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The glucose regulated protein 78 (GRP78) is a major chaperone of the endoplasmic reticulum, and
a prosurvival component of the unfolded protein response. GRP78 is upregulated in many types
of cancers, including breast cancer. Research has suggested that GRP78 overexpression confers
chemoresistance to anti-estrogen agents through a mechanism involving the inhibition of a pro-
apoptotic BH3-only protein, Bik. In the present research the role of plumbagin, a naturally occurring

: naphthoquinone, in GRP78-associated cell death inhibition was examined. The results demonstrated

. that plumbagin inhibits GRP78 activity and GRP78 inhibition contributes to plumbagin-mediated cell

. deathinduction. Furthermore, Bik upregulation was associated with plumbagin-induced cell death
and an increase in plumbagin-mediated Bik induction was observed upon GRP78 downregulation.
Plumbagin sensitized estrogen-positive breast cancer cells to tamoxifen and the association of GRP78
inhibition and Bik upregulation in plumbagin-mediated cell sensitization was shown. Collectively, the
results of this research suggest that plumbagin inhibits the antiapoptotic activity of GRP78 leading to
Bik upregulation and apoptosis induction, which contributes to the sensitization of breast cancer cells
to tamoxifen.

Breast cancer is one of the most common cancers diagnosed in women. Approximately 70% of breast cancer
occurrences express the estrogen receptor-a'. Therapies aimed at targeting the estrogen receptor include selec-
tive estrogen receptor modulators (tamoxifen)}, estrogen antogonists (fulvestrant)? or aromatase inhibitors that
block the production of 173-estradiol (anastozole)’. Despite the advantages of these therapies, acquired or de
novo developed resistance remains a significant impediment to successful treatment of estrogen-positive cancers.
The upregulation of proteins involved in stress-regulatory pathways has been associated with the development
of resistance*. One such protein is the glucose-regulated protein GRP78 (BiP), a member of the Hsp70 family of
chaperones that localizes mainly in the ER. GRP78 is a prosurvival element of the unfolded protein response,
an ER related stress response®®. The level of GRP78 has been shown to be elevated in various cancer cell lines as
well as in solid tumors and biopsy samples’~?. Moreover, the overexpression of GRP78 in breast cancer patients
has been correlated with resistance to chemotherapy'. Recent reports show that GRP78 upregulation confers
resistance to antiestrogen therapy through the regulation of a BH3-only protein, Bik. Bik is a proapoptotic pro-
tein which has been shown to play a critical role in antiestrogen-mediated cell death. The upregulation of GRP78
suppresses Bik activity thus inhibiting apoptosis induction in estrogen-positive breast cancer cells'>!2. These
findings indicate that downregulation of GRP78 or inhibition of GRP78 activity could increase the efficacy of
anti-estrogen therapy and decrease antiestrogen-mediated resistance.

Natural products are a source of highly diverse bioactive compounds which include important pharmacologi-
cal leads®. Plumbagin (5-hydroxy-2-methyl-1,4-naphthoquinone) is a naturally occurring naphthoquinone pres-
ent in plants of the genus Drosera and Plumbago'*"®. Quinones are one of the largest groups of compounds used
as anticancer agents'® and among them naphthoquinones have been shown to possess potential anticancer activ-
ity!”"!°. One of the most extensively researched naphthoquinones, namely plumbagin, has demonstrated high
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antiproliferative activity towards various cancer cell lines®-?? and its anti-cancer properties have also been shown

in studies in vivo®*-*. Plumbagin has been shown to induce apoptosis**?” and inhibit the migration and invasion
of breast cancer cells?®~32. Moreover, in vivo studies have shown that plumbagin significantly inhibits the growth of
breast tumor xenografts in mice without toxic side-effects*. Previous research has shown the ability of plumbagin
to induce apoptosis in estrogen-positive MCF-7 breast cancer cells*. Plumbagin-induced cell death was associ-
ated with the down-regulation of Bcl-2 expression®***. Plumbagin was shown to inhibit ER- signaling in ovarian
cancer cells®®. Furthermore, recent studies showed that plumbagin inhibits the growth of endocrine-resistant
breast cancer cells and increases the sensitivity of these cells to tamoxifen-induced cell death®. These findings
prompted us to further determine the mechanism of plumbagin-mediated sensitization of breast cancer cells to
tamoxifen. The effects of plumbagin on GRP78 inhibition and its involvement in plumbagin-mediated cell death
induction were examined. Furthermore, the association between GRP78 inhibition in plumbagin-mediated sen-
sitization of breast cancer cells to tamoxifen was examined.

