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Long non-coding RNAs (lncRNAs) play vital roles in themetas-
tasis and invasion of cancer cells. Systematic analysis of ovarian
cancer (OvCa) expression profiles suggests that deregulation of
lncRNA AC004988.1, designated promoting transition-associ-
ated lncRNA (PTAL), is involved in OvCa progression. How-
ever, the underlying mechanism of PTAL in OvCa remains un-
known. In this study, we showed that PTAL was significantly
upregulated in mesenchymal subtype samples compared with
epithelial subtype samples from TCGA serous OvCa datasets.
PTAL expression was positively correlated with the expression
of fibronectin1 (FN1), whereas PTAL and FN1 were negatively
correlated with miR-101 expression in the mesenchymal OvCa
samples. In addition, knockdown of PTAL inhibited cell migra-
tion and invasion and blunted the progression of metastasis
in vitro. Meanwhile, knockdown of PTAL increased the expres-
sion of miR-101 and subsequently inhibited the expression of
FN1. Importantly, PTAL positively regulated the expression
of FN1 through sponging of miR-101 and promoted OvCa
cell metastasis by regulating epithelial-mesenchymal transi-
tion. Overall, our study demonstrates the role of PTAL as a
miRNA sponge in OvCa and suggests that PTAL may be a po-
tential target for preventing OvCa metastasis.
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INTRODUCTION
Ovarian cancer (OvCa) is a malignancy with high incidence and high
mortality rate in females.1 The high rate of lethality from OvCa is pri-
marily due to the advanced stage of disease at the time of diagnosis,2,3

and the poor prognosis of OvCa results from the invasion or metas-
tasis of OvCa cells to other parts of the body.4 Evidence indicates that
the ability of OvCa cells to invade and metastasize is enhanced
through the loss of epithelial features and the gain of a mesenchymal
phenotype, a process known as epithelial-to-mesenchymal transition
(EMT).3 Low E-cadherin/Zo-1 expression and high vimentin/fibro-
nectin 1 (FN1) expression are the characteristics of EMT. EMT is
mediated by regulatory factors, such as transcription factors (TFs),
microRNA (miRNA), and long non-coding RNA (lncRNA) at the
transcriptional and post-transcriptional levels.5–7 lncRNAs, non-cod-
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ing RNAs longer than 200 nucleotides, are emerging as new players in
the cancer paradigm, demonstrating potential roles in both oncogenic
and tumor-suppressive pathways.8 lncRNAs have been reported to
play crucial regulatory roles in various cancers, such as lung cancer,9

breast cancer10 and OvCa.11,12 The lncRNA CYTOR is shown to be
upregulated in colorectal cancer and associated with poor prognosis,
promoting proliferation and metastasis by forming a complex with
nucleolin (NCL) and Sam68.13 Moreover, some lncRNAs are thought
to mediate the EMT process during the progression of carcinogen-
esis.14,15 For example, lncRNA-PNUTS serves as a competitive
sponge for miR-205 during EMT in breast cancer,16 and lncRNA
MEG3 plays an important role in lung cancer cell lines by regulating
the EMT process through modulation of PRC2 recruitment and his-
tone H3 methylation.17 However, the contribution of lncRNAs to
EMT in OvCa is poorly understood.

To better characterize EMT in OvCa, we performed an integrated
analysis of high-throughput OvCa data from several platforms,
including mRNA, miRNA, and lncRNA expression profiles. We
found that lncRNA AC004988.1, which was designated promoting
transition-associated lncRNA (PTAL) in this study, and miR-
101(miR-101-3p) were significantly differentially expressed in
mesenchymal OvCa samples compared with epithelium OvCa sam-
ples, and we found a significant negative correlation between PTAL
and miR-101 in mesenchymal OvCa samples. Although miR-101
has been confirmed to be involved in the regulation of invasion and
migration in several cancer types, such as bladder cancer and hepato-
cellular carcinoma,18,19 the biological role and underlying molecular
mechanism of miR-101 in OvCa remains largely unknown.
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Figure 1. The PTAL-miR-101-FN1 Axis Is Dysregulated in OvCa

(A) PTAL is significantly upregulated in mesenchymal OvCa samples compared with epithelial OvCa samples in the TCGA dataset. (B) FN1 is significantly upregulated in

mesenchymal OvCa samples compared with epithelial OvCa samples in the TCGAdataset. (C) Upregulation of PTAL and FN1 in SKOV3 cells after treatment with TGF-b1. n =

6; *p < 0.05. (D) PTAL expression is positively correlated with FN1 expression in the TCGA dataset. (E) PTAL expression is negatively correlated with miR-101 expression in

the TCGA dataset. (F) FN1 expression is negatively correlated with miR-101 expression in the TCGA dataset.
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Moreover, increasing evidence has shown that lncRNAs can function
as a natural miRNA sponge. Thus, we focus on investigating the inter-
action between PTAL and miR-101 in OvCa.

