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Apoptosis is a form of programmed cell death mediated by caspases and regulated through both 
intrinsic and extrinsic pathways. Many cancers evade apoptosis, resulting in uncontrolled cell survival 
and tumor progression. Inhibitor of apoptosis proteins (IAPs), including XIAP, cIAP1, cIAP2, ML-IAP 
(also known as Livin), Survivin, NAIP, ILP-2, and BRUCE (also known as Apollon), play crucial roles in 
suppressing apoptosis and promoting cancer cell survival. Survivin, which is overexpressed in various 
malignancies, inhibits caspase activity, protects XIAP from proteasomal degradation, and suppresses 
the intrinsic apoptotic pathway by inhibiting caspase-9 activity. In this study, we investigated the 
protective role of Survivin on other IAPs, particularly NAIP and cIAP1, using bioinformatics approaches 
such as homology modeling, molecular docking, and molecular dynamics simulations. Experimental 
validation in MCF-7 breast cancer cells demonstrated that a novel anticancer peptide, P3, disrupts the 
interaction between Survivin and IAPs. At 25 µM, P3 significantly enhanced caspase-8 and -9 (initiator) 
and caspases-3 and -7 (executioner) activities, activating pathways. These effects were confirmed 
by flow cytometry and DAPI/PI staining, showing increased apoptosis without necrosis. Our findings 
indicate P3 as a promising peptide-based therapy to overcome apoptosis resistance in breast cancer by 
targeting Survivin-IAP complexes, providing a foundation for novel anticancer strategies.
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Apoptosis is an evolutionarily conserved mechanism of programmed cell death, driven by a family of cysteine-
dependent aspartate-directed proteases termed caspases1–3. Many cancers evade apoptosis, thereby promoting 
prolonged cell survival. Two mechanistically distinct pathways regulate apoptotic cell death: the extrinsic and 
intrinsic cascades. The extrinsic pathway is initiated when extracellular death ligands, such as Fas ligand (FasL) 
and tumor necrosis factor-α (TNF-α), bind to their respective death receptors in the tumor necrosis factor 
receptor (TNFR) superfamily on the plasma membrane1,4,5. Ligand binding leads to the trimerization of 
receptors, which brings their intracellular death domains close together. This clustering facilitates the recruitment 
of adaptor proteins, such as Fas-associated death domain protein (FADD), which then attract procaspase-8 
molecules to form the death-inducing signaling complex (DISC). Within the DISC, procaspase-8 becomes 
autocatalytically activated, triggering downstream caspase cascades. This process ultimately cleaves and activates 
executioner caspases, particularly caspase-3 and caspase-7, leading to a proteolytic cascade that results in 
apoptosis1,6. The intrinsic pathway of apoptosis is a crucial mechanism of programmed cell death, activated by 
intracellular stressors such as DNA damage, hypoxia, and the absence of survival signals4. A key feature of the 
intrinsic pathway is its reliance on mitochondria. Cytochrome c is released from the mitochondria into the 
cytosol, where it combines with 2′-deoxyadenosine 5′-triphosphate (dATP) and apoptotic protease-activating 
factor-1 (Apaf-1) to form the apoptosome, a multi-protein complex. This complex activates caspase-9, which 
then cleaves and activates executioner caspases, caspase-3, and caspase-7. This cascade of proteolytic events 
ultimately leads to apoptosis1. Inhibitor of apoptosis proteins (IAPs) family suppress both extrinsic and intrinsic 
apoptotic pathways, thereby promoting cell survival. Emerging therapeutic strategies aimed at restoring 
apoptosis in cancer cells7–11. The IAP family consists of negative regulators of apoptosis, characterized not by a 
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common function but by the presence of at least one Baculovirus IAP Repeat (BIR) domain in their N-terminal 
region10,12.In humans, the IAP family comprises eight members: NAIP, cIAP1, cIAP2, XIAP, Survivin, Bruce/
Apollon, ML-IAP (also known as Livin), and ILP-211,13–15. Cellular Inhibitor of Apoptosis Protein 1 (cIAP1), 
which is encoded by the BIRC2 gene, is located on chromosome 11q22.2. It consists of approximately 618 amino 
