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Simple Summary: Triple negative breast cancer accounts for 10–15% of all breast cancers. Specific
molecular characteristics have led to the identification of six subtypes of triple negative breast cancer,
with one in particular being claudin-low. PVT1, a non-protein coding gene, has been demonstrated
to play an oncogenic role in various cancers. Specifically, PVT1 exon 9 has been shown to have
oncogenic capability. In this study, we aimed to assess the role of PVT1 exon 9 in triple negative
breast cancer cells. We have observed that siRNA targeting of PVT1 exon 9 in claudin-low triple
negative breast cancer cells resulted in re-expression of claudin 4 protein, and inhibition of migration.
These findings indicate that PVT1 exon 9 regulates claudin 4 expression and migration in triple
negative breast cancer cells.

Abstract: PVT1 is a long non-coding RNA transcribed from a gene located at the 8q24 chromosomal
region that has been implicated in multiple cancers including breast cancer (BC). Amplification of the
8q24 chromosomal region is a common event in BC and is associated with poor clinical outcomes.
Claudin–low (CL) triple negative breast cancer (TNBC) is a subtype of BC with a particularly dismal
outcome. We assessed PVT1 exon 9 expression in the T47D estrogen receptor positive BC cell line,
and in the MDA MB 468 and MDA MB 231 TNBC cell lines, followed by the assessment of the
expression of claudins 1, 3, 4 and 7, in MDA MB 468 and MDA MB 231 (TNBC) cells. We found that
MDA MB 231 TNBC cells significantly express less claudin 1, 3, 4, and 7 than MDA MB 468 TNBC
cells. PVT1 exon 9 is significantly upregulated in MDA MB 231 CL TNBC cells, and significantly
downregulated in MDA MB 468 claudin high (CH) TNBC cells, in comparison to T47D estrogen
receptor positive BC cells. We then analyzed the functional consequences of siRNA targeting of PVT1
exon 9 expression in the MDA MB 231 CL TNBC cells. Notably, siRNA targeting of PVT1 exon 9
expression in the MDA MB 231 CL TNBC cells led to a significant reduction in migration and the
re-expression of claudin 4. Taken together, our data indicate that PVT1 exon 9 regulates claudin 4
expression and migration in CL TNBC cells, and may have clinical implications in CL TNBC.

Keywords: PVT1; triple negative breast cancer; claudin-low

1. Introduction

Breast cancer is extraordinarily common worldwide. In 2018, breast cancer was
the fifth leading cause of cancer related deaths globally [1]. In the United States, breast
cancer is the second leading cause of cancer mortality in women [2,3] with a 13% lifetime
risk of diagnosis and a 2.6% risk of death. An estimated 276,480 new cases of invasive
breast cancer will be diagnosed in U.S women, of which close to 42,170 women will die
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from the disease in 2020 alone [2]. Breast cancer is classified according to the expression
of three specific molecular markers; estrogen receptor (ER), progesterone receptor (PR)
and human epithelial growth factor receptor 2 (EGFR2/HER2) [4]. Loss of these three
receptors characterizes an intrinsic subtype of breast cancer called triple negative breast
cancer (TNBC). TNBC accounts for 10–15% of all breast cancer cases and is typically more
aggressive with poor clinical outcomes [5–7]. Based on molecular characteristics, TNBC
can be further subdivided into additional subtypes. Based on gene expression profile study,
six TNBC subtypes have been identified, each of which differs in histopathological features
and their response to chemotherapy. These subtypes include basal-like 1 (BL1), basal-like
2 (BL2), immunomodulatory (IM), mesenchymal (M), mesenchymal stem-like/claudin
low (MSL/CL), and luminal androgen receptor (LAR) [8]. Claudin–low triple negative
breast cancer (CL TNBC) makes up 7–14% of all invasive breast cancers. Moreover, CL
TNBC is associated with poor prognosis, and some studies report that they exhibit chemo-
resistance [9–11].

Plasmacytoma variant translocation 1 (PVT1) is a long noncoding RNA (lncRNA)
that is transcribed from a gene located at the 8q24 chromosomal region and has been
demonstrated to play an oncogenic role in multiple cancers including breast cancer [12].
The PVT1 gene is located approximately 53 kb downstream of the oncogene MYC [13], and
contains several exons, including exons 1A, 1B, 1C 2, 3A, 3B, 4A, 4B, 5, 6, 7, 8, 9 and 10 [14]
(Figure 1). Additionally, PVT1 encodes multiple alternatively spliced lncRNAs as well as
six annotated microRNAs [15]. Alternative splicing is a tissue and cell specific mechanism,
in which a diverse amount of mRNA isoforms is generated. Aberrant alternative splicing
of pre-mRNAs is one of the characteristics of cancer [16]. Previously, we have reported
that PVT1 exon 9 is overexpressed in prostate cancer cell lines, especially in aggressively
tumorigenic prostate cancer cell lines derived from men of African Ancestry [17] Further-
more, we have observed that PVT1 exon 9 is significantly overexpressed in prostate cancer
tissue relative to both normal prostate tissue and benign prostatic hyperplasia [18]. Also,
we have demonstrated that PVT1 exon 9 induces malignant transformation and resistance
to androgen deprivation therapy in prostate epithelial cells [19]. Although studies have
shown that PVT1 splice variants are also overexpressed in breast cancer [20], and play a
role in cancer progression [21,22], the underlying mechanisms by which these transcripts
promote tumorigenicity is yet to be elucidated. PVT1 amplification is associated with
many clinicopathological characteristics in breast cancer, including regulation of apop-
tosis [12], EMT [23] and metastasis [24]. Moreover, there is evidence that PVT1-derived
transcripts also promote breast tumorigenesis [25–27]. Furthermore, PVT1 promotes breast
tumorigenicity by modulating transcription factors that have been demonstrated to have
oncogenic roles in cancer [28,29]. Further studies are required to elucidate PVT1’s role in
TNBC, and other cancers.

Figure 1. Schematic illustration of PVT1 showing exons and microRNAs. PVT1 is located down-
stream of the MYC gene on chromosome 8q24. PVT1 exon 9 is highlighted in yellow.

Epithelial and endothelial cell-cell adhesion are mediated through multifunctional
complexes known as tight junctions (TJ). The involvement of TJs in cancer biology is
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associated with dysfunctional signal transduction pathways that regulate cell-cell inter-
actions [30]. Many studies have demonstrated that dysregulation of TJ proteins disrupts
normal physiological function, which could lead to pathological consequences such as can-
cer [31–35]. Claudins (CLDNs) are a family of TJ proteins that consists of 27 members [36].
These tetraspan proteins contain an amino and carboxyl-terminal cytoplasmic domain, as
well as two extracellular loops which are critical for maintaining TJ function [37]. CLDNs
are tissue- or cell-specific and most tissues or cells express CLDNs in various combina-
tions, or a single CLDN [38]. CLDN functions primarily involve maintaining cellular
polarity, signaling [39], maintaining paracellular permeability [40,41] or paracellular chan-
nel [36]. Various studies demonstrate compelling evidence of CLDNs and their role in
tumorigenicity. Both loss of function, and gain of function, of CLDNs in multiple cancers
are well documented [42–49]. Claudin 4 (CLDN4) has been reported to be involved in
various biological processes [50–52]. Patients with CLDN4 overexpression develop var-
ious clinicopathological characteristics including high tumor grade, poor prognosis and
shorter disease-free survival. Additionally, it was reported that there is an association
between ER status and CLDN4 expression in which ER- tumors significantly overexpressed
CLDN4 [53,54]. Studies have shown that CLDN4 can be a useful prognostic marker in
breast cancer [55,56]. Basal-like carcinomas, compared to tumor groups of grades 1–3,
overexpressed CLDN4, while tumors of grades 1 and 2, displayed decreased, or absent,
expression of CLDN4 [57]. While enhanced expression of CLDN4 in luminal breast cancers
was linked to poor clinical outcomes, contrastingly, overexpression of CLDN4 in TNBC
was associated with favorable outcomes in which tumors that overexpressed CLDN4 dis-
played a less aggressive phenotype [53]. Consequently, further research into molecular
mechanisms regulating CLDN4 expression in triple negative breast cancer is warranted.

In this study we were interested in assessing the regulatory role of PVT1 exon 9 in
CL TNBC cell line MDA MB 231. This has not been previously investigated. Altogether,
our study revealed for the first time that targeting PVT1 in MDA MB 231 CL TNBC cells,
specifically PVT1 exon 9, inhibits migration and induces re-expression of CLDN 4 in these
cells.

