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Abstract: Accumulating evidence demonstrates that long noncoding RNAs (IncRNAs) may be involved in the regula
tion of cancer biology. PVT1, which is overexpressed in tumor samples, acts as an oncogenic promoter in several
kinds of cancers, including ovarian cancer. However, the mechanisms of its regulation of malignant behaviors in
ovarian cancer remain largely unknown. In this study, the expression of PVT1 in several ovarian cancer cell lines was
analyzed by qRT-PCR. The effect of PVT1 on malignant behaviors, including cell proliferation, migration and invasion,
was analyzed. The posttranscriptional regulation of FOXM1 by PVT1 was analyzed by western blotting. The results
illustrated that PVT1 acted as a sponge and bound miR-370 on two binding sites. The expression of PVT1 positively
regulated malignant behaviors in ovarian cancer cells, including cell proliferation, migration and invasion, which
could be reversed by the introduction of miR-370 mimics. Sponged miR-370 failed to posttranscriptionally regulate
FOXM1, which resulted in the promotion of malignant behavior. PVT1 was also found to bind to FOXM1 directly and
stabilize the FOXM1 protein. The promoting effect of PVT1 on malignant behaviors and chemoresistance to cisplatin
could be reversed by knockdown of FOXM1 and introduction of miR-370 mimics. Together, these results suggest
that IncRNA PVT1 promotes malignant behavior and induces chemoresistance in ovarian cancer by epigenetic and
posttranscriptional regulation of FOXM1.
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Introduction

Long noncoding RNAs (IncRNAs) are a class of
RNAs consisting of 200-100,000 nt that play
many roles in physiological processes. LncRNAs
are also widely involved in human diseases,
including cancer [1]. Numerous well-identified
IncRNAs have been revealed to play critical
regulatory roles in tumorigenesis, progression
and metastasis, including metastasis-associat-
ed lung adenocarcinoma transcript 1 (MALAT-1)
in breast cancer [2] and HOX transcript anti-
sense RNA (HOTAIR) in pancreatic cancer [3].
More novel identified IncRNAs have also been
reported to be tightly involved in regulatory pro-
cesses of cancer cells, such as IncRNA 00239

in myeloid leukemia cells [4]. LncRNA PVT1, a
recently identified IncRNA, has been shown to
be abnormally upregulated in somatic malig-
nancies and functions as a promotor of tumor
growth in gastric cancer [5], colorectal cancer
[6], and acute promyelocytic leukemia [7]. In
all of these types of cancers, PVT1 has been
reported as an oncogenic factor that promotes
malignant behaviors. Although many interact-
ing modulators of PVT1 have been found,
including NOP2 [8], c-MYC [9] and FOXM1 [10],
it is still unclear how PVT1 exerts its effects as
a tumor promoter in these cancers. The identifi-
cation of the mechanism by which PVT1 regu-
lates its interacting partners would help eluci-
date its critical role in tumor progression.
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Forkhead box M1 (FOXM1) is a member of the
Forkhead box family, which can specifically
bind to winged-helix DNA [11]. Under normal
conditions, FOXM1 is critically involved in regu-
lating embryogenesis [12] and organ develop-
ment [13], and its upregulation has also been
observed in various human cancers [14, 15].
In ovarian cancer, upregulated and activated
FOXM1 has been reported to be positively
associated with the majority of high-grade
serous ovarian cancers, which is the most
deadly ovarian cancer with poor prognosis [16].
In ovarian cancer, upregulation of FOXM1
results in promotion of cell proliferation, migra-
tion and invasion, but the exact molecular
mechanism is unclear [17]. PVT1 directly binds
to and stabilizes the FOXM1 protein. Moreover,
PVT1 is then transcriptionally activated by
FOXM1, by FOXM1 interacting with the PVT1
promoter region [10]. In this way, FOXM1 is epi-
genetically regulated by PVT1 via direct bin-
ding.

