PO anghai, China). Cell apopto-
= 30 sis was quantified by calcu-
% 25 - lating the percent of posi-
< 20 - tively stained cells for all
; 15 - nuclei in 20 randomly cho-
° 104 sen fields/section at 200
-
a . x maghnification. Two inde-
o i i
& ——y B pende_nt reviewers quan'g
fied slides of the apoptosis
untreated negtive control miR-199a-3p studies in a blind manner at
Be 2 two different times.
w
o *
+§1.5 - Statistical analysis
~ =
8 114 Statistical analyses were
g performed using SPSS.21
205 -
& Software. All data are pre-
& o/ : : sented as mean + standard
untreated negtive control miR-199a-3p error of the mean (S.E.).
Significance was determi-
Cg 858 ned by Student’s t test or
€ 300 one-way analysis of vari-
° 250 1 ance with Bonferroni post-
“;zoo ' tests where applicable.
5150 ‘ Experiments were perfor-
_gmo | med in triplicate. P<0.05
5 50 was considered statistically
Z 0 4 s
significant.
untreated negtive control miR-199a-3p
e o 55 Results
ik e The miR-199a-3p mimic
5 e . 1) induces apoptosis and
‘ (- ,-;._' i o inhibits growth of HepG2
Lt : cells in vitro
. % ' -. 4
e v . . »
Ba st ” To investigate the function

Figure 1. The miR-199a-3p mimic induces apoptosis and inhibits growth and
colony formation of HepG2 cells in vitro. HepG2 cells were transiently trans-
fected with miR-199a-3p mimic for 72 h. A. Apoptosis was analyzed by annexin
V/PI staining followed by flow cytometry. B. Cell viability was analyzed with a
LDH toxicology assay. C. Cell growth was analyzed with a colony formation as-
say. Data are shown as the mean + SD. The experiments were all repeated at
least three times to confirm the reproducibility of the results. "P<0.01 versus

the control or untreated groups.

preparing 4-um sections that were stained with

hematoxylin.
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of miR-199a-3p on HepG2
cells in vitro, we transiently
transfected HepG2 cells
with the miR-199a-3p mi-
mic to for 72 h. As shown in
Figure 1A, there was a sig-
nificant increase in the per-
centage of apoptotic cells
in the miR-199a-3p mimic-

transfected cells compared with control cells.
Cell viability (Figure 1B) was inhibited com-
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Figure 2. PUMA mediates the apoptotic effects of the miR-199a-3p mimic through the mitochondrial pathway. A.
HepG2 cells were transiently transfected with the miR-199a-3p mimic for 72 h. miR-199a-3p mimic mRNA content
was detected by qRT-PCR assay. B. HepG2 cells were stably transfected with either a control scrambled siRNA or
a PUMA siRNA and then transiently transfected with the miR-199a-3p mimic for 72 h. PUMA, active caspase-3,
bcl-2, and BAX were detected by Western blot analysis. C. HepG2 cells were stably transfected with either a control
scrambled siRNA or a PUMA siRNA and then transiently transfected with miR-199a-3p mimic for 72 h. Apoptosis
was analyzed by annexin V/PI staining followed by flow cytometry. D. Cell viability was analyzed by LDH toxicology

assay. "P<0.01 versus the control.

pared to the controls. Furthermore, there were
fewer stable miR-199a-3p mimic/HepG2 colo-
nies compared to controls (Figure 1C). These
results support the hypothesis that miR-199a-
3p is necessary to inhibit HepG2 cells growth.

Expression of the miR-199a-3p mimic cor-
relates with apoptosis induction and growth
inhibition by upregulation of PUMA

HepG2 cells that were transiently transfected
with the miR-199a-3p mimic for 72 h had mark-
edly increased levels of miR-199a-3p mimic
compared to the controls as determined by
0gRT-PCR assays (Figure 2A). PUMA protein was
also markedly induced by miR-199a-3p mimic
transfection (Figure 2B). In addition, miR-199a-
3p mimic inhibited Bcl2 expression, but
increased Bax and cleaved caspase-3 expres-
sion (Figure 2B).

