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Abstract Thymoquinone (TQ) is the active ingredient of
Nigella sativa which has a therapeutic potential in cancer ther-
apy and prevention. In this study, TQ has been shown to
induce specific cytotoxicity and apoptosis and to inhibit
wound healing in triple-negative breast cancer cell line. TQ
also inhibited cancer growth in a mouse tumor model.
Moreover, TQ and paclitaxel (Pac) combination inhibited can-
cer growth in cell culture and in mice. Genes involved in TQ
and TQ-Pac-mediated cytotoxicity were studied using focused
real-time PCR arrays. After bioinformatic analysis, genes in
apoptosis, cytokine, and p53 signaling categories were found
to be modulated with a high significance in TQ-treated cells
(<1028 p<107%, and p<107, respectively). Important to
note, TQ has been found to regulate the genes involved in
the induction of apoptosis through death receptors (p=5.5x
107°). Additionally, tumor suppressor genes such as p21,
Brcal, and Hicl were highly upregulated by TQ and TQ-
Pac combination. Interestingly, when cells were treated with
high dose TQ, several growth factors such as Vegf and Egf
were upregulated and several pro-apoptotic factors such as
caspases were downregulated possibly pointing out key
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pathways manipulated by cancer cells to resist against TQ.
In cells treated with the combination of TQ and Pac, genes
in apoptosis cascade (p<10"'?), p53 signaling (p=10"), and
JAK-STAT signaling (p<10°) were differentially expressed.
TQ has also been shown to induce protein levels of cleaved
Caspase-3, Caspase-7, and Caspase-12 and PARP and to re-
duce phosphorylated p65 and Aktl. The in vivo therapeutic
potential of TQ-Pac combination and the genetic network in-
volved in this synergy have been shown for the first time to the
best of our knowledge.

Keywords Thymoquinone - Paclitaxel - Breast cancer -
In vivo - Synergy - Gene expression profile - Intrinsic and
extrinsic apoptosis axis - p53 signaling

Introduction

Thymoquinone (TQ) is the active ingredient of the essential
oil of Nigella sativa [1]. Numerous studies demonstrated the
therapeutic role of TQ in cancer therapy and prevention [2].
The therapeutic role of TQ in cancer has been shown to be
mostly dependent (but not limited to) on three regulatory net-
works: (i) apoptosis, (ii) cell cycle, and (iii) NF-Kappa-B sig-
naling. TQ has been shown to induce apoptosis in various
cancer types through the modulation of key factors including
P53; P21WAF1; caspases 3, 8, and 9; Bax; and Bcl-2 [3-7].
TQ also intervenes with cell cycle progression and inhibits G1
to S phase progression [5-8].

TNF-alpha may involve in inflammation and cell prolifer-
ation through NF-kappa-B signaling pathway [9]. TQ has
been reported to inhibit NF-kappa-B activation and TNF pro-
duction in various autoimmune models and cancer cell lines
[9-14]. One of the mechanisms that TQ suppressed NF-
kappa-B pathway is the inhibition p65 binding to DNA [7].
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We recently reported that the transcription of multiple genes in
the TNF-NF-kappa-B signaling axis was found to be affected
during TQ-mediated apoptosis in HeLa cells [15]. TQ
inhibited in vivo growth of mouse mammary tumor through
NF-kappa-B [11].

TQ arrested cells in G1 phase, affected cell cycle genes
(cyclin D1, cyclin E, and p27), and induced apoptosis and
disturbed the structure and function of mitochondria in breast
cancer cell lines [16] and in triple-negative breast cancer cells
lacking functional P53 [17]. Anti-tumor effect of TQ through
p38 has been found in breast cancer models [18]. TQ has been
demonstrated to inhibit Akt phosphorylation and synergize
with cisplatin [19]. TQ has also been found to sensitize breast
cancer cells to a single dose of ionizing radiation [20] and
doxorubicin in multidrug-resistant breast cancer cell line [21].

Taxol was first isolated from Zaxus brevifolia in 1971 in an
effort by National Cancer Institute in USA [22]. Taxol targets
cancer cells through stabilization of microtubules [23].
Paclitaxel (Pac) and docetaxel are active compounds of two
taxol-based commercial preparations and currently used in
breast and ovarian cancer therapies [24]. There are only few
studies on in vitro combination of TQ and Pac. In one study,
TQ-loaded nanoparticles have been shown to sensitize cancer
cells to Pac-induced cytotoxicity [14]. In another study, TQ
and docetaxel combination had synergistic cytotoxicity
in vitro in prostate cancer cells [25]. To the best of our knowl-
edge, there is not a study on the combination of TQ and Pac
in vivo.

Ehrlich ascite tumor is a non-differentiated tumor cell line
which is derived from mouse mammary adenocarcinoma and
can form ascites progressively when injected intraperitoneally
in mice [26]. 4T1 is a mammary carcinoma cell line derived
from a spontaneous tumor of Balb/c mice and represents a
stage 1V, triple-negative, highly metastatic breast cancer [27,
28].

