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Abstract

Triple-negative breast cancer (TNBC) is one of the most common malignant tumor types in females and its drug resistance is a
major clinical issue. An increasing number of long non-coding RNAs (IncRNAs) have been reported as key regulators of drug
resistance in TNBC. Plasmacytoma variant translocation | (PVTI) has been proved to promote the development of various
cancer types. The present study suggested that PVT| enhances the resistance of the TNBC cell line MDA-MB-23 | to doxorubicin
and uncovered the molecular mechanism. PVT| function assays and its target gene analyses were performed. We revealed that
PVTI| promoted the protein stability of nuclear factor erythroid 2 like 2 (Nrf2) by inhibiting the binding of kelch-like ECH-
associated protein | (Keapl) to Nrf2, which is beneficial to the resistance of MDA-MB-231 cells to doxorubicin. These novel
results enhance the current knowledge regarding the versatile roles of PVTI and lay a foundation for future developments of

clinical applications.
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Introduction

With the advancement of treatment methods, breast cancer has
become one of the cancers with high survival rate. As long as
most patients can be detected early and receive standard treat-
ment, the 5-year survival rate is as high as 80%. Nevertheless,
breast cancer is still one of the most deadly cancers for
women. ' Especially for triple-negative breast cancer (TNBC),
which is called “the most difficult breast cancer to treat,” its
high rate of metastasis and recurrence leads to the lack of
effective treatment.

The standard treatment for TNBC is resection after neoad-
juvant chemotherapy (NAC). Chemotherapy is very effective
for nearly half of triple-negative breast cancer patients, but the
rest of the patients will not respond to neoadjuvant chemother-
apy at all. There is no approved new therapy to replace
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Table 1. The Primers for the Realtime PCR.

Primer name Sequence(5’'—3')

B-actin F CATGTACGTTGCTATCCAGGC
R CTCCTTAATGTCACGCACGAT
Nif2 F CGACGGAAAGAGTATGAG
R GGCAACCTGGGAGTAG
Keapl F GAGGTATGAGCCAGAGCG
R CGGCATAAAGGAGACGAT
HO-1 F GCTGGCAGGAGGTCAT
R TTTCTGGGCAATCTTTT
NQO1 F AAAGGACATCACAGGTAAA
R CAGAATGGCAGGGACT
PVT1 F TGGACGGACTTGAGAAC
R CATGGGCAGGGTAGAT

chemotherapy at present. At the same time, 30-50% of the
patients who responded to neoadjuvant chemotherapy showed
resistance to NAC, resulting in a lower survival rate. Therefore,
to explore the resistance mechanism of TNBC resistance con-
tributes to new drug research.

Long-chain non-coding RNA (LncRNA), one of regulatory
ncRNA (non-coding RNA, ncRNA), whose length is more than
200 nt and has no protein coding function. It has a specific
secondary structure and highly conserved local sequence, vari-
able splicing form and specific subcellular localization. It has
been confirmed that IncRNA is involved in many reactions in
the body, even in the occurrence, development, metastasis, and
drug resistance of tumors.*’ The expression of IncRNA BORG
correlated positively with chemoresistance in breast cancer.®
Overexpression of HCPS5 contributed to cisplatin resistance in
TNBC cells.” Knocking down of IncRNA H19 could restore
chemo-sensitivity in paclitaxel-resistant triple-negative breast
cancer cells.'® Therefore, IncRNAs are a potential targets for
TNBC treatment. To explore the relationship and mechanism
between IncRNA and drug resistance in TNBC cells is of great
significance to prevent the failure of TNBC treatment caused
by drug resistance.

Long non-coding RNA plasmacytoma variant translocation
1 (PVT1) is anewly discovered oncogenic factor, and its abnor-
mal expression has been confirmed to be closely related to the
occurrence and development of cancer, including cervical
cancer, colorectal cancer,11 and lung cancer.'? However, the
molecular mechanisms underlying the role of PVT1 in triple-
negative breast cancer, especially in drug resistance, remain
unclear. Here, we try to explore the effect and molecular
mechanism of IncRNA PVTI in 3 negative breast cancer cell
line MDA-MB-231 cells’ drug resistance.

