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Abstract: Breast cancer (BC) is the most common cancer in women worldwide, and it is one of the
leading causes of cancer death in women. triple-negative breast Cancer (TNBC), a subtype of BC, is
typically associated with the highest pathogenic grade and incidence in premenopausal and young
African American (AA) women. Chemotherapy, the most common treatment for TNBC today, can
lead to acquired resistance and ineffective treatment. Therefore, novel therapeutic approaches are
needed to combat medication resistance and ineffectiveness in TNBC patients. Thymoquinone (TQ)
is shown to have a cytotoxic effect on human cancer cells in vitro. However, TQ’s mode of action and
precise mechanism in TNBC disease in vitro have not been adequately investigated. Therefore, TQ's
effects on the genetically different MDA-MB-468 and MDA-MB-231 human breast cancer cell lines
were assessed. The data obtained show that TQ displayed cytotoxic effects on MDA-MB-468 and
MDA-MB-231 cells in a time- and concentration-dependent manner after 24 h, with ICsy values of
25.37 uM and 27.39 uM, respectively. Moreover, MDA-MB-231 and MDA-MB-468 cells in a scratched
wound-healing assay displayed poor wound closure, inhibiting invasion and migration via cell
cycle blocking after 24 h. TQ arrested the cell cycle phase in MDA-MB-231 and MDA-MB-468 cells.
The three cell cycle stages in MDA-MB-468 cells were significantly affected at 15 and 20 uM for
GO0/G1 and S phases, as well as all TQ concentrations for G2/M phases. In MDA-MB-468 cells,
there was a significant decrease in GO/G1 phases with a substantial increase in the S phase and
G2/M phases. In contrast, MDA-MB-231 showed a significant effect only during the two cell cycle
stages (S and G2/M), at concentrations of 15 and 20 uM for S phases and all TQ values for G2/M
phases. The TQ effect on the apoptotic gene profiles indicated that TQ upregulated 15 apoptotic
genes in MDA-MB-231 TNBC cells, including caspases, GADD45A, TP53, DFFA, DIABLO, BNIP3,
TRAF2/3, and TNFRSF10A. In MDA-MB-468 cells, 16 apoptotic genes were upregulated, including
TNFRSF10A, TNF, TNFRSF11B, FADD TNFRSF10B, CASP2, and TRAF?2, all of which are important
for the apoptotic pathway andsuppress the expression of one anti-apoptotic gene, BIRC5, in MDA-
MB-231 cells. Compared to MDA-MB-231 cells, elevated levels of TNF and their receptor proteins
may contribute to their increased sensitivity to TQ-induced apoptosis. It was concluded from this
study that TQ targets the MDA-MB-231 and MDA-MB-468 cells differently. Additionally, due to the
aggressive nature of TNBC and the lack of specific therapies in chemoresistant TNBC, our findings
related to the identified apoptotic gene profile may point to TQ as a potential agent for TNBC therapy.

Keywords: breast cancer; triple-negative breast cancer; thymoquinone

1. Introduction

Breast cancer (BC) is the most commonly diagnosed cancer in women worldwide [1],
and it is one of the leading causes of cancer death in women [2]. According to the World
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Health Organization, BC became the most globally common cancer in 2021, accounting for
12% of all new cancer cases [3]. As of January 2022, more than 3.8 million women in the
United States had a history of BC [4]. In the United States, 287,850 new invasive BCs are
expected to be diagnosed in 2022, compared to 51,400 new non-invasive(in situ) BCs [5].
Triple-negative breast cancer (TNBC) cells lack the expression of the estrogen receptor (ER),
progestin receptor (PR), and human epidermal growth factor receptor 2(HER2), which
account for 15% to 20% of all newly diagnosed BC cases. TNBCs, which contain extremely
unstable genomes, have been linked to several patient characteristics, including a higher
predisposition for metastasis and more frequent diagnosis in younger women [6]. TNBC is
a prominent topic in primary and clinical research for many reasons. TNBC is frequently
associated with a higher pathogenic grade and incidence in premenopausal women and
young African American women [7,8]. BC is the leading cause of death in Black women,
assumed to be because of their higher vulnerability to develop TNBC than other ethnic
groups, with one in every five Black women diagnosed with TNBC [4]. There is mounting
evidence that there are significant racial differences in TNBC. According to previous studies,
premenopausal African American (AA) women had a greater TNBC prevalence (34%) than
premenopausal Caucasian American (CA) women (16%) [9]. Racial disparities in TNBC
are closely associated with many biological and nonbiological factors [10]. For instance,
compared with non-Hispanic white Americans, AA women diagnosed with TNBC had
a higher tumor grade (65 vs. 43%), a more increased proliferation marker (KI67 > 10%,
88% vs. 54%), a higher inflammatory cytokine (IL-6, 4.5% vs. 0.88%), and a higher genetic
mutation (TP53 46% vs. 27%; histone-lysine N-methyltransferase-MLL3 12% vs. 6%) [10].
TNBC has a worse prognosis when compared to non-TNBC, and most crucially, a lack of
successful specific targeted therapy for TNBC [11].

Nowadays, chemotherapy is still the most common treatment for TNBC [12]. Dox-
orubicin and cisplatin are often used to treat TNBC [13]. However, these drugs develop
acquired resistance and toxicity over time, leading to treatment limitations [14]. As a result,
novel therapeutic approaches to tackle medication resistance and toxicity in TNBC patients
are urgently required.

Natural products, or their active constituents, are safe, affordable, and effective in treat-
ing various diseases, including cancer. Natural compounds are ubiquitously distributed
throughout plants and marine organisms [15]. Black cumin (Nigella sativa L.) seed is one
of the most promising natural products and has been used for over a thousand years to
treat various human ailments [16]. The pharmacological properties of black cumin include
anti-neoplastic, anti-inflammatory, anti-oxidant, anti-asthmatic, analgesic, anti-pyretic,
anti-hypertensive, and anti-bacterial effects [17]. Meanwhile, the black seed is consumed
in its natural form, and research into the primary components of the oil is underway to
determine its mechanism of action. Out of all of these components, TQ has stood out as
the most promising compound in preventing and treating different disorders, including
cancer [18]. Figure 1 depicts the chemical structure of TQ.
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Figure 1. Thymoquinone’s chemical structure. Thymoquinone (2-isopropyl-5-methylbenzo-1, 4-
quinone) is the main active ingredient in black seed volatile oil (Nigella sativa L.).
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TQ has been studied in in vitro and in vivo models for its antioxidant, anti-inflammatory,
and anti-cancer properties [19]. Recently, myriads of research demonstrated the anticancer
effect of TQ on several types of cancer, including breast, ovarian, larynx, colon, myeloblastic
leukemia, osteosarcoma, and lung cancer [20,21]. Anti-proliferation, apoptosis induction,
cell cycle arrest, and anti-metastasis/anti-angiogenesis are crucial mechanisms employed
by TQ against cancer [22].

Finding innovative lead compounds that impede the proliferation of TNBC cells would
be of therapeutic significance given the scarcity of effective treatments for TNBC. The TQ
effect on TNBC, on the other hand, has not been adequately addressed. As a result, the
current study investigated and compared TQ’s potential anticancer mechanisms on MDA-
MB-231 and MDA-MB-468 cell lines. The cell growth, proliferation, invasion, migration,
cell cycle progression, and apoptosis of two different TNBC cell lines were investigated in
this study. In this study, we hypothesized that the response of the two genetically distinct
cell lines to TQ would be exhibited via different apoptosis-related signaling pathways by
influencing the expression of various genes controlling these events.

2. Materials and Methods
2.1. Materials and Reagents

TQ (purity > 99%, cat # MKCC0600) and Alamar Blue® (a resazurin fluorescence dye
solution) were acquired from Sigma-Aldrich (St. Louis, MO, USA). Trypsin-EDTA solu-
tion, penicillin/streptomycin, and phosphate-buffered saline (PBS) were purchased from
the American Type Culture Collection (ATCC; Manassas, VA, USA). An Annexin VFITC
Apoptosis Detection Kit Plus (cat. no. 68FT-Ann VP-S) was purchased from RayBiotech
(Norcross, GA, USA). Propidium Iodide Flow Cytometry Kit (cat. no. ab139418) was
purchased from Abcam (Cambridge, MA, USA). A DNA-free™ kit (cat. no. AM1907) was
purchased from Life Technologies, Inc. (Thermo Fisher Scientific, Inc., Waltham, MA, USA).
An iScript™ cDNA Synthesis kit (cat. no. 170-8890), SsoAdvanced™ Universal SYBR®
Green Supermix, and the Human Apoptosis PCR array (Cat. no. 10034106) H96 were
purchased from BioRad Laboratories (Hercules, CA, USA). Dulbecco’s modified Eagle’s
medium (DMEM) and heat-inactivated fetal bovine serum (FBS) were purchased from
VWR International (Radnor, PA, USA). Cell culture flasks were purchased from Santa Cruz
Biotechnology, Inc. (Dallas, TX, USA). Cell culture plates were purchased from Thermo
USA Scientific (Ocala, FL, USA).

2.2. Cell Culture

Two TNBC cell models, MDA-MB-231 (ATCC® HTB-26™) and MDA-MB-468(ATCC®
HTB-132™), were purchased from ATCC and maintained following the company’s guide-
lines. Both cell lines were cultivated as monolayers in 75 mL tissue culture flasks at 37 °C in
a humidified 5% CO, incubator and subcultured when needed using trypsin-EDTA (0.25%).
The complete growth DMEM contained 4 mM L-glutamine and was supplemented with
10% heat-inactivated FBS (v/v) and 1% penicillin/streptomycin salt solution (100 U/mL
and 0.1 mg/mL, respectively). The experimental media were DMEM supplemented with
2.5% heat-inactivated FBS [23].

2.3. Cytotoxicity Assay Using Alamar Blue

The cytotoxicity of TQ on TNBC cells was determined in MDA-MB-231 and MDA-MB-
468 cells using Alamar Blue® [24]. Cells were plated at a density of 5 x 10° cells/100 uL/well
in 96-well plates and incubated overnight at 37 °C. TQ was solubilized in DMSO, and both
cell lines were treated for 24 h with the compound at concentration ranges from 0 to 50 uM.
Wells treated in the same manner but without cells/compounds were used as blanks. The
experiments were performed in triplicates. After a specified exposure period, 20 uL Alamar
Blue® in a concentration of 0.5 mg/mL was added to each well and incubated for 4 h at
37 °C. The Alamar Blue reagent contains an active ingredient, resazurin, which is reduced
by metabolically active cells to a fluorescent form, resorufin. The reduced resazurin dye
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was measured at an excitation/emission wavelength of 530/590 nm using a Synergy HTX
Multi-Mode microplate reader (BioTek Instruments, Inc., Winooski, VT, USA). The level
of fluorescent signal correlates with cell viability. Concentrations of TQ that inhibited cell
viability by <30% were selected for further experiments according to FDA-recommended
guidelines for investigating diverse biological impacts [25].

2.4. Cell Morphological Assessment

The morphological changes in MDA-MB-231 and MDA-MB-468 TNBC cells were
observed using a modified version of a previously described protocol [26]. On a 6-well
plate, 5 x 10° cells/mL were cultured and treated with or without TQ for 24 and 48 h at 5,
10, and 15 uM. After the incubation period, the medium was removed, and the cells were
washed in PBS. The morphological changes in TNBC cells were seen at 40x magnification
using a Cytation5 image reader phase-contrast microscope (BioTek, Instruments, Inc.,
Winooski, VT, USA).

2.5. Migration Assay

A linear scratch was made in a 12-well plate using a culture insert of 2 wells, separated
by a wall of 500 um (Cat# 80206, ibidi GmbH, Lochhamer Schlag 11, 82,166 Grafelfing,
Germany). MDA-MB-231 and MDA-MB-468 TNBC cells were seeded at a density of
5 x 10* cells/mL (70 pL of cell suspension) in each compartment and incubated overnight
at 37 °C. On the next day, the culture insert was removed, and cell debris was washed
away with a fresh medium. The compound concentration, which resulted in cell survival of
more than 70% in cytotoxicity assays (i.e., 5, 10, and 15 uM of TQ), was utilized to examine
the inhibitory effects of TQ against TNBC cell migration. Cells were then incubated for 0,
24 and 48 h with or without treatments. A vehicle control condition was adopted, which
consisted of simple growth medium and DMSO. There were three copies of each replicate.
Images from 5 different areas in each well were captured at 0, 24, and 48 h at a magnification
of x10. The distance between wound edges was measured using a Cytation5 cell Imaging
reader (BioTek Instruments, Inc., Winooski, VT, USA). We calculated the area using Image]
software (v1.50) [27]. Initial gap area (Al) and the final gap area after incubation were

calculated in (A2) [28,29]:
1-— A2 x 100
Al

The difference between migration of vehicle control cells and treated cells was used to
quantify TQ’s prevention of cancer cell migration, i.e., migration inhibition:

A2(treatment)\ (" A2(control)
Al Al

2.6. Cell Invasion Assays

The TNBC cell invasion assay was carried out in a Corning® Matrigel® Invasion
Chamber 6-well plate (8.0 um pore size; Discovery Labware, Inc., Bedford, MA, USA)
using previously described protocols with certain modifications [30]. The Matrigel in the
transwell chamber was rehydrated with 600 uL prewarmed complete growth media for
2 h in the incubator. After 2 h, the media were removed, and 200 uL of medium with 2.5%
fetal bovine serum (FBS) containing 1 x 10° cells was added to the upper chamber and
incubated for 2 h to settle the cells in the membrane, then treated with TQ at different
concentrations. The medium with 20% FBS (1 mL) in the lower chamber was used as a
chemoattractant. Then, the cells were incubated at 37 °C for 24 h. The cells remaining on the
upper chamber surface were removed using a cotton swab. Cells that moved into the lower
surface of the filters were fixed with 70% ethanol for 10 min, followed by 10 min staining
with 0.2% crystal violet. The invasive cells were observed and calculated under five fields
at random using a Cytation5 cell imaging reader (BioTek Instruments, Inc., Winooski, VT,
USA). This experiment was conducted in triplicate.
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2.7. Cell Proliferation Assay

The effect of TQ on cell proliferation in MDA-MB-231 and MDA-MB-468 TNBC cells
was determined using the Alamar Blue® test [31]. Briefly, cells were seeded in 96-well
plates (1 x 10* cells/100 pL/well) and incubated at 37 °C overnight. In a final volume of
200 pL./well, both MDA-MB-231 and MDA-MB-468 cell lines were treated with TQ at the
same concentrations ranging from the cytotoxicity assay (0-50 pM) for 48, 72, and 96 h.
As a blank, equivalent wells without cells were employed. At the end of each exposure
period, 20 uL of Alamar Blue® was added to each well, the plates were incubated for 4 h
at 37 °C, and the plates were read using a Synergy HTX Multi-Mode microplate reader
(BioTek Instruments, Inc., Winooski, VT, USA).

2.8. Colony Formation Assay

A clonogenic assay was performed to measure the long-term effect of TQ on MDA-
MB-231 and MDA-MB-468 TNBC cells using the previously published procedure [32].
Briefly, both cell lines were seeded at a density of 1 x 10* cells/100 pL/well and treated
in 96-well plates in the same way as the previous proliferation investigation. After the
exposure period (3 or 6 h), the media containing DMSO/TQ were aspirated, and all wells
were rinsed twice with PBS. The cells were then allowed to grow for seven days, after
which the colonies generated in both treated and untreated cells were assessed using the
Alamar Blue® reduction assay previously described in the cell viability assay. Each assay
was performed in triplicate.

2.9. Cell Cycle Analysis

Following previously established techniques, the effect of TQ on DNA content and
cell cycle distribution was assessed for both MDA-MB-231 and MDA-MB-468 cell lines [33].
Both cells were seeded overnight at 1.5 x 10° cells/4 mL/T-25 cell culture flasks and treated
with TQ at 0, 10, 15, and 20 pM in a final volume of 6 mL/flask of experimental medium.
Both floating and attached cells were collected after 24 h treatment, pelleted, washed in PBS,
and fixed in cold 70% ethanol. The cells were again centrifuged for 5 min at 3000 rpm in a
low-temperature centrifuge, rinsed in PBS, and gently resuspended in 200 pL PBS with 1 x
propidium iodide (PI = 0.02 mg/mL) +RNase (0.1 mg/mL) staining solution, and incubated
for 30 min at 37 °C in the dark. Using a Sony SH800 cell sorter (Sony biotechnology, San
Jose, CA, USA), the distribution of DNA in all cell cycle phases was measured in replicates
within 2 h. Each sample contained a total of 20,000 individual events. Data were collected
using the SH800 software, and the percentage of cells in each phase was calculated with
the ModFit LT 5.0 software (Verity software house Inc., Topsham, ME, USA). GraphPad
Prism was used to examine the statistically significant effect of TQ on cell cycle distribution
at different stages of the cell cycle-G0/G1 phase, S phase, and G2/M phase [34].

