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Abstract

Background: Breast cancer is the most predominant tumor in women. Even though current medications for distinct breast cancer
subtypes are available, the non-specificity of chemotherapeutics and chemoresistance imposes major obstacles in breast cancer treatment.
Although combretastatin A-4 (CA-4) has been well-reported to have potential anticancer activity, in vivo studies of CA-4 reveal a decrease
in its activity. In this respect, a series of CA-4 analogues have been designed, from which one analog [(1-(3-chloro-4-fluorophenyl)-N-
(2methoxyphenyl)-5-(3,4,5-trimethoxyphenyl)-1H-1,2,4-triazole-3-carboxamide, C25H22ClFN4O5] showed drastic cytotoxicity against
breast cancer cells. Therefore, this research focused on investigating the in vitromolecular mechanism underlying the cytotoxicity of the
CA-4 analogue, particularly the MAPK/ERK as well as PI3K/AKT pathways as attractive therapeutic targets in breast cancer. Methods:
The cell viability of MCF-7, MDA-MB231, and MDA-MB453 was assessed after treatment with the CA-4 analogue, and apoptosis was
analyzed via Annexin V-FITC/PI dual staining. MAPK/ERK and PI3K/AKT were thoroughly assessed using western blotting. Real-
time PCR was used to estimate apoptosis-related markers, including the P53, Bcl-2-associated X protein (Bax), and B-cell lymphoma 2
(Bcl2) genes. Results: The CA-4 analogue reduced the survival of all cancerous cells in a concentration-dependent manner and induced
apoptosis through the mitochondrial pathway (39.89 ± 1.5%, 32.82 ± 0.6%, and 23.77 ± 1.1% in MCF-7, MDA-MB231, and MDA-
MB453 cells), respectively. The analogue also attenuated the expression of pMEK1/2/t-MEK1/2, p-ERK1/2/t-ERK1/2, p-PI3K/t-PI3K,
and p-AKT/t-AKT proteins in all three cancer cell lines in a time-dependent manner. Furthermore, the CA-4 analogue upregulated the
expression of the P53 gene and dramatically increased the ratio of Bax/Bcl2 genes. Conclusions: The enhanced cytotoxicity can be
attributed to substituting the hydroxyl group in CA-4 with chlorine in the meta-position of ring B, substituting the para-methoxy group in
CA-4 with fluorine in the analogue, and lastly, introducing an extension to the compound’s structure (ring C). Therefore, CA-4 analogue
can attenuate the proliferation of human breast cancer cells by inducing apoptosis and simultaneously suppressing the MAPK/ERK and
PI3K/AKT pathways.
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1. Introduction

Breast cancer is among the most predominant tumors
in females globally, with alarmingly increasing incidence
rates. In 2020, more than 2.3million womenwere newly di-
agnosed with breast cancer, and 680,000 reported death [1].
The intricate nature of breast cancer is largely attributed to
the presence of malignant lesions in the ductal epithelium of
the breast, creating a diverse array of distinct subtypes [2].
The literature extensively classifies various forms of breast
cancer into distinct groups, based on the expression of key
receptors such as the estrogen receptor (ER), progesterone

receptor (PR), and human epithelial receptor 2 (HER2) [3].
Breast cancers can be hormonally dependent, HER2 posi-
tive, or triple-negative breast cancer (TNBC) [4]. Each of
these subtypes has distinct risk factors, treatment responses,
and genetic traits. The complexity and diversity of these
subtypes underline the challenges involved in diagnosing
and treating breast cancer [5,6].

In recent years, remarkable progress has been made
in the field of cancer treatment, offering numerous options
for those fighting breast cancer, depending on the kind and
severity of the disease. Although this undoubtedly has led
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to improved patient outcomes, the effectiveness of current
treatments and patient compliance are severely hindered by
high treatment costs, developed resistance, and off-target
toxicity [7,8]. The presence of multi-drug resistance and
the non-specificity of chemotherapeutics present major ob-
stacles in cancer treatment [9–11]. In light of these limita-
tions, there is a dire need to identify or develop innovative
and effective modalities for breast cancer therapy [4].

The mitogen-activated protein kinase (MAPK) and
phosphatidylinositol 3-kinase (PI3K)/protein kinase B
(AKT) signaling pathways govern critical cellular events
such as cell proliferation, regeneration, survival, and inva-
sion, which play a key role in breast cancer progression
[12]. Early research reveals that those pathways are con-
stitutively active in breast tumors through various mecha-
nisms [13]. Sustained activation of these pathways not only
prevents breast cancer cell apoptosis but also contributes
significantly to chemoresistance. In preclinical models,
suppressing these pathways has been shown to increase the
susceptibility of breast cancerous cells toward chemothera-
peutics. However, manipulating only one of these pathways
is insufficient for successful management of breast cancer
[14]. Therefore, concurrent targeting of the PI3K/AKT and
MAPK pathways might be a potential therapeutic approach
for breast carcinoma.

Recently, there has been increased interest in screen-
ing new alternative activities for natural [15] or synthetic
[16] candidates that modulate pathways involved in car-
cinogenesis [17]. Combretastatin A-4 (CA-4) is an alka-
loid extracted from the willow tree, Combretum caffrum,
which shows robust cytotoxicity against numerous human
cancer cells. Its cytotoxic activity is attributed to the inhi-
bition of tubulin polymerization by binding to the β-tubulin
colchicine binding site [18–20]. However, in vivo studies
have revealed a drastic decline in CA-4 activity due to iso-
merization of its cisoid configuration into the trans form.
To address this issue, several research groups have intro-
duced various heterocyclic rings (such as oxadiazoles, tri-
azoles, imidazoles, and thiadiazoles) to restrict the rotation
of the olefinic double bond [21]. The cytotoxic activity of
these synthetic derivatives against breast cancer has been
studied [22,23].

