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Curcumin Sensitizes 4T1 Murine Breast Cancer
Cells to Cisplatin Through PAR4 Secretion
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Abstract. Background/Aim: Prostate apoptosis response 4
(PAR4), a tumour-suppressor protein, selectively induces
apoptosis of cancer cells without affecting normal cells. Its
soluble form is induced by secretagogues (e.g., chloroquine),
and it induces apoptosis by interacting with the receptor of
glucose-regulated protein 78, which is overexpressed in
cancer cells. In this study, curcumin was analyzed as an
inducer of PAR4 expression in 4T1 murine breast cancer cell.
and its ability to induce PAR4 secretion in Balb/c mice. In
addition, the cisplatin sensitizing effect of soluble PAR4 was
analyzed. Material and Methods: The 4TI cell line was
treated in vitro using different concentrations of curcumin;
cell viability was analyzed using 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assay and PAR4
expression by western blotting. The expression of soluble
PAR4 in the serum of mice treated with intraperitoneal
curcumin was analyzed using the dot-blot method. Moreover,
MTT assay was used to analyze the effects of serum from
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curcumin-treated mice on cell viability. Tumor size was
analyzed in mice treated with curcumin alone and in
combination with cisplatin. Results: Curcumin showed a
dose- and time-dependent effects on cell viability on 4T1
cells, as well as increasing PAR4 expression. Compared with
the control group (phosphate-buffered saline), mice treated
with curcumin showed an increase in plasma PAR4. In the
Balb/C tumor model, mice treated with curcumin and
cisplatin showed greater tumor shrinkage than the control
group. Conclusion: These results indicate that curcumin
induces expression of soluble PAR4 and sensitizes tumor
cells to cisplatin.

Prostate apoptosis response 4 (PAR4) is a tumor-suppressor
gene that induces apoptosis via extracellular and intracellular
mechanisms in cancer cells without affecting normal cells (1,
2). Its expression is decreased in some neoplasms, and it is
associated with a poor prognosis (3, 4). In breast cancer,
metastasis, resistance, and recurrence require PAR4
dysregulation (5-7). Recently, PAR4 has been observed to be
secreted spontaneously in normal cell culture and not in
cancer cells by various agents that induce endoplasmic
reticulum stress in both mice and humans; this increases
cellular secretion of PAR4 via a P53-dependent mechanism
(5, 8, 9). Chloroquine and hydroxychloroquine are
antimalarial drugs that act as robust secretagogues of PAR4
(5). On the other hand, arylquinoline 1 disrupts the
integration between PAR4-vimentin, increasing its secretion
(9, 10). Through the extracellular interaction with glucose-
regulated protein 78 (GRP78), which is overexpressed on the
surface of cancer cells and is correlated with malignancy,
soluble PAR4 causes extrinsic apoptosis via FAS-associated
death domain/caspase 8 and caspase 3 pathways in various
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tumor cell types (8, 11, 12). Furthermore, the overexpression
of PAR4 has been observed to increase the translocation of
GRP78 from the endoplasmic reticulum to the cell surface
(13). Soluble PAR4 in the plasma of mice and patients with
kidney cancer (treated with chloroquine) induced the
inhibition of cell proliferation (5), and reduced tumor volume
and inhibited metastasis in a murine model (14).

Curcumin, which is highly effective at inducing cell death
in various types of cancer, is a polyphenolic yellow pigment
derived from Curcuma longa (15). It can selectively
chemosensitize tumor cells (16), thereby protecting normal
cells from chemotherapy and radiotherapy (17). As GRP78
silencing promotes resistance to curcumin, it is possible that
the GRP78 protein mediates the therapeutic effects of
curcumin in hepatocellular carcinoma and colon cancer (18,
19). On the other hand, curcumin has been reported to induce
reactive oxygen species-dependent expression of PAR4 (20).

Therefore, this study aimed to determine whether
curcumin can induce PAR4 secretion in vivo and affect
viability and tumor mass volume in the 4T1 murine breast
cancer model.

Materials and Methods

Breast cancer cell line culture. The murine breast cancer cell line
4T1 was cultured in Dulbecco’s modified Eagle’s medium/nutrient
mixture F-12 medium, which was supplemented with 10% fetal
bovine serum and 1% antibiotic-antimycotic solution, at 37°C in an
atmosphere containing 5% CO,.

