Clinical and Experimental
Health Sciences

Investigation of Anti-Cancer Efficiency of DZNep and

Stauprimide Combination in Breast Cancer

Caglar Celebit
Eda Tayfur?

1Ege University, Faculty of Medicine, Department of Medical Biology, Izmir, Turkiye.

2University of Kyrenia, Faculty of Medicine, Medical Biology Department, Karakum Kyrenia TRNC.

3 Balikkesir University, Faculty of Medicine, Department of Medical Biology, Balikesir, Tirkiye.
4Bakircay University, Faculty of Medicine, Department of Medical Biology, lzmir, Turkiye.

°Mugla Sitki Kogman University, Faculty of Medicine, Department of Medical Biology, Mugla, Turkiye.

, Tugce Balci Okcanoglu?™, Cagla Kayabasi*, Besra Ozmen Yelken® “/, Aycan Asik® “/, Réya Gasimlit 7,

, Cumhur Giinduz!

Correspondence Author: Tugge Balci Okcanoglu
E-mail: tbalcii@gmail.com
Received: April 09, 2025

4 )

ABSTRACT

Objective: Breast cancer represents a significant clinical challenge due to tumor heterogeneity and the presence of therapy-resistant cancer
stem cells (CSCs). The combination of epigenetic modulators and differentiation-inducing agents has emerged as a promising therapeutic
strategy. In this study, we aimed to evaluate the anticancer effects of combining the methyltransferase inhibitor 3-Deazaneplanocin A
(DZNep) and the MYC transcription inhibitor Stauprimide on breast cancer cell lines and breast cancer stem cells (BCSCs).

Accepted: August 29, 2025

Methods: Cytotoxicity was determined by real-time cell analysis (RTCA) to calculate ICso values and evaluate the synergistic potential
of the combination using isobologram analyses. Apoptosis induction and cell cycle distribution were assessed via flow cytometry using
Annexin V-FITC/PI staining and DNA content analysis, respectively. Cell migration was evaluated using wound-healing assays. Additionally,
quantitative RT-PCR was performed to analyze expression changes in key apoptosis — and cell cycle-related genes following treatment.

Results: The combination of DZNep and Stauprimide (1:1 ratio) demonstrated significant synergistic cytotoxicity in MCF-7 (luminal A) and
MDA-MB-231 (triple-negative) breast cancer cells, substantially reducing effective doses of both agents (combination index values of 0.671
and 0.134, respectively). Treatment markedly induced apoptosis, triggered cell cycle arrest predominantly at G2/M and GO/G1 phases,
increased polyploidy, and significantly inhibited migration. Notably, the combination selectively induced apoptosis and modulated gene
expression (e.g., TP53 and p27 upregulation) in BCSCs, while exhibiting minimal toxicity towards the normal mammary epithelial cell line,
MCF-10A. The combination of DZNep and Stauprimide exerts potent anticancer effects by selectively inducing apoptosis, cell cycle arrest,
and suppressing migration in breast cancer cells, including CSC populations.

Conclusion: These findings suggest translational potential for preventing recurrence and metastasis, positioning this therapeutic strategy as
a promising candidate for further validation in preclinical and clinical studies.
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1. INTRODUCTION

Breast cancer remains the most prevalent malignancy among
women worldwide, representing a significant global health
challenge across both developed and developing countries.
According to the GLOBOCAN 2020 report, breast cancer
accounted for approximately 2.3 million new cases and 685,000
deaths, representing 15.5% of all cancer-related mortalities
in women [1]. In response to this growing burden, the World
Health Organization (WHO) launched the Global Breast Cancer
Initiative in 2021, emphasizing early diagnosis, effective
treatment strategies, and integrated patient management to
improve outcomes [2]. Breast cancer is a heterogeneous disease
and is primarily classified into two major categories based on

estrogen receptor (ER) status: ER-positive and ER-negative
tumors. ER-positive tumors exhibit activation of estrogen-
responsive genes and luminal epithelial-specific transcripts
and are further subtyped into luminal A and luminal B based
on gene expression signatures and proliferation indices [3,4].
ER-negative tumors, including HER2-positive and basal-like
subtypes, are typically more aggressive and often exhibit
enhanced expression of genes within the HER2 amplicon—
such as growth factor receptor-bound protein 7 (GRB7)—as
well as hyperactivation of oncogenic pathways like NF-kB [3].
Among the key contributors to breast cancer heterogeneity and
therapeutic resistance are breast cancer stem cells (BCSCs), a
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subpopulation characterized by CD44"&"/CD24"" expression
and elevated ALDHI1 activity [5,6]. These cells possess the
capacity for asymmetric division, enabling both self-renewal
and differentiation into various tumor cell types, which in turn
contributes to tumor recurrence, metastasis, and resistance to
standard therapies [7-9].