In a previous study, we synthesized a novel
CA-4 analogue, (1-(3-chloro-4-fluorophenyl)-N-
(2methoxyphenyl)-5-(3,4,5-trimethoxyphenyl)-1H-
1,2,4-triazole-3-carboxamide, C25H22ClFN4O5, with a
molecular weight of 512.92 Da), using 1,2,4-triazole to
link ring-A (3,4,5-trimethoxy phenyl) and ring-B (3Cl-4-
F-phenyl) [24] (Fig. 1). This study demonstrated that the
CA-4 analogue exhibited potent antiproliferative activity
against several human cancer cells, such as MCF-7 breast
cancer, with enhanced activity and stability compared to
CA-4. These results motivated us to further examine the
cytotoxic activity of this novel analogue on different breast
cancer subtypes (hormonally dependent, HER2+, and

TNBC). Additionally, we aimed to illustrate the molecular
mechanism beyond its anticancer potential against these
breast carcinoma cell lines by investigating apoptosis,
MAPK/ERK, and PI3K/AKT pathways.

Fig. 1. Chemical structure of combretastatin A-4 (CA-4) and
its analogue.

2. Materials and Methods
2.1 Chemicals, Reagents, and Antibodies

Sigma-Aldrich (Sigma-Aldrich, Inc., St. Louis,
MO, USA) provided phosphate buffered saline (PBS), L-
glutamine, DMEM, Tween 20, and DNase I. Invitrogen
((Invitrogen, Grand Island, NY, USA) provided penicillin-
streptomycinmixture, while Biosolutions International pro-
vided the fetal bovine serum (FBS, Biosolutions Interna-
tional, Melbourne, Australia). Roche (Roche, Mannheim,
Baden-Württemberg, Germany) provided the protease in-
hibitor cocktail. Therrmo Fisher Scientific Life Sciences
(Waltham, MA, USA) provided TRizol® reagent, Di-
ethylpyrocarbonate (DEPC), RNA Later, the Revert aid
RNA reverse transcription kit, and themaxima SYBR green
qPCR kit. Santa Cruz Biotechnology (Santa Cruz, CA,
USA) provided the primary antibodies against AKT, PI3K,
ERK1/2, MEK1/2, p-AKT, p-PI3K, extracellular signal-
regulated kinase1/2 (p-ERK1/2), mitogen-activated protein
kinase kinases 1/2 (p-MEK1/2), and β-actin. Horseradish
peroxidase (HRP)-conjugated secondary antibodies were
obtained fromLife Technologies Japan (Minato-Ku, Tokyo,
Japan). CA4-P was purchased from Bolise Co. (Qingpu
District, Shanghai, China).

2.2 Chemistry
The examined compound, the CA-4 analogue, was

prepared using the Schotten Baumann reaction and Sawdey
rearrangement as per the instructions provided in our previ-
ous work. As previously reported, the molecule was char-
acterized using 1H-NMR and 13C-NMR [24].

2.3 Cell Culture and Reagents
MCF7 (ER+/PR+/HER2-), MDA-MB231 (ER-/PR-

/HER2-), and MDA-MB453 (ER-/PR-/HER2+) breast can-
cer cell lines were obtained from ATCC (CCL-2, Manas-
sas, VA, USA). Cells were grown in fresh DMEM sup-
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plemented with L-glutamine (10 g/L), 10% FBS, and a
penicillin-streptomycin solution (10 g/L). The authentic-
ity of cell lines used in the study was verified through
short tandem repeat profiling. Cells were routinely tested
for mycoplasma contamination using the 4’,6-diamidino-2-
phenylindole (DAPI) staining method. All cell lines tested
negative for mycoplasma.

The cells were cultivated at 37 °C in a 5% CO2 hu-
mid incubator. Just before use, CA-4 and its analogue were
dissolved in the culture medium to the required concentra-
tions.

2.4 Cell Proliferation Assay
Cell survival was evaluated using 3-(4,5-

dimethylthiazol-2-yl)-2,5 diphenyl-2H-tetrazolium
bromide (MTT) assay. The cells were cultivated (1
× 104 cells/well) in a 96-well plate. After 24 hours
of incubation in a freshly prepared DMEM media, the
cells underwent treatment with sequential concentrations
(0–1000 µg/mL) of CA-4 or the CA-4 analogue in fresh
DMEM for 48 hours. Subsequently, the cells were sub-
jected to 10 µL MTT solution (5 g/mL) and cultivated
in dark conditions for 4 hours. Subsequently, 100 µL of
Dimethyl sulfoxide (DMSO) was added to dissolve the
formazan crystals that had been produced. The visual
density at 570 nm was assessed using an Enzyme-linked
immunosorbent assay (ELISA) plate reader (Bio-Rad,
Hercules, CA, USA). The cell viability at various con-
centrations was estimated by comparing it to cells treated
solely with the medium [25,26]. The half maximum
inhibitory concentration (IC50) was determined using the
dosage response curve equation with graphPad Prism 7
software (GraphPad Software Inc., San Diego, CA , USA).