FOXM1 is also posttranscriptionally regulated
by microRNAs, including miR-370 in ovarian
cancer [18]. Chen and colleagues reported that
by introducing miR-370, FOXM1 was knocked
down, and consequently, cell proliferation, mi-
gration, invasion and epithelial-mesenchymal
transition (EMT) were inhibited [18]. The circu-
lar RNA hsa_circ_0061140, which has been
previously reported to be abnormally upregu-
lated in ovarian cancer [19], acts as a sponge
targeting miR-370 [20]. Hsa_circ_0061140
appeared to function as a competing endoge-
nous RNA of miR-370 and thus regulated cell
proliferation and other malignant behaviors,
including migration, invasion and tumor forma-
tion in ovarian cancer via regulation of the miR-
370/FOXM1 pathway mediating EMT. In-
terestingly, through bioinformatic prediction
analysis, two predicated binding sites of miR-
370 were observed on PVT1, which indicated
that PVT1 potentially also acts as a regulator of
FOXM1 by sponging miR-370. The identification
of how PVT1 exactly regulates FOXM1 may help
determine how the PVT1/FOXM1/miR-370
pathway mediates malignant behaviors in ovar-
ian cancers.

In the present investigation, we bioinformati-
cally predicted the binding sites of miR-370 on
PVT1 and the biological significance of their
interaction in ovarian cancer cell lines. Our
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results showed that PVT1 was upregulated in
ovarian cancer cells and epigenetically and
posttranscriptionally regulated the protein level
of FOXM1. This study provides novel evidence
that may further reveal the regulatory mecha-
nism of PVT1 on FOXM1, which may aid in the
development of effective therapeutic strate-
gies for ovarian cancer therapy.

Material and methods
Cell culture

Human ovarian cancer cell lines, including
SkOV3, OVCAR3, ALST and ES2, human ovarian
cells, IOSE80, were purchased from the Ame-
rican Type Culture Collection (ATCC; Manassas,
VA) and stored in our laboratory. All these cells
were cultured in Dulbecco’s modified Eagle’s
medium (SKOV3, OVCAR3 and IOSE80) or
RPMI-1640 (ALST, ES2) supplemented with 5%
fetal bovine serum (FBS; Thermo Scientific,
Waltham, MA, USA). All cells were maintained in
a 37°C humidified atmosphere of 95% air and
5% CO,, and passaged every three days.

Prediction of miRNA targets

To predict binding microRNAs of PVT1, the bio-
informatic tool (RegRNA2.0) was employed,
and two binding sites for miR-370 and one
binding site for miR-526-5p were detected.

Luciferase reporter assays

The human PVT1 RNA (1940 bp) were PCR-
amplified from cDNA of SKOV3 cells, using prim-
ers containing flanking Xho | and Sal | recogni-
tion sequences (Fw: 5-CCGCTCGAGCTCCGG-
GCAGAGCGCGTGTGGC-3’; Rev: 5-CGCGTCG-
ACTAGTAGAAAAAAGAATTTAATAGACAC-3’). The
amplified products were ligated in the multiple
cloning site of pmirGLO dual-luciferase miRNA
target expression vector (Promega, Madison,
WI, USA). The recombinant product (pmirGLO-
PVT1, pmirGLO-PVT1-MUT1/3 or pmirGLO-
PVT1-MUT2) was transfected into HEK293
together with 50 nM of miR-370-5p or miR-
526-5p mimics purchased from RIBOBIO
(Guangzhou, China) by using Lipofectamine
2000 (Life Technologies, Grand lIsland, NY,
USA). 48-hour later, cells were lysed in passive
lysis buffer (Promega, Madison, WI, USA), and
luciferase activity was determined using the
dual-luciferase assay kit (Promega, Madison,
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WI, USA) in a GLOMAX 20/20 Iluminometer
(Promega, Madison, WI, USA). To calculate the
relative activity of luciferase reporter gene, the
activity of luciferase normalized to Renilla lucif-
erase was expressed as a percentage of rela-
tive luciferase units. All experiments were
repeated three times.

