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A novel anthraquinone-quinazoline hybrid 7B blocks breast
cancer metastasis and EMT via targeting EGFR and Racl
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Abstract. At present, effective therapeutic drugs for
triple-negative breast cancer (TNBC) are lacking due to
the absence of identified or available targets. Therefore, the
present study aimed to identify key molecular targets and a
specific targeted therapeutic drug to aid with the development
of novel therapeutic strategies for TNBC. Based on the high
expression of EGFR and Racl in TNBC and inspired by
a novel antitumor strategy termed combi-targeting, novel
anthraquinone-quinazoline hybrid 7B was synthesized to
simultaneously target EGFR and Racl. It was hypothesized
that hybrid 7B may possess enhanced potency compared
with its parent compounds. Breast cancer cell viability was
detected by performing MTT assays. Flow cytometry was
conducted to detect the effects of hybrid 7B on the cell cycle,
apoptosis and the mitochondrial outer membrane potential.
Ultrastructural alterations were observed by transmission elec-
tron microscopy. Cell invasion and migration were assessed by
performing Transwell and wound-healing assays, respectively.
The expression levels of epithelial-mesenchymal transition
(EMT) markers and metastasis-related proteins were detected
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by western blotting. Compared with Rhein and gefitinib,
hybrid 7B displayed superior antiproliferative activity in
MDA-MB-231 cells with an ICs, value of 2.31 yuM, which
was 14-fold higher compared with the EGFR tyrosine kinase
inhibitor gefitinib. Further experiments demonstrated that
hybrid 7B significantly reduced the mitochondrial membrane
potential, enhanced MDA-MB-231 cell apoptosis and induced
cell cycle arrest at the G,/M phase compared with the control
group. Typical morphological alterations of apoptotic cells
were observed in hybrid 7B-treated MDA-MB-231 and MCF-7
cells. Compared with the control group, hybrid 7B signifi-
cantly inhibited MDA-MB-231 cell invasion and migration by
downregulating Racl, EGFR, matrix metalloproteinases, snail
family transcriptional repressor 1, Vimentin and -catenin
protein expression levels, and upregulating E-cadherin
protein expression levels. The present study demonstrated
that hybrid 7B inhibited TNBC cell migration and invasion
by reversing EMT and targeting EGFR and Racl; therefore,
hybrid 7B may serve as a promising therapeutic agent for
TNBC.

Introduction

Triple-negative breast cancer (TNBC) is one of the most
aggressive subtypes of breast cancer, due to its high inva-
siveness, high recurrence and poor prognosis (1). At present,
there is a lack of effective therapeutic targets and drugs
for the clinical treatment of TNBC. Different proteins are
expressed in various types of breast cancer cells, including
epidermal growth factor receptor (EGFR), which is over-
expressed in MDA-MB-231 cells, but lowly expressed
in MCF-7 cells (2). Therefore, identifying key molecular
targets and developing specific targeted therapeutic drugs
is important for the development of novel therapeutic strate-
gies for TNBC.

EGFR, a member of the EGFR family, is involved in tumor
cell proliferation, angiogenesis, tumor invasion and metas-
tasis (3). EGFR is abnormally expressed in several solid tumors,
including TNBC (4). Among all TNBC cases, 50-75% are
associated with EGFR activation or overexpression (5). Due
to the multidimensional role of EGFR in the progression of
cancer, targeting EGFR has emerged as a potential anticancer
therapeutic strategy.
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Racl is involved in the regulation of various cellular
processes, including adhesion, migration, proliferation,
transcription, vesicle formation and cell apoptosis (6).
Increasing evidence has demonstrated that Racl is abnormally
expressed and aberrant Rho family signaling contributes to
angiogenesis, invasion and metastasis. Patients with high
Racl expression levels were more susceptible to early tumor
recurrence and displayed poor prognosis (7). Our previous
study demonstrated that RP-4, a novel anthraquinone deriva-
tive, enhanced the sensitivity of nasopharyngeal carcinoma
cells to radiotherapy by targeting Racl (8). Rhein can inhibit
the production of matrix metallopeptpidase (MMP) by
regulating the Racl/reactive oxygen species/MAPK/activator
protein 1 signaling pathway in human ovarian carcinoma
cells (9). Several quinazoline derivatives were used as first-
and second-generation EGFR tyrosine kinase inhibitors,
including gefitinib and afatinib (10). Inspired by anthraquinone
and quinazoline derivatives, a series of novel anthraqui-
none-quinazoline hybrids, which were expected to be more
potent antitumor agents by inhibiting the activity of EGFR
and Racl, were designed and synthesized in our previous
study (11). Among these hybrids, hybrid 7B displayed antipro-
liferative activity on several tumor cells, especially on human
MDA-MB-231 TNBC cells. However, the effect of hybrid 7B
on tumor metastasis and invasion is not completely understood.
The present study investigated whether hybrid 7B suppressed
breast cancer cell invasion and epithelial-mesenchymal
transition (EMT) by downregulating the expression of EGFR
and Racl. The results indicated that targeting both EGFR and
Racl might serve as a novel and effective therapeutic strategy
for TNBC.