2.10. Apoptosis Assay

The apoptotic effect of TQ was assessed in MDA-MB-231 and MDA-MB-468 cells
using the previously published procedure [32]. MDA-MB-231 and MDA-MB-468 cells
were plated in 6-well plates (5 x 10° cells/2 mL/well) and incubated overnight at 37 °C.
Cells were similarly treated with TQ at concentrations ranging from 0 to 30 uM in a final
volume of 4 mL/well of experimental media to investigate the apoptotic effect of the
compound. Control cells were exposed to only experimental media with DMSO. The
treated and control cells from each well were collected, pelleted, and washed in PBS after
a 24 h exposure period. The cell pellets were then suspended in 500 puL of 1 x Annexin
V binding buffer before being labeled with 5 uL each of Annexin V-FITC and PI. The
apoptotic effect was measured in replicates for 5-10 min using a Sony SH800 cell sorter
(Sony Biotechnology, San Jose, CA, USA). Each sample had a total of 10,000 individual
events. SH800 software was used to collect the data, and the ModFit LT 5.0 software (Verity
software house Inc., Topsham, ME, USA) was used to calculate the percentage of cells in
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each phase. TQ's statistically significant effect on alive cells, apoptotic cells, and necrotic
cells was investigated using GraphPad prism.

2.11. Gene Expression Assay

Profiling of the various apoptotic gene expression was established in MDA-MB-231
and MDA-MB-468 TNBC cells using previously described methodologies [32]. In brief, each
cell line (at a density of 6 x 10° cells/10 mL in T-75 flasks) was incubated overnight at 37 °C,
then treated with TQ for 24 h in a final volume of 20 mL/T-75 flasks. At concentrations
near the ICsy values, TQ was chosen to treat the cells. After 24 h treatment, cells were
mechanically collected from each flask, pelleted, and washed twice with PBS. According
to the manufacturer’s instructions, total RNA was isolated from each cell pellet using
1 mL of TRIzol reagent. For phase separation, 0.2 mL of chloroform was added to each
sample, vortexed, incubated at room temperature for 2-3 min, and centrifuged for 15 min
at 10,000x g and 2-8 °C. The aqueous phase was collected in fresh centrifuge tubes and
mixed with 0.5 mL of isopropyl alcohol to pellet the RNA. The RNA pellets were then
washed with 70% ethanol, reconstituted in nuclease-free water (30 puL), and placed in an
—80 °C freezer for later use. RNA quantity and purity were measured in each sample
using a NanoDrop spectrophotometer (NanoDrop Technologies; Thermo Fisher Scientific,
Inc., Waltham, MA, USA). Finally, the cDNA for each sample was synthesized using the
iScript™ cDNA Synthesis kit and was stored in a —80 °C freezer. Each well of the 96-well
human apoptosis array was loaded with 10 pL each of the reconstituted cDNA (2.3 ng)
and SsoAdvanced™ Universal SYBR® Green Supermix, and the plate was placed for 5 min
in a shaker and centrifuged at 1000x g for 1 min. The fluorescent quantitative PCR run
was established using a Bio-Rad CFX96 Real-Time System (Bio-Rad Laboratories) with
39 thermo-cycling of denaturation as follows: 30 s activation at 95 °C, 10 s denaturation at
95 °C; 20 s annealing at 60 °C; and 31 s extension at 65 °C [35]. Three independent studies
for each cell line verified the RT-PCR results. The CFX 3.1 Manager software (Bio-Rad
Laboratories) was used to assess gene expression, and the results were confirmed using the
Student’s t-test.

2.12. Statistical Analysis

This study analyzed data from GraphPad Prism 9.3.1 software (GraphPad Software,
Inc., San Diego, CA, USA). All data points present the average of at least three independent
experiments are expressed as the mean + S.E.M. The ICsy values were calculated by the
nonlinear regression model of log (inhibitor) vs. normalized response variable slope using
the software, with the R2 best fit and the lowest 95% confidence interval. The signifi-
cance of the difference was determined using a one-way or two-way analysis of variance
(ANOVA) as indicated in the legends, followed by Bonferroni’s multiple comparison test.
Unpaired Student’s t-test was used for comparing two data sets. Generally, a difference
was considered significant at * p < 0.05 (as indicated in the figures and legends).

3. Results
3.1. TQ Induces Cytotoxicity in Triple-Negative Breast Cancer Cells in a Concentration and
Time-Dependent Manner

The TNBC cell lines, MDA-MB-231 and MDAMB-468, were treated at different con-
centrations of TQ, 0-50uM. The cytotoxicity effect was evaluated by an Alamar blue assay.
The effect of TQ on MDA-MB-231 and MDA-MB-468 cell viability is shown in Figure 2A,B.
In parallel with MDA-MB-231 cells, a reduction in cell viability was found in MDA-MB-468
cells, as indicated in Figure 2A,B (IC59 = 27.39 £ 0.13 uM (4.5 pg/mL) for MDA-MB-
231 cells and 25.37 £ 0.36 uM (4.2 pg/mL) for MDA-MB-468 cells) at 24 h exposure to
TQ. These changes indicate a higher sensitivity of this cell line to TQ. Our data, after 12
and 24 h treatment, showed that TQ reduced the TNBC cell line viability in a time- and
concentration-dependent manner. TQ concentrations at 5 and 10 uM had no significant
effect on the viability of MDA-MB-231 and MDA-MB-468 cells after a 24 h exposure period.
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Proliferation(%)

The viability of the MDA-MB-231 cell was reduced by 4%, 19%, and 68% after 24 h of
incubation at concentrations of 10, 20, and 30 uM of TQ, respectively (Figure 2A). Cell
viability in MDA-MB-468 cells was reduced by 3%, 38%, and 59% after 24 h of incubation
at 10, 20, and 30 pM of TQ, respectively (Figure 2B). Since DMSO was used as a solvent, its
effect on these two cells was evaluated, and no significant adverse effects were detected.
Anti-proliferative tests were used to assess the long-term effect of TQ on MDA-MB-231 and
MDA-MB-468 TNBC cells, as evidenced by the growth-inhibitory potency observed with
longer exposure times. Overall, the results showed that the proliferation rate was reduced
in a concentration- and time-dependent manner. TQ significantly suppressed cell growth
in both cell lines after 48, 72, and 96 h of treatment compared to each exposure period
(p < 0.0001). In the MDA-MB-231 cell (Figure 2C), at a concentration of 10 pM, the prolifera-
tive rate was reduced by 18, 29, and 35% at 48, 72, and 96 h exposure periods, respectively.
For its counterpart, MDA-MB-468 cell (Figure 2D), the proliferation rate reduced by 73,
76, and 85%, respectively, at the same concentration. Overall, similar to the results of the
viability investigation, the MDA-MB-468 cell line response to the anti-proliferative impact
of TQ was higher than MDA-MB-231 cells. These disparities in TQ’s responses could point
to distinct molecular pathways.

“ A.MDA-MB-231 B. MDA-MB-468
: - 12h
150 - 12h H 150 - 24h |C50=25.37 + 0.36uM
- 24h |C50=27.39 £ 0.13uM! TeOSEEDF
100 £ 1001
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50~ 2 50
—T—T—TTT T T T T T 7T ~—Tr—TTTTT T T T T 7T
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C. MDA-MB-231 D. MDA-MB-468
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H 2 .
100 == 96h E 100 - 96h :
S :
5
- 3 s
Lo Eas - Lad > a
0 T T T T T T T T T T 0 T T T T T T T T 7T
0 5 10 15 20 25 30 35 40 50 : 0 5 10 15 20 25 30 35 40 50
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Figure 2. TQ reduces cell viability in TNBC cells using Alamar Blue. Both cell lines, MDA-MB231
and MDA-MB-468, were plated and treated similarly for 12 and 24 h in a time-dependent manner
with TQ at concentration ranges of 0-50 uM (A,B). The graph shows the cell viability data expressed
as percentages of cell survival compared to the control. Anti-proliferative effect of TQ in MDA-
MB-231 I and MDA-MB-468 (C,D) TNBC cell lines. Both cell lines were seeded in 96-well plates at
1 x 10% cells /100 pL/well and incubated for 48, 72, and 96 h with TQ at concentration ranges of 0 to
50 uM. Each data point presents the average - SEM of three independent experiments, n = 6 each.
One-way ANOVA was used to determine the significance of the difference between the control and
treated groups.

3.2. TQ Alters the Morphology of TNBC Cells in a Concentration- and Time-Dependent Manner

MDA-MB-231 and 468 TNBC cell lines 5 x 10° cells were transferred to 6-well plates
and cultured in an incubator for 24h. Both cancer cell lines were treated with TQ at 5, 10, and
15 uM at 24 and 48 h. After TQ acted, the morphology of TNBC cell lines changed relative
to the control group. The microscopic observation of TQ-treated TNBC cells showed a
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reduced cell density with increasing TQ concentrations. The cells became smaller, irregular
aggregates with a rounded, granulated appearance, breaking into fragments. The control
cells did not show any morphological changes, which have a uniform layer of cells with
many tight connections between neighboring cells (Figure 3).
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Figure 3. TQ alters the morphology of TNBC cells. Both cell lines were treated with 5, 10, and 15 uM
TQ and control (only media with DMSO) for 24 h. The morphological changes in TQ-treated TNBC
cells were visualized by a Cytation5 cell Imaging reader (BioTek Instruments, Inc., Winooski, VT, USA)
using a phase-contrast digital microscope. Images represent MDA-MB-231 (A) and MDA-MB-468
(B). The treated cells showed irregular aggregates cells, small and round cells, apoptotic cells, and
decreased cell density relative to control. All scale bars indicate 300 um in 40 x magnification.

3.3. TQ Inhibits the Clonogenicity of Triple-Negative Breast Cancer Cells

We next examined the potential of TQ to impact clonogenic cell survival. Exposure
of the cells at 3 and 6 h to 0-50 uM resulted in a significant inhibition of clonogenic
cell survival. The effect of TQ on TNBC cell colony formation was demonstrated by a
considerable reduction in the number of colonies in a time- and concentration-dependent
manner. Indeed, treating MDA-MB-231 cells for 3 h with a gradient concentration of TQ
caused a significant 21% decrease (p < 0.01) in colony formation at 10 uM, then dramatically
reduced to 82% at 15 uM (p < 0.0001). Interestingly, increasing the exposure period to
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6 h showed a minor difference, at 10 pM, compared with the 3 h treatment period, which
was reduced by 41% (Figure 4A). In contrast, particularly at 10 uM, a highly significant
(p < 0.0001) anti-clonogenic effect (26% inhibition) was found in MDA-MB-468 cells after
three hours of exposure; meanwhile, there was a gradual decrease with increasing TQ
concentration, exhibiting a significant 90% inhibition of colony formation at the highest
tested concentration, 50 uM. In the same line, a significant difference was measured between
a3 hvs. 6 h exposure period, as indicated by a more than 40% and 89% reduction in colony
formation at 5 uM and 10 uM, respectively (Figure 4B). The results were consistent with
the findings in the cell viability as well as the proliferation assays and further confirmed
the analogous responses of TNBC cells to TQ treatment.

A. MDA-MB-231 : B. MDA-MB-468 i
150 P 150+ :
—_ -e- 3h v -o- 3h
= =
< -e- 6h < -e- 6h
s ns 5 * %
= 100 *k % 1007 * %k %
£ = * ok % K E
B) Re)
> 504 2 50
s * ok % Xk 15 *kkk o
° o
3 )
0 1 1 1 1 1 1 1 1 1 I‘ E 0 1 1 1 1 1 1 1 1 1 1 .
0 5 10 15 20 25 30 35 40 50 0 5 10 15 20 25 30 35 40 50
TQ (uM) : TQ (M)

Figure 4. TQ treatment diminishes the clonogenic potential of TNBC cells. TQ’s colony formation
effects over a prolonged period in MDA-MB-231 (A) and MDA-MB-468 (B) cells were shown by
performing a colony formation assay. The TNBC cell lines were allowed to grow for seven days
after treatment with 0-50 M TQ for 3 and 6 h. Graphs were generated showing the relative colony
formation ability of TNBC cells treated with TQ compared with controls. All error bars represent the
standard error of the mean (1 = 6). ** p < 0.01, **** p < 0.0001; ns, nonsignificant.

3.4. TQ Decreases Cell Migration in a Time- and Concentration-Dependent Pattern

We further evaluated the effect of TQ on TNBC cell migration using culture inserts of
500 pm diameter. For this assay, MDA-MB-231 and MDA-MB-468 cells were identically
treated with TQ at 5, 10, and 15 uM along with their respective untreated controls. Images
were captured at 0, 24 and 48 h to measure the changes under different treatment conditions.
The results of both cell lines displayed a highly significant repression of cell migration in a
time- and concentration-dependent manner when cells were exposed to low concentrations
of TQ.

Our result revealed that, in MDA-MB-231 cells (Figure 5B,C), TQ lowers migration
by 15, 23, and 26% at 5, 10, and 15 uM, respectively, after 24 h (p < 0.05-0.01). After 48 h,
migrating cells were reduced by 25, 40, and 47%, respectively, at the same concentration
(p < 0.001). After 24 h, a minor reduction in cell migration was exhibited by TQ-treated
MDA-B-468 cells, reaching only 5% at the highest tested concentration (15 uM) (Figure 5E,F),
compared to control; at the same time, there was no significant difference in migration at 5
and 10 uM. A significant (p < 0.001) and gradual repression of cell migration was measured
after 48 h exposure period to the compound. At 5, 10, and 15 uM, the migrating cells
were inhibited by 36, 42, and 47 percent after 48 h, respectively, compared to the control
group. According to our findings, we propose TQ is a successful compound for reducing
the cell migration of TNBC cells and suggesting that TQ could be an essential molecule in
the prevention and treatment of TNBC metastasis. The migration study in both cell lines,
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particularly MDA-MB-468 cells, showed that the gap at 15 uM concentration of TQ after
48 h increased the gap of the wound compared to 0 h, which could be an indication of
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Figure 5. TQ attenuates TNBC cell migration. Figure 5 (A-F) shows a graphical representation of the
wound-healing assay after 24 and 48 h in control and treated samples. Cell migration was assessed in
MDA-MB-231 and MDA-MB-468 after exposure to TQ at concentrations of 0, 5, 10, and 15 uM. Both
cells were treated with TQ for 24 h, and migration was assessed using a wound-healing assay in a 12-
well plate (as described in Section 2). MDA-MB-231 (A) and MDA-MB-468 (D) typical phase-contrast
pictures of the wound site of control and TQ-treated cultures at 0, 24, and 48 h after treatment. The
bar graph presents the concentration-response curves of TQ-treated or control cultures at 24 h and
48 h after processing in Image] software, as well as the residual wound area of percent fold change
in the wound closure area, (B,C) (MDA-MB-231), and (E,F) (MDA-MB-468). Data presented as the
mean + SEM of three independent experiments, each performed in triplicates, were analyzed using
Student’s t-test, * p < 0.05, ** p < 0.01, *** p < 0.001, ns-nonsignificant). All scale bars indicate 300 um
in 10 x magnification.
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3.5. TQ Decreases Cell Invasion in a Concentration-Dependent Manner

The migration of TNBC cells was originally tested in a wound-healing assay. TNBC-
MDA-MB-231 and MDA-MB-468 cell migration was decreased by treatment with 5, 10,
and 15 uM (Figure 5). TQ’s anti-invasive action was further investigated by utilizing
transwell chamber invasion experiments. TQ reduced the number of cells on the outside
of the transwell membrane in a concentration-dependent manner after 24 h of treatment.
In MDA-MB-231, TQ concentrations of 5,10, and 15 uM reduced the number of invasive
cells in the outer membrane by 14, 17, and 19 percent, respectively, when compared to
control (Figure 6A-E). At the same concentrations, the invasive cells decreased by 3, 17,
and 54 percent in MDA-MB-468 cells, respectively (Figure 6F-]). These data indicated that
invasion of TNBCs was inhibited by TQ treatment.