Viability testing using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT). To determine the cytotoxic effects of
curcumin on the 4T1 cell line, 5x103 cells were incubated in a 96-
well plate in Dulbecco’s modified Eagle’s medium/F12 with
different concentrations (i.e., 0-50 uM) of curcumin (Sigma-—
Aldrich, Saint Louis, MO, USA) using dimethyl sulfoxide (DMSO)
for solubilization. Treatments for 24 and 48 h were analyzed in
triplicate. After incubation, 20 pl of MTT (5 mg/ml) was added to
each well, and the plate was incubated for 1 h at 37°C.
Subsequently, the culture medium was removed, and 100 pl of
DMSO was added to each well. Finally, the plate was measured
using a plate reader at a wavelength of 570 nm (Microplate
Autoreader EL311; BioTek Instruments Inc., Winooski, VA, USA).

PAR4 protein expression. To determine the effects of curcumin on
PARA4 expression in 4T1 cells, 1x105 cells were cultured in 6-well
plates, and 0, 10 and 60 uM of curcumin was added. Cells were
harvested after 4 h and 24 h and lysed in 100 pl of lysis buffer (1%
Triton, 150 mmol/l NaCl, 25 mmol/l Tris, pH 7.6), and the protein
concentration was measured using a DC Protein Assay kit (Bio-Rad,
Hercules, CA, USA). Proteins were separated using 12%
polyacrylamide-sodium dodecyl sulfate gels and analyzed using
western blotting with anti-PAR4 (sc-1666 HRP; Santa Cruz
Biotechnology, Dallas, TX, USA). The samples were normalized
using anti-B-actin (Sigma, St. Louis, MO, USA). A Western Lumi-
Light sc-2048 Western blot system (Santa Cruz Biotechnology) was
used for detecting protein.

In vivo secretion of soluble PAR4. Approximately 8-week-old
BALB/c, mice were acquired from the Immunology and Virology
Department, School of Biological Sciences, Universidad Auténoma
de Nuevo Leodn, San Nicolds de los Garza, Nuevo Ledn, Mexico.
Mice were administered curcumin (100 mg/kg) and chloroquine (50
mg/kg) as a positive control of secretagogue of PAR4, or with 1x
phosphate-buffered saline (PBS) intraperitoneally, as a negative
control. After 24 h, mice were anaesthetized using
xylazine/ketamine (10 and 95 mg/kg) injections. Thereafter, whole
blood was obtained using cardiac puncture, samples were
centrifuged, and sera were inactivated at 56°C for 30 min. Soluble
PAR4 expression was determined using the immunodetection.

Immunodetection by dot-blot. Mouse serum (5 pl) was diluted in
200 ul of 1x PBS and was fixed on a nitrocellulose membrane by
suction through Bio-Rad Bio-Dot 96-Well Microfiltration
equipment. Proteins were detected using anti-PAR4 (sc-1666 HRP;
Santa Cruz Biotechnology) and a Western Lumi-Light sc-2048
(Santa Cruz Biotechnology) transfer system was used for the
detection of proteins.

Effect of curcumin on cell viability. To determine the effect of serum
extracted from curcumin-treated mice on viability of 4T1 cells,
3,000 4T1 cells per well were cultured in a 96-well plate.
Thereafter, they were incubated for 24 h with 10% and 20% (v/v)
of serum in triplicate. Subsequently, the cell viability was assessed
using MTT assay as described above.

Chemosensitization assay. A total of 3,000 cells per well were
cultured in a 96-well plate and incubated with 10% (v/v) of mouse
serum in combination with 10 ng/ul cisplatin (Pisa, Ciudad de
Meéxico, México). After 24 h, cell viability was determined using
MTT assay as described above.

In vivo assay. Groups of five 7-week-old female BALB/c mice
acquired from the Immunology and Virology Department were used.
They were maintained under standard conditions, with 12-hour
light/dark cycles, as well as ad libitum access to water and food.
Animal maintenance was approved and granted by the Animal
Ethics and Management Committee of the Department of
Immunology and Virology (CEIBA-2022-004).

In total, 5x105 4T1 cells were implanted in the right upper breast
of each mouse. After 10 days, the measurement of the tumor mass
began and administration of treatments with curcumin (100 mg/kg),
chloroquine (50 mg/kg), cisplatin (70.5 pl), curcumin—cisplatin (100
mg/kg; 70.5 pl) and chloroquine—cisplatin (50 mg/kg; 70.5 pl) were
performed intraperitoneally every 3 days for a period of 21 days.

Statistical analysis. The results were evaluated using one-way
variance analysis and Tukey’s test, with p<0.05 being considered
statistically significant.

