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LncRNA PVT1 promotes proliferation and
invasion through enhancing Smad3 expression
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Background. Cervical cancer is one of the most frequent malignancies among females worldwide. Increasing evi-
dence have indicated the participation of long noncoding RNAs (INncRNAs) in the progression and metastasis of cervi-
cal cancer. Our present study was conducted to explore the effects of INCRNA plasmacytoma variant tfranslocation
1 (PVT1) on the progression of cervical cancer and the underlying mechanisms.

Materials and methods. Expressions of PVT1, miR-140-5p and Smad3 in cervical cancer cell lines were detected
by gRT-PCR and western blotting. Bioinformatics analysis and luciferase assays were used o elucidate the potential
correlations between PVT1, miR-140-5p and Smad3. The roles of PVT1 on the progression of cervical cancer cells were
determined by fransfecting sh-RNA through series function assays such as colony formation assay, wound healing
assay, tfranswell assay.

Results. PVT1 and Smad3 were upregulated, and miR-140-5p was downregulated in cervical cancer cells. PVT1
could bind directly with miR-140-5p, and Smad3 was a downstream farget of miR-140-5p. Inhibition of PVT1 could
enhance expression of miR-140-5p, inhibit the expression of Smad3, significantly inhibited the proliferation, migration,
invasion in cervical cancer cells. While fransfection of miR-140-5p inhibitor could partially reverse the above changes
in cervical cancer cells.

Conclusions. The results revealed that PVT1 could promote the proliferation and metastasis via increasing the Smad3
expression by sponging miR-140-5p, which might be a promising prognostic and therapeutic target for cervical can-
cer.
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Introduction

Cervical cancer is the second most frequent ma-
lignancy-affecting women worldwide, with ap-
proximately over 570000 new cases diagnosed and
310000 deaths each year. Nearly 85% of the cases
occur in underdeveloped and developing coun-
tries.! Interactions between cervical cancer and the
persistent infection of high-risk human papilloma
virus (especially HPV16 and HPV18) have been
indicated in epidemiological and molecular stud-
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ies.”* Despite the improvement of diagnostic ap-
proaches and treatment strategies have been made,
the morbidity and mortality rates remain high as
well as the poor prognosis. Therefore, there is an
urgent need to clarify the underlying molecular
mechanisms of cervical cancer, which could im-
prove the development of therapeutic strategies
against cervical cancer.

Long noncoding RNAs (IncRNAs) are a group of
noncoding RNAs longer than 200 nucleotides that
participate in numerous biological and physiologi-
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cal processes including cell development, survival,
differentiation and apoptosis.”” Accumulating evi-
dence also proved that IncRNAs have pivotal roles
in the progression of cervical cancer. Yang et al.®
showed that IncRNA CCHE1 could promote the
proliferation of cervical cancer via upregulation
the expression of PCNA. Han ef al.” discovered that
IncRNA NEAT1 could strengthen the resistance of
cervical cancer against radiotherapy through the
regulation of CCND1. Up to now, plasmacytoma
variant translocation 1 (PVT1) has been recognized
as an oncogenic IncRNA, which participates in the
migration and invasion of many kinds of cancer
cells and the development of cancers.!”!! Ding ef al.
found PVT1 was the most amplified gene in ovarian
cancer patients, which was highly correlated with
poor survival outcomes.'? It was also proven that
high PVT1 expression correlates with poorer out-
come in cervical cancer patients.’* However, the un-
derlying mechanism on the effects of IncRNA PVT1
in cervical cancer remains for further investigation.