Reverse-transcriptional quantitative poly-
merase chain reaction

To obtain total RNA, target cells were lysed
by employing SoniConvert® tissue sonicator
(UTL:  http://www.doc-sense.com/index.html,
DocSense, Chengdu, China) following manu-
facturer’s instruction and isolated using TRIZol
(Life technology, Grand Island, NY, USA). To
evaluate microRNA expressing levels, the first-
strand cDNA was synthesized from 1 ug of total
RNA using the All-in-OneTM miRNA First-Strand
cDNA synthesis Kit (RIBOBIO, Guangzhou,
China). Quantitative PCR was performed with
an All-in-One™ miRNA gRT-PCR Detection Kit
(RIBOBIO, Guangzhou, China), and Applied
Biosystems 7500 Real-time system (ABI
7500HT instrument) were used for measure-
ment. The primers used in this research are
also purchased from RIBOBIO, including miR-
370-5p (Cat. No.: HmiRQP0456), miR-526-5p
(Cat. No.: HmiRQP0612) and U6 small nuclear
RNA (Cat. No.: HQP015877). To evaluate mRNA
expressing levels, the first-strand cDNA was
synthesized from 1 ug of total RNA using the
First-Strand cDNA synthesis Kit (RIBOBIO,
Guangzhou, China). Quantitative PCR was per-
formed with a BlazeTag™ SYBR® Green gqPCR
mix 2.0 kit (RIBOBIO, Guangzhou, China). The
primers used in this research are also pur-
chased from RIBOBIO, including PVT1 (for-
ward 5-TGGTGTTCCCCTTTTACTGC-3’, reverse
5-TGGTGAAACCCCGTCTCTAC-3’), FOXM1 (Cat.
No.: HQP005712), B-actin (Cat. No.: HQP-
108762).

CCK-8 analysis

Cells were suspended and adjust to 1x10°
cells/ml. 10000 cells/well were seeded into a
96-well plate and allowed to attach overnight.
24-hour later, the Cell Counting Kit-8 (CCK-8,
Sigma-Aldrich, St. Louis, MO, USA) prepared
solution was added for a 2-hour co-incubation
at 37°C avoid from light. A450 was detected
by microplate reader (Synergy 2 Multi-Mode
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Microplate Reader; BioTek, Winooski, VT, USA)
to determine the cell viability.

EdU staining

To image proliferating cells, the incorporation
of 5-ethynyl-20-deoxyuridine (EdU) with an EdU
Cell Proliferation Assay Kit (Ribobio, Guangzhou,
China) was employed to stain proliferating cells.
Briefly, 50 mM EdU was added into fresh medi-
um for 4 h co-incubation with cells and then
stained cells were fixed with 4% paraformalde-
hyde for 10 minutes at room temperature.
Then, EdU staining was performed according to
the manufacturer’s protocol. Cell nuclei were
stained with Hoechst33342 (Sigma) at a con-
centration of 1 mg/mL for 5 min at room tem-
perature avoid from light. The proportion of
cells incorporating EdU was determined using
a X71 (U-RFLT) fluorescence microscope
(Olympus, Melville, NY).

Cell cycle analysis

To detect the proportion of cell cycle phases,
the cells were suspended and washed with ice-
cold PBS for three times. After pelleting, cells
were fixed with ice-cold 70% ethanol at a con-
centration of 1x108 cells per ml. 12-hour later,
cells were pelleted and washed with ice-cold
PBS for three times, then cells were suspended
with 5 pg/ml propidium iodide (Pl, Sigma-
Aldrich, St. Louis, MO, USA) for 10 min avoid
from light. Then, without additional washes,
stained cells were analyzed using 3 laser
Navios flow cytometers (Beckman Coulter,
Brea, CA, USA).

Migration and invasion

To evaluate the migration and invasion abilities,
cells were suspended a plated into upper cham-
ber (8-um pore size; Corning Inc., Corning, NY.
USA). For measuring migration ability, chamber
was employed directly, for measuring invasion
ability, chamber was coated with 0.8% of
Matrigel (Sigma-Aldrich, St. Louis, MO, USA).
24-hour later, the cells on the lower face of
chamber was fixed with 4% paraformaldehyde
for 10 minutes at room temperature, and then
stained with 0.25% crystal violet (Sigma-
Aldrich). Five views of each chamber were
imaged using a X71 (U-RFLT) fluorescence
microscope (Olympus, Melville, NY).
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Colony formation

To evaluate the colony formation ability, cells
were trypsinized, suspended and washed, with
ice-cold PBS for three times. Subsequently,
2000 cells were plated into 6-well plates and
cultured for 14 days. When the colonies were
visible to the naked eye, the plate was washed
with ice-cold PBS for three times. The colonies
were fixed with 4% paraformaldehyde for 10
min, and stained by 0.25% crystal violet for 20
min. Each well was imaged.