2. Results
2.1. Claudins 1, 3, 4 and 7 Are Downregulated in Claudin Low Triple Negative Breast Cancer
(TNBC) Cells

To determine the expression profile of claudins in TNBC, we assessed the expression
of claudins 1, 3, 4 and 7 in the MDA MB 231 claudin–low TNBC cell line and the MDA MB
468 claudin–high TNBC cell line. We observed that claudins 1, 3, 4 and 7 are significantly
downregulated in the MDA MB 231 CL TNBC cell line (Figure 2).

Figure 2. Claudins 1, 3, 4 and 7 expression in MDA MB 468 and MDA MB 231 cells. Claudin 1 (A),
claudin 3 (B), claudin 4 (C) and claudin 7 (D) expression were assessed using real-time quantitative
polymerase chain reaction in MDA MB 231 and MDA MB 468 cell lines; N = 4.

2.2. PVT1 Exon 9 Is Upregulated in Caludin- Low TNBC

PVT1 exon 9 is overexpressed in prostate cancer [17] and promotes tumorigenicity
by increasing proliferation and migration [19]. To assess the expression of PVT1 exon 9
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in TNBC cell lines, we performed total RNA extraction, cDNA synthesis and real-time
quantitative polymerase chain reaction (RT-qPCR). We observed that PVT1 exon 9 is
significantly overexpressed in the MDA MB 231 CL TNBC cell line when compared to the
MDA MB 468 CH TNBC cell line (Figure 3 and Figure S5).

Figure 3. Comparison of PVT1 exon 9 expression in the T47D estrogen receptor positive BC cell
line, MDA MB 468 CH TNBC cell line and the MDA MB 231 cell CL TNBC cell line. PVT1 exon 9
expression was assessed using RT-qPCR in the T47D estrogen receptor positive BC cell line, MDA
MB 231 CL TNBC cell line and in the MDA MB 468 CH TNBC cell line. Expression was normalized
against GAPDH. Data presented are from experiments performed in quadruplicates 6 separate times.

2.3. PVT1 Exon 9 Regulates Migration in Caludin- Low TNBC Cells

To determine if PVT1 exon 9 plays a role in the migration of MDA MB 231 CL TNBC
cells, we performed wound healing migration assay. Short interfering RNA (SiRNA)-
mediated knockdown of PVT1 exon 9 in MDA MB 231 CL TNBC cells significantly de-
creased migration, when compared to MDA MB 231 CL TNBC cells transfected with control
scramble non-targeting SiRNA. Successful knockdown of PVT1 exon 9 in the MDA MB 231
CL TNBC cell line was verified by RT-qPCR. Assessment of the migratory capabilities of
cells is based on the rate by which the wound closes. Pictures were taken at 0, 4, 24 and
28 h (Figure S4). We observed that MDA MB 231 CL TNBC cells in which PVT1 exon 9
was knocked down were significantly less migratory than MDA MB 231 CL TNBC control
cells in which PVT1 exon 9 was not knocked down (Figure 4). This indicates that PVT1 is
involved in regulating the migration of the MDA MB 231 CL TNBC cell line.

Figure 4. PVT1 regulates migration of MDA MB 231 CL TNBC cells. (A) Wound healing migration
assays were performed with the MDA MB 231 CL TNBC cell line. MDA MB 231 cells were transfected
once confluent. After 24 h, wounds were made and monitored between 0 h and 28 h. Images were
taken at 10x magnification using Motic AE30 imaging software. (B) Knockdown of PVT1 exon 9
expression in the MDA MB 231 CL TNBC cell line at hour 0. Transfection of SiRNAs that specifically
target PVT1 exon 9 was performed. Relative expression of PVT1 exon 9 in MDA MB 231 cells
was assessed, based on data from 2 independent experiments. (C) Quantification of differences in
migration, after 28 h, based on data from 3 independent experiments.
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2.4. Targeting PVT1 Exon 9 Induces Re-Expression of Claudin 4 Protein in the Caludin- Low
MDA MB 231 TNBC Cell Line

Given that the claudin–low MDA MB 231 TNBC cell line expresses significantly more
PVT1 exon 9 than the claudin-high MDA MB 231 TNBC cell line, we hypothesized that
PVT1 exon 9 may play a regulatory role in claudin expression in TNBC cells. To determine
if PVT1 exon 9 plays a regulatory role in claudin expression, we examined the effect of
SiRNA targeting of PVT1 exon 9 on messenger RNA (mRNA) and protein expression of
claudins 1, 3, 4, and 7 in the claudin–low MDA MB 231 TNBC cell line. We observed that
knockdown of PVT1 exon 9 in the claudin–low MDA MB 231 TNBC cell line does not
significantly affect mRNA expression of claudins 1, 3, 4, and 7 when compared to control
cells transfected with only control scramble non-targeting siRNAs (Figure 5). Similarly, we
did not observe any significant change in protein expression of claudins 1, 3, and 7 when
PVT1 exon 9 is knocked down. Interestingly, though, we observed re-expression of CLDN4
protein in the claudin–low MDA MB 231 TNBC cell line when PVT1 exon 9 expression is
knocked down (Figure 6). These results suggest that PVT1 exon 9 is regulating claudin 4
protein expression in the claudin–low MDA MB 231 TNBC cell line.

Figure 5. PVT1 exon 9 does not regulate mRNA expression of claudins 1, 3, 4, and 7 in MDA MB 231
cells. Claudin 1 (A), claudin 3 (B), claudin 4 (C) and claudin 7 (D) mRNA expression were assessed
following knock down of PVT1 exon 9 in MDA MB 231 cell line. Data presented were normalized
against GAPDH, and were obtained from three independent experiments.

Figure 6. SiRNA targeting of PVT1 exon 9 induces claudin 4 protein re-expression in MDA MB 231
CL TNBC cells. (A) MDA MB 231 CL TNBC cells were transfected with PVT1 exon 9 specific siRNAs
(siPVT1 exon 9) for 24 h. Western blotting was performed using specific antibodies against claudin 1,
claudin 3, claudin 4, claudin 7 and E-Cadherin. SiRNA targeting of PVT1 exon 9 induced claudin
4 protein re-expression in MDA MB 231 CL TNBC cells in comparison to MDA MB 231 CL TNBC
cells transfected with only control scramble non-targeting siRNA (siScramble). (B) Quantification of
relative claudin 4 protein expression normalized to GAPDH protein expression; N = 2.
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2.5. PVT1 Exon 9 and Epithelial-Mesenchymal Transition (EMT) in Claudin–Low TNBC Cells

Epithelial-mesenchymal transition (EMT) is a critical process that occurs in many
types of cancers [52], and PVT1 has been shown to be involved in EMT induction [23]. To
investigate if PVT1 exon 9 expression may be regulating EMT CL TNBC cells, western
blotting was used to assess the protein expression of EMT markers (vimentin, E-cadherin,
fibronectin and caveolin) in the MDA MB 231 CL TNBC cell line after siRNA knockdown
of PVT1 exon 9. We observed no changes in EMT markers when PVT1 exon 9 is knocked
down. However, our data indicates that EMT markers are more highly expressed in the
MDA MB 231 CL TNBC cells in comparison to the MDA MB 468 CH TNBC cell line
(Figure 7).

Figure 7. SiRNA targeting of PVT1 exon 9 does not affect EMT in MDA MB 231 CL TNBC cells.
MDA MB 231 CL TNBC cells were transfected with PVT1 exon 9 specific siRNAs (siPVT1 exon 9)
for 24 h. Western blotting was performed using specific antibodies against vimentin, caveolin and
fibronectin. When compared to MDA MB 231 CL TNBC cells transfected with only control scramble
non-targeting siRNA (siScramble). siRNA targeting of PVT1 exon 9 did not change the expression of
EMT markers in MDA MB 231 CL TNBC cells, except for a slight increase in fibronectin.

3. Discussion

Although much progress has been made in breast cancer management and treatment,
patients with TNBC continue to have poor prognosis [4,58,59] with CL TNBC having the
worst outcome among the subtypes of BC. Presently, efficient treatment remains unavailable
for CL TNBC. Consequently, efforts towards understanding the molecular mechanisms
which regulate CLDN expression in TNBC is imperative, as it could potentially uncover
novel opportunities for the development of effective therapeutic strategies. Many studies
have already demonstrated PVT1’s functional role in breast tumorigenesis [24]. However,
there is a deficit of studies on the specific mechanisms by which PVT1 plays an important
role in breast tumorigenicity.