Results

Plumbagin induces apoptosis in estrogen-positive breast cancer cells. The effects of plumbagin
on the viability of estrogen-positive breast cancer cells were determined with the MTT assay. MCF-7 and T47D
cells were incubated with plumbagin in the concentration range of 0-5pM for 24 h. The results of the MTT assay
showed a dose-dependent decrease in cell viability induced by plumbagin, and the obtained ICy, values for MCE-7
and T47D cells were of 3.5pM and 1.5pM, respectively (Fig. 1A). The effects of plumbagin on apoptosis induc-
tion in estrogen-positive breast cancer cells were analyzed by determining phosphatidylserine externalization in
plumbagin-treated cells. Flow cytometry analysis with Annexin V staining revealed a significant dose-dependent
increase in the percentage of apoptotic cells. In accordance with the results of cytotoxic activity analysis, T47D
cells showed higher sensitivity towards plumbagin and the percentage of apoptotic cells increased by around 15%
and 50% at the concentration of 1 and 5 M, respectively. In MCE-7 cells, a 10% and 40% increase in the apoptotic
population of cells was induced with plumbagin concentrations of 1 and 5 M, respectively (Fig. 1B).

Since our previous research revealed that plumbagin induces apoptosis in HER2-overexpressing breast cancer
cells through the intrinsic pathway?, the involvement of Bcl-2 family proteins in plumbagin-induced apopto-
sis was examined in estrogen-positive cells. After a 24-h treatment of MCF7 and T47D cells with plumbagin,
Western blot analysis of pro-apoptotic proteins (Bik, Bax, Bak) and anti-apoptotic Bcl-2 levels was carried out.
The results showed that plumbagin induced the levels of pro-apoptotic Bik, Bax and Bak in MCF-7 and T47D
cells. At the lowest concentration tested, namely 0.5pM, a significant increase in the levels of pro-apoptotic pro-
teins was observed. Conversely, the levels of anti-apoptotic protein Bcl-2 decreased upon plumbagin treatment
(Fig. 1C).

Plumbagin induces apoptosis through GRP78 inhibition. GRP78 plays a role in the regulation of
apoptosis through inhibiting the activity of a BH3-only protein - Bik. Since plumbagin was shown to induce Bik
expression, the influence of plumbagin on GRP78 levels in estrogen-positive breast cancer cells was determined.
MCF-7 and T47D cells were treated with plumbagin in the concentration range of 0-2.5pM and Western blot
analysis revealed a significant inhibition in GRP78 expression in plumbagin-treated cells. At the lowest concen-
tration tested, 0.5 uM, a significant decrease in GRP78 expression was observed and GRP78 levels decreased with
increasing concentrations of plumbagin (Fig. 2A).

The involvement of GRP78 inhibition in plumbagin-mediated apoptosis induction in estrogen-positive
breast cancer cells was examined by transiently silencing or upregulating GRP78 expression and determining
the percentage of apoptotic cells upon plumbagin treatment. GRP78 downregulation was performed by tran-
siently transfecting cells with GRP78 siRNA, whereas a GRP78 CRISPR/dCas9 activation plasmid was used for
GRP78 upregulation. Western blot analysis was performed in order to verify GRP78 levels in transfected cells.
The results, presented in Fig. 2B, show that GRP78 expression was significantly reduced in siRNA transfected
MCEF-7 and T47D cells, whereas a significant upregulation of GRP78 expression was determined in cells trans-
fected with a GRP78 CRISPR/dCas9 activation plasmid (Fig. 2C). To determine the involvement of GRP78 in
plumbagin-mediated cell death induction in breast cancer cells, 24 h after transfection, cells were treated with
plumbagin and apoptosis induction was assessed with Annexin V-PE staining. A significant increase in the per-
centage of apoptotic cells was observed in cells with reduced GRP78 expression in comparison with control cells
(Fig. 2D). In cells overexpressing GRP78, a decrease in the percentage of apoptotic cells was observed upon plum-
bagin treatment (Fig. 2E). These results indicate the involvement of GRP78 in plumbagin-mediated apoptosis
induction in estrogen-positive breast cancer cells.

Plumbagin sensitizes estrogen-positive breast cancer cells to tamoxifen. In view of the fact that
plumbagin inhibits GRP78 activity and that GRP78 has been implicated in anti-estrogen induced resistance,
the effects of plumbagin on tamoxifen-induced cell death were examined. MCF-7 and T47D cells were treated
with plumbagin at the concentrations of 0.5 .M or 1 uM in the presence of tamoxifen (1M or 5pM). Cells were
treated for 24 h and cell death was analyzed with Annexin V staining. Plumbagin was shown to increase the
sensitivity of estrogen-positive breast cancer cells to tamoxifen. Tamoxifen increased the percentage of apoptotic
cells by 5% to 10% in MCF-7 nad T47D cells, respectively, whereas the addition of plumbagin increased apoptosis
induction by 10-15% in MCEF-7 cells, and 15-20% in T47D cells (Fig. 3A).