Tumor formation

To evaluate the tumor formation in soft agar,
cells were resuspended, washed and resus-
pended in 0.3% soft agar in RPMI-1640 con-
taining 10% FBS at the final concentration of
5000 cells per well, then layered onto 0.6%
solidified agar in RPMI-1640 containing 10%
FBS in 6-well plates. These plates were incu-
bated at 37°C for 14 days. Colonies containing
50 cells or more were counted using a X71
(U-RFL-T) fluorescence microscope (Olympus,
Melville, NY).

RNA immunoprecipitation (RIP)

Cells were trypsinized, suspended, and washed
with ice-cold PBS for three times. Then cells
were lysed in RIP lysis buffer containing 100
mM KCI, 10 mm KHEPES, pH 7.2, 5 mM MgCl,,
1 mM DTT, 400 uyM VRC, 1 mM PMSF, 10 mM
NaF, 2 mM sodium orthovanadate, 2 mM
B-glycerophosphate, 0.5% IGEPAL CA-630,
RNaseOUT, and protease inhibitor cocktail. The
lysates were incubated on ice for 10 min and
centrifuged at 14,000 rpm for 15 min to clear
cell debris. The supernatants were supple-
mented with NT2 buffer (150 mM NaCl, 1 mM
MgCl,, 50 mM Tris-HCI, pH 7.4, 0.05% IGEPAL
CA-630), EDTA to 15 mM, DTT to 1 mM,
RNaseOUT, and then immunoprecipitated with
anti-FLAG antibody prebound Dynabeads
Protein G beads (Thermo Fisher Scientific, MA,
USA) at 4°C overnight. The samples were
washed five times with NT2 buffer supplement-
ed with 15 mM EDTA. RNA was eluted with
TRIsure (Bioline) according to the manufactur-
er's instructions. The isolated RNA from RIP
was analyzed by quantitative PCR. The results
were shown as the relative enrichment fold of
anti-FLAG antibody over the Rabbit IgG
antibody.
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Western blot

The primary antibodies used was listed as fol-
lowed: Rabbit monoclonal anti-FOXM1 antibody
(1:1000, cat. No.: ab232649); Rabbit monoclo-
nal anti-B-actin antibody (1:5000, #ab8227).
Goat anti-rabbit IgG H&L antibody (HRP ladled,
1:10000, #ab7090) was used as secondary
antibody. Blot bands were quantified via densi-
tometry with Image J software (National In-
stitutes of Health Baltimore, MD, USA). B-actin
was used as an internal reference.

Statistical analysis

SPSS (software version 19.0, SPSS, Chicago,
IL, USA) was employed to statistical analysis in
this study. Data are presented as the mean +
standard deviation. The Student t test and one-
way ANOVA were used to analyze 2 or multiple
groups, respectively. Probabilities lower than
5% (P<0.05) were considered statistically sig-
nificant. All experiments were repeated three or
more times.

Results

LnvPVT1 was targeted and potentially regu-
lated by miR-370 and miR-526

LncRNAs can act as a molecular sponge to
impede miRNAs from binding to the mRNA tar-
gets and consequently exert as a regulator of
physiological processes [21]. To predict the
potential binding sites of miRNAs on PVT1, we
employed RegRNA2.0 to search potential miR-
NA-IncRNA mutual binding and then focused on
the interaction between IncRNA PVT1, miR-
370-5p and miR-526-5p (Figure 1A), and a
dual luciferase reporter assay was carried out
to further confirm the specific interplay between
PVT1, miR-370, and miR-526, respectively. As it
is illustrated in Figure 1B, co-transfection of
pmirGLO-PVT1 and miR-370 mimics/miR-526
mimics significantly diminished the relative
luciferase activity compared with that in the
pmirGLO-vector or pmirGLO-PVT1-MUT1/3,
MUT2 transfected group (P<0.05). To further
confirm the direct binding of miR-370 and miR-
526 to PVT1, RNA immunoprecipitation using
anti-Ago2 antibody was carried out followed by
quantitative PCR (Figure 1C) and semi-quanti-
tative PCR (Figure 1D). The results demonstrat-
ed that PVT1 was detected in immunoprecipi-
tants in both miR-370 and miR-526 transfected
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Figure 1. Prediction and confirmation of microRNAs bound to PVT1. (A) Potential binding sites of miR-370 and miR-
526 on the PVT1 were predicted by using online bioinformatic tool (RegRNA2.0). The mutated binding sequences
were presented for further confirming the direct binding of these two microRNAs. (B) Luciferase reporter assays
were performed to demonstrate the direct binding of miR-370 or miR-526 to predicted binding sites. *P<0.05, vs.
miR-NC group. RNA immunoprecipitation using anti-Ago2 antibody was performed to detect the enrichment folds of
PVT1 and miR-370 followed by RT-qPCR (C) and semi-quantitative PCR (D). *P<0.05, vs. vector group.