Results

Basal expression of PAR4 and GRP78. Before initiating
treatment with curcumin in the 4T1 cell line, the basal
expression of PAR4 and GRP78 was determined (Figure 1A)
using the MDA-MB-231 cell line as a control (21, 22).
Densitometric analysis revealed that compared with the
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Figure 1. Basal expression of prostate apoptosis response 4 (PAR4) protein and glucose-regulated protein 78 (GRP78). A: Basal expression of PAR4
and GRP78 proteins in 4T1 and MDA-MB-231 cell lines were determined using western blot. B: Densitometric analysis of PAR4 and GRP78 expression.
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Figure 2. Analysis of prostate apoptosis response 4 protein (PAR4) expression after curcumin treatment. A: Cell viability was analyzed after 24 and

48 h by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay. B: Cells were treated with curcumin for 24 and 48 hours, and the
analysis of PAR4 protein expression was conducted using western blot.
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Figure 3. Expression of soluble prostate apoptosis response 4 protein in
serum from mice treated with curcumin and chloroquine. Results from
independent mice are indicated for each treatment (1 and 2).

MDA-MB-23 cell line, the relative expression of PAR4 in
the 4T1 cell line was 0.58, whereas that of GRP78 was 1.64
(Figure 1B).

Curcumin increased PAR4 expression in 4T1 cells. Curcumin
concentrations used for PAR4 analysis by western blot were
determined based on cell viability assay. Cells were treated
with different concentrations of curcumin (0 to 50 uM) for
24 and 48 h. Cell viability decreased depending on the dose
and time (Figure 2A). Subsequently to analyze the effect of
curcumin on PAR4 expression, cells were treated with
curcumin at 10 and 60 pM for 24 h. The relative expression
of PAR4 at 10 uM was 0.88, and its expression increased to
1.60 at 60 uM (Figure 2B).

Curcumin increased PAR4 expression in mouse serum. To
determine whether curcumin increases the concentration of
PAR4 in mouse serum, 100 mg/kg was administered to
mouse intraperitoneally; chloroquine (50 mg/kg) was used as
a positive control as a PAR4 secretagogue, and PBS as a
negative control. The analysis using dot-blotting revealed an
increase in the PAR4 signal in the serum of mice treated with
curcumin compared to the negative control. Similar results
were observed for the serum from chloroquine-treated mice
(Figure 3).

Serum from mice treated with curcumin sensitized 4T1 cells
to cisplatin. To determine whether PAR4 in the serum of mice
treated with curcumin affected cell viability and sensitization
to cisplatin, 4T1 cells were treated with serum alone (10%
and 20%) and in combination with cisplatin. No significant
effects on cell viability were observed in cells treated with
10% serum from mice treated with curcumin, chloroquine,
and DMSO, whereas in cells treated with 20% serum from

DMSO-treated and chloroquine-treated mice, a slight
decrease in viability was observed. However, in cells cultured
with 20% serum, a 50.2% increase in cell proliferation
compared with the control was observed (Figure 4A).

For the analysis of the sensitization of 4T1 cells, culture
was performed using 10% mouse serum, which showed no
relevant effect on cell viability, in combination with 10 ng/pl
cisplatin. No significant effect on cell viability was observed
with sera from DMSO-treated and chloroquine-treated mice,
whereas a 26% decrease in viability was observed in cells
cultured with serum from curcumin-treated mice and treated
with cisplatin compared without cisplatin (Figure 4B).

Curcumin/cisplatin reduced tumor mass in BALB/c mice. To
determine whether curcumin in combination with cisplatin
inhibits the growth of the 4T1 cell-derived tumors in
BALB/c mice, treatment response was evaluated for 21 days.
The tumor mass was significantly lower in mice treated with
curcumin than in the controls (p<0.0001); however, a greater
effect was observed in those treated with the curcumin-—
cisplatin combination than in those treated with curcumin
alone, although there was no significant difference between
the different treatments (Figure 5).

Discussion

Currently, breast cancer is a serious public health concern,
and the World Health Organization (23) reported that out of
19.3 million patients with cancer in 2020, 2.3 million had
breast cancer, making it the most common type of cancer in
women and the one with the highest mortality rate. Therefore,
it is crucial to continue searching for novel medications and
treatment approaches. The main causes of death in patients
with breast cancer are drug resistance, recurrence, and
metastasis (24-26). It has been observed that PAR4 is
involved in these oncogenic mechanisms. PAR4 is reduced in
patients in the late stages of the disease; this is considered a
poor prognostic factor (3). PAR4 protein plays a fundamental
role in the apoptosis of cancer cells but not in normal cells
(27, 28). It participates in cell apoptosis both intrinsically and
extrinsically through caspase-dependent mechanisms, and it
plays an important role in sensitizing cells to the action of
various therapeutic agents. It is known that PAR4 at baseline
expression levels is unable to induce massive apoptosis of
cancer cells and generating stress in the ER is necessary for
its induction and secretion (29). Rangnekar et al. have
extensively studied different secretagogues for the induction
of PAR4 secretion (5, 9, 29), including chloroquine an
antimalarial drug that has been used as an inhibitor of the
immune response in systemic lupus erythematosus (30, 31)
and against cancer (32-34). Thayyullathil ez al. have reported
reactive oxygen species-dependent activation of PAR4 in
human malignant glioma cells (20). In this study, the effect

