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ABSTRACT: Breast cancer is the most commonly diagnosed cancer in women. There is a continued interest for the development of more
efficacious treatment regimens for breast carcinoma. Recombinant human tumor necrosis factor-related apoptosis-inducing ligand (rhTRAIL)
shows potential as a potent anticancer therapeutic for the treatment of breast cancer, whereas displaying minimal toxicity to normal cells.
However, the promise of rhTRAIL for the treatment of breast cancer is dismissed by the resistance to rhTRAIL-induced apoptosis exhibited by
many breast cancers. Thus, a cotreatment strategy was examined by applying the natural compound quercetin (Q) as a sensitizing agent for
rhTRAIL-resistant breast cancer BT-20 and MCF-7 cells. Quercetin was able to sensitize rhTRAIL-resistant breast cancers to rhTRAIL-induced
apoptosis as detected by Western blotting through the proteasome-mediated degradation of c-FLIP, and through the upregulation of DR5
expression transcriptionally. Overall, these in vitro findings establish that Q is an effective sensitizing agent for rhTRAIL-resistant breast cancers.
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Introduction

Breast cancer is the most commonly diagnosed cancer in
women.* The development of more effective treatment regi-
mens against the different forms of breast carcinoma is being
explored.2*® Patients with hormone-dependent and human
epidermal growth factor receptor 2 (HER2) overexpression
breast cancers often have a better prognosis because of the
availability of hormone-targeted therapies.>>¢ The triple-neg-
ative breast cancers (TNBCs) are more challenging to treat
because there is no specific hormone to target; hence, TNBC is
the deadliest form of breast cancer.2#*

One promising anticancer therapeutic of interest is recom-
binant human tumor necrosis factor-related apoptosis-induc-
ing ligand (rhTRAIL)—the optimized form of the endogenous
death ligand TRAIL (tumor necrosis factor—related apoptosis-
inducing ligand). Recombinant human tumor necrosis factor—
related apoptosis-inducing ligand consists of the extracellular
C-terminus of TRAIL amino acids 114-281 lacking exoge-
nous sequence tags.”!! Recombinant human tumor necrosis
factor—related apoptosis-inducing ligand has shown great
potential as an effective anticancer therapeutic due to its ability
to induce apoptosis in cancer cells, whereas exhibiting minimal
toxicity to normal, nontransformed cells.”1' Recombinant
human tumor necrosis factor—related apoptosis-inducing
ligand initiates the extrinsic pathway of apoptosis by binding to
the extracellular death receptors (DRs) DR4 and DRS leading
to trimerization of the receptors followed by the activation of
caspase 8; the subsequent activation of the executioner caspases

3, 6, and 7; and the eventual cleavage of poly (adenosine
diphosphate-ribose) polymerase or PARP (hallmark of apop-
tosis).12716 In addition, thTRAIL can activate the intrinsic
pathway of apoptosis independently of p53 through the cas-
pase 8—mediated cleavage of Bid to truncated Bid (tBid) facili-
tating the release of cytochrome ¢ from the mitochondria
tollowed by the activation of caspase 9 and the subsequent acti-
vation of the executioner caspases.!31517-19 Despite this, most
of the breast cancer cells exhibit resistance to TRAIL treat-
ment due to the upregulation of antiapoptotic proteins such as
cellular FLICE-like inhibitory protein (c-FLIP) and the
downregulation of DRS5. Clinical trials have been completed
with TRAIL, but further trials have since been terminated due
to a limited therapeutic efficacy.”?22 Consequently, many
studies have focused on determining sensitizing agents that
have the capability to overcome rhTRAIL resistance.

One potential sensitizing agent is Quercetin (Q); it is a
naturally occurring flavonol found in different vegetables,
fruits, tea, red wine, and coffee.32> Quercetin has been shown
to produce antiproliferative and proapoptotic effects in cancer
cells such as prostate, cervical, lung, breast, and colon.?3:2426-30
Quercetin can induce apoptosis in some cancer cell lines
through the downregulation of antiapoptotic proteins, survivin,
Bel-xL, and Bcl-2, and through the upregulation of proapop-
totic proteins, Bad and Bax.?>%1-3% Investigations involving
human hepatoma and prostate cancer cells have demonstrated

that Q_can enhance TRAIL-induced apoptosis through the
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upregulation of DR5.283435 In addition, nontumorigenic breast
epithelial MCF-10A cells were not affected by Q_treatment
after 24, 48, and 72hours supporting Q’s safety for systemic
application.?’3¢ Furthermore, no major cytotoxic effects have
been observed in different in vivo studies, and clinical trials
have administered Q_ with no major cytotoxic effects
cited.?431,37-39 Therefore, these findings suggest that Q_has the
potential to be an effective sensitizing agent.