Materials and methods

Drugs and reagents.4,5-Bis(benzyloxy)-9,10-dioxo-N-(4-(3-
methy-Iphenylamino)quinazolin-6-yl)anthracene-2-carboxamide
[hybrid 7B; purity, >98%] had previously been synthesized
by our team (11). Hybrid 7B was dissolved in DMSO to make
a 5,000 uM stock solution, which was diluted according
to the experimental requirements. Rhein was purchased
from Nanjing Langze Pharmaceutical Technology Co.,
Ltd. Gefitinib is purchased from Qilu Pharmaceutical
Co., Ltd. DMEM and FBS were purchased from Gibco
(Thermo Fisher Scientific, Inc.). EGF was purchased from
R&D Systems China Co., Ltd. MTT was purchased from
Merck KGaA. Crystal violet dye solution was obtained
from Beyotime Institute of Biotechnology. Transwell
chambers, Matrigel and the Annexin V-allophycocyanin
(APC)/7-aminoactinomycin D (7-AAD) kit were purchased
from BD Biosciences.

Cell culture. MDA-MB-231, MCF-7 and MCF-10A cells were
purchased from China Center for Type Culture Collection.
Cells were cultured in DMEM supplemented with 10% FBS
at 37°C with 5% CO,.

Cell viability. Cell viability was determined by performing
MTT assays. Cells were inoculated (5x10° cells/well) into a
96-well plate for 24 h. Cells were incubated with or without
different concentrations of hybrid 7B [0 (control), 0.5, 1, 2, 4,

8 or 16 uM], rhein [0 (control), 16, 32, 64, 128 or 256 yM] and
gefitinib [0 (control), 4, 8, 16, 32 or 64 uM) at 37°C for 48 h.
Subsequently, cells were incubated with 20 gl MTT (5 mg/ml)
for 4 h. The cell medium was discarded and 100 x1 DMSO
was added to each well for 15 min with gentle agitation.
Absorbance was measured at a wavelength of 490 nm using
a microplate reader (BioTek Instruments, Inc.). Relative cell
viability was calculated according to the following formula:
Cell viability (%) = (mean absorbance of the test wells/mean
absorbance of the control wells) x100. The IC,,, ICs, and IC,,
values were calculated as the concentrations of hybrid 7B that
inhibited cell viability by 30, 50 and 70%, respectively.

Apoptosis detection. Cell apoptosis was detected using
an Annexin V-APC/7-AAD kit. Cells were seeded
(3x10° cells/well) into a 6-well plate. MDA-MB-231 cells
were treated with different concentrations of hybrid 7B (0, 1,
2 or 4 uM) for 48 h. MCF-7 cells were treated with hybrid 7B
(0, 4, 8 or 16 uM) for 48 h. Following washing twice with
PBS, cells were digested with trypsin and centrifuged at
room temperature for 5 min at 132 x g. Cells were collected
and the supernatant was discarded. Cells were resuspended
in 100 pl binding buffer. Subsequently, cells were incubated
with 5 ul 7-AAD and 5 pl Annexin V-APC in the dark at
room temperature for 30 min. Apoptotic cells (early and late
apoptosis) were analyzed using a FACSCalibur flow cytometer
(Becton, Dickinson and Company) and Cell Quest Pro software
(version 6.0; Becton, Dickinson and Company).

Cell cycle. Cells were seeded (3x10° cells/well) into a
6-well plate. MDA-MB-231 cells were treated with different
concentrations of hybrid 7B (0, 1,2 or 4 uM) for 48 h. MCF-7
cells were treated with different concentrations of hybrid 7B
(0, 4, 8 or 16 uM) for 48 h. Following washing with PBS,
cells were digested with trypsin and centrifuged at room
temperature for 5 min at 132 x g. Cells were washed twice with
precooled PBS and fixed with 70% precooled ethanol at 4°C
overnight. Subsequently, cells were centrifuged (132 x g for
5 min at 25°C), the supernatant was discarded and 5 ml PBS
was added to cells, gently mixed and incubated for 15 min.
Following centrifugation (132 x g for 5 min at 25°C) and
discarding the supernatant, 1 ml DNA staining solution was
added [Hangzhou Multisciences (Lianke) Biotech Co., Ltd.].
Cells were oscillated for 10 sec and incubated for 30 min at
room temperature in the dark. Cell cycle distribution was
analyzed using a FACSCalibur flow cytometer (Becton,
Dickinson and Company) and ModFit LT software (version 3.0;
Verity Software House, Inc.).

