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Curcumin re-sensitizes multidrug resistant (MDR)
breast cancer to cisplatin through inducing
autophagy by decreasing CCAT1 expression
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Multidrug resistance (MDR) is a major obstacle to the chemotherapeutic treatment of breast cancer. The
aim of this study is to investigate the mechanisms of curcumin induced increased chemosensitivity in
MDR breast cancer cells. The results of MTT and western blot showed that curcumin could sensitize
MCF-7 and MCF-7/DDP cells to cisplatin and activate MCF-7/DDP cell autophagy. The levels of CCATL,
p-PI3K, p-AKT and p-mTOR detected by RT-PCR and western blot in MCF-7/DDP cells were higher than
in MCF-7 cells, and curcumin downregulated their expression in a dose-dependent manner. Moreover,
we found that downregulation of CCAT1 could re-sensitize MCF-7/DDP cells to cisplatin, inactivate the
PI3K/AKT/mTOR pathway and activate cell autophagy, while overexpression of it have the opposite
effect in MCF-7 cells. Inactivation of autophagy by 3-MA could reverse CCAT1 knockdown-induced
increased chemosensitivity and inactivation of the PI3K/AKT/mTOR pathway in MCF-7/DDP cells. PLEN-
CCAT1 could reverse curcumin-increased chemosensitivity and autophagy activation, however,
inactivation of the PIZK/AKT/mTOR pathway by LY294002 could reverse once more pLEN-CCATI1-
decreased chemosensitivity and inactivation of autophagy. Finally, the xenotransplant nude mouse

Received 13th March 2017/ model was used to study the effect of CCAT1 on curcumin-induced autophagy in vivo, and the results
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showed that curcumin inhibited tumor volume growth, downregulated CCAT1 expression and induced
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1. Introduction

Breast cancer is the most common cancer and the second
leading cause of cancer death in women worldwide." Drug
resistance is the main barrier in the treatment of breast cancer.>
It is an urgent issue to effectively promote breast cancer chemo-
sensitivity worldwide. Curcumin is a natural product derived
from turmeric, and an anti-tumor agent via inducing cell cycle
arrest at G2/M phases in various cancer cell lines.* Additionally,
curcumin could affect various transcription factors and protein
kinases to prevent the transformation, proliferation, and inva-
sion of tumor cells. The influence of curcumin on reversing
multidrug resistance in breast cancer was suggested to be
involved in downregulating p-glycoprotein and inhibition of
ATP activity.* Identifying the underlying mechanisms of cur-
cumin activity is therefore of major importance in the clinical
application of chemotherapy.

Autophagy is a cellular process that involves self-degradation
and recycling of macromolecules and cellular organelles.®
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autophagy in vivo. Curcumin decreased CCAT1 and inactivated the PI3K/Akt/mTOR pathway which could
both activate autophagy, sensitizing MDR breast cancer cells to cisplatin.

Similar to the situation in normal cells, autophagy is critical for
tumor cells to survive stressful conditions, and thus it has been
implicated in tumor resistance to chemotherapy.® Nevertheless,
enhanced autophagy was usually observed in advanced stages of
tumorigenesis, and some studies have reported that inhibition
of autophagy could increase cancer chemo-sensitivity to cyto-
toxic drugs. Consequently, autophagy was considered a double-
edged sword in cancer development, but autophagy modulation
will become a novel strategy to overcome cancer drug
resistance.”

The PI3K/Akt/mTOR pathway is a prototypic survival
pathway that is constitutively activated in many types of cancer.®
It is reported that PI3K/AKT/mTOR pathway play a key role in
breast cancer progression, drug resistance, and treatment,” and
inhibition of this pathway induced autophagy” and re-sensitized
MCF?7 breast cancer cell line to drug chemotherapy.*

Long noncoding RNAs (IncRNAs, >200 nucleotides) have
recently emerged as important regulators in governing funda-
mental biological processes, and many of which play an
important roles in tumorigenesis."* Colon-cancer-associated
transcript-1 (CCAT1) is firstly discovered and overexpressed in
colon cancer. Accumulating evidence reveals that CCAT1 is
upregulated in various cancer tissues compared with adjacent

This journal is © The Royal Society of Chemistry 2017
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normal tissues.””™* However, the expression of CCAT1 and its
functional mechanisms in multidrug resistant breast cancer are
still unclear.