The intention of this study was to investigate the capability of
Q_to sensitize thTRAIL-resistant TNBC BT-20 cells and hor-
mone-dependent breast cancer MCF-7 cells and to elucidate the
underlying mechanism for Qs sensitization. Our study demon-
strates that QQ has the ability to induce the proteasome-mediated
degradation of c-FLIP; and to induce the upregulation of DR5
facilitating the execution of the extrinsic pathway and thereby
sensitizing breast cancers to rhTRAIL-induced apoptosis. Thus,
the presented evidence reveals that Q is a good sensitizing agent
for thTRAIL-resistant breast cancers.

Methods

Drugs and chemicals

Recombinant human tumor necrosis factor-related apoptosis-
inducing ligand was produced according to well-defined and
previously detailed protocols.319 Recombinant human tumor
necrosis factor—related apoptosis-inducing ligand was aliquoted
and stored at —-80°C. Quercetin dihydrate (lot no. D00166146,
molecular weight of 338.3 g/mol; Calbiochem, San Diego, CA,
USA) was dissolved in 7.5mg/mL of polyethylene glycol
(molecular weight of 400g/mol; Fisher Scientific, Hampton,
NH, USA) and then filtered, aliquoted, and stored at -20°C.%
MG132 proteasome inhibitor (molecular weight of 457.6 g/mol;
Calbiochem) was dissolved in dimethyl sulfoxide to produce a
10mM stock that was filtered, aliquoted, and stored at -20°C.

Cell culture

Human breast cancer MCF-7 (ATCC HTB-22) and BT-20
(ATCC HTB-19) cells were cultured in Dulbecco’s Modified
Eagle Medium (Cleveland Clinic Cell Services Media Core,
Cleveland, OH, USA) supplemented with 10% fetal bovine
serum (FBS; Gibco, Gaithersburg, MD, USA), 1% antibiotics-
antimycotics (Gibco), 1% L-glutamine (Gibco), 1% nonessen-
tial amino acids (Gibco), and 1% sodium pyruvate (Gibco).
Human nontumorigenic breast epithelial MCF-10A (ATCC
CRL-10317) cells were cultured in HUMEC Ready Medium
(Gibco). Cells were maintained in a humidified atmosphere
with 5% CO, at 37°C. Cells were treated with drugs 24 hours
after plating, incubated with drugs for an additional 72hours,
and collected for the different assays described below.3640

Annexin V/propidium iodide assays-flow cytometry

Cells were typsinized, spun at 1000rpm for 3 minutes, and
washed with phosphate-buffered saline (PBS). Cells were

incubated with Annexin V-FITC and propidium iodide (PI)
solution (Annexin V: FITC Apoptosis Detection Kit I, BD
Life Sciences, Sparks, MD, USA) for 15 minutes at room tem-
perature in the dark. Apoptosis was detected using the BD
FACSCanto II and applying FACSDiva software and Flowing
Software 2. Each experiment was performed in triplicate, and 3
independent experiments were conducted for each cell line to
obtain the mean percent of apoptotic cells + SEM.