Differential expression of PVT1 alternatively spliced transcripts in breast cancer have
not been previously investigated. The purpose of this study was to investigate the rela-
tionship between breast tumorigenesis and PVT1. In this study, we demonstrated that
PVT1 may play an important regulatory role in TNBC. Particularly, our data indicates that
PVT1 transcripts containing exon 9 may regulate claudin expression in claudin–low MDA
MB 231 TNBC cells. Our group previously reported that PVT1 exon 9 was differentially
expressed in prostate cancer. More specifically, PVT1 exon 9 was overexpressed in prostate
cancer tissue [18]. Furthermore, PVT1 exon 9 expression was reported to be significantly
higher in prostate cancer cell lines with an aggressive phenotype [17]. The implications
of this study suggest that alternatively spliced transcripts of PVT1, including transcripts
containing PVT1 exon 9, may be associated with increased risk of cancer. In a previous
study, overexpression of PVT1 exon 9 induced malignant transformation, increased cell
proliferation, and migration in prostate epithelial cells [19]. These studies established
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an oncogenic role for PVT1 exon 9 in prostate cancer. However, to our knowledge, the
significance of PVT1 exon 9 in breast cancer was not previously investigated.

Our data demonstrated that PVT1 exon 9 was significantly overexpressed in CL MDA
MB 231 TNBC cells, and significantly under-expressed in CH MDA MB 468 TNBC cells,
when compared to T47D cells. Based on these results, we used CL MDA MB 231 as a
model for PVT1 exon 9 overexpression, and CH MDA MB 468 as a model for PVT1 exon 9
under-expression.

Cancer cell migration is a characteristic of metastasis and is associated with poor
prognosis in cancer patients [24]. We observed that MDA MB 231 cells transfected with
siPVT1 exon 9 were less migratory when compared to cells that were transfected using
a scramble control. These results suggest that overexpression of PVT1 exon 9 increases
the migratory capacity of the CL MDA MB 231 TNBC cells, and that loss of PVT1 exon
9 expression may have a protective role by making these cells less migratory. A more
in-depth study in order to elucidate the underlying mechanisms by which this regulatory
process occurs is necessary.

Differential expression of CLDNs are tissue and cell specific. Consequently, their
functions are based on their localization and expression pattern. CLDNs 1, 3, 4 and 7 are
among the most frequently dysregulated of the CLDN family members [30,60]. Based on
other studies, we know that lncRNAs act as critical regulators of gene expression [61]. This
is in keeping with our observation that PVT1 exon 9 is overexpressed in CL MDA MB
231 TNBC cells and under expressed in CH MDA MB 468 TNBC cells. We hypothesized
that PVT1 may be regulating claudin expression either at a post-transcriptional level, a
post-translational level, or indirectly. One way lncRNAs can serve as post transcriptional
gene regulators is by forming ribonucleoprotein complexes via interacting directly with
various RNA binding proteins (RBPs) to affect mRNA stability [62]. LncRNA PTOV1-
AS1 interacts directly with hnRNPK in order to modulate HMOX1 expression [63]. At
a post-translational level, lncRNAs can regulate protein stability by slowing down their
degradation. LncRNA HOTAIR, for example, inhibited the interaction between AR and E3
ubiquitin ligase MDM2 after binding to AR [64].

Our confirmation of CLDNs 1, 3, 4 and 7 expression in MDA MB 231 cells is in keeping
with previous reports. Knockdown of PVT1 exon 9 showed no significant changes in the
expression of CLDN mRNA transcripts suggesting that in MDA MB 231 cells PVT1 exon 9
may not be regulating CLDN expression at a transcriptional level. PVT1 may be interacting
with CLDN proteins directly, or indirectly, to regulate their expression.

LncRNAs are known to interact with proteins to regulate their stability, or ubiqui-
tination [65]. Our data demonstrate that PVT1 regulates CLDN expression at a post-
translational level. Knock down of PVT1 exon 9 did not affect protein expression for
CLDNs 1, 3 and 7, however, we did observe re-expression of CLDN4 in MDA MB 231
cells. Since knockdown of PVT1 expression led to an increase in CLDN4 protein expres-
sion, it is plausible that PVT1 regulates CLDN4 protein expression via ubiquitination.
Protein ubiquitination is one of the most common post-translational modification used
to regulate various protein substrates in numerous cellular pathways. LncRNA MEG3,
a tumor suppressor reported to play important roles in various malignancies, has been
demonstrated to regulate LATS2 by promoting the ubiquitination of EZH2 in gallbladder
cancer [66], while lncRNA HOTAIR acts as an inducer of proteolysis by facilitating the
ubiquitination of Ataxin-1 and Snurportin-1. Over expression of HOTAIR promotes their
rapid degradation [67]. Similarly, PVT1 overexpression may downregulate CLDN4 expres-
sion by regulating its ubiquitination. One explanation of how PVT1 could be doing this
is by binding directly to CLDN4 thus facilitating its downregulation. However, an RNA
immunoprecipitation (RIP) assay in which CLDN4 was used to pull down PVT1 exon 9
transcripts suggests otherwise, as there was no enrichment of PVT1 exon 9 transcript in
the IP when compared to the control (Figure S6). Consequently, PVT1 may be regulating
CLDN4 protein expression via an as yet undiscovered mechanism such as modulation of a
downstream target, crosstalk between ubiquitination mediators, or by utilizing a different
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molecular mechanism altogether. Additional studies are necessary to further investigate
this. Overexpression of CLDN4 is reported to have unfavorable clinical outcomes [57].
Contrastingly, the implications of our results suggest that re-expression of CLDN4 in MDA
MB 231 CL TNBC cells is associated with a reduction in migration. This is in keeping
with Lin et. al, who reported that loss of CLDN4 promotes EMT, while re-expression, or
increased expression, of CLDN4 reduces migration [68]. Moreover, silencing PVT1 exon
9 had no significant effect on cell proliferation, suggesting that PVT1 may not have a
regulatory role in cell proliferation (Figure S3).

The epithelial-to-mesenchymal transition (EMT) describes a biological process in
which epithelial cells undergo a gradual change becoming more “mesenchymal-like”,
motile and invasive [69]. Concomitant downregulation of epithelial markers, and upregu-
lation of mesenchymal markers, is characteristic of EMT [70]. Aberrant expression of both
CLDNs, and PVT1, induce EMT in many malignancies [71,72]. We assessed the expression
of the following EMT markers: E-cadherin, vimentin and fibronectin. Furthermore, we
assessed the expression of caveolin-1, an integral membrane protein that participates in
several cellular processes including EMT [73]. We observed no changes in the expression
of EMT markers when PVT1 exon 9 is knocked down, except for a slight increase in the
expression of fibronectin. Fibronectin is a component of the extra cellular matrix whose
upregulation is typically associated with increased migration in cancer cells [74,75]. Thus,
the slight increase of fibronectin in our study may not be associated with the decrease in
migration, but could potentially have implications for other biological processes involving
PVT1. All in all, our data suggest that EMT markers are more highly expressed in MDA
MB 231 cells in comparison to MDA MB 468 cells. Though this supports that MDA MB 231
CL TNBC cells are more “mesenchymal-like”, PVT1 exon 9 does not appear to have a role
in this process. Overall, this result suggests that PVT1 may not regulate EMT in TNBC.

Keratin 14 (KRT14), a member of the keratin type I family is overexpressed in breast
cancer [76–78]. Cells expressing KRT14 are more migratory [79] and invasive [80,81].
Interestingly, there is evidence which demonstrates that KRT interacts with CLDNs in order
to maintain tight junction functionality [82]. Moreover, it was reported that modulation of
KRTs affects CLDN expression, cell motility, and invasion in hepatocellular carcinoma [83].
Therefore, in future studies it may be worth investigating PVT1 regulation of CLDN4 in
MDA MB 231 CL TNBC cells as part of a potentially novel pathway involving KRT14.

4. Materials and Methods
4.1. Cell Culture

A panel of five breast cancer cell lines were used to assess the expression of PVT1 exon
9. MDA MB 231, MDA MB 468, T47D and MCF-7 were maintained in Dulbecco’s Modified
Eagle’s Medium (DMEM), supplemented with 10% FBS and 0.5% penicillin/streptomycin.
Trypsinization of cells occurred using 0.05% trypsin when cells were 70–80% confluent.
BT474 was maintained in F12/DMEM (GIBCO, Waltham, MA, USA), supplemented with
10% FBS and 1% penicillin/streptomycin. Trypsinization of cells occurred using 0.25%
trypsin when cells were 70–80% confluent. All cell lines were cultured in a 5% CO2, 37 ◦C
atmosphere.