The results form our study showed that activation of auto-
phagy could sensitize MDR breast cancer cells to cisplatin via
a mechanism associated with curcumin-induced down-
regulated CCAT1 and inactivated PI3K/Akt/mTOR pathway.

2. Materials and methods

2.1. Cell lines and drug treatment

The human breast cancer cell line MCF-7 was purchased from
Tumor Cell Bank of the Chinese Academy of Medical Science
(Shanghai, China). MCF-7/DDP cells were derived by treating
MCF-7 cells with cisplatin. The two cell lines were cultivated in
RPMI-1640 supplemented with 10% fetal bovine serum and 1%
penicillin and streptomycin at 37 °C in a humidified incubator
with 5% CO,. Drug treatment: the cells were treated with cur-
cumin (0, 5, 10, 20, 50 uM) for 24 h or with 20 pM curcumin for
different times (0, 12, 24, 36 h), meanwhile, incubated with
cisplatin (1 uM or 6 uM) for 48 h. Additionally, 3-MA (autophagy
inhibitors) with 5 mM was used to inhibited autophagy, and
LY294002 (PI3K-Akt-mTOR inhibitor) with 50 uM was used to
inhibited PI3K-Akt-mTOR pathway in MCF-7/DDP and MCF-7
cells, respectively.

Construction of stable cell lines with overexpression and
downregulation of CCAT1 in MCF-7 and MCF-7/DDP cell,
respectively.

Breast cancer cell lines stably expressing CCAT1, MCF-7 cells
were transfected with the plasmid pLENT-CCAT1, and screened
with puromycin (2 pg ml™') for four weeks. Cell lines stably
suppressing CCAT1 were constructed by transfection with
a lentivirus construct containing the desired vector (si-CCAT1),
and screened with puromycin (2 pg ml™") for four weeks.

2.2. Invitro chemo-sensitivity assay

Chemo-sensitivity was measured by MTT assay (Sigma, USA).
Cells cultured in 96-well plates were treated with drugs for 48 h,
and the MTT solution (5 mg ml ™", 20 pl) was added to each well.
After incubation for 4 h, the media was removed and DMSO (100
ul) were added into each well. The relative number of surviving
cells was assessed by measuring the OD value at 560 nm. All
assays should be performed in triplicate.

2.3. Real-time quantitative reverse-transcription polymerase
chain reaction (QRT-PCR)

The total RNA was isolated from tissues or cells using Trizol
reagent (Invitrogen, USA). To detect the expression of CCAT1,
reverse transcription was performed with Prime Script RT
reagent Kit (Takara, Japan). RT-qPCR was performed with SYBR
Prime Script RT-PCR Kits (Takara, Japan) according to the
manufacturer's instructions. The level of CCAT1 was calculated
using the 2 %%“ method. Each sample was analyzed in
triplicate.
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2.4. Western bolt analysis

Cells were washed with PBS and centrifuged. And than cells were
placed on ice for 30 min in RIPA buffer in the presence of
a cocktail proteinase inhibitor (Sigma-Aldrich, USA). Quantified
protein lysates were resolved in an SDS-PAGE gel and were
transferred onto PVDF membrane (Millipore, USA). The
membrane was blocked in 5% bovine serum albumin for 2 h, and
incubated with the primary antibody. After incubation with the
secondary antibody for 2 h at room temperature, the immuno-
reaction was visualized using the ECL Advance reagent (GE
Healthcare) and was quantified using Quantity One software.

2.5. Breast cancer xenografts

MCF-7/DDP cells transfected with pLED-CCAT1 were re-
suspended in PBS at 5 x 10” cells per ml and were injected
into mammary gland fat pad of nude mice. Tumors volume was
measured with a caliper and calculated as the formula: volume
(mm?®) = width® x length/2. After the tumor size reached 5 x 5
mm?, curcumin and cisplatin were administered by intraperi-
toneal injection. The tumor tissues were removed at the end of
the experiment and subjected to qRT-PCR or western blotting.
All the animal studies involving animal experiments were
reviewed and approved by the Ethics Committee of the First
Affiliated Hospital of Zhejiang Chinese Medicine University. All
experiments were performed in compliance with the Chinese
laws.