Determination of apoptotic-associated protein levels

by Western blotting
Cells were collected and washed with PBS. Total cell lysates

were prepared by lysing with radioimmunoprecipitation assay
(RIPA) buffer (AMRESCO, Dallas, TX, USA) and a protease
inhibitor cocktail (Calbiochem). The lysates were placed on ice
for 30 minutes, were spun at 10000rpm for 10 minutes, and
were quantified by applying the Pierce BCA Protein Assay
(Thermo Fisher Scientific, Waltham, MA, USA). Aliquots of
35pg of protein were prepared, denatured with 4x Laemmli
sample buffer (250mM Tris-HCI, 8% sodium dodecyl sulfate
[SDS], 40% glycerol, 8% p-mercaptoethanol, and 0.02%
bromophenol blue), and separated on 12% SDS-polyacrylamide
gels. Proteins were transferred to polyvinylidene difluoride
(PVDF) membranes (Millipore, Temecula, CA, USA) employ-
ing the semidry transfer method (Bio-Rad, Richmond, CA,
USA). Each membrane was blocked with 5% nonfat milk at
room temperature for 1hour and incubated overnight at 4°C
with a diluted primary antibody: anti-PARP, anti-caspase 3,
anticleaved caspase 3, anti-caspase 7, anti-caspase 8, anticleaved
caspase 8, anti-Bid (Cell Signaling Technology, Danvers, MD,
USA), or anti-FLIP (Enzo Life Sciences, Farmingdale, NY,
USA). The membranes were washed in Tris-buffered saline
(TBS)-Tween (0.15 M NaCl, 0.02 M Tris, and 0.3% Tween 20
with a pH of 7.4), incubated with a horse radish peroxidase—
conjugated secondary antibody either goat anti-mouse IgG or
goat anti-rabbit IgG (Bio-Rad) diluted in 5% nonfat milk for
1hour at room temperature, and washed in TBS-Tween. The
membranes were then exposed on HyBlot CL Autoradiography
Film (Denville Scientific, Holliston, MA, USA); the protein
bands were detected using chemiluminescence via Pierce ECL2
Western Blotting Substrate (Thermo Fisher Scientific). The
membranes were then probed for B-actin (Promega, Madison,
WI, USA) as the internal loading control.

Determination of cytochrome c release

Cells were collected, washed, and resuspended in permeabiliza-
tion buffer (400pg/mL digitonin, 75mM KCl, 1mM
NaH,PO,, 8 mM Na,HPO,, 250 mM sucrose) with a protease
inhibitor cocktail. All of the samples were kept on ice for
10 minutes and spun at 16 000g for 5 minutes at 4°C; the super-
natants were kept as the cytosolic fractions. Protein quantifica-
tion was executed as described above, and aliquots of 60 pg of
protein were prepared, denatured, and separated on 15%
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SDS-polyacrylamide gels. Proteins were transferred to PVDF
membranes and blocked as above. The membranes was incu-
bated overnight at 4°C with anti-cytochrome ¢ (Cell Signaling
Technology) diluted in 5% nonfat milk. The membrane was
washed and developed as above.

Western blot analysis of DR4 and DRS5 expression

Cells were collected with cell dissociation buffer (Gibco) and
lysed with RIPA buffer as described above. After the mem-
branes were blocked, the membranes were incubated overnight
at 4°C with anti-DR4 (Imgenex, Littleton, CO) in 5% nonfat
milk or anti-DRS5 (Cell Signaling Technology) in 5% bovine
serum albumin (Fisher Scientific). The membranes were
washed and developed as described above. Densitometry was
calculated from Image] software.

Flow cytometry analysis of DR4 and DR5

expression

Cells were collected with cell dissociation buffer and spun at
1000rpm for 3minutes. Cells were resuspended in staining
buffer (2% FBS, 0.02% sodium azide, and PBS) and incubated
with anti-DR4-PE or anti-DR5-PE (eBioscience, San Diego,
CA, USA) for 1hour in the dark at 4°C; a mouse IgG1 K iso-
type control (eBioscience) was used to compensate for any
nonspecific binding. Cells were washed twice with staining
buffer and resuspended in staining buffer for analysis. DR4 and
DR5 membrane expressions were analyzed on a BD
FACSCanto II flow cytometer using FACSDiva software.
Histograms were prepared employing Flowing Software 2.
Each experiment was performed in triplicate, and 3 independ-
ent experiments were conducted for each cell line to obtain the
fold increase in DR4 or DRS5 cell surface expression relative to
the vehicle-treated control = SEM.