MicroRNAs (miRNAs) are another group of
noncoding RNAs with length between 17-25 nu-
cleotides that influence the pathogenesis of many
human diseases including cancer.*!® MiRNAs
are normally dysregulated in human cancers and
could serve as either oncogenes or tumor suppres-
sors.!” Previous studies showed that expressions of
miR-140-5p were downregulated in cancer tissues,
which were negatively related to the prognosis of
cancer'®?, indicating the tumor-suppressor role
of miR-140-5p in the progression of cancer forma-
tion. Li et al.*! showed that miR-140-5p could inhibit
the progression and invasion of colorectal cancer
by targeting Smad3, indicating an interaction may
exist between miR-140-5p and Smad3. However,
whether miR-140-5p could regulate the metastasis
of cervical cancer by targeting Smad3 remains to be
determined. Bioinformatics analysis also revealed
that targeted binding sites exist between IncRNA
PVT1 and miR-140-5p. Therefore, we hypothesized
that the elevated IncRNA PVT1 could upregulate
the expression of Smad3 by targeting inhibition of
miR-140-5p, thereby promoting the proliferation
and migration of cervical cancer cells in cervical
cancer.

In the present study, the role and the underlying
molecular mechanism of IncRNA PVT1 in cervical
cancer were illuminated. Our results showed that
IncRNA PVT1 could promote the proliferation, mi-
gration and invasion through binding miR-140-5p,
which may provide new insights into the therapeu-
tic strategy against cervical cancer.
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Materials and methods
Cell lines and cell culture

Human normal cervical epithelial cell line (End1/
E6E7) and human cervical cell lines (HeLa and
SiHa) were obtained from the Cell Bank of the
Chinese Academy of Sciences (Shanghai, China).
The cells were maintained in Dulbecco’s minimal
Eagle’s medium (DMEM; Invitrogen, Carlsbad,
CA, USA) containing 6% fetal bovine serum (FBS;
Gibico, Grand Island, NY, USA) and 1% penicillin/
streptomycin at 37°C in a humidified atmosphere
containing 5% CO,.

Dual luciferase reporter assay

A bioinformatics website (http://www.rna-socie-
ty.org/raid2/index.html) was used to identify the
binding sites for miR-140-5p, IncRNA PVT1 and
Smad3, and obtain the fragment sequences con-
taining action sites. The bioinformatics software
was then applied to predict the binding sites be-
tween miR-140-5p and PVT1 as well as between
miR-140-5p and Smad3. Then the wild-type PVT1
(PVT1-WT), mutant PVT1 (PVT1-MUT), wild-
type Smad3 (Smad3-WT) and mutant Smad3
(Smad3-MUT) containing predicted miR-140-5
binding sites were synthesized and cloned into
a pGL3 vector. Then, the above constructed vec-
tors were transfected into cervical cancer cells in
the presence of miR-NC or miR-140-5p inhibitor.
Luciferase activity was detected using the Dual-
Luciferase Reporter Assay System (Promega,
Madison, USA).

Cell transfection

Sh-PVT1, negative control (sh-NC), miR-140-5p
mimics and miR-140-5p inhibitor were synthe-
sized by GenePharma (Shanghai, China). After
reaching 60%-70% confluence, the cervical can-
cer cells were transfected by using Lipofectamine
2000 (Life Technologies, Carlsbad, CA) according
to the manufacturer’s instructions.

Cell colony formation assay

After transfection, cells were seeded in 6-well
plates at a density of 1x10° cells/well. The cells
were then fixed and stained with 0.1% crystal vio-
let after incubation for 14 days. The numbers of
colonies were counted under microscope. This as-
say was performed at least three times.
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Wound healing assays

Cells were incubated in 6-well plates at a density
of 1 x 10° cells/well. After transfection, the cells
were cultured with serum-free medium for 24 h.
Wounds were created by using a sterile plastic
pipette tip to scratch the cell layer. Then the cells
were incubated with medium containing 10% FBS
for 48 h. Images were acquired by microscope. This
assay was performed at least three times.

Transwell assays

The transwell assays were determined using tran-
swell chambers (Corning, NY, USA) as previously
described.?? Briefly, transfected cells were suspend-
ed in serum-free medium and seeded into the up-
per chamber, while medium containing 10% FBS
was added in the bottom chamber. After incuba-
tion at 37°C for 24 h, the cells that invaded through
matrix membrane were fixed with 4% paraform-
aldehyde and stained with crystal violet. Then,
stained cells were photographed and counted from
five random fields per filter for analysis. This assay
was performed at least three times.