In this study, the therapeutic effect of TQ and Pac has been
demonstrated in both in vitro and in vivo breast cancer
models. Importantly, detailed investigation on genetic net-
works involved in the action of TQ and Pac was performed
using pathway focused real-time PCR panels. Genes that take
part in apoptosis, cell proliferation, growth factor activity, and
cytokine activity have been demonstrated to have significant
importance in the therapeutic role of TQ.

Materials and methods

Animals

Eight to twelve-week female Balb/c mice obtained from the
Hakan Cetinsaya Experimental and Clinic Research Center,

Erciyes University, Kayseri, Turkey, were used for this study.
All the animals received humane care according to the
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standard guidelines. Ethical approval for the study was obtain-
ed from Erciyes University Animal Researche Local Ethics
Committee and the ethic regulations have been followed in
accordance with international, national, and institutional
guidelines.

Cell culture

Mouse breast cancer cell line, 4T1 (ATCC CRL-2539), was
cultured in RPMI-1640 growth medium (Biochrom, Berlin,
Germany) with the supplements (10 % FBS (Biochrom),
2 mM L-glutamine (Biochrom), 1 mM sodium pyruvate
(Biochrom), 10 mM HEPES (Biochrom), and penicillin—
streptomycin (Biochrom)) at 37 °C and 5 % CO, under sterile
conditions. Mouse embryonic fibroblasts, PMEF (PMEF-
CFL-P1), was cultured in DMEM growth medium
(Biochrom) with the supplements.

Cell viability assays

4T1 and mouse embryonic fibroblast (MEF) cells were incu-
bated in the presence of certain doses of TQ (Sigma,
Taufkirchen, Germany) for 48 h. Cell viability assays were
performed as described by us earlier [15].

Assessment of apoptosis with Giemsa staining of 4T1 cells

4T1 breast cancer cells were grown to 60—70 % confluency in
six-well plate for 24 h at a density of 3-4x10* cells/cm?.
Then, cells were incubated at 37 °C and 5 % CO, with certain
concentrations of TQ (control, 6.25, 12.5, 25, 50, and
100 uM) for 24 h. Assessment of apoptosis with Giemsa
staining was performed as described in [15].

Wound healing assay

4T1 cells were grown to 100 % confluency in 25-cm? flasks.
A scratch wound was made in all flasks. Cells were incubated
at certain different concentrations (0, 6.25, 12.5, 25, 50, and
100 uM) of TQ for 48 h. Wound healing assay was performed
as described in [15].

In vitro cytotoxicity assay for the combination
of thymoquinone and paclitaxel

4T1 breast cancer cells were grown to 70 % confluency in six-
well plate at a density of 3—4x 10* cells/cm?. TQ (Sigma) and
Pac (Bristol Myers Squibb, New York, USA) were added at
certain concentrations, and cells were incubated for 24 h. Cell
viability assays were performed as described in [15]. Ehrlich
tumor cells were injected intraperitoneally (i.p.) into mice, and
after 8-10 days, cells were collected from tumor ascites of
mice and counted using trypan blue staining. Approximately,
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5x10° cells were plated in 2-ml 24-well plates. TQ and Pac
were added at certain concentrations, and cells were incubated
for 24 h. Total number of viable cells was calculated by
counting in hemacytometer using trypan blue staining.

In vivo mouse tumor model

Ehrlich tumor ascites (EAC) were kindly provided by Assoc.
Prof. Dr. Tolga Ertekin, Erciyes University. EAC cells were
obtained from tumor ascite fluids of previously injected fe-
male Balb/c mice. Each mice were injected with 5x 10° cells
in 200 pul volume, and mice were weighed daily. Tumor
growth was monitored by the evaluation of the weights of
mice. The doses of TQ and Pac (Bristol Myers Squibb) were
administered intraperitoneally daily for TQ and weekly for
Pac. TQ was dissolved in dimethyl sulfoxide (DMSO) and
then diluted in ddH,O on the day of injection. Pac was in a
suspension including 50 % ethanol and diluted in ddH,O on
the day of injection. Control mice were injected with the same
amount of DMSO and/or ethanol in ddH,O. Tumor growth
was monitored by weighing the mice daily. Student’s ¢ test
was used to compare the difference between the groups.

RNA isolation and cDNA synthesis

For RNA isolation, 4T1 cells were grown to 90—-100 %
confluency for 48 h in 25-cm? flasks. Then, certain concen-
trations of TQ were added, and cells were incubated for 24 h.
As a control, only DMSO was added as vehicle. 4T1 cells
were washed with PBS and trypsinized. RNA isolation was
performed using RNeasy Plus Mini Kit (QIAGEN, Hilden,
Germany). RNA quality and concentration were checked with
NanoDrop. OD 260/280 and 260/230 values were above 1.8
for all samples. RNAs were kept frozen at —80 °C. Five hun-
dred nanograms of RNA was used for cDNA synthesis using
RT? First Strand Kit (QIAGEN). Briefly, RNA, BufferGE2,
and RNAse-free H,O were mixed and incubated at 37 °C for
5 min for genomic DNA elimination. Then, Buffer BC4 in-
cluding reverse transcriptase, random hexamers, oligo-dT, and
other components were added. The mix was incubated at
42 °C for 15 min and 95 °C for 5 min. cDNAs were diluted
with RNAse-free H20 and kept frozen at —20 °C until the
gene expression analysis.