To investigate whether PUMA is essential for
miR-199a-3p mimic-induced apoptosis and
growth inhibition, PUMA siRNA was stably
transfected into HepG2 cells and then the miR-
199a-3p mimic was transiently transfected

2461

into the PUMA-expressing HepG2 cells for 72 h.
The results show targeting PUMA reversed the
effect of the miR-199a-3p mimic (Figure 2C
and 2D), which was followed by upregulation
ofBcl2 and downregulation of Bax and cleaved
caspase-3 (Figure 2B). Therefore, PUMA is nec-
essary for the apoptotic effect of miR-199a-3p
mimic in HepG2 cells.

PUMA activation by the miR-199a-3p mimic is
mediated by ZHX1

We analyzed the mechanism of PUMA induc-
tion by the miR-199a-3p mimic in HepG2 cells.
HepG2 cells transiently transfected with the-
miR-199a-3p mimic for 72 h markedly induced
ZHX1 (Figure 3A) and PUMA (Figure 2B) protein
expression. However, targeting ZHX1 abrogat-
ed PUMA induction by the miR-199a-3p mimic
in HepG2 cells (Figure 3A), which was followed
by upregulation of Bcl2 and downregulation of
Bax and cleaved caspase-3 (Figure 3A).

To study the effects of targeting ZHX1, ZHX1
siRNA was stably transfected into the HepG2
cells and the miR-199a-3p mimic was tran-
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Figure 3. Activation of ZHX1 mediates PUMA induction in response to miR-
199a-3p mimic overexpression. HepG2 cells were stably transfected with
either control siRNA or ZHX1 siRNA and then transiently transfected with
the miR-199a-3p mimic for 72 h. A. ZHX1, PUMA cleaved, bcl-2, BAX, and
caspase-3 protein were detected by Western blot assay. B. Apoptosis was
analyzed by annexin V/PI staining followed by flow cytometry. C. Cell viability
was analyzed by an LDH toxicology assay. “P<0.01 versus the control.

siently transfected into HepG2 cells for 72 h.
Targeting ZHX1 reversed the effect of the miR-
199a-3p mimic (Figure 3B and 3C). Therefore,
ZHX1-dependent PUMA upregulation is neces-
sary for the apoptotic effect of the miR-199a-
3p mimic in HepG2 cells.

The miR-199a-3p mimic inhibits tumorigenesis
of HCC in vivo

Given that the miR-199a-3p mimic inhibited the
proliferation and induced apoptosis of HepG2
cells in vitro, we investigated the effect of miR-
199a-3p on the tumorigenicity of HepG2 cells
using an in vivo mouse model. As shown in
Figure 4A, the tumors formed by miR-199a-3p
mimic-transfected HepG2 cells grew less and
were smaller in size than the tumors formed by
control cells. Moreover, the tumors established
using miR-199a-3p mimic-transfected HepG2
cells showed increased TUNEL-positive cells
(Figure 4B). We next analyzed the expression of
ZHX1, PUMA, Bcl2, BAX, and cleaved caspase-3
in the tumor tissues in vivo. The results showed
that the miR-199a-3p mimic (Figure 4C), ZHX1,
PUMA, Bax, and cleaved caspase-3 were over-
expressed, and bcl-2 was downregulated in the
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and HCC [11]; restoring the
expression of miR-199a-3p
leads to an increased sensitiv-
ity to chemotherapeutic drugs
and reduced invasive capabili-
ty in HCC cells [11]. Thus, the
exogenous transfection of a
specific miR-199a-3p mimic
into HCC cells may open new avenues for the
effective treatment of HCC.

The present study shows that overexpression
of a miR-199a-3p mimic inhibited HepG2-cell
proliferation and induced apoptosis in vitro. In
addition, the tumors formed by miR-199a-3p
mimic-transfected HepG2 cells grew less and
were smaller in size than those formed by non-
transfected HepG2 cells, suggesting apotential
therapeutic application of miR-199a-3p mimics
for the treatment of patients with HCC.