2.6. Statistical analysis

The data were expressed as means + SD at least three inde-
pendent experiments. SPSS 17.0 software was used for statistical
analyses, and a Student's t-test was used to determine the
significance of differences between two groups. P < 0.05 was
considered statistically significant.

3. Results

3.1. Curcumin reduced cisplatin resistance and induced cell
autophagy in breast cancer cells

Platinum compounds are the key components of chemotherapy
for the treatment of breast cancer patients. Tumors are resistant
to cisplatin-induced cytotoxicity, and therefore represent
a significant obstacle to successful treatment outcome. Chemo-
resistance has been a major obstacle in the clinical treatment of
breast cancer. To determine whether curcumin have influence
on cisplatin resistance and cell autophagy in breast cancer cells,
we first examined the chemo-sensitivity and autophagy of MCF-
7 and MCF-7/DDP cells treated with curcumin and cisplatin. As
shown in Fig. 1A, the relative cell viability were both decreased
with increasing concentration of curcumin in MCF-7 and MCF-
7/DDP cells. Also, the MCF-7 and MCF-7/DDP cells were incu-
bated with 20 uM curcumin, meanwhile, treated with 1 uM and
6 UM cisplatin, respectively. The relative cell viability were both
decreased with increase of curcumin treatment time (Fig. 1B).
The cell autophagy was performed with LC3-I, LC3-II and
beclin-1 protein expression by western blot. As Fig. 1C and D
showed that, LC3-1 expression was decreased with increasing
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Fig.1 The effect of curcumin on cisplatin resistance and cell autophagy in breast cancer cells. (A) The relative cell viability was decreased with
increasing concentration of curcumin. (B) The relative cell viability was decreased with increase of curcumin treatment time. (C) LC3-1 expression
was decreased with increasing concentration of curcumin, but LC3-1l and beclin-1 expression was opposite which suggesting that curcumin
could induce MCF-7/DDP cell autophagy. *P < 0.01 as compared with control.
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Fig.2 The effect of curcumin on CCAT1 expression and PI3K-Akt-mTOR pathway in breast cancer cells. (A) The CCAT1 expression was higher in
MCF-7/DDP cells than that in MCF-7 cells. (B) The expressions of p-PI3K, p-Akt and p-mTOR were higher in MCF-7/DDP cells than that in MCF-7
cells. (C) The CCAT1 expression were decreased in a dose-dependent manner. (D) The levels of p-PI3K, p-Akt and p-mTOR were decreased in
a dose-dependent manner. *P < 0.01 as compared with control.
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concentration of curcumin, but LC3-II and beclin-1 expression
were increased with increasing concentration of curcumin,
which suggested that curcumin could induce MCF-7/DDP cell
autophagy.

3.2. Curcumin inhibited CCAT1 expression and PI3K-Akt-
mTOR pathway

We have found that CCAT1 expression was significant increased,
and the PI3K-AktmTOR pathway was activated in MCF-7/DDP
cell (Fig. 2A and B). To investigate the impact of curcumin on
CCAT1 expression and PI3K-Akt-mTOR pathway, the MCF-7/DDP
cell were treated with 0, 5, 10, 20 and 50 uM curcumin for 24 h.
The protein expression of important signaling molecules such as
PI3K, Akt, and mTOR were determined by western blot. As Fig. 2C
and D showed that, curcumin dramatically reduced p-PI3K, p-
Akt, and p-mTOR expression in a dose-response manner
whereas the total protein levels of PI3K, Akt, and mTOR remained
unchanged. Thus, curcumin could inhibit CCAT1 expression and
PI3K-Akt-mTOR pathway activation.
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3.3. CCAT1 expression influenced drug resistance and cell
autophagy in breast cancer cells