RNA isolation and qRT-PCR

Total RNA was extracted from cell samples using
Trizol reagents (Thermo Fisher Scientific, Waltham,
MA, USA) from cell lines, and cDNA was syn-
thesized using PrimeScript™ c¢DNA Kit (Takara,
Dalian, China) according to the manufacture’s
protocols. qRT-PCR was determined using an ABI
7000 Prism Step One plus detection system (Life
Technologies, USA). The relative expression was
normalized using GAPDH as an internal reference
gene, and U6 was used as the endogenous control
of miR-140-5p. Fold changes were calculated us-
ing the formula 244, All qRT-PCR reactions were
performed three times independently. The primer
sequences used for qRT-PCR as follow.

Western blotting

Cell samples were harvested and lysed using cell ly-
sis buffer on ice. Total proteins were extracted and
concentrations were detected using a BCA protein
assay kit (Beyotime, China). Same amounts of pro-
tein samples were isolated by 12% SDS-PAGE gels
and then transferred onto polyvinylidene fluoride
(PVDF) membranes. The membranes were then
blocked with TBS-T containing 5% nonfat milk
powder for 2 h at RT and incubated with primary
antibodies at 4°C overnight. The membranes were
then incubated with secondary antibody for 1 h at
RT. The images were visualized using an enhanced
chemiluminescence system. Signals were quan-
tified and analyzed using the Image-Pro Plus 6.0
software (Media Cybernetics, Sarasota, USA). The
following primary antibodies were applied: anti-
Smad3 (1:1000; #9513), anti-E-cadherin (1:1000;
#14472), anti-vimentin (1:1000; #3932), anti-N-cad-
herin (1:1000; #4061) anti-Snail (1:1000; #3879) (All
purchased from Cell signaling Technology). The
corresponding HRP-conjugated antibody (1: 5000;
Abcam, UK) was used as the secondary antibody.

Statistical analysis

Statistical analysis was performed using SPSS 22.0
software (IBM Corporation, NY, USA). All data
were expressed as the mean + standard deviation
(SD). All experiments were performed triplicate
independently. Comparisons were determined
using one-way analysis of variance (ANOVA) or
Student’s f-test. P < 0.05 was considered signifi-
cantly different.

PVT1 forward 5-AAAACGGCAGCAGGAAATGT-3" and reverse 5'-GGAGTCATGGGTGTCAGACA-3'.

miR-140-5p forward 5-GGGCCAGTGGTTTTACCCTA-3
and reverse 5'-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGAC CTACCA-3'.

Smad3 forward 5'-CTCCAAACCTATCCCCGAAT-3

and reverse 5'-CCTGTTGACATTGGAGAGCA-3'. U6 forward 5'-AAAGCAAATCATCGGACGACC-3'
and reverse 5'- GTACAACACATTGTTTCCTCGGA-3'.

GAPDH forward 5'-AGAAGGCTGGGGCTCATTTG -3’

and reverse 5'-AGGGGCCATCCACAGTCTTC-3'.
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Results

The expressions of IncRNA PVT1 and
Smad3 were increased, while miR-140-
5p was reduced in cervical cancer cell
lines