Materials and Methods

Cell Culture

Human breast cancer cells MDA-MB-231 (ATCC® HTB-26)
were seeded in Leibovitz’s L-15 medium (Gibco.) supplemen-
ted with 10% fetal bovine serum (FBS, Gibco) at 37°C in
humified air with 5% CO,.

Cell Transfection

The full length of the synthesized PVT1 (Sangon Biotech, gene
ID: 5820) was inserted into the pcDNA3.1 vector to construct
the PVT1 expression plasmid (pcDNA-PVT1). Specific small
interfering RNAs targeted PVT1 or Nrf2 and scramble small
interfering RNA were purchased from Ribobio Co. (Guangz-
hou). For transfection experiments, the MDA-MB-231 cells
were cultured in growth medium without antibiotics at 60%
confluence for 2 days, and then transfected with transfection
reagent (Lipofectamine™ 2000, Thermo Scientific, 11668019)
according to manufacturer’s instructions. After incubation for 6
h, the medium was removed and replaced with normal culture
medium for 24 h.

Quantitative Realtime PCR (qRT-PCR)

Total RNA was isolated from cells using Trizol reagent (Invi-
trogen), and 2 microgram of the sample were reverse-
transcribed using M-MLV reverse transcriptase (Invitrogen,
28025021). B-actin was used as an internal control to show
equal loading of the cDNA samples. Realtime PCR was per-
formed in an Applied Biosystems Step One™ Real-Time PCR
System. Fast SYBR® Green Master Mix was obtained from
Applied Biosystems. Data were shown as relative expression
level after being normalized by B-actin. The primers for the
PCR analysis are listed in Table 1.

Western Blot

MDA-MB-231 cells after treatment were lysed in RIPA lysis
(Thermo Scientific). Protein concentrations were determined
using the Bio-Rad Protein Assay (Bio-Rad Laboratories).
Then, 30 mg of protein was analyzed by 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
(Sigma) and transferred to polyvinylidene fluoride (PVDF)
membranes (Millipore). Transferred membranes were blocked
with 5% skim milk (BD) and the membranes were immuno-
blotted with anti-Keapl (Abclonal, A17061), anti-B-actin
(Abclonal, AC026), anti-Nrf2 (Abclonal, A1244), anti-HO-1
(Abclonal, A11919) and anti-NQO1 (Abclonal, A1518) anti-
bodies overnight at 4°C, and then incubated with secondary
antibodies (Abclonal, AS014 or AS003) for 60 min at RT. The
specific proteins were visualized by Odyssey Infrared Imaging
System (Gene Company Limited). B-actin expression was used
as an internal control to show equal loading of the protein
samples.

MTT Assay

In the 96 well plate, 10000 MDA-MB-231 cells were inocu-
lated into each hole for 24 h. The cells were then treated with
either 1 pg/mL doxorubicin (Sigma). Following 0, 24, 48, 72 h
incubation at 37°C, 20 uL MTT solution (Sigma, 5 mg/mL)
was added to each well and the plates were re-incubated for 4 h
at 37°C. The formazan precipitate was dissolved in DMSO
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(Sigma) the absorbance was determined using a microtiter plate
reader at 570 and 630 nm for background (Bio-Rad).

CO-IP

Lysates of MDA-MB-231 cells or Cos-7 cells in different
groups were incubated with anti-Nrf2 (Abclonal, A1244) and
agarose beads (Santa Cruz, sc-2003). Then, the protein com-
plex was eluted from the agarose beads and separated by
sodium dodecyl sulfate-poly acrylamide gel electrophoresis
(SDS-PAGE), Keapl antibody was used to visualize Keapl.

Colony Formation Assay

MDA-MB-231 cells or endogenous Nrf2-silenced MDA-MB-
231 cells were transfected with PVT1-expressing plasmid or
with si-PVT1 interfering RNAs or their corresponding controls,
as indicated. Twenty-four hours later, transfected cells were
trypsinized, counted and replated at a density of 200 cells per
6 cm dish. Ten days later, colonies resulting from the surviving
cells were fixed with 3.7% methanol, and stained with 0.1%
crystal violet. Following capturing photos, the crystal violet
stain was washed with 33% acetic acid and the absorbance was
measured at 570 nm. Each assay was performed in triplicate.