We have known that CCAT1 expression was significant increased
in MCF-7/DDP cell. To determine whether CCAT1 is involved in
the molecular etiology of chemo-resistance in breast cancer cells,
we detected the biological functions of CCAT1 in breast cancer
cells against cisplatin. The MCF-7 and MCF-7/DDP cells were
stably transfected with CCAT1 expression vector pLEN-CCAT1 or
CCAT1-specific siRNA, respectively, using the empty vector or
control siRNA as a negative control (NC). We have detected the
effect of CCAT1 expression on drug resistance, cell autophagy
and PI3K-Akt-mTOR pathway. As Fig. 3A and B showed, the
chemosensitivity of MCF-7/DDP cell transfected with si-CCAT1
was significantly increased, however, the chemosensitivity of
MCF-7 cell transfected with pLEN-CCAT1 was higher than that
transfected with pLEN-NC, suggesting that upregulated CCAT1
could promote drug resistance in breast cancer cells. As Fig. 3C
and D showed, the cell autophagy of MCF-7/DDP cell transfected
with si-CCAT1 was increased compared to that transfected with
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Fig.3 The effect of CCAT1 on drug resistance and cell autophagy in breast cancer cells. (A) The cell viability of MCF-7/DDP cell transfected with
si-CCAT1 was lower than that of control. (B) The cell viability of MCF-7 cell transfected with pLEN-CCAT1 was higher than that of control. (C) The
cell autophagy of MCF-7/DDP cell transfected with si-CCAT1 was increased than that of control. (D) The cell autophagy of MCF-7 cell trans-
fected with pLEN-CCAT1 than that transfected of control. (E) The PI3K-AKT-mTOR pathway were inhibited in MCF-7/DDP cell transfected with
si-CCAT1 compared to control. (F) The PI3K-AKT-mTOR pathway were activated in MCF-7 cell transfected with pLEN-CCAT1 compared to
control. *P < 0.01 as compared with si-NC or pLEN-NC.
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Fig. 4 The effect of CCAT1 knockdown on drug resistance and cell autophagy could been reversed by 3-MA (autophagy inhibitors) in MCF-7/
DDP cells. (A) Downregulation of CCAT1 increased chemosensitivity which could been reversed by 3-MA (autophagy inhibitors). (B) Down-
regulation of CCAT1 induced cell autophagy which could been reversed by 3-MA. (C) Downregulation of CCAT1 inhibited PI3K-AKT-mTOR
pathway which could been reversed by 3-MA. *P < 0.01 as compared with si-NC and #P < 0.01 as compared with si-CCAT1 + DMSO.

si-NC, but the cell autophagy of MCF-7 cell transfected with
PLEN-CCAT1 was decreased compared to that transfected with
PLEN-NC, suggesting that upregulated CCAT1 could inhibit
autophagy activity in breast cancer cells. As Fig. 3E and F showed,
the PI3K-AKT-mTOR pathway were inhibited (reduced p-PI3K, p-
Akt, and p-mTOR expression) in MCF-7/DDP cell transfected with
si-CCAT1, while the PI3K-AKT-mTOR pathway were activated
(increased p-PI3K, p-Akt, and p-mTOR expression) in MCF-7 cell
transfected with pLEN-CCAT1, suggesting that downregulated
CCAT1 could inhibit PI3K-AKT-mTOR pathway activation in
breast cancer cells.

3.4. The effect of CCAT1 knockdown and cell autophagy on
drug resistance and PI3K/Akt/mTOR pathway in MCF-7/DDP
cells

In order to evaluate the effect of cell autophagy on drug resis-
tance under CCAT1 expression suppressed circumstances,

MCF-7/DDP cell transfected with si-CCAT1 was treated with/
without 3-MA (autophagy inhibitors). According to our results
that, downregulation of CCAT1 increased chemosensitivity
which could been reversed by 3-MA (Fig. 4A). Downregulation of
CCAT1 induced cell autophagy that could been reversed by 3-
MA (Fig. 4B). In addition, the effect of CCAT1 knockdown and
autophagy inhibition on PI3K/Akt/mTOR pathway in MCF-7/
DDP cells was analyzed by western blot. As shown in Fig. 4C,
decreased CCAT1 downregulated p-PI3K, p-Akt, and p-mTOR
expression which were reversed by 3-MA. Therefor, inactiva-
tion of autophagy could desensitize MDR breast cancer cells to
cisplatin and activated PI3K/Akt/mTOR pathway.