To further determine the possible synergistic activity between plumbagin and tamoxifen, the median-effect
method® was used to analyze the combined effect of plumbagin and tamoxifen. MCF-7 and T47D cells were
treated with five dose combinations of plumbagin (pM)/tamoxifen (uM) at a fixed ratio, including 1/0.25, 2/1,
2.5/3, 3/5, 4/10 for MCF-7 cells and 0.1/0.25, 0.25/0.5, 0.5/1, 1/5, 2/7 for T47D cells, versus varying concentra-
tions of plumbagin (0-4 pM) and tamoxifen (0-10uM). The dose-responsive curves are shown in Fig. 3B. The
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Figure 1. Cytotoxic and apoptosis-inducing activity of plumbagin towards ER-positive breast cancer
cells. (A) Cytotoxic activity of plumbagin. MCF-7 and T47D cells were treated with plumbagin (0-5pM) for
24h with plumbagin and cell survival was assessed with the MTT assay. (B) Apoptotic changes in plasma
membrane induced by plumbagin. Cells were treated with plumbagin (0-5 M) for 24 h, stained with Annexin
V-PE/7-AAD, and analyzed by flow cytometry. Values represent mean & SE of three independent experiments.
P <0.05 (*) indicates differences between control and plumbagin-treated cells. (C) Effects of plumbagin on the
expression levels of Bik, Bax, Bak and Bcl-2. Cells were treated with plumbagin (0-2.5 M) for 24 h and protein
levels were determined with Western blot analysis.
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Figure 2. The role of GRP78 in plumbagin-mediated apoptosis induction in estrogen-positive breast
cancer cells. (A) Effects of plumbagin on the expression levels of GRP78. MCF-7 and T47D cells were

treated with plumbagin (0-2.5 M) for 24 h and protein levels were determined with Western blot analysis.
(B) Silencing of GRP78 in MCF-7 and T47D cells. Cells were transiently transfected with GRP78 siRNA

and after 24h GRP78 levels were determined with Western blot analysis. (C) Overexpression of GRP78

was performed by transiently transfecting cells with a GRP78 CRISPR/dCas9 activation plasmid. 24 h after
transfection, GRP78 levels were determined with Western blot analysis. (D) Influence of GRP78 silencing and
(E) GRP78 upregulation on the induction of apoptosis by plumbagin. 24 h-post transfection cells were treated
with plumbagin (0.5 and 1 uM) for 24 h after which cells were stained with Annexin V-PE/7-AAD, and analyzed
by flow cytometry. Values represent mean + SE of three independent experiments. p < 0.05 (*) indicates
differences between control and GRP78-downregulated and upregulated cells treated with plumbagin.

CI (combination index) values obtained for the examined cell lines were below 1 indicating synergistic activity
between plumbagin and tamoxifen in estrogen-positive breast cancer cells. The CI values obtained for the com-
bination of plumbagin and tamoxifen that caused a 50% decrease in cell viability were 0.72 and 0.53 for MCF-7
and T47D cells, respectively.

Plumbagin sensitizes breast cancer cells to tamoxifen through GRP78 inhibition and Bik upreg-
ulation. In order to determine whether the sensitizing effect of plumbagin to tamoxifen-induced apoptosis is
associated with the ability of plumbagin to inhibit GRP78 and upregulate Bik activity, apoptosis-inducing effects
of plumbagin and tamoxifen combination treatment were evaluated in cells with reduced GRP78 and Bik expres-
sion. MCF-7 and T47D cells were transiently transfected with GRP78 siRNA or Bik siRNA. Cells were treated
with a combination of plumbagin (0.5pM or 1 M) and tamoxifen (1 pM or 5uM). Following a 24 h-treatment
cell death was analyzed with Annexin V staining. The results of cytometric analysis showed a significant increase
in the percentage of apoptosis induced in cells with silenced GRP78 in comparison with cells transfected with
scrambled siRNA. In cells with reduced GRP78 expression combination treatment with plumbagin and tamox-
ifen increased the population of apoptotic cells by around 10% in MCF-7 and 15% in T47D cells (Fig. 4A). In the
case of Bik downregulation, a significant decrease in the percentage of apoptotic cell populations was observed in
cells with decreased Bik expression treated with a combination of plumbagin and tamoxifen, in comparison with
control cells (Fig. 4B). To further confirm the involvement of GRP78 inhibition in the synergistic activity of plum-
bagin and tamoxifen, the influence of combined treatment with these compounds on GRP78 and Bik expression
levels was determined. The results showed that the treatment of MCF-7 and T47D cells with both plumbagin and
tamoxifen significantly reduced expression levels of GRP78 and increased the levels of Bik, in comparison with
single agent treatment (Fig. 4C). These results suggest the involvement of GRP78 inhibition and Bik upregulation
by plumbagin in its sensitizing effects to tamoxifen in estrogen-positive breast cancer cells.