2.5 Apoptosis Determination Using Annexin V-Fluorescein
isothiocyanate/Propidium iodide (FITC/PI) Staining

Cellular apoptosis was detected using flow cytome-
try following the manufacturer’s instructions (Immunotech,
Marseille, France) and using the Apoptosis detection kit. In
triplicate, cells (5× 105 cells) were harvested in Dulbecco’s
Modified Eagle Medium (DMEM) medium and cultured at
37 °C in a 5% CO2 incubator for 24 hours to allow attach-
ment. The medium was then replaced with DMEM con-
taining the tested compound (IC50), and the cells were culti-
vated for 48 hours before being harvested. Cells were rinsed
with cold PBS and remixed with the binding buffer. Subse-
quently, labeled annexin V and PI were added to the cells
at 4 °C for 30 minutes in the dark for cell staining [27]. The
FACS Calibur flow cytometer (Becton Dickinson, Franklin
Lakes, NJ, USA) was used to analyze at least 104 cells. As
previously reported, dot plots were generated, and the pro-
portion of total apoptosis was assessed [28].

2.6 Molecular Docking
The molecular docking and visualization processes

were conducted on the binding site of Epidermal growth
factor receptor (EGFR) using Molecular Operating Envi-
ronment (MOE) 2019.0102. RCSB Protein Data Bank was
used to retrieve the co-crystal structure. The CA-4 analogue
was prepared using the standard protocol in MOE, and the
energy of the docked compound was reduced with a gra-
dient RMS of 0.0001 kcal/mol. The structure of the pro-
tein was generated using the QuickPrep protocol in MOE.
The co-crystallized ligand was redocked using the same
set of variables mentioned earlier to validate the docking
study at the active site [29–31]. The best-docked pose
exhibited a root mean square deviation (RMSD) value of
0.9472 Å, confirming the accuracy of the docking study
with MOE software 2019.01 (Chemical Computing Group,
Montreal, QC, Canada). The CA-4 analogue was docked
into the EGFR binding site using the alpha triangle place-
ment method with the Amber10: EHT forcefield. The re-
finement was done with the Forcefield, and the docking re-
sults were scored using the Affinity dG scoring system.

2.7 RNA Isolation and Quantification
A total of 5 × 105 cells have been cultivated in trip-

licate on a 6-well plate. The cells have been then cultured
in DMEMmedium under controlled conditions of 5% CO2

and 37 °C temperature for 24 hours. Following that, the
medium was replaced with DMEM containing the CA-4
analogue at its IC50 concentration, and the cells have been
further maintained for another 24 or 48 hours before being
collected. For total RNA isolation from both the treated
and untreated cells, TRizol® (Invitrogen, USA) was used
according to the guidelines provided by the manufacturer
[32]. Nano-Drop 1000 (Thermo Scientific, Waltham, MA,
USA) was employed to determine the quality and amount
of the obtained RNA [33].

2.8 Analysis of Genes Expression by Real Time-PCR
As per the guidelines provided by the manufacturer,

a high-capacity reverse transcriptase kit was utilized to re-
verse transcribe the mRNA pool using random hexamer
primers. The reverse transcription reaction was carried out
with a cycle of ten minutes at 25 °C, followed by incubation
for 120 minutes at 37 °C, and finally incubation for 5 min-
utes at 85 °C to ensure completion. For quantitative real
time-polymerase chain reaction (qRT-PCR), the resultant
cDNAwas used with the Maxima SYBRGreen qPCRmas-
ter mix (Thermo Scientific, USA). The protocol included
a 10-minute initial denaturation phase at 95 °C, followed
by 30 amplification cycles consisting of 15 seconds at 95
°C, 30 seconds at 60 °C, and 30 seconds at 72 °C. A fi-
nal 10-minute extension step at 72 °C was included. Fol-
lowing the manufacturer’s protocol, a Step One Real-Time
PCR System (Thermo Fisher, USA) was used to perform
the amplification [34,35]. All analyses were conducted in
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Table 1. PCR primers of assessed genes.
Primer Sequence

GAPDH
Forward 5′-CGGGGCTCTCCAGAACATCAT-3′
Reverse 5′-GTCCACCACTGACACGTTGG-3′

Bcl-2-associated X protein (Bax)
Forward 5′-CTGCAGAGGATGATTGCCGC-3′
Reverse 5′-GGGCGTCCCAAAGTAGGAGA-3′

B-cell lymphoma 2 (Bcl2)
Forward 5′-CTGGTGGACAACATCGCCCT-3′
Reverse 5′-GCCGTACAGTTCCACAAAGGC-3′

P53
Forward 5′-GGTGACACGCTTCCCTGGAT-3′
Reverse 5′-CATCCATTGCTTGGGACGGC-3′

Fig. 2. Cell viability assay. Impact of CA-4 and CA-4 analogue on the viability of MCF-7, MDA-MB231, and MDA-MB453 cells
following treating the cells for 48 hours. The cell survival rates are calculated as a percent of untreated cells, and results are calculated
from three independent experiments.

triplicate, and the housekeeping gene Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as a refer-
ence in all experiments. The obtained qRT-PCR data were
evaluated using the ∆∆Ct method. The fold changes of
treated cells were determined by comparing them to the un-
treated cells: fold change = 2−∆∆Ct [36]. Table 1 contains
the primer sequences.