Early arising of intrinsic or acquired chemotherapy (CT) resistance
is common and represents the main hurdle for successful
TNBC treatment [10]. Notably, while conventional therapies
can effectively eliminate bulk tumor cells, BCSCs often persist,
evading treatment through alternative signaling cascades
[11] such as Notch, Wnt, and Hedgehog, as well as through
epigenetic plasticity [12—14]. Consequently, current therapeutic
strategies are increasingly focusing on targeting epigenetic
regulators that maintain stemness in BCSCs to enhance long-
term treatment efficacy [15,16]. Epigenetic dysregulation plays
a pivotal role in breast cancer pathogenesis, with particular
emphasis on enhancer of zeste homolog 2 (EZH2), a histone
methyltransferase that catalyzes trimethylation of histone H3
on lysine 27 (H3K27me3). EZH2 is frequently overexpressed in
various cancers [17], including breast cancer, where its elevated
expression correlates with poor prognosis and aggressive
clinical behavior [18,19]. Importantly, EZH2 acts by repressing
tumor suppressor genes, and its druggability has made it an
attractive therapeutic target. 3-Deazaneplanosin A (DZNep), an
indirect inhibitor of EZH2, has been shown to reduce H3K27me3
levels, induce apoptosis, arrest the cell cycle, and promote
differentiation in multiple cancer models [20]. Concurrently, the
MYC oncogene, which is dysregulated in over 70% of human
cancers and in up to 30% of breast cancers—especially in TNBC
and HER2-enriched subtypes—has been implicated in driving
uncontrolled proliferation, metabolic reprogramming, and
therapy resistance [21]. MYC also plays a central role in regulating
cell cycle progression, apoptosis suppression, angiogenesis, and
immune evasion [22]. Stauprimide is a small molecule inhibitor
of MYC transcription [23—24] and has demonstrated potential
in promoting differentiation and inducing cell cycle arrest in
various cancer models, including pluripotent stem cells [25,26].
However, its role in breast cancer, particularly in targeting BCSCs,
remains largely unexplored.

Given that EZH2 and MYC are part of a regulatory oncogenic axis—
with reciprocal transcriptional regulation and cooperative roles
in tumor progression—their simultaneous inhibition may offer
a mechanistically sound and potentially synergistic therapeutic
strategy [27]. DZNep and Stauprimide, through their respective
epigenetic and transcriptional mechanisms, may disrupt critical
feedback loops sustaining tumor growth and BCSC maintenance,
thus enhancing therapeutic efficacy. In this study, we aimed to
evaluate the individual and combinatory anti-cancer effects of
DZNep and Stauprimide on various breast cell models, including
the normal mammary epithelial cell line (MCF-10A), luminal A
breast cancer cell line (MCF-7), triple-negative breast cancer cell
line (MDA-MB-231), and an enriched population of breast cancer
stem cells (BCSCs). Specifically, we investigated their impact on
cytotoxicity, apoptosis, cell cycle progression, migration, and gene
expression profiles. A major focus was to determine whether
the combination selectively targets BCSCs while sparing normal

epithelial cells, thereby offering a potentially novel and selective
therapeutic approach for breast cancer.

2. METHODS

2.1. Chemicals and Cell Lines

3-Deazaneplanosin A (DZNep; Cat. No: S7120, Selleckchem,
USA) and Stauprimide (Cat. No: S2951, Sigma-Aldrich, USA)
were dissolved in 100% dimethyl sulfoxide (DMSO) to prepare
10 mM stock solutions and stored at -20 °C. Human breast
cancer cell lines MDA-MB-231 (triple-negative), MCF-7 (luminal
A), MCF-10A (non-tumorigenic epithelial control), and breast
cancer stem cells (BCSCs) were obtained from the American
Type Culture Collection (ATCC, USA). Cells were cultured
under humidified conditions at 37 °C in 5% CO,. Cell lines
were maintained in ATCC-recommended media supplemented
with appropriate growth factors and sera. Specifically, MCF-
10A was cultured in DMEM/F12 supplemented with EGF,
hydrocortisone, insulin, cholera toxin, and 5% horse serum.

2.2. Cytotoxicity and Combination Analysis

The cytotoxic effects of DZNep and Stauprimide, individually
and in combination, were evaluated using the xCELLigence
Real-Time Cell Analysis System (RTCA-SP, Roche Applied
Science, Germany). Cells were seeded in 96-well E-plates at the
following densities: MCF-7, 1.3x10* cells/mL; MDA-MB-231,
1.5x10%cells/mL; MCF-10A, 2.2x10* cells/mL; and BCSCs, 8x103
cells/mL. The Cell Index (Cl) was monitored at 24, 48, and 72
hours post-treatment. Half-maximal inhibitory concentrations
(ICso) and effective dose values (EDso) were calculated using
dose-response curves. Drug interactions were assessed using
a fixed-ratio (1:1) combination design. Combination Index (Cl)
and Dose Reduction Index (DRI) values were determined via
isobologram analysis using Calcusyn software (v2.0, Biosoft,
UK). CI values were interpreted as follows: Cl < 1 indicates
synergism, Cl = 1 additive effect, and Cl > 1 antagonism [28].