The influence of GRP78 in the regulation of plumbagin-induced Bik upregulation was further examined.
Cells transiently transfected with GRP78 siRNA or control siRNA were treated with plumbagin (0.5 M) and
after a 24-h incubation, Western blot analysis was performed in order to determine Bik levels. GRP78 silencing
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Figure 3. Plumbagin sensitizes breast cancer cells to tamoxifen. (A) Influence of plumbagin on tamoxifen-
induced apoptosis. Cells were incubated with a combination of plumbagin (0.5 or 1 M) and tamoxifen (1 and
5uM) for 24 h after which cells were stained with Annexin V-PE/7-AAD, and analyzed by flow cytometry.
Values represent mean =+ SE of three independent experiments. p < 0.05 (*) indicates differences between single
agent-treated and combination-treated cells. (B) Synergistic effect of plumbagin and tamoxifen on estrogen-
positive breast cancer cell viability. MCF-7 and T47D cells were exposed to combinations of plumbagin and
tamoxifen. Cell viability was assessed 24 h after exposure with the MTT assay.

increased Bik levels in MCF-7 and T47D cells. Furthermore, the treatment of cells with plumbagin induced Bik
expression in GRP78-silenced cells in comparison with control cells transfected with control siRNA (Fig. 4D).
These results point to the involvement of GRP78 regulation in Bik-mediated plumbagin induction of cell death.

Discussion
The endoplasmic reticulum (ER) has emerged as a novel regulatory site for antiestrogen-induced apoptosis as well
as estrogen-mediated resistance®. A key mediator involved in endoplasmic reticulum-regulated apoptosis is the
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Figure 4. The involvement of GRP78 and Bik in the induction of apoptosis by combination treatment

of breast cancer cells with plumbagin and tamoxifen. MCF-7 and T47D cells were transiently transfected
with (A) GRP78 siRNA or (B) Bik siRNA. 24 h-post transfection cells were treated for an additional 24 h with
plumbagin and tamoxifen. Cells were stained with Annexin V-PE/7-AAD and analyzed by flow cytometry.
Values represent mean = SE of three independent experiments. p < 0.05 (*) indicates differences between
combination-treated control and GRP78 or Bik-downregulated cells. (C) Influence of combination treatment
with plumbagin and tamoxifen on expression levels of GRP78 and Bik. Cells were treated for 24 h with
plumbagin (0.5pM) and tamoxifen (1 M) and GRP78 or Bik levels were determined with Western blot
analysis. (D) Influence of GRP78 silencing on plumbagin-mediated Bik induction. 24 h-post transfection cells
were treated with plumbagin (0.5M) for 24 h and the expression levels of Bik were determined with Western
blot analysis.

Bcl-2-interacting killer (Bik), a member of the BH3-only proteins. Bik is a pro-apoptotic protein mainly localized
to the outer ER membrane and induces apoptosis through the mitochondrial pathway. An increase in the levels
of Bik enable the formation of Bik/Bcl-2 complexes at the ER. Binding of Bcl-2 and its inactivation promotes
Ca’" release from the ER, initiating the apoptotic process!?. Research has shown that Bik plays a central role in
antiestrogen induced apoptosis. In a cell line dependent on estrogen for growth, antiestrogen treatment strongly
induced Bik expression without affecting the expression of other Bcl-2 family proteins®. Bik is regulated at the
ER through interactions with the glucose-regulated protein GRP78. GRP78 is a key prosurvival component of the
unfolded protein response (UPR), it participates in proper protein folding and targets misfolded proteins for deg-
radation. GRP78 is a endoplasmic reticulum stress regulator, controlling Ca>" binding and activating transmem-
brane endoplasmic reticulum stress inducers*>*!. GRP78 is upregulated in many types of tumor cells including
breast cancer cells'®*2. High levels of GRP78 in tumors have been correlated with the altered metabolism of cancer
cells including higher glucose utilization and increased glycolytic activity. Glucose and oxygen deprivation leads
to the accumulation of underglycosylated and misfolded proteins in the ER activating the UPR for cell survival®.

The involvement of GRP78 in resistance to estrogen-induced apoptosis in breast cancer cells has been asso-
ciated with its anti-apoptotic properties and ability to complex with Bik. GRP78, under stress conditions such as
long-term estrogen deprivation, sequesters Bik through complex formation. Sequestered Bik has reduced ability
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to bind to Bcl-2, thus increasing Bcl-2 levels which suppresses the release of Ca" from the ER and inhibits
apoptosis induction'"!2, Research has shown that the overexpression of GRP78 suppresses Bik-induced apopto-
sis, whereas GRP78 knockdown restores sensitivity of cells to apoptosis induction'!. In accordance, our results
showed that GRP78 silencing upregulates Bik expression in estrogen-positive breast cancer cells. Furthermore,
the inhibition of GRP78 by plumbagin treatment induced apoptosis in breast cancer cells. GRP78 silencing
increased the sensitivity of cells to plumbagin-induced cell death. Previous research has shown the ability of
plumbagin to induce cell death in estrogen-positive cells and the mitochondria-mediated pathway was impli-
cated in cell death induction. Ahmad et al.** showed that plumbagin induces apoptosis in MCF-7 cells through
targeting Bcl-2. Similarly, Sagar et al.>* showed the down-regulation of BCL-2 gene expression in MCF-7 cells. In
accordance, the present research shows the involvement of the intrinsic pathway in plumbagin-mediated apop-
tosis induction in estrogen-positive breast cancer cells. An increase in Bak and Bax and a decrease in Bcl-2 levels
were observed. Importantly, the involvement of Bik upregulation in plumbagin-mediated cell death was demon-
strated in the present research. Plumbagin-induced Bik upregulation was found to be controlled by GRP78 as
shown by an increased induction of Bik by plumbagin in cells with GRP78 downregulation.