To determine the roles of IncRNA PVT1, miR-140-
5p and Smad3 in cervical cancer metastasis, ex-
pressions of IncRNA PVT1, miR-140-5p and Smad3
in cervical cancer cell lines (HeLa and SiHa) and
human normal cervical cell line (End1/E6E7) were
determined by qRT-PCR and western blotting.
The results in Figure 1A and 1B show that IncRNA
PVT1 expression was significantly upregulated in
cervical cancer cell lines compared with that in the
normal cervical cell line by over 1.6-fold (P < 0.01)
and 1.3-fold (P < 0.05) respectively. While, the ex-
pression of miR-140-5p was remarkably downreg-
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FIGURE 1. Expressions of PVT1, miR-140-5p and Smad3 in normal cervical epithelial
cells and cervical cancer cell lines. Expression levels of PVT1 (A), miR-140-5p (B)
and Smad3 (C) were detected by gRT-PCR. (D) Protein expressions of Smad3 were
detected by western blotfting. The data are presented as means + SD of three
independent experiments. Statistical significance compared with the normal
cervical epithelial cells is indicated by *P < 0.05 and **P < 0.01.
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ulated in cervical cancer cell lines compared with
the normal cervical epithelial cells as their respec-
tive reductions were 51.8% and 36.7% (P < 0.01).
Furthermore, the mRNA and protein expressions
of Smad3 were significantly increased in the cervi-
cal cancer cell lines compared with that in the nor-
mal cervical epithelial cells with 1.5-fold, 1.3-fold
increase in mRNA levels and 3.8-fold, 3.3-fold
increase in protein levels, respectively (Figure 1C
and 1D, P < 0.01).

PVT1 directly sponged miR-140-5p and
miR-140-5p directly targeted Smad3 in
cervical cancer cells

Bioinformatics analysis showed that miR-140-5p
might be a target of PVT1 (Figure 2A). Dual lucif-
erase assay was further conducted to determine
whether PVT1 could regulate miR-140-5p expres-
sion by acting as a molecular sponge, showing
that miR-140-5p mimics could significantly inhibit
the luciferase activity of PVT1-WT in both cancer
cell lines, but had no significant effect on that of
PVT1-MUT (Figure 2C and 2D). Furthermore, bio-
informatics analysis revealed miR-140-5p can also
bind directly to Smad3 (Figure 2B). The results of
Figure 2E and 2F showed that miR-140-5p mimics
could remarkably suppress the luciferase activity
of Smad3-WT in both cervical cancer cell lines, and
had no effect on that of Smad3-MUT.

Downregulation of IncRNA PVT1 inhibits
proliferation, migration and invasion of
cervical cancer cells

Since PVT1 was highly expressed in cervical cancer
cells, revealing that IncRNA PVT1 could be a po-
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FIGURE 2. MiR-140-5p was a target of INcRNA PVT1 and Smad3 was a downstream target of miR-140-5p. (A) Binding sites between
INcRNA PVT1 and miR-140-5p. (B) Binding sites between miR-140-5p and Smad3. Dual-luciferase assay was applied to explore the
interaction between PVT1 and miR-140-5p in Hela cells (C) and SiHa cells (D). Dual-luciferase assay was applied to explore the
interaction between miR-140-5p and Smad3 in Hela cells (E) and SiHa cells (F). The data are presented as means + SD of three
independent experiments. Statistical significance compared with miR-NC is indicated by *P < 0.05 and **P < 0.01.
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tential oncogene during the progression of cervical
cancer. To figure out the function of IncRNA PVT1
during the progression of cervical cancer cells,
PVT1 specific sh-RNA was applied to knockdown
the expression of PVT1. As shown in Figure 3A
and 3B, the expressions of PVT1 were significantly
downregulated in sh-PVT1 transfected cervical
cancer cells compared with that in cells transfected
with sh-NC and the control group as their respec-
tive reductions were 39.8% and 43.7% (P < 0.01).