4.2. Transfection of siRNAs

MDA MB 231 cells were grown in 6-well plates until they have reached 90–100%
confluency. According to the manufacturer’s instructions, cells were transfected with 10 nM
of PVT1 exon 9 siRNA (siPVT1 exon 9) (Forward: 5′ ACCUAUGAGCUUUGAAUAA 3′;
Reverse: 5′ UUAUUCAAAGCUCAUAGGU 3′) (Sigma, St. Louis, MO, USA), or a non-
targeting scramble control (siScramble) (Forward: 5′ CUCACUACCGUCGACCCCA 3′;
Reverse: 5′ UGGGGUCGACGGUAGUGAG 3′) (Sigma) using Lipofectamine RNAiMAX
(Thermo Fisher Scientific Inc.; Wilmington, DE, USA). siRNAs and Lipofectamine were
diluted in Opti-MEM (Thermo Fisher Scientific Inc.). Following transfection, cells were
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incubated for 24 h in a 5% CO2, 37 ◦C atmosphere before being harvested, or migration
assay.

4.3. RNA Extraction and RT-qPCR

At 70–75% confluency, total RNA was extracted from cells in a 60 × 15 mm tissue
culture dish, using the RNeasy Mini Kit (Qiagen, Hilden, Germany, cat#: 74104) according
to the manufacturers’ instructions. RNA concentration was measured using the spectropho-
tometer NanoDropTM 2000 (Thermo Fisher Scientific, Inc.). cDNA was synthesized from 1
µg of RNA using QuantiTect reverse transcription kit (Qiagen, cat# 205311). Amplification
reactions were performed in 25 µL reaction volume using SYBR Green PCR master mix
(Life Technologies, Grand Island, NY, USA cat# 4309155), cDNA template and 0.4 µM final
concentration for primers. Primers used in this study were composed of the following
oligonucleotide sequences listed in Table S1. Using the Quantifect Studio System (Applied
Biosystems), relative expression of messenger RNA (mRNA) for each sample was assessed
in quadruplicates in at least 3 independent experiments, and quantified via the comparative
cycle threshold (∆∆ Ct) method and normalized to GAPDH mRNA expression.

4.4. Protein Extraction and Immunoblotting

Whole cell extracts were obtained using RIPA lysis buffer (VWR Life Science, Radnor,
PA, USA, cat# N653-100ML) supplemented with 1× protease inhibitor and 100 mM of
phenyl methylsulfonyl fluoride (PMSF) (Amresco, Solon, OH, USA, cat# M145-5G). Protein
concentration was quantified via the Bradford Assay using the Bio-Rad Protein Assay Dye
Reagent Concentrate (BioRad, Hercules, CA, USA, cat# 500-0205). For western blot analysis,
50 µg of protein were resolved by 15% SDS-PAGE gels and subsequently transferred onto
nitrocellulose membranes. Membranes were blocked in 5% BSA or 5% milk in TBS-T for 1 h
at room temperature, incubated overnight at 4 ◦C in primary antibodies. Next, membranes
were washed in 1× TBS-T, incubated with secondary antibodies for 2 h, washes with 1×
TBS-T and imaged using the Odyssey CLx imager with infrared fluorescence (LI-COR,
Lincoln, NE, USA). The primary antibodies used were Claudin 1 (13050-1-AP), Claudin
4 (16195-1-AP) and Claudin 7 (10118-1-AP) (Proteintech, Rosemont, IL, USA), Claudin 3
(341700; Invitrogen, Waltham, MA, USA), GAPDH (5174S; 1:1000; Cell Signaling, Danvers,
MA, USA), α-tubulin (sc-32293; 1:1000; Santa Cruz Biotechnology, Dallas, TX, USA). The
secondary antibodies used were anti-mouse (925-32210; 1:15,000; LI-COR) and anti-rabbit
(925-32211; 1:15,000; LI-COR). Original blots can be found at Figures S1 and S2.

4.5. Migration Assays

1 × 105 MDA MB 231 cells were grown in a 6-well tissue culture plate until 90–100%
confluency. Cells were transfected with siRNA, or siScramble, and incubated at 5% CO2,
37 ◦C for 24 h. Wounds were made on the cell monolayer using a sterile 200 µL pipet tip and
then washed with 1× PBS and incubated with media containing respective siRNAs. Images
of scratched areas were taken at 10× magnification using an AE30 inverted microscope
(Motic, Richmond, BC, Canada).

4.6. Cell Viability Assays

104 cells were seeded into 96 well plates. At 70% confluency, the cells were transfected
with PVT1 exon 9. After 24 h, MTT assays were performed and absorbance measured at
490 nm with a microplate reader (i3 multimode microplate reader, Spectramax, San Jose,
CA, USA).

4.7. Crosslinking and RNA Immunoprecipitation (RIP)

RIP experiments were performed using MDA MB 231 cells. Cells were plated in 10 cm
tissue culture dishes until 90–100% confluent. Cells were trypsinized and resuspended in
culture medium. RNA was crosslinked to proteins by adding formaldehyde drop-wisely
to suspended cells at a final concentration of 0.75%. Cells were placed on a shaker at a low
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speed for 10 min at room temperature. A final concentration of 125 mM of glycine was
added to the media and incubated at room temperature on a shaker for 5 min), and then
pelleted. Cells were resuspended in 2 mL freshly prepared nuclear isolation buffer (1.28 M
sucrose, 40 mM Tris-HCl [pH 7.5], 20 mM MgCl2, 4% Triton X-100), 2 mL 1× PBS and 6 mL
nuclease free water, and kept on ice for 20 min with frequent mixing. Cells were pelleted at
2500 g for 15 min and resuspended in 1 mL freshly prepared RIP buffer (1861603, Thermo
Fisher Scientific Inc.) supplemented with 1× protease inhibitor, 100 U/mL RNase inhibitor
(AM2696, Invitrogen, Waltham, MA, USA) and 0.5 mM DTT, for 10 min on ice. Lysate was
then sonicated for 3 min (97 amplitude, 30 s on, 30 s off) and centrifuged at 13,000 rpm at
4 ◦C for 10 min. 40 uL of Dynabeads protein G (10007D, Invitrogen) was washed once with
wash buffer and incubated with 10 ug of CLDN4 antibody (16195-1-AP, Proteintech) for 1
h at room temperature. Beads were washed again with wash buffer and incubated with
cell lysate for 2 h at 4 ◦C. Following incubation, beads were washed 3 times with wash
buffer and once with 1× PBS. RNA was extracted using Trizol (10296010, Ambion, Austin,
TX, USA) as per manufacturers’ recommendation. cDNA was synthesized from 150 ng
of RNA using QuantiTect reverse transcription kit (Qiagen, cat# 205311). Amplification
reactions were performed in 25 µL reaction volume using SYBR Green PCR master mix
(Life Technologies, Grand Island, NY, USA cat# 4309155), cDNA template and 0.4 µM
final concentration for primers. Using the Quantifect Studio System (Applied Biosystems,
Foster City, CA, USA), relative expression of messenger RNA (mRNA) for each sample
was assessed in quadruplicates in at least 2 independent experiments, and quantified via
the comparative cycle threshold (∆∆ Ct) method.

4.8. Statistical Analysis

Data from at least three independent experiments were presented as mean ± standard
error of the mean (S.E.M). Statistical significance was assessed using a two-tailed Student’s
t test. p values less than 0.05 were deemed significant.

5. Conclusions

In conclusion, we demonstrated the potential regulatory role of PVT1 in CL MDA
MB 231 TNBC cells by targeting PVT1 exon 9. Knock down of PVT1 exon 9 resulted in
the re-expression of CLDN4 protein. Additionally, we demonstrated that overexpression
of PVT1 exon 9 is associated with increased migration of MDA MB 231 CL TNBC cells.
Our data suggest that PVT1 may have a regulatory role in CL MDA MB 231 TNBC cells by
acting as a modulator of CLDN4 protein expression. These data may have implications for
prognostication and treatment strategies in CL TNBC.

Supplementary Materials: The following are available online at https://www.mdpi.com/2072-669
4/13/5/1046/s1, Figure S1: The following are the corresponding blots to Figure 6. Figure S2: The
following are the corresponding blots to Figure 7. Figure S3: PVT1 exon 9 does not regulate cell
viability. Figure S4: PVT1 exon 9 regulates migration of MDA MB 231 CL TNBC cells. Figure S5:
PVT1 exon 9 is overexpressed in MDA MB 231 cells. Figure S6: PVT1 exon 9 does not bind directly to
CLDN4. Table S1: List of primers sequences.