2.3. Apoptosis Analysis

Apoptosis was assessed at 72 hours using Annexin V/PI
dual staining and flow cytometry. Cells (2x10%well) were
seeded into 6-well plates and treated with ICso or EDso
doses of DZNep and/or Stauprimide. Apoptotic cells were
stained using the FITC Annexin V Apoptosis Detection Kit
(BD Pharmingen, USA), and analyzed with the BD Accuri C6
flow cytometer. Data were interpreted using BD CFlow v1.0
software. Apoptotic cells were defined as Annexin V*/PI~
(early apoptosis) and Annexin V*/PI* (late apoptosis). Fold-
changes were calculated relative to untreated controls.

2.4. Cell Cycle Analysis

To assess cell cycle distribution, cells treated for 72 hours
were fixed in 70% ethanol and analyzed using the BD Cycletest
Plus DNA Reagent Kit (BD Biosciences, USA) according to the
manufacturer’s protocol. DNA content was measured by flow
cytometry, and the percentage of cells in GO/G1, S, and G2/M
phases was calculated. Polyploidy (24n DNA content) was
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quantified as an indicator of mitotic aberrations. Data were
analyzed using BD CFlow v1.0 software.

2.5. Cell Migration (Wound Healing) Assay

The scratch assay was used to assess cell migration. Cells
(2x10%well) were seeded in 6-well plates and grown to 90%
confluency. A uniform scratch was created using a sterile
200 L pipette tip. ICso and EDso doses of the compounds
were added immediately post-scratch. Images were captured
at 0, 24, 48, and 72 hours using an Olympus IX73 inverted
microscope equipped with a DP72 digital camera. Wound
closure was quantified using Image) software and calculated as
the percentage change in wound area compared to baseline.

2.6. Gene Expression Analysis

Total RNA was isolated from cells (2x10%well) at 72 hours post-
treatment using the RNeasy Mini Kit (Qiagen, Germany), and purity
was confirmed via NanoDrop 2000c spectrophotometry (Thermo
Scientific, USA). Total RNA samples with A260/280 and A230/260
ratios >2.0 were used. Complementary DNA (cDNA) synthesis
was performed with the iScript cDNA Synthesis Kit (Bio-Rad, USA).
Quantitative RT-PCR was conducted using the LightCycler 480 I
system (Roche, Switzerland) to evaluate the expression of genes
related to apoptosis (BAX, BCL2), cell cycle regulation (TP53, RB1,
p16, p21, p27), and oncogenic signaling (MYC). In the qRT-PCR
analysis, SsoAdvanced Universal SYBR Green Supermix and primers
were used. GAPDH and ACTB were used as internal reference
genes. Primer designs BAX F (5'->3’): GCTGGACATTGGACTTCCTC
R (5>3):CTCAGCCCATCTTCTTCCAG / BCL2 F (5->3):
AGATGGGAACACTGGTGGAGR (5" 3’):CTTCCCCAAAAGAAATGCAA
/ TP53 F (5"=>3): GGCCCACTTCACCGTACTAA R
(5">3’):GTGGTTTCAAGGCCAGATGT / RB1 F (5->3):
CAAACTTGGAGTTCGCTTGT R (5->3’): TTCAGAATCCATGGGAAAGA
/ CDKN2A (p167INK4a) F (5’>3’): TCCCCCACTACCGTAAATGT R
(5’>3’): TCATGAAGTCGACAGCTTCC/CDKN1A (p21/Cip1) F (5> 3’):
AAACTTTGGAGTCCCCTCACR (5'-3’): AAAGGCTCAACACTGAGACG

Dose-effect curve Dose-effect curve

T
10

=

T J T
05 20 20
Dose

/ CDKN1B (p27°Kipl) F (5->3’):TCAAACGTGCGAGTGTCTAA
R (5>3): CCACTCGTACTIGCCCTCTA / MYC F (5->3):
CGACGAGACCTTCATCAAAAR (5'>3’): TGCTGTCGTTGAGAGGGTAG
/ GAPDH F (5>3’):GAGTCAACGGATTTGGTCGT R (5->3)):
TTGATTTTGGAGGGATCTCG / ACTB (B-actin) F (5->3)):
GAGCGCGGCTACAGCTT R (5"-3’): TCCTTAATGTCACGCACGATTT.
Relative gene expression levels were calculated using the 272
method. Statistical analyses (Students’ t-test) of gene expression
data were performed via the Qiagen GeneGlobe Data Analysis
Center [29].

2.7. Statistical Analysis

All experiments were conducted in at least three independent
biological replicates. Quantitative results were presented as
mean + standard deviation (SD). One-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test was used to
compare multiple groups. A p-value of <.05 was considered
statistically significant. All statistical analyses were performed
using GraphPad Prism v5.0 (GraphPad Software, USA).