Transmission electron microscopy (TEM). MDA-MB-231
and MCF-F cells (2.5x10° cells/well; 6-well plate) were
treated with 2 or 8 uM hybrid 7B for 48 h, respectively.
Cells were harvested by centrifugation (132 x g at 5 min
at 25°C) and fixed with 3% glutaraldehyde (1 ml) at 4°C for
2 h. Subsequently, 1% osmium tetroxide buffer solution was
added to fix the sample at 4°C for 1 h. Cells were dehydrated
using an ethanol gradient (30, 50, 70, 90 and 100%; 10 min
per step; 25°C). Subsequently, cells were washed three times
with 100% acetone (10 min per wash; 25°C). Acetone and resin
were permeated for 2 h at 25°C at ratios of 3:1, 1:1 and 1:3. The
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last ratio was permeated overnight, and then infiltrated with
complete resin for 24 h at 25°C. Samples were embedded in
resin and placed into the oven (40°C for 15 h, 48°C for 13 h,
60°C for 24 h). Ultrathin sections were stained with uranyl
acetate for 2 h at 25°C, followed by lead citrate for 15 min
at 25°C. Cell ultrastructure was observed and photographed
by TEM using a H7650 transmission electron microscope
(Hitachi, Ltd.).

Mitochondrial membrane potential detection. MDA-MB-231
cells (2.5x10° cells/well; 6-well plate) treated with hybrid 7B
0, 1, 2 or 4 uM) for 48 h. MCF-7 cells (2.5x10° cells/well;
6-well plate) were treated with hybrid 7B 4, 8 or 16 uM) for
48 h. Subsequently, cells were digested, collected, centri-
fuged (132 x g for 5 min at 25°C) and resuspended in 0.5 ml
medium. Cells were incubated with 0.5 ml JC-1 working
solution at 37°C for 20 min. Subsequently, centrifugation was
performed at 600 x g for 3-4 min at 4°C to precipitate cells.
The supernatant was discarded and cells were washed twice
with ice-cold JC-1 staining buffer. Following centrifugation
(132 x g for 5 min at 25°C), cells were resuspended with JC-1
staining buffer, passed through a 400-mesh nylon screen
and detected via flow cytometry using a FACSCalibur flow
cytometer (Becton, Dickinson and Company) and CellQuest
Pro software (version 6.0; Becton, Dickinson and Company).

Cell invasion assay. Cell invasion was evaluated using a
24-well Transwell chamber (diameter, 6.5 mm; pore size,
8 um; Corning, Inc.). Each chamber was coated with Matrigel
(diluted 1:8 in serum-free medium) at 37°C for 3 h. To compare
the invasive ability between MCF-7 and MDA-MB-231
cells, MDA-MB-231 or MCF-7 cells were inoculated
(4x10* cells/well) into the upper chamber. To assess the effect
of hybrid 7B on cell invasion, MDA-MB-231 cells were inocu-
lated in serum-free medium with different concentrations of
hybrid 7B (0, 0.25, 0.5 or 1 uM) in the upper chamber. In the
lower chamber, 500 1 medium supplemented with 20% FBS
was plated in the lower chamber. Following incubation for
48 h at 37°C, the upper chamber was removed and cells on the
surface of the membrane were gently wiped off using cotton
swabs, The membrane was fixed with 4% paraformaldehyde
at 25°C for 15 min, then stained with 0.2% crystal purple at
25°C for 2 min. Invading cells were visualized using a light
microscope and analyzed using ImageJ software (version 1.8.0;
National Institutes of Health).

Wound-healing assay. MDA-MB-231 cells were incubated in
a 6-well plate. Once a fusion monolayer had formed, a plastic
pipette tip was used to wound the monolayer. Cell medium was
discarded and replaced with medium containing 2% FBS and
different concentrations of hybrid 7B (0.25, 0.5 or 1 uM) for
48 h. The wounds were observed using an light microscope in
five randomly selected fields of view. The following formula
was used to calculate wound closure: Wound closure (%) = [(the
width of wound at O h-the width of wound at 48 h)/the width
of wound at 0 h] x100.

Western blotting. Following treatment with different concen-
trations of hybrid 7B (MDA-MB-231 cells, 1 or 2 uM; MCF-7
cells, 4 or 8 uM) or gefitinib (MDA-MB-231, 2 uM; MCF-7,
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8 uM) for 48 h at 37°C, total protein was isolated from cells
using cold RIPA buffer containing 1% PMSF (Beyotime
Institute of Biotechnology). The lysate was collected by
centrifugation at 12,000 x g for 10 min at 4°C. Protein concen-
trations were determined by performing a bicinchoninic acid
assay. Proteins (30 ug) were separated by 10% SDS-PAGE
and transferred onto PVDF membranes (Merck KGaA)
following electrotransfer at 100 V constant pressure for
90 min. Following blocking with 5% skimmed milk for 1 h
at 25°C, the membranes were incubated at 4°C for 12 h with
primary antibodies targeted against: EGFR (cat. no. 2085),
phosphorylated (p)-EGFR (Tyrl068; cat. no. 3777), MMP-2
(cat.n0.40994), MMP-7 (cat.no.3801), MMP-9 (cat.no. 13667),
[-catenin (cat. no. 8480), Vimentin (cat. no. 5741), snail family
transcriptional repressor 1 (Snail; cat. no. 3879), E-cadherin
(cat. no. 3195), GAPDH (cat. no. 5174), B-actin (cat. no. 4970)
and Racl (cat. no. 10485-2-AP). All antibodies were rabbit
monoclonal antibodies that were used at a dilution of
1:1,000. All antibodies were purchased from Cell Signaling
Technology, Inc., except for the Racl primary antibody, which
was purchased from ProteinTech Group, Inc. Following
washing with PBST (0.05% Tween-20) three times (10 min per
wash), the membranes were incubated with a HRP-conjugated
secondary antibody (cat. no. ab6721; 1:30,000; Abcam) for
1 h at room temperature. Following washing three times with
PBST, protein bands were visualized using an Odyssey scanner
(LI-COR Biosciences). Protein expression was semi-quantified
using ImageJ software (version 1.8.0; National Institutes of
Health) with B-actin as the loading control.