While, the expressions of miR-140-5p in sh-PVT1
transfected cervical cancer cells were significantly
upregulated compared with cells transfected with
sh-NC and the control group by over 1.4-fold (P <
0.05, Figure 3C) and 1.9-fold respectively (P < 0.01,
Figure 3D). Meantime, the mRNA levels (Figure 3E
and 3F) and protein levels (Figure 3G and 3H) of
Smad3 were significantly decreased after transfect-
ing with sh-PVT1 in cervical cancer cells with 25.3%,
38.5% reductions in mRNA levels and 57.2%, 62.3%
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reductions in protein levels, respectively (P < 0.01).
To explore the role of PVT1 in the proliferation of
cervical cancer cells, colony formation assay was
performed. As shown in Figure 3I and 3], PVT1
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The results showed that PVT1 knockdown could
significantly decrease the migration activities of
cervical cancer cells compared with the sh-NC
groups, with an inhibition rate of 51.2% and 61.3%
in both cells lines respectively. (Figure 4A-4D, P <
0.01). Moreover, invasion capacity of cervical can-
cer cells was further determined by transwell as-
says. The results showed that PVT1 suppression
could remarkably inhibit the invasion capacities
of cervical cancer cells compared with the sh-NC
groups, as their respective reductions were 59.2%
and 61.2%, respectively (Figure 4E-4H, P < 0.01).
Besides, expressions of E-cadherin, N-cadherin,
vimentin and Snail were determined. The results
showed that downregulation of PVT1 lead to sig-
nificant increase in the expressions of E-cadherin
(1.9-fold and 2.1-fold) and significant decrease in
the expressions of N-cadherin (41.2% and 37.1%),
vimentin (30.1% and 13.6%) and Snail (39.2% and

45%) compared with the sh-NC group (Figure 41
and 4], P < 0.05). These data indicated that PVT1
could serve as an oncogenic IncRNA in the pro-
gression of cervical cancer.

LncRNA PVT1 promoted cervical cancer
cells progression via modulating miR-
140-5p

To determine whether miR-140-5p was implicated
in the effect of IncRNA PVT1 on the progression of
cervical cancer cells, sh-PVT1 transfected cervical
cancer cells were transfected with or without miR-
140-5p inhibitor. The results showed that miR-140-
5p inhibitor could decline the PVT1 inhibition-me-
diated decreasing effect on the Smad3 expression
in cervical cancer cells (Figure 5A-5D). Colony
formation assay indicated that inhibition of miR-
140-5p could reserve the inhibition effects of PVT1
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downregulation on proliferation of cervical cancer  rescued by miR-140-5p inhibitor (Figure 6A-6H).
cells (Figure 5E and 5F). Similar results could also  Besides, treatment with miR-140-5p inhibitor
be observed in wound healing and transwell as- could suppress sh-PVTl-induced upregulation
says, that decreased migration and invasion abili- of E-cadherin expression and reverse sh-PVT1-
ties induced by PVT1 downregulation could be induced down-regulation of N-cadherin, vimentin
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FIGURE 6. Silencing of miR-140-5p reversed the effects of PVT1 inhibition on the metastasis of cervical cancer cells. (A-D) Wound healing assay
was conducted to evaluate the migration activities of HeLa and SiHa cells. (E-H) Transwell assay was conducted to evaluate the invasion
activities of HeLa and SiHa cells. (1, J) Expressions of E-cadherin, N-cadherin, vimentin and Snail were determined by western blotting in both
Hela and SiHa cells. The data are presented as means £ SD of three independent experiments. Statistical significance compared with sh-PVT1
is indicated by *P < 0.05 and **P < 0.01.
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and Snail expressions (Figure 61-6]). These data in-
dicated that PVT1 knockdown could suppress the
progression of cervical cancer cells via miR-140-5p.

Discussion

Accumulating evidence has revealed that aber-
rantly expressed IncRNAs plays crucial role in tu-
mor occurrence, invasion and metastasis including
cervical cancer.” By far, PVT1 is recognized as an
oncogene in many cancers, however, the role of
PVT1 in the progression of cervical cancer and the
potential underlying mechanism by which PVT1
participate in remains uncertain.