Although miR-199a-3p inhibits the growth of
HepG2 cells, little is known about the mecha-
nism of this effect. Numerous studies have
found that miR-199a-3p functions via the pro-
tection of mitochondria in association with miR-
199a-3p downregulation [20, 21]. PUMA induc-
es death signals primarily to the mitochondria.
Whether or not the antitumor effects of miR-
199a-3p involve PUMA signaling is not clear.
We performed most in vitro experiments by
transfection of a miR-199a-3p mimic into
HepG2 cells for 72 h to substantially induce
PUMA expression and apoptosis. Importantly,
the results of these in vitro experiments were

Am J Transl Res 2017;9(5):2457-2465
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Figure 4. Effect of the miR-199a-3p mimic onxenografted HepG2 tumor growth in vivo. A. Representative growth
curves of tumor volume. B. Tissue apoptotic cells measured by TUNEL assay. C. miR-199a-3p mimic mRNA was de-
tected by gRT-PCR. D. ZHX1, PUMA cleaved, bcl-2, BAX, and active-caspase-3 protein were detected by Western blot
assay. Data represent the mean and the standard deviation (n=6). The p values were calculated with the Student’s

t-test. "P<0.01.

confirmed by those from xenograft tumor exper-
iments. Our results demonstrate for the first
time that tumor suppression by a miR-199a-3p
mimic is dependent on PUMA induction and
onset of mitochondria-mediated apoptosis.

Although apoptosis provoked by the miR-199a-
3p mimic requires PUMA upregulation, the spe-
cific miR-199a-3p regulated genes that upregu-
late PUMA remain unknown. ZHX1 is generally
downregulated in HCC tissues and overexpres-
sion of ZHX1 inhibits the growth of SMMC-7721
cells [13], suggesting that the ZHX family may
be involved in the carcinogenesis of human
HCCs. A previous study [12] demonstrated that
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miR-199a-3p inhibits ZHX1 expression in SGC-
7901 cells, whereas reduction in miR-199a-3p
enhances ZHX1 expression in NCI-N87 cells.
Moreover, restoring ZHX1 expression in SGC-
7901/miR-199a-3p cells inhibits proliferation
induced by miR-199a-3p. These findings sug-
gest that miR-199a-3p may function as a novel
tumor promoter in gastric cancer and its onco-
genic activity may involve the direct targeting
and inhibition of ZHX1 [12]. In our present
study, the miR-199a-3p mimic also induced
ZHX1-dependent apoptosis in HepG2 cells in
vitro and in vivo, indicating that ZHX1 is possi-
bly a downstream target of miR-199a-3p.

Am J Transl Res 2017;9(5):2457-2465
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To further investigate whether the enhanced
cell growth inhibition and apoptosis induced by
the miR-199a-3p mimic was mediated through
the ZHX1/PUMA pathway, we conducted ZHX1
and PUMA siRNA transfection studies. ZHX1
siRNA transfection inhibited the miR-199a-3p
mimic-induced upregulation of PUMA expres-
sion and apoptosis in the HepG2 cells. However,
targeting PUMA did not affect miR-199a-3p
mimic-induced upregulation of ZHX1 expres-
sion and did inhibit miR-199a-3p mimic-in-
duced apoptosis in the HepG2 cells. Therefore,
miR-199a-3p-mediated cell growth inhibition
and induction of apoptosis could be mediated
via activation of ZHX1/PUMA signals.

Conclusion

In this study, we demonstrated that a miR-
199a-3p mimichadstrong antitumor effects in
HepG2 cells in vitro and in vivo. miR-199a-3p
could potentially be an effective therapeutic
agent for the activation of ZHX1 and its down-
stream target gene PUMA, resulting in the inhi-
bition of cell growth. Our study suggests that
miR-199a-3p represents a promising gene tar-
get for the treatment of HCC.
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