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Abstract

Objectives: Human estrogen receptor alpha (ERα) is
considered an important target, especially in the treatment
of breast cancer, as it has a vital role in cancer development.
ERα-targeted therapies generally target the ligand binding
domain (LBD) of ERα. However, over time, cells develop
resistance to this mechanism alternative approaches to
inhibit ERα activity target ERα–DNA or ERα–cofactor in-
teractions. Inhibitors of ERα–cofactor interactions are
designed by targeting the hydrophobic hollow region of the
receptor box LXXLL motif.
Methods: In this context, helix-stabilized cyclic peptides
(SPs) designed with in silico approaches were obtained by

solid phase peptide synthesis. The effects of SPs on MCF-7
cells were examined with MTT and ATP, and qPCR and flow
cytometry were used for further analysis.
Results: Our results demonstrated that the SPs were effec-
tive only in MCF-7 cells expressing ERα. In addition, cyclic
peptide combinations (SPCs) showed anti-proliferative and
toxic effects on MCF-7 cells. The impact of SPCs with the
highest inhibitory effect in MCF-7 cells on ERα-related genes
and markers of apoptosis was revealed. Moreover, the flow
cytometry analysis result used to examine apoptotic cells
proved the apoptosis of SPCs in MCF-7 cells.
Conclusions: These findings suggest that our novel SPs,
which inhibit coactivator interactions of ERα, induce
apoptosis of MCF-7 cells. Thus, considering this strong effect
of SPs in the inhibition of receptors, it is pointed out that they
can be further developed as an alternative to current clinical
treatments or as an auxiliary approach in the generating of
new targeted peptide-based therapies.

Keywords: apoptosis; breast cancer; coactivator binding in-
hibitors; helix-stabilized cyclic peptides; human estrogen
receptor alpha

Introduction

Human estrogen receptor alpha (ERα) is a ligand-dependent
transcription factor [1, 2], andmediated gene products affect
various cell processes such as autophagy, apoptosis, growth,
and differentiation [3]. In addition to being associated with
a variety of diseases, overexpressing estrogen receptor
signaling contributes to disease progression [4], particularly
in hormone-related cancers such as breast [5], endometrial
[6], and ovarian cancer [7]. Because of the resistance that
cancer cells develop over time to traditional ERα-targeted
therapies, new alternative approaches have been developed
[8, 9]. These approaches include targeting ERα–DNA
or ERα–cofactor interactions (LXXLL) [10, 11]. Inhibiting
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protein–protein interactions (PPIs), such as ERα–cofactor
interactions,with therapeutic peptides has become a general
strategy in the treatment [12, 13]. Therapeutic cyclic peptides
are preferred because they have various advantages, such as
higher stability, easier production, and better cell perme-
ability than their linear motifs [14, 15]. Various therapeutic
cyclic peptides containing the LXXLL peptide motif [16–21]
have been developed to inhibit the ERα–coactivator inter-
action. Novel disulfide bridges stabilized cyclic peptide an-
alogs are an effective treatment method for breast and
ovarian cancer with high ERα expression. The aim of this
study is to obtain disulfide-linked cyclic peptides that inhibit
coactivator interactions of ERα and to elucidate their anti-
proliferative and apoptosis effects on the MCF-7 breast
cancer cells.

Materials and methods

Materials

This section is detailed in the Supplementary Material.

Molecular docking

The parent helix-stabilized cyclic peptides’ (SPs) crystal
structure was retrieved from the Protein Data Bank (PDB
ID: 1PCG). The sequence of this parent cyclic peptide in the
crystal structure is KcILCRLLQ, where the lowercase ‘c’
represents the D-enantiomer of cysteine. Single mutations
were introduced at the third position of the KcILCRLLQ
sequence to generate child sequences, which were subject
to docking using the bioAIM software from Meddenovo
Drug Design. The best pose of each child sequence was
retained, and its corresponding complexe formed with the
receptor was prepared for molecular dynamic simulations
(MD). Simulations were performed using the AMBER20
software [22]. Each complexe was solvated, neutralized,
minimized and heated in a stepwise fashion (from 0 to
150 K in the constant temperature, constant volume (NVT)
ensemble and from 150 to 300 K in the constant tempera-
ture, constant pressure (NPT) ensemble). In all simula-
tions, periodic boundary conditions were applied with the
particle mesh Ewald scheme for electrostatic interactions,
the non-bonded interaction cut-offwas set to 12.0 Å, bonds
involving hydrogen atoms were constrained using the
SHAKE algorithm, and the integration time step was set
to 2 fs. Production runs were performed in the NPT
ensemble for 5 ns, from which 5 independent 1 ns-long MD

simulations were started and used for binding energy
calculations. The average binding energy was calculated
by applying molecular mechanics with generalized Born
(igb=8) and surface area solvation (MMGBSA) to these
simulations [23].