Gene expression analysis by quantitative real-time PCR

In this study, QTAGEN RT? Profiler PCR Arrays were uti-
lized. Three panels used were the following: (i) Mouse
Apoptosis Array, (i) Mouse Breast Cancer Array, and (iii)
Mouse Wound Healing Array. These panels have primers for
84 pathway-related genes, 5 housekeeping genes, additionally
3 primers for reverse transcription control, 3 primers for pos-
itive PCR control, and 1 primer for genomic DNA

contamination control. For real-time PCR experiment, briefly,
2xRT’SYBR Green Mastermix, cDNA, and RNAse-free H,O
were mixed and added into each well of 96-well plate. Roche
LightCycler 480 instrument was used to run real-time PCR.
The protocol for real-time PCR was the following: 1 cycle of
preincubation for 10 min at 95 °C and 45 cycles of amplifica-
tion for 15 s at 95 °C, for 1 min at 60 °C. Each experiment was
performed twice. The expression data was analyzed online
using the “Data Analysis Center” software (QIAGEN). Ct
cutoff threshold was set as 35. Average of the expression
values of five housekeeping reference genes were used for
the normalization of target genes. Genes that were downreg-
ulated or upregulated more than twofold were considered to
be modulated. The bioinformatics analysis of the gene list was
performed using the functional annotation tool of the bioin-
formatics software, DAVID [29, 30].

Western blotting

4T1 cells were grown to 60—70 % confluency in 10-cm petri
dishes at a density of 3-4x10* cells/cm®. Then, cells were
incubated at 37 °C and 5 % CO, with certain concentrations
of TQ (control, 12.5, 25, and 50 uM), Pac (10 pg/ml), and
Pac+TQ (10 pg/ml+12.5 uM) for the indicated time. Cells
were washed and lysed in 150 pul RIPA buffer (no. R0278,
Sigma) for 30 min, and supernatants were collected after cen-
trifugation. Twenty micrograms of protein were run using
ready-to-use gels (no. 456-8123, Bio-Rad, California, USA)
and blotted to PVDF membrane (no. 10413096, GE
Healthcare Life Sciences, USA). Membranes were blocked
with nonfat dry milk (no. 170-6404, Bio-Rad) for 1 h and probed
overnight at 4 °C with the following primary antibody sets:
Apoptosis antibody sampler kit (mouse preferred, no. 9930,
Cell Signalling Technology, MA, USA), Caspase 7 antibody
(no. 9492), Cleaved Caspase 7 (no. 9491), Phospho-Akt (no.
4060), Beta-Actin (no. 3700) and Beta-Tubulin (no. 2146),
Phospho-p65 (no. 3033), p65 (sc-109, Santa Cruz
Biotechnology, Dallas, USA), Bcl-2 (sc-492), Bax (sc-493),
and appropriate secondary antibodies (All from Cell
Signalling Technology). Membranes were treated with ECL
(no. 170-5060, Bio-Rad) and visualized using ChemiDoc MP
imaging system instrument (Bio-Rad).

Results

Thymoquinone induces stronger cytotoxicity in 4T1
mouse breast cancer cells compared to control fibroblast
cells

Cytotoxic effect of TQ was studied using cell viability assay

by the utilization of 4T1 mouse breast cancer cell line and
mouse embryonic fibroblasts (MEF). 4T1 and MEF cells were
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incubated at different concentrations of TQ ranging from
3.125 to 100 uM by twofold increments. TQ induced effective
cytotoxic effect on 4T1 cells with an ICs, value of approxi-
mately 1.3 uM (Supplementary Fig. 1B). Cytotoxic effect of
TQ on MEF was milder with an ICs, value of 10.3 uM
(Supplementary Fig. 1C).

TQ inhibits wound healing and migration in 4T1 cells

An in vitro cell culture wound healing assay was performed to
evaluate the impact of TQ on the proliferation and migration
of 4T1 breast cancer cells. After making the scratch wound,
cells were grown in culture medium containing TQ in concen-
trations of 6.25, 12.5, 25, 50, and 100 uM together with con-
trol. Microscope images were taken at the beginning and at
every 12 h (Fig. 1a). The closure of the wound gap was mon-
itored and calculated by making multiple measurements using
specific image software. TQ significantly inhibited wound
healing at all doses except for 6.25 uM (Fig. la, b).
Averages of measurements of wound healing were plotted
(Fig. 1b, Supplementary Table 1).