2.9 Western Blot Assay of Protein Expression

Protein expressionwas assessed using sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE)
and immunoblotting techniques. Cells were cultured in trip-
licate at an average number of 2 × 105 cells/well on a six-
well plate. After 24 hours of cultivation in a freshly pre-
pared DMEM media, the cells were subjected to a medium
containing CA-4 or CA-4 analogue (at their respective IC50

concentrations) for 24 or 48 hours. All cells, including
both attached and floating cells, were collected, washed,

and centrifuged to obtain a cell pellet. Protein extraction
was performed using the Ready Prep TM protein extraction
kit as instructed by the manufacturer (Bio-Rad Inc, Catalog
#163-2086). Bradford assay kit (SK3041, Bio basic Inc,
Markham, Ontario, Canada) was used to assess the protein
level of each sample. SDS-PAGE (15% acrylamide gel)
was used to resolve 20 µg of total protein from each sam-
ple before transferring it to polyvinylidene fluoride (PVDF)
membranes (Millipore). After membrane blocking, pri-
mary antibodies against MEK (sc-81504), p-MEK (sc-
81503), ERK1/2 (sc-135900), p-ERK (sc-136521), AKT
(SC-5298), P-AKT (SC-514032), PI3K (SC-423), p-PI3K
(SC-12929), and β-actin (sc-47778) were added. After 4 °C
overnight incubation, HRP-labelled secondary antibodies
were used. As instructed by the manufacturer, immunore-
active proteins were estimated using a chemiluminescent
substrate. A camera equipped with a CCD sensor was uti-
lized to track chemiluminescent signals (LAS4000, Fuji-
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film Co., Tokyo, Japan). Three separate immunoblots were
performed for each protein. β-actin served as a housekeep-
ing protein. Densitometric analysis was carried out using
the ImageJ program (NIH, Bethesda, Maryland, USA) [37].

2.10 Statistical Analysis

Data were demonstrated as mean ± SEM. A one-
way ANOVA test was carried out to assess the statistical
relevance of the differences. Post hoc Tukey’s was per-
formed for inter-group comparison using GraphPad Prism 7
program (GraphPad Software Inc., San Diego, CA, USA).
When the p-value was less than 0.05, differences were re-
garded as significant.

3. Results
3.1 In vitro Antiproliferative Assay

The potential anticancer activity of CA-4 and its ana-
logue were investigated in three distinct breast cancer cell
lines: MCF-7, MDA MB-231, and MDA MB-453. MTT
assays were performed to assess cell growth suppression
after a 48-hour incubation period. Both CA-4 and its ana-
logue exhibited dose-dependent attenuation of cell prolifer-
ation in all three cell lines. Notably, the results highlighted
the anticancer potential of CA-4 againstMCF-7,MDAMB-
231, and MDA MB-453 cells, with respective IC50 values
of 1.43 µg/mL, 3.25 µg/mL, and 4.93 µg/mL. However, the
newly synthesized CA-4 analogue exhibited an even greater
anti-proliferative impact, with IC50 values of 0.55 µg/mL,
2.09 µg/mL, and 2.6 µg/mL for each respective cell line.
Particularly, MCF-7 exhibited the highest susceptibility to
the cytotoxicity of both compounds, and the CA-4 analogue
displayed a significantly lower IC50 compared to its par-
ent compound (p < 0.05). These exciting findings suggest
varying sensitivities of the three cancer cell lines towards
the cytotoxicity of the CA-4 analogue, with MCF-7 being
the most responsive cell line (Fig. 2 and Table 2).

Table 2. IC50 (µg/mL) values for CA-4 analogue against
MCF-7, MDA-MB231, and MDA-MB453 cell lines compared

to CA-4.
Cell line CA-4 analogue CA-4

MCF-7 0.55 * 1.44
MDA-MB231 2.09 ƒ 3.25
MDA-MB453 2.6 # 4.93
*: p-value < 0.05 comparing to CA-4 treated MCF-
7 cells, f : p-value < 0.05 comparing to CA-4 treated
MDA-MB231 cells and #: p-value< 0.05 comparing to
CA-4 treated MDA-MB453 cells.

3.2 The Cytotoxic CA-4 Analogue-Induced Cell Apoptosis

The results presented in Fig. 3 demonstrate the re-
markable ability of CA-4 and its analogous compounds

to induce apoptosis in MCF-7, MDA-MB231, and MDA-
MB453 cells. After 48-hour treatment with CA-4, the per-
centage of cellular apoptosis was 27.89 ± 2.1%, 21.07 ±
1.3%, and 18.51 ± 1.5% in MCF-7, MDAMB231, and
MDA-MB453 cells, respectively, with a significant eleva-
tion (p< 0.0001) observed in each cell type. Similarly, fol-
lowing a 48-hour treatment with CA-4 analogue, the per-
centage of cellular apoptosis significantly increased (p <

0.0001) to 39.89 ± 1.5%, 32.82 ± 0.6% and 23.77 ± 1.1%
in MCF-7, MDA-MB231, and MDA-MB453 cells, respec-
tively, in comparison with untreated cells. These findings
emphasize the potent apoptotic activity of CA-4 and its ana-
logue compound in these cells, shedding light on their po-
tential therapeutic applications.