Synthesis, characterization, and purification
of SPs

As a result of our in silico studies, the synthesis of a total of
three SPs, including the recommended sequences and the
reference sequence, was carried out by the solid-phase
peptide synthesis method based on the fluorenyl methox-
ycarbonyl protecting group (Fmoc) chemistry. The synthe-
sis of peptides was carried out as previously mentioned
[24]. The crude linear peptide was dissolved in dime-
thylformamide (DMF)/H2O (68-12-2, Meck) 8:2 (10 mg/mL)
and stirred vigorously at room temperature to get cyclic
peptide. A solution of diethylacetylene dicarboxylate
(DEAD) (1972-28-7, Merck) in DMF (1 eq./mL) was slowly
added over 2 min, and the reaction was left stirring for
30 min. The resulting mixture was diluted to 20 mL with
MilliQ water, and a freeze dryer removed the solvent.
Obtained cyclic peptides were purified using a semi-
preparative C18 high-performance liquid chromatography
(HPLC) column. Analytical C18 HPLC evaluated the purity of
each fraction before combining the pure fractions. In all
HPLC analyses, the mobile phase was gradient elution,
MilliQ water – 0.1 % trifluoroacetic acid (TFA) (T6508,
Meck), and acetonitrile (ACN) (75-05-8, Meck) – 0.08 %
TFA. The characterization was performed by liquid
chromatography-mass spectrometry (LC-MS).

Cell culture

Human breast cancer (BC) cell lines (ERα-positive MCF-7
and ERα-negative MDA-MB-231) and human bronchial
epithelial cell line (BEAS-2B) were cultured in RPMI 1640
(R8758, Sigma) containing 1 % penicillin streptomycin (PS-B,
Capricorn), 1 % L-Glutamine (25030-081, Gibco), 10 % heat-
inactivated fetal bovine serum (10100147, Thermo Fisher)
and β-estradiol (E2758, Sigma). All cell lines were main-
tained at 37 °C in an environment containing 5 % CO2 and
98 %humidity. All SPs have >95 %purity and are lyophilized
as TFA salts. 25 mM stock solutions of all SPs were prepared
by dissolving in molecular grade water, while a stock
solution of TPBM was prepared by DMSO (A3672.0100,
Pan-reac).
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Cell viability assays

The viability effects of SPs onMCF-7 cells using theMTT and
ATP assays. For each experimental viability assay, MCF-7
cells were seeded in 96-well cell culture dishes at 5×103
cells/well, and to ensure the adaptation, the cells were
incubated for 24 h. For MTT analysis, MCF-7 cells were
treated with serial dilutions of all SPs and TPBM for 48 h.
Following the treatment, an MTT assay was performed as
described previously [25]. The level of intracellular ATP
content is an indicator used to determine the number of
living cells [26, 27]. This method was used in our study to
examine the effect of combined treatment groups designed
with all SPs and TPBM on cell viability. Following the
treatment, an ATP assay was performed as described pre-
viously [27]. Each experiment was carried out as three in-
dependent tests with three replicated.

Gene expression analysis

Total ribonucleic acid (RNA) was isolated with GenElute™
mammalian total RNA miniprep kit, and complementary
deoxyribonucleic acid (cDNA) synthesis was conducted us-
ing SensiFAST cDNA synthesis kit according to the manu-
facturer’s instructions. The amount and purity of all RNA
samples were measured by NanoDrop™ 2000/2000c spec-
trophotometer (thermo fisher scientific). Annealing tem-
peratures of the primers used with gradient polymerase
chain reaction (PCR) were determined. All PCR products
were checked for product length with 2 % agarose gel. Real-
time quantitative reverse transcription PCR (RT-qPCR)
analysis was performed using a CFX96™ real-time PCR
detection system and carried out as described previously
[28]. Melting curve analysis was performed. Data were
analyzed with stepone plus v2.3 (Applied Biosystems) soft-
ware using the 2−ΔΔCT method.