TQ induces apoptosis in 4T1 cells

Degree of apoptosis induced by TQ was evaluated in4T1 cells
using Giemsa staining. Treatment with TQ for 24 h resulted

Control

Fig. 1 a Scratch wound healing
assay in the presence of different
concentrations of TQ. a
Representative images were
obtained at the beginning, at 12
and 24 h. a—fTmages of scratch
wounds in cultures for the control,
6.25, 12.5, 25, 50, and 100 uM
concentrations of TQ,
respectively, at the beginning. g—/
Images of scratch wounds in
cultures at 12 h. m—s Images of
scratch wounds in cultures at

24 h. Arrows indicate the width of B

apoptosis in 4T1 cells at all doses ranging from 6.25 to
100 uM (Supplementary Fig. 2). Apoptotic cells were clearly
identified by their condensed and darker nucleus and changed
morphology (Supplementary Fig. 2A—E). Percentages of ap-
optotic cells were 11.8+£1.6 for the control, 25.8+2.8 for
6.25 uM, 67.6+3.2 for 12.5 uM, 86.6+1.6 for 25 uM, 98.4
+0.9 for 50 uM, and 100+0 for 100 uM dose of TQ in 4T1
breast cancer cells, respectively. Percentages of apoptotic cells
were plotted (Supplementary Fig. 2F).

Combination of TQ and Pac strongly induces cytotoxicity
in 4T1 cells and Ehrlich tumor cells in vitro

TQ and Pac both induced cytotoxicity in 4T1 cells (Fig. 2a).
When TQ and Pac were combined together (TQ 6.25, 12.5,
and 25 uM and Pac 10 pg/ml), they induced a stronger cyto-
toxicity compared to each agent alone (TQ 6.25 uM+Pac
10 pg/ml vs. Pac 10 pg/ml, p=0.0004; TQ 12.5 uM+Pac
10 pg/ml vs. Pac 10 pg/ml, p=0.0001; TQ 25 uM+Pac
10 pg/ml vs. TQ 25 uM, p=0.0002) (Fig. 2a). Interestingly,
when TQ was added before Pac, TQ sensitized 4T1 cells to
Pac and the induced cytotoxicity was significantly higher
compared to when two agents were given at the same time
(TQ 12.5 uM+Pac 10 pg/ml vs. TQ 12.5 uM/Pac 10 pg/ml,
p=0.0025). The same phenomenon was observed in Ehrlich
tumor cells. TQ and Pac both induced cytotoxicity in Ehrlich

6.25 uM

12.5 pMm 25 um 50 uM 100 pM

the wound. b Wound width was 140 -
depicted at the beginning, 12 and o
24 h for the control and all 120 -
concentrations of TQ in the graph. 3
Error bars indicate standard error. <
Star signs indicate the significant o 100
difference between the control e
and TQ-treated samples (p<0.05) g 80
Y] *
E 60 —+Control
[=]
f. 40 --12.5 pM
2
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~=-50 pM
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oh 12 h 24 h
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Fig. 2 Induction of cytotoxicity by the combinations of TQ and
paclitaxel (Pac) in vitro a in 4T1 breast cancer cells and b in Ehrlich
breast tumor cells. Doses of TQ (uM) and Pac (pg/ml) were indicated.
Error bars indicate standard deviation. TQ+Pac indicates that, first, TQ
was added, and then Pac was added 4 h later. TQ/Pac indicates that TQ
and Pac were added at the same time. Single-star sign indicates the
significant difference from the control. Double-star sign indicates the
significant difference between compared groups

tumor cells (Fig. 2b). When TQ and Pac were combined to-
gether (TQ 6.25 uM and Pac 5 and 10 pg/ml), they induced a
stronger cytotoxicity compared to each agent alone (TQ
6.25 uM/Pac 5 pug/ml vs. Pac 5 pg/ml, p=0.0009; TQ
6.25 uM/Pac 10 pg/ml vs. Pac 10 png/ml, p=0.02) (Fig. 2b).

TQ significantly inhibits the growth of Ehrlich tumor
in vivo

Ehrlich tumor cells form ascites in 8-12 days when
injected into mice intraperitoneally. TQ significantly
inhibited the growth of i.p. injected Ehrlich tumor in mice
when given five times a week at a dose of 3.2 mg/kg (p=
0.012) (Fig. 3a). A lower dose of TQ (0.64 mg/kg)

inhibited the growth of tumor to some degree, although
it was not statistically significant (p=0.14) (Fig. 3a).

Combination of TQ and Pac inhibits the growth of Ehrlich
tumor in vivo

A moderate (suboptimal) dose of Pac (1.25 mg/kg) inhibited
the growth of Ehrlich tumor to some degree at earlier stages;
however, the inhibition was not significant at later stages. A
lower dose of TQ (0.64 mg/kg) did not have an inhibitory
effect on tumor growth. The combination of Pac and the lower
dose TQ significantly inhibited the tumor growth compared to
both TQ alone and Pac alone groups (p=0.003 and p=0.007,
respectively) (Fig. 3b). A higher dose of TQ (2.4 mg/kg)
inhibited the tumor growth until later stages (p<0.001)
(Fig. 3c). The combination of Pac and the higher dose TQ
significantly inhibited the tumor growth compared to both
TQ alone and Pac alone groups (»<0.001 in both) (Fig. 3c).