GRP78 is frequently overexpressed in refractory tumors and research has pointed to the activation of the
pro-survival mechanism and GRP78 upregulation as being a significant contributing factor in the development of
antiestrogen-induced resistance in cancer cells. Increased GRP78 levels have been reported in cell lines resistant
to antiestrogen treatment and increased expression of GRP78 was also observed in antiestrogen-resistant breast
cancer xenografts in comparison with xenografts sensitive to treatment. The silencing of GRP78 restored sensitiv-
ity of resistant estrogen-positive tumors and cell lines to antiestrogen drugs, such as tamoxifen*!. Thus, these find-
ings suggest that targeting GRP78 during antiestrogen treatment could improve the outcome of estrogen-positive
breast cancer therapy. In the present research plumbagin was demonstrated to sensitize breast cancer cells to
tamoxifen through a synergistic activity between both compounds. Plumbagin increased tamoxifen-mediated
apoptosis induction and the involvement of GRP78 in combination treatment-induced cell death was demon-
strated. The present research suggests that plumbagin could have potential in estrogen-positive breast cancer
therapy due to its ability to sensitize breast cancer cells to tamoxifen through GRP78 inhibition.

In conclusion, the research presented herein shows that plumbagin induced apoptosis in estrogen-positive
breast cancer cells through GRP78 inhibition. Plumbagin-mediated GRP78 inhibition upregulated Bik and
induced apoptosis through the mitochondria-regulated apoptotic pathway. Furthermore, plumbagin sensitized
breast cancer cells to tamoxifen-induced cell death and the involvement of GRP78 inhibition was associated with
plumbagin-mediated sensitization. Thus our findings provide a rationale for further research on plumbagin as a
potential agent in the treatment of estrogen-positive breast cancer and in combination treatment with antiestro-
gen agents.

Methods
Chemicals. Plumbagin was obtained at >95% purity from Sigma-Aldrich (St. Louis, MO, USA). All cell cul-
ture materials and other chemicals, if not indicated otherwise were obtained from the same company.

Cell culture. The MCF-7 and T47D breast cancer cell lines were purchased from Cell Lines Service
(Germany). Cells were cultured in RPMI medium supplemented with 10% fetal bovine serum, 2 mM glutamine,
100 units/mL penicillin and 10 mg/mL streptomycin. Cultures were maintained in a humidified atmosphere with
5% CO, at 37°C in an incubator (Heraceus, Hera cell).

Cytotoxicity assay. The influence of plumbagin on estrogen-positive breast cancer cell viability was deter-
mined using the MTT [(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay. Cells were treated
with plumbagin in the concentration range of 0-5puM and/or with tamoxifen (0-10 pM) for 24 h. Analysis was
performed according to the previously published procedure®.

Annexin V-PE staining. Apoptosis induction was examined with an Annexin V-PE Apoptosis Detection
Kit I (BD Biosciences, Belgium). The procedures were carried out according to the manufacturer’s instructions.
Briefly, MCF-7 and T47D cells were treated with plumbagin (0-5uM) and/or with tamoxifen (0-5 uM) for 24 h,
after which cells were collected, washed with Annexin-binding buffer, and stained with Annexin V- phycoeryth-
rin (PE) and 7-amino-actinomycin (7-AAD). Following a 30 min incubation at 15 °C in the dark, samples were
analyzed by flow cytometry (BD FACSCalibur).

Western blot analysis. MCF-7 and T47D cells were treated with plumbagin (0-2.5 M) and/or with tamox-
ifen (1 pM) for 24 h and Western blot analysis was performed according to the previously published procedure.
Specific primary antibodies: anti-GRP78, anti-Bik, anti-Bax, anti-Bak, anti-Bcl-2 (1:250) (Santa Cruz, Heidelberg,
Germany), anti-3-actin (1:1000) (Cell Signaling, Germany), were incubated with membranes overnight at 4°C.
Membranes were further incubated at room temperature for 1 h with HRP-conjugated secondary antibodies (Cell
Signaling, Germany) and proteins were detected by chemiluminescence (ChemiDoc, Bio-Rad) with a HRP sub-
strate (Pierce).

GRP78and Bik silencing. The expression of GRP78 or Bik was silenced in MCF-7 and T47D cells using
GRP78 siRNA or Bik siRNA and control, scrambled siRNA (Santa Cruz, Germany). Cells were transiently
silenced with siRNA (0.5 pg) using siRNA Transfection Reagent (Santa Cruz, Germany) according to the man-
ufacturer’s instructions. 24 h post-transfection, GRP78 and Bik silencing was verified with Western blot analysis
or cells were treated with a combination of plumbagin and tamoxifen versus single treatment with plumbagin or
tamoxifen. Samples were analyzed by flow cytomtery following Annexin V-PE staining to determine apoptosis
induction.
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GRP78 overexpression. The overexpression of GRP78 was carried out with a GRP78 CRISPR/dCas9 acti-
vation plasmid (Santa Cruz, Germany). Cells were transiently transfected with a GRP78 CRISPR/dCas9 activa-
tion plasmid (1 pg) or a control scrambled CRISPR activation plasmid using the UltraCruz Transfection Reagent
(Santa Cruz, Germany), according to the manufacturer’s instructions. 24 h post-transfection, GRP78 overexpres-
sion was verified with Western blot analysis or cells were treated with plumbagin. Samples were analyzed by flow
cytometry following Annexin V-PE staining to determine apoptosis induction.