MDA-MB-231 MDA-MB-468
A. Control B.5uM : F.Control . G.5uM
- f o0 I Nolog o Lol ot .
oo”,* ‘-'_' ?' 2.9 [ oy Folo
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- @ - %0 - o:1" . o, 1
. "-060‘; ©° ."°°o.' c' | o oc!' % .o. % e ‘: °
o %.?'.n"‘.?o ,?""_‘o o © °:_'° .' ° )
b Qado ¢ °: © °oo' y O o ° °
"u‘_, ‘-oe ".,n: 2 o) .§°'° o °°..° - ¢
o R © ° el -0 . o
V6B .o ot D @ ° &
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Figure 6. TQ inhibits TNBC cell invasion. A monolayer of TNBC MDA-MB-231 cells and MDA-MB-
468 were treated with DMSO (control), 5, 10, and 15 uM for 24 h. Images (A-D,F-I) showed the
relative invaded cells to the membrane for MDA-MB-231 and MDA-MB-468 cells, respectively, in a
concentration dependent manner. Bar graphs (E,J) show the percentage of invaded cells per insert for
the corresponding cell lines. The means + SEMs of three independent experiments, each performed
in triplicates, were analyzed by Student’s t-test. * p < 0.05, ** p < 0.01, *** p < 0.001; ns, nonsignificant.
All scale bars indicate 100 um in 10x magnification.

3.6. Thymoquinone Induces Cell Cycle Arrest in Triple-Negative Breast Cancer Cells

Sony SH800 cell sorter analysis utilizing PI labeling was used to examine the cell
cycle distribution in MDA-MB-231 and MDA-MB-468 cell lines after 24 h of exposure to
0,10, 15, and 20 uM of TQ into determine the mechanism underlying the cytotoxic and
anti-proliferative effects of TQ. The findings, as shown in Figure 7, demonstrate that, at
these exposure levels, TQ therapy had a significant effect on the cell cycle distribution in
both cell lines. MDA-MB-468 cells were more vulnerable to TQ than MDA-MB-231 cells,
even though both models behaved similarly at the S-phase, with the S-phase increasing
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with increasing concentration. The three cell cycle stages in MDA-MB-468 cells were
significantly affected (p < 0.05—-p < 0.01) at 15 and 20 uM for G0/G1 and S phases, as well
as all TQ concentrations for G2/M phases. In MDA-MB-468 cells, there was a significant
decrease in G0/G1 phases with a substantial increase in the S phase and G2/M phases
(Figure 7G,]). According to the data, the proportions of S-phase cells, and thus S-phase
arrest, were more prominent in the treated cell group than in the control group. In contrast,
MDA-MB-231 showed a significant effect only during the two cell cycle stages (S and
G2/M), at concentrations of 15 and 20 uM for S phases and all TQ values for G2/M phases.
At 20 uM, the percentages of S phase arrest cells were slightly higher in MDA-MB-468 cells
compared with MDA-MB-231 cells, as shown in Table 1 and Figure 7F-J (21.95 £ 2.7 vs.
30.67 + 2.7 in MDA-MB-231 and 22.8 + 1.4 vs. 34.7 &+ 2.1 in MDA-MB-468, when compared
with the DMSO-treated control). This behavior was exhibited, along with a significant
decrease in G2/M-phase cells by 9% (12.1 £ 2.4 vs. 3.3 £ 1.3, p < 0.01) in MDA-MB-231
cells and a substantial increase in G2/M phase cells in MDA-MB-468 cells by 9% (0.9 & 0.6
vs.10.9 £ 2.4; Table 2). These events were observed in MDA-MB-231 cells at the highest
concentration, accompanied by a rise in the number of dead cells (Sub G1), as shown in
the GO/G1 peaks left in Figure 7D. In MDA-MB-468 cells, at the medium and highest
concentrations (15 and 20 uM) as shown in Figure 7C,D,H,I, a concentration-dependent
increase in such a peak was observed, resulting in a significant increase in the number of
apoptotic cells (Sub G1). When paired with data generated from the proliferation study,
these findings pointed to a distinct TQ mechanism in MDA-MB-468 that was more effective
than the mechanisms that influenced the MDA-MB-231 cell line.

Table 1. The mean distribution of cell cycle phases in TQ treated.

TQ (uM) G0/G1 (% £+ SEM) S phase (% + SEM) G2/M (% + SEM)
0 63.36 £ 4.5 21.95+27 1210 £ 2.8
10 65.05 £ 10.1 23.19 £ 6.8 10.26 £ 2.1 **
15 66.90 £ 3.5 26.36 £5.1* 9.36 £ 4.7 **
20 66.01 = 3.9 30.67 £2.7*% 333 £13*

The p-value for the difference between the control and treated cells at different cell cycle phases was determined
using one-way ANOVA followed by Bonferroni’s multiple comparisons test. At * p < 0.05 and ** p < 0.01.

Table 2. The mean distribution of cell cycle phases in control TNBC cells.

TQ (uM) G0/G1 (% £+ SEM) S phase (% = SEM) G2/M (% + SEM)
0 75.04 £0.9 228 +14 09 £0.6
10 69.40 £5.1 251+£2.6 6.9 + 0.6 **
15 67.60 £1.5* 26.8 £2.4* 103 £2.2**
20 67.50 £2.7* 347 £21* 109 £2.4 **

The p-value for the difference between the control and treated cells at different cell cycle phases was determined
using one-way ANOVA followed by Bonferroni’s multiple comparisons test. At * p < 0.05 and ** p < 0.01.

The mean distribution of G0/G1, S-phase, and G2/M phases in treated and control
TNBC cells after 24 h were presented in Tables 1 and 2, for MDA-MB-231 and MDA-MB-468
cells, respectively.

The mean distribution of cell cycle phases in treated and control TNBC cells after 24 h
exposure to TQ at various concentrations for MDA-MB-231 and MDA-MB-468 TNBC cells
is shown in Tables 1 and 2, respectively. TQ has a concentration-dependent effect on the
cell cycle phase in both cell lines. The p-value for the difference between the control and
treated cells at different cell cycle phases was determined using one-way ANOVA followed
by Bonferroni’s multiple comparisons test. At * p < 0.05, ** p < 0.01, the difference was
declared significant.
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Figure 7. TQ affects cell cycle distribution in MDA-MB-231 and MDA-MB-468 TNBC cell lines. Both
TNBC cell lines were treated for 24 h with TQ at three concentrations ranging from 0 to 20 uM.
Sony SHS800 cell sorter examination of cell dispersion using PI fluorescence. The histograms of
representative Sony SH800 cell sorter experiments are shown (A-D) in MDA-MB-231 cells and (F-T)
in MDA-MB-468 cells). Following three replicate studies, the bar graph shows (E,J) the average
proportion of cells in each cell cycle phase. In MDA-MB-231 cells, TQ-treated TNBC cells showed an
increase in the proportion of S phase cells and a decrease in the proportion of G2/M phase cells, while
the proportion of S phase and G2/M increased in MDA-MB-468 cells. The p-value for the difference
between the control and treated cells at different cell cycle phases was determined using one-way
ANOVA followed by Bonferroni’s multiple comparisons test. At * p < 0.05, ** p < 0.01, the difference
was declared significant and nonsignificant (ns).
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3.7. Thymoquinone Induces Apoptosis in Triple-Negative Breast Cancer Cells

TQ-treated cells were more or less damaged by TQ, as evidenced by morphological
findings. To better understand the proportions of apoptosis and necrosis in TQ-treated
TNBC cell lines, a Sony SH800 cell sorter apoptosis study was performed using Annexin V-
FITC/PI double labeling. In both cell lines, a significant (p < 0.05-p < 0.0001) concentration-
dependent apoptotic impact was detected after a 24 h exposure period to TQ at concentra-
tions ranging from 0-30 uM (Figure 8). Similar to the viability, proliferation, clonogenic,
migration, and invasion experiments, the apoptotic impact in MDA-MB-231 cells was
slower when compared to the TQ-sensitive MDA-MB-468 cell line. When MDA-MB-468
cells were treated with 15 uM TQ, 56 percent of the cells entered the apoptotic and necrotic
phases, while 53 percent of MDA-MB-231 cells entered the apoptotic and necrotic phases at
the same concentration. TQ treatment at various concentrations (5, 10, 15, 20, 25, and 30 uM)
resulted in increased populations of apoptotic and necrotic cells in both cell lines compared
to control. There were concentration-dependent increases in the number of apoptotic cells
and a decrease in viable cells. In MDA-MB-231 cells (Figure 8A-G), TQ at the lowest (5 pM)
and highest tested concentrations (30 M) induced an early apoptotic effect of 2.48% and
28.79%, respectively. The late apoptotic cell population was 1.88% and 23.14%, whereas,
in MDA-MB-468 cells (Figure 8I-O) at the same concentrations, the early apoptotic cell
populations were 7.40% and 8.94%, and the late apoptotic cell populations were 0.8% and
36.87, respectively. In these cells, TQ had a more substantial anti-proliferative effect. In
conclusion, TQ was shown to cause apoptosis and necrosis in TNBC cell lines, suggesting
that TQ appears to be a promising candidate for future research.

3.8. Apoptotic Gene Expression Alteration in TQ-Treated Triple-Negative Breast Cancer Cells

To investigate the anticancer mechanism of TQ, TQ-treated TNBC cells were subjected
to quantitative real-time PCR to determine the transcriptome level of apoptosis-related
genes. Each cell line was given different concentrations based on the calculated ICsg values
(27 uM in MDA-MB-231 cells and 25 uM in MDA-MB-468 cells, respectively, as shown in
Figure 2A,B. TQ’s impact on numerous apoptosis-linked genes was inferred by profiling
normalized mRNA expression for the cells under study; however, we only showed the
significantly altered mRNAs (Figure 9A,B). The red dots represent upregulated genes; the
green dots only in MDA-MB-231 cells reflect downregulated genes, and the black dots
in both cell lines indicate that gene expression is unchanged. Figure 9C,D show a bar
graph comparing the expression of various apoptosis regulating genes on both TNBC
cells when the treated group was compared to the corresponding control group. TQ
induced the expression of many essential genes that control apoptosis in TNBC cell lines.
TQ significantly increased the expression of Caspases 3, 4, and 9 in MDA-MB-231 cells
(p < 0.05—p < 0.01), but only Caspase 2 (p < 0.05) was upregulated in MDA-MB-468 cells.
TRAF2, BAG1, ACTB, and TNFRSF10A were found to be overexpressed in both cell lines,
with TRAF3 being overexpressed in the MDA-MB-231 cell line (Figure 9C,D). Furthermore,
when the mRNA profiles of both cell lines were compared, TQ treatment was found to have
an effect on a subset of specific genes in only one cell line. After 27 uM of TQ treatment,
BNIP3, BCL10, TP53, DIABLO, MCL1, DFFA, and GADD45A were upregulated, specifically
in MDA-MB-231 cells, and BIRC5 gene expression was repressed (Figure 9C). TQ increased
the expression of FADD, TNF, TNFRSF (10A, 11B and 21), BAX, DAPK1, APAF1, AKT1,
BIK, and CASP2 genes only in MDA-MB-468 cells after exposure to 25 uM (Figure 9D).
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Figure 8. TQ induces apoptosis in TNBC cells. The apoptotic effect of TQ in TNBC cell lines is shown
in (A-H) (MDA-MB-231) and (I-P) (MDA-MB-468). TQ was applied to both cell lines for 24 h at
concentrations ranging from 0 to 30 pM. An experimental medium with DMSO was used to treat
the control cells. A Sony SH800 cell sorter was used to evaluate the percentage of apoptotic cells
in TQ-treated samples as well as the control, and an Annexin V-FITC apoptosis kit was utilized to
mark treated/control cells. The mean & S.E.M. of three independent investigations with n = 3 each is
shown by each data point in the bar graphs. After TQ treatment, the percentage of apoptotic and
necrotic cells increased, while the percentage of viable cells decreased. Using one-way ANOVA and
Bonferroni’s multiple comparisons test, the significance of the difference between control and each
treatment was assessed. The statistically significant differences were shown by, * p < 0.05, *** p < 0.001,
and *** p < 0.0001, ns, nonsignificant.
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Figure 9. (A,B) TQ-altered apoptosis-related gene expression in MDA-MB-231 and MDA-MB-468
TNBC cells. After a 24 h treatment period with 27 uM p in MDA-MB-231 cells (A) and 25 uM in
MDA-MB-468 cells (B), a volcano plot was used to categorize and display increased(red), repressed
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(green), or unaltered (black) mRNA gene expression: actin, beta (ACTB), v-akt murine thymoma
viral oncogene homolog 1 (AKT1), apoptotic peptidase activating factor 1 (APAF1), BCL2-associated
agonist of cell death (BAD), BCL2-associated X protein (BAX), BCL2-associated athanogene 1 (BAG1),
B-cell CLL/lymphoma 10 (BCL10), baculoviral IAP repeat containing 5 (BIRC5), BCL2-interacting
killer (apoptosis-inducing) (BIK), BCL2/adenovirus E1B 19 kDa interacting protein 2 (BNIP3), death-
associated protein kinase 1 (DAPK1), DNA fragmentation factor, 45 kDa, alpha polypeptide (DFFA),
diablo, IAP-binding mitochondrial protein (DIABLO), growth arrest and DNA-damage-inducible,
alpha (GADDA45A), Caspase (CASP2,CASP3, CASP4, CASP9), Fas (TNFRSF6)-associated via death
domain (FADD, myeloid cell leukemia sequence 1 (BCL2-related) (MCL1), tumor necrosis factor
(TNEF), tumor necrosis factor receptor superfamily, member 10A (TNFRSF10A), tumor necrosis factor
receptor superfamily, member 10b (TNFRSF10B), tumor necrosis factor receptor superfamily, member
11b (TNFRSF11B), tumor necrosis factor receptor superfamily, member 21 (TNFRSF21), tumor protein
p53 (TP53), TNF receptor-associated factor 2 (TRAF2), and TNF receptor-associated factor 3 (TRAF3).
(C,D) RT-PCR analysis of TQ'’s effect on specific apoptotic gene expression in MDA-MB-231 or MDA-
MB-468 TNBC cell lines. TQ stimulates Caspases (CASP3,4, and 9), TRAF (2 and 3 and), BNIP3, BAGI,
ACTB, BCL10, TP53, TNSFRSF10A, DIABLO, MCL1, DFFA, and GADD45A and inhibits BIRC5 gene
expression in MDA-MB-231 TNBC cell lines after 27 uM of TQ treatment. TQ induction of FADD,
TNEF TNSFRSF (10A,10B, 11B, and 21), ACTB, BAG1, TRAF2, BAX, DAPK1, APAF1, AKT1, BIK, and
CASP2 genes in MDA-MB-468 TNBC cells after 25 uM TQ treatment. The control cells were treated
with 0.1 percent DMSO. Gene expression was calculated using differences in mRNA expression
between treatments and the control. The results are the mean SEM of at least four biological studies
(n = 4). The significance of differences between the control and TQ treatments was determined
using the student’s t-test The statistically significant differences were shown by * p < 0.05, ** p < 0.01,
*** p < 0.001.

Surprisingly, in terms of fold-change, MDA-MB-468 cells outperformed MDA-MB-
231 cells (Table 3B). As a result, the findings may help to explain why TQ has a higher
anti-cancer activity against MDA-MB-468 cells in our cytotoxicity, proliferation, colony
formation, migration, and cell cycle assay results. Among the upregulated genes, 15 genes
showed a significant increase (p < 0.05—p < 0.001) in their mRNA level (between 2.98 and
27.67-fold) after MDA-MB-468 was exposed to 25 uM of TQ. TNFRSF10A had the highest
fold increase (27.67-fold) followed by TNF (+26.07), and DAPK1 (2.98-fold) had the lowest
fold increase among these upregulated genes (Table 3A). When MDA-MB-231 cells were
exposed to 27 uM TQ, the mRNAs of several apoptotic genes were altered, and 15 genes
were significantly impacted with 1.8—4.5-fold upregulation: GADD45A had the highest
fold increase (4.5-fold), and CASP3 had the lowest fold increase (1.8-fold). In MDA-MB-231
cells, BIRC5 was the only gene that was downregulated (3.58-fold) (Table 3A).