3.3 Molecular Docking

To further rationalize the potent inhibitory activity
of CA-4 analogue on EGFR kinase, molecular docking
was performed on the crystal structure of the EGFR ki-
nase domain (PDB code: 1M17) in complex with erlotinib
[38]. CA-4 analogue displayed several essential interac-
tions within the active site of EGFR and showed better in-
teraction energy than the native ligand erlotinib; the car-
bonyl oxygen formed a hydrogen bond with the key amino
acid Met769, the p-methoxy group showed two hydrogen
bonds with Met742 and Glu738, and the m¬-choro group
formed a hydrogen bond with Asn818 of the catalytic loop
(Table 3, Fig. 4). Further, the synthetic derivative showed
a hydrophobic interaction with Asp831 of the DFG motif,
while Leu820, Val702, and Leu694 showed several π..H
contacts with the 1,2,4-triazole and the phenyl rings.

3.4 CA-4 Analogue Inhibited the PI3K/AKT Pathway and
Downstream Protein Expression

Treatment of MCF-7 cells with CA-4 analogue for 24
and 48 hours led to a significant time-dependent decrease
(p < 0.0001) in the protein levels of p-PI3K/t-PI3K (0.26
and 0.12, respectively) and p-AKT/t-AKT (0.28 and 0.11,
respectively) in comparison with control cells. Correspond-
ingly, treatment of MCF-7 with CA-4 for 24 and 48 hours
resulted in a substantial decrease (p < 0.0001) in p-PI3K/t-
PI3K and p-AKT/t-AKT levels, showing reductions of ap-
proximately 0.56 and 0.29 for p-PI3K and 0.62 and 0.17 for
p-AKT, respectively, relative to the untreated control cells.
Interestingly, there was a significant difference in the pro-
tein levels of p-PI3K and p-AKT between cells treated with
the CA-4 analogue and CA-4 for 24 hours and 48 hours (p
< 0.0001) (Fig. 5).

Furthermore, following CA-4 analogue treatment,
MDA-MB 231 cells exhibited dramatically lowered p-PI3k
and p-AKT levels relative to t-PI3k and t-AKT proteins
in a time-dependent manner in comparison with untreated
cells. Treatment of MDA-MB231 cells with the CA-4 ana-
logue for 24 or 48 hours resulted in the attenuation of p-
PI3k (0.6 and 0.2) (p < 0.0001) and p-AKT (0.6 and 0.26)
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Fig. 3. Impact of CA-4 and its analogue on apoptosis in MCF-7, MDA-MB231, and MDA-MB453 cancer cell lines was assessed
using Annexin V assay. (A) The dot plots depict the MCF-7, MDA-MB231, and MDA-MB453 cancer cell lines. (B) The proportion of
apoptotic cells in breast cancer cell lines was determined after 48 hours of treatment with CA-4 or its derivative (IC50). The presented
data are expressed as mean± SEM. Statistical significance of the difference was evaluated using a one-way ANOVA test, where: ****:
p< 0.0001 relative to MCF-7 untreated cells; ffff : p< 0.0001 relative to MDA-MB231 untreated cells; ####: p< 0.0001 relative to
MDA-MB453 untreated cells.

(p < 0.0001), as illustrated in Fig. 5. Moreover, CA-4
significantly decreased p-PI3k (0.6 and 0.3) (p < 0.001)
and p-AKT (0.68 and 0.4) (p < 0.0001) in 24 or 48 hours
treated cells, respectively, compared to control cells. There
was a considerable difference between CA-4- and CA-4
analogue-treated cells in p-AKT levels after 24 hours of in-

cubation (p < 0.001). Additionally, there was significant
variance between cells treated with CA-4 or its analogue for
48 hours (p< 0.0001) in terms of p-AKT and p-PI3k. There
was no statistical difference in p-PI3K levels at 24 hours be-
tween CA4 and CA-4 analogue treated cells (Fig. 5).
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Fig. 4. 3D representation and interactions of (a) CA-4 analogue, (b) erlotinib, and (c) CA-4 within the EGFR active site.

Table 3. Energy scores (kcal/mol) and binding features for CA-4 and CA-4 analogue compared to erlotinib, within EGFR
binding site.

Compound Energy score (S) (kcal/mol)
Ligand-receptor interactions

Residue Type Length (Ǻ)

Erlotinib –8.21

Met769 Hydrogen bond 4.03
Met742 Hydrogen bond 4.25
Leu768 Hydrogen bond 4.03
Gln767 Hydrogen bond 3.34
Leu694 π..H 3.92
Val702 π..H 7.78

CA-4 analogue –8.89

Met769 Hydrogen bond 3.57
Met742 Hydrogen bond 3.64
Asn818 Hydrogen bond 3.15
Leu694 π..H 3.75
Val702 π..H 4.47
Leu820 π..H 3.64

CA4 –6.87

Glu738 Hydrogen bond 3.46
Leu694 π..H 4.70
Leu694 π..H 4.57
Val702 π..H 4.58
Gly772 π..H 4.83
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Fig. 5. Effect of CA-4 and CA-4 analogue on PI3k/AKT pathway inMCF-7, MDA-MB231, andMDA-MB453 cells. (A) Represen-
tative immunoblots of p-PI3k, tPI3k, p-AKT, and t-AKT inMCF-7, MDA-MB231, andMDA-MB453 cells treated with the IC50 concen-
tration of CA-4 or CA-4 analogue for 24 or 48 hours. β-actin was used as an internal loading control. β-actin was included as an internal
reference. (B,C) The protein expression in treated cells was displayed in comparison with untreated cells, following normalization to
the corresponding β-actin expression. Results are shown as mean ± SEM. The significant variance between groups was calculated by
one-way ANOVA and post hoc Tukey’s test, where: ***: p < 0.001, ****: p < 0.0001, compared to untreated cells; ####: p < 0.0001,
###: p< 0.001, compared to CA-4 24 treated cells; and ffff : p< 0.0001, fff : p< 0.001, ff : p< 0.05, compared to CA-4 48 treated
cells. Results are calculated from three independent experiments.