Protein Stability Analysis

MDA-MB-231 cells transfected with PVT1 for 48 h were
treated with 100 pM cycloheximide (CHX) (Sigma) for 30 min.
Endogenous Nrf2 was detected by western blot assay.

RNA Pull Down

PVTI1 was in vitro transcribed with T7 RNA polymerase
(Sigma, 18033019), biotin-labeled with the Biotin RNA Label-
ing Mix (Thermo Scientific, 89818), treated with RNase-free
DNase I (Invitrogen, AM2224), and purified with an RNeasy
Mini Kit (Qiagen, 74104). The following RNA-pulldown
experiment was carried out according to the instructions
(Thermo Scientific, 20164).

RNA Immunoprecipitation (RIP)

For anti-Keapl RNA immunoprecipitation (RIP), 2 x 10’
MDA-MB-231 cells were used with RIP kit (Millipore, 17-
700). Normal rabbit IgG antibody was used as the negative
control. The final results were detected by realtime PCR.

Statistical Analysis

Data were expressed as mean + SEM, accompanied by the
number of experiments performed independently. The data of
the 2 groups were analyzed by T-test. The data of the 3 groups
and above were analyzed by a one-way ANOVA and Tukey
test. Differences at P < 0.05 were considered statistically
significant.

Results

PVTI Can Improve the Resistance of MDA-MB-23 | Cells
to Doxorubicin

To illustrate the possible effect of PVT1 in MDA-MB-231, we
made PVTI1 overexpress or knock down in MDA-MB-231
cells. Realtime PCR was used to evaluate the effect of over-
expression or silence of PVT1 (Figure 1A-B). The MTT assay
showed the survival rate of PVT1 overexpressed MDA-MB-
231 cells increased at 48 and 72 h after 20 uM doxorubicin
treatment (Figure 1C). When PVT1 was silenced, the resistance
of MDA-MB-231 cells to doxorubicin decreased (Figure 1D).
Further, the colony formation was used to confirm the survival
rate of MDA-MB-231 cells with PVT1 overexpression. As
shown in Figure 1E, proliferation rate of MDA-MB-231 cells
with PVT1 overexpression increased significantly compared
with control, after 20 pM doxorubicin treatment. Instead, the
result of colony formation in PVTI silenced MDA-MB-
231cells decreased (Figure 1F). These data showed that PVT1
can improve the resistance of MDA-MB-231 cells to
doxorubicin.

PVTI Can Activate the Expression of Drug Resistance-
Associated Genes

As shown in Figure S1, the expression of PVT1 and keap1-Nrf2
pathway could be activated in doxorubicin-treated MDA-MB-
231 cells. Further, the results of realtime PCR and western blot
confirmed that PVT1 could activate the expression of HO-1
and NQOI, 2 genes downstream of Nrf2 related to drug resis-
tance (Figure 2A-B). On the contrary, the expression of HO-1
and NQO-1 were decreased in MDA-MB-231 cells in the con-
dition of PVT1 knock down (Figure 2C-D). Interestingly
enough, PVT1 could increase the protein abundance of Nrf2
without affecting the level of Nrf2 mRNA (Figure 2A-D).
These suggested that PVT1 might affect MDA-MB-231 cells’
resistance through Nrf2. Notably, PVT1 could not effect on the
expression of Keap1, which was a key regulatory factor of Nrf2
(Figure 2A-D).

PVTI| Enhances the Resistance of MDA-MB-231 Cells
to Doxorubicin via Nrf2

To explore the potential molecular mechanism of PVT1 in
MDA-MB-231 cells, siRNAs of Nrf2 were synthesized to
silence endogenous Nrf2 (Figure 3A). Subsequently, after
PVTI1 overexpressed or knocked down in Nrf2 silenced
MDA-MB-231 cells, realtime PCR was used to detect the
expression of PVT1, Nrf2, HO-1 and NQO1. As aresult, PVT1
had no effect on the expression of HO-1 and NQO1 after endo-
genous Nrf2 silence (Figure 3B-E). Then, as shown in
Figure 3F, the resistance of MDA-MB-231 cells with Nrf2
silence to doxorubicin decreased compared with normal cells.
Meanwhile, overexpression or silence of PVT1 could not
change the toxicity of doxorubicin to MDA-MB-231 cells
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Figure 1. PVT1 can improve the resistance of MDA-MB-231 cells to doxorubicin. A and B, Realtime PCR was used to detect PVT1 over-