Flow cytometry

To evaluate the effect of SPs on apoptosis, we measured
caspase 3/7 activity, mitochondrial membrane potential, and

annexin-V-FITC level byflow cytometry. Cells were seeded at
3×105 cells per well into 6-well plates and treated with SPCs
and TPBM (IC90 doses) for 48 h. At the end of treatment, cells
were harvested and prepared according to the manufac-
turer’s instructions for each kit, and analysis was performed
by a cell analyzer [29].

Statistical analysis

Data were presented as mean±standard error of the mean
(SEM). Analysis of variance was used to compare the control
and treated groups. Student’s t-test, one-way ANOVA, and
two-way ANOVA were used to determine p-values. p-Value
less than 0.05 was considered statistically significant and
* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 indicated sta-
tistically significant results. Statistical analyses were per-
formed using prism software (version 9.0.2; GraphPad
software).

Results

In silico designing of potential SPs targeting
the LXXLL motif of ERα

Visual analysis determined that replacing the isoleucine at
the third position of the parent sequence with one of the
positively charged or hydrophilic groups would increase
the interaction. In addition, it was predicted that intro-
ducing a negatively charged amino acid would reduce the
interaction and, therefore, the binding of the peptide.
Protein–peptide complexes were formed by applying point
mutations to the isoleucine amino acid in the crystal
structure, and molecular dynamics simulations of the
complexes were run to calculate the binding energy, as
detailed in the Methods section. Binding affinities of the
KcXLCRLLQ sequence (where X=I, S, H, K, D) against ERα
are shown in (Table 1). According to binding energy cal-
culations, hydrophilic (S) and positively charged (K) amino
acids increased the binding affinity compared to the
reference (I). In the direction of these results, two cyclic

Table : AverageMMGBSAbinding energy calculations ofMD simulations for ERα in complexwith the SPs containing different amino acid residues in the
X group for KCXLCRLLQ sequence.

Amino acid Ile (I) Ser (S) His (H) Lys (K) Asp (D)

Binding energy, kcal/mol −.±. −.±. −.±. −.±. −.±.

ERα, human estrogen receptor alpha;MD,molecular dynamics; MMGBSA, generalised born and surface area solvation; SPs, helix-stabilized cyclic peptides;
Ile, isoleucine; Ser, serine; His, histidine; Lys, lysine; Asp, aspartc acid.
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peptides with high ERα-specific affinity SP1: KcILCRLLQ
(as a reference peptide), SP2: Kc*KLCRLLQ and SP3:
Kc*SLCRLLQ were selected for in vitro experiments
(Table 2). 3D structure of ERα with complexed docked
SP1 (Supplementary Figure 1A), SP2 (Supplementary
Figure 2A), and SP3 (Supplementary Figure 3A) and the
amino acid residues of candidate SPs were visualized using
LigPlot with a 2D display. The visualization results of the
interaction between amino acid residues of SP1 (Supple-
mentary Figure 1B), SP2 (Supplementary Figure 2B), and
SP3 (Supplementary Figure 3B) and ERα highlighted bond
and hydrophobic contacts.

Synthesis and characterization of SPs

Novel SPs (SP2: KcKLCRLLQ and SP3: KcSLCRLLQ), the
reference sequence in the literature (SP1: KcILCRLLQ), and
their linear peptides (LPs) were characterized by LC-MS.
There are two major molecular ion peaks for both SP1 and
LP1 in their mass spectrum (Supplementary Figure 4A and
B). These are [M+H]+ and [M+2H]2+ for both peptides. The
mass difference between [M+H]+ peaks for LP1 and SP1 is
2 Da, which shows the disulfide bridge formation due to the

elimination of two hydrogen atoms in the cyclization re-
action. There are three major molecular ion peaks in the
mass spectrum of LP2 and SP2 (Supplementary Figure 5A
and B). These are [M+H]+, [M+2H]2+ and [M+3H]3+ for both
peptides. The mass difference between [M+H]+ peaks for
LP2 and SP2 is 2 Da which showed the disulfide bridge
formation due to the elimination of two hydrogen atoms in
the cyclisation reaction. There are three major molecular
ion peaks for both SP3 and LP3 in their mass spectrum
(Supplementary Figure 6A and B). These are [M+H]+,
[M+2H]2+ and [M+3H]3+ for both peptides. The mass dif-
ference between [M+H]+ peaks for LP3 and SP3 is 2 Da
which showed the disulfide bridge formation due to the
elimination of two hydrogen atoms in the cyclisation
reaction.