TQ modulates extrinsic and intrinsic apoptosis genes, pS3
signaling genes, and growth factor genes as revealed
by focused real-time PCR panels

4T1 cancer cells were untreated (control) or treated with TQ
(12.5, 25, and 50 uM). Profiling of the expression of the genes
modulated by low dose (12.5 uM) and high dose TQ (50 uM)
was performed using three focused real-time PCR panels con-
taining 224 genes. These three panels were apoptosis, breast
cancer, and wound healing panels. More than 70 genes were
found to be either downregulated or upregulated by high dose
TQ. These genes were analyzed and categorized into function-
al groups. Genes in the regulation of programmed cell death,
immune response, regulation of cell proliferation, and p53
signaling pathway categories were found to be enriched sig-
nificantly. Details of categories, modulated genes, and p values
were given in Table 1. A representative list of genes that were
strongly modulated by low dose and high dose TQ, and their
fold changes were given in Table 2. Interestingly, tumor sup-
pressor genes such as Cdknla and Hicl have been found to
constitute a pivotal portion of the highly upregulated genes
(Table 2).

Combination of TQ and Pac differentially modulates Fasl-
and Trail-mediated apoptosis, p53 signaling,

and JAK-STAT signaling genes as revealed by focused
real-time PCR panels

4T1 cancer cells were untreated (control) or treated with TQ
(12.5 uM), Pac (10 png/ml), and their combination (TQ,
12.5 uM+Pac, 10 pg/ml). Genes that were differentially
expressed in the combination of TQ (12.5 uM) and Pac
(10 pg/ml) compared to Pac and TQ alone were investigated
by real-time PCR methodology. These doses of TQ and Pac
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Fig. 3 The effect of TQ, Pac, and their combination on the growth of
Ehrlich tumor in vivo. a The effect of low dose (0.64 mg/kg) and high
dose (3.2 mg/kg) TQ on the growth of Ehrlich tumor in mice. b The effect
ofthe combination of low dose TQ (0.64 mg/kg) and Pac (1.25 mg/kg) on
the growth of Ehrlich tumor in mice. ¢ The effect of the combination of

were selected because their combination resulted in the most
synergistic cytotoxicity in 4T1 cells (Fig. 2a).

Profiling of the expression of the genes modulated by the
combination of TQ and Pac was also performed using three
focused real-time PCR panels. The genes that were modulated
in the combination compared to Pac alone samples were se-
lected and analyzed. Sixty-four genes were found to be either

41 1 -=Control (n=6)
39 - -TQ (n=6)

37 4 +PAC (n=6)

35 | ©TQ+ PAC (n=6) 4
33 -
31 -
29 -
27 -
25 L T

WEIGHT (g)

high dose TQ (2.4 mg/kg) and Pac (1.25 mg/kg) on the growth of Ehrlich
tumor in mice. The significant differences (p<0.05) between individual
groups were indicated by using a star sign. Error bars indicate standard
error. The number of mice in each group () was shown. Student’s ¢ test
was used to compare the difference between the groups

downregulated or upregulated in the combination of TQ and
Pac. These genes were analyzed and categorized into func-
tional groups. Genes in apoptosis, p53 signaling, cytokine-
cytokine receptor interaction, and JAK-STAT signaling were
found to be enriched specifically in the combination TQ and
Pac. Especially, genes involved in Fasl- and Trail-mediated
extrinsic apoptosis such as Fasl, Fas, Trail, Tnfrsfl1b, Dff45,

Table 1  Results of the gene expression profiling of TQ (50 uM)-treated cancer cells using three real-time per focus panels

Function/pathway p value Affected genes in the category (total of 80 genes)

Regulation of programmed cell death 2.2E-29 Bcl2ala, Bag3, Bid, Cflar, Fas, Fadd, Fasl, Notch1, Traf2, Birc3, Birc5,
Breal, Caspl2, Caspl, Casp2, Casp4, Casp6, Casp7, Cidea, Col4a3,
Csf2, Cdknla, Fgf2, 1110, 114, Mmp9, Myc, Nr3cl, Nol3, Prdx2, Bnip3,
Bnip3l, Snai2, Trp53, Tnf, Vegfa

Immune response 2.9E-9 Fas, Fasl, Ccl7, Cxcl3, Csf2, Ifng, I11b, 1110, 114, Prdx2, Bnip3, Cxcl5,
Bnip3l, Trp53, Tnf, Tnfsf10, VegfA

Cytokine 3.0E-9 Fasl, Ccl7, Cxcl3, Csf2, Ifng, 1l1b, 1110, 14, CxclS, Tnf, Tnfsf10

Induction of apoptosis through death receptors 5.5E-5 Bid, Cflar, Fadd, Traf2, Casp6, Casp7, Ripkl, Tnfsf10

Apoptotic mitochondrial changes 8.9E-6 Bid, Aifml, Casp7, Myc, Trp53

Regulation of cell proliferation 2.5E-9 Gata3, Glil, Notchl, Csf2, Cdknla, Egf, Fgf2, Ifng, 1110, 114, Myc, Plau,
Stn, Ptgs2, Serpinel, Trp53, Tnf, VegfA

p53 signaling pathway 22E-7 Bid, Fas, Cendl, Cenel, Cdk2, Cdknla, Stn, Serpinel, Trp53

@ Springer



Tumor Biol. (2016) 37:4467-4477

4473

Table2 A representative list of apoptosis, breast, and wound healing-related genes mediated by low dose and high dose TQ in 4T1 cells as revealed by

using three real-time PCR arrays

Gene symbol  Description Low dose TQ (12.5 uM)  High Dose TQ (50 uM)
Expression fold Expression fold
change+SD change+SD