3.5. The effect of CCAT1 and PI3K-AKT-mTOR pathway on
curcumin-induced cell autophagy in MCF-7/DDP cells

In order to evaluate the role of PI3K-AKT-mTOR pathway in drug
resistance under CCAT1 highly expression circumstances, MCF-
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Fig. 5 The effect of CCAT1 and PI3K-AKT-mTOR pathway on curcumin-induced cell autophagy in MCF-7/DDP cells. (A) Curcumin-increased
chemosensitivity was reversed by pLEN-CCAT1, which was reversed once more by LY294002 (PI3K-Akt-mTOR inhibitor). (B) Curcumin-induced
cell autophagy was reversed by pLEN-CCAT1, which was reversed once more by LY294002 (PI3K-Akt-mTOR inhibitor). *P < 0.01 as compared
with control, #P < 0.01 as compared with curcumin + pLEN-NC, and &P < 0.01 as compared with curcumin + pLEN-CCAT1 + DMSO.
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7/DDP cells were treated curcumin transfected with/without
pLEN-CCAT1 and/or LY294002. As shown in Fig. 5A,
curcumin-increased chemosensitivity was reversed by pLEN-
CCAT1, which was reversed once more by LY294002 in MCF-7
cells. Curcumin-induced cell autophagy was reversed by
PLEN-CCAT1, which was reversed once more by LY294002
(Fig. 5B). Thus, curcumin, decreased CCAT1 expression and
inhibition of PI3K-Akt-mTOR were potential treatments to
sensitize MDR breast cancer cells to cisplatin.

3.6. Overexpression of CCAT1 increased tumor growth and
decreased curcumin-induced autophagy in xenotransplant
nude mouse model

To investigate whether CCAT1 enhanced resistant of breast
tumor to cisplatin in vivo, MCF-7/DDP cells transfected with
PLEN-CCAT1 or pLEN-NC were injected subcutaneously into
nude mice. After tumor size was up to 5 x 5 mm?, and then they
were given intraperitoneal injection of cisplatin and curcumin.
As shown in Fig. 6A, curcumin could inhibit tumor volume
growth compared to control. The tumors originating from cells
expressing CCAT1 were bigger in size than those tumors origi-
nating from control cells combination treatment with

View Article Online
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curcumin. These results suggested that overexpression of
CCAT1 promoted tumor growth. In addition, we found that
curcumin-downregulated CCAT1 expression was reversed by
PLEN-CCAT1 in vivo, which was consistent with the result in
vitro (Fig. 6B). Moreover, curcumin could induce autophagy in
xenotransplant nude mouse model, which was reversed by
overexpression of CCAT1 (Fig. 6C). Thus, the downregulated
CCAT1 expression that induced by curcumin could activate
autophagy to sensitize MDR breast cancer to cisplatin.

4. Discussion

Breast cancer is currently the most lethal gynecologic malig-
nancy in many countries, and the majority of patients with
breast cancer ultimately succumb to recurrent, chemo-resistant
disease."” Several factors correlate with prognosis,'® however,
a complete mechanism has not been defined to explain the
development of chemo-resistance and progression of breast
cancer. Autophagy is an evolutionarily conserved lysosomal
degradation pathway critical for maintaining cellular integrity."”
In cancer, autophagy have two opposing roles. On one hand,
autophagy could suppress tumorigenesis. On the other hand,
autophagy could serve as a pro-survival mechanism when
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Fig. 6 The effect of pLED-CCATL on curcumin-induced autophagy in

xeno-transplant nude mouse model. To establish a nude mice trans-

plantation tumor model with MCF-7/DDP cells transfected with pLEN-CCAT1 or pLEN-NC, after tumor size was up to 5 x 5 mm?>, and then they
were given intraperitoneal injection of cisplatin and curcumin. (A) Curcumin-inhibited tumor volume growth was reversed by pLEN-CCATL. (B)
Curcumin-induced downregulated CCAT1 expression was reversed by pLEN-CCAT1. (C) Curcumin-induced autophagy was reversed by pLEN-
CCAT1. *P < 0.01 as compared with control and #P < 0.01 as compared with curcumin + pLEN-NC.
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cancer cells are subjected to damage by chemical or physical
treatment." Phytochemicals derived from dietary sources can
interfere with tumor promotion and progression, and generally
have many molecular targets. This pleiotropism may constitute
an advantage in the treatment of chemo-resistant breast cancer.
The cytotoxic effects of curcumin have been reported in several
tumor types. Curcumin has been shown to inhibit multi-drug
resistant in lung cancer and ovarian cancer when combined
with doxorubicin and paclitaxel, respectively.'**® In this study,
we found that curcumin could reduce cisplatin resistance
though inducing cell autophagy in breast cancer cells. This
results suggested that autophagy was a therapeutic target in
MDR breast cancer.