Rewverse lmnscription—po[ymem&e chain reaction

analysis for DR5 and c-FLIP;

Total RNA was extracted from cells using TRIzol Reagent
(Ambion, Pittsburgh, PA, USA). Reverse transcription-poly-
merase chain reaction (RT-PCR) was performed following the
manufacturer’s protocol (Invitrogen SuperScript III One-Step
RT-PCR System with Platinum 7ig DNA Polymerase; Thermo
Fisher Scientific). Human DR5 messenger RNA (mRNA) was
amplified using the forward primer 5-GGGAGCCGCT-
CATGAGGAAGTTGG-3' and the reverse primer 5'-GG-
CAAGTCTCTCTCCCAGCGTCTC-3' (182-bp [base pairs]
product). For c¢FLIP;, forward primer 5-CTTGGCC-
AATTTGCCTGTAT-3' and the reverse primer 5'-CCCAT
GAACATCCTCCTGAT-3' were used (149-bp product). For
B-actin, the forward primer 5'"-TGACGGGGTCACCCACA-
CTGTGCC-3' and the reverse primer 5'-CTGCATCCT-
GTCGGCAATGCCAG-3" were used (570-bp product).

Complementary DNA synthesis was performed at 60°C for
30minutes using the Applied Biosystems GeneAmp PCR
System 9700. The PCR cycling conditions (40 cycles) were cho-
sen as follows: denature for 2 minutes at 94°C, anneal for 30 sec-
onds at 55°C for c-FLIP; and 65°C for DRS5 and B-actin, extend
for 1 minute and 30seconds at 63°C, and execute a final exten-
sion for 10 minutes at 68°C. Reaction products were analyzed on
1.2% agarose gels. The bands were visualized by ethidium bro-
mide (Invitrogen, Carlsbad, CA, USA) and a UV illuminator
(UVP, Upland, CA, USA).

Examining posttranslational effects of Q

Cells were treated with 0.25 uM MG132 alone and in combi-
nation with 50pM Q_along with a vehicle-treated control.
Cells were collected, washed, lysed, and quantified as above.

Western blot analysis was performed as above probing for
c-FLIP.

Co-immunaprecipitation

Columns were prepared according to the manufacturer’s
instructions (Pierce Co-IP Kit) with 5 pg of anti-c-FLIP. Cells

were  collected,  washed, lysed, and  quantified.
Co-immunoprecipitation (Co-1P) was preformed overnight at
4°C with 500pg of precleared lysate. Proteins were eluted
according to the manufacturer’s instructions and analyzed by
Western blotting probing for ubiquitin (Cell Signaling

Technology) and c-FLIP on 15% SDS-polyacrylamide gels.

Statistical analysis

Data were analyzed using Student # test and analysis of vari-
ance, and the differences between experimental and control
groups were considered statistically significant at P values less
than .05.

Results

Fluorescence-activated cell sorting analysis of

rhTRAIL~induced apoptosis

Fluorescence-activated cell sorting (FACS) analysis was com-
pleted on breast cancer cells treated with increasing concentra-
tions of Q_(12.5, 25, and 50 pM) in the presence or absence of
100ng/mL rhTRAIL to ascertain Q’s sensitizing effects on
thTRAIL-induced apoptosis (Figure 1). Quercetin enhanced
thTRAIL-induced apoptosis in both breast cancer cell lines.
However, for breast cancer MCF-7 cells, Q did not have a con-
siderable impact on promoting rhTRAIL-induced apoptosis
when compared with Q-mediated thTRAIL-induced apopto-
sis in breast cancer BT-20 cells. For example, breast cancer
MCF-7 and BT-20 cells treated with 50 pM Q_produced on
average about 15% and 20% apoptotic cells, respectively
(P<.05), whereas the cotreatment of 50 uM Q and 100 ng/mL
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Figure 1. Q enhances rhTRAIL-induced apoptosis in breast cancer cells. Cells were treated with increasing concentrations of Q in the presence and
absence of 100ng/mL rhTRAIL for 72hours. (A) For the representative FACS plots, the left top quadrants represent Annexin V-/Pl+ dead cells, the right
top quadrants represent Annexin V+/Pl+ late apoptotic dead cells, the left bottom quadrants represent Annexin V-/Pl- viable cells, and the right bottom
quadrants represent Annexin V+/Pl- early apoptotic cells. Bar graphs (B) BT-20 and (C) MCF-7 display the average total percent of apoptotic cells
(Annexin V+ cells) + SEM, and the average was calculated from 3 independent experiments performed in triplicate (n=9). P<.05 except *. Pl indicates
propidium iodide; Q, quercetin; rhTRAIL, recombinant human tumor necrosis factor-related apoptosis-inducing ligand.

thTRAIL on MCF-7 and BT-20 cells produced on average
about 25% and 45% apoptotic cells, respectively (P<.05). It
should be noted that 100 ng/mL rhTRAIL alone did not pro-
duce a significant amount of apoptotic breast cancer cells when
compared with the vehicle-treated control.