In this study, we found that PTAL was upregulated in OvCa and
explored the effect of PTAL on the phenotype of OvCa cells both
in vitro and in vivo. Furthermore, we revealed that PTAL played an
oncogenic role in OvCa pathogenesis, within which PTAL functioned
as a miRNA sponge to positively regulate the expression of FN1
through sponging of miR-101. Overall, the observations presented
here elucidate the role of PTAL as a key regulator of metastasis of
OvCa cells and suggest the possibility of PTAL as a marker of
OvCa metastasis.

RESULTS
PTAL-miR-101-FN1 Axis Is Dysregulated in OvCa Samples

According to the competing endogenous RNA (ceRNA) network for
integrated mesenchymal (iM) OvCa, which was constructed in our
previous work,20 we identified lncRNA AC004988.1, miR-101, and
FN1 as being significantly differentially expressed in iM OvCa sam-
ples (p < 0.05). As an extracellular matrix glycoprotein, FN1 is
involved in cellular adhesion, migration, and tumor progression in
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multiple tumor types.21–23 In addition, it has been reported that
miR-101 is a key miRNA that regulates the largest number of iM-
related genes.3,24 The functional role and molecular mechanism of
AC004988.1 in OvCa is still unknown. We found that lncRNA
AC004988.1 and FN1 were significantly overexpressed in the iM
OvCa samples from The Cancer Genome Atlas (TCGA) dataset
(p = 3.10 � 10�6 for AC004988.1, p = 9.93 � 10�92 for FN1, t test;
Figures 1A and 1B). Furthermore, lncRNA AC004988.1 and FN1
were also upregulated in transforming growth factor b1 (TGF-b1)-
treated SKOV3 cells (Figure 1C). Moreover, FN1 expression was posi-
tively correlated with the expression level of lncRNA AC004988.1
(ENST00000415237.1) in the iM OvCa samples in the mesen-
chymal-related ceRNA network (p = 6.99 � 10�7, Pearson’s correla-
tion test; Figure 1D). Nevertheless, hsa-miR-101 expression was nega-
tively correlated with the expression level of lncRNA AC004988.1
(p = 0.001, Pearson’s correlation test; Figure 1E), and FN1 expression
was also negatively correlated with the expression level of hsa-miR-
101 (p = 0.003, Pearson’s correlation test; Figure 1F). Thus, we
hypothesized that lncRNA AC004988.1 positively regulated the
expression of FN1 by competitively sponging miR-101 and played
an oncogenic role in OvCa progression. For convenience, we refer
to AC004988.1 as PTAL in this study.



Figure 2. miR-101 Inhibits the Migration and Invasion of OvCa Cells

SKOV3 cells and A2780 cells were transfected with miR-101. (A) Representative images of the migration of SKOV3 and A2780 cells. Cells were counted for the corre-

sponding assays in at least four randommicroscope fields (�100magnification). Cell migration is expressed as a percentage of the control values. (B) Representative images

of the invasion of SKOV3 cells. Cells were counted for the corresponding assays in at least four randommicroscope fields (�100magnification). Cell invasion is expressed as

a percentage of the control values. (C) Representative images from wound-healing assays of SKOV3 cells (�40 magnification). Wound-healing assay results are quantified in

the histogram. (D) Wound-healing assay results of A2780 cells are quantified in the histogram. (E) Western blotting analysis of the expression of EMT-related markers in

SKOV3 cells. Scale bar, 50 mm. n = 4–8; *p < 0.05 and **p < 0.01.
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miR-101 Inhibits EMT and Cell Migration in OvCa Cell Lines by

Directly Targeting FN1

To examine the effect of miR-101 on OvCa cells, we transfected miR-
101 and miR-negative control (NC) into SKOV3 and A2780 cells.
Data from Transwell assays showed that transient introduction of
miR-101 into SKOV3 and A2780 cells inhibited migration in
SKOV3 and A2780 cells and invasion in SKOV3 cells (Figures 2A
and 2B). A wound-healing assay further confirmed that miR-101 in-
hibited cell migration (Figures 2C and 2D). Moreover, transfection
with miR-101 resulted in disturbing expression of several EMT-
related markers, including an increase in E-cadherin and a decrease
in vimentin expression in SKOV3 cells (Figure 2E).

miRNAs are a class of small non-coding RNAs that essentially regu-
late gene expression via post-transcriptional regulation of mRNA.25