2770



Arellano-Rodriguez er al: Cisplatin Sensitization by Curcumin in 4T1 Murine Breast Cancer Cells

A *kdk
I |
200 *ddk Kk
1 | | !
& 150-
2
<)
]
>
©
(&)
S
i &
o&
<
®

Il 10% Serum
E1 20% Serum

B

150

Cell viability (%)

Figure 4. Analysis of viability of 4T1 cells exposed to serum from curcumin-treated mice A: Viability of cells treated with 10% and 20% serum from
mice treated for 24 h with dimethyl sulfoxide (DMSO), curcumin (Cur) or chloroquine (CQ). B: Viability of cells incubated with 10% serum from
mice and treated with/without cisplatin. Significantly different at *p<0.05 and ****p<0.0001.

of curcumin was analyzed as an endogenous PAR4 inducer
and possible secretagogue. Before determining the effect of
curcumin on the 4T1 cell line, analysis of the basal
expression of PAR4 and GRP78 was performed; GRP78, an
ER chaperone protein which is also found in the cell
membrane, is preferentially overexpressed in aggressive,
metastatic and chemoresistant cancers (13). Moreover, PAR4
interacts with GRP78 (both are expressed in the 4T1 cell line)
and induces extrinsic apoptosis mediated by ER stress and
activation of the FAS-associated death domain—caspase-
8/caspase-3 pathway (8). Furthermore, the effect of curcumin
on cell viability and PAR4 modulation was analyzed. A dose-
and time-dependent decrease in cell viability was observed in
the present study, as reported by Meiyanto et al. (35, 36).
Curcumin dose-dependently increased PAR4 expression, and
this was associated with the inhibition of cell proliferation.
Similar results were published by Thayyullathil er al.,
wherein they observed dose-dependent expression with
maximal expression after 3 h (20).

Soluble PAR4 has been reported in conditioned media of
mouse cells, as well as in sera of mice stimulated with different
secretagogues, such as chloroquine, hydroxychloroquine and
arilquin 1, and these can sensitize cancer cells (5, 9, 29, 30).
In this study, we analyzed whether curcumin stimulates
secretion of soluble PAR4 in mouse serum, and an increase in
PAR4 expression in the serum of mice treated with curcumin
and chloroquine was identified. We found that treatment of
cells with 10% mouse serum did not significantly change cell
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Figure 5. Treatment with curcumin and cisplatin in 4T1 tumor-bearing
BALB/c mice. Tumor mass volume after treatment of BALB/c mice
dimethyl sulfoxide (DMSO), curcumin or chloroquine (CQ).

viability; these results are very similar to those found by
Burikhanov et al. (5). However, in cells cultured with 20%
mouse serum, an increase in cell proliferation of approximately
50% within 24 h was seen in both 4T1 cells and other breast
cancer cell lines (data not shown). The trace amounts of
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curcumin present in serum may have induced the increase in
cell proliferation, given the radio- and chemo-protective
capacity of curcumin, and it may have promoted the expression
of proliferation-inducing molecules (37, 38). Gardane et al.
reported that low concentrations of curcumin (10 pg/ml and 20
pg/ml) stimulated the proliferation of KG-1a cells, whereas
high concentrations (30 pg/ml to 100 pg/ml) induced an
inhibitory effect (39).

In this study, treatment of mice with curcumin led to a
decrease in tumor mass. However, treatment with curcumin
followed by cisplatin led to complete tumor mass regression
in mice compared with the control group. Zhao et al. reported
that high levels of PAR4 in the serum and plasma of mice
inhibited the growth of metastatic lung tumor nodules derived
from Lewis lung carcinoma cells in syngeneic mice (14). On
the other hand, Burikhanov er al. reported high levels of
PAR4 in plasma samples from patients with renal cell
carcinoma after the use of chloroquine (5).

In our results, the mice treated with chloroquine showed
an unexpected effect because tumor inhibition was not
observed, rather, there was an increase in tumor mass
compared with the control group without treatment. Hence,
the effects of this treatment in this group of mice should be
analyzed in further studies.

Curcumin is a good inducer of PAR4 expression in breast
cancer cells and a secretagogue in non-tumor cells in vivo.
In addition, it sensitizes cells to the effect of cisplatin; hence,
curcumin, alone or in combination with chemotherapy, might
be used as an alternative treatment for breast cancer.
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