In MDA-MB-231 (Table 3A), actin, beta (ACTB), BCL2-associated athanogene 1 (BAG1),
B-cell CLL/lymphoma 10 (BCL10), BCL2/adenovirus E1B 19 kDa interacting protein
2 (BNIP3), DNA fragmentation factor, 45 kDa, alpha polypeptide (DFFA), diablo, IAP-
binding mitochondrial protein (DIABLO), growth arrest and DNA-damage-inducible, alpha
(GADD45A), Caspase (CASP3, CASP4, CASP9), myeloid cell leukemia sequence 1 (BCL2-
related) (MCL1), tumor necrosis factor receptor superfamily, member 10A (TNFRSF10A),
tumor protein p53 (TP53), TNF receptor-associated factor 2 (TRAF2), and TNF receptor-
associated factor 3 (TRAF3) were upregulated, while baculoviral IAP repeat-containing 5
(BIRC5) was downregulated. In MDA-MB-468 cells (Table 3B), actin, beta (ACTB), v-akt
murine thymoma viral oncogene homolog 1 (AKT1), apoptotic peptidase activating fac-
tor 1 (APAF1), BCL2-associated agonist of cell death (BAD), BCL2-associated X protein
(BAX), BCL2-associated athanogene 1 (BAG1), BCL2-interacting killer (apoptosis-inducing)
(BIK), death-associated protein kinase 1 (DAPK1), Caspase 2 (CASP2), Fas (TNFRSF6)
associated via death domain (FADD), tumor necrosis factor (TNF), tumor necrosis factor
receptor superfamily, member 10A (TNFRSF10A), tumor necrosis factor receptor superfam-
ily, member 10b (TNFRSF10B), tumor necrosis factor receptor superfamily, member 11b
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(TNFRSF11B), tumor necrosis factor receptor superfamily, member 21 (TNFRSF21), and
TNF receptor-associated factor 2 (TRAF2) were upregulated.

Table 3. A comparative illustration of thymoquinone (TQ) effects on mRNA gene expression in
MDA-MB-231 and MDA-MB-468 TNBC cells following a 24 h exposure period.

A. MDA-MB-231 B. MDA-MB-468
1-6 Gene Cf\g:ldge p-Value Gene Cf‘l(;:;e p-Value
TI;\6F2 +2.3 0.0011 FADD +14.86 0.0005
1-6 CASP3 +1.8 0.0028 TNFRSF10A +27.67 0.0006
1-6 BAGI +2.7 0.0045 TNF +26.07 0.0032
1-6 TRAF3 +1.9 0.0063 ACTB +6.39 0.0089
1-6 ACTB +2.1 0.0088 BAD +5.03 0.0110
1-6 BCL10 +2.1 0.0088 TNFRSF10B +11.39 0.0154
1-6 BNIP3 +3.2 0.0103 BAGI1 +11.38 0.0178
1-6 CASP9 +3.7 0.0175 TRAF2 +11.42 0.0193
1-6 TP53 +2.5 0.0233 BAX +6.71 0.0178
1-6 TNFRSF10A +2.3 0.0248 DAPK1 +2.98 0.0285
1-6 DIABLO +2.0 0.0259 APAF1 +3.69 0.0208
MCL1 +1.8 0.0332 AKT1 +5.39 0.0220
1-6 CASP4 +2.4 0.0233 TNFRSF21 +4.75 0.0308
1-6 DFFA +2.8 0.0248 TNFRSF11B +15.93 0.0422
1-6 GADD45A +4.5 0.0398 BIK +9.36 0.0432
1-6 BIRCH —3.58 0.04398 CASP2 +3.58 0.0457

The significantly upregulated genes in both cell types were ACTB, BAG1, TNFRSF10A,
and TRAF2 mRNA,; yet the fold increase in MDA-MB-468 cells was higher than that in
MDA-MB-231 cells, with 6.36 vs. 2.1 for ACTB, 11.38 vs. 2.7 for BAG1, 27.67 vs. 2.3 for
TNFRSF10A, and 11.42 vs. 2.3 for TRAF2, respectively (Table 3). Our findings call attention
to the distinct response mechanisms displayed by two genetically distinct TNBC cells in
response to TQ.

4. Discussion

BC is a disease with a wide range of biological features, morphological patterns, and
clinical manifestations [36]. TNBC is the most aggressive subtype, with frequent distant
metastases, early recurrence, and a poor overall survival rate [37]. TNBC, which accounts
for 15-25% of all BC types, is most common in young women under 40 [1]. Both endocrine
treatment and HER-2 targeted therapy are ineffective [38]. Drug resistance significantly
impacts the efficacy of chemotherapy, endocrine therapy, and targeted molecular therapy,
leading to recurrence, metastasis, and potentially the death of TNBC patients [39].

TQ, an essential metabolite isolated from N. sativa, with a diversified medicinal effect,
including anticancer effects, but these anticancer effects of TNBC are not extensively
researched, with only a few studies to date. The results of our study show that TQ has
anticancer properties in two different TNBC cell lines. TQ was discovered to have cytotoxic
effects and to inhibit cell proliferation in both MDA-MB-231 and MDA-MB-468 cell lines.
Cytotoxicity studies (Figure 2), proliferation assays (Figure 2), clonogenic assays (Figure 4),
migration assays (Figure 5), invasion assays (Figure 6), and cell cycle distribution analysis
(Figure 7) revealed that these two cell lines responded differently. The viability of MDA-MB
231 and MDA-MB-468 cells decreased after treatment with 0-50 uM of TQ for 12, 24, and
48 h compared to control. The effect was more pronounced when the TQ concentration was
increased, with a significant decrease in the viability of both cells. The results show that
MDA-MB-468 cells are more sensitive to TQ than MDA-MB-231 cells. TQ was found to
prevent the growth and proliferation of a variety of cancers in in vitro research, including
colorectal [40], prostate [41], leukemia [40], pancreatic, and lung cancer [42]. In this regard,
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the findings imply that TQ may be beneficial in the prevention and treatment of TNBC, a
kind of BC that is highly proliferative.

A microscopic observation of TQ-treated TNBC cells showed a reduced cell density.
Due to their cytoplasmic contraction, the cells become smaller, irregular aggregates with
a rounded, coarse appearance and break into fragments. The treated cells started to
shrink, and cell shrinkage progressively increased in a concentration-dependent manner.
This shrinkage may be due to the growth inhibitory effect of TQ. Many apoptotic cells
appeared, the cell space increased, and intracellular contacts disappeared [43]. Thus, the
compound induced the apoptosis of MDA-MB-231 and MDA-MB-468 cells and inhibited
proliferation. Decreased adherence in TQ-treated TNBC cells can lead to disorganized cell
spreading, fewer cell—cell contacts, and the disheveled appearance of the cell population.
The control group has a uniform cell layer with tight connections between neighboring
cells. Treatment of cancer cells with natural compounds can alter their morphology, leading
to ultra-structural perturbations. Changes in cytoskeleton integrity, destruction of the
monolayer, membrane composition, endoplasmic reticulum, mitochondria, and the nucleus
lead to the formation of morphological alterations, preceding cell death [44].

The wound-healing assay is low-cost and straightforward to perform, and it is often
used to analyze cell mobility. Both cell migration and cell proliferation are crucial for
wound closure [45]. Cell migration and invasion processes are critical for cancer cells to
metastatically spread [46]. In TNBC patients, cancer cell migration is a significant cause
of death [47]. TQ’s anti-metastatic capabilities have been under-studied despite extensive
study on its usefulness in cancer treatment. Compounds with the ability to alter oncogenic
signaling pathways have shown considerable progress in eradicating cancer cells and
shrinking tumors [48,49]. However, subgroups of cancer cells resist therapy due to innate
heterogeneity and treatment-induced drug adaptation [50]. In addition to local recurrence,
these cells can leave a primary tumor and travel through the stroma to gain access to the
bloodstream, where they can spread to other organs, resulting in an incurable disease.
When cancer cells invade neighboring tissues, they reject signals from neighboring cells
and continue to develop [51]. As a result, therapies that restrict or diminish cancer cell
migration and invasion may improve cancer therapy by dramatically inhibiting or reducing
metastasis. Targeting invasion and migration are especially essential for malignancies that
currently lack specific treatments, such as TNBC [52]. Several studies have reported the role
of TQ in cancer cell migration [53-56]. The authors noted that TQ inhibits the migration
and invasion of prostate cancer [57] and BC [58] in a concentration-dependent manner.
Based on our viability study, TQ was not harmful to TNBC cells at concentrations of 5 and
10 uM. Importantly, TQ had a statistically significant inhibitory effect on cell migration
at these concentrations. This rule out the possibility that the anti-migratory effect was
due to something other than the TQ concentration’s direct killing effect. Furthermore, the
results of this study demonstrated that apoptosis, or programmed cell death, is not the
only key mechanism preventing TNBC cells from migrating. We revealed that TQ has
anti-migratory and anti-invasive properties on TNBC cells. When comparing the 0 h and
48 h treatment periods, the treated cells began to shrink, and cell shrinkage progressively
increased in a concentration-dependent manner, particularly in MDA-MB-468 cells at a
15 pM concentration of TQ after 48 h, as demonstrated by the increasing size of the wound
gap. This edge shrinkage could be due to TQ’s antimigration effect, which could be an
indication that the invaded cells are being reversed. As a result, our findings suggest that
TQ affects the migratory ability of TNBC cells.

Clonogenic assays assess a cell’s ability to maintain its integrity for an extended length
of time [59]. Clonogenic assays are crucial because they display phenotypic changes that
take time and sometimes many cell divisions to function. Because stem cells are long-lived
cells with the ability to increase indefinitely, clonogenic assays are also employed to assess
the stemness of specific cell types [60]. The clonogenic assay is especially important in
TNBC research since cancer stem cells are frequently linked to chemoresistance, subsequent
tumor development, and cancer recurrence [61]. As a result, using a clonogenic assay to
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investigate TNBC stemness is a valuable and commonly used tool for predicting the efficacy
of a particular therapy. Our studies demonstrated that TQ significantly suppressed the
colony development of TNBC over an extended length of time, indicating that it could be a
viable therapy option for TNBC, which is challenging to treat with current conventional
chemotherapeutic medicines.

Uncontrolled cell growth and proliferation are the hallmarks of cancer. Many variables
influence this behavior, including the activation of oncogenes and the silencing of tumor
suppressor genes. Overexpression of cyclin-dependent kinase (CDK) complexes and the
inactivation of cyclin-dependent kinase inhibitors are two of the most common causes of
cancer genesis (CKIs) [62]. Cell apoptosis occurs when particular checkpoints in the cell
cycle are disrupted [63]. TQ reduces cell growth in several ways by regulating key cell
cycle checkpoints and triggering cell cycle arrest at the G0/G1, G1/G2, or G2/M stages.
Sony SHB800 cell sorter analysis of TQ-treated TNBC cells revealed that TQ induces cell
cycle arrest during G0/G1, S, and G2/M phases. Consistent with our findings, TQ causes
cell cycle arrest in various cancer cells, including colorectal [64], prostate [65], liver [66],
lung [67] and TNBC [68]. Furthermore, TQ-mediated S phase cell cycle arrest was linked to
a significant reduction in the G2/M population, representing apoptosis-prone cells [42].
Taken together, according to our findings, TQ significantly induces cell cycle arrest at
various stages of the cell cycle phases, which could be used as an alternative therapeutic
option to stop the uncontrolled proliferation features of TNBC.

On the other hand, cell apoptosis is an essential regulator of cell proliferation. Regard-
less of the source or type, cancer is characterized by uncontrolled proliferation, angiogenesis,
and apoptosis resistance. Loss of apoptotic regulation allows cancer cells to survive longer
and acquire mutations, which can increase tumor invasiveness, cause angiogenesis, dereg-
ulate cell proliferation, and interfere with differentiation [69,70]. One technique for treating
cancer is to control or stop the uncontrolled multiplication of cancer cells. So, the most effec-
tive non-surgical treatment is apoptosis induction. As a result, studying apoptosis inducers
is viewed as a critical method for discovering anti-cancer drugs [71]. Our studies identified
cell apoptosis upon exposing TNBC to TQ at 27 uM in MDA-MB-231 cells and 25 pM in
MDA-MB-468 cells for 24 h. Our findings were consistent with previous studies in TP3 mu-
tant TNBC cells, which demonstrated that TQ induces apoptosis [68]. TQ may effectively
cause apoptosis in MDA-MB-231 and MDA-MB-468 cells in a concentration-dependent
manner, showing that TQ could be an effective apoptosis inducer.

Multiple molecular pathways control apoptosis and coordinate cell proliferation and
death to maintain homeostasis in normal cells. However, activating the genes implicated
in these signaling pathways increases cell proliferation and carcinogenesis in cancer cells.
Understanding the apoptosis processes and targeting the expression of these apoptotic
genes is, therefore, critical for developing tailored cancer therapy [72]. In the current study,
changes in gene expression patterns indicated TQ'’s ability to trigger apoptosis via intrinsic
and extrinsic mechanisms. TQ was found to trigger intrinsic and extrinsic apoptotic
pathways in MDA-MB-231 and MDA-MB-468 TNBC cell lines when apoptosis-related
genes were analyzed.

TQ was found to upregulate 15 apoptotic genes in MDA-MB-231 TNBC cells, including
caspases, GADD45A, TP53, DFFA, DIABLO, BNIP3, TRAF2/3, and TNFRSF10A. In MDA-
MB-468 TNBC cells, 16 apoptotic genes were upregulated, including TNFRSF10A, TNF,
TNFRSF11B, FADD TNFRSF10B, CASP2, and TRAF2, all of which are important for the
apoptotic pathway, while suppressing the expression of one anti-apoptotic gene, BIRC5 in
MDA-MB-231 cells.

In order to preserve cellular homeostasis, apoptosis is regulated by caspases, or
cysteinyl aspartate proteases [73]. A data analysis of the current study revealed that TQ
influenced several caspases, including CASP2, CASP3, CASP4, and CASP9. TQ increased
CASP3, 4, and 9 in MDA-MB-231 cells, with CASP9 being the most upregulated (+3.7).
CASP2 is the only significantly upregulated caspase (+3.58) in MDA-MB-4688 cells (Table 3).
TQ treatment stimulated CASP3 and CASP9 activities in MDA-MB-231 cells, which are
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regulators of both intrinsic and extrinsic (CASP3) or intrinsic (CASP9) apoptotic pathways.
CASP2 and CASP9 are apoptosis initiator caspases that promote innate immunological
responses to cellular stress and cause pyroptosis [74]. CASP3 is thought to cleave various
structural and repair proteins to coordinate the execution phase of apoptosis [75]. CASP4
is an inflammatory caspase that activates cytokines, and it is suggested to play a role
in pyroptosis, a type of cell death caused by pro-inflammatory signals that is linked to
inflammation [76]. TQ’s anti-cancer effect on the MDA-MB-231 and MDA-MB-468 cells is
thought to be mediated through pyroptosis processes, in addition to apoptosis. CASP2
is a unique member of the caspases family since it has both initiator and effector caspase
characteristics. CASP2 is required for initiating the apoptotic process in response to various
stressors, including DNA damage, TNF injection, and several infections and viruses [77].
According to our findings, TQ has multipurpose actions in regulating and generating
initiator, effector, and inflammatory caspases, which effectively promote apoptosis in
TNBC cells.