Furthermore, FN1 and hsa-miR-101 expression were negatively
correlated in OvCa (Figure 1E). FN1 has been reported to be involved
in the development of multiple cancer types.26 Evidence has suggested
that FN1 can suppress apoptosis and promote cell invasion and
migration in colorectal cancer, and SOX2 targets FN1 to promote
cell migration and invasion in OvCa.21,27 However, there is no evi-
dence of miRNAs targeting FN1 to regulate OvCa cell metastasis.
As depicted in Figure 3A, using the TargetScan database (http://
www.targetscan.org/vert_72/), we found that miR-101 had a comple-
mentary seed sequence with a binding site on the 30 UTR of FN1. A
luciferase assay showed that co-transfection with miR-101 and a
luciferase reporter carrying a portion of the human FN1 30 UTR
(FN1-wild-type [WT]) caused a significant decrease in luciferase
activity compared with co-transfection with miR-NC (Figure 3B).
However, the luciferase activity was efficiently reversed when the po-
tential miR-101 binding site was mutated (FN1-Mut) (Figure 3B).
Then, we transfected SKOV3 and A2780 cells with 50 nM miR-101
mimic and found that miR-101 significantly inhibited FN1 protein
expression (Figures 3C and 3D). Consistently, transfection of
SKOV3 or A2780 cells with 50 nM AMO-101 increased the protein
expression levels of FN1 (Figures 3E and 3F). Moreover, real-time
RT-PCR results showed that transfection of SKOV3 cells with miR-
101 inhibited FN1 mRNA expression, whereas transfection with
AMO-101 showed the opposite effects (Figures 3G and 3H). All the
above results indicate that miR-101 contributes to EMT induction
and OvCa cell metastasis by directly targeting FN1.

lncRNA PTAL Inhibits the Expression and Activity of miR-101 by

Acting as a miRNA Sponge

lncRNAs may act as endogenous RNA sponges that interact with
miRNAs and influence the expression and activity of the miR-
NAs.28,29 As shown in Figures 4A and 4B, ectopic expression of
PTAL markedly reduced the miR-101 level in SKOV3 cells. In
contrast, we applied small interfering RNA (siRNA) to silence the
expression of PTAL (Figure 4C). siPTAL-2 was the most effective
siRNA in knocking down PTAL, and the inhibition of PTAL dramat-
ically enhanced the miR-101 expression level (Figures 4C and 4D).

Meanwhile, we constructed luciferase reporter vectors that contained
wild-type or mutant miR-101 putative binding sites in PTAL. As
shown in Figure 4E, the relative luciferase activity was suppressed in
HEK293 cells co-transfected with miR-101 and PTAL-WT, whereas
PTAL-Mut had no effect. Moreover, a miR-101 sensor reporter vector
was constructed and showed an increase in luciferase activity in
SKOV3 cells with PTAL transfection. These data indicate that miR-
101 can attenuate the luciferase activity of the sensor, whereas PTAL
decreases the inhibitory effects of miR-101 on its sensor (Figure 4F).
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Figure 3. FN1 Is a Direct Target of miR-101

(A) Sequence alignment analysis revealed that miR-101 contains a complementary site for FN1. (B) The luciferase reporter activity of FN1-WT and FN1-Mut was detected in a

luciferase assay. (C–F) Western blotting was used to determine the FN1 protein level in SKOV3 and A2780 cells after treatment with miR-101, miR-NC, AMO-101, or NC for

48 h. (C) Western blotting was used to determine the FN1 protein level in SKOV3 cells after treatment with miR-101 or miR-NC for 48 h. (D) Western blotting was used to

determine the FN1 protein level in A2780 cells after treatment with miR-101 or miR-NC for 48 h. (E) Western blotting was used to determine the FN1 protein level in SKOV3

cells after treatment with AMO-101 or NC for 48 h. (F) Western blotting was used to determine the FN1 protein level in A2780 cells after treatment with AMO-101 or NC for 48

h. (G) Real-time RT-PCR analysis of the FN1 mRNA level in SKOV3 cells after treatment with miR-101 or miR-NC for 48 h. (H) Real-time RT-PCR analysis of the FN1 mRNA

level in SKOV3 cells after treatment with AMO-101 or NC for 48 h. n = 4–8; *p < 0.05 and **p < 0.01.
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Furthermore, forced expression of PTAL increases the luciferase activ-
ity of themiR-101 sensor. In contrast, knockdownof PTALhas reverse
effect (Figure 4G). Taken together, these results show that PTAL may
directly regulatemiR-101 expression and activity by binding to the pu-
tative binding sites and acting as amiRNA sponge. Furthermore, over-
expression or silencing of PTAL upregulated or downregulated,
respectively, the mRNA expression of FN1 (Figure 4H and 4I). All
these data suggest that PTAL inhibits the expression and activity of
miR-101 by acting as a miRNA sponge and regulates the expression
of FN1 by competitively sponging miR-101. Thus, PTAL may be
involved in regulation of the OvCa EMT program and cell invasion
and migration, which is mediated by a miR-101-FN1 axis.