Detection of the pathway of apoptosis

Breast cancer cells were treated the same as the FACS analysis.
The protein levels of caspase 8, cytosolic cytochrome ¢, caspase
3 (only for BT-20 cells because MCF-7 cells lack procaspase 3
expression), caspase 7, and cleaved PARP were all upregulated
with the cotreatment of Q and rhTRAIL, whereas Bid expres-
sion was downregulated when compared with the vehicle-
treated controls and single-agent treatments in both breast
cancer cell lines (Figure 2). Densitometry results are illustrated
in Figure 3. These results indicate that the extrinsic pathway
was induced as marked by caspase 8 activation, executioner cas-
pase 3 and/or caspase 7 activation, and PARP cleavage. In
addition, Q_alone did exhibit minimal proapoptotic effects on
breast cancer cells as illustrated by PARP cleavage. Furthermore,
cytochrome ¢ was released from the mitochondria in both
breast cancer cells treated with 50 pM Q_demonstrating the
initiation of the intrinsic pathway of apoptosis. Also, it should

be noted that PARP fragmentation was not observed with
single-agent thTRAIL treatment at 100 ng/mL for both breast
cancer cell lines supporting data gathered from other research-
ers that breast cancer BT-20 and MCF-7 cells are TRAIL
resistant.*! In addition, TRAIL did not induce apoptosis in
MCF-10A cells.*? These data together with the data from
FACS shown in Figure 1 strongly suggest that Q_sensitized
breast cancer cells to hTRAIL-induced apoptosis through the
induction of the extrinsic pathway of apoptosis.

Synergism of Q and rhTRAIL

The Chou-Talalay method was applied to calculate the combi-
nation index (CI) for the cotreatment of Q and rhTRAIL in
both breast cancer cell lines (Figure 4). The Cls for both breast
cancer cell lines were less than 1 indicating that a synergic
effect was observed and not an additive effect (CI=1) or an
antagonistic effect (CI>1).

Q induces the proteasome-mediated degradation of
c-FLIP;

Considering that Q_was shown to sensitize breast cancer to
rhTRAIL-induced apoptosis through the extrinsic pathway by
enhanced activation of caspase 8, Q’s impact on the expression of
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Figure 2. Q and rhTRAIL induce the extrinsic pathway of apoptosis. Both breast cancer cell lines (A) BT-20 and (B) MCF-7 were sensitized to rhTRAIL-
induced apoptosis via Q cotreatment as marked by the activation of caspase 8, the activation of executioner caspases 3 and 7, and the cleavage of PARP.
B-actin was used as loading control and probed for each blot; the p-actins shown are representative results for each cell line. PARP indicates poly
(adenosine diphosphate-ribose) polymerase; PI, propidium iodide; Q, quercetin; rhTRAIL, recombinant human tumor necrosis factor-related apoptosis-

inducing ligand.

the caspase 8 inhibitor c-FLIP was assessed. Results gathered
from Western blot analysis demonstrate that Q_downregulated
the expression of the long form of ¢-FLIP (c-FLIP;) in breast
cancer in a dose-dependent manner after 72hours (Figure 5A).
Preliminary assays were performed with 24-, 48-, and 72-hour
Q-treated breast cancer cells, and Qs impact on c-FLIP; was
not displayed until after 72hours. At the highest concentration
of Q_used in our study (50pM), expression of c-FLIP; was
downregulated by about 9-fold and 3-fold in comparison with
the vehicle-treated control for breast cancer BT-20 and MCF-7
cells, respectively. To observe whether Q-induced downregula-
tion occurred through the proteasome-mediated degradation of
c-FLIP; , a proteasome inhibitor M(G132 was used. MG132 was
used at a low concentration of 0.25 uM in presence and absence
of 50pM Q_along with a vehicle-treated control. Inhibition of
the proteasome resulted in the prevention of c-FLIP; down-
regulation through Q_treatment. In addition, c-FLIP; expres-
sion did not differ between the vehicle-treated control and the
breast cancer cells treated with only the proteasome inhibitor
MG132 (Figure 5B). Furthermore, Co-IP was performed prob-
ing for ubiquitin demonstrating that Q_promoted the ubiquit-
ination of ¢-FLIP; in breast cancer (Figure 5C and D). Hence,
for breast cancer, Q_enhances rthTRAIL-induced apoptosis
through the proteasome-mediated degradation of c-FLIP; via
increased ubiquitination.