For EGF stimulation, cells were incubated with different
concentrations of hybrid 7B or gefitinib for 48 h, followed
by incubation with EGF (50 ng/ml; cat. no. 236-EG-200) for
20 min at 37°C.

Molecular docking. To investigate the interaction between
compound molecules and EGFR or Racl proteins, molecular
docking research was conducted using Molecular Operating
Environment (MOE; version 10.2008) software provided
by Chemical Computing Group ULC. London dG scoring
was used to evaluate the binding affinity of each compound
to EGFR or Racl. The lower the score, the more hydrogen
bonds, and the tighter the interaction of amino acid resi-
dues, which indicated a more stable and stronger interaction
between the compound and protein. The protein structures
of EGFR [Protein Data Bank (PDB) ID: 3W2S] and Racl
(PDB ID: 2rmk) were obtained from the protein database
Research Collaboratory for Structural Bioinformatics PDB
(www.rcsb.org). The chemical structure of Rhein, gefitinib
and hybrid 7B were drawn by ChemBio Draw Ultra software
(version 12.0; PerkinElmer, Inc.) and saved in PDB format.

Statistical analysis. Comparisons between two groups were
analyzed using the unpaired Student's t-test. Comparisons
among multiple groups were analyzed using one-way ANOVA
followed by Tukey's post hoc test. Data are presented as the
mean + SD of at least three independent experiments. Statistical
analyses were performed using SPSS (version 20.0; IBM Corp.)
and GraphPad Prism (version 8; GraphPad Software, Inc.)
software. P<0.05 was considered to indicate a statistically
significant difference.
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Results

Inhibitory effect of hybrid 7B, Rhein and gefitinib on
MDA-MB-231, MCF-7 and MCF-10A cell viability. The MTT
assay was performed to assess the effects of hybrid 7B, Rhein
and gefitinib on MDA-MB-231 TNBC, MCF-7 breast cancer
and MCF-10A normal breast epithelial cell viability. The
results indicated that hybrid 7B inhibited MDA-MB-231 and
MCEF-7 cell viability, displaying significantly lower ICs, values
compared with Rhein and gefitinib. In normal breast epithelial
cells, the ICs, value of hybrid 7B was approximately twice
that of the ICs, value in MDA-MB-231 cells, suggesting that
hybrid 7B displayed a certain level of cell selectivity.

In addition, the IC,,, IC,, and IC,, values of MDA-MB-231
were close to 1, 2 and 4 uM, respectively. Moreover, the 1C5,
ICs, and IC,, of MCF-7 cells were close to 4, 8 and 16 uM,
respectively (Table I). Therefore, 1,2 and 4 yuM were selected
for MDA-MB-231 cells and 4, 8 and 16 uM were selected for
MCEF-7 cells for subsequent experiments.

Hybrid 7B induces MDA-MB-231 and MCF-7 cell apop-
tosis. To determine the effect of hybrid 7B on breast cancer
cell apoptosis, flow cytometry was performed to assess
alterations in apoptotic rates following hybrid 7B treatment
for 48 h. The apoptotic rates of MDA-MB-231 cells were
5.23+1.44, 46.35+5.34, 77.37+3.55 and 89.37+5.19% follow
ing treatment with O, 1, 2 and 4 uM hybrid 7B, respectively
(Fig. 1A). The apoptotic rates of MCF-7 cells were 4.43+0.71,
30.91+4.01, 39.37+3.07 and 51.10+3.84% following treatment
with 0, 4, 8 and 16 M hybrid 7B, respectively (Fig. 1B).
Increasing concentrations of hybrid 7B results in increased
rates of apoptosis in MDA-MB-231 and MCF-7 cells. The
results suggested that hybrid 7B significantly promoted
MDA-MB-231 and MCF-7 cell apoptosis compared with
the control group. At the same concentration (4 yM), the
apoptotic rate of MDA-MB-231 cells was notably higher
compared with MCF-7 cells.

MDA-MB-231 cell cycle progression is blocked by hybrid 7B
at the G,/M phase. The cell cycle distribution following
hybrid 7B treatment for 48 h was analyzed via flow cytometry.
Compared with the control group, the proportion of
MDA-MB-231 cells at the S and G,/M phases was significantly
increased by hybrid 7B treatment in a concentration-depen-
dent manner (Fig. 1C), indicating that hybrid 7B blocked
MDA-MB-231 cell cycle progression at the S and G,/M phases.
However, no significant differences in the proportion of cells
at different cell cycle phases was observed among the control
and hybrid 7B groups in MCF-7 cells (Fig. 1D).