Overexpression of PTAL Promotes EMT andMetastasis of OvCa

Cells by Regulating miR-101

Given that PTAL is highly expressed in the iM subtype of OvCa
samples, we first validated the potential regulatory effects of PTAL
overexpression on EMT and cancer cell migration and invasion.
Transwell assays showed that overexpression of PTAL markedly
enhanced the cell migration and invasion capability in both
SKOV3 and A2780 cells (Figures 5A and 5B). Then, we tested the
autonomous migratory ability of the cells using wound-healing as-
says. As shown in Figures 5C and 5D, forced expression of PTAL
significantly accelerated the speed of wound closure in both
SKOV3 and A2780 cells. To confirm that the functions of PTAL
were indeed due to regulation of miR-101, we simultaneously trans-
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fected SKOV3 and A2780 cells with PTAL and miR-101 mimics.
The results showed that the miR-101 mimic reversed the invasion
and migration abilities of SKOV3 and A2780 cells induced by
PTAL overexpression (Figures 5A–5D).

Because EMT is a pivotal step necessary for epithelial cells to gain the
ability to invade and metastasize, we tested the expression of EMT-
relatedmarkers via western blotting and real-time RT-PCR. As shown
in Figures 5E–5G, overexpression of PTAL resulted in downregulation
of E-cadherin andZo-1 but upregulation ofN-cadherin, vimentin, and
slug in SKOV3 and A2780 cells at the protein level and in SKOV3 cells
at the mRNA level, indicating that overexpression of PTAL could
induce the SKOV3 or A2780 cells to convert into mesenchymal cells,
whereas miR-101 mimic reversed all those effects (Figures 5E–5G).
Furthermore, PTAL upregulated the protein level of FN1 in SKOV3
and A2780 cells and the mRNA level of FN1 in SKOV3 cells, whereas
miR-101 reversed these effects (Figures 5E–5G).

To further confirmwhether miR-101 is necessary for PTAL activity in
OvCa cells, a miR-101 inhibitor (AMO-101) or inhibitor NC were
introduced into SKOV3 and A2780 cells. As depicted in Figures
6A–6D, co-transfection with AMO-101 abated the protective effects
of siPTAL on the TGF-b1-induced motility of SKOV3 and A2780
cells, which was evidenced by increased cell migration and invasion
(Figures 6A and 6B) and the closed wound area (Figures 6C and
6D). Similarly, co-transfection with AMO-101 attenuated the



Figure 4. The lncRNA PTAL Acts as a miRNA Sponge of miR-101

(A) Real-time RT-PCR analysis of PTAL expression levels in SKOV3 cells transfected with PTAL plasmid. n = 4; *p < 0.05. (B) Real-time RT-PCR analysis of miR-101

expression levels in SKOV3 cells transfected with PTAL plasmid. n = 8; *p < 0.05. (C) Real-time RT-PCR analysis of PTAL expression levels in SKOV3 cells transfected with

siPTAL for 48 h. n = 4; **p < 0.01. (D) Real-time RT-PCR analysis of miR-101 expression levels in SKOV3 cells transfected with siPTAL for 48 h. n = 8; **p < 0.01. (E) A

luciferase activity assay was employed to analyze the luciferase activity in HEK293 cells co-transfected with PTAL-WT or PTAL-Mut andmiR-101 or miR-NC. n = 3; *p < 0.05.

(F) Luciferase activity of a miR-101 sensor in OvCa cells transfected with miR-101 sensor, miR-101 or PTAL as specified. n = 3; *p < 0.05. (G) Luciferase activity of a miR-101

sensor in OvCa cells transfected with miR-101 sensor, PTAL or siPTAL as specified. n = 3; *p < 0.05. (H) The FN1 mRNA level was detected in OvCa cells in response to

overexpression of PTAL. (I) The FN1 mRNA level was detected in OvCa cells in response to silencing of PTAL. n = 3; *p < 0.05.
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inhibitory effect of siPTAL on the EMT program in TGF-b1-treated
SKOV3 and A2780 cells, which was indicated by the protein and
mRNA expression level of EMT markers (Figures 6E–6G). Simulta-
neously, silencing PTAL decreased the protein and mRNA level of
FN1 in TGF-b1-treated SKOV3 cells, but AMO-101 alleviated these
effects (Figure 6E–6G). Taken together, these data suggest that
silencing of PTAL protected against EMT and OvCa cell metastasis
through the miR-101-FN1 axis.