Qs impact on DR4 and DR5 expression

Western blot and flow cytometry analyses were performed to
discover Q’s effects on DR4 and DR5 protein and cell surface
expression in breast cancer. DR5 protein expression was upreg-
ulated in BT-20 cells with Q _treatment dose dependently only

after 72 hours, but Q_did not influence DR4 protein expression
in BT-20 cells (Figure 6A). DR5 and DR4 protein expressions
did not change significantly in Q-treated MCF-7 cells (Figure
7A). Moreover, FACS analysis revealed that BT-20 cells express
both receptors on the cell surface (Figure 6B to D), and DR4
expression was not upregulated significantly with Q (P>.05) for
all treatments when compared with control), whereas Q_did
induce the upregulation of DR5 membrane expression. The
FACS analysis also showed that MCF-7 cells express both
receptors on the cell surface (Figure 7B to D). DR4 cell surface
expression was not upregulated significantly with single-agent
Q_treatment (P>.05 for all treatments when compared with
control), but 50uM Q_slightly upregulated DR5 membrane
expression when compared with the vehicle-treated control.
The results obtained from FACS analysis agree with the data
derived from Western blot analysis for both cell lines. Therefore,
Q-induced DRS5 upregulation is an additional factor for the
heightened thTRAIL sensitivity observed in TNBC cells.

Comparing DR4 and DRS5 expression in breast
cells

Western blot and flow cytometry analyses were performed to
compare the expression of DR4 and DR5 in breast cancer BT-20
and MCF-7 cell lines to DR4 and DRS5 expression in nontumo-
rigenic breast epithelial MCF-10A cells. MCF-10A had the
highest DR4 and DR5 membrane and protein expression, and
BT-20 cells had the lowest DR4 and DRS protein and mem-
brane expression levels (Figure 8). In addition, Q_did not affect
the expression of DR4 and DR5 in MCF-10A cells. Overall, the
data demonstrate that Q_specifically upregulates DRs in malig-
nant breast cancer cell lines only (Figure 9).
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in both breast cancer cell lines (A) BT-20 and (B) MCF-7. Q indicates
quercetin; rhTRAIL, recombinant human tumor necrosis factor-related
apoptosis-inducing ligand.

Q5 effects on DRS and c-FLIP; expression at the
transcriptional level

Quercetin was shown to increase the expression of DR5 and
decrease the expression of c-FLIP; in breast cancer, but it was
unknown whether Q_acts at the transcriptional level to affect
DRS5 and ¢-FLIP; . Therefore, RT-PCR was executed apply-
ing P-actin as a positive control (Figure 10). Through
RT-PCR analysis, we show that Q_did not induce any change
in c-FLIP; mRNA expression in breast cancer cells. The
combined data suggest that Q-induced c-FLIP; downregula-
tion must occur at the posttranslational level. Finally, Q_did
increase DR5 mRNA levels dose dependently in TNBC
BT-20 cells correlating with the increase in the protein
expression observed through Western blot and FACS analy-
ses. Therefore, Q-induced DR5 upregulation in TNBC
occurs transcriptionally.

Discussion
Breast cancer affects women worldwide. Traditional chemo-
therapy and radiation treatments for breast cancer rely on p53

to induce the intrinsic pathway of apoptosis, but many cancers
possess a nonfunctional p53 gene resulting in necrosis rather
than apoptosis after chemotherapy and radiation producing
adverse side effects in patients. Recombinant human tumor
necrosis factor—related apoptosis-inducing ligand possesses the
ability to induce apoptosis through the induction of the extrin-
sic pathway of apoptosis in cancer cells and induce apoptosis
through the induction of the intrinsic pathway of apoptosis
independent of p53.771044 Recombinant human tumor
necrosis factor-related apoptosis-inducing ligand has been
proposed to be used as an anticancer therapeutic. However,
clinical trials using thTRAIL as a potential anticancer thera-
peutic were terminated due to a lack of clinical efficacy, and in
vitro studies have found that rhTRAIL treatment had limita-
tions due to many cancer cell lines being resistant. This study
focused on evaluating the potential of Q as a potent sensitizing
agent for thTRAIL-induced apoptosis in thTRAIL-resistant
TNBC BT-20 and hormone-dependent breast cancer MCF-7
cells; it should be noted that the combinatorial treatment of Q_
and rhTRAIL has not been examined before in the breast can-
cer cell lines of interest.?$34354 Through in vitro analysis, we
show that Q_possesses the capability to act as a sensitizing
agent for rhTRAIL-resistant breast carcinoma.