Author Contributions: O.O.O. conceived of the study and supervised the work. O.O.O. designed
the studies. F.L. performed all of the experiments and analyzed the data. F.L. wrote the manuscript.
O.O.O. revised final version of manuscript. Both authors have read and agreed to the published
version of the manuscript.

Funding: This study was supported by the National Cancer Institute Grant numbers U54CA221704
and U54CA221705.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated from this study are contained in the manuscript
and supplementary materials.

https://www.mdpi.com/2072-6694/13/5/1046/s1
https://www.mdpi.com/2072-6694/13/5/1046/s1


Cancers 2021, 13, 1046 11 of 14

Acknowledgments: The authors would like to thank Jill Bargonetti for the kind gift of MDA MB 231,
MDA MB 468, T47D and MCF-7, and Brian Zeglis for the kind gift of BT474.

Conflicts of Interest: O.O.O. is a co-founder of NucleoBio Inc., a City of New York start-up biotech-
nology company. F.L. has no conflicts of interest.

References
1. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of

incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2018, 68, 394–424. [CrossRef]
2. American Cancer Society. How Common is Breast Cancer? Available online: https://www.cancer.org/cancer/breast-cancer/

about/how-common-is-breast-cancer.html (accessed on 13 May 2020).
3. Siddharth, S.; Sharma, D. Racial Disparity and Triple-Negative Breast Cancer in African-American Women: A Multifaceted Affair

between Obesity, Biology, and Socioeconomic Determinants. Cancers 2018, 10, 514. [CrossRef]
4. Dai, X.; Cheng, H.; Bai, Z.; Li, J. Breast Cancer Cell Line Classification and Its Relevance with Breast Tumor Subtyping. J. Cancer

2017, 8, 3131–3141. [CrossRef]
5. American Cancer Society. Triple Negative Breast Cancer. Available online: https://www.cancer.org/cancer/breast-cancer/

understanding-a-breast-cancer-diagnosis/types-of-breast-cancer/triple-negative.html (accessed on 13 May 2020).
6. Rakha, E.A.; Elsheikh, S.E.; Aleskandarany, M.A.; Habashi, H.O.; Green, A.R.; Powe, D.G.; El-Sayed, M.E.; Benhasouna, A.;

Brunet, J.S.; Akslen, L.A.; et al. Triple-negative breast cancer: Distinguishing between basal and nonbasal subtypes. Clin. Cancer
Res. 2009, 15, 2302–2310. [CrossRef]

7. Anders, C.K.; Abramson, V.; Tan, T.; Dent, R. The Evolution of Triple-Negative Breast Cancer: From Biology to Novel Therapeutics.
Am. Soc. Clin. Oncol. Educ. Book 2016, 35, 34–42. [CrossRef]

8. Lehmann, B.D.; Bauer, J.A.; Chen, X.; Sanders, M.E.; Chakravarthy, A.B.; Shyr, Y.; Pietenpol, J.A. Identification of human
triple-negative breast cancer subtypes and preclinical models for selection of targeted therapies. J. Clin. Investig. 2011, 121,
2750–2767. [CrossRef]

9. Wahdan-Alaswad, R.; Harrell, J.C.; Fan, Z.; Edgerton, S.M.; Liu, B.; Thor, A.D. Metformin attenuates transforming growth factor
beta (TGF-beta) mediated oncogenesis in mesenchymal stem-like/claudin-low triple negative breast cancer. Cell Cycle 2016, 15,
1046–1059. [CrossRef] [PubMed]

10. Dias, K.; Dvorkin-Gheva, A.; Hallett, R.M.; Wu, Y.; Hassell, J.; Pond, G.R.; Levine, M.; Whelan, T.; Bane, A.L. Claudin-Low Breast
Cancer; Clinical & Pathological Characteristics. PLoS ONE 2017, 12, e0168669. [CrossRef]

11. Prat, A.; Parker, J.S.; Karginova, O.; Fan, C.; Livasy, C.; Herschkowitz, J.I.; He, X.; Perou, C.M. Phenotypic and molecular
characterization of the claudin-low intrinsic subtype of breast cancer. Breast Cancer Res. 2010, 12, R68. [CrossRef] [PubMed]

12. Guan, Y.; Kuo, W.L.; Stilwell, J.L.; Takano, H.; Lapuk, A.V.; Fridlyand, J.; Mao, J.H.; Yu, M.; Miller, M.A.; Santos, J.L.; et al.
Amplification of PVT1 contributes to the pathophysiology of ovarian and breast cancer. Clin. Cancer Res. 2007, 13, 5745–5755.
[CrossRef] [PubMed]

13. Parolia, A.; Cieslik, M.; Chinnaiyan, A.M. Competing for enhancers: PVT1 fine-tunes MYC expression. Cell Res. 2018, 28, 785–786.
[CrossRef] [PubMed]

14. Huppi, K.; Pitt, J.J.; Wahlberg, B.M.; Caplen, N.J. The 8q24 gene desert: An oasis of non-coding transcriptional activity. Front.
Genet. 2012, 3, 69. [CrossRef]

15. Huppi, K.; Volfovsky, N.; Runfola, T.; Jones, T.L.; Mackiewicz, M.; Martin, S.E.; Mushinski, J.F.; Stephens, R.; Caplen, N.J. The
identification of microRNAs in a genomically unstable region of human chromosome 8q24. Mol. Cancer Res. 2008, 6, 212–221.
[CrossRef]

16. El Marabti, E.; Younis, I. The Cancer Spliceome: Reprograming of Alternative Splicing in Cancer. Front. Mol. Biosci. 2018, 5, 80.
[CrossRef]

17. Ilboudo, A.; Chouhan, J.; McNeil, B.K.; Osborne, J.R.; Ogunwobi, O.O. PVT1 Exon 9: A Potential Biomarker of Aggressive
Prostate Cancer? Int. J. Environ. Res. Public Health 2015, 13, 12. [CrossRef]

18. Pal, G.; Di, L.; Orunmuyi, A.; Olapade-Olaopa, E.O.; Qiu, W.; Ogunwobi, O.O. Population Differentiation at the PVT1 Gene
Locus: Implications for Prostate Cancer. G3 2020, 10, 2257–2264. [CrossRef]

19. Pal, G.; Huaman, J.; Levine, F.; Orunmuyi, A.; Olapade-Olaopa, E.O.; Onagoruwa, O.T.; Ogunwobi, O.O. Long Noncoding RNA
from PVT1 Exon 9 Is Overexpressed in Prostate Cancer and Induces Malignant Transformation and Castration Resistance in
Prostate Epithelial Cells. Genes 2019, 10, 964. [CrossRef]

20. Conte, F.; Fiscon, G.; Chiara, M.; Colombo, T.; Farina, L.; Paci, P. Role of the long non-coding RNA PVT1 in the dysregulation of
the ceRNA-ceRNA network in human breast cancer. PLoS ONE 2017, 12, e0171661. [CrossRef] [PubMed]

21. Yang, T.; Zhou, H.; Liu, P.; Yan, L.; Yao, W.; Chen, K.; Zeng, J.; Li, H.; Hu, J.; Xu, H.; et al. lncRNA PVT1 and its splicing variant
function as competing endogenous RNA to regulate clear cell renal cell carcinoma progression. Oncotarget 2017, 8, 85353–85367.
[CrossRef] [PubMed]

22. Paci, P.; Colombo, T.; Farina, L. Computational analysis identifies a sponge interaction network between long non-coding RNAs
and messenger RNAs in human breast cancer. BMC Syst. Biol. 2014, 8, 83. [CrossRef]

http://doi.org/10.3322/caac.21492
https://www.cancer.org/cancer/breast-cancer/about/how-common-is-breast-cancer.html
https://www.cancer.org/cancer/breast-cancer/about/how-common-is-breast-cancer.html
http://doi.org/10.3390/cancers10120514
http://doi.org/10.7150/jca.18457
https://www.cancer.org/cancer/breast-cancer/understanding-a-breast-cancer-diagnosis/types-of-breast-cancer/triple-negative.html
https://www.cancer.org/cancer/breast-cancer/understanding-a-breast-cancer-diagnosis/types-of-breast-cancer/triple-negative.html
http://doi.org/10.1158/1078-0432.CCR-08-2132
http://doi.org/10.1200/EDBK_159135
http://doi.org/10.1172/JCI45014
http://doi.org/10.1080/15384101.2016.1152432
http://www.ncbi.nlm.nih.gov/pubmed/26919310
http://doi.org/10.1371/journal.pone.0168669
http://doi.org/10.1186/bcr2635
http://www.ncbi.nlm.nih.gov/pubmed/20813035
http://doi.org/10.1158/1078-0432.CCR-06-2882
http://www.ncbi.nlm.nih.gov/pubmed/17908964
http://doi.org/10.1038/s41422-018-0064-0
http://www.ncbi.nlm.nih.gov/pubmed/29980733
http://doi.org/10.3389/fgene.2012.00069
http://doi.org/10.1158/1541-7786.MCR-07-0105
http://doi.org/10.3389/fmolb.2018.00080
http://doi.org/10.3390/ijerph13010012
http://doi.org/10.1534/g3.120.401291
http://doi.org/10.3390/genes10120964
http://doi.org/10.1371/journal.pone.0171661
http://www.ncbi.nlm.nih.gov/pubmed/28187158
http://doi.org/10.18632/oncotarget.19743
http://www.ncbi.nlm.nih.gov/pubmed/29156724
http://doi.org/10.1186/1752-0509-8-83