acids, with an estimated molecular weight of about 69.9 kDa. cIAP1 contains three N-terminal baculoviral IAP 
repeat (BIR) domains, a ubiquitin-associated (UBA) domain, a caspase recruitment domain (CARD), and a 
C-terminal RING finger domain, which provides E3 ubiquitin ligase activity16–18. cIAP1, along with TRAF2 and 
TRAF3, forms an anti-apoptotic protein complex that assembles upon the activation of death receptors, such as 
TNFR1. Within this complex, cIAP1 is recruited through adaptor proteins like TRAF2 to ubiquitinate receptor-
interacting protein kinases (RIPs). This ubiquitination promotes pro-survival signaling through the MAPK 
cascade and the canonical NF-κB pathway while preventing RIP-mediated apoptosis and necroptosis14,18–23. 
cIAPs continuously ubiquitinate NF-κB–inducing kinase (NIK(, preventing its processing from p100 to p52. 
This process helps regulate the transition between canonical and non-canonical NF-kB signaling pathways. 
When cIAP1 and cIAP2 are lost, NIK accumulates, leading to increased production of p52/RelB target genes. 
These genes include various chemokines and cytokines such as TNF-α and GM-CSF24. Inhibition of cIAP1 
increased the formation of the DISC and enhanced the activation of caspase-8, promoting extrinsic apoptosis. 
Increased expression of cIAP1 has been associated with resistance to apoptosis in various cancers, making it a 
compelling target for cancer therapy22,23. Neural Apoptosis Inhibitory Protein (NAIP), encoded by the NAIP 
(BIRC1), is located on chromosome 5q13. The NAIP gene spans 4,212 nucleotides and encodes a 1,403-amino-
acid protein with an approximate molecular weight of 159.582  kDa25,26. Structurally, NAIP comprises three 
N-terminal BIR domains, a central nucleotide-binding oligomerization domain (NOD), and multiple C-terminal 
leucine-rich repeat (LRR) motifs27. NAIP plays a critical role in suppressing apoptosis and promoting cancer 
progression, with its overexpression reported in breast cancer28–30. In a clinical study, expression levels of NAIP 
and Survivin were quantified by reverse transcription quantitative polymerase chain reaction (RT-qPCR) in 117 
primary breast carcinoma specimens and 10 normal breast tissue samples. NAIP transcripts were undetectable 
in normal breast tissues but were significantly overexpressed in all tumor samples. Furthermore, NAIP expression 
showed a significant positive correlation with Survivin expression. High NAIP expression was also significantly 
associated with larger tumor size (T2 or greater) and high nuclear grade (grade III), suggesting its potential 
utility as a molecular marker for aggressive breast cancer phenotypes. These data suggest that NAIP contributes 
to breast cancer pathogenesis and aggressiveness28. NAIP inhibits the activities of caspase-9, caspase-3, and 
caspase-7. It prevents both the autocleavage of pro-caspase-9 and the cleavage of pro-caspase-3 by caspase-9. 
Specifically, NAIP inhibits caspase-9 autoproteolysis at Asp-315 and reduces the rate of autoproteolysis at Asp-
330. NAIP binds to caspase-9 primarily through its BIR3 domain, blocking caspase-9 activation. Functioning 
primarily within the intrinsic apoptotic pathway, NAIP acts as a key regulator by suppressing caspase activation 
and thereby inhibiting apoptosis25. Survivin plays a critical role in tumorigenesis due to its high expression levels 
across a wide range of malignancies31–33. Encoded by the BIRC5 gene on chromosome 17q25, Survivin is a 
142-amino-acid protein with a molecular weight of approximately 16.5 kDa Wang & Greene34. Survivin functions 
in the inhibition of apoptosis, regulation of mitosis, promotion of treatment resistance, and maintenance of 
cancer stem cell viability35–39. Survivin is the smallest member of the IAP family. It is highly expressed in many 
types of cancer, including colorectal and breast cancer, but is rarely found in normal, mature tissues40–42. Survivin 
contains a single Baculovirus IAP Repeat (BIR) domain at its N-terminal region, followed by a zinc finger-like 
motif, and concludes with a C-terminal α-helical coiled-coil domain43. It can exist as both a monomer and a 
dimer. Survivin carries out two main functions by interacting with key proteins like Hsp90, SMAC/DIABLO, 
XIAP, and components of the chromosomal passenger complex (CPC): Inhibiting apoptosis (programmed cell 