expression or silencing (relative to B-actin) (n =4, * P <0.05, ** P <0.01). C and D, When PVT1 was overexpressed or knocked down in MDA-
MB-231 cells, MTT assay was used to detect the toxicity of doxorubicin to cells (n = 4, * P < 0.05, ** P <0.01). E and F, When PVT1 was
overexpressed or knocked down in MDA-MB-231 cells, the colony formation assay was used to detect the toxicity of doxorubicin to cells (n =4,

#% P <0.01).

under the condition of Nrf2 silence. Finally, the results of col-
ony formation assay further confirmed that PVT could not
effect on the resistance of Nrf2 silenced MDA-MB-231 cells
to doxorubicin (Figure 3G). The above data showed that PVT1
could affect MDA-MB-231 cells’ resistance via Nrf2.

PVTI Can Prevent Nrf2 Protein From Being Degraded
by Competitive Binding With Keap | for Nrf2 Protein
Based on the above results, the remaining puzzle is how PVTI
regulates the protein level of Nrf2. As predicted with
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Figure 2. PVTI1 can activate the expression of drug resistance-associated genes. A and C, Realtime PCR was used to determine the mRNA levels
of PVT1, Keapl, Nrf2, HO-1 and NQOI after overexpressing or knocking down PVT1 in MDA-MB-231 cells (n = 3, *, P <0.05, **, P<0.01, #,
P >0.05). B and D, Western blot was used to determine the protein levels of Keapl, Nrf2, HO-1 and NQOI1 after overexpressing or knocking

down PVT1 in MDA-MB-231 cells.

bioinformatics tool (http://pridb.gdcb.iastate.edu/RPISeq/
index.html), there might exist RNA-protein interaction
between PVT1 and Keapl. However, no potential interaction
between PVTI and Nrf2 was predicted. As known, Keapl
could directly induce the degradation of Nrf2 protein. These
indicated that PVT1 might competitively inhibit the binding of
Keapl and Nrf2. As shown in Figure 4A and B, RIP and RNA-
pulldown assay confirmed PVT1 could bind to Keapl. Further,
we confirmed that the overexpression of PVT1 could inhibit the
endogenous protein binding of Keapl and Nrf2 by CO-IP
experiment in MDA-MB-231 cells (Figure 4C). Finally, Keap1
and Nrf2 were co-transfected into Cos-7 cells with or without
PVTI existed. As shown in Figure 4D, the protein-protein
interaction of Keapl and Nrf2 was inhibited with PVT1
existed. These results showed PVT1 could prevent Nrf2 protein
from being degraded by competitively inhibiting the binding of
Keapl and Nrf2. Moreover, the PVT1 overexpressed MDA-
MB-231 cells were treated with cycloheximide (100 uM) for
30 min. Then, the western blot results showed overexpression

of PVT1 in MDA-MB-231 cells significantly inhibited the
degradation of Nrf2 protein with cycloheximide treated (Figure
S2). So, these results confirmed PVT1 could prevent Nrf2 pro-
tein from being degraded by competitive binding with Keapl
for Nrf2 protein.

Discussion

Tri-negative breast cancer predominates in young women
under 40 years of age, accounting for 15-25% of all breast
cancer types. Both endocrine therapy and targeted therapy for
HER-2 are ineffective for this type of cancer.'>!® Drug resis-
tance is a very difficult problem in basic research and clinical
management of breast cancer. In the process of chemotherapy,
endocrine therapy and molecular targeted therapy, the occur-
rence of drug resistance will seriously affect the efficacy of
treatment, leading to recurrence, metastasis and even death
of TNBC patients.'®! Therefore, studies on the mechanism
of drug resistance in TNBC are expected to break the current
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Figure 3. PVT1 enhances the resistance of MDA-MB-231 cells to doxorubicin via Nrf2. A, The detection of related siRNA interference effect
for Nrf2 (n =4, ** P <0.01, # P > 0.05). B-E, After endogenous Nrf2 knocking down, the mRNA levels of PVT1, Nrf2, HO-1 and NQO1 were
measured by realtime PCR following PVT1 overexpression or knock down (n = 4, **, P <0.01, #, P> 0.05). F, After transfected with PVT1 or
si-PVT1, MTT was used to detect the toxicity of doxorubicin to MDA-MB-231 cells with Nrf2 silence (n = 4, **, P <0.01). G, Overexpression
or knockdown of PVT1 in MD-MB-231 cells silencing endogenous Nrf2, the colony formation assay was used to detect the toxicity of
doxorubicin to cells (n = 4, **, P <0.01, #, P > 0.05).