Cancers 2021, 13, 1046 12 of 14

23. Wang, L.; Wang, R.; Ye, Z.; Wang, Y.; Li, X.; Chen, W.; Zhang, M.; Cai, C. PVT1 affects EMT and cell proliferation and migration
via regulating p21 in triple-negative breast cancer cells cultured with mature adipogenic medium. Acta Biochim. Biophys. Sin 2018,
50, 1211–1218. [CrossRef]

24. Liu, X.; Bi, L.; Wang, Q.; Wen, M.; Li, C.; Ren, Y.; Jiao, Q.; Mao, J.H.; Wang, C.; Wei, G.; et al. miR-1204 targets VDR to promotes
epithelial-mesenchymal transition and metastasis in breast cancer. Oncogene 2018, 37, 3426–3439. [CrossRef] [PubMed]

25. Pena-Chilet, M.; Martinez, M.T.; Perez-Fidalgo, J.A.; Peiro-Chova, L.; Oltra, S.S.; Tormo, E.; Alonso-Yuste, E.; Martinez-Delgado,
B.; Eroles, P.; Climent, J.; et al. MicroRNA profile in very young women with breast cancer. BMC Cancer 2014, 14, 529. [CrossRef]

26. Hou, X.; Niu, Z.; Liu, L.; Guo, Q.; Li, H.; Yang, X.; Zhang, X. miR-1207-5p regulates the sensitivity of triple-negative breast cancer
cells to Taxol treatment via the suppression of LZTS1 expression. Oncol. Lett. 2019, 17, 990–998. [CrossRef] [PubMed]

27. Yan, C.; Chen, Y.; Kong, W.; Fu, L.; Liu, Y.; Yao, Q.; Yuan, Y. PVT1-derived miR-1207-5p promotes breast cancer cell growth by
targeting STAT6. Cancer Sci. 2017, 108, 868–876. [CrossRef] [PubMed]

28. Wang, Y.; Zhou, J.; Wang, Z.; Wang, P.; Li, S. Upregulation of SOX2 activated LncRNA PVT1 expression promotes breast cancer
cell growth and invasion. Biochem. Biophys. Res. Commun. 2017, 493, 429–436. [CrossRef] [PubMed]

29. Tang, J.; Li, Y.; Sang, Y.; Yu, B.; Lv, D.; Zhang, W.; Feng, H. LncRNA PVT1 regulates triple-negative breast cancer through
KLF5/beta-catenin signaling. Oncogene 2018, 37, 4723–4734. [CrossRef]

30. Singh, A.B.; Sharma, A.; Dhawan, P. Claudin family of proteins and cancer: An overview. J. Oncol. 2010, 2010, 541957. [CrossRef]
31. Naik, M.U.; Naik, T.U.; Suckow, A.T.; Duncan, M.K.; Naik, U.P. Attenuation of junctional adhesion molecule-A is a contributing

factor for breast cancer cell invasion. Cancer Res. 2008, 68, 2194–2203. [CrossRef]
32. Ivana, B.; Emina, M.; Marijana, M.K.; Irena, J.; Zoran, B.; Radmila, J. High expression of junctional adhesion molecule-A is

associated with poor survival in patients with epithelial ovarian cancer. Int. J. Biol. Mark. 2019, 34, 262–268. [CrossRef] [PubMed]
33. Salehi, P.; Tafvizi, F.; Kamyab Hesari, K. Low Expression of Occludin in the Melanoma Patient. Iran J. Pathol. 2019, 14, 272–278.

[CrossRef]
34. Martin, T.A.; Jordan, N.; Davies, E.L.; Jiang, W.G. Metastasis to Bone in Human Cancer Is Associated with Loss of Occludin

Expression. Anticancer Res. 2016, 36, 1287–1293.
35. Sakamoto, S.; Inoue, H.; Kaneko, M.K.; Ogasawara, S.; Kajikawa, M.; Urano, S.; Ohba, S.I.; Kato, Y.; Kawada, M. Generation

and evaluation of a chimeric antibody against coxsackievirus and adenovirus receptor for cancer therapy. Cancer Sci. 2019, 110,
3595–3602. [CrossRef]

36. Tsukita, S.; Tanaka, H.; Tamura, A. The Claudins: From Tight Junctions to Biological Systems. Trends Biochem. Sci. 2019, 44,
141–152. [CrossRef]

37. Morita, K.; Furuse, M.; Fujimoto, K.; Tsukita, S. Claudin multigene family encoding four-transmembrane domain protein
components of tight junction strands. Proc. Natl. Acad. Sci. USA 1999, 96, 511–516. [CrossRef] [PubMed]

38. Van Itallie, C.M.; Anderson, J.M. Claudins and epithelial paracellular transport. Annu. Rev. Physiol. 2006, 68, 403–429. [CrossRef]
[PubMed]

39. Krause, G.; Protze, J.; Piontek, J. Assembly and function of claudins: Structure-function relationships based on homology models
and crystal structures. Semin. Cell Dev. Biol. 2015, 42, 3–12. [CrossRef]

40. Matter, K.; Balda, M.S. Signalling to and from tight junctions. Nat. Rev. Mol. Cell Biol. 2003, 4, 225–236. [CrossRef]
41. Chiba, H.; Osanai, M.; Murata, M.; Kojima, T.; Sawada, N. Transmembrane proteins of tight junctions. Biochim. Biophys. Acta 2008,

1778, 588–600. [CrossRef] [PubMed]
42. Hewitt, K.J.; Agarwal, R.; Morin, P.J. The claudin gene family: Expression in normal and neoplastic tissues. BMC Cancer 2006, 6,

186. [CrossRef] [PubMed]
43. Kinugasa, T.; Huo, Q.; Higashi, D.; Shibaguchi, H.; Kuroki, M.; Tanaka, T.; Futami, K.; Yamashita, Y.; Hachimine, K.; Maekawa, S.;

et al. Selective up-regulation of claudin-1 and claudin-2 in colorectal cancer. Anticancer Res. 2007, 27, 3729–3734. [CrossRef]
44. Hichino, A.; Okamoto, M.; Taga, S.; Akizuki, R.; Endo, S.; Matsunaga, T.; Ikari, A. Down-regulation of Claudin-2 Expression and

Proliferation by Epigenetic Inhibitors in Human Lung Adenocarcinoma A549 Cells. J. Biol. Chem. 2017, 292, 2411–2421. [CrossRef]
45. Holczbauer, A.; Gyongyosi, B.; Lotz, G.; Szijarto, A.; Kupcsulik, P.; Schaff, Z.; Kiss, A. Distinct claudin expression profiles

of hepatocellular carcinoma and metastatic colorectal and pancreatic carcinomas. J. Histochem. Cytochem. 2013, 61, 294–305.
[CrossRef]

46. Zhang, W.N.; Li, W.; Wang, X.L.; Hu, Z.; Zhu, D.; Ding, W.C.; Liu, D.; Li, K.Z.; Ma, D.; Wang, H. CLDN1 expression in cervical
cancer cells is related to tumor invasion and metastasis. Oncotarget 2016, 7, 87449–87461. [CrossRef] [PubMed]

47. Yang, L.; Sun, X.; Meng, X. Differences in the expression profiles of claudin proteins in human gastric carcinoma compared with
nonneoplastic mucosa. Mol. Med. Rep. 2018, 18, 1271–1278. [CrossRef]

48. Choi, Y.L.; Kim, J.; Kwon, M.J.; Choi, J.S.; Kim, T.J.; Bae, D.S.; Koh, S.S.; In, Y.H.; Park, Y.W.; Kim, S.H.; et al. Expression profile of
tight junction protein claudin 3 and claudin 4 in ovarian serous adenocarcinoma with prognostic correlation. Histol. Histopathol.
2007, 22, 1185–1195. [CrossRef] [PubMed]