3. RESULTS

3.1. Cytotoxicity Analysis

The cytotoxic effects of DZNep and Stauprimide on various
breast cell lines were assessed through ICso values calculated
from dose-response curves at 72 hours post-treatment. DZNep
exhibited ICso values of 182.75 uM, 115.00 uM, 105.80 uM, and
108.61 uM in MDA-MB-231, MCF-7, BCSC, and MCF-10A cells,
respectively (Figure 1). In contrast, ICso values for Stauprimide
were notably lower in the triple-negative MDA-MB-231 cell line
(2.47 uM), while higher values were observed in MCF-7 (115.00
uM), BCSC (97.30 uM), and normal mammary epithelial MCF-
10A cells (19.90 uM). These results highlight the differential
sensitivity of cancer versus normal cells, indicating a potentially
favorable therapeutic window, especially for Stauprimide.
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Figure 1. Dose—response curves for (I) Stauprimide and (Il) DZNep in (a) MCF-7, (b) MDA-MB-231, (c) breast cancer stem cells (BCSC), and
(d) MCF-10A cell lines. ICso values were determined based on real-time cell impedance analysis relative to untreated control groups.
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3.2. Combination Efficacy: Isobologram, Combination Index
(Cl), and Dose Reduction Index (DRI)

The combined effect of Stauprimide and DZNep at an equimolar
ratio (1:1) was evaluated using isobologram analyses. In the
MCF-7 cell line, the calculated Cl at the EDso concentration
was 0.671, indicative of a synergistic interaction (Figure 2,
Table 1). Correspondingly, the dose reduction index (DRI) for
DZNep was substantial (83.98-fold), underscoring the enhanced
efficacy and reduced therapeutic dosage achievable through

combination therapy. The combination showed even stronger
synergy in MDA-MB-231 cells (Cl = 0.134) with a remarkable
dose reduction for DZNep (DRI = 502.33-fold). Conversely, an
additive interaction (Cl = 1.019) was observed in the BCSC cell
line, though the dose reductions remained considerable for
both drugs (DRI > 2). The comparatively higher doses required
for cytotoxic effects in normal MCF-10A cells suggest a favorable
selectivity profile, reinforcing the combination’s potential for
targeted cancer therapy with minimal toxicity to normal tissues.
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Figure 2. (a) Dose—response curves and (b) corresponding conservative isobologram plots illustrating the effects of Stauprimide and DZNep combination
(1:1 molar ratio) on (I) MCF-7, () MDA-MB-231, (lll) BCSC, and (IV) MICF-10A cell lines. Calculated EDso values for the combination treatment were 1.36 uM
(MCF-7), 0.36 uM (MDA-MB-231), 7.90 uM (BCSC), and 51.66 uM (MCF-10A), respectively. All comparisons were made against vehicle-treated control cells.
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Table 1. Synergistic effects of Stauprimide and DZNep combination
on breast cancer cell lines.

Celllines Stau | DN Stau DZN
MCF-7 136 | 136 | 0671 | 1517 | 83983
MDA-MB-231| 036 | 036 | 0.134 | 7.556 | 502.327
MCF-10A 790 | 790 | 0470 | 2518 | 13.749
BCSC 51.66 | 5166 | 1019 | 1.883 2.048

Cells were treated with a combination of Stauprimide and DZNep at a fixed
ratio of 1:1 for 72 hours. Inhibitory concentrations (ICso and EDso) and
combinational effects were calculated using CalcuSyn software based on real-
time cell analysis (xCELLigence) data. Combination index (Cl) values indicate
interaction types: synergism (Cl < 1), additive effect (Cl = 1), and antagonism
(Cl > 1). Dose reduction index (DRI) values represent the fold-reduction in
dose required to achieve 50% growth inhibition (fraction affected = 0.5) in
combination relative to single-drug treatments. Cl, combination index; DRI,
dose reduction index; Stau, Stauprimide; DZN, DZNep.
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3.3. Apoptosis Analysis

The induction of apoptosis following treatment was quantified
by Annexin V-FITC/PI staining and flow cytometry. After 72 hours
of exposure to ICso and EDsp doses, apoptosis rates significantly
increased compared to untreated controls. In MCF-7 cells, apoptosis
reached 92.1% with Stauprimide (ICso), 23.1% with DZNep (ICso),
and 79.1% with the combination treatment (EDso), compared
to 14.7% in controls. Similarly, in BCSCs, apoptotic cell rates were
markedly elevated to 74.50% with Stauprimide, 5.4% with DZNep,
and 66.3% with the combination, relative to 10.0% in untreated
controls. Apoptosis rates in MDA-MB-231 cells were comparatively
lower, reaching 14.1% with Stauprimide, 3.5% with DZNep, and
7.1% with combination treatment, compared to a control rate of
2.7%. Importantly, apoptosis in normal MCF-10A cells was less
pronounced, highlighting a selective induction of apoptosis in
cancer cells (Figure 3, Supplementary Figure 1; p <.05).
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d)