Effect of SPs on ERα-positive cells in the
presence and absence of estradiol (E2)

The effect of SP1(reference) and the novel SPs (SP2-3) on cell
viability in the presence and absence of E2 was examined.
For this, ERα-positive MCF-7 cells were treated different
concentrations of SPs and TPBM (at the range of 50–6.25 μM)
were treated in the presence (1 pM) and absence of E2 for
48 h. Cell viability at the end of treatment was measured by
MTT assay. The degree of significance was measured by
comparing each peptide with its control group. SPs and
TPBM treated to cells in an E2-free medium did not show a
statistically significant change in cell viability (Figure 1A),
while in the presence of 1 pM, E2 significantly reduced cell
proliferation at concentrations of 50 μM(Figure 1B). 50 μMof
SPs and TPBM reduced cell viability by 37 % (p=0.0051), 27 %
(p=0.0323), 23 % (p=0.0164), and 37 % (p=0.0048), respectively.

Table : Sequences of SPs in one letter amino acid code. The disulfide-
linked cyclization forming between cysteine residues is formed between
“c” and “C”.

Peptide Sequence

SP K c I L C R L L Q
SP K c K L C R L L Q
SP K c S L C R L L Q

SP, helix-stabilized cyclic peptide ; SP, helix-stabilized cyclic peptide ;
SP, helix-stabilized cyclic peptide .

Figure 1: Effect of SPs on MCF-7 cells cultured in different culture media. (A) Cell viability effects of SPs and TPBM on MCF-7 cells in the absence and
(B) presence of E2. Bars represent the average±standard error of the mean (SEM). For statistical analysis of the MTT data, two-way ANOVA was
performed.
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Effect of SPs on the viability of cell lines with
different ERα expression levels

To measure the effects of SPs on ERα (+) MCF-7 and ERα (−)
MDA-MB-231 and BEAS-2B cells were treated with SPs and
TPBM at different concentrations (100–6.25 μm) and incu-
bated for 48 h. Results indicated that all cyclic peptides were
not inhibitory on cell growth in ERα (−) cell lines but showed
anti-proliferative effects only in ERα (+) MCF-7 cells. 50 and
100 μM concentrations of all cyclic peptides showed a sig-
nificant decrease in cell viability on MCF-7 cells relative to
control. SP1 reduced cell viability by 36.5 % (p=0.0038) and
41.4 % (p<0.0061) (Figure 2A). SP2 inhibited cell viability by
27.7 % (p=0.0407) and 46.65 % (p=0.0002), respectively
(Figure 2B). SP3 reduced cell viability by 23.4 % (p=0.0172)
and 43.15 % (p<0.001), respectively (Figure 2C). TPBM,
showed an effect only onMCF-7 cells, like SPs. 50 and 100 μM
of TPBM reduced cell viability compared to the control group
by 39.7 % (p=0.0009) and 65.65 % (p<0.0001), respectively.
From the MTT result, the half-maximal inhibitory concen-
tration (IC50) value of TPBM was 63.3 μM (Figure 2D).

Effect of SPs combinations and single SPs
treatments on MCF-7 growth inhibition

ATP assay was used to examine the effect of combinations of
TPBM and SPs on MCF-7 cells. For the first combination
experiment, cells were pre-treated with an IC50 dose of TPBM.
Thenext day, cellswere treatedwith 50 μMof each SP for 48 h.
For the second combination experiment, cells were pre-
treated with SPs and TPBM (12.5–100 μM of each). After 24 h,
combination groupswere generated by addingpeptides to the
group to which they were not applied. Each peptide was used
at the same concentration (12.5–100 μM). According to the
results, there was a significant decrease in cell viability of
MCF-7 cells pre-treated with IC50 dose after treatment with
SP1, SP2, and SP3 (Figure 3A). The TPBM+SP1+SP2+SP3 com-
bination showed a toxic effect on the MCF-7 cells. For SPCs, it
was observed that a potent anti-proliferative effect was in a
dose-dependent manner in all groups (Figure 3B). Although
SP1+SP2 and SP1+SP3 combinations also reduce cell number,
themost effective combination treatment groups are SP2+SP3
and SP1+SP2+SP3. Our study’s only triple treatment group,