situation of treatment failure caused by drug resistance in Not only transcription factors lead to the development and
breast cancer treatment, and provide a strong guarantee for the  drug resistance of breast cancer, but also non-coding RNAs,
therapeutic efficacy, prognosis and long-term survival of breast  such as microRNAs and IncRNAs, are also closely related to
cancer patients. the development and drug resistance of breast cancer.”*** In
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Figure 4. PVT1 can prevent Nrf2 protein from being degraded by competitive binding with Keap1 for Nrf2 protein. A, RIP assay was used to
detect the combination of Keapl and PVT1 (n = 4, **, P < 0.01). B, RNA-pulldown experiment using cell lysate of MDA-MB-231 cells
followed by western blot of indicated proteins. C, CO-IP was used to detect protein-protein interactions between Keapl and Nrf2 in
MDA-MB-231 cells with or without PVT1 overexpression. D, After Keapl and Nrf2 were transfected into Cos-7 cells with or without PVT1
overexpression, CO-IP was used to detect protein-protein interactions between Keapl and Nrf2.

recent years, more and more evidences have shown that
IncRNAs play an important role in mediating and regulating
drug resistance in breast cancer.”> LncRNA HOTAIR could
transmit tamoxifen resistance by increasing ER protein levels
and enhancing chromatin binding in breast cancer.?® In MDA-
MB-231 cells, down-regulated IncRNA-ROR could enhance
the sensibility of breast cancer cells to tamoxifen by increasing
miR-205 expression and suppressing the expressions of ZEB1
and ZEB2.?” Abnormal expression of IncRNAs can mediate
drug resistance of breast cancer through a variety of different
pathways. Intervention of abnormally expressed IncRNAs can
change the drug resistance behavior of breast cancer. There-
fore, searching for drug resistance-related IncRNAs and their
molecular mechanisms to regulate drug resistance will help
improve the clinical efficiency and open up new research fields
for exploring the theory of drug resistance in breast cancer.
Here, we found that IncRNA PVT1 could promote the drug
resistance of MDA-MB-231 cells by preventing Nrf2 protein
from degradation via inhibiting the binding of Keap1 and Nrf2.
This finding is helpful for the development and application of
PVTI in clinic related to TNBC resistance.

In recent years, the Keapl/Nrf2/ARE signaling pathway,
one of the important antioxidant stress systems in the body,
has been confirmed to be closely related to drug resistance of
tumor cells.?®3? Keapl is a negative regulator of Nrf2, which
can bind Nrf2 protein in the form of homodimers and recruit E3
ubiquitin ligase to mediate the ubiquitination degradation of
Nrf2.** Through bioinformatics analysis, we found that there
might be an RNA-protein interaction between PVT1 and
Keapl. Here, we revealed that PVT1 could competitively bind
Keapl with Nrf2 to inhibit the degradation of Nrf2 protein,
which could activate the expression of downstream drug
resistance-associated genes and enhance the drug resistance
of breast cancer cells. However, limited by the experimental
conditions, we failed to carry out relevant animal experiments
and clinical trials to further confirm the relationship between
PVT and breast cancer resistance in vivo.

Collectively, our study revealed a new molecular mechan-
isms of PVT1 regulating resistance in triple-negative breast
cancer. Specifically, IncRNA PVT1 could improve the resis-
tance of MDA-MB-231 cells to doxorubicin by preventing
Nrf2 protein from degradation via inhibiting the binding of
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Keapl and Nrf2. These findings may provide a theoretical basis
for the development of PVTI1 as a target for diagnosis and
treatment in clinical.
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