Inhibition of PTAL Attenuated OvCa Tumorigenesis and

Metastasis In Vivo

Considering the above results, we aimed to determine whether inhi-
bition of PTAL displays protective effects on OvCa tumorigenesis and
metastasis by employing a nude mouse xenograft tumor model. The
nude mice were intraperitoneally injected with SKOV3 cells for
7 days, and then the mice were intraperitoneally injected with lentivi-
ral constructs carrying short hairpin RNA (shRNA) against PTAL
(shPTAL) or shScramble for 3 weeks. Significantly, the mice injected
with shPTAL developed smaller tumors (Figure 7A) and had a
decreased metastatic burden (Figure 7B) compared with mice in the
shScramble group, but the treatments had no significant effects on
mouse weight (Figure 7C). Western blotting and immunohistochem-
istry (IHC) were used to test the expression of EMT-related markers.
As depicted in Figure 7D, the tumors derived frommice injected with
shPTAL exhibited an increased expression of Zo-1 and E-cadherin
but decreased vimentin and Slug expression. Consistently, PTAL
knockdown resulted in prominent, increased E-cadherin staining,
as well as less-intense FN1 and vimentin staining, compared with
the staining in tumor tissues from the shScramble group (Figure 7E).
These data indicate that silencing of PTAL inhibits ovarian tumori-
genesis and metastasis in vivo.

DISCUSSION
In the present study, we reveal that PTAL plays an important role in
EMT progression and OvCa metastasis. Given the evidence from
in vivo and in vitro experiments, we made a hypothesis model in iE
OvCa samples and in iM OvCa samples. As shown in Figure 7F,
miR-101 is highly expressed in integrated epithelial (iE)OvCa samples
where PTAL expression is low, and miR-101 maintains epithelium
characteristics of cells by inhibiting FN1 transcription. However, in
iMOvCa samples, high expression of PTAL leads to increased expres-
sion of FN1 through competitive binding of miR-101, and thus, PTAL
acts as amiRNA sponge and promotes OvCa cell EMT andmetastasis.
Our findings not only reveal a positive correlation between PTAL and
FN1 and a negative correlation between miR-101 and PTAL and FN1
but also provide a new possible target for preventing OvCa metastasis
Molecular Therapy: Oncolytics Vol. 16 March 2020 57
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Figure 5. Effects of PTAL on Invasion and Migration of OvCa Cells In Vitro

SKOV3 and A2780 cells were transfected with PTAL plasmid with or without miR-101 for 48 h. (A) Representative images of the migration and invasion of SKOV3 cells. Cells

were counted for the corresponding assays in at least four randommicroscope fields (�100 magnification). Cell migration and invasion are expressed as a percentage of the

control cell values. (B) The migration and invasion ability of A2780 cells were determined with Transwell assays. (C) Representative images from wound-healing assays of

SKOV3 cells (�100 magnification). The wound-healing assay results are quantified in the histogram. (D) The wound-healing assay results of A2780 cells are quantified in the

histogram. Western blotting (E for SKOV3 cells), western blotting (F for A2780 cells), and real-time RT-PCR analysis (G) showing the protein levels of EMT-related markers in

SKOV3 and A2780 cells and the mRNA levels of EMT-related markers in SKOV3 cells. Scale bar, 50 mm. n = 4–10; *p < 0.05, **p < 0.01 versus CTRL; #p < 0.05, ##p < 0.01

versus PTAL.
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by showing the importance of the PTAL-miR-101-FN1 axis in regu-
lating OvCa EMT and the invasion-metastasis cascade.

lncRNAs have been suggested to play oncogenic or tumor-suppressor
roles in many different cancers and biological functions through their
interactions with other cellular macromolecules, such as chromatin
DNA, RNA, or protein. EPIC1 is an oncogenic lncRNA that interacts
with Myc and promotes cell cycle progression in breast cancer.30

TTN-AS1, another oncogenic lncRNA, promotes esophageal squa-
mous cell carcinoma proliferation and metastasis by promoting
expression of the transcription factor Snail1 by competitively binding
miR-133b, resulting in EMT.26 Decreased expression of the lncRNA
FENDRR is associated with poor prognosis in gastric cancer, and
FENDRR suppresses gastric cancer cell metastasis by inhibiting
FN1 expression.31 The lncRNA HOXA11-AS promotes proliferation
58 Molecular Therapy: Oncolytics Vol. 16 March 2020
and invasion of gastric cancer by scaffolding the chromatin modifica-
tion factors PRC2, LSD1, and DNMT1.32 Thus, our study reveals how
PTAL exerts its function in promoting OvCa invasion and migration.