To assess the interaction of Q and rhTRAIL, Western blot
analysis and Annexin V/PI assays were performed after
72 hours of treatment. The time course of 72 hours was cho-
sen after preliminary experiments showed that Q’s impact on
c-FLIP; and DR5 did not occur until after 72 hours. Other
investigations have treated cells with Q_at greater concentra-
tions (100, 150, 175, and 200pM) for 24 and 48hours,
whereas our investigation applies at most 50 M of Q.233440,46
Both assays confirmed that Q_augments rhTRAIL-induced
apoptosis in breast cancer BT-20 and MCF-7 cells via the
execution of the extrinsic pathway and the activation of cas-
pase 8, the activation of executioner caspases 3 and 7, and the
cleavage of PARP; furthermore, the results demonstrated that
Q_had the ability to promote apoptosis as a single agent but
rhTRAIL did not. In addition, the cotreatment of Q_and
rhTRAIL exhibited a synergistic effect in breast BT-20 and
MCF-7 cells. Therefore, Qs mechanism of sensitization
needed to be elucidated.

Previous studies have proposed that one reason cancer cell
lines are resistant to thTRAIL-induced apoptosis is through
the upregulation of the c-FLIP, a significant inhibitor of the
extrinsic pathway.* The c-FLIP; is structurally similar to cas-
pase 8, and at high-expression levels, it has the ability to pre-
vent caspase 8 activation when bound to the death-inducing
signaling complex and thus suppressing the DR signaling
pathway.*# Consequently, c-FLIP; expression was evaluated
and found to be significantly downregulated in Q-treated
breast cancer cells.

Considering Q-induced downregulation of c-FLIP; in breast
cancer, the underlying mechanism for Q’s sensitization needed
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Figure 5. Q promotes the proteasome-mediated degradation of c-FLIPL. Western blotting revealed that Q decreases c-FLIP_ expression in (A) BT-20 and
MCF-7 cells in a dose-dependent manner. (B) BT-20 and MCF-7 cells were treated with a proteasome inhibitor MG132 alone and in combination with Q for
72hours, and the cotreatment of MG132 and Q recovered c-FLIP protein expression in breast cancer. Co-IP was performed on (C) BT-20 and (D) MCF-7
cells treated in the presence and absence of 50uM Q for 72hours. Q enhanced the ubiquitination of c-FLIP_in breast cancer. Blots were also probed for
c-FLIP_ to confirm that the Co-IP was properly executed. Co-IP indicates co-immunoprecipitation; Q, quercetin.

A BT-20

0 125 25 50uMQ
W R e e |DRS

D

DR4
B3 DRS

=
L

DRS

DR4

Fold Increase in Receptor Surface Expression

PE-A

103

Figure 6. DR4 and DR5 expression in Q-treated breast cancer BT-20 cells. (A) DR4 and DR5 (mature form) protein levels were assessed after 72hours of
treatment; Q upregulated DR5 expression in a dose-dependent manner. (B) DR5 and (C) DR4 cell surface expression levels for Q-treated BT-20 cells
were analyzed by flow cytometry. For the representative histograms (B) and (C), vehicle-treated control=green, 12.5uM Q=yellow, 25 uM Q=black, and
50pM Q=blue. (D) The bar graphs represent the average fold increase in DR4 or DR5 cell surface expressions relative to the vehicle-treated

control+SEM from 3 independent experiments performed in triplicate (n=9).