Figure 3. Induction of apoptosis following single or combined treatment with Stauprimide and DZNep in (a) MCF-7, (b) MDA-MB-231, (c) BCSC,
and (d) MCF-10A cells. Fold changes represent the proportion of early and late apoptotic cells as determined by Annexin V-FITC/PI staining and
flow cytometry. Notably, the combination therapy significantly enhanced apoptosis, especially in MCF-7 and BCSC lines, even at lower doses than

the individual treatments.
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3.4. Cell Cycle Analysis

Cell cycle phase distributions were analyzed to investigate
the effects of treatments on cell cycle arrest and polyploidy
formation. In MCF-7 cells, Stauprimide significantly induced
G2/M arrest (63.8%) accompanied by notable polyploidy
(14.1%), whereas DZNep primarily caused GO/G1 arrest (70.8%)
with minimal polyploidy (1.0%). The combination treatment
increased the proportion of cells in the G2/M phase to 42.7%,
along with moderate polyploidy (5.8%). For MDA-MB-231 cells,
Stauprimideincreased G2/M phase arrest (41.4%) and polyploidy
(28.8%), while DZNep led to modest G2/M arrest (35.9%) and
polyploidy (21.3%). Interestingly, the combination treatment
predominantly caused GO/G1 phase accumulation (40.8%) with
polyploidy (17.6%). In the BCSC line, Stauprimide treatment
resulted in G2/M accumulation (50.2%) and polyploidy (13.6%),
whereas neither DZNep nor the combination significantly
altered cell cycle distribution. Finally, in normal MCF-10A cells,
Stauprimide induced moderate G2/M accumulation (29.3%)
with minimal polyploidy (2.6%), and the combination treatment
similarly caused a modest increase in G2/M phase cells (34.6%)
with limited polyploidy (3.2%). These data collectively suggest
that Stauprimide predominantly induces G2/M arrest and
polyploidy, particularly in aggressive cancer cells, whereas
DZNep preferentially affects the GO/G1 phase in specific cancer
subtypes (Figure 4, Supplementary Figure 2).

3.5. Cell Migration (Wound Healing) Analysis

Cell migration assays revealed that treatment with Stauprimide,
DZNep, or their combination significantly inhibited cell
migration compared to untreated controls. After 72 hours, the
remaining open wound area in MCF-7 cells increased markedly

Cell Distrubiton (%)
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0 50
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= S
. G2M
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DZN ICy ED,,
(105,8 M) (51,66 M Stau +

51,66 uM DZN)
<)

with Stauprimide (71.8%), DZNep (61.9%), and combination
treatment (69.9%) relative to control conditions (36.1%). Similar
inhibitory effects were observed in MDA-MB-231 cells, with the
open wound area increased from 43.17% (untreated control)
to 64.5% (Stauprimide) and 57.1% (combination). For BCSCs,
the combination treatment notably increased the open area to
66.4% compared to 40.7% in untreated cells. Notably, normal
MCF-10A cells exhibited complete wound closure under control
conditions, whereas combination treatment markedly hindered
wound closure, leaving 57.3% of the area open after 72 hours.
Thus, these findings highlight the potential anti-metastatic
capacity of the drug combination, with more pronounced
effects observed in malignant cells (Figure 5, p <.05).

3.6. Gene Expression Analysis

Quantitative RT-PCR analysis was performed 72 hours post-
treatment to evaluate changes in apoptosis — and cell cycle-
related gene expression. In MCF-7 cells, treatment with
Stauprimide and the combination significantly upregulated
RB1 and p21 expression, whereas DZNep markedly increased
TP53 and BAX expression levels. In MDA-MB-231 cells, DZNep
and combination treatments enhanced the expression of
p27 and pl6 genes. In BCSCs, combination treatment led
to significant upregulation of TP53 and p27. By contrast, in
normal MCF-10A cells, gene expression changes were minimal
and not significant. Gene expression data are summarized
in Tables 2-5. Relative gene expression values, normalized
against housekeeping genes and calculated via the 2%
method, are detailed in supplementary data files along with
relevant figures and statistical analyses (Supplementary File).
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Figure 4. Distribution of cell cycle phases following treatment with Stauprimide, DZNep, or their combination in (a) MCF-7, (b) MDA-MB-231,
(c) BCSC, and (d) MCF-10A cell lines. Stauprimide predominantly induced G»/M arrest in MCF-7 and BCSC cells, while DZNep induced Go/G;
arrest in MCF-7. In MDA-MB-231 cells, both agents promoted G,/M arrest, whereas the combination resulted in Go/G; phase accumulation. In
MCF-10A cells, combination treatment led to a moderate G,/M arrest.
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Figure 5. Wound healing assay results showing the effects of Stauprimide, DZNep, and their combination on cell migration in (I) MCF-7,
(1) MDA-MB-231, (Ill) BCSC, and (IV) MCF-10A cell lines. Relative wound closure percentages were quantified using ImageJ software and
compared to untreated controls after 72 hours. Combination treatment markedly suppressed cellular migration, supporting its anti-metastatic

potential.
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Table 2. Effects of Stauprimide, DZNep, and their combination on the expression of cell cycle and apoptosis-related genes in the MICF-7 cell line.