Figure 2: The effect of SPs and TPBM on the cell viability of MDA-MB-231, BEAS-2B, and MCF-7 cells. For MTT results, bars represent the aver-
age±standard error of the mean (SEM). Two-way ANOVA was performed to analyze the MTT data statistically. *p<0.05, **p<0.01,***p<0.001,
****p<0.0001.
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SP1+SP2+SP3, showed the best anti-proliferative effect. At the
same time, doses of 12.5, 25 and 50 µM reduced cell viability by
20.4 % (p<0.05), 65.1 % (p<0.0001) and 93.8% (p<0.0001),
respectively and the 100 µMdosewas observed to have a toxic
effect on the cells. While the IC50 value of SP1+SP2+SP3 was
∼21 µM, the IC90 value was ∼47 µM. As a result of ATP analysis
in which the concentration of each peptide was increased for
other peptide combinations, the IC90 value of SP2+SP3 was
found to be ∼134 µM.

Effect of SPCs on the expression of genes
associated with the apoptosis and
ERα-related

MCF-7 cells were treated with IC50 doses of SPCs and TPBM
for 48 h, and then the expression levels of ERα and its target

genes and apoptosis markers (Supplementary Table 1).
mRNA expressions were evaluated via qRT-PCR. Results
indicated that SPCs and TPBM were effective in reducing
mRNA expression of ESR1 and its target mRNA expressions
(Figure 4A). All SPCs decreased the ESR1 mRNA expression
level, and the most effective SPC was SP1+SP2+SP3, which
reduced the expression level by ∼1.5-fold. The mRNA
expression level of TFF1 decreased significantly more than
1.5 fold in all treatment groups (p<0.0001). Themost effective
combination treatments in down-regulating other ERα-re-
lated genes were SP1+SP3, SP2+SP3, and SP1+SP2+SP3
(Figure 4A). In addition, there has been a significant increase
in the number of regulators of apoptosis in peptide combi-
nation groups. A substantial increase in Bax mRNA expres-
sion levels was observed in the SP1+SP2+SP3 group (p<0.05)
(Figure 4B). Therewas a drop inBcl-2mRNAexpression in all
treatment groups, but in Bax:Bcl-2 ratios showed that in

Figure 3: The effect of TPBMand SPs combinations on the cell viability ofMCF-7 cells. (A) viability rate of SPs treated cells after pre-treatment with IC50 dose
of TPBM. (B) Viability rate of cells treated with the same doses after pre-treatment with different SPs concentrations. Bars represent the average±standard
error of the mean (SEM). For statistical analysis of the ATP data, two-way ANOVA was performed. *p<0.05, **p<0.01,***p<0.001, ****p<0.0001.

Figure 4: RT-qPCR analysis of ERα and apoptosis-related mRNAs after being treated with IC50 of SPCs and TPBM on MCF-7 cells. Beta actin was used
as a housekeeping gene. (A) ERα-mediated mRNA expression levels; (B) mRNA levels of apoptosis regulators after treatment. Bars represent the
average±standard error of the mean (SEM). For statistical analysis of the qPCR data, two-way ANOVA was performed. *p<0.05, **p<0.01,***p<0.001,
****p<0.0001.
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SP1+SP3, SP2+SP3, and SP1+SP2+SP3 increased significantly
(p<0.0001).When caspase-8 and p21mRNA expressions were
compared to control, the most effective peptide combina-
tionswere SP2+SP3 and SP1+SP2+SP3. In particular, high p53
mRNA expression induces apoptosis in MCF-7 cells, and
when comparing treatment groups, it was significantly
increased in SP1+SP3 (p<0.05), SP2+SP3 (p<0.05), and
SP1+SP2+SP3 (p<0.01) (Figure 4B).

Confirmation that SPCs stimulate apoptosis
in MCF-7 cells by flow cytometry analysis

Following the evaluation of the apoptotic cell death mecha-
nism with annexin-V in flow cytometry, the total apoptotic
cell rates after 48 h of treatment with IC90 of SPCs in the
MCF-7 cell line were 98.66 % (early+late) in the SP2+SP3
group, in the SP1+SP2+SP3 group, it was determined that the
total apoptotic cells were 97.07 % (Figure 5A). As a result of
the evaluation of caspase-3/7 analysis, the total apoptotic cell

numbers after 48 h of SPC treatment in the MCF-7 cell line
were measured as 99.6 % (early+late) in the SP2+SP3 group,
while in the SP1+SP2+SP3 group was determined as 96.75 %
(Figure 5B). While late apoptotic changes increased with
triple peptide treatment, both early and late apoptotic
changes differed between SPCs. Since MCF-7 cells do not
have caspase-3 expression [30], only the increase in the assay
is caspase seven activation. All these results showed that the
treatment of SPCs significantly increased the caspase-3/7
activity in the MCF-7 cells. While the rate of total cells in
which the mitochondrial membrane potential changed was
25.65 % in the SP2+SP3 group, this rate was found to be
53.55 % in the SP1+SP2+SP3 group (Figure 5C).