Cdknla® Cyclin-dependent kinase inhibitor 1A (P21) 3.48+1.06 14.74+4.14

Hicl? Hypermethylated in cancer 1 3.68+1.52 13.143.13

Ctsk Cathepsin K 4.75+1.23 10.26+0.75

Vegfa Vascular endothelial growth factor A 1.8840.11 8.65+1.06

Cidea Cell death-inducing DNA fragmentation factor, alpha subunit-like effector A~ 2.03+0.28 8.41+2.52

11b Interleukin 1 beta 3.02+0.54 4.01+1.43

Trp53?* Transformation-related protein 53 1.91+0.13 4.98+0.41

Bag3 Bcl2-associated athanogene 3 1.37+£0.15 7.5242.62

Egf Epidermal growth factor 1.14+0.1 4.73+1.34

Gata3® GATA binding protein 3 1.95+0.18 7.22+2.45

Gstpl® Glutathione S-transferase, pi 1 2.98+0.7 3.65+0.35

Serpinel Serine (or cysteine) peptidase inhibitor, clade E, member 1 1.77+0.22 3.64+0.15

Fgf2 Fibroblast growth factor 2 1.86+0.16 3.25+0.09

Tnf Tumor necrosis factor 1.59+0.47 2.89+0.85

Ccnel Cyclin E1 1.85+0.34 3.71+0.85

Brcal?® Breast cancer 1 1.65+£0.29 2.97+0.46

110 Interleukin 10 0.65+0.05 2.09+0.21

Ptgs2 Prostaglandin-endoperoxide synthase 2 1.61+0.02 2.01+0.03

Mmp2 Matrix metallopeptidase 2 0.5+0.01 0.50+0.26

Mmp9 Matrix metallopeptidase 9 0.44+0.02 0.49+0.01

Birc5 Baculoviral IAP repeat-containing 5 081+0.03 0.41+0.03

Cxcl5 Chemokine (C-X-C motif) ligand 5 0.5+0.06 0.31+0.14

Casp4 Caspase 4, apoptosis-related cysteine peptidase 0.57+0.09 0.31£0.15

Casp7 Caspase 7 0.57+0.14 0.29+0.21

Caspl2 Caspase 12 0.38+0.1 0.27+0.11

Wispl WNT1 inducible signaling pathway protein 1 0.23+0.06 0.25+0.02

Plau Plasminogen activator, urokinase 0.87+0.19 0.22+0.04

Tnfsf10 Tumor necrosis factor (ligand) superfamily, member 10 (Trail) 0.57+0.09 0.08+0.05

Opg Osteoprotegerin (Tnfrsf11b) 0.24+0.12 0.07+0.04

@ Tumor suppressor and/or hypermethylated genes in breast cancer

Casp7, and Bid were affected. Additionally, genes
hypermethylated in breast cancer such as Hicl (~sevenfolds),
Gstpl (~fourfolds), and Brcal (~twofolds) were upregulated
in TQ-Pac combination compared to Pac alone treatment.
Details of categories, modulated genes, and p values were
given in Table 3.

Apoptosis induced by TQ and TQ-Pac combination is
characterized by increased protein levels of full length
and cleaved Caspase-3, Caspase-7, and Caspase-12

Since the apoptosis was the most significantly affected net-
work in our gene expression studies, we further characterized
the protein levels of full length and cleaved caspases in 4T1
cells treated with TQ and TQ+Pac at different time points. At

the same time, we characterized levels of Bax, Bcl-2, phos-
phorylated p65, and Aktl. We have found that TQ causes a
strong increase of full length and cleaved Caspase-3 at 6 and
10 h, respectively (Fig. 4a, b). At 14 h, we observed the in-
crease of cleaved Caspase-7 and cleaved PARP and a moder-
ate increase of cleaved Caspase-12 especially at high dose TQ
(50 uM) (Fig. 4c). Interestingly, we could not detect cleaved
initiator caspases (Caspase-8 and Caspase-9) at 2, 3, 6, and
10 h. We detected a weak signal for cleaved Caspase-8 at 14 h;
however, the signal was also present in the control (Fig. 4c). In
our transcription profiling, we have shown that mRNA levels
of Caspase-7 and Caspase-12 were reduced by TQ at 24 h. At
6 and 24 h, we have shown that TQ also reduces the protein
levels of full length Caspase-7 and Caspase-12 (Fig. 4a, d).
We have also characterized the activity of survival factors
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Table 3  Results of the gene expression profile specific for the cancer cells treated with the combination TQ and Pac using three real-time PCR focus

panels

Function/pathway p value Affected genes in the category (total of 64 genes)

Apoptosis 5.3E-13 Bad, Bid, Dffa, Fas, FasL, Naip2, Birc5, Casp4, Casp7, Cidea, Col4a3,
Fgf2, 1d1, 116, Krt18, Bnip3l, Aktl, Tnfrsfl1b, Tnfsf10 (Trail)

p53 signaling 1.0E-5 Bid, Fas, CcnEl, Cdk2, Gadd45a, Sfn, Thbsl

Cytokine-cytokine receptor interaction 1.1E-6 I11b, 112, 114, 116, Csf2, Csf3, Tnfsf10, Tnfrsfl1b, Fasl, Fas, Cd40, Egfr

JAK-STAT signaling 8.5E—4 112, 114, 116, Csf2, Csf3, Stat3, Aktl

Fas signaling 4.5E—2 Fas, Fasl, Dff45, Casp7

Aktl and p65 in 4T1 cells and found that TQ inhibits the
phosphorylation of Aktl and p65 (Fig. 4a, d).