To explore the molecular mechanism by which PTAL promoted inva-
sion and metastasis in OvCa, we investigated potential targets
involved in cell motility andmatrix invasion through a bioinformatics
analysis. The results revealed that the expression of PTAL and miR-
101 were correlated in iM OvCa samples. Some studies have reported
that miR-101 plays an important role in cancer metastasis by tar-
geting different downstream genes, including ZEB1, EZH2, and
PIM1.18,33–35 However, there is a limited understanding of the roles
of miR-101 in OvCa.We found that the expression of miR-101, which
was reduced or elevated after overexpression or blocking of PTAL,
respectively, was downregulated in OvCa samples. In this study, we



Figure 6. Silencing of PTAL Suppresses Invasion and Migration of OvCa Cells

SKOV3 and A2780 cells were transfected with siRNA against PTAL with or without miR-101 inhibitor in the presence or absence of 10 ng/mL TGF-b1 for 48 h. (A)

Representative images of the migration and invasion of SKOV3 cells. Cells were counted for the corresponding assays in at least four random microscope fields (�100

magnification). Cell migration and invasion are expressed as a percentage of the control cell values. (B) The migration and invasion ability of A2780 cells was determined with

Transwell assays. (C) Representative images from wound-healing assays of SKOV3 cells (�100 magnification). The wound-healing assay results are quantified in the

histogram (right panel). (D) The wound-healing assay results of A2780 cells are quantified in the histogram. Western blotting (E for SKOV3 cells), western blotting (F for A2780

cells), and real-time RT-PCR analysis (G) showing the protein levels of EMT-related markers in SKOV3 and A2780 cells and the mRNA levels of EMT-related markers in

SKOV3 cells. Scale bar, 50 mm. n = 4–10; *p < 0.05 and **p < 0.01 versus CTRL; #p < 0.05 and ##p < 0.01 versus TGF-b1; $p < 0.05 and $$p < 0.01 versus TGF-b1+siPTAL.
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demonstrate that PTAL acts as an endogenous RNA sponge that
interacts with miR-101 and affects the expression and function of
miR-101.

Finally, to explore the molecular mechanism by which miR-101
contributed to invasion and metastasis in OvCa, we predicted the po-
tential targets of miR-101 using the TargetScan database.36 Among
the predicted targets of miR-101, FN1 showed significant upregula-
tion in iM OvCa samples and had a significant negative correlation
with miR-101 expression. FN1, an extracellular matrix glycoprotein,
plays major roles in cell adhesion, migration, and differentiation.37

Importantly, FN1 is also the key mediator of carcinomagenesis
and tumor metastasis, including in lung adenocarcinoma, gastric
cancer, and brain glioblastoma.31,38,39 It has been reported that
FN1 mediates glioma progression by interacting with integrin b38,
and FN1 can activate MMP2/MMP9 to promote invasion and
migration in multiple carcinoma types.38,40 However, the precise
molecular mechanism underlying FN1 regulation of OvCa metas-
tasis remains unclear and requires further investigation. In this
study, we found that FN1 is a direct target of miR-101, and its
mRNA and protein levels were elevated or reduced after transfec-
tion with miR-101 or AMO-101. Moreover, IHC analysis showed
that the FN1 protein level in tissues from a xenograft model with
injected shPTAL was lower than in tissues from the control group.
Our results confirmed that FN1 might be negatively regulated by
miR-101 and positively regulated by PTAL.
Molecular Therapy: Oncolytics Vol. 16 March 2020 59
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Figure 7. Knockdown of PTAL Inhibits Ovarian Tumorigenesis and Metastasis in a Xenograft Model

(A) Tumors collected frommice are presented. Tumor weights frommice were measured and analyzed. shScramble, n = 9; shPTAL, n = 12. *p < 0.05. (B) Visualization of the

entire abdominal cavity with the number of tumor nodules on the intestinal surfaces. Themetastatic foci were analyzed. shScramble, n = 9; shPTAL, n = 12; *p < 0.05. (C) The

mouse weights were measured and analyzed. shScramble, n = 9; shPTAL, n = 12. (D) Western blotting was used to analyze the expression of EMT-related markers in tumor

tissues from the shScramble and shPTAL groups. (E) Representative images of immunohistochemistry (IHC) staining of FN1, Zo-1, and vimentin in xenograft tumor tissues