Recent studies have shown that PVT1 is upregu-
lated in many kinds of cancers and serves as an on-
cogenic IncRNA. Zhang ef al. have demonstrated
that PVT1 could promote the proliferation and
invasion by sponging miR-200a in glioma cells.?*
Zou et al.?> showed that expressions of PVT1 were
significantly elevated in ovarian cancer tissues
and cells, and the progression of ovarian cancer
cells promoted by PVT1 was mediated by the up-
regulation of SOX2. Our results also showed that
PVT1 expressions were significantly upregulated
in cervical cancer cells. Furthermore, knockdown
of PVT1 could significantly decrease the prolif-
eration, migration and invasion of cervical cancer
cells. These findings showed that PVT1 might act
as an oncogene in the progression of cervical can-
cer, which is in consistent with the previous re-
searchers.?6?

Despite much progress have been made in the
research of IncRNAs, the underlying mechanism
remains unclear. Recently, interactions between
IncRNAs and miRNAs have proposed that IncR-
NAs can serve as a sponge to bind miRNA and reg-
ulate the functions of miRNAs, which play a crucial
role in the proliferation and tumorigenesis of many
cancers.?>? So, we further focused on miR-140-5p,
due to its critical role in the progression of cervi-
cal cancer.’> 13 Our data revealed that expressions
of miR-140-5p were significantly downregulated in
cervical cancer cells. Inhibition of PVT1 significant-
ly increased the expressions of miR-140-5p in cer-
vical cancer cells. In addition, luciferase assay was
further applied to determine the correlation be-
tween PVT1 and miR-140-5p. Our results revealed
that miR-140-5p upregulation could significantly
inhibit the luciferase activities of PVT1-WT but did
not affect that of PVT1-MUT, indicating that PVT1
binds to miR-140-5p and regulate its function. To
further, clarify the interaction of PVT1 and miR-

140-5p during the progression of cervical cancer
cells. MiR-140-5p inhibitor were transfected into
PVT1 knockdown cervical cancer cells then prolif-
eration, migration and invasion assays of cervical
cancer cells were performed. Zhang et al. showed
that PVT1 could promote metastasis and prolifera-
tion of colon cancer via the inhibiting of miR-26.%
Tian et al. reported that PVT1 could downregulate
miR-31 to enhance CDKI1 expression thus facilitat-
ing the progression of bladder cancer cells.’® Our
results illustrate the interaction between PVT1 and
miR-140-5p in the progression of cervical cancer
cells.

Normally, miRNAs could regulate tumorigene-
sis by targeting a variety of protein-coding genes.>!
Smad3 has been demonstrated increased and
could act as an oncogenic role in the progression
of many type of cancers. For instance, Yamazaki ef
al. showed that Smad3 could promote the invasion
and migration of pancreatic cancer cells.®> Fan ef
al. showed that activation of TGFA/Smad3 signal
could induce the migration and invasion of cervi-
cal cancer cell lines, suggesting that Smad3 plays
a vital role in cervical cancer metastasis.*® Our
present results also revealed that Smad3 expres-
sions were significantly increased in cervical can-
cer cells. Besides, bioinformatics analysis showed
that Smad3 might be downstream target of miR-
140-5p. In addition, the luciferase assay displayed
that miR-140-5p could target Smad3 directly. More
importantly, our results corroborated that transfec-
tion of miR-140-5p inhibitor could partially reverse
PVT1 knockdown-induced changes of Smad3 ex-
pressions in cervical cancer cells, indicating that
miR-140-5p act as a tumor suppressor through the
regulation of Smad3.

Collectively, we found that PVT1 is upregulated
in cervical cancer cells, and PVT1 might serve as a
prognostic indicator for cervical cancer patients.>-%
Furthermore, PVT1 sponges directly to miR-140-5p
and regulates its expression and function. In addi-
tion, Smad3 is also upregulated in cervical cancer
cells and it is the downstream target of miR-140-
5p. Moreover, PVT1 promotes the proliferation,
migration and invasion of cervical cancer cells via
regulating miR-140-5p and Smad3. Our findings
provide new insights into the therapeutic strategy
against cervical cancer.
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