Discussion

In this study, the anti-tumor effect of TQ has been shown both
in vitro and in vivo in mouse breast cancer model. Treatment
of triple-negative breast cancer cells with TQ resulted in in-
duction of cytotoxicity and apoptosis and inhibition of wound
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healing. Next, we have demonstrated that TQ and Pac shows
cooperative anti-tumor effect when combined in vitro (Fig. 2)
and in vivo (Fig. 3). These data suggest a synergistic cooper-
ation of these two therapeutic agents and suggest that TQ
sensitizes tumor cells to Pac.

In order to find out the molecular mechanisms through
which TQ exerts its anti-tumor impact, gene expression profile
of TQ-treated 4T1 cells was investigated. Focused real-time
PCR arrays were used. TQ has been found to modulate the
expression of genes involved in apoptosis through death

B 10 Hours
5 @ o Z
] ~ u o +
- ] ~ n =
= (5] (%]
8§ g g 8 & &£

(@]
o
%)
T
w
w
m
w

Cl-Caspase3 :
CI-PARP -

B-Actin - S -

¢ 14 Hours
Cheaspase 3 0 -
Cl-caspase 7 ﬂ gt 4
Cl-caspase 8 - m

CI-PARP 0 =

Caspase 3 ”
Caspase 7 s GEDED S U
Caspase 8 DD SN S G
Caspase 9 D UEDEED = e P
Caspase 12 %

B-Actin

levels of indicated factors in treated 4T1 cells at 6 h, b at 10 h, ¢ at 14 h,
and d at 24 h. CI cleaved, P phosphorylated. Beta-actin and Beta-tubulin
were used as loading controls



Tumor Biol. (2016) 37:4467-4477

4475

receptors and mitochondrial pathway, immune response, reg-
ulation of cell proliferation, and p53 signaling pathway
(Table 1).

Another important point to note is the presence of interest-
ing patterns in the gene expression profile induced by TQ. In
the expression profile, we observe both the direct impact of
TQ and also the reaction of cancer cells to survive. For in-
stance, several anti-apoptotic factors such as Bcl2ala, Birc3,
and Birc5 were found to be downregulated by high dose TQ);
however, several pro-apoptotic factors such as Casp4 and
Caspl2 were also found to be downregulated probably as a
reaction of cancer cells. Similarly, growth factors including
Vegfa, Egf, and Fgf2 were upregulated when cancer cells were
treated with high dose TQ. This is expected since the expres-
sion profile has been studied using the cells surviving after
24 h treatment of high dose TQ. Therefore, this might be a
result of the response of cancer cells to resist to the apoptosis
induced by TQ or a result of genetic feedback mechanism.
These genes may give strong clues about the pathways that
TQ intervenes with. As we already know that TQ induces
apoptosis and activates the caspase cascade [3—7], the down-
regulation of caspases with high dose TQ suggests that cancer
cells downregulate caspase expression to escape apoptosis. In
other words, the downregulation of caspases might point out a
resistance mechanism of cancer cells against TQ-induced ap-
optosis. Therefore, a comprehensive analysis of upregulated
and downregulated genes together seems to be a more useful
approach in order to find out key cascades that TQ hits.

Gene expression profile of 4T1 cells treated with the com-
bination of TQ and Pac was analyzed to reveal the potential
molecular actors responsible for their cooperative anti-tumor
activity. Genes involved in apoptosis, growth factor activity,
and cell cycle were found to be modulated in TQ-Pac combi-
nation compared to each agent alone. These findings suggest
that TQ increase the sensitivity and decrease the resistance of
4T1 cells to Pac by tuning the activity of these factors. In our
study, we found that the expression of cytokine genes were
modulated in TQ-Pac combination. In accordance with our
findings, TQ has been reported to modulate the levels of sev-
eral cytokines and chemokines such as IL-6 and MCP-1 [31,
32]. TQ has been reported to inhibit NF-kappa-B and IL-8
expression which is overexpressed in hepatocellular carcino-
ma [33]. TQ also has been reported to suppress STAT3 phos-
phorylation and Cxcl12-induced migration in multiple myelo-
ma cells [34-36]. TQ has also been shown to inhibit proin-
flammatory mediators including TNF-alpha and IL-1beta in
pancreatic cancer cells [13]. Therefore, it seems that the mod-
ulation of inflammatory mediators may be an important aspect
of the anti-tumor impact of TQ (Table 3).