Genes Stauprimide Fold change  p-value Folzzc'\llm?r)\ge p-value Combination Fold change p-value

E2F1 -1.59 p =.000040 -0.45 p =.002698 -3.64 p =.000009
CCNB1 -1.25 p =.000040 -0.05 p =.328024 -2.18 p =.000009
BAD 2.16 p =.000003 3.79 p <.000001 1.78 p =.000007
RB1 3.13 p =.000016 3.36 p =.000013 2.46 p =.000031
BCL2 3.33 p =.000019 2.18 p =.000059 3.74 p =.000014
CDKN1A 13.56 p =.000010 9.70 p =.000043 7.48 p =.000081

Quantitative real-time PCR (qRT-PCR) analysis was performed to assess changes in gene expression following treatment with Stauprimide, DZNep, or their combination at respective
ICso or EDso concentrations for 72" hours. Fold change values represent relative expression compared to untreated controls and were calculated using the 2°“ method. GAPDH
and ACTB were used as reference genes. Significance was evaluated using Student’s t-test (p < .05 was considered significant). Genes evaluated include markers related to cell
cycle progression (E2F1, CCNB1), apoptosis regulation (BAD, BCL2), and tumor suppression (RB1, CDKN1A/p21). Fold change values >1 indicate upregulation; values <1 (negative)
indicate downregulation relative to untreated control. Stauprimide = Stau; DZNep = DZN;; p-value: probability value indicating significance. E2F1, E2F Transcription Factor 1; CCNB1,
Cyclin B1; BAD, BCL2-Associated Agonist of Cell Death; RB1, Retinoblastoma 1; BCL2, B-cell Lymphoma 2; CDKN1A, Cyclin-Dependent Kinase Inhibitor 1A (p21)

Table 3. Effects of Stauprimide, DZNep, and their combination on the expression of cell cycle regulatory genes in the MDA-MB-231 cell line.

Stauprimide Fold change p-value DZNep Fold change p-value Combination Fold change p-value
CDKN1A -2.94 p =.000280 -1.88 0.000641 -4.06 p =.000198
CDKN2A 2.36 p =.000012 3.73 0.000003 8.02 p <.000001

Quantitative real-time PCR was used to assess the transcriptional changes in cell cycle inhibitor genes CDKN1A (p21) and CDKN2A (p16) following treatment with Stauprimide,
DZNep, or their combination for 72nd hours. Treatments were administered at concentrations corresponding to the ICso or EDso of each agent. Relative gene expression was
calculated using the 2-AACt method, with GAPDH and ACTB as endogenous reference controls. CDKN1A, Cyclin-Dependent Kinase Inhibitor 1A (p21); CDKN2A, Cyclin-Dependent
Kinase Inhibitor 2A (p16INK4a)

Table 4. Effects of Stauprimide, DZNep, and their combination on gene expression profiles in the non-tumorigenic mammary epithelial cell
line MCF-10A.

Stauprimide Fold change p-value DZNep Fold change p-value Combination Fold change p-value
E2F1 -10.41 p <.000001 9.15 p <.000001 -14.47 p <.000001
CCNB1 -2.00 p =.000066 -1.55 p=.000119 -5.64 p =.000019
TP53 -0.10 p =.000027 -1.05 p <.000001 -2.06 p <.000001
APAF1 2.01 p =.000022 1.57 p =.000050 -1.59 p =.000091
CDKN1A -1.43 p =.000718 -4.32 p =.000107 -1.51 p =.000586
BAD 2.94 p <.000001 0.17 p=.011262 -0.91 p =.000040
CDKN1B 3.10 p <.000001 -0.20 p=.012223 -0.81 p =.000084
BAX 2.98 p =.000002 0.66 p =.000007 -0.78 p =.000001
CDK2 3.26 p =.000045 2.62 p =.000075 -0.51 p =.014666
CDKN2A 3.09 p =.000067 2.38 p =.000079 -0.16 p =.097238
BCL2 3.92 p =.000010 221 p =.000048 1.54 p =.000144

Gene expression changes in MCF-10A cells were evaluated following 72-hour treatment with Stauprimide, DZNep, or their combination at ICso/EDso concentrations.
Quantitative real-time PCR was performed to assess transcriptional modulation of key genes involved in cell cycle regulation, apoptosis, and DNA damage response.
GAPDH and ACTB served as endogenous controls, and relative expression was calculated using the 2-AACt method. E2F1, E2F Transcription Factor 1; ; CCNB1, Cyclin
B1, ; TP53, Tumor Protein p53; ; APAF1, Apoptotic Peptidase Activating Factor 1; ; CDKN1A, Cyclin-Dependent Kinase Inhibitor 1A (p21); ; BAD, BCL2-Associated
Agonist of Cell Death; ; CDKN1B, Cyclin-Dependent Kinase Inhibitor 1B (p27Kip1); ; BAX, BCL2-Associated X Protein; ; CDK2, Cyclin-Dependent Kinase 2, ; CDKN2A,
Cyclin-Dependent Kinase Inhibitor 2A (p16INK4a); ; BCL2, B-cell Lymphoma 2.