TQ significantly altered the expression of some genes belonging to the Bcl-2 family.
Three genes that encode the pro-apoptotic proteins, BAD, BIK, and BAX [78], were found
to be significantly upregulated in MDA-MB-468 cells. Meanwhile, BNIP3 and MCL1 were
upregulated in MDA-MB-231 cells. Members of the Bcl-2 family regulate mitochondrial
membrane permeability and are essential regulators of cell death and survival [79]. They
measure the upregulated levels of BAD, BIK, and BAX in MDA-MB-468 cells, indicating
that TQ causes a shift from anti-apoptosis to pro-apoptosis by altering the function of
Bcl-2 family proteins. These three pro-apoptotic proteins initiate the intrinsic apoptosis
pathway through the permeabilizing mitochondrial membrane, allowing apoptotic proteins
such as CYCS to be released and the activation of caspases [80]. Further research has
suggested that these proteins play a role in DNA damage-induced apoptosis and S-phase
cell cycle arrest [81]. BNIP3, the most well-known member of BNIP, was altered in TQ-
treated MDA-MB-231 cells. BNIP3 is required to activate the mitochondrial intrinsic
apoptosis pathway [82] and has been shown to respond to hypoxia, a condition that
activates Tp53 [83]. According to previous research, the overexpression of BNIP3 induces
both caspase-dependent [82] and caspase-independent apoptosis, as well as autophagy [84]
and necrosis-like cell death [85]. Furthermore, a link between increased BNIP3 expression,
cell cycle arrest, and apoptosis was previously discovered [86]. MCL-1 gene expression is
involved in polyubiquitination and proteasomal degradation, which promotes dynamic
responses to cell death stimuli [87,88]. According to one study, MCL-1’s anti-proliferative
function is clearly linked to its ability to bind proliferating cell nuclear antigen, which
regulates the cell cycle; however, it is distinct from its anti-apoptotic activity [88]. Another
study found a short form of MCL-1 in the nucleus that binds to and negatively regulates
cdk1 activity [89]. In parallel, this finding could explain the cell cycle arrest in MDA-MB-231
TNBC cells in our study. Taken together, in the current studies, BAD, BIK, BAX, BNIP3, and
MCL1 overexpression were found to contribute to TQ’s apoptotic effects in MDA-MB-231
and MDA-MB-468 TNBC cells and could be used as another potential target molecule by
TQ in the treatment of TNBC patients.

Two caspase recruitment domain (CARD) family members, APAF1 and BCL10, were
found to be significantly altered in TQ-treated MDA-MB-468 and MDA-MB-231 TNBC cells,
respectively. BCL10 is a pro-apoptotic gene that mediates apoptosis by activating the apop-
totic protease activating factor (APAF1)-caspase-9 pathway through a CASP8-independent
mechanism [79,90]. Furthermore, as an immune signaling adaptor, BCL10 mediates im-
mune responses and has the potential to cause cell cycle arrest [91]. Overexpression of
this gene in BCL10-transfected BC cells was linked to apoptosis [92]. APAF1 (apoptotic
protease activating factor) is essential for mitochondrial-mediated apoptosis. Cancer cells
are widely protected from apoptosis due to low APAF1 levels compared to normal cells.
Interestingly, our findings are consistent with other studies. Previous research found that
MCF?7 cells transfected with APAF1 were more sensitive to Docetaxel due to increasing
the mitochondrial permeability for cytochrome c release, which promoted apoptosome
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formation and intrinsic apoptosis [93]. Taken together, inducing the expression of BCL10
and APF1 in TNBC cells could be partly responsible for TQ’s apoptotic effects.

TQ treatment caused mRNA expression upregulation in multiple TNFR family genes
in both TNBC cell models. We also suggested that these two cell lines utilized a distinct
mechanism to undergo apoptosis. TNF, TNFRSF10A, TNFRSF10B, TNFRSF11B, TNFRSF21,
and FADD protein levels were significantly increased in TQ-treated MDA-MB-468 cells.
TQ significantly increased the expression of TNF and tumor necrosis factor receptor su-
perfamily (TNFRSF) members (TNFRSF10A, 10B,11B, and 21). The TNFRSF10A gene
binds to TNF-« and causes apoptosis [94], whereas the TNFRSF10B gene is one of the
receptors that can bind to a TNFSF10/TRAIL ligand [95] and cause apoptosis via caspase
recruitment [96]. In TQ-treated MDA-MB-468 cells, TNFRSF10A is the most upregulated
gene (27.67-fold). In contrast to healthy breast cells, low TNFRSF10A expression in vari-
ous types of cancer, including BC, is associated with decreased apoptosis and cancer cell
enhancement [97]. TNFRSF10A upregulation, on the other hand, mediates apoptosis in
transformed cells, while having either no effect or a negligible effect on normal cells [98].
Previous research suggested that TNFRSF10A activates BID and participates in the intrinsic
mitochondrial apoptotic pathway [99]. The upregulated TNFRSF10A can mediate cell cycle
arrest, anti-proliferative and apoptotic effects, which is consistent with previous findings
in prostate cancer cell line studies [100]. TNFRSF10A was also found to be significantly
upregulated in MDA-MB-231 cells, albeit at a lower fold change than in MDA-MB-468 cells.
As a result, our findings suggest that TNFSRF10A plays a significant role in the observed
apoptotic effect in TQ-treated MDA-MB-468 and MDA-MB-231 cells and TNFRSF10A as
a novel target in TNBC patients. On the other hand, the upregulated TNFRSF21 found
in TQ-treated MDA-MB-468 cells was previously shown to induce apoptosis [101], possi-
bly via the mitochondria-mediating pathway and Bax interaction [102]. As a result, our
findings suggest that TNFRSF members play a significant role in the observed apoptotic
effect in TQ-treated MDA-MB-468 and MDA-MB-231 cells and suggest a novel target in
TNBC patients.

FADD receptor was also one of the most significantly upregulated genes in MDA-MB-
468 cells (14.86-fold change, Table 3). This gene is involved in the extrinsic and TRAIL-
induced apoptotic pathways via caspase activation [103] as well as playing a critical role in
BID cleavage [75]. In MDA-MB-468, the upregulated expression of FADD is suggested to
mediate the observed S-phase cell cycle arrest and apoptosis, consistent with previous BC
findings [104].

TQ was found to upregulate the expression of TRAFs in MDA-MB-231 and MDA-
MB-468 cells. TRAFs (tumor necrosis factor receptor-associated factors) are a group of
structurally related proteins that transmit signals between members of TNFRSF and other
immune receptors [105]. The transcription factor nuclear factor 3 (NF-xf3) and MAPKs are
two major downstream signaling events regulated by TRAF molecules [106,107]. TRAF2
and TRAF3 are negative regulators of various signaling pathways, such as NF-kf and
pro-inflammatory Toll-like receptor (TLR) pathways [108]. TQ dramatically augmented the
expression of TRAF2 and TRAF3 proteins by +2.8- and +2.3-fold, respectively. TQ’s overex-
pression of these two negative regulator proteins may play a role in the downregulation
of NF-«f3. However, our hypothesis urges further investigation and could be a valuable
therapeutic target for TNBC patients. TRAF2 mediates apoptosis in breast, cervical, and
lung cancer cells by stabilizing the caspase-2 dimer complex and enhancing its activity to
fully commit the cell to death, according to prior research [109,110]. In this study, TQ'’s
overexpression of these two negative regulator proteins may play a role in the apoptotic
effects of TQ and could be a useful therapeutic target for TNBC patients.

The pro-apoptotic gene GADD45A, a Tp53 and DNA damage response gene, was
the most upregulated in TQ-treated MDA-MB-231 cells. GADD45A (growth arrest and
DNA damage-induced 45 alpha) is a pro-apoptotic gene belonging to the GADDA45 stress
sensor family. GADDA45A is a critical component of several metabolic pathways that
mediates cell proliferation, DNA repair, apoptosis, and cell cycle regulation [111]. The
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tumor suppressors Tp53 and BRCA1 use GADDA45A as a transcriptional target. In various
cancer cells, including BC, GADDA45A repression was strongly associated with increased
cancer cells survival, uncontrolled proliferation, and carcinogenesis [112,113]. GADD45A
levels are modest in normal breast tissue, highest in Luminal A subtypes, followed by
Luminal B subtypes and HER™" subtypes, and lowest in TNBC [114]. The absence of the
three hormone receptors, ER, PR, and Her2/neu, is strongly linked to a low level of the
GADD45A gene in TNBC [114]. With a significant GADD45a expression in BC progression
and its ability to upregulate GADD45A and induce apoptosis, TQ is a promising therapeutic
agent for managing TNBC cells, either directly or indirectly.

The tumor suppressor gene TP53, the most significantly altered gene in cancer [115], is one
of the most upregulated genes in TQ-treated MDA-MB-231 cells. Many cell activities, including
cell cycle regulation, senescence, survival, proliferation, and apoptosis, are regulated by the
tumor suppressor protein encoded by the genome [116]. Certainly, Tp53 is essential for tumor
suppression during the acute response to cellular stress, as well as the death or silencing of cancer-
initiating cells with oncogenic lesions that drive neoplastic transformation [117]. Following
cellular stress and DNA damage, Tp53 is immediately induced in healthy cells. It contributes
to the transcriptional activation of several genes, including BCL2-associated X(BAX) [118] and
GADD/45A [119], which in turn stop cancer cell proliferation and delete or diminish cancer
cell tumorigenic potential. Tp53 mutation is a turning point in the evolution of aggressive and
metastatic BC with the worst prognosis. In TNBC, the frequency of Tp53 mutations is more than
50% [120], and inactivation of the Tp53 gene has a significant impact on TNBC prognosis [121].
According to our findings, TQ inhibits the proliferation of MDA-MB-231 and MDA-MB-468.
Therefore, the upregulation of Tp53 expression (+2.5-fold change, Table 3) by TQ, which could
be either a mutant or converted wild-type, was unknown in our study but may be suggested as a
mediator in the profound antiproliferative effort, at least in part. Previous studies in Tp3-mutant
TNBC cells demonstrated that TQ causes G1 phase cell cycle arrest and induces apoptosis [68].
Previous research also found that several compounds, including PRIMA-1, APR-246 PK11007,
and COTI-2, can reactivate mutant p53 protein and convert it to a conformation with wild-type
properties [122]. Nonenzymatically, APR-246 is converted to the Michael acceptor methylene
quinuclidinone, which binds covalently to thiol groups in mutant p53, causing a reactivation
of the mutant protein and induction of apoptosis [123]. Because TQ has quinone moiety in its
structure, our findings of increased TP53 expression and induced apoptosis by TQ may be due
to its conversion to wild-type properties, which require further investigation.

TQ significantly increased the expression of ACTB and BAG1 in both cell lines. Per-
haps beta-actin helps to initiate apoptosis by allowing cytosolic pro-apoptotic proteins
to be carried to mitochondria by a cytoskeleton-driven trafficking system [124]. Previous
research has shown that actin can be used as a substrate for caspase cleavage in mammalian
cells [125]. According to previous research, Bagl-L positively regulates the proapoptotic
markers DP5 and Bim in HCT116 cells [126]. Other similar findings demonstrated that
BAGT1 enhanced radiation-induced apoptosis in squamous esophageal cancer cells (TE-12
cloneAl), which was further demonstrated by knocking down BAG1 expression using
targeted siRNA that diminished radiosensitivity [127]. Taken together, TQ, by upregulating
these two genes, may also contribute to the induction of apoptosis in MDA-MB-231 and
MDA-MB-468 TNBC cells.

TQ-treated MDA-MB-231 cells exhibited a repressed expression of the BIRC (Baculovi-
ral IAP Repeat Containing) family genes, which play a vital role in developing apoptosis
resistance in various cancer cells, including BC cells [128]. Normally, BIRC5 was signif-
icantly altered. BIRCS (survivin) is expressed in developing tissues, then disappears in
adult cells except for a few cell types) before being re-expressed in malignancies [129].
BIRCS5 is abundantly expressed in cancer tissue, particularly BC [130], and it has been
shown to enhance cell proliferation in various malignancies. Additionally, BRIC5 has
anti-apoptotic and mitotic regulating functions, allowing for anti-proteasomal stability and
caspase-mediated apoptosis inhibition, increasing tumor growth and survival [129]. BIRC5
appears to be a unique prognostic factor and therapeutic target for TNBC. TQ significantly
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downregulates BIRC5 expression in MDA-MB-231TNBC cell lines, indicating a feasible
alternative to the treatment and prevention of TNBC.

Despite some differences in gene expression caused by TQ in both cell lines, we
believe that when present at pharmacological levels, TQ may affect the expression of genes
involved in multiple apoptotic pathways in both cell lines.

5. Summary

The current study demonstrated the molecular mechanism underlying the apoptotic
effect of the natural compound TQ in TNBC cells, MDA-MB-231, and MDA-MB-468 cells.
TQ induced cytotoxic and anti-proliferative effects accompanied by apoptosis in response
to S-phase and G2/M phase cell cycle arrest. Importantly, the variation in the molecular
profiles between African American and Caucasian TNBC patients, including protein and
gene expressions, somatic mutations, somatic DNA copy number alteration, and DNA
methylation patterns [131], might explain the different genetic responses to TQ that were
obtained in the two cell lines under investigation. Nonetheless, MDA-MB-468 cells were
remarkably more susceptible to TQ than MDA-MB-231 cells. In MDA-MB-468 cells, many
apoptosis-involved genes with a dramatically higher increase were measured. TQ was
found to induce apoptosis in both TNBC cell models. As an in vitro investigation, our
study has some limitations. While we explored the anti-cancer effects of TQ in two different
BC cells, we did not explore normal breast cells or do any in vivo experiments in this
study. Furthermore, the TNBC cell lines MDA-MB-468 and MDA-MB-231, also known as
basal-like one and mesenchymal, are structurally distinct. Despite these drawbacks, this
study offered explanations of the molecular pathways of TQ in two TNBC cell lines with
different genetic backgrounds. The findings revealed that the potential of TQ to modify
apoptosis-related factors significantly differed between the two cell lines. The results of this
study should also propose TQ as an additional therapy for managing TNBC to improve
chemotherapy effectiveness and limit cancer progression. In both MDA-MB-231 and MDA-
MB-468 cells, TQ upregulates pro-apoptotic genes while suppressing the expression of
the anti-apoptotic gene, BIRC5. Figure 10 summarizes the anti-cancer effect of TQ on
genetically distinct TNBC cell lines.
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Figure 10. The effect of TQ on apoptotic gene expression in MDA-MB-231 and MDA-MB-468 TNBC
cells. TQ inhibits proliferation, invasion, migration, and colony formation, as well as inducing cell
cycle arrest and apoptosis. The red arrow indicates that apoptotic genes are being upregulated in
both cells, while the green arrow indicates that one gene is being downregulated in MDA-MB-231
cells. Altogether, TQ may end up as a useful agent for the prevention and treatment of TNBC.
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6. Conclusions

The findings highlight the significance of the TQ as a candidate capable of inducing
cancer cell apoptosis via intrinsic and extrinsic apoptosis-related genes. Our results related
to the apoptotic gene profile revealed numerous helpful markers in these two TNBC cell
lines, which may serve as a viable putative pharmaceutical target in TNBCs due to the
aggressive character of the disease and the lack of focused therapies.

Author Contributions: Conceptualization, G.M.A. and K.F.A.S.; methodology, G.M.A. and S.S.M.;
formal analysis, G.M.A., S.S.M. and R.B.B.; resources, K.F.A.S.; Investigation, G.M.A.; data cura-
tion, G.M.A. and S.5.M.; writing—original draft preparation, G.M.A.; writing—review and editing,
K.EAS., GM.A, SSM., E.T.,, RB.B. and L.M.A; visualization, KFEA.S., GM.A.,S.SM.,, E.T., R.B.B.
and L.M.A. Supervision 5.5.M., E.T. and K.EA.S. project administration K.F.A.S.; funding acquisition,
K.EA.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the National Institute of Minority Health and Health
Disparities of the National Institutes of Health through Grant Number U54 MD 007582 and Grant
Number P20 MDO006738.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated or analyzed during this study are included in this
published article.

Acknowledgments: We thank The Title III program.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.
13.

14.

15.

Adinew, G.M,; Taka, E.; Mochona, B.; Badisa, R.B.; Mazzio, E.A ; Elhag, R.; Soliman, K.F.A. Therapeutic Potential of Thymoquinone
in Triple-Negative Breast Cancer Prevention and Progression through the Modulation of the Tumor Microenvironment. Nutrients
2022, 14, 79. [CrossRef] [PubMed]

Fitzmaurice, C.; Dicker, D.; Pain, A.; Hamavid, H.; Moradi-Lakeh, M.; MacIntyre, M.E; Allen, C.; Hansen, G.; Woodbrook, R.;
Wolfe, C.; et al. The Global Burden of Cancer 2013. JAMA Oncol. 2015, 1, 505-527. [CrossRef] [PubMed]

WHO. Breast Cancer Now Most Common Form of Cancer: WHO Taking Action. 2022. Available online: https:/ /www.who.int/
news/item/03-02-2021-breast-cancer-now-most-common-form-of-cancer-who-taking-action (accessed on 24 February 2022).
American Cancer Society. How Common Is Breast Cancer? 2022. Available online: https://www.cancer.org/cancer/breast-
cancer/about/how-common-is-breast-cancer.html (accessed on 2 October 2021).