Furthermore, MDA-MB453 cells displayed signifi-
cantly lower levels of p-PI3K (0.71 and 0.4) and p-AKT
(0.59 and 0.26) after 24 or 48 hours of CA-4 analogue treat-
ment (p < 0.0001). The suppression of PI3K and AKT
phosphorylation was shown to be time-dependent. MDA-
MB453 cells exhibited significantly downregulated expres-
sion of p-PI3K (0.9 and 0.47) and p-AKT (0.7 and 0.58) fol-

lowing CA-4 treatment, respectively, as illustrated in Fig. 5.
The difference between cells treated with CA-4 or its ana-
logue for 24 hours was significant (p < 0.0001) for both
p-AKT and p-PI3K. Moreover, the difference was statisti-
cally significant between cells treated with CA-4 or its ana-
logue for 48 hours for p-AKT (p < 0.0001) and for p-PI3K
(p < 0.01).
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Fig. 6. Impact of CA-4 and CA-4 analogue on MAPK/ERK pathway MCF-7, MDA-MB231, and MDA-MB453 cells. (A) Rep-
resentative blots of p-MEK1/2, tMEK1/2, p-ERK1/2, and t-ERK1/2 in MCF-7, MDA-MB231, and MDA-MB453 cells treated with the
IC50 concentration of CA-4 or CA-4 analogue for 24 or 48 hours. β-actin has been employed as a loading control. (B,C) Protein expres-
sion in treated cells was represented relative to untreated cells following normalization to the corresponding β-actin expression. Results
are shown as mean ± SEM. Using one-way ANOVA and the post hoc Tukey’s test, a significant difference between the groups was
obtained, where: ****: p < 0.0001, relative to untreated cells; ####: p < 0.0001, #: p < 0.05, relative to CA-4 24 treated cells; and
ffff : p < 0.0001, ff : p < 0.01 relative to CA-4 48 treated cells. Results are calculated from three independent experiments.

3.5 CA-4 Analogue Inhibited the MAPK/ERK Pathway
and the Downstream Protein Expression

We then evaluated the in vitro effect of the tested sub-
stances on the MAPK/ERK pathway by treating various
breast cancer cells with the tested compounds at IC50 con-
centrations for 24 and 48 hours. Fig. 6 shows representative
immunoblots of protein expression (t-MEK1/2, t-ERK1/2,
p-MEK1/2, and p-ERK1/2) in MCF-7, MDA-MB-231, and
MDA-MB-453 cells.

The findings revealed that CA-4 analogue sig-
nificantly decreased p-MEK1/2/t-MEK1/2 ratio and p-
ERK1/2/t-ERK1/2 ratio (p < 0.0001) after 24- and 48-
hour treatment to 0.2 and 0.1 for p-MEK1/2/t-MEK1/2 and
0.51 and 0.23 for p-ERK1/2/t-ERK1/2, respectively, com-
paring to untreated cells. Meanwhile, CA-4 significantly
(p < 0.0001) decreased p-MEK1/2 (0.43 and 0.17) and p-
ERK1/2 (0.76 and 0.35), respectively, compared to control
cells (Fig. 6). The decrease was shown to be statistically
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Fig. 7. Impact of CA-4 and CA-4 analogue on (A): Bax, (B): Bcl2, and (C): P53 genes’ expression in MCF-7, MDA-MB-231
MDA-MB453 cells. Relative gene expression in all cells treated with the IC50 concentration of CA-4 or CA-4 analogue for 24 or 48
hours relative to untreated cells. Expression was normalized to GAPDH housekeeping gene expression. Bars represent mean ± SEM.
Significant difference was analyzed by two-way ANOVA and post hoc Tukey’s test: *: p < 0.05, ***: p < 0.001, ****: p < 0.0001,
relative to untreated cells; ####: p< 0.0001, relative to CA-4 24 treated cells; ###: p< 0.001, relative to CA-4 24 treated cells; ##: p<
0.01 relative to CA-4 24 treated cells; #: p < 0.05 relative to CA-4 24 treated cells; ffff : p < 0.0001 relative to CA-4 48 treated cells;
and ff : p < 0.01 relative to CA-4 48 treated cells. Results were calculated meticulously from three independent experiments.

significant between CA-4- and CA-4 analogue-treated cells
for p-ERK1/2 (p < 0.0001) and p-MEK1/2 (p < 0.01) at
both 48 and 24 hours of treatment (p < 0.0001) for both
p-MEK1/2 and p-ERK1/2.

In MDA-MB-231 cells, CA-4 analogue significantly
(p < 0.0001) suppressed the phosphorylation of MEK1/2
(0.48 and 0.15) and ERK1/2 (0.55 and 0.32) following treat-
ment for 24 and 48 hours, respectively, in comparison with
control cells. CA-4 also significantly (p < 0.0001) sup-
pressed the phosphorylation of MEK1/2 (0.67 and 0.42)
for 24 and 48 hours, and ERK1/2 (0.69 and 0.36) for 24

and 48 hours, in a time-based approach (Fig. 6). There
was a considerable difference between CA-4- and CA-4
analogue-treated cells for 24-hours regarding both proteins
(p< 0.0001) and at 48-hours treatment, there was a signifi-
cant difference between CA-4 and its analogue for MEK1/2
only (p < 0.0001).