Discussion

Peptides with the LXXLL motif have been used to design
peptide mimics that bind to the surface of steroid receptors
andmay be offered as candidate treatments in some cases of

Figure 5: Assessment of (A) annexin V-FITC, (B) caspase-3/7, and (C) mitochondrial membrane potential change activation on MCF-7 cells were exposed
to IC90 values of SPCs and TPBM for 48 h. (A and B) the percentages of live, dead, early apoptotic, and late apoptotic cells are presented in each graph.
(C) The effects on mitochondrial membrane potential were shown as a percentage, dividing the cells into live dead and total depolarized cells. The
percentage of cells is represented as the average±standard error of the mean (SEM) from at least two independent experiments. Two-way ANOVA was
performed to analyze the flow cytometry data statistically. *p<0.05, **p<0.01,***p<0.001, ****p<0.0001.
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resistance to therapeutics currently used in the clinic
[31–33]. Disulfide bonds stabilize linear peptides because
they play an essential role in the biological effects of many
peptide drugs [34, 35]. A few studies in the literature of di-
sulfide bridged peptides developed specifically targeted the
co-activator region of ERα. The first disulfide bond-stabilized
cyclic (PERM-1) that inhibits the ERα-cofactor binding site
was created by Leduc et al. [18]. In subsequent studies,
different analogs of PERM-1 were designed. These were
shown to have a higher helical character and a lower inhi-
bition constant against ERα [36], showed a higher affinity to
ERα [16], and could downregulate the mRNA expression of
the relevant gene pS2 (TFF1) by significantly affecting ERα-
mediated transcription [37, 38]. In this study, new thera-
peutic ERα-targeted cyclic peptides with disulfide bridges
and tested the effectiveness of our therapeutic peptide can-
didates on MCF-7 cells. TPBM commercial small molecule
was used as a reference inhibitor in our study because it
does not bind to the ligand binding domain (LBD) region of
estrogen receptor alpha without competing with estrogen
[39] and causes a function similar to themechanismof action
of our peptides. The SPs developed in our research are spe-
cifically designed for ERα in its active form (complexed with
E2). Supporting this design model, our in vitro results
showed that SPs in E2-deprived medium did not have any
effect on MCF-7 cells, and the anti-proliferative effects of SPs
were observed only in the presence of the optimum E2
concentration. At the same time, SPs in an E2-supplemented
cell culture medium did not show any toxic effect on cancer
and normal cells that do not express ERα. It showed that the
peptides inhibited cell growth via ERα. However, since the
IC50 value of single treatment of SPs up to 100 µM on MCF-7
cells could not be achieved, it was decided that treat toMCF-7
cells with SPCs. The results clearly demonstrated the growth
inhibition of SPCs in MCF-7 cells. While SPs applied to MCF-7
cells pre-treated with TPBM effectively further reduced
viability, significant anti-proliferative and toxic effects were
also observed in groups treated with SPCs alone. In qPCR
results confirmed that mRNA expression levels of ERα and its
associated intracellular targets in MCF-7 cells treated with
IC50 doses of SPCs were significantly down-regulated, thus
inhibiting ERα and its targets. It was emphasized that
the mRNA expression profile of the important apoptosis
markers significantly induced apoptosis in MCF-7 cells after
SPCs treatment. Additionally, flow cytometry was used to
better analyze the apoptosis process, and it was determined
that the number of annexin-V positive cells increased in
MCF-7 cells treated with the IC90 dose of SPCs. Similarly,
caspase-3/7 activities caused a decrease in cell viability and an
increase in the percentage of apoptotic cells, and increases in

the number of depolarized cells proved the apoptosis-
increasing effect of SPCs in MCF-7 cells. As a result of our
study, the fact that these new ERα-directed SPs showed
inhibitory activity only against ERα (+) MCF-7 cells and stim-
ulated apoptosis showed that SPs could be an alternative to
existing clinical treatments or a candidate approach for the
creation of new peptide combination therapies.
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