TQ has been found to radiosensitize breast cancer cells
through the modulation of the levels of integrin &V, MMP9,
and MMP2 [37]. Similarly, we have also found out TQ-
modulated expression of many wound healing-related genes

including Ctsk, Mmp9, and Serpinel. It has been shown that
TQ inhibits the phosphorylation of EGFR through JAK2 and
Src [38]. Interestingly, in our study, TQ was found to affect
levels of several growth factors including Egf, Fgf2, Pdfga,
and Vegfa (Table 1). At the same time, JAK-STAT signaling
was found to be affected in TQ-Pac combination (Table 3).

One of the important findings of this study was the tremen-
dous upregulation of several key tumor suppressor genes in
TQ-treated breast cancer cells. These genes were normally
hypermethylated in cancer [39-41]. Cdknla (~11-folds),
Hicl (~10-folds), Gata3, Gstpl, and Brcal were the major
tumor suppressor genes that were upregulated by TQ
(Table 2). Moreover, Hicl (~sevenfolds), Gstpl (~fourfolds),
and Brcal (~twofolds) were also upregulated in TQ-Pac com-
bination compared to Pac alone treatment.

We have shown that TQ sensitized cancer cells to Pac
both in vitro and in vivo. There have been several reports
on the basis of Pac resistance. Increased expression of anti-
apoptotic factors such as Bcl-2 and Bcl-XL and decreased
pro-apoptotic factors such Bax and Bad, have been shown to
be related with Pac resistance [42]. Interestingly, we have
shown that TQ induces apoptosis in breast cancer cells and
strongly modulates many genes involved in apoptosis with a
p value of 2.2E-29 (Table 1). Therefore, it is quite likely
that TQ breaks the resistance of breast cancer cells to Pac
through interplaying with key actors in apoptosis. We have
also shown that genes in apoptosis cascade (especially genes
related with extrinsic cascade such as Fas, Fasl, Trail, Casp7,
and Bid) and EGFR-AKT axis (such as Egfr and Aktl) were
differentially expressed in TQ-Pac combination (Fig. 5).
This finding suggests that TQ may stimulate extrinsic apo-
ptosis pathway and may inhibit EGFR-AKT signaling axis
to make cancer cells more prone to Pac cytotoxicity.

-6 Egf ‘ﬁ'm;—hra‘nAr Fa;lk
1 i il
IL-6Ra/GP130 BB Trail-R, Fasye
4 Y

Fig. 5 Summarized graphical illustration of interactions of genes
involved in apoptosis cascade (mainly extrinsic) and the genes involved
in the crosstalk of EGFR-AKT axis with apoptosis. The illustration also
depicts the involvement of JAK-STAT signaling. Genes that were
modulated by TQ-Pac combination are marked by a star sign. Genes
that were confirmed to be modulated by TQ at the protein level are
marked by a circle. — stimulatory interaction, { inhibitory interaction,
- -> multiple stimulatory interactions. Pathway-related data from DAVID
and KEGG databases were utilized to construct the graphical illustration
[29, 30, 44]
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Especially, the affected cluster of genes involved in Fasl-
and Trail-mediated apoptosis (Fasl, Fas, Trail, Opg
(Tnfrsfl1b), Dff45, Casp7, and Bid) should be noted in
TQ-Pac combination. In agreement with our findings, TQ
has been reported to induce Fas-mediated apoptosis through
relocalization of Fas to the membrane in multiple myeloma
cells and to sensitize HepG2 cells to TRAIL-induced death
[33, 35]. Thus, Fasl-Trail-mediated apoptosis axis should be
taken into consideration for their role in TQ-Pac synergy in
further studies especially at the proteomics and posttransla-
tional modification level. p65 is a key factor in NF-kappa-B
signaling, may be induced by Trail and Fas and is involved
in the inhibition of apoptosis [9]. We have also shown that
TQ reduces the levels of full length p65 and phosphorylated
p65 and Akt which may be related to the modulation of Fasl
and Trail (Figs. 4 and 5).

It has also been reported that IL-6 and IL-8 are
overexpressed in Pac-resistant cancer cell lines [42]. We have
shown that IL-6 and Stat3 and other genes in JAK-STAT sig-
naling are modulated in cells treated with the combination of
TQ and Pac. This finding suggests that another path through
which TQ breaks the resistance to Pac is possibly IL-6-Stat3
axis (Fig. 5). In another study, Pac resistance in breast cancer
cells has been connected to the downregulation of caspase-7,
caspase-9, and BIM [43]. In accordance with these findings, in
our study, TQ and TQ-Pac combination affected the expres-
sion and the activity of Caspase-3, Caspase-7, and Caspase-12
in breast cancer cells (Tables 1, 2, and 3; Figs. 4 and 95).
Therefore, the caspase activity might involve in the synergistic
act of TQ and Pac.

In this study, the in vivo therapeutic potential of TQ-
Pac combination and a portion of genes involved in
TQ-Pac cooperation have been shown. At the same
time, the detailed analysis of numerous genes involved
in TQ-mediated apoptosis of breast cancer cells were
performed. The collected data suggest that TQ may sen-
sitize cancer cells to Pac through multiple cascades in-
cluding extrinsic apoptosis, tumor suppressor genes, and
pS3 signaling.
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