The MDA-MB453 cells exhibited markedly low lev-
els of p-MEK1/2 (0.81 and 0.26) and p-ERK1/2 (0.54 and
0.4) after CA-4 analogue treatment for 24 and 48 hours,
respectively. Meanwhile, CA-4 significantly attenuated p-
MEK1/2 (0.85 and 0.43) and p-ERK1/2 (0.77 and 0.42) af-
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ter 24 and 48 hours of treatment, respectively. The suppres-
sion of ERK1/2 and MEK1/2 phosphorylation was shown
to be time-dependent (Fig. 6). The suppression was statisti-
cally significant between CA-4- and CA-4 analogue-treated
cells at 24 hours (p-ERK: p< 0.001 and p-MEK: p< 0.05),
as well as in 48 hours treated cells specifically for p-MEK
(p < 0.0001).

3.6 CA-4 Analogue Induces Apoptosis by Increasing P53
and Bax and Inhibiting Bcl2 Gene Expression

The MCF-7, MDA MB-231, and MDA MB453 cell
lines were administered the IC50 dose of a CA-4 analogue
for 24 or 48 hours. Treatment ofMCF-7 cells with the CA-4
analogue for 24 or 48 hours resulted in a significant time-
dependent upregulation of P53 gene expression, showing
a 2.45- and 2.85-fold increase, respectively, in comparison
with untreated cells (p < 0.001). Correspondingly, treat-
ing the MDA MB-231 cells with the CA-4 analogue for 24
or 48 hours also led to a time-dependent upregulation of
P53 gene transcription, with a 2- and 2.25-fold increase, re-
spectively. Similar upregulation was observed in the MDS
MB-453 cells, in which CA-4 analogue exerted a 1.9- and
2.55-fold increase in P53 gene transcription after 24 or 48
hours of treatment compared to untreated cells.

The Bax mRNA expression was upregulated, while
the Bcl2 levels were reduced in the tested breast cancer
cells after CA-4 analogue treatment for 24 or 48 hours.
Overall, our experimental data demonstrated that the CA-
4 analogue may promote apoptosis in breast cancer cells in
a time-dependent approach. Furthermore, gene expression
analyses conducted on MCF-7, MDA-MB231, and MDA-
MB453 cells revealed that both CA-4 and the CA-4 ana-
logue dramatically elevated the ratio of Bax to Bcl2. The
impact was particularly pronounced in cells treated with the
CA-4 analogue compared to those treated with CA-4 alone
(Fig. 7).

4. Discussion
Breast cancer is the most predominant form of female

malignant tumors. Extensive research has been conducted
to explore innovative treatment options [39]. Despite the
availability of current treatments for various breast cancer
subtypes, their effectiveness is limited due to resistance and
unsatisfactory outcomes. Consequently, overall patient sur-
vival rates have not shown improvement [4,40]. This neces-
sitates identifying new therapeutic candidates overcoming
treatment failure for optimizing effective therapy and im-
proving survival rate. Despite the in vitro cytotoxic effect
of the parent CA-4 on multiple cancer cell lines, in vivo
studies have revealed a dramatic decline in its antiprolifer-
ative activity due to spontaneous isomerization to the more
stable trans-isomer.

Several CA-4 derivatives have been designed and as-
sessed for their anticancer activity. Among them, one
derivative has shown prominent cytotoxic activity against

MCF-7 breast cancer cells [24]. These findings have moti-
vated us to investigate further the potential cytotoxic effects
of this promising compound in different types of breast can-
cer cell lines and to explore the plausible molecular mech-
anism responsible for its remarkable activity.

The current results demonstrate that the CA-4 ana-
logue exhibits a remarkable dose-dependent inhibitory im-
pact on the survival of breast cancer cells, with IC50 values
lower than those of the parent CA-4. The enhanced cyto-
toxic activity of the newly synthesized CA-4 analogue is ev-
idently due to the substitution of the hydroxyl group in CA-
4 with chlorine in the meta-position of ring B. Additionally,
the replacement of the para-methoxy group in CA-4 with a
fluorine substitution in the analogue significantly improves
its cytotoxic activity. Furthermore, the introduction of an
extension to the structure (ring C) enhances the potency,
particularly with ortho-methoxy substitution [24]. Notably,
the CA-4 derivative exhibited more potent antiproliferative
activity against MCF-7 with the lowest IC50 values, com-
pared to MDA-MB231 and MDA-MB453 cells. This ob-
servation may be attributed to the substantial overexpres-
sion of EGFR in MDA-MB231 cells, the TNBC cell line,
which promotes cancer cell survival and inhibits apoptosis
[41]. Whilst, MDA-MB453 cells are characterized by sig-
nificantly upregulated, constitutively dimerized, and acti-
vated HER-2 receptors, providing alternative pathways for
sustained neoplastic cell proliferation, thus making these
breast cancer subtypes more aggressive and invasive [42].

Apoptosis induction has been proposed as an effective
strategy for cancer therapy [43–45]. The extrinsic death re-
ceptor pathway, as well as the mitochondrial intrinsic path-
way, were both engaged in the triggering of cellular apop-
tosis [46]. Numerous defense mechanisms have been es-
tablished by cancer cells to combat apoptotic cell death.
One such mechanism is the overexpression of antiapoptotic
Bcl2, which promotes enhanced tumor cell proliferation and
inhibits apoptosis [44]. Conversely, elevated expression of
Bax promotes cell death and hence eradicates tumor cells
[47,48].