Synergism determination. The synergistic effect of plumbagin and tamoxifen was determined by the
method of Chou and Talalay®. Cells were treated with a series of plumbagin and tamoxifen concentrations at fixed
ratios. The drug concentrations ranged from 0.25 to 10 pM. The values of CI at different levels of growth inhibi-
tion were calculated based on the formula for mutually nonexclusive mechanism: (D,/Dx;) + (D,/Dx,) + (D,D,/
DxDx,), where Dx, and Dx, are the doses of drug 1 and drug 2 alone required to produce x percentage effect, and
D, and D, are the doses of drug 1 and drug 2 in combination required to produce the same effect. The CI values
less than 1, equal to 1, and greater than 1 are indicative of synergism, additive effect, and antagonism, respectively.

Statistical analysis. Values are expressed as means + SE of at least three independent experiments.
Statistical analysis was performed using GraphPad Prism 5.0 (GraphPad software). Differences between control
and single agent-treated samples were analyzed by one-way ANOVA with Tukey’s post-hoc tests. Differences
between single and double agent treatments were analyzed by two-way ANOVA with Bonferoroni post-tests. A p
value of <0.05 was considered as statistically significant in each experiment.

References

1. Clarke, R., Leonessa, F., Welch, J. N. & Skaar, T. C. Cellular and molecular pharmacology of antiestrogen action and resistance.
Pharmacol. Rev. 53, 25-71 (2001).

2. Agrawal, A. et al. Biological effects of fulvestrant on estrogen receptor positive human breast cancer: short, medium and long-term
effects based on sequential biopsies. Int. J. cancer 138, 146-59 (2016).

3. Dalmau, E., Armengol-Alonso, A., Muiloz, M. & Segui-Palmer, M. A. Current status of hormone therapy in patients with hormone
receptor positive (HR+) advanced breast cancer. Breast 23, 710-20 (2014).

4. Lee, A. S. GRP78 induction in cancer: therapeutic and prognostic implications. Cancer Res. 67, 3496-9 (2007).

5. Lee, A. S. The ER chaperone and signaling regulator GRP78/BiP as a monitor of endoplasmic reticulum stress. Methods 35, 373-81
(2005).

6. Malhotra, J. D. & Kaufman, R. J. The endoplasmic reticulum and the unfolded protein response. Semin. Cell Dev. Biol. 18, 716-31
(2007).

7. Gazit, G., Lu, J. & Lee, A. S. De-regulation of GRP stress protein expression in human breast cancer cell lines. Breast Cancer Res.
Treat. 54, 135-46 (1999).

8. Bartkowiak, K. et al. Discovery of a novel unfolded protein response phenotype of cancer stem/progenitor cells from the bone
marrow of breast cancer patients. J. Proteome Res. 9, 3158-68 (2010).

9. Niu, Z. et al. Elevated GRP78 expression is associated with poor prognosis in patients with pancreatic cancer. Sci. Rep. 5, 16067
(2015).

10. Lee, E. et al. GRP78 as a novel predictor of responsiveness to chemotherapy in breast cancer. Cancer Res. 66, 7849-53 (2006).

11. Fu, Y, Li, J. & Lee, A. S. GRP78/BiP inhibits endoplasmic reticulum BIK and protects human breast cancer cells against estrogen
starvation-induced apoptosis. Cancer Res. 67, 3734-3740 (2007).

12. Zhou, H., Zhang, Y, Fu, Y., Chan, L. & Lee, A. S. Novel mechanism of anti-apoptotic function of 78-kDa glucose-regulated protein
(GRP78). J. Biol. Chem. 286, 25687-25696 (2011).

13. Atanasov, A. G. et al. Discovery and resupply of pharmacologically active plant-derived natural products: A review. Biotechnol. Adv.
33, 1582-614 (2015).

14. Marczak, L., Kawiak, A., Lojkowska, E. & Stobiecki, M. Secondary metabolites in in vitro cultured plants of the genus Drosera.
Phytochem. Anal. 16, 143-149 (2005).

15. de Paiva, S. R., Figueiredo, M. R. & Kaplan, M. A. C. Isolation of secondary metabolites from roots of Plumbago auriculata Lam. by
countercurrent chromatography. Phytochem. Anal. 16, 278-281 (2005).

16. O’Brien, P. J. Molecular mechanisms of quinone cytotoxicity. Chem. Biol. Interact. 80, 1-41 (1991).

17. Park, E. J. et al. 3-Lapachone induces programmed necrosis through the RIP1-PARP-AIF-dependent pathway in human
hepatocellular carcinoma SK-Hepl cells. Cell Death Dis. 5, 1230 (2014).