group, indicated that binding of miR-370 and
miR-526 to PVT1 potentially exert post-tran-
scriptional regulation on PVT1.

LncPVT1, miR-370 and miR-526 are widely
expressed in ovarian cancer cell lines

To detect whether LnvPVT1, miR-370 and miR-
526 are widely expressed in ovarian cancer cell
lines, IOSE80, SkOV3, OVCAR3, ALST and ES2
were employed for RT-gPCR analysis. As it is
shown in Figure 2A, all these RNAs were detect-
ed efficiently in these cell lines with different
expressing patterns. To detect whether the
expressing level of PVT1 is correlated with the
amount of miR-370 and miR-526, PVT1 was
introduced into OVCAR3 and ES2, which pre-
sented the low PVT1 levels. Expectedly, overex-
pression of PVT1 decreased miR-370 presence
in both of these two cell lines (Figure 2B, left
and middle panel). Knockdown of PVT1 in
SkOV3 significantly increased the expressing
levels of both miR-370 and miR-526 (Figure
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2B, right panel), indicated that PVT1 is negative
correlated with miR-370 and miR-526.

PVT1 tightly regulates the malignant behaviors
in ovarian cancer

By considering that PVT1 acts as an oncogenic
molecule in multiple human cancers, including
breast cancer [22], gastric cancer [23] and
colorectal cancer [24], we then tried to evalu-
ate the potential roles of PVT1 in ovarian can-
cer cell lines. PVT1 was introduced in ES2 cells
because of its relatively low endogenous PVT1
expression and PVT1 was knockdown in
SkCOV3 cells because of its relative high
endogenous PVT1 expression. By detecting cell
viability from day 1 to 5, overexpression of
PVT1 significantly increased cell viability (Figure
3A) and oppositely, downregulation of PVT1 sig-
nificantly decreased cell viability (Figure 3B),
which is caused by mediating proliferating cells
identified by EdU staining (Figure 3C). It is also
presented that, by performing cell cycle analy-
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Figure 2. Relative expressing levels of PVT1, miR-370 and miR-526b in ovarian cancer cell lines. A. The relative
expressing levels of PVT1, miR-370 and miR-526b were detected by RT-qPCR in IOSE80, SkOV3, OVCAR3, ALST and
ES2 cell lines. B. After overexpression of PVT1 in OVCAR3 and ES2 cells, miR-370 and miR-526b were detected. Af-
ter knockdown of PVT1 in SKOV3 cells, miR-370 and miR-526b were detected. *P<0.05, vs. vector or shScrambled

group.

sis, the presence or absence of PVT1 is nega-
tively correlated with the proportion of G1/GO
phase cells, indicated that PVT1 may promote
cell cycle by promoting cells into S and G2
phases (Figure 3D).