MDA-MB-231 and MCF-7 cells display apoptotic morpho-
logical alterations following hybrid 7B treatment. TEM is the
gold standard for identifying various modes of cell death (12).
In the control groups, cells and the nuclear membranes were
intact and smooth, the nuclear chromatin displayed a normal
distribution, and organelles, including the endoplasmic
reticulum, mitochondria and lysosomes, were well developed
(Fig. 2A and C). In hybrid 7B-treated MDA-MB-231 (Fig. 2B)
and MCF-7 (Fig. 2D) cells, typical morphological alterations
of apoptotic cells, including cell shrinkage, irregular nuclei

Table I. Inhibitory concentrations of hybrid 7B, Rhein and
gefitinib in breast cancer cells.

A, MDA-MB-231 cells

Compound 1G5, ICy, | (@
Hybrid 7B 1.02+0.23 2.31+0.42 4.15+0.35
Rhein - 163.96+33.36 -
Gefitinib - 31.73+2.98 -

B, MCF-7 cells

Compound 1G5, ICy, | (@
Hybrid 7B 3.9+0.36 9.02+0.71** 16.45+1.23
Rhein - 120.19+£10.98 -
Gefitinib - 29.76+2.04 -

C, MCF-10A cells

Compound 1C,, ICy, 1C,,
Hybrid 7B - 5.19+0.81*° -
Rhein - >100 -
Gefitinib - 0.55+0.12 -

1P<0.001 vs. Rhein; °P<0.001 vs. gefinitb.

and chromatin concentrated at the edge of the nucleus,
swelling of mitochondria, disappearance of cristae, a large
number of vacuoles and apoptotic bodies, were observed via
TEM.

Hybrid 7B modulates mitochondrial membrane potential
in MDA-MB-231 and MCF-7 cells. To verify mitochondrial
alterations, a JC-1 fluorescent probe was used to further detect
the mitochondrial membrane potential of cells. When the
mitochondrial membrane potential is high, JC-1 aggregates
to form a polymer in the mitochondrial matrix, resulting in
red fluorescence. When the mitochondrial membrane potential
is low, JC-1 is a monomer and produces green fluorescence.
The percentage of MDA-MB-231 cells with red fluorescence
was 79.94+2.14, 71.29+2.13, 68.19+3.03 and 40.23+6.00%
following treatment with 0, 1,2 or 4 uM hybrid 7B, respectively
(Fig. 3). The percentage of MCF-7 cells with red fluorescence
was 87.39+3.88, 71.52+3.22, 69.44+3.87 and 62.02+6.40%
following treatment with 0, 4, 8 and 16 yM hybrid 7B,
respectively. The results demonstrated that the mitochondrial
function of MCF-7 cells was significantly impaired following
treatment with hybrid 7B compared with the control group,
and the mitochondrial function of MDA-MB-231 cells was
significantly impaired at higher concentration of hybrid 7B
(2.4 uM).

Hybrid 7B decreases MDA-MB-231 cell migration and
invasion by inhibiting EMT. Under the same conditions,
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Figure 1. Hybrid 7B affects breast cancer cell apoptosis and cell cycle progression. MDA-MB-231 and MCF-7 cells were treated with different concentrations
of hybrid 7B for 48 h. Annexin V-APC/7-AAD staining and flow cytometry were performed to detect (A) MDA-MB-231 and (B) MCF-7 cell apoptosis. Cell
cycle distribution was detected by PI staining and flow cytometry in (C) MDA-MB-231 and (D) MCF-7 cells. Data are presented as the mean + SD of three
independent experiments. ““P<0.001 vs. control. APC, allophycocyanin; 7-AAD, 7-aminoactinomycin D.

Figure 2. Effect of hybrid 7B on breast cancer cell ultrastructure. (A)
MDA-MB-231 cell control group. (B) MDA-MB-231 cell hybrid 7B (2 uM)
treatment group. (C) MCF-7 cell control group. (D) MCF-7 cell hybrid 7B
(8 uM) group. Compared with the control groups, the hybrid 7B groups
displayed typical morphological features of apoptosis: i) Cell shrinkage;
ii) irregular nuclei and chromatin concentrated at the edge of the nucleus;
iii) swelling of the mitochondria and disappearance of cristae; iv) a large
number of vacuoles; and v) apoptotic bodies in the cytoplasm.