18. Jeung, Y.-J. et al. Shikonin induces apoptosis of lung cancer cells via activation of FOXO3a/EGR1/SIRT1 signaling antagonized by
p300. Biochim. Biophys. Acta 1863, 2584-2593 (2016).

19. Kawiak, A. & Lojkowska, E. Ramentaceone, a naphthoquinone derived from Drosera sp., induces apoptosis by suppressing PI3K/
Akt signaling in breast cancer cells. PLoS One 11, 0147718 (2016).

20. Kawiak, A. et al. Induction of apoptosis by plumbagin through reactive oxygen species-mediated inhibition of topoisomerase II.
Toxicol. Appl. Pharmacol. 223, 267-276 (2007).

21. Lee, J.-H. et al. The natural anticancer agent plumbagin induces potent cytotoxicity in MCF-7 human breast cancer cells by
inhibiting a PI-5 kinase for ROS generation. PLoS One 7, €45023 (2012).

22. Li, Y.-C. et al. Plumbagin induces apoptotic and autophagic cell death through inhibition of the PI3K/Akt/mTOR pathway in human
non-small cell lung cancer cells. Cancer Lett. 344, 239-59 (2014).

23. Aziz, M. H., Dreckschmidt, N. E. & Verma, A. K. Plumbagin, a medicinal plant-derived naphthoquinone, is a novel inhibitor of the
growth and invasion of hormone-refractory prostate cancer. Cancer Res. 68, 9024-32 (2008).

24. Kuo, P.-L., Hsu, Y.-L. & Cho, C.-Y. Plumbagin induces G2-M arrest and autophagy by inhibiting the AKT/mammalian target of
rapamycin pathway in breast cancer cells. Mol. Cancer Ther. 5, 3209-3221 (2006).

25. Checker, R., Gambhir, L., Sharma, D., Kumar, M. & Sandur, S. K. Plumbagin induces apoptosis in lymphoma cells via oxidative stress
mediated glutathionylation and inhibition of mitogen-activated protein kinase phosphatases (MKP1/2). Cancer Lett. 357, 265-78
(2015).

26. Kawiak, A., Zawacka-Pankau, J. & Lojkowska, E. Plumbagin induces apoptosis in Her2-overexpressing breast cancer cells through
the mitochondrial-mediated pathway. J. Nat. Prod. 75, 747-751 (2012).

27. Qiao, H. et al. Synergistic suppression of human breast cancer cells by combination of plumbagin and zoledronic acid In vitro. Acta
Pharmacol. Sin. 36, 1085-98 (2015).

28. Li, Z. et al. Plumbagin inhibits breast tumor bone metastasis and osteolysis by modulating the tumor-bone microenvironment. Curr.
Mol. Med. 12, 967-81 (2012).

SCIENTIFICREPORTS | 7:43781 | DOI: 10.1038/srep43781 8



www.nature.com/scientificreports/

29. Sung, B., Oyajobi, B. & Aggarwal, B. B. Plumbagin inhibits osteoclastogenesis and reduces human breast cancer-induced osteolytic
bone metastasis in mice through suppression of RANKL signaling. Mol. Cancer Ther. 11, 350-9 (2012).

30. Yan, W. et al. Suppressive Effects of Plumbagin on Invasion and Migration of Breast Cancer Cells via the Inhibition of STAT3
Signaling and Down-regulation of Inflammatory Cytokine Expressions. Bone Res. 1, 362-70 (2013).

31. Kawiak, A. & Domachowska, A. Plumbagin Suppresses the Invasion of HER2-Overexpressing Breast Cancer Cells through
Inhibition of IKKa-Mediated NF-kB Activation. PLoS One 11, e0164064 (2016).

32. Qiao, H. et al. Structural simulation of adenosine phosphate via plumbagin and zoledronic acid competitively targets JNK/Erk to
synergistically attenuate osteoclastogenesis in a breast cancer model. Cell Death Dis. 7, €2094 (2016).

33. Ahmad, A., Banerjee, S., Wang, Z., Kong, D. & Sarkar, F. H. Plumbagin-induced apoptosis of human breast cancer cells is mediated
by inactivation of NF-«kB and Bcl-2. J. Cell. Biochem. 105, 1461-1471 (2008).

34. Sagar, S. et al. Cytotoxicity and apoptosis induced by a plumbagin derivative in estrogen positive MCF-7 breast cancer cells.
Anticancer. Agents Med. Chem. 14, 170-80 (2014).

35. Thasni, K. A. et al. Estrogen-dependent cell signaling and apoptosis in BRCA1-blocked BG1 ovarian cancer cells in response to
plumbagin and other chemotherapeutic agents. Ann. Oncol. Off. J. Eur. Soc. Med. Oncol. 19, 696-705 (2008).