We also detected the effects of PVT1 on other
malignant behaviors, including migration, inva-
sion, colony formation and tumor formation in
ovarian cancer cells. All results demonstrated
that, overexpression of PVT1 positively regulat-
ed and knockdown of PVT1 negatively regulat-
ed all these malignant behaviors (Figure 4).
Taken together, PVT1 also exerts as a oncogen-
ic molecule in ovarian cancer cells.

miR-370 is partially involved in PVT1-regulated
proliferation

Accordingly, miR-370 is reported to be down-

regulated in ovarian cancer [25, 26], and over-
expression of miR-370 inhibited proliferation in
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both SKOV3 and A2780 cells [27]. Thus, we
focused on the effects of miR-370-PVT1 inter-
action on ovarian cancer cells. We firstly con-
firmed the efficacy of introduction of miR-370
mimics and the miR-370 expression after
PVT1 knockdown in SKOV3 cells (Figure 5A).
Expectedly, knockdown of PVT1 significantly
decreased cell viability from day 1 to 5, which
was reversed by inhibiting miR-370 via intro-
ducing miR-370 antagonist (Figure 5B, right
panel), indicated that the promoting effect of
PVT1 on proliferation is potentially via regulat-
ing miR-370. Meanwhile, introduction of miR-
370 mimics significant decreased cell prolifera-
tion, further confirmed the effect of PVT1 is, at
least partially, dependent on the presence of
miR-370 (Figure 5B, left panel). This is also fur-
ther confirmed by detecting cell cycle phase
distribution showing that PVT1 decreased the
proportion of G1/GO via regulating miR-370
(Figure 5C).
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PVT1 tightly regulated the protein level of
FOXM1

It is reported that PVT1 stabilizes the protein
level of FOXM1 by directly bound [28]. This pro-
moted us to perform chromatin immunoprecipi-
tation after introducing Flag-tagged FOXM1,
and consistent with previous report, Flag-
tagged FOXM1 bound to PVT1l specifically
(Figure 6A). By considering that miR-370 spe-
cifically target to FOXM1 mRNA and thus down-
regulates FOXM1 posttranscriptional [29], we
then tried to figure out whether PVT1 regulates
FOXM1 in both ways. After PVT1 knockdown or
introduction of miR-370 mimics, protein levels
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shPVT1

Vector PVT1

-

Figure 3. PVT1 affected tumor cell viability and prolifera-
tion in ovarian cancer cells. (A) After overexpression of
PVT1 in ES2 cells, cck-8 assay was performed to detect
the cell viability from day 1 to 5. *P<0.05, vs. vector
group. (B) After knockdown of PVT1 in SkOV3 cells, cck-8
assay was performed to detect the cell viability from day
1 to 5. *P<0.05, vs. shScrambled group. After overex-
pression or knockdown of PVT1 in these cells, EdU stain-
ing was performed to detect proliferating cells (C), and
Pl staining followed by flow cytometry was carried out to
detect the distribution of cell cycle phases (D). *P<0.05,
vs. ES2-vector group; #P<0.05, vs. SkCOV3-shNC group.

mmm ES2-vector
ES2-PVT1
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100+ SkCOV3-shPVT1

Cell cycle phases (%)

G1/G0 S
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of FOXM1 were obviously decreased, which is
consistent with previous finding showing that
miR-370 mimics targeted to FOXM1 mRNA
(Figure 6B). To confirm whether PVT1 stabilizes
FOMX1 protein, knockdown of PVT1 and intro-
duction of miR-137 antagonist were simultane-
ously achieved. As illustrated in Figure 6C, it is
observed that knockdown of PVT1 and intro-
duction of miR-370 mimics obviously decreased
FOXM1 protein level. After inhibition of miR-
370, the decrease in FOXM1 protein level
resulted by knockdown of PVT1 was reversed.
Taken together, PVT1 potentially maintained
the protein level of FOXM1 via both stabilizing
FOXM1 and abolishing miR-370.
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Figure 4. PVT1 affected tumor migration, invasion, colony formation and tumor formationin ovarian cancer cells. Af-
ter overexpression or knockdown of PVT1 in ES2 cells or SkCOV3 cells, cells were analyzed for malignant behaviors.
(A) Transwell assay without Matrigel layer was used to detect the effect of PVT1 on migration. (B) Transwell assay
with Matrigel layer was used to detect the effect of PVT on invasion. Colony formation (C) and tumor formation (D)

were performed.