Siegel, R.L.; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer statistics, 2022. CA Cancer |. Clin. 2022, 72, 7-33. [CrossRef] [PubMed]
Yao, H.; He, G.; Yan, S.; Chen, C.; Song, L.; Rosol, T.J.; Deng, X. Triple-negative breast cancer: Is there a treatment on the horizon?
Oncotarget 2017, 8, 1913-1924. [CrossRef]

Pierobon, M.; Frankenfeld, C.L. Obesity as a risk factor for triple-negative breast cancers: A systematic review and meta-analysis.
Breast Cancer Res. Treat. 2013, 137, 307-314. [CrossRef]

Lin, N.U.; Vanderplas, A.; Hughes, M.E.; Theriault, R.L.; Edge, S.B.; Wong, Y.N.; Blayney, D.W.; Niland, J.C.; Winer, E.P.; Weeks, ].C.
Clinicopathologic features, patterns of recurrence, and survival among women with triple-negative breast cancer in the National
Comprehensive Cancer Network. Cancer 2012, 118, 5463-5472. [CrossRef]

Dietze, E.C.; Sistrunk, C.; Miranda-Carboni, G.; O'Regan, R.; Seewaldt, V.L. Triple-negative breast cancer in African-American
women: Disparities versus biology. Nat. Rev. Cancer 2015, 15, 248-254. [CrossRef]

Prakash, O.; Hossain, F.; Danos, D.; Lassak, A.; Scribner, R.; Miele, L. Racial Disparities in Triple Negative Breast Cancer: A
Review of the Role of Biologic and Non-biologic Factors. Front. Public Health 2020, 8, 576964. [CrossRef]

Nofech-Mozes, S.; Trudeau, M.; Kahn, H.K.; Dent, R.; Rawlinson, E.; Sun, P.; Narod, S.A.; Hanna, W.M. Patterns of recurrence in
the basal and non-basal subtypes of triple-negative breast cancers. Breast Cancer Res. Treat. 2009, 118, 131-137. [CrossRef]

Irvin, W.J., Jr.; Carey, L.A. What is triple-negative breast cancer? Eur. |. Cancer 2008, 44, 2799-2805. [CrossRef]

Salerno, D.; Sofou, S. Growth Inhibition of Triple-Negative Breast Cancer: The Role of Spatiotemporal Delivery of Neoadjuvant
Doxorubicin and Cisplatin. Pharmaceuticals 2021, 14, 1035. [CrossRef] [PubMed]

Hill, D.P.,; Harper, A.; Malcolm, J.; McAndrews, M.S.; Mockus, S.M.; Patterson, S.E.; Reynolds, T.; Baker, E.J.; Bult, C.J;
Chesler, E.J.; et al. Cisplatin-resistant triple-negative breast cancer subtypes: Multiple mechanisms of resistance. BMC Cancer
2019, 19, 1039. [CrossRef] [PubMed]

Salehi, B.; Stojanovi¢-Radi¢, Z.; Mateji¢, J.; Sharifi-Rad, M.; Anil Kumar, N.V.; Martins, N.; Sharifi-Rad, ]. The therapeutic potential
of curcumin: A review of clinical trials. Eur. J. Med. Chem. 2019, 163, 527-545. [CrossRef] [PubMed]


http://doi.org/10.3390/nu14010079
http://www.ncbi.nlm.nih.gov/pubmed/35010954
http://doi.org/10.1001/jamaoncol.2015.0735
http://www.ncbi.nlm.nih.gov/pubmed/26181261
https://www.who.int/news/item/03-02-2021-breast-cancer-now-most-common-form-of-cancer-who-taking-action
https://www.who.int/news/item/03-02-2021-breast-cancer-now-most-common-form-of-cancer-who-taking-action
https://www.cancer.org/cancer/breast-cancer/about/how-common-is-breast-cancer.html
https://www.cancer.org/cancer/breast-cancer/about/how-common-is-breast-cancer.html
http://doi.org/10.3322/caac.21708
http://www.ncbi.nlm.nih.gov/pubmed/35020204
http://doi.org/10.18632/oncotarget.12284
http://doi.org/10.1007/s10549-012-2339-3
http://doi.org/10.1002/cncr.27581
http://doi.org/10.1038/nrc3896
http://doi.org/10.3389/fpubh.2020.576964
http://doi.org/10.1007/s10549-008-0295-8
http://doi.org/10.1016/j.ejca.2008.09.034
http://doi.org/10.3390/ph14101035
http://www.ncbi.nlm.nih.gov/pubmed/34681259
http://doi.org/10.1186/s12885-019-6278-9
http://www.ncbi.nlm.nih.gov/pubmed/31684899
http://doi.org/10.1016/j.ejmech.2018.12.016
http://www.ncbi.nlm.nih.gov/pubmed/30553144

Nutrients 2022, 14,2120 26 of 30

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Hannan, M.A.; Rahman, M.A; Sohag, A.A.M.; Uddin, M.].; Dash, R.; Sikder, M.H.; Rahman, M.S.; Timalsina, B.; Munni, Y.A;
Sarker, PP; et al. Black Cumin (Nigella sativa L.): A Comprehensive Review on Phytochemistry, Health Benefits, Molecular
Pharmacology, and Safety. Nutrients 2021, 13, 1784. [CrossRef]

Randhawa, M.A.; Alghamdi, M.S. Anticancer activity of Nigella sativa (black seed)—A review. Am. J. Chin. Med. 2011, 39,
1075-1091. [CrossRef]

Badary, O.A.; Hamza, M.S.; Tikamdas, R. Thymoquinone: A Promising Natural Compound with Potential Benefits for COVID-19
Prevention and Cure. Drug Des. Dev. Ther. 2021, 15, 1819-1833. [CrossRef]

Arafa, E-S.A.; Zhu, Q.; Shah, Z.1.; Wani, G.; Barakat, B.M.; Racoma, I.; EI-Mahdy, M.A.; Wani, A.A. Thymoquinone up-regulates
PTEN expression and induces apoptosis in doxorubicin-resistant human breast cancer cells. Mutat. Res. 2011, 706, 28-35.
[CrossRef]

Adinew, G.M,; Taka, E.; Mendonca, P.; Messeha, S.S.; Soliman, K.F.A. The Anticancer Effects of Flavonoids through miRNAs
Modulations in Triple-Negative Breast Cancer. Nutrients 2021, 13, 1212. [CrossRef]

Banerjee, S.; Azmi, A.S.; Padhye, S.; Singh, M.W.; Baruah, J.B.; Philip, P.A.; Sarkar, FH.; Mohammad, R.M. Structure-activity
studies on therapeutic potential of Thymoquinone analogs in pancreatic cancer. Pharm. Res. 2010, 27, 1146-1158. [CrossRef]
Woo, C.C.; Kumar, A.P; Sethi, G.; Tan, K.H.B. Thymoquinone: Potential cure for inflammatory disorders and cancer. Biochem.
Pharmacol. 2012, 83, 443-451. [CrossRef]

Anders, C.K.; Carey, L.A. Biology, metastatic patterns, and treatment of patients with triple-negative breast cancer. Clin. Breast
Cancer 2009, 9, S73-S81. [CrossRef] [PubMed]

Messeha, S.S.; Zarmouh, N.O.; Asiri, A.; Soliman, K.F.A. Rosmarinic acid-induced apoptosis and cell cycle arrest in triple-negative
breast cancer cells. Eur. |. Pharmacol. 2020, 885, 173419. [CrossRef] [PubMed]

Chan, L.L.; Rice, W.L,; Qiu, J. Observation and quantification of the morphological effect of trypan blue rupturing dead or dying
cells. PLoS ONE 2020, 15, €0227950. [CrossRef] [PubMed]

Wu, J.; Meng, L.; Long, M.; Ruan, Y,; Li, X.; Huang, Y.; Qiu, W. Inhibition of breast cancer cell growth by the Pteris semipinnata
extract ent-11alpha-hydroxy-15-oxo-kaur-16-en-19-oic-acid. Oncol. Lett. 2017, 14, 6809-6814. [CrossRef] [PubMed]

Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to Image]: 25 years of image analysis. Nat. Methods 2012, 9, 671-675.
[CrossRef]

Tavana, H.; Kaylan, K.; Bersano-Begey, T.; Luker, K.E.; Luker, G.D.; Takayama, S. Polymeric Aqueous Biphasic System Rehydration
Facilitates High Throughput Cell Exclusion Patterning For Cell Migration Studies. Adv. Funct. Mater. 2011, 21, 2920-2926.
[CrossRef] [PubMed]

Wang, L.; Cao, H.; Pang, X; Li, K,; Dang, W.; Tang, H.; Chen, T. The effect of leptin and its mechanisms on the migration and
invasion of human breast cancer MCF-7 cells. Xi Bao Yu Fen Zi Mian Yi Xue Za Zhi 2013, 29, 1272-1276.

Li, M.; Liu, L.; Zang, W.; Wang, Y.; Du, Y.; Chen, X,; Li, P; Li, ].; Zhao, G. miR-365 overexpression promotes cell proliferation and
invasion by targeting ADAMTS-1 in breast cancer. Int. ]. Oncol. 2015, 47, 296-302. [CrossRef]

Citalingam, K.; Abas, F; Lajis, N.H.; Othman, I.; Naidu, R. Anti-proliferative effect and induction of apoptosis in androgen-
independent human prostate cancer cells by 1,5-bis(2-hydroxyphenyl)-1,4-pentadiene-3-one. Molecules 2015, 20, 3406-3430.
[CrossRef]

Messeha, S.S.; Zarmouh, N.O.; Mendonca, P.; Alwagdani, H.; Cotton, C.; Soliman, K.F.A. Effects of gossypol on apoptosisrelated
gene expression in racially distinct triplenegative breast cancer cells. Oncol. Rep. 2019, 42, 467-478. [CrossRef] [PubMed]
Vanzyl, E.J.; Rick, K.R.C.; Blackmore, A.B.; MacFarlane, E.M.; McKay, B.C. Flow cytometric analysis identifies changes in S and M
phases as novel cell cycle alterations induced by the splicing inhibitor isoginkgetin. PLoS ONE 2018, 13, e0191178. [CrossRef]
[PubMed]

Lv, G, Sun, D.; Zhang, J.; Xie, X.; Wu, X.; Fang, W.; Tian, J.; Yan, C.; Wang, H.; Fu, F. Lx2-32¢, a novel semi-synthetic taxane, exerts
antitumor activity against prostate cancer cells in vitro and in vivo. Acta Pharm. Sin. B 2017, 7, 52-58. [CrossRef] [PubMed]
Yamamoto, H.; Omelchenko, I; Shi, X.; Nuttall, A.L. The influence of NF-kappaB signal-transduction pathways on the murine
inner ear by acoustic overstimulation. J. Neurosci. Res. 2009, 87, 1832-1840. [CrossRef] [PubMed]

Rakha, E.A; Reis-Filho, ].S.; Baehner, F,; Dabbs, D.].; Decker, T.; Eusebi, V.; Fox, S.B.; Ichihara, S.; Jacquemier, J.; Lakhani, S.R.; et al.
Breast cancer prognostic classification in the molecular era: The role of histological grade. Breast Cancer Res. 2010, 12, 207.
[CrossRef]

He, M.Y.; Rancoule, C.; Rehailia-Blanchard, A.; Espenel, S.; Trone, ]J.C.; Bernichon, E.; Guillaume, E.; Vallard, A.; Magné, N.
Radiotherapy in triple-negative breast cancer: Current situation and upcoming strategies. Crit. Rev. Oncol. Hematol. 2018, 131,
96-101. [CrossRef]

Guo, L,; Xie, G.; Wang, R.; Yang, L.; Sun, L.; Xu, M,; Yang, W.; Chung, M.C. Local treatment for triple-negative breast cancer
patients undergoing chemotherapy: Breast-conserving surgery or total mastectomy? BMC Cancer 2021, 21, 717. [CrossRef]
Gote, V.; Nookala, A.R.; Bolla, PK; Pal, D. Drug Resistance in Metastatic Breast Cancer: Tumor Targeted Nanomedicine to the
Rescue. Int. . Mol. Sci. 2021, 22, 4673. [CrossRef]

Effenberger-Neidnicht, K.; Schobert, R. Combinatorial effects of thymoquinone on the anti-cancer activity of doxorubicin. Cancer
Chemother. Pharmacol. 2011, 67, 867-874. [CrossRef]


http://doi.org/10.3390/nu13061784
http://doi.org/10.1142/S0192415X1100941X
http://doi.org/10.2147/DDDT.S308863
http://doi.org/10.1016/j.mrfmmm.2010.10.007
http://doi.org/10.3390/nu13041212
http://doi.org/10.1007/s11095-010-0145-3
http://doi.org/10.1016/j.bcp.2011.09.029
http://doi.org/10.3816/CBC.2009.s.008
http://www.ncbi.nlm.nih.gov/pubmed/19596646
http://doi.org/10.1016/j.ejphar.2020.173419
http://www.ncbi.nlm.nih.gov/pubmed/32750370
http://doi.org/10.1371/journal.pone.0227950
http://www.ncbi.nlm.nih.gov/pubmed/31978129
http://doi.org/10.3892/ol.2017.7113
http://www.ncbi.nlm.nih.gov/pubmed/29344122
http://doi.org/10.1038/nmeth.2089
http://doi.org/10.1002/adfm.201002559
http://www.ncbi.nlm.nih.gov/pubmed/23519702
http://doi.org/10.3892/ijo.2015.3015
http://doi.org/10.3390/molecules20023406
http://doi.org/10.3892/or.2019.7179
http://www.ncbi.nlm.nih.gov/pubmed/31173249
http://doi.org/10.1371/journal.pone.0191178
http://www.ncbi.nlm.nih.gov/pubmed/29338026
http://doi.org/10.1016/j.apsb.2016.06.005
http://www.ncbi.nlm.nih.gov/pubmed/28119808
http://doi.org/10.1002/jnr.22018
http://www.ncbi.nlm.nih.gov/pubmed/19185019
http://doi.org/10.1186/bcr2607
http://doi.org/10.1016/j.critrevonc.2018.09.004
http://doi.org/10.1186/s12885-021-08429-9
http://doi.org/10.3390/ijms22094673
http://doi.org/10.1007/s00280-010-1386-x

Nutrients 2022, 14,2120 27 of 30

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

63.

64.

65.

66.

67.