Table 5. Effects of Stauprimide, DZNep, and their combination on the expression of regulatory genes in breast cancer stem cells (BCSCs).

Stauprimide Fold change p-value DZNep Fold change p-value Combination Fold change p-value
BAD 4.57 p <.000001 -1.59 p =.000013 -1.25 p =.000025
CCNB1 0.41 p=.004741 -1.28 p=.000121 2.88 p =.000004
TP53 -0.76 p=.007613 -1.28 p =.001494 4.45 p =.000050
E2F1 8.16 p <.000001 6.06 p =.000002 4.75 p =.000004
CDKN1B -5.64 p =.000047 -0.53 p =.008307 5.50 p =.000005
CCND1 10.27 p =.000003 -2.84 p =.000217 12.69 p <.000001
Gene expression profiling was conducted in BCSC-enriched populations following 72-hour exposure to Stauprimide, DZNep, or their 1:1 combination at ICso or EDso concentrations.

Quantitative real-time PCR (qRT-PCR) was used to quantify expression levels of key genes involved in apoptosis, cell cycle progression, and transcriptional regulation. Data were
normalized to GAPDH and ACTB reference genes, and relative fold changes were calculated using the 2°“ method. Fold change values indicate upregulation (>1) or downregulation
(<1, negative values) compared to untreated controls. Statistical significance was determined using Student’s t-test (p < .05). Notably, combination treatment led to a marked
upregulation of tumor suppressor gene TP53 (4.45+fold, p <.001) and cell cycle inhibitor CDKN1B (5.50-fold, p <.001), while also restoring CCND1 expression suppressed by DZNep
alone. These findings suggest that the combination may counterbalance single-agent gene modulation and enhance regulatory control over stem-like breast cancer cells. TP53,
tumor protein p53; BAD, BCL2-associated agonist of cell death; E2F1, E2F transcription factor 1; CDKN1B, cyclin-dependent kinase inhibitor 1B; CCNB1, cyclin B1; CCND1, cyclin D1.
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4. DISCUSSION

Breast cancer presents significant challenges for effective
treatment due to its heterogeneous nature and therapy-
resistantsubpopulations. Inthis context, combiningepigenetic
modulators and differentiation-inducing agents has been
proposed as a promising strategy, potentially delivering
more selective and potent anti-cancer effects compared
to conventional therapies alone [30]. In the present study,
we comprehensively evaluated the cytotoxic, apoptotic,
anti-proliferative, and molecular impacts of combining the
epigenetic inhibitor 3-Deazaneplanocin A (DZNep) with the
differentiation-promoting agent Stauprimide on various
breast cancer cell lines.

Initially, our findings demonstrated that a 1:1 combination
of DZNep and Stauprimide exhibited synergistic cytotoxicity
against MCF-7 and MDA-MB-231 breast cancer cell lines,
with combination index (CI) values of 0.671 and 0.134,
respectively. According to the Chou-Talalay methodology,
these Cl values represent strong synergistic interactions
[28]. Notably, combination therapy significantly reduced the
required therapeutic dose of DZNep by approximately 84 —to
502-fold, as indicated by dose-reduction index (DRI) analyses.
Such substantial dose reductions highlight the potential for
minimizing treatment-related systemic toxicity.

Previous studies have reported varying ICso values for DZNep,
including 5 uM at 72 hours in MCF-7 cells [31] and as low as
235 nM at 144 hours in MDA-MB-231 cells [32]. However,
these variations may be attributed to differences in cell
culture conditions, cell densities, and experimental methods
employed. Our study observed higher ICso values for DZNep,
yet demonstrated that these therapeutic doses could be
significantly lowered through combination strategies,
emphasizing the clinical relevance of drug combinations to
enhance efficacy and reduce potential adverse effects.

Apoptosis analyses further revealed that treatment
with DZNep and Stauprimide, both individually and in
combination, significantly induced apoptosis in MCF-7
and breast cancer stem cell (BCSC) populations, while
apoptosis levels in normal mammary epithelial MCF-10A
cells remained comparatively lower. These findings align
with previous literature highlighting DZNep’s selective pro-
apoptotic effects in cancer cells [31]. Additionally, De La Rosa
et al. previously demonstrated synergistic apoptotic effects
of DZNep combined with Panobinostat and Temozolomide
in glioblastoma models [33], further validating the potential
therapeutic utility of combination therapies involving
epigenetic agents.