36. Sakunrangsit, N., Kalpongnukul, N., Pisitkun, T. & Ketchart, W. Plumbagin Enhances Tamoxifen Sensitivity and Inhibits Tumor
Invasion in Endocrine Resistant Breast Cancer through EMT Regulation. Phyther. Res. 30, 1968-1977 (2016).

37. Chou, T. C. & Talalay, P. Quantitative analysis of dose-effect relationships: the combined effects of multiple drugs or enzyme
inhibitors. Adv. Enzyme Regul. 22, 27-55 (1984).

38. Roller, C. & Maddalo, D. The Molecular Chaperone GRP78/BiP in the Development of Chemoresistance: Mechanism and Possible
Treatment. Front. Pharmacol. 4, 10 (2013).

39. Hur, J. et al. The Bik BH3-only protein is induced in estrogen-starved and antiestrogen-exposed breast cancer cells and provokes
apoptosis. Proc. Natl. Acad. Sci. USA 101, 2351-6 (2004).

40. Ni, M., Zhou, H., Wey, S., Baumeister, P. & Lee, A. S. Regulation of PERK signaling and leukemic cell survival by a novel cytosolic
isoform of the UPR regulator GRP78/BiP. PLoS One 4, €6868 (2009).

41. Lee, A. S. Glucose-regulated proteins in cancer: molecular mechanisms and therapeutic potential. Nat. Rev. Cancer 14, 263-76
(2014).

42. Fernandez, P. M. et al. Overexpression of the glucose-regulated stress gene GRP78 in malignant but not benign human breast
lesions. Breast Cancer Res. Treat. 59, 15-26 (2000).

43. Dong, D. et al. Vascular targeting and antiangiogenesis agents induce drug resistance effector GRP78 within the tumor
microenvironment. Cancer Res. 65, 5785-91 (2005).

44. Cook, K. L. et al. Glucose-regulated protein 78 controls cross-talk between apoptosis and autophagy to determine antiestrogen
responsiveness. Cancer Res. 72, 3337-49 (2012).

45. Kawiak, A. et al. Induction of apoptosis in HL-60 cells through the ROS-mediated mitochondrial pathway by ramentaceone from
drosera aliciae. J. Nat. Prod. 75, 9-14 (2012).

Acknowledgements
This work was supported were supported by grant no. Lider/15/217/L-3/11/NCBR/2012 from the National Centre
for Research and Development (A.K.).

Author Contributions

A K. conceived, designed and performed the experiments, analyzed and interpreted the data, wrote the
manuscript, acquired funding, and supervised the research. A.D. and A.J. performed the experiments. E.L.
revised the manuscript. All authors revised and approved the final version of the manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Kawiak, A. et al. Plumbagin sensitizes breast cancer cells to tamoxifen-induced cell
death through GRP78 inhibition and Bik upregulation. Sci. Rep. 7, 43781; doi: 10.1038/srep43781 (2017).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images
o oy other third party material in this article are included in the article’s Creative Commons license,

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2017

SCIENTIFIC REPORTS | 7:43781 | DOI: 10.1038/srep43781 9


http://creativecommons.org/licenses/by/4.0/

	Plumbagin sensitizes breast cancer cells to tamoxifen-induced cell death through GRP78 inhibition and Bik upregulation

	Results

	Plumbagin induces apoptosis in estrogen-positive breast cancer cells. 
	Plumbagin induces apoptosis through GRP78 inhibition. 
	Plumbagin sensitizes estrogen-positive breast cancer cells to tamoxifen. 
	Plumbagin sensitizes breast cancer cells to tamoxifen through GRP78 inhibition and Bik upregulation. 

	Discussion

	Methods

	Chemicals. 
	Cell culture. 
	Cytotoxicity assay. 
	Annexin V-PE staining. 
	Western blot analysis. 
	GRP78and Bik silencing. 
	GRP78 overexpression. 
	Synergism determination. 
	Statistical analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Cytotoxic and apoptosis-inducing activity of plumbagin towards ER-positive breast cancer cells.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ The role of GRP78 in plumbagin-mediated apoptosis induction in estrogen-positive breast cancer cells.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Plumbagin sensitizes breast cancer cells to tamoxifen.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ The involvement of GRP78 and Bik in the induction of apoptosis by combination treatment of breast cancer cells with plumbagin and tamoxifen.



 
    
       
          application/pdf
          
             
                Plumbagin sensitizes breast cancer cells to tamoxifen-induced cell death through GRP78 inhibition and Bik upregulation
            
         
          
             
                srep ,  (2017). doi:10.1038/srep43781
            
         
          
             
                Anna Kawiak
                Anna Domachowska
                Anna Jaworska
                Ewa Lojkowska
            
         
          doi:10.1038/srep43781
          
             
                Nature Publishing Group
            
         
          
             
                © 2017 Nature Publishing Group
            
         
      
       
          
      
       
          © 2017 The Author(s)
          10.1038/srep43781
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep43781
            
         
      
       
          
          
          
             
                doi:10.1038/srep43781
            
         
          
             
                srep ,  (2017). doi:10.1038/srep43781
            
         
          
          
      
       
       
          True
      
   