P> .05 except *. Q indicates quercetin.

to be elucidated. Through RT-PCR analysis, Q was found to not
affect the mRNA expression of ¢-FLIP; in either breast cancer
cell line. Analysis was then performed at the posttranslational
level through the treatment of both breast cancer cell lines with
the 50pM Q_alone and in combination with the proteasome
inhibitor MG132, and ¢-FLIP; expression was assessed. We
have established that Q promoted the ubiquitination of c-FLIP;
in breast cancer which has not been determined before in cancer
cell lines. This is most likely the only pathway for c-FLIP; deg-
radation because if proteasome inhibitor is applied at a greater
concentration, then a more pronounced effect of c-FLIP; recov-
ery would be seen but the dead cells could be due to the high
concentration of the inhibitor rather than Q. Thus, from these

findings we can conclude that Q_sensitizes TNBC and hor-
mone-dependent breast cancer cells to rhTRAIL-induced
apoptosis through the proteasome-mediated degradation of
c-FLIP; because of enhanced ubiquitination.

Previous investigations have proposed that
rhTRAIL-resistant cancer cell lines express low levels DR4
and DR5 and thereby making them less sensitive to
thTRAIDLs proapoptotic effects.?®3* Quercetin has been

shown to upregulate DR5 expression level in prostate cancer

some

and hepatoma but not in breast cancer.?®3* Hence, DR4 and
DRS5 protein expressions were examined by Western blot-
ting, and DR4 and DRS5 cell surface expressions were exam-

ined by FACS. The data proved that Q_had the ability to
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Figure 8. Comparing DR4 and DR5 expression among breast cancer cells and normal breast cells. (A) DR4 and DR5 (mature form) protein levels were
compared among breast cancer cells (BT-20 and MCF-7) and nontumorigenic breast epithelial cells (MCF-10A). (B) DR5 and (C) DR4 cell surface

expression for cells were also evaluated. For the representative histograms (B) and (C), BT-20=blue, MCF-7=red, MCF-10A=green. (D) The bar graphs
represent the DR4 or DR5 cell surface expression+SEM from 3 independent experiments performed in triplicate (n=9). (E) MCF-10A cells were treated

with Q for 72hours, and there was no change in DR4 and DR5 expression.

significantly upregulate DRS5 expression in TNBC BT-20
cells, but Q_had less of an effect on DR5 expression in hor-
mone-dependent breast cancer MCF-7 cells. When compar-
ing the expression levels of DRs, nontumorigenic breast
epithelial MCF-10A cells had the highest expression of
DRs, whereas TNBC BT-20 cells had the lowest expression
of DRs. These results match another investigation compar-
ing DR4 and DRS5 protein expression in breast cancer
MCF-7 cells and nontumorigenic breast epithelial MCF-
10A cells where MCF-10A cells expressed more DR4 and

DRS5 in comparison with MCF-7 cells.>® In addition, Q_did
not affect DR4 and DRS5 protein expression in nontumori-
genic breast epithelial MCF-10A cells.

Since Q-induced DRS5 upregulation in breast cancer, the
underlying mechanism for this augmentation of rhTRAIL
sensitivity, needed to be elucidated. The RT-PCR analysis
demonstrated that Q_enhanced DR5 mRNA expression in a
dose-dependent manner most significantly in TNBC BT-20
cells. Thus, Q_increases thTRAIL sensitivity in TNBC cells
through the upregulation of DR5 transcriptionally.
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Figure 9. Densitometry results for death receptors and c-FLIP . Densitometry results for Western blots for DR4, DR5, and c-FLIP, were calculated using ImageJ software and graphs were generated
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Figure 10. Q induces DR5 upregulation transcriptionally. (A) BT-20 and (B) MCF-7 cells were treated with increasing concentrations of Q for 72hours,
and reverse transcription-polymerase chain reaction was executed with p-actin as a positive control. Q upregulated DR5 mRNA expression in TNBC
BT-20 dose dependently, but Q did not affect c-FLIP_ mRNA expression in breast cancer. mRNA indicates messenger RNA; Q, quercetin.

Conclusions

Overall, the data presented here demonstrate that Q_is an
effective sensitizing agent for thTRAIL-resistant breast carci-
noma. Through in vitro analysis, the cotreatment of Q_and
thTRAIL proved efficacious for hormone-dependent breast
cancer and TNBC. Our results suggest that the enhanced
ubiquitination of ¢-FLIP; by Q_could be a novel mechanism
underlying the downregulation of c-FLIP; facilitating the
enhanced rhTRAIL sensitivity. Therefore, this cotreatment
should be explored further in vivo to determine its clinical effi-
cacy as a potential breast carcinoma therapeutic regimen espe-

cially for the more fatal TNBCs.
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