the invasive ability of MDA-MB-231 cells was signifi-
cantly higher compared with MCF-7 cells (Fig. 4A).
Therefore, MDA-MB-231 cells were selected for subse-
quent experiments. To avoid the effect of hybrid 7B on
cell viability, non-cytotoxic concentrations of hybrid 7B
(0.25, 0.5 and 1 uM), which were determined based on
the MTT assay results, were selected for the invasion
assay. The number of invading MDA-MB-231 cells was
60.00+12.35, 17.33+10.97 and 8.00+3.56 following treat-
ment with 0.25,0.5 and 1 M hybrid 7B, respectively, which
was significantly reduced compared with the control group
(141.25+19.82; Fig. 4B). Similarly, the wound-healing assay
results demonstrated that the wound healing percentage
of untreated MDA-MB-231 cells was 95.28+3.04%,
whereas following treatment with 0.25, 0.5 and 1 uM
hybrid 7B, the wound healing percentages were 85.63+2.28,
70.00+£5.21 and 41.27+4.06%, respectively, which were
significantly reduced compared with the control group
(Fig. 4C). The results indicated that hybrid 7B signifi-
cantly reduced MDA-MB-231 cell migration and invasion
compared with the control group.
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Figure 3. Effect of hybrid 7B on the mitochondrial membrane potential of breast cancer cells. Flow cytometry using JC-1 fluorescent probes was performed
to detect alterations in the mitochondrial membrane potential of cells following treatment with hybrid 7B for 48 h. Mitochondrial membrane potential in
(A) MDA-MB-231 and (B) MCF-7 cells. Data are presented as the mean + SD of three independent experiments. "P<0.05, “P<0.01 and ““P<0.001 vs. control.
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Table II. Binding affinity and interactions of Rac1-ligand complexes.

LondondG  Amino acid involved  Distance of hydrogen

Compound (kcal/mol) in H-bonds bond (A) Hydrophobic interactions
Hybrid 7B -31.215 Thr17 2.90 Alal59, Alal3 and Phe28
Thr35(3) 2.55/2.60/2.53 Vall4, Ala59, Leu67, Pro34, Ile33 and Val36
Rhein -12.759 Aspl18(2) 1.72/2.26 Leul60 and Alal59
Alal59 2.83
Gefitinib -25.953 Gly12 2.96 Phe28, Leul9,V all4, Alal59 and Phe 82
Lysl16 3.06
Alal59 2.96

Table I1I. Binding affinity and interactions of EGFR-ligand complexes.

Hydrophobic interactions

Amino acid Distance of
London dG involved in hydrogen
Compound (kcal/mol) H-bonds bond (10\)
Hybrid 7B -35.325 Met 793 1.56
Lys 745(2) 2.66/2.26
Thr 854 2.62
Rhein -16.330 Cys 775 1.99
Gefitinib -27.211 Lys 745 3.40

Leu788, Val26, Leu844, Ala743, Leu718, Leu858, Met760,
Met793, Leul001, Phe997, Leu792, Pro794 and Met 1002

Leu777, Met766, Phe856 Leu747, Leu858, Leu 788
Leu862, Leu747, Phe856, Leu858, Leu788, Phe723, Ala859,
Met766, Leu777 and Val 876

Compared with the control group, hybrid 7B significantly
reduced the expression levels of MMP-2, MMP-7 and MMP-9
in MDA-MB-231 cells in a dose-dependent manner (Fig. 4D).
In addition, hybrid 7B significantly decreased the expres-
sion levels of EMT-related proteins, including B-catenin,
vimentin and Snail, and significantly upregulated E-cadherin
expression levels compared with the control group. The
results indicated that hybrid 7B reversed the EMT process of
MDA-MB-231 cells, whereas the positive control gefitinib did
not display the same effect.

Docking results of hybrid 7B, Rhein, gefitinib and Racl.
Molecular docking studies of hybrid 7B, Rhein and gefitinib
were performed using MOE docking software. The binding
modes of hybrid 7B, Rhein, gefitinib and Racl are presented in
Table II and Fig. 5A. Hybrid 7B formed four hydrogen bonds
with amino acid residues Thrl17 and Thr35, Rhein formed three
hydrogen bonds with amino acid residues Asp118 and Alal59,
and gefitinib formed three hydrogen bonds with amino acid
residues Glyl2, Lys116 and Alal59. The London dG scores of
hybrid 7B-Racl,Rhein-Racl and gefitinib-Racl complexes were
-31.215, -12.759 and -25.953 kcal/mol, respectively (Table II).
The higher the negative value, the stronger the binding affinity
between the compounds and Racl; therefore, it was hypoth-
esized that hybrid 7B displayed a stronger ability of targeting
and regulating Racl compared with Rhein and gefitinib.

Docking results of hybrid 7B, Rhein, gefitinib and EGFR.
The London dG scores of 7B-EGFR, Rhein-EGFR and

gefitinib-EGFR complexes were -35.325, -16.330 and
-27.211 kcal/mol, respectively (Table III and Fig. 5B). The
interaction energies of hybrid 7B with EGFR were superior
compared with Rhein with EGFR. Hydrogen bonding inter-
actions serve an important role in the stability of a complex.
The more hydrogen bonds formed in the complex, the closer
the hydrogen bond between the receptor and the ligand, and
the more conducive to the stability of the complex (13). The
results demonstrated that three hydrogen bonds were observed
in hybrid 7B, whereas one hydrogen bond was identified
in Rhein. The number of amino acid residues involved in
hybrid 7B-EGFR interactions was higher compared with those
involved in Rhein-EGFR and gefitinib-EGFR interactions.
The results indicated that hybrid 7B bound more tightly and
strongly with EGFR compared with Rhein and gefitinib.