from nude mice; scale bar, 20 mm. n = 3. (F) Model of the role of PTAL and miR-101 in OvCa progression.
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In our previous work, we demonstrated that lncRNA PTAR
promoted EMT and invasion metastasis in OvCa by competitively
binding miR-101 to regulate ZEB1 expression.20 Upregulation of
PTAR led to elevated expression of ZEB1 through competitive bind-
ing of PTAR to miR-101 as a ceRNA of miR-101, which promoted
OvCa EMT and metastasis.20 Both ZEB1 and FN1 are key genes
involved in the EMT process. Our studies reveals that both ZEB1
and FN1 are targets of miR-101, which highlights the key roles of
miR-101 in the EMT process. More importantly, we reveal that
the lncRNAs PTAR and PTAL can promote the EMT process in
OvCa cells by regulating miR-101. Thus, the lncRNAs PTAR and
PTAL may cooperatively regulate miR-101, which is involved in
the OvCa invasion and metastasis. The PTAL-miR-101-FN1 and
PTAR-miR-101-ZEB1 axis may form a cooperative network to regu-
late the EMT process during OvCa metastasis, which warrants
further detailed study.

In summary, our study showed that upregulation of PTAL played a
positive role in OvCa metastasis and revealed that PTAL positively
regulated the expression of FN1 through sponging of miR-101, which
promoted OvCa cell invasion and migration. These findings shed
new light on lncRNA-directed therapeutics for preventing OvCa
metastasis.

MATERIALS AND METHODS
Cell Culture, Reagents, and Expression Constructs

The OvCa cell lines A2780 and SKOV3 were purchased from the
Cell Bank of the Chinese Academy of Sciences (Shanghai, China).
Cells were cultured in RPMI 1640 (Gibco, NY, USA) or DMEM
(Gibco, NY, USA) supplemented with 10% fetal bovine serum
(FBS; Biological Industries) and 1% penicillin/streptomycin at
37�C and 5% CO2. Expression plasmids encoding PTAL were con-
structed using pcDNA3.1. All plasmids were isolated using an
60 Molecular Therapy: Oncolytics Vol. 16 March 2020
EasyPure HiPure plasmid maxiprep kit (TransGen Biotech,
Shanghai, China). An hsa-miR-101 mimic was used in place of
miR-101 expression. A chemically modified antisense oligonucle-
otide (antagomir AMO-101) was used to inhibit miR-101 expres-
sion, and a scramble oligonucleotide was used as the NC (miR-NC
for miR-101, NC for AMO-101). The miR-101 mimic, inhibitor,
and stable NC were purchased from GenePharma (Shanghai,
China). For transfection, cells were cultured in 6-well plates until
they reached 70%–80% confluence. The cells were then transfected
with plasmids using Lipofectamine 2000 (Invitrogen, Carlsbad,
CA, USA) based on the manufacturer’s instructions. Six hours af-
ter transfection of lncRNA or luciferase vector, cholesterol-modi-
fied miR-101 mimic or inhibitor was added and incubated with
the cells for 48 h.

Wound-Healing and Transwell Assays

For wound-healing assays, cells were seeded at a density of 1 � 106

cells/well in 6-well plates. An artificial wound was created on a
confluent cell monolayer 6 h after transfection using a sterile 10-mL
pipette tip. The non-adhered cells were washed away with PBS, and
the cells were then cultured in medium with 2% FBS (Biological In-
dustries, Cromwell, CT, USA). The wounds were photographed
with a light microscope at 0, 24, and 48 h after treatment. In vitro
cell migration and invasion were investigated using a 24-well Trans-
well insert without (migration assay) or with (invasion assay) Matri-
gel (8.0 mm, Corning, NY, USA). For themigration assay, 5� 104 cells
were suspended in 200 mL of serum-free DMEM or RPIM 1640
(Gibco, Life Technologies, Carlsbad, CA, USA) and placed in the
top chambers. For the invasion assay, 2 � 105 cells were suspended
in 200 mL of DMEM or RPIM 1640 without serum and then seeded
on the cell culture insert precoated with 1 mg/mL Matrigel. Complete
medium was added to the bottom wells to stimulate migration or in-
vasion. After incubation for 48 h, the cells that did not penetrate
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through the membrane were removed with a cotton swab, while those
adhered to the lower surface of the membrane were stained with 0.1%
crystal violet solution. The number of migrated cells in five randomly
selected fields was determined under a light microscope (Olympus,
Tokyo, Japan).

Immunohistochemistry Assay

In brief, immunostaining was performed on 5-mm-thick tissue sec-
tions. The sections were dewaxed, deparaffinized in xylene, and rehy-
drated in graded alcohol solutions. The antigen-retrieval process was
performed by heating the sections for 30 min in Tris-EDTA buffer.
The slides were subsequently stained with primary antibodies for E-
cadherin (Cell Signaling, #9562, MA, USA; 1:100) and vimentin
(Cell Signaling, #5741, MA, USA; 1:100) and their respective second-
ary antibodies. The sections were then counterstained with hematox-
ylin, followed by dehydration and mounting. Images were captured
with an Olympus camera.