Cell cycle analysis indicated that Stauprimide primarily
induced G2/M phase arrest in breast cancer cells, notably
causing a substantial increase (4.11-fold relative to untreated
control) in the MCF-7 cell line, accompanied by significant
polyploidy. This observation is consistent with previous
reports by Gallala et al., which demonstrated similar G2/M
arrest and polyploidy induction by Stauprimide in small-cell
lung carcinoma cells [34]. It is hypothesized that this cell

cycle arrest is linked to defective cytokinesis and subsequent
induction of apoptosis.

The effects of DZNep on cell cycle progression have been
reported to vary based on the cancer cell type, including
G1/S arrest in glioblastoma [35] and G1 phase accumulation
in lung cancer models [36]. In our study, DZNep treatment
prominently induced GO/G1 arrest in MCF-7 cells (70.8%),
whereas the effect on MDA-MB-231 cells was limited to
moderate G2/M arrest. Interestingly, combination therapy
resulted in cell-type-specific effects, including pronounced
G2/M arrest and moderate polyploidy in MCF-7 cells, and
increased GO/G1 phase arrest in MDA-MB-231 cells. These
differential responses highlight the complexity and specificity
of cell cycle modulation by combination therapies.

Migration assays demonstrated that treatment with
Stauprimide and DZNep, both individually and in
combination, significantly inhibited migration in MCF-7,
MDA-MB-231, and BCSC cells. This finding supports previous
observations by Girard et al., which demonstrated reduced
migration following DZNep treatment in chondrosarcoma
cells [37], as well as studies by Hibino et al., indicating
similar anti-migratory effects of DZNep in gastric (AGS) and
laryngeal (Hep-2) cancer cells [38]. Although the combination
treatment also impacted migration in normal MCF-10A cells,
the magnitude of this effect was notably less pronounced
than that observed in cancer cells, further underscoring
the selective anti-metastatic potential of this therapeutic
combination.

Gene expression analysis demonstrated significant
upregulation of key tumor suppressor genes (e.g., RB1, p21,
p27) following DZNep treatment, consistent with previously
reported effects in AML-3 leukemia and breast cancer cell
lines [19, 20, 31]. Furthermore, Stauprimide treatment
notably increased expression of RB1 and p21 in MCF-7 cells
and pl16 in MDA-MB-231 cells. The combination therapy
significantly upregulated TP53 and p27 gene expression
in the BCSC population, highlighting the potential of this
combination to suppress tumor-initiating capabilities
inherent to cancer stem cells. Activation of TP53, a well-
established tumor suppressor gene, has been previously
linked to enhanced differentiation and suppression of cancer
stem cell phenotypes [39].

Collectively, our data indicate that both DZNep and
Stauprimide, alone and especially in synergistic combination,
demonstrate therapeutic potential in breast cancer
through induction of cell cycle arrest, apoptosis, inhibition
of migration, and modulation of tumor suppressor gene
expression. The pronounced effects observed on cancer
stem cells provide additional translational relevance,
offering promising avenues to prevent tumor recurrence and
metastasis, thereby highlighting the clinical potential of this
combination regimen.
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5. CONCLUSION

In the present study, we comprehensively evaluated
the anticancer potential of combining the epigenetic
methyltransferase inhibitor DZNep with the MYCtranscription
inhibitor Stauprimide in multiple breast cancer cell lines. Our
findings revealed that a 1:1 combination of these agents
exhibited robust synergistic cytotoxicity, particularly in MCF-7
(luminal A) and MDA-MB-231 (triple-negative) breast cancer
cells. This combined treatment effectively induced apoptosis,
promoted cell cycle arrest accompanied by polyploidy, and
significantly inhibited cell migration, even at substantially
reduced concentrations. Notably, gene expression changes
observed in breast cancer stem cells (BCSCs), such as
significant upregulation of tumor suppressor genes TP53
and p27, highlight the combination’s potential for preventing
recurrence and metastasis. Furthermore, the limited
cytotoxicity and apoptosis detected in the non-tumorigenic
mammary epithelial cell line MCF-10A emphasize the
selective antitumor profile of this therapeutic combination,
thereby suggesting a lower risk of systemic toxicity, which is
clinically advantageous.

In conclusion, the combination of DZNep and Stauprimide
represents a promising therapeutic strategy against breast
cancer, demonstrating potent anticancer effects through
the induction of apoptosis, inhibition of migration, and
modulation of tumor suppressor gene expression across
diverse cellular subtypes. This approach holds potential for
overcoming epigenetic drug resistance mechanisms and
specifically targeting cancer stem cells, either as an adjunct or
alternative to current chemotherapeutic modalities. Further
validation of these findings using in vivo tumor models
and preclinical animal studies will be an essential next step
toward clinical translation and integration into future breast
cancer treatment protocols.
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