death) and regulating cell division. Both of these roles are crucial in cancer development44–47. Consequently, 
Survivin has garnered significant attention in cancer research and is considered clinically important. One of the 
main functions of Survivin is to inhibit caspase activity. Survivin forms a complex with XIAP as a monomer, 
which stabilizes XIAP and helps inhibit caspase-9. Specifically, Survivin protects XIAP from being marked for 
degradation by preventing its ubiquitination and subsequent proteasomal breakdown. Survivin also inhibits 
apoptosis by blocking the activity of Smac/DIABLO, a mitochondrial protein that normally promotes intrinsic 
apoptosis. Smac/DIABLO works by binding to IAPs and disrupting their interaction with caspases. When 
Survivin binds to Smac/DIABLO, it prevents this interference, allowing IAPs like XIAP to continue suppressing 
apoptosis.XIAP is a key apoptosis inhibitor and contains three BIR domains. The BIR3 domain, in particular, 
binds directly to the N-terminus of caspase-9, preventing it from initiating apoptosis45. Several compounds 
targeting Survivin have been developed, including YM155, LY2181308, LQZ-7F, shepherdin, SUR-X, and SMAC 
mimetics (AVPI)22,23,45,46,48,49. These agents exert their anticancer effects primarily through two mechanisms: by 
inhibiting Survivin expression or by disrupting its interactions with key regulatory proteins, thereby impairing 
its function. Although these Survivin-targeting compounds have demonstrated potent anticancer activity in 
both in vitro and in vivo studies, none have yet been successfully translated into clinical application. This 
highlights the ongoing need for the development of novel therapeutics that can effectively target Survivin in 
cancer cells13,34,50. Based on our observations and previous studies, disrupting the interaction between Survivin 
and XIAP has been suggested as a promising therapeutic strategy for breast cancer. To explore this approach, we 
designed and synthesized a novel anticancer peptide, P3. P3 (sequence: RRR-LREMNWVDYFA) is derived from 
the Borealin protein, a component of the chromosomal passenger complex, and has the structural formula 
C85H130N28O21S1. It is specifically designed to target the Survivin–XIAP complex. Bioinformatics analyses and 
experimental assays revealed that P3, equipped with an N-terminal cell-penetrating sequence, effectively enters 
cancer cells.P3 competes with Borealin, thereby preventing CPC complex formation and inhibiting cell division. 
Additionally, by blocking the Survivin–CRM1 interaction, it disrupts nuclear–cytoplasmic transport. 
Furthermore, interference with the Survivin–XIAP interaction abolishes the protective role of Survivin, leading 
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to proteasomal degradation of XIAP. Consequently, the anti-apoptotic activity of XIAP is diminished, ultimately 
triggering programmed cell death. Through this dual mechanism, suppressing mitotic progression and inducing 
apoptosis, P3 demonstrates clear advantages over conventional therapeutic agents and emerges as a promising 
candidate for cancer treatment.These findings, along with a significant increase in apoptosis, suggest that 
Survivin may protect other members of the IAP family from degradation51. It is plausible that Survivin, using the 
same binding domain as for XIAP, also interacts with other IAPs, thereby stabilizing against proteasomal 
degradation and enhancing their anti-apoptotic activity, similar to the Survivin–XIAP interaction. In this study, 
we investigated the protective role of Survivin on cIAP1 and NAIP based on the hypothesis that peptide P3 may 
also interfere with the Survivin–cIAP1 and Survivin–NAIP complexes, thereby activating apoptotic pathways 
and exerting its antitumor effect.We employed bioinformatics analyses, including homology modeling, molecular 
docking, and molecular dynamics simulations, to demonstrate that Survivin can bind to cIAP1 and NAIP 
through its linker region, similar to its interaction with XIAP. We further validated Survivin’s protective role 
toward these IAPs using multiple experimental approaches. This work highlights a potentially promising 
therapeutic strategy for breast cancer by inhibiting Survivin’s interactions with IAPs.