Lentiviral Vector Construct and Xenograft Model in Nude Mice

The constructs of PTAL shRNA packaged with lentivirus were con-
structed by Biowit Technology (Shenzhen, China). Female BALB/c
nude mice (5 weeks old) were purchased from Beijing Vital River
Laboratory Animal Technology (Beijing, China) and maintained in
pathogen-free conditions. The nude mice were infected with the con-
structed vectors packaged with lentivirus at day 7 following tumor xe-
nografts. To form xenografts, 106 SKOV3 cells were intraperitoneally
injected into female BALB/c nude mice. The nude mice were housed
under specific pathogen-free conditions and sacrificed after 28 days.
Then, the xenograft tumor tissues were harvested, weighed,
formalin-fixed, and paraffin-embedded for subsequent immunohis-
tochemistry staining. The remaining tumor tissues were stored at
�80�C for analysis of protein and RNA levels. The procedures were
performed in accordance with the regulations of the Ethics Commit-
tee of Harbin Medical University and the Guide for the Care and Use
of Laboratory Animals published by the National Institutes of Health
(NIH publication no. 85-23, 2011).

RNA Preparation and Real-Time RT-PCR

Total RNA was isolated from cultured cells using Trizol reagent (In-
vitrogen, Carlsbad, CA, USA) according to the manufacturer’s in-
structions. RNA integrity, quantity, and purity were examined using
a Nano-Drop 8000 spectrophotometer (Thermo Scientific, Wilming-
ton, DE, USA). As delineated in our previous work, cDNA was gener-
ated using a high-capacity cDNA reverse transcription kit (Applied
Biosystems, Foster City, CA, USA). Real-time PCR was performed
on an ABI7500 FAST real-time PCR system (Applied Biosystems)
for 40 cycles. After the reaction cycles, the threshold cycle (Ct) values
were determined, and the relative mRNA levels were calculated based
on the Ct values and normalized to the GAPDH or U6 level in each
sample. Primer sets for PTAL, miR-101, FN1, vimentin, E-cadherin,
N-cadherin, and Slug were purchased from Invitrogen (Shanghai,
China). The primer sequence of PTAL was as follows: forward,
50-CTGCATACCACTTTAAAGAGCC-30; reverse, 50-AGGCAGC
GCTTGCAGTGAGC-30. The primer sequence of miR-101 RT was
as follows: 50-GTCGTATCCAGTG CGTGTCGTGGAGTCGGCA
ATTGCACTGGATACGACttcagtta-30; forward, 50-GCGG tacagtac
tgtga-30; reverse, 50-TGTCGTGGAGTCGGCAATTG-30. The expres-
sion levels of GAPDH or U6 were used as internal controls; U6 was
used for mRNA transcripts. Fold changes in the expression of
mRNA among the RNA samples were calculated.

Western Blotting and Antibodies

For western blot analyses, total protein was extracted from the cells.
Approximately 40 mg of crude protein was denatured and electrophor-
esed on10%SDS-PAGEgels.After electrophoretic separation, proteins
were transferred onto nitrocellulose membranes (Merck Millipore,
R7BA46025) by electroblotting and then blocked for 70 min at room
temperature in PBS containing 5% non-fat milk; the blots were probed
with primary antibodies, andGAPDHwas used as the internal control.
The blots were incubated with primary antibodies targeting FN1 (Pro-
teintech, 15613-1-AP, Wuhan, China; 1:400), Slug (Cell Signaling,
#9585, MA, USA; 1:300), E-cadherin (Cell Signaling, #9562, MA,
USA; 1:1,000), vimentin (Cell Signaling, #5741, MA, USA; 1: 1,000),
Zo-1 (Proteintech, 21773-1-AP, Wuhan, China; 1:500), and GAPDH
(ABclonal, AC002, Wuhan, China; 1:1,000) in PBS at 4�C overnight.
The membranes were washed with PBS+Tween20 (PBS-T) and then
incubated with secondary antibody (Alexa Fluor) for 1 h at room tem-
perature. Finally, images of the western blot bands were collected with
an imaging system (Odyssey, LI-COR, USA) and quantified by
measuring the intensity in each group using Odyssey v1.2 software;
GAPDH was used as the internal control. The results are expressed
as fold changes, and the data are normalized to the control values.

Statistical Analysis

All data analyses in this study were carried out using GraphPad Prism
7 software (GraphPad Software). Quantifications were performed us-
ing at least three independent experimental groups. When only two
groups were compared, statistical analyses between groups were per-
formed using two-tailed Student’s t tests to determine significance.
p values of less than 0.05 were considered significant. Error bars on
all graphs represent the SEM unless otherwise indicated.
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