Koka, P.S.; Mondal, D.; Schultz, M.; Abdel-Mageed, A.B.; Agrawal, K.C. Studies on molecular mechanisms of growth inhibitory
effects of thymoquinone against prostate cancer cells: Role of reactive oxygen species. Exp. Biol. Med. 2010, 235, 751-760.
[CrossRef]

Gomathinayagam, R.; Ha, ].H.; Jayaraman, M.; Song, Y.S.; Isidoro, C.; Dhanasekaran, D.N. Chemopreventive and Anticancer
Effects of Thymoquinone: Cellular and Molecular Targets. |. Cancer Prev. 2020, 25, 136-151. [CrossRef]

Yao, W,; Lin, Z.; Wang, G.; Li, S.; Chen, B.; Sui, Y.; Huang, J.; Liu, Q.; Shi, P,; Lin, X; et al. Delicaflavone induces apoptosis via
mitochondrial pathway accompanying G2/M cycle arrest and inhibition of MAPK signaling cascades in cervical cancer HeLa
cells. Phytomedicine 2019, 62, 152973. [CrossRef] [PubMed]

Diederich, M.; Cerella, C. Non-canonical programmed cell death mechanisms triggered by natural compounds. Semin. Cancer
Biol. 2016, 4041, 4-34. [CrossRef] [PubMed]

Jun, J.H,; Oh, J.E.; Shim, ] K.; Kwak, Y.L.; Cho, J.S. Effects of bisphenol A on the proliferation, migration, and tumor growth of
colon cancer cells: In vitro and in vivo evaluation with mechanistic insights related to ERK and 5-HT3. Food Chem. Toxicol. 2021,
158, 112662. [CrossRef] [PubMed]

Pijuan, J.; Barcel6, C.; Moreno, D.F; Maiques, O.; Sis6, P.; Marti, R M.; Macia, A.; Panosa, A. In vitro Cell Migration, Invasion, and
Adhesion Assays: From Cell Imaging to Data Analysis. Front. Cell Dev. Biol. 2019, 7, 107. [CrossRef] [PubMed]

Kong, Y.; Zhang, Y.; Wang, H.; Kan, W.; Guo, H.; Liu, Y.; Zang, Y.; Li, ]. Inner nuclear membrane protein TMEM201 promotes
breast cancer metastasis by positive regulating TGFf signaling. Oncogene 2022, 41, 647-656. [CrossRef] [PubMed]
Sanchez-Vega, F; Mina, M.; Armenia, J.; Chatila, WK,; Luna, A.; La, K.C,; Dimitriadoy, S.; Liu, D.L.; Kantheti, H.S,;
Saghafinia, S.; et al. Oncogenic Signaling Pathways in the Cancer Genome Atlas. Cell 2018, 173, 321-337.e10. [CrossRef]
Barreca, M.; Ingarra, A.M.; Raimondi, M.V.; Spano, V.; De Franco, M.; Menilli, L.; Gandin, V.; Miolo, G.; Barraja, P.; Montalbano, A.
Insight on pyrimido [5,4-g]indolizine and pyrimido[4,5-c]pyrrolo[1,2-aJazepine systems as promising photosensitizers on
malignant cells. Eur. ]. Med. Chem. 2022, 237, 114399. [CrossRef]

Zahreddine, H.; Borden, K.L.B. Mechanisms and insights into drug resistance in cancer. Front. Pharm. 2013, 4, 28. [CrossRef]
Overholtzer, M. Senescent cells feed on their neighbours. Nature 2019, 574, 635-636. [CrossRef]

Wells, A.; Grahovac, J.; Wheeler, S.; Ma, B.; Lauffenburger, D. Targeting tumor cell motility as a strategy against invasion and
metastasis. Trends Pharm. Sci. 2013, 34, 283-289. [CrossRef]

Yang, J.; Kuang, X.R.; Lv, PT.; Yan, X.X. Thymoquinone inhibits proliferation and invasion of human nonsmall-cell lung cancer
cells via ERK pathway. Tumour Biol. 2015, 36, 259-269. [CrossRef] [PubMed]

Li, J.; Khan, M.A.; Wei, C.; Cheng, ]J.; Chen, H,; Yang, L.; ljaz, I.; Fu, ]. Thymoquinone Inhibits the Migration and Invasive
Characteristics of Cervical Cancer Cells SiHa and CaSki In Vitro by Targeting Epithelial to Mesenchymal Transition Associated
Transcription Factors Twistl and Zeb1. Molecules 2017, 22, 2105. [CrossRef] [PubMed]

Park, G.; Song, N.Y.; Kim, D.H; Lee, S.J.; Chun, K.S. Thymoquinone Suppresses Migration of Human Renal Carcinoma Caki-1
Cells through Inhibition of the PGE2-Mediated Activation of the EP2 Receptor Pathway. Biomol. Ther. 2021, 29, 64-72. [CrossRef]
[PubMed]

Khan, M.A; Tania, M.; Wei, C.; Mei, Z.; Fu, S.; Cheng, J.; Xu, J.; Fu, ]. Thymoquinone inhibits cancer metastasis by downregulating
TWIST1 expression to reduce epithelial to mesenchymal transition. Oncotarget 2015, 6, 19580-19591. [CrossRef]

Yi, T.; Cho, S.G.; Yi, Z.; Pang, X.; Rodriguez, M.; Wang, Y.; Sethi, G.; Aggarwal, B.B.; Liu, M. Thymoquinone inhibits tumor
angiogenesis and tumor growth through suppressing AKT and extracellular signal-regulated kinase signaling pathways. Mol.
Cancer 2008, 7, 1789-1796. [CrossRef]

Woo, C.C; Loo, S.Y,; Gee, V.; Yap, C.W.; Sethi, G.; Kumar, A.P; Tan, K.H. Anticancer activity of thymoquinone in breast cancer
cells: Possible involvement of PPAR-y pathway. Biochem. Pharm. 2011, 82, 464-475. [CrossRef]

Sumantran, V.N. Cellular Chemosensitivity Assays: An Overview. In Cancer Cell Culture: Methods and Protocols; Cree, I.A., Ed.;
Humana Press: Totowa, NJ, USA, 2011; pp. 219-236. [CrossRef]

Franco, S.S.; Szczesna, K.; Iliou, M.S.; Al-Qahtani, M.; Mobasheri, A.; Koboldk, J.; Dinnyés, A. In vitro models of cancer stem cells
and clinical applications. BMC Cancer 2016, 16, 738. [CrossRef]

Park, S.-Y.; Choi, J.-H.; Nam, J.-S. Targeting Cancer Stem Cells in Triple-Negative Breast Cancer. Cancers 2019, 11, 965. [CrossRef]
Ding, L.; Cao, J.; Lin, W.; Chen, H.; Xiong, X.; Ao, H.; Yu, M; Lin, ].; Cui, Q. The Roles of Cyclin-Dependent Kinases in Cell-Cycle
Progression and Therapeutic Strategies in Human Breast Cancer. Int. ]. Mol. Sci. 2020, 21, 1960. [CrossRef]

Visconti, R.; Della Monica, R.; Grieco, D. Cell cycle checkpoint in cancer: A therapeutically targetable double-edged sword. J. Exp.
Clin. Cancer Res. 2016, 35, 153. [CrossRef]

Wirries, A.; Breyer, S.; Quint, K.; Schobert, R.; Ocker, M. Thymoquinone hydrazone derivatives cause cell cycle arrest in
p53-competent colorectal cancer cells. Exp. Med. 2010, 1, 369-375. [CrossRef] [PubMed]

Kaseb, A.O.; Chinnakannu, K.; Chen, D.; Sivanandam, A.; Tejwani, S.; Menon, M.; Dou, Q.P.; Reddy, G.P. Androgen receptor
and E2F-1 targeted thymoquinone therapy for hormone-refractory prostate cancer. Cancer Res. 2007, 67, 7782-7788. [CrossRef]
[PubMed]

Ke, X;; Zhao, Y,; Lu, X,; Wang, Z.; Liu, Y,; Ren, M.; Lu, G.; Zhang, D.; Sun, Z.; Xu, Z.; et al. TQ inhibits hepatocellular carcinoma
growth in vitro and in vivo via repression of Notch signaling. Oncotarget 2015, 6, 32610-32621. [CrossRef] [PubMed]

Jafri, S.H.; Glass, J.; Shi, R.; Zhang, S.; Prince, M.; Kleiner-Hancock, H. Thymoquinone and cisplatin as a therapeutic combination
in lung cancer: In vitro and in vivo. J. Exp. Clin. Cancer Res. 2010, 29, 87. [CrossRef]


http://doi.org/10.1258/ebm.2010.009369
http://doi.org/10.15430/JCP.2020.25.3.136
http://doi.org/10.1016/j.phymed.2019.152973
http://www.ncbi.nlm.nih.gov/pubmed/31177019
http://doi.org/10.1016/j.semcancer.2016.06.001
http://www.ncbi.nlm.nih.gov/pubmed/27262793
http://doi.org/10.1016/j.fct.2021.112662
http://www.ncbi.nlm.nih.gov/pubmed/34743013
http://doi.org/10.3389/fcell.2019.00107
http://www.ncbi.nlm.nih.gov/pubmed/31259172
http://doi.org/10.1038/s41388-021-02098-5
http://www.ncbi.nlm.nih.gov/pubmed/34799661
http://doi.org/10.1016/j.cell.2018.03.035
http://doi.org/10.1016/j.ejmech.2022.114399
http://doi.org/10.3389/fphar.2013.00028
http://doi.org/10.1038/d41586-019-03271-3
http://doi.org/10.1016/j.tips.2013.03.001
http://doi.org/10.1007/s13277-014-2628-z
http://www.ncbi.nlm.nih.gov/pubmed/25238880
http://doi.org/10.3390/molecules22122105
http://www.ncbi.nlm.nih.gov/pubmed/29207526
http://doi.org/10.4062/biomolther.2020.048
http://www.ncbi.nlm.nih.gov/pubmed/32843585
http://doi.org/10.18632/oncotarget.3973
http://doi.org/10.1158/1535-7163.MCT-08-0124
http://doi.org/10.1016/j.bcp.2011.05.030
http://doi.org/10.1007/978-1-61779-080-5_19
http://doi.org/10.1186/s12885-016-2774-3
http://doi.org/10.3390/cancers11070965
http://doi.org/10.3390/ijms21061960
http://doi.org/10.1186/s13046-016-0433-9
http://doi.org/10.3892/etm_00000058
http://www.ncbi.nlm.nih.gov/pubmed/22993551
http://doi.org/10.1158/0008-5472.CAN-07-1483
http://www.ncbi.nlm.nih.gov/pubmed/17699783
http://doi.org/10.18632/oncotarget.5362
http://www.ncbi.nlm.nih.gov/pubmed/26416455
http://doi.org/10.1186/1756-9966-29-87

Nutrients 2022, 14,2120 28 of 30

68.

69.

70.

71.

72.
73.

74.

75.

76.

77.
78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Sutton, K.M.; Greenshields, A.L.; Hoskin, D.W. Thymoquinone, a bioactive component of black caraway seeds, causes G1 phase
cell cycle arrest and apoptosis in triple-negative breast cancer cells with mutant p53. Nutr. Cancer 2014, 66, 408—418. [CrossRef]
Pfeffer, C.M.; Singh, A.T.K. Apoptosis: A Target for Anticancer Therapy. Int. J. Mol. Sci. 2018, 19, 448. [CrossRef]

Bao, H.; Zhang, Q.; Zhu, Z.; Xu, H.; Ding, F.; Wang, M.; Du, S.; Du, Y.; Yan, Z. BHX, a novel pyrazoline derivative, inhibits breast
cancer cell invasion by reversing the epithelial-mesenchymal transition and down-regulating Wnt/ 3-catenin signalling. Sci. Rep.
2017, 7, 9153. [CrossRef]

Hassan, M.; Watari, H.; AbuAlmaaty, A.; Ohba, Y.; Sakuragi, N. Apoptosis and molecular targeting therapy in cancer. Biomed. Res.
Int. 2014, 2014, 150845. [CrossRef]

Wong, R.S. Apoptosis in cancer: From pathogenesis to treatment. J. Exp. Clin. Cancer Res. 2011, 30, 87. [CrossRef]

Jelinek, M.; Balusikova, K.; Schmiedlova, M.; Nemcova-Furstova, V.; Sramek, J.; Stancikova, J.; Zanardi, I.; Ojima, I.; Kovar, J. The
role of individual caspases in cell death induction by taxanes in breast cancer cells. Cancer Cell. Int. 2015, 15, 8. [CrossRef]
Galluzzi, L.; Lopez-Soto, A.; Kumar, S.; Kroemer, G. Caspases Connect Cell-Death Signaling to Organismal Homeostasis. Immunity
2016, 44, 221-231. [CrossRef] [PubMed]

Mcllwain, D.R.; Berger, T.; Mak, T.W. Caspase functions in cell death and disease. Cold Spring Harb. Perspect. Biol. 2013, 5, a008656.
[CrossRef] [PubMed]

Sollberger, G.; Strittmatter, G.E.; Kistowska, M.; French, L.E.; Beer, H.D. Caspase-4 is required for activation of inflammasomes.
J. Immunol. 2012, 188, 1992-2000. [CrossRef] [PubMed]

Vigneswara, V.; Ahmed, Z. The Role of Caspase-2 in Regulating Cell Fate. Cells 2020, 9, 1259. [CrossRef] [PubMed]

Tzifi, F.; Economopoulou, C.; Gourgiotis, D.; Ardavanis, A.; Papageorgiou, S.; Scorilas, A. The Role of BCL2 Family of Apoptosis
Regulator Proteins in Acute and Chronic Leukemias. Adv. Hematol. 2012, 2012, 524308. [CrossRef] [PubMed]

Looi, C.Y,; Arya, A.; Cheah, FK,; Muharram, B.; Leong, K.H.; Mohamad, K.; Wong, W.E; Rai, N.; Mustafa, M.R. Induction of
apoptosis in human breast cancer cells via caspase pathway by vernodalin isolated from Centratherum anthelminticum (L.) seeds.
PLoS ONE 2013, 8, €56643. [CrossRef]

Campbell, K.J.; Tait, S.W.G. Targeting BCL-2 regulated apoptosis in cancer. Open Biol. 2018, 8, 180002. [CrossRef]

Hatok, J.; Racay, P. Bcl-2 family proteins: Master regulators of cell survival. Biomol. Concepts 2016, 7, 259-270. [CrossRef]

Kubli, D.A.; Ycaza, J.E.; Gustafsson, A.B. Bnip3 mediates mitochondrial dysfunction and cell death through Bax and Bak. Biochem.
J. 2007, 405, 407—-415. [CrossRef]

Feng, X.; Liu, X.; Zhang, W.; Xiao, W. p53 directly suppresses BNIP3 expression to protect against hypoxia-induced cell death.
EMBO J. 2011, 30, 3397-3415. [CrossRef]

Ma, Z.; Chen, C.; Tang, P; Zhang, H.; Yue, J.; Yu, Z. BNIP3 induces apoptosis and protective autophagy under hypoxia in
esophageal squamous cell carcinoma cell lines: BNIP3 regulates cell death. Dis. Esophagus 2017, 30, 1-8. [CrossRef] [PubMed]
Zhang, ].; Ney, P.A. Role of BNIP3 and NIX in cell death, autophagy, and mitophagy. Cell Death Differ. 2009, 16, 939-946. [CrossRef]
[PubMed]

Manu, K.A.; Chai, T.F; Teh, ].T.; Zhu, W.L.; Casey, PJ.; Wang, M. Inhibition of Isoprenylcysteine Carboxylmethyltransferase
Induces Cell-Cycle Arrest and Apoptosis through p21 and p21-Regulated BNIP3 Induction in Pancreatic Cancer. Mol. Cancer
2017, 16, 914-923. [CrossRef] [PubMed]

Adams, K.W.; Cooper, G.M. Rapid turnover of mcl-1 couples translation to cell survival and apoptosis. J. Biol. Chem. 2007, 282,
6192-6200. [CrossRef] [PubMed]

Widden, H.; Placzek, W.J. The multiple mechanisms of MCL1 in the regulation of cell fate. Commun. Biol. 2021, 4, 1029. [CrossRef]
[PubMed]

Widden, H.; Kaczmarczyk, A.; Subedi, A.; Whitaker, R.H.; Placzek, W.J. MCL1 binds and negatively regulates the transcriptional
function of tumor suppressor p73. Cell Death Dis. 2020, 11, 946. [CrossRef]

Luo, Y.; Wu, ]; Zou, J.; Cao, Y,; He, Y.; Ling, H.; Zeng, T. BCL10 in cell survival after DNA damage. Clin. Chim. Acta 2019, 495,
301-308. [CrossRef]

Bhattacharyya, S.; Borthakur, A.; Dudeja, PK.; Tobacman, J.K. Carrageenan induces cell cycle arrest in human intestinal epithelial
cells in vitro. J. Nutr. 2008, 138, 469-475. [CrossRef]

Chiarini, A.; Liu, D.; Armato, U.; Dal Pra, I. Bcl10 crucially nucleates the pro-apoptotic complexes comprising PDK1, PKCzeta and
caspase-3 at the nuclear envelope of etoposide-treated human cervical carcinoma C4-I cells. Int. ]. Mol. Med. 2015, 36, 845-856.
[CrossRef]

Bakhshoudeh, M.; Mehdizadeh, K.; Hosseinkhani, S.; Ataei, F. Upregulation of apoptotic protease activating factor-1 expression
correlates with anti-tumor effect of taxane drug. Med. Oncol. 2021, 38, 88. [CrossRef]

Wiens, G.D.; Glenney, G.W. Origin and evolution of TNF and TNF receptor superfamilies. Dev. Comp. Immunol. 2011, 35,
1324-1335. [CrossRef] [PubMed]

Thorburn, A. Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) pathway signaling. J. Thorac. Oncol. 2007, 2,
461-465. [CrossRef] [PubMed]

Zhao, X.; Liu, X.; Su, L. Parthenolide induces apoptosis via TNFRSF10B and PMAIP1 pathways in human lung cancer cells. J. Exp.
Clin. Cancer Res. 2014, 33, 3. [CrossRef] [PubMed]