49. Hicks, D.A.; Galimanis, C.E.; Webb, P.G.; Spillman, M.A.; Behbakht, K.; Neville, M.C.; Baumgartner, H.K. Claudin-4 activity in
ovarian tumor cell apoptosis resistance and migration. BMC Cancer 2016, 16, 788. [CrossRef] [PubMed]

50. Kwon, M.J.; Kim, S.H.; Jeong, H.M.; Jung, H.S.; Kim, S.S.; Lee, J.E.; Gye, M.C.; Erkin, O.C.; Koh, S.S.; Choi, Y.L.; et al. Claudin-4
overexpression is associated with epigenetic derepression in gastric carcinoma. Lab. Investig. 2011, 91, 1652–1667. [CrossRef]
[PubMed]

http://doi.org/10.1093/abbs/gmy129
http://doi.org/10.1038/s41388-018-0215-2
http://www.ncbi.nlm.nih.gov/pubmed/29555976
http://doi.org/10.1186/1471-2407-14-529
http://doi.org/10.3892/ol.2018.9687
http://www.ncbi.nlm.nih.gov/pubmed/30655858
http://doi.org/10.1111/cas.13212
http://www.ncbi.nlm.nih.gov/pubmed/28235236
http://doi.org/10.1016/j.bbrc.2017.09.005
http://www.ncbi.nlm.nih.gov/pubmed/28882595
http://doi.org/10.1038/s41388-018-0310-4
http://doi.org/10.1155/2010/541957
http://doi.org/10.1158/0008-5472.CAN-07-3057
http://doi.org/10.1177/1724600819850178
http://www.ncbi.nlm.nih.gov/pubmed/31190601
http://doi.org/10.30699/IJP.2019.85213.1801
http://doi.org/10.1111/cas.14196
http://doi.org/10.1016/j.tibs.2018.09.008
http://doi.org/10.1073/pnas.96.2.511
http://www.ncbi.nlm.nih.gov/pubmed/9892664
http://doi.org/10.1146/annurev.physiol.68.040104.131404
http://www.ncbi.nlm.nih.gov/pubmed/16460278
http://doi.org/10.1016/j.semcdb.2015.04.010
http://doi.org/10.1038/nrm1055
http://doi.org/10.1016/j.bbamem.2007.08.017
http://www.ncbi.nlm.nih.gov/pubmed/17916321
http://doi.org/10.1186/1471-2407-6-186
http://www.ncbi.nlm.nih.gov/pubmed/16836752
http://doi.org/10.1016/S0016-5085(08)62087-9
http://doi.org/10.1074/jbc.M116.762807
http://doi.org/10.1369/0022155413479123
http://doi.org/10.18632/oncotarget.13871
http://www.ncbi.nlm.nih.gov/pubmed/27974683
http://doi.org/10.3892/mmr.2018.9122
http://doi.org/10.14670/HH-22.1185
http://www.ncbi.nlm.nih.gov/pubmed/17647191
http://doi.org/10.1186/s12885-016-2799-7
http://www.ncbi.nlm.nih.gov/pubmed/27724921
http://doi.org/10.1038/labinvest.2011.117
http://www.ncbi.nlm.nih.gov/pubmed/21844869


Cancers 2021, 13, 1046 13 of 14

51. Michl, P.; Barth, C.; Buchholz, M.; Lerch, M.M.; Rolke, M.; Holzmann, K.H.; Menke, A.; Fensterer, H.; Giehl, K.; Lohr, M.; et al.
Claudin-4 expression decreases invasiveness and metastatic potential of pancreatic cancer. Cancer Res. 2003, 63, 6265–6271.

52. Lin, X.; Shang, X.; Manorek, G.; Howell, S.B. Regulation of the Epithelial-Mesenchymal Transition by Claudin-3 and Claudin-4.
PLoS ONE 2013, 8, e67496. [CrossRef]

53. Kolokytha, P.; Yiannou, P.; Keramopoulos, D.; Kolokythas, A.; Nonni, A.; Patsouris, E.; Pavlakis, K. Claudin-3 and claudin-4:
Distinct prognostic significance in triple-negative and luminal breast cancer. Appl. Immunohistochem. Mol. Morphol. 2014, 22,
125–131. [CrossRef]

54. Lanigan, F.; McKiernan, E.; Brennan, D.J.; Hegarty, S.; Millikan, R.C.; McBryan, J.; Jirstrom, K.; Landberg, G.; Martin, F.; Duffy,
M.J.; et al. Increased claudin-4 expression is associated with poor prognosis and high tumour grade in breast cancer. Int. J. Cancer
2009, 124, 2088–2097. [CrossRef] [PubMed]

55. Szasz, A.M.; Nemeth, Z.; Gyorffy, B.; Micsinai, M.; Krenacs, T.; Baranyai, Z.; Harsanyi, L.; Kiss, A.; Schaff, Z.; Tokes, A.M.;
et al. Identification of a claudin-4 and E-cadherin score to predict prognosis in breast cancer. Cancer Sci. 2011, 102, 2248–2254.
[CrossRef] [PubMed]

56. Abd-Elazeem, M.A.; Abd-Elazeem, M.A. Claudin 4 expression in triple-negative breast cancer: Correlation with androgen
receptors and Ki-67 expression. Ann. Diagn. Pathol. 2015, 19, 37–42. [CrossRef] [PubMed]

57. Kulka, J.; Szasz, A.M.; Nemeth, Z.; Madaras, L.; Schaff, Z.; Molnar, I.A.; Tokes, A.M. Expression of tight junction protein claudin-4
in basal-like breast carcinomas. Pathol. Oncol. Res. 2009, 15, 59–64. [CrossRef]

58. Newman, L.A.; Kaljee, L.M. Health Disparities and Triple-Negative Breast Cancer in African American Women: A Review. JAMA
Surg. 2017, 152, 485–493. [CrossRef]

59. Carey, L.A.; Perou, C.M.; Livasy, C.A.; Dressler, L.G.; Cowan, D.; Conway, K.; Karaca, G.; Troester, M.A.; Tse, C.K.; Edmiston, S.;
et al. Race, breast cancer subtypes, and survival in the Carolina Breast Cancer Study. JAMA 2006, 295, 2492–2502. [CrossRef]

60. Morin, P.J. Claudin proteins in human cancer: Promising new targets for diagnosis and therapy. Cancer Res. 2005, 65, 9603–9606.
[CrossRef]

61. Li, Z.; Zhao, W.; Wang, M.; Zhou, X. The Role of Long Noncoding RNAs in Gene Expression Regulation. IntechOpen 2019.
[CrossRef]

62. He, R.Z.; Luo, D.X.; Mo, Y.Y. Emerging roles of lncRNAs in the post-transcriptional regulation in cancer. Genes Dis. 2019, 6, 6–15.
[CrossRef]

63. Shin, C.H.; Ryu, S.; Kim, H.H. hnRNPK-regulated PTOV1-AS1 modulates heme oxygenase-1 expression via miR-1207-5p. BMB
Rep. 2017, 50, 220–225. [CrossRef]

64. Zhang, A.; Zhao, J.C.; Kim, J.; Fong, K.W.; Yang, Y.A.; Chakravarti, D.; Mo, Y.Y.; Yu, J. LncRNA HOTAIR Enhances the Androgen-
Receptor-Mediated Transcriptional Program and Drives Castration-Resistant Prostate Cancer. Cell Rep. 2015, 13, 209–221.
[CrossRef]

65. Zhang, X.; Wang, W.; Zhu, W.; Dong, J.; Cheng, Y.; Yin, Z.; Shen, F. Mechanisms and Functions of Long Non-Coding RNAs at
Multiple Regulatory Levels. Int. J. Mol. Sci. 2019, 20, 5573. [CrossRef]

66. Zhang, Y.; Wu, J.; Jing, H.; Huang, G.; Sun, Z.; Xu, S. Long noncoding RNA MEG3 inhibits breast cancer growth via upregulating
endoplasmic reticulum stress and activating NF-kappaB and p53. J. Cell Biochem. 2019, 120, 6789–6797. [CrossRef] [PubMed]

67. Yoon, J.H.; Abdelmohsen, K.; Kim, J.; Yang, X.; Martindale, J.L.; Tominaga-Yamanaka, K.; White, E.J.; Orjalo, A.V.; Rinn, J.L.; Kreft,
S.G.; et al. Scaffold function of long non-coding RNA HOTAIR in protein ubiquitination. Nat. Commun. 2013, 4, 2939. [CrossRef]