During the last ten years, there has been increasing in-
terest in targeting P53, a crucial protein involved in sup-
pressing tumor growth, as a potential strategy for cancer
treatment. This interest stems from the ability of P53 to
control different cellular mechanisms such as DNA repair,
cellular apoptosis, and cell cycle arrest [49]. Activation of
the P53 protein can increase the sensitivity of cancer cells
to DNA damage, preventing their replication and promot-
ing apoptosis [50]. In our study, we observed that the novel
CA-4 derivative induced upregulation of p53 expression in
MCF-7, MDA MB231, and MDA MB453 cells. Addition-
ally, the derivative enhanced apoptosis by elevating the ex-
pression of Bax, while decreasing that of Bcl2. This led to
an increased Bax/Bcl2 ratio, which can trigger the collapse
of the mitochondrial membrane, the release of cytochrome
c, and ultimately cellular apoptosis [25,48]. Our investi-
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gation revealed that treatment with the CA-4 analogue re-
sulted in a time-dependent increase in the ratio of Bax/Bcl2
after 24 and 48 hours, suggesting that the CA-4 analogue
induces apoptosis through the mitochondrial pathway. This
observation was consistent with the evident elevation in the
apoptotic cell population, as demonstrated by annexin V/PI
dual staining. The percentage of apoptotic cells (Annexin-
V positive) was highest in MCF-7 cells relative to MDA-
MB-231 and MDA-MB453 cells.

To better understand the mechanism of action of the
new CA-4 analogue, in vitro molecular docking was con-
ducted on EGFR binding sites. The upregulation of the
EGFR signaling pathway has been associated with reduced
apoptosis, which directly contributes to cancer develop-
ment, tumorigenesis, increased cell proliferation, and an-
giogenesis [51]. The EGFR gene is expressed in approxi-
mately 14–91% of breast carcinomas, and its dysregulation
is associated with more invasive breast tumor subtypes and
poorer prognoses [52]. Moreover, EGFR can activate sig-
naling cascades such as the MAPK/ERK and PI3K/AKT
pathways to transmit its signal, making it a potential target
for controlling cancer cell proliferation. Through in vitro
molecular docking, the CA-4 analogue demonstrated po-
tent inhibitory activity against EGFR kinase. The CA-4
analogue exhibited several critical interactions within the
active site of EGFR. This observed potent inhibitory activ-
ity of CA-4 analogue explains its cytotoxic activity towards
tested breast cancer cells [42].

The PI3K/AKT signaling pathway is frequently as-
sociated with breast carcinoma [53]. Cell survival, pro-
liferation, and protein synthesis are regulated by the
PI3K/AKT/mTOR pathway [54–56]. Stimulation of the
PI3K/AKT/mTOR pathway has been linked to tumor devel-
opment and reduced patient survival [57]. Recent studies on
PI3K/AKT inhibitors suggest that recruiting the PI3K/AKT
pathway is a potential strategy for treating breast cancer
[58]. In humans, there are three primary MAPK pathways,
but the pathway concerning ERK1/2 is the most relevant
to breast cancer [59]. Genes involved in the ERK1/2 path-
way directly regulate various fundamental biological func-
tions, including differentiation, apoptosis, cellular prolifer-
ation, and survival [60]. Dysregulation of the MAPK/ERK
cascade is a hallmark of robust carcinogenesis and several
components of this pathway are mutated or exhibit aberrant
expression in breast cancer [61,62]. To further elucidate the
molecular mechanism behind the inhibitory action of the
CA-4 analogue on malignant breast cancer, we investigated
whether the CA-4 analogue modulates the PI3K/AKT and
MAPK/ERK signaling pathways. Treatment with the CA-
4 analogue resulted in the suppression of the PI3K/AKT
and MAPK/ERK pathways, as evidenced by the reduc-
tion in phosphorylation levels of PI3K, AKT, MEK1/2, and
ERK1/2 in breast cancer cells. Notably, the suppressive ef-
fect of CA-4 analogue on the PI3K/AKT and MAPK/ERK
signaling was greater than that of CA-4 parent drug.

Moreover, several studies have revealed that the
PI3K/AKT and MAPK/ERK cascades may interloop with
each other and exhibit a synergistic effect in driving breast
cancer proliferation [63,64]. Taken together, the CA-4 ana-
logue could be a more potent anticancer drug against ma-
lignant breast cancer cells by simultaneously targeting the
PI3K/AKT/mTOR and MAPK pathways [63,65].

5. Conclusions
The current research revealed that the CA-4 ana-

logue exhibited superior suppression of cell prolifera-
tion compared to the parent CA-4 in breast cancer cells,
such as hormonal-dependent breast cancer (MCF-7), HER-
2 enriched breast cancer (MDA-MB453), and triple-
negative breast cancer (MDA-MB231). The enhanced anti-
proliferative activity of the CA-4 analogue may be at-
tributed to its ability to induce apoptosis and effectively in-
hibit two key signaling cascades, namely PI3K/AKT and
MAPK/ERK, which play critical roles in chemoresistance
and treatment failure. Overall, the CA-4 analogue can be
considered a possible anticancer agent for the management
of numerous genetic breast cancer types.
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