Hybrid 7B downregulates the expression levels of Racl, EGFR
and p-EGFR. To further verify whether hybrid 7B displayed
targeted regulation of EGFR and Racl proteins in breast
cancer cells, western blotting was performed to detect their
expression level in breast cancer cells treated with hybrid 7B
or gefitinib (positive control). The results demonstrated that
EGFR and Racl expression levels in MDA-MB-231 cells were
significantly higher compared with MCF-7 cells (Fig. 6A).
EGFR protein was expressed at low levels in MCF-7 cells;
therefore, the effect of hybrid 7B on EGFR protein in MCF-7
cells was not investigated.

Compared with the control group, hybrid 7B not only
significantly downregulated the expression levels of EGFR
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and Racl in MDA-MB-231 cells in a dose-dependent manner,
but also partially reversed the regulatory effect of EGF on
p-EGFR in MDA-MB-231 cells, confirming the targeting
effect of hybrid 7B on EGFR (particularly p-EGFR) and Racl
(Fig. 6B-D).

Discussion

The invasion and metastasis of malignant tumors is a
complex, multi-step process that involves the regulation of
multiple genes (14). Previous studies have indicated that
EGFR is closely associated with tumor cell adhesion, migra-
tion, EMT and extracellular matrix (ECM) degradation,
and serves an important role in the process of invasion and
metastasis (4,15). It has been reported that >50% of patients
with TNBC display EGFR overexpression (15), and these
patients can undergo EGFR-tyrosine kinase inhibitor (TKI)
therapy (16). However, no clear clinical benefit regarding the
use of EGFR-targeted TKIs, including gefitinib, erlotinib and
cetuximab, has been reported (17,18). One reason for treat-
ment failure may be that the progression of TNBC does not
rely solely on the EGFR signaling pathway, but is regulated
by several proteins. When EGFR is inhibited, there is an
alternative response mechanism dominated by other proteins
in patients with breast cancer (19). For instance, it has been
reported that Racl protein, which is also highly expressed
in TNBC, is a component of the signaling pathway and may
serve as a therapeutic target for tumor angiogenesis and
metastasis (20). Another potential reason for treatment failure
may be that the binding mode of EGFR-TKIs and EGFR also
affects the curative effect of EGFR-TKIs. Gefitinib, the first
generation of oral EGFR-TKIs, has been reported to compete
with Mg-ATP binding sites in the EGFR-TK catalytic region,
preventing EGFR-induced signal activation. If there is a muta-
tion in the binding site or other compounds competitively
bind to the binding site, the antitumor effect of EGFR-TKI
is reduced (21). Therefore, the synthesis of novel multi-target
EGFR-TKIs, which can inhibit the malignant proliferation
and metastasis of TNBC by acting on multiple targets, may
serve as a more effective strategy. Inspired by the results of
a lung cancer study (22), Racl-mediated signaling pathways
are considered to be independent of other downstream
signaling pathways mediated by EGFR, including PI3K/Akt or
MEKI1/2/ERK1/2 signaling pathways. Racl specific inhibitor
NSC23766 can inhibit gefitinib-resistant non-small cell lung
cancer cell viability and migration, even in the presence of
MEK and PI3K inhibitors (22). In addition, it has been reported
that Racl inhibitor NSC23766 and HER1/EGFR-targeting
drug erlotinib display a synergistic antiproliferative effect
in glioblastoma (23). Our previous study demonstrated that
compounds containing an anthraquinone structure regulated
Racl expression (9). Simultaneously targeting several signaling
pathways is critical; therefore, developing novel combinations
targeting both EGFR and Racl proteins may serve as an
advantageous therapeutic approach. Based on the pharmaco-
phore combination principle, quinazoline and anthraquinone
scaffolds were organically fused, and hybrid 7B was synthe-
sized (11).

The results of molecular docking demonstrated that
the binding affinities of hybrid 7B to EGFR were stronger
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compared with gefitinib, suggesting that the binding mode
of hybrid 7B to EGFR may not be consistent with that of
gefitinib. The western blotting results also indicated that
hybrid 7B not only significantly decreased the expression of
p-EGFR (Fig. 6D), but also downregulated the expression of
EGFR compared with gefitinib (Fig. 6B), which was consistent
with the results obtained for the second-generation EGFR-TKI
alphatinib (24).

A decrease in the mitochondria membrane potential is
a hallmark of apoptosis initiation (25). The JC-1 fluorescent
probe assay was used in the present study to assess alterations
in the mitochondrial membrane potential following hybrid 7B
treatment. Numerous typical morphological features of apop-
tosis induced by hybrid 7B treatment were verified by TEM,
including cell shrinkage, irregular nuclei, swelling of mito-
chondria, disappearance of cristae, and vacuoles and apoptotic
bodies in the cytoplasm. The results indicated that hybrid 7B
caused damage to the mitochondrial membrane and decreased
the membrane potential compared with the control group.