PVT1 potentially exerts promoting effects on
malignant behaviors and induced chemoresist-
ance via regulating FOXM 1

By considering that PVT1 stabilizes FOXM1 pro-
tein and protects FOXM1 mRNA from degrada-
tion by miR-370, we hypothesized that FOXM1
may play a key role in PVT1-promoted malig-
nant behaviors. Then, we analyzed malignant
behavior after FOXM1 regulation mediated by
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PVT1. As it is shown in Figure 7, knockdown of
PVT1 resulted in inhibition of malignant behav-
iors, and was reversed by introduction of Flag-
tagged FOXM1, including proliferation, migra-
tion and invasion.

SkVO3 cells are known to be resistant to plati-
num-based chemotherapies [30], we then tried
to figure out whether PVT1, miR-370 and
FOXM1 are involved in the induction of chemo-
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Figure 5. PVT1 positively regulated miR-370 and affected cell proliferation. (A) Introduction of miR-370 mimics sig-
nificantly increased miR-370 detected by RT-qPCR. Transfection of shPVT1 obviously increased miR-370 level (right
panel). *P<0.05, vs. NC mimics group, or shScrambled group. Knockdown of PVT1 decreased cell proliferation (B)
by arrest cell cycle at G1/GO (C), which were reversed by introduction of miR-370 antagonist to block endogenous
miR-370. *P<0.05, vs. shScrambled. ¥P<0.05, vs. shPVT1 group.
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Figure 6. PVT1 bound to FOXM1 and stabilized it. A. After transfection of vector for coding Flag-tagged FOXM1 for
48 h, RNA immunoprecipitation was carried using anti-flag antibody, and PVT1 was detected by performing RT-qPCR
in IP product. B. After regulation of PVT1 or miR-370, the protein level of FOXM1 was detected by semi-quantitative
western blot. C. The mRNA level (left panel) and protein level (right panel) of FOXM1 was detected after regulation
of PVT1 or miR-370.
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Figure 7. PVT1 potentially regulates tumor malignant behaviors via regulating FOXM1. To figure out the
effect of PVT1, shPVT1 was transfected. To figure out whether PVT1 upregulated miR-370 was involved
in shPVT1-induced proliferating inhibition, miR-370 antagonist was co-transfected with shPVT1. To fig-
ure out whether PVT1-stabilized FOXM1 is critical for PVT1’s effect, coding sequence of FOXM1 was co-
transfected with shPVT1. All these groups were analyzed for cell proliferation (A), distribution of cell cycle
phases (B), migration (C), and invasion (D) by PVT1 knockdown. *P<0.05, vs. shPVT1 group, shPVT1+NC
antagonist, or shPVT1+vector group.
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Figure 8. PVT1 potentially induced chemoresistance via regulating FOXM1 in SkOV3 against CDDP. To figure out
the effect of PVT1, shPVT1 was transfected. To figure out whether PVT1 upregulated miR-370 was involved in
shPVT1-induced proliferating inhibition, miR-370 antagonist was co-transfected with shPVT1. To figure out whether
PVT1-stabilized FOXM1 is critical for PVT1’s effect, coding sequence of FOXM1 was co-transfected with shPVT1.
A and B. After 24-hour incubation with 25 ug/ml CDDP, cells were double-stained with Annexin V-FITC/PI followed
by flow cytometry. *P<0.05, vs. shPVT1+NC antagonist group; #P<0.05, vs. shPVT1+Vector group. C. Cell sensitiv-
ity to CDDP were confirmed by performing CCK-8 assay. *P<0.05, vs. shPVT1+NC antagonist group; *P<0.05, vs.

shPVT1+Vector group.

resistance to cisplatin (CDDP). As it is shown in
Figure 8A and 8B, knockdown of PVT1 obvi-
ously increased apoptotic rate induced by 25
ug/ml of CDDP after 24-hour treatment, which
were reserved by inhibition of miR-370 or over-
expression of FOXM1. Cell sensitivity to CDDP
was also accessed by performing CCK-8 analy-
sis and consistently, it is observed that knock-
down of PVT1 significantly sensitized SkVO3
cells to CDDP, which was reversed by inhibition
of miR-370 or overexpression of FOXM1 (Figure
8C). Taken together, PVT1 is critical for chemo-
resistance to CDDP in SkOV3 cells, which is
potentially via regulating FOXM1.