Results
Bioinformatics
Structural comparative analysis of the full-length cIAP1
Models predicted by I-TASSER and AlphaFold2, using UCSF ChimeraX, revealed that the I-TASSER model 
exhibited a more accurate fold for reconstructing the complete structure. Consequently, the I-TASSER predicted 
model 1 was selected for subsequent bioinformatics analyses (Fig. 1).

Structural comparative analysis of the full-length NAIP
Models generated by MODELLER and AlphaFold2, using UCSF ChimeraX, revealed that the MODELLER-
predicted model exhibited a better fold in the gap regions. Consequently, the model with the lower DOPE score 
was selected for subsequent bioinformatics analyses (Fig. 2).

Docking
Molecular docking analysis demonstrated that both cIAP1 and NAIP proteins interact with the linker region 
of Survivin. Specifically, the full-length cIAP1 binds through its BIR1 and BIR2 domains, whereas the full-
length NAIP binds via its BIR1, BIR3, and NACHT domains. Both proteins exhibit high-affinity interactions, 
as indicated by the top-ranked docking cluster (Cluster 0) (Fig. 3a–g). The domains and full-length proteins in 
Cluster 0, along with their approximate energy scores (kcal/mol), are as follows: BIR1: –751.9, BIR2: –848.8, 
BIR3: –749.2, CARD: –778.4, RING: –780.5, full-length cIAP1: –904.4, and full-length NAIP: –883.3, and the 
full-length structures of both proteins in complex with Survivin were selected as input for molecular dynamics 
simulations (Table 1a–g). These results suggest a conserved mode of interaction involving the Survivin linker 
domain. Notably, previous studies have reported XIAP binding to this region, further underscoring its functional 
importance51. Collectively, our findings indicate that the linker region of Survivin serves as a critical interface for 
interactions with IAP family members, thereby contributing to Survivin’s protective role in apoptosis regulation. 
The binding interactions were further analyzed and visualized using LigPlot + software (Fig. 4a–g).

MD analysis
System equilibration
The systems were equilibrated using NVT and NPT ensembles for 100 ps each, at 300 K and 1 bar, before the 
molecular dynamics simulations. Electrostatic interactions were calculated using the PME method (Fig. 5a–h).

Fig. 1.  Full-length cIAP1. Predicted 3D models generated by I-TASSER were visualized using YASARA.
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Root mean square deviation (RMSD) analysis
RMSD analysis of the system’s backbones was performed relative to their crystal structures before simulations 
(RMSD Xtal) and revealed that both protein–protein complexes, Survivin–cIAP1 and Survivin–NAIP, exhibit 
similar fluctuation patterns. The RMSD profiles of these complexes closely resemble those of the individual 
cIAP1 and NAIP proteins (Fig. 6a–f). This indicates that the systems and their constituent proteins fluctuate 
in a coordinated manner throughout the simulation, reflecting structural stability. Therefore, the interactions 
between Survivin and both cIAP1 and NAIP remain stable throughout the molecular dynamics simulations.

Radius of gyration (Rg)
The Rg analysis throughout the simulation indicates consistent structural compactness of the systems (Fig. 7 a, 
b). These results demonstrate stable conformational behavior and support the maintenance of proper structural 
folding upon the binding of Survivin to cIAP1 and NAIP.

Fig. 3.  Molecular docking analysis of Survivin with cIAP1 and NAIP proteins. (a) Docking of the BIR1 
domain of cIAP1(green) with Survivin (pink). (b) Docking of the BIR2 domain of cIAP1 (green) with 
Survivin(pink). (c) Docking of the BIR3 domain of cIAP1(green) with Survivin(pink). (d) Docking of the 
CARD domain of cIAP1(green) with Survivin(pink). (e) Docking of the RING domain of cIAP1(green) with 
Survivin(pink). (f) Docking of full-length cIAP1 (green) with Survivin(pink). (g) Docking of full-length NAIP 
(blue) with Survivin(pink).

 

Fig. 2.  Full-length NAIP. Predicted 3D models generated by MODELLER were visualized using YASARA. The 
gap-filled region is shown in pink.
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gmx_MMPBSA analysis
Interaction energy calculations for the simulations were performed using gmx_MMPBSA tools. Input files were 
generated using both the Poisson-Boltzmann (PB) and Generalized Born (GB) models. Subsequently, van der 
waals, electrostatic, desolvation, and total interaction energies were computed for each system. The interaction 
affinities of the protein–protein systems are summarized in Table 2. These findings further support the protective 
role of Survivin in stabilizing both cIAP1 and NAIP proteins upon complex formation.