Increasing evidence has demonstrated that TNBC
metastasis is associated with abnormal activation of
EMT (26,27). EMT is the process of acquisition of molecular
alterations by which epithelial cancer cells lose their epithelial
features (E-cadherin and cytokeratin) and gain mesenchymal
features (vimentin, N-cadherin, Snail, Slug and Twist) (28).
Triple-negative breast cancer cells are transformed by EMT,
escape from the primary tumor site, invade the stromal tissues
and establish a distant secondary tumor. Epithelial marker
E-cadherin protein expression loss and increased mesen-
chymal marker expression, including -catenin and vimentin,
are features of the EMT phenotype (29). A previous study
reported that EGFR-TKI afatinib regulates EMT by inhibiting
EGFR, and can significantly reduce MMP-9 protein expression
levels (30). Racl expression is also associated with EMT, thus
inhibiting Racl expression in gastric adenocarcinoma cells
blocks EMT, invasion and metastasis (31). Therefore, regu-
lating the expression of EGFR and Racl proteins may reverse
the EMT process of tumor cells. The results of the present
study demonstrated that hybrid 7B successfully reversed the
EMT of MDA-MB-231 by significantly downregulating the
expression levels of $-catenin and Vimentin, and significantly
upregulating the expression levels of E-cadherin compared
with the control group. At the same concentration (2 uM),
the ability of hybrid 7B to reverse EMT was notably supe-
rior compared with gefitinib, which may be associated with
synergistic inhibition of the expression of multiple proteins.
Therefore, it was hypothesized that hybrid 7B may serve as a
potential multi-target antitumor activity compound.

MMPs are a group of calcium-dependent extracellular
proteases that facilitate ECM degradation, resulting in tumor
invasion and metastasis promotion. MMP expression is regu-
lated by EMT-related signal transduction pathways, including
the TGF-f signaling pathway (32). In HT1080 fibrosarcoma
cells cultured in three-dimensional collagen gel, Racl medi-
ated MMP-2 activation and MMP14 expression/processing
during the encounter between invading tumor cells and type I
collagen-rich stroma, thereby facilitating collagenolysis and
cell invasion (33). Using specific inhibitors, Binker er al (34)
revealed that not only is Racl activated following the
lipopolysaccharide stimulation of NCI-H292 cells (human
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airway cells), but also that PI3K was the signaling molecule
downstream of EGFR that regulated Racl activity. In addi-
tion, a study has reported that EGFR overexpression in tumor
cells is involved in MMP-9 upregulation (35). Therefore, the
aforementioned studies indicated that the occurrence of EMT,
tumor invasion and metastasis is closely associated with the
expression of EGFR, Racl and MMPs. The results of the
present study demonstrated that following treatment with
hybrid 7B, the protein expression levels of MMP-2, MMP-7,
MMP-9, EGFR and Racl were significantly decreased in
MDA-MB-231 cells compared with the control group. In
addition, MDA-MB-231 cell invasion and metastasis were
significantly inhibited by hybrid 7B treatment compared with
the control group. The aforementioned results further verified
the multi-target antitumor activity of hybrid 7B.

In the present study, the results demonstrated that
MDA-MB-231 cell cycle progression was blocked at the
S and G,/M phases, but there was no alteration in MCF-7
cell cycle progression following hybrid 7B treatment. The
aforementioned result was similar to the findings reported by
Elkhalifa et al (36). In the aforementioned study, compound
14 induced apoptosis in MDA-MB-231 and MCF-7 cells,
and MDA-MB-231 cells displayed cell cycle arrest at the
G,/M phase, whereas the MCF-7 cell cycle was not altered.
However, in the present study, the sub-G,/G, peak was not
identified by flow cytometry in these two cell lines. Since any
fractional DNA content, not only that caused by apoptosis but
also that caused by other reasons, can result in multiple nuclear
fragments, it has been suggested that the sub-G, peak is not
a good indicator of cell apoptosis and cannot fully represent
the number of apoptotic cells. Therefore, the apoptosis peak
was not modeled using ModFitLT software to analyze the
cell cycle data in the present study, thus a hypodiploid peak
(sub-Gl peak) was not presented in the present study.

Moreover, the results of the present study demonstrated that
compared with MDA-MB-231 cells, EGFR protein expression
in MCF-7 cells was notably lower, indicating that MCF-7 cells
could not invade the matrix. This result was consistent with
the conclusions of two previous studies (2,37) that reported
that EGFR* cancer cell lines were more invasive compared
with EGFR cells. The aforementioned result also provided
a potential explanation for why the ICs, value of hybrid 7B
was markedly higher in MCF-7 compared with MDA-MB-231
cells due to the lack of an EGFR target in MCF-7.

In the present study, the inhibitory effect of hybrid 7B
on TNBC cell viability and metastasis was only studied
in vitro. However, the possible signaling pathway underlying
hybrid 7B-induced suppression of cell migration, invasion and
EMT in MDA-MB-231 cells requires further investigation,
including in vivo studies.

In conclusion, the present study demonstrated that
hybrid 7B induced breast cancer cell apoptosis, arrested
MDA-MB-231 cell cycle progression at the G,/M phase,
and significantly inhibited TNBC invasion and metastasis
compared with the control group. The mechanism underlying
hybrid 7B was associated with downregulation of EGFR and
Racl protein expression levels and reversal of TNBC EMT.
Therefore, the results of the present study indicated that
hybrid 7B may serve as a potential dual-target inhibitor of
EGFR and Racl.
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