68. Shang, X.; Lin, X.; Manorek, G.; Howell, S.B. Claudin-3 and claudin-4 regulate sensitivity to cisplatin by controlling expression of
the copper and cisplatin influx transporter CTR1. Mol. Pharmacol. 2013, 83, 85–94. [CrossRef] [PubMed]

69. Kalluri, R. EMT: When epithelial cells decide to become mesenchymal-like cells. J. Clin. Investig. 2009, 119, 1417–1419. [CrossRef]
[PubMed]

70. Lamouille, S.; Xu, J.; Derynck, R. Molecular mechanisms of epithelial-mesenchymal transition. Nat. Rev. Mol. Cell Biol. 2014, 15,
178–196. [CrossRef]

71. Katayama, A.; Handa, T.; Komatsu, K.; Togo, M.; Horiguchi, J.; Nishiyama, M.; Oyama, T. Expression patterns of claudins in
patients with triple-negative breast cancer are associated with nodal metastasis and worse outcome. Pathol. Int. 2017, 67, 404–413.
[CrossRef]

72. Wu, B.Q.; Jiang, Y.; Zhu, F.; Sun, D.L.; He, X.Z. Long Noncoding RNA PVT1 Promotes EMT and Cell Proliferation and Migration
Through Downregulating p21 in Pancreatic Cancer Cells. Technol. Cancer Res. Treat. 2017, 16, 819–827. [CrossRef]

73. Qian, X.L.; Pan, Y.H.; Huang, Q.Y.; Shi, Y.B.; Huang, Q.Y.; Hu, Z.Z.; Xiong, L.X. Caveolin-1: A multifaceted driver of breast cancer
progression and its application in clinical treatment. OncoTargets Ther. 2019, 12, 1539–1552. [CrossRef] [PubMed]

74. Gopal, S.; Veracini, L.; Grall, D.; Butori, C.; Schaub, S.; Audebert, S.; Camoin, L.; Baudelet, E.; Radwanska, A.; Beghelli-de la Forest
Divonne, S.; et al. Fibronectin-guided migration of carcinoma collectives. Nat. Commun. 2017, 8, 14105. [CrossRef] [PubMed]

75. Yousif, N.G. Fibronectin promotes migration and invasion of ovarian cancer cells through up-regulation of FAK-PI3K/Akt
pathway. Cell Biol. Int. 2014, 38, 85–91. [CrossRef] [PubMed]

76. Kuo, W.H.; Chang, Y.Y.; Lai, L.C.; Tsai, M.H.; Hsiao, C.K.; Chang, K.J.; Chuang, E.Y. Molecular characteristics and metastasis
predictor genes of triple-negative breast cancer: A clinical study of triple-negative breast carcinomas. PLoS ONE 2012, 7, e45831.
[CrossRef] [PubMed]

http://doi.org/10.1371/journal.pone.0067496
http://doi.org/10.1097/PAI.0b013e31828d9d62
http://doi.org/10.1002/ijc.24159
http://www.ncbi.nlm.nih.gov/pubmed/19142967
http://doi.org/10.1111/j.1349-7006.2011.02085.x
http://www.ncbi.nlm.nih.gov/pubmed/21883696
http://doi.org/10.1016/j.anndiagpath.2014.10.003
http://www.ncbi.nlm.nih.gov/pubmed/25456318
http://doi.org/10.1007/s12253-008-9089-x
http://doi.org/10.1001/jamasurg.2017.0005
http://doi.org/10.1001/jama.295.21.2492
http://doi.org/10.1158/0008-5472.CAN-05-2782
http://doi.org/10.5772/intechopen.81773
http://doi.org/10.1016/j.gendis.2019.01.003
http://doi.org/10.5483/BMBRep.2017.50.4.024
http://doi.org/10.1016/j.celrep.2015.08.069
http://doi.org/10.3390/ijms20225573
http://doi.org/10.1002/jcb.27982
http://www.ncbi.nlm.nih.gov/pubmed/30556250
http://doi.org/10.1038/ncomms3939
http://doi.org/10.1124/mol.112.079798
http://www.ncbi.nlm.nih.gov/pubmed/23053666
http://doi.org/10.1172/JCI39675
http://www.ncbi.nlm.nih.gov/pubmed/19487817
http://doi.org/10.1038/nrm3758
http://doi.org/10.1111/pin.12560
http://doi.org/10.1177/1533034617700559
http://doi.org/10.2147/OTT.S191317
http://www.ncbi.nlm.nih.gov/pubmed/30881011
http://doi.org/10.1038/ncomms14105
http://www.ncbi.nlm.nih.gov/pubmed/28102238
http://doi.org/10.1002/cbin.10184
http://www.ncbi.nlm.nih.gov/pubmed/24115647
http://doi.org/10.1371/journal.pone.0045831
http://www.ncbi.nlm.nih.gov/pubmed/23049873


Cancers 2021, 13, 1046 14 of 14

77. Kumar, B.; Prasad, M.; Bhat-Nakshatri, P.; Anjanappa, M.; Kalra, M.; Marino, N.; Storniolo, A.M.; Rao, X.; Liu, S.; Wan, J.; et al.
Normal Breast-Derived Epithelial Cells with Luminal and Intrinsic Subtype-Enriched Gene Expression Document Interindividual
Differences in Their Differentiation Cascade. Cancer Res. 2018, 78, 5107–5123. [CrossRef]

78. Ellsworth, R.E.; Seebach, J.; Field, L.A.; Heckman, C.; Kane, J.; Hooke, J.A.; Love, B.; Shriver, C.D. A gene expression signature
that defines breast cancer metastases. Clin. Exp. Metastasis 2009, 26, 205–213. [CrossRef]

79. Xiangying Wang, L.H.; Shan, S.; Sun, Y.; Mao, Y. KRT14 promoting invasion and migration of lung cancer cells through ROCK-1
signaling pathway. Int. J. Clin. Exp. Pathol. 2017, 10, 795–803.

80. Bilandzic, M.; Rainczuk, A.; Green, E.; Fairweather, N.; Jobling, T.W.; Plebanski, M.; Stephens, A.N. Keratin-14 (KRT14) Positive
Leader Cells Mediate Mesothelial Clearance and Invasion by Ovarian Cancer Cells. Cancers 2019, 11, 1228. [CrossRef]

81. Westcott, J.M.; Prechtl, A.M.; Maine, E.A.; Dang, T.T.; Esparza, M.A.; Sun, H.; Zhou, Y.; Xie, Y.; Pearson, G.W. An epigenetically
distinct breast cancer cell subpopulation promotes collective invasion. J. Clin. Investig. 2015, 125, 1927–1943. [CrossRef]

82. Di Tommaso, T.; Cottle, D.L.; Pearson, H.B.; Schluter, H.; Kaur, P.; Humbert, P.O.; Smyth, I.M. Keratin 76 is required for tight
junction function and maintenance of the skin barrier. PLoS Genet. 2014, 10, e1004706. [CrossRef]

83. Fortier, A.M.; Asselin, E.; Cadrin, M. Keratin 8 and 18 loss in epithelial cancer cells increases collective cell migration and cisplatin
sensitivity through claudin1 up-regulation. J. Biol. Chem. 2013, 288, 11555–11571. [CrossRef] [PubMed]

http://doi.org/10.1158/0008-5472.CAN-18-0509
http://doi.org/10.1007/s10585-008-9232-9
http://doi.org/10.3390/cancers11091228
http://doi.org/10.1172/JCI77767
http://doi.org/10.1371/journal.pgen.1004706
http://doi.org/10.1074/jbc.M112.428920
http://www.ncbi.nlm.nih.gov/pubmed/23449973

	Introduction 
	Results 
	Claudins 1, 3, 4 and 7 Are Downregulated in Claudin Low Triple Negative Breast Cancer (TNBC) Cells 
	PVT1 Exon 9 Is Upregulated in Caludin- Low TNBC 
	PVT1 Exon 9 Regulates Migration in Caludin- Low TNBC Cells 
	Targeting PVT1 Exon 9 Induces Re-Expression of Claudin 4 Protein in the Caludin- Low MDA MB 231 TNBC Cell Line 
	PVT1 Exon 9 and Epithelial-Mesenchymal Transition (EMT) in Claudin–Low TNBC Cells 

	Discussion 
	Materials and Methods 
	Cell Culture 
	Transfection of siRNAs 
	RNA Extraction and RT-qPCR 
	Protein Extraction and Immunoblotting 
	Migration Assays 
	Cell Viability Assays 
	Crosslinking and RNA Immunoprecipitation (RIP) 
	Statistical Analysis 

	Conclusions 
	References