Discussion

In our present study, we demonstrated that
PVT1 acts as an oncogenic factor by sponging
miR-370 in ovarian cancer cells. PVT1 is widely
reported as a tumor promoter in several kinds
of cancers. Angell and colleagues reported that
in gastric cancer, PVT1 is a novel long noncod-
ing RNA and is highly expressed in tumor tissue
compared to adjacent tissue [D]. It has also
been reported that in colorectal cancer, PVT1 is
highly expressed in tumor tissue, and knock-
down of PVT1 decreases malignant behaviors,
including cell proliferation, migration and inva-
sion [6]. In acute promyelocytic leukemia, over-
expression of PVT1 is correlated with leukemic
cell proliferation by suppressing MYC protein
levels [7]. In addition, high PVT1 expression in
cancers has also been associated with poor
prognosis and mortality [31]. In ovarian cancer
cells, different expression patterns of PVT1
were observed. SKOV3 cells with a high expres-
sion level of PVT1 were subjected to PVT1
knockdown, and ES2 cells with a low expres-
sion level of PVT1 were used for PVT1 overex-
pression. Our results showed that overexpres-
sion of PVT1 promoted malignant behaviors
and that knockdown of PVT1 inhibited malig-
nant behaviors in ovarian cancer cells and sug-
gested that PVT1 may play an important role in
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ovarian cancer progression, indicating that it
may be a promising therapeutic target.

In our results, PVT1 strongly and positively reg-
ulated the expression level of FOXM1, which is
associated with regulation of embryogenesis
[12] and organ development [13], and its upreg-
ulation was also observed in various human
cancers [14, 15]. Direct binding of PVT1 to
FOXM1 protein stabilized and increased FOXM1
protein levels and potentially promoted malig-
nant behaviors, including the proliferation,
migration and invasion of ovarian cancer cells.
Knockdown of PVT1 decreased FOXM1 protein
levels without affecting FOXM1 mRNA levels,
indicating the epigenetic regulatory role of
PVT1 on FOXM1 protein posttranslationally.
The promoting effects of PVT1 on malignant
behaviors were reversed by the introduction of
miR-370 mimics and indicated that PVT1 poten-
tially regulates malignant behaviors by stabiliz-
ing FOXML1.

Numerous studies carried by different research-
ers have found the critical roles of IncRNAs in
physiological and pathological processes th-
rough various mechanisms [32], including in
cancer progression [33]. Zhao and colleagues
reported that in acute myeloid leukemia cells,
the recently identified IncRNAO0239 inhibited
phosphorylation of the downstream signaling
pathway PI3K/AKT/mTOR [34]. It has also been
reported that IncRNAs may epigenetically regu-
late their downstream genes and thus regulate
the malignant behaviors of breast cancer [35].
Mouse VL30 (mVL30) retrotransposon RNA,
which is structurally similar to a retroviral
genome, epigenetically regulates the DNA bind-
ing activity of PSF by binding to the RNA binding
domain of PSF [36]. All of these reports indi-
cate that IncRNAs are involved in the regulation
of malignant behaviors of cancer cells via dif-
ferent mechanisms. Recently, IncRNAs have
been found to act as competitive endogenous
RNAs (ceRNAs) to inhibit miRNAs and protect
target mRNAs from degradation [37]. This find-
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ing prompted us to identify potential miRNA tar-
gets of PVT1 acting as a miRNA sponge.
According to bioinformatic analysis, miR-370, a
microRNA specifically targeting FOXM1 mRNA,
was identified as a candidate, for which two
binding sites were present on PVTL1. This study
confirmed that miR-370 bound specifically to
PVT1, and its regulation of the FOXM1 protein
was reserved by overexpression of PVT1.
Considering that both knockdown of PVT1 and
miR-370 mimics decreased FOXM1 protein lev-
els, PVT1 potentially regulates FOXM1 protein
levels not only via epigenetic binding to the
FOXM1 protein but also by sponging miR-370 to
promote FOXM1 mRNA translation.

Accordingly, our results demonstrated that
PVT1 acts as an oncogenic factor by regulating
FOXM1 protein levels in ovarian cancer cells.
We also revealed that PVT1 regulates FOXM1
epigenetically and posttranscriptionally, which
may provide new insight into the complexity of
IncRNA regulation in cancers.
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