The PI3K/Akt/mTOR pathway is constitutively activated in
MDR cancer,” and play a key role in progression, drug resis-
tance of breast cancer.’ This study showed that the expressions
of p-PI3K, p-Akt and p-mTOR were higher in MCF-7/DDP cells
than that in MCF-7 cells. Moreover, the PI3K/Akt signaling
pathway is upstream of the mammalian target of rapamycin
(mTOR), which is important in the induction of autophagy.>
Curcumin has been found to interfere with PI3K/Akt signaling
pathway leading to suppression of cell proliferation, invasion,
and migration in various cancer cells.”**® This study showed
that the MCF-7/DDP cells were treated with different concen-
trations of curcumin, and the levels of p-PI3K, p-Akt and p-
mTOR were decreased in a dose-dependent manner. In addi-
tion, curcumin-increased chemosensitivity and inactivated
autophagy were both reversed by LY294002. Theses results
indicated that activation of autophagy could sensitize MDR
breast cancer cells to cisplatin via a mechanism associated with
curcumin-induced inactivated PI3K/Akt/mTOR pathway.

Non-coding RNAs have been shown to promote tumorigen-
esis, and the dysregulation of IncRNAs has also been shown to
contribute to cancer pathogenesis, providing novel therapeutic
opportunities to treat cancer. Long non-coding RNA CCAT1 is
a novel biomarker of poor prognosis in patients with breast
cancer,” and acts as an oncogene and promotes chemo-
resistance in docetaxel-resistant lung adenocarcinoma cells.””
In this study, the CCAT1 expression was higher in MCF-7/DDP
cells than that in MCF-7 cells, and could been suppressed by
curcumin. Downregulation of CCAT1 inhibited drug resistance
and cell autophagy in MCF-7/DDP cells, but CCAT1 knockdown
have opposite results in MCF-7 cells. In addition, the effect of
downregulation CCAT1 on drug resistance and cell autophagy
could been reversed by 3-MA in MCF-7/DDP cells. These results
suggested that activation of autophagy could sensitize MDR
breast cancer cells to cisplatin via a mechanism associated with
curcumin-induced downregulated CCAT1.

Knockdown of CCAT1 increased the chemo-sensitivity and
autophagy of cisplatin-resistant MCF-7 cells and inactivated
PI3K/Akt/mTOR pathway, whereas overexpression of CCAT1
decreased them. Furthermore, overexpression of CCAT1
reversed curcumin-increased chemosensitivity and autophagy
inactivation, which could reversed once more by LY294002. Lu*®
et al. reported that miR-218 was negatively regulated by CCAT1
in HBE cells, and Zhang et al.*® have found that miR-218 sup-
pressed colon cancer cells by targeting PI3KC2A4, a key gene of
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the PI3K/Akt/mTOR signaling pathway. Whether the low levels
of CCAT1 inactivated PI3K/Akt/mTOR pathway through target-
ing miR-218 might need a further experiment in the MDR breast
cancer.

In summary, our data revealed that CCAT1 was a pro-
resistant IncRNA that could regulate chemo-sensitive and
autophagy in MDR breast cancer cells. Overexpression of CCAT1
decreased the sensitivity of MDR cells to cisplatin and inhibits
autophagy in breast cancer cells. However, downregulation of
CCAT1 increased the sensitivity of MDR cells to cisplatin and
promoted autophagy in MDR breast cancer cells. Meanwhile,
curcumin-decreased CCAT1 and inactivated PI3K/Akt/mTOR
pathway could activate autophagy that could sensitize MDR
breast cancer cells to cisplatin. Although further studies are
needed to fully elucidate the definite regulatory mechanisms of
CCAT1, this work suggests that decreased CCAT1 and inacti-
vated PI3K/Akt/mTOR pathway induced by curcumin lead to
activation of autophagy and which could sensitize MDR breast
cancer cells to cisplatin. This study will provide new insight into
the mechanisms underlying drug resistance, and curcumin can
be an effective therapy to MDR breast cancer.
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