Cardoso Alves, L.; Corazza, N.; Micheau, O.; Krebs, P. The multifaceted role of TRAIL signaling in cancer and immunity. FEBS J.
2021, 288, 5530-5554. [CrossRef] [PubMed]


http://doi.org/10.1080/01635581.2013.878739
http://doi.org/10.3390/ijms19020448
http://doi.org/10.1038/s41598-017-09655-7
http://doi.org/10.1155/2014/150845
http://doi.org/10.1186/1756-9966-30-87
http://doi.org/10.1186/s12935-015-0155-7
http://doi.org/10.1016/j.immuni.2016.01.020
http://www.ncbi.nlm.nih.gov/pubmed/26885855
http://doi.org/10.1101/cshperspect.a008656
http://www.ncbi.nlm.nih.gov/pubmed/23545416
http://doi.org/10.4049/jimmunol.1101620
http://www.ncbi.nlm.nih.gov/pubmed/22246630
http://doi.org/10.3390/cells9051259
http://www.ncbi.nlm.nih.gov/pubmed/32438737
http://doi.org/10.1155/2012/524308
http://www.ncbi.nlm.nih.gov/pubmed/21941553
http://doi.org/10.1371/journal.pone.0056643
http://doi.org/10.1098/rsob.180002
http://doi.org/10.1515/bmc-2016-0015
http://doi.org/10.1042/BJ20070319
http://doi.org/10.1038/emboj.2011.248
http://doi.org/10.1093/dote/dox059
http://www.ncbi.nlm.nih.gov/pubmed/28859361
http://doi.org/10.1038/cdd.2009.16
http://www.ncbi.nlm.nih.gov/pubmed/19229244
http://doi.org/10.1158/1535-7163.MCT-16-0703
http://www.ncbi.nlm.nih.gov/pubmed/28167504
http://doi.org/10.1074/jbc.M610643200
http://www.ncbi.nlm.nih.gov/pubmed/17200126
http://doi.org/10.1038/s42003-021-02564-6
http://www.ncbi.nlm.nih.gov/pubmed/34475520
http://doi.org/10.1038/s41419-020-03068-7
http://doi.org/10.1016/j.cca.2019.04.077
http://doi.org/10.1093/jn/138.3.469
http://doi.org/10.3892/ijmm.2015.2290
http://doi.org/10.1007/s12032-021-01532-8
http://doi.org/10.1016/j.dci.2011.03.031
http://www.ncbi.nlm.nih.gov/pubmed/21527275
http://doi.org/10.1097/JTO.0b013e31805fea64
http://www.ncbi.nlm.nih.gov/pubmed/17545839
http://doi.org/10.1186/1756-9966-33-3
http://www.ncbi.nlm.nih.gov/pubmed/24387758
http://doi.org/10.1111/febs.15637
http://www.ncbi.nlm.nih.gov/pubmed/33215853

Nutrients 2022, 14,2120 29 of 30

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Kedinger, V.; Muller, S.; Gronemeyer, H. Targeted expression of tumor necrosis factor-related apoptosis-inducing ligand TRAIL in
skin protects mice against chemical carcinogenesis. Mol. Cancer 2011, 10, 34. [CrossRef] [PubMed]

Obeng, E. Apoptosis (programmed cell death) and its signals—A review. Braz. ]. Biol. 2021, 81, 1133-1143. [CrossRef] [PubMed]
Dogan Sigva, Z.0.; Balci Okcanoglu, T.; Biray Avci, C.; Yilmaz Susluer, S.; Kayabasi, C.; Turna, B.; Dodurga, Y.; Nazli, O.; Gunduz,
C. Investigation of the synergistic effects of paclitaxel and herbal substances and endemic plant extracts on cell cycle and apoptosis
signal pathways in prostate cancer cell lines. Gene 2019, 687, 261-271. [CrossRef]

Wu, H.; Pang, P,; Liu, M.D.; Wang, S.; Jin, S.; Liu, EY.; Sun, C.F. Upregulated miR20a5p expression promotes proliferation and
invasion of head and neck squamous cell carcinoma cells by targeting of TNFRSF21. Oncol. Rep. 2018, 40, 1138-1146. [CrossRef]
Zeng, L.; Li, T.; Xu, D.C,; Liu, J.; Mao, G.; Cui, M.Z,; Fu, X.; Xu, X. Death receptor 6 induces apoptosis not through type I or
type II pathways, but via a unique mitochondria-dependent pathway by interacting with Bax protein. J. Biol. Chem. 2012, 287,
29125-29133. [CrossRef]

Sun, S.Y. Understanding the Role of the Death Receptor 5/FADD/ caspase-8 Death Signaling in Cancer Metastasis. Mol. Cell
Pharm. 2011, 3, 31-34.

Bowman, B.M.; Sebolt, K.A.; Hoff, B.A.; Boes, J.L.; Daniels, D.L.; Heist, K.A.; Galban, C.J.; Patel, R.M.; Zhang, J.; Beer, D.G.; et al.
Phosphorylation of FADD by the kinase CK1alpha promotes KRASG12D-induced lung cancer. Sci. Signal. 2015, 8, ra9. [CrossRef]
[PubMed]

Xie, P. TRAF molecules in cell signaling and in human diseases. J. Mol. Signal. 2013, 8, 7. [CrossRef] [PubMed]

Liu, T.; Zhang, L.; Joo, D.; Sun, S.C. NF-kappaB signaling in inflammation. Signal Transduct. Target. Ther. 2017, 2, 17023. [CrossRef]
[PubMed]

Arthur, J.S.; Ley, S.C. Mitogen-activated protein kinases in innate immunity. Nat. Rev. Immunol. 2013, 13, 679-692. [CrossRef]
[PubMed]

Yang, X.D.; Sun, S.C. Targeting signaling factors for degradation, an emerging mechanism for TRAF functions. Immunol. Rev.
2015, 266, 56-71. [CrossRef]

Koliaki, C.; Katsilambros, N. Repositioning the Role of Tumor Necrosis Factor-Related Apoptosis-Inducing Ligand (TRAIL) on
the TRAIL to the Development of Diabetes Mellitus: An Update of Experimental and Clinical Evidence. Int. J. Mol. Sci. 2022,
23,3225. [CrossRef]

Robeson, A.C.; Lindblom, K.R.; Wojton, J.; Kornbluth, S.; Matsuura, K. Dimer-specific immunoprecipitation of active caspase-2
identifies TRAF proteins as novel activators. EMBO J. 2018, 37, €97072. [CrossRef]

Han, N.; Yuan, E; Xian, P; Liu, N.; Liu, J.; Zhang, H.; Zhang, H.; Yao, K.; Yuan, G. GADD45a Mediated Cell Cycle Inhibition Is
Regulated By P53 In Bladder Cancer. OncoTargets Ther. 2019, 12, 7591-7599. [CrossRef]

Al-Romaih, K.; Sadikovic, B.; Yoshimoto, M.; Wang, Y.; Zielenska, M.; Squire, ].A. Decitabine-induced demethylation of 5 CpG
island in GADD45A leads to apoptosis in osteosarcoma cells. Neoplasia 2008, 10, 471-480. [CrossRef]

Rosemary Siafakas, A.; Richardson, D.R. Growth arrest and DNA damage-45 alpha (GADD45alpha). Int. ]. Biochem. Cell Biol.
2009, 41, 986-989. [CrossRef]

Tront, J.S.; Willis, A.; Huang, Y.; Hoffman, B.; Liebermann, D.A. Gadd45a levels in human breast cancer are hormone receptor
dependent. |. Transl. Med. 2013, 11, 131. [CrossRef] [PubMed]

Olivier, M.; Hollstein, M.; Hainaut, P. TP53 mutations in human cancers: Origins, consequences, and clinical use. Cold Spring
Harb. Perspect. Biol. 2010, 2, a001008. [CrossRef] [PubMed]

Zilfou, ].T.; Lowe, S.W. Tumor suppressive functions of p53. Cold Spring Harb. Perspect. Biol. 2009, 1, a001883. [CrossRef]
[PubMed]

Aubrey, B.J.; Kelly, G.L.; Janic, A.; Herold, M.].; Strasser, A. How does p53 induce apoptosis and how does this relate to
p53-mediated tumour suppression? Cell Death Differ. 2018, 25, 104-113. [CrossRef] [PubMed]

Ozaki, T.; Nakagawara, A. Role of p53 in Cell Death and Human Cancers. Cancers 2011, 3, 994-1013. [CrossRef] [PubMed]
Kleinsimon, S.; Longmuss, E.; Rolff, ].; Jager, S.; Eggert, A.; Delebinski, C.; Seifert, G. GADD45A and CDKN1A are involved in
apoptosis and cell cycle modulatory effects of viscumTT with further inactivation of the STAT3 pathway. Sci. Rep. 2018, 8, 5750.
[CrossRef]

Miranda, PJ.; Buckley, D.; Raghu, D.; Pang, ].B.; Takano, E.A.; Vijayakumaran, R.; Teunisse, A.F; Posner, A.; Procter, T,
Herold, M.].; et al. MDM4 is a rational target for treating breast cancers with mutant p53. J. Pathol. 2017, 241, 661-670. [CrossRef]
di Gennaro, A.; Damiano, V.; Brisotto, G.; Armellin, M.; Perin, T.; Zucchetto, A.; Guardascione, M.; Spaink, H.P.; Doglioni, C.;
Snaar-Jagalska, B.E.; et al. A p53/miR-30a/ZEB2 axis controls triple negative breast cancer aggressiveness. Cell Death Differ. 2018,
25,2165-2180. [CrossRef]

Kaur, R.P; Vasudeva, K.; Kumar, R.; Munshi, A. Role of p53 Gene in Breast Cancer: Focus on Mutation Spectrum and Therapeutic
Strategies. Curr. Pharm. Des. 2018, 24, 3566-3575. [CrossRef]

Lambert, ].M.; Gorzov, P,; Veprintsev, D.B.; Soderqvist, M.; Segerback, D.; Bergman, ].; Fersht, A.R.; Hainaut, P; Wiman, K.G;
Bykov, V.J. PRIMA-1 reactivates mutant p53 by covalent binding to the core domain. Cancer Cell 2009, 15, 376-388. [CrossRef]
Illescas, M.; Penas, A.; Arenas, J.; Martin, M.A.; Ugalde, C. Regulation of Mitochondrial Function by the Actin Cytoskeleton.
Front. Cell Dev. Biol. 2021, 9, 795838. [CrossRef] [PubMed]

Desouza, M.; Gunning, PW.; Stehn, J.R. The actin cytoskeleton as a sensor and mediator of apoptosis. Bioarchitecture 2012, 2,
75-87. [CrossRef] [PubMed]


http://doi.org/10.1186/1476-4598-10-34
http://www.ncbi.nlm.nih.gov/pubmed/21463519
http://doi.org/10.1590/1519-6984.228437
http://www.ncbi.nlm.nih.gov/pubmed/33111928
http://doi.org/10.1016/j.gene.2018.11.049
http://doi.org/10.3892/or.2018.6477
http://doi.org/10.1074/jbc.M112.362038
http://doi.org/10.1126/scisignal.2005607
http://www.ncbi.nlm.nih.gov/pubmed/25628462
http://doi.org/10.1186/1750-2187-8-7
http://www.ncbi.nlm.nih.gov/pubmed/23758787
http://doi.org/10.1038/sigtrans.2017.23
http://www.ncbi.nlm.nih.gov/pubmed/29158945
http://doi.org/10.1038/nri3495
http://www.ncbi.nlm.nih.gov/pubmed/23954936
http://doi.org/10.1111/imr.12311
http://doi.org/10.3390/ijms23063225
http://doi.org/10.15252/embj.201797072
http://doi.org/10.2147/OTT.S222223
http://doi.org/10.1593/neo.08174
http://doi.org/10.1016/j.biocel.2008.06.018
http://doi.org/10.1186/1479-5876-11-131
http://www.ncbi.nlm.nih.gov/pubmed/23706118
http://doi.org/10.1101/cshperspect.a001008
http://www.ncbi.nlm.nih.gov/pubmed/20182602
http://doi.org/10.1101/cshperspect.a001883
http://www.ncbi.nlm.nih.gov/pubmed/20066118
http://doi.org/10.1038/cdd.2017.169
http://www.ncbi.nlm.nih.gov/pubmed/29149101
http://doi.org/10.3390/cancers3010994
http://www.ncbi.nlm.nih.gov/pubmed/24212651
http://doi.org/10.1038/s41598-018-24075-x
http://doi.org/10.1002/path.4877
http://doi.org/10.1038/s41418-018-0103-x
http://doi.org/10.2174/1381612824666180926095709
http://doi.org/10.1016/j.ccr.2009.03.003
http://doi.org/10.3389/fcell.2021.795838
http://www.ncbi.nlm.nih.gov/pubmed/34993202
http://doi.org/10.4161/bioa.20975
http://www.ncbi.nlm.nih.gov/pubmed/22880146

Nutrients 2022, 14,2120 30 of 30

126.

127.

128.

129.

130.

131.

Da Costa, C.R; Villadiego, J.; Sancho, R.; Fontana, X.; Packham, G.; Nateri, A.S.; Behrens, A. Bagl-L is a phosphorylation-
dependent coactivator of c-Jun during neuronal apoptosis. Mol. Cell Biol. 2010, 30, 3842-3852. [CrossRef]

Yoshino, K.; Motoyama, S.; Koyota, S.; Shibuya, K.; Usami, S.; Maruyama, K.; Saito, H.; Minamiya, Y.; Sugiyama, T.; Ogawa, J.
IGFBP3 and BAGI enhance radiation-induced apoptosis in squamous esophageal cancer cells. Biochem. Biophys. Res. Commun.
2011, 404, 1070-1075. [CrossRef] [PubMed]

Wuy, S.; Zang, Q.; Xing, Z.; Li, X.; Leng, J.; Liu, Y.; Wang, X.; Yang, J. A Pan-Cancer Analysis of the BIRC Gene Family and Its
Association with Prognosis, Tumor Microenvironment, and Therapeutic Targets. Crit. Rev. Eukaryot. Gene Expr. 2021, 31, 35-48.
[CrossRef] [PubMed]

Frazzi, R. BIRC3 and BIRC5: Multi-faceted inhibitors in cancer. Cell Biosci. 2021, 11, 8. [CrossRef] [PubMed]

Garg, H.; Suri, P; Gupta, ].C.; Talwar, G.P,; Dubey, S. Survivin: A unique target for tumor therapy. Cancer Cell Int. 2016, 16, 49.
[CrossRef]

Huo, D.; Hu, H.; Rhie, S.K.; Gamazon, E.R.; Cherniack, A.D.; Liu, J.; Yoshimatsu, T.F; Pitt, ].J.; Hoadley, K.A.; Troester, M.; et al.
Comparison of Breast Cancer Molecular Features and Survival by African and European Ancestry in The Cancer Genome Atlas.
JAMA Oncol. 2017, 3, 1654-1662. [CrossRef]


http://doi.org/10.1128/MCB.01610-09
http://doi.org/10.1016/j.bbrc.2010.12.115
http://www.ncbi.nlm.nih.gov/pubmed/21195059
http://doi.org/10.1615/CritRevEukaryotGeneExpr.2021038714
http://www.ncbi.nlm.nih.gov/pubmed/34587434
http://doi.org/10.1186/s13578-020-00521-0
http://www.ncbi.nlm.nih.gov/pubmed/33413657
http://doi.org/10.1186/s12935-016-0326-1
http://doi.org/10.1001/jamaoncol.2017.0595

	Introduction 
	Materials and Methods 
	Materials and Reagents 
	Cell Culture 
	Cytotoxicity Assay Using Alamar Blue 
	Cell Morphological Assessment 
	Migration Assay 
	Cell Invasion Assays 
	Cell Proliferation Assay 
	Colony Formation Assay 
	Cell Cycle Analysis 
	Apoptosis Assay 
	Gene Expression Assay 
	Statistical Analysis 

	Results 
	TQ Induces Cytotoxicity in Triple-Negative Breast Cancer Cells in a Concentration and Time-Dependent Manner 
	TQ Alters the Morphology of TNBC Cells in a Concentration- and Time-Dependent Manner 
	TQ Inhibits the Clonogenicity of Triple-Negative Breast Cancer Cells 
	TQ Decreases Cell Migration in a Time- and Concentration-Dependent Pattern 
	TQ Decreases Cell Invasion in a Concentration-Dependent Manner 
	Thymoquinone Induces Cell Cycle Arrest in Triple-Negative Breast Cancer Cells 
	Thymoquinone Induces Apoptosis in Triple-Negative Breast Cancer Cells 
	Apoptotic Gene Expression Alteration in TQ-Treated Triple-Negative Breast Cancer Cells 

	Discussion 
	Summary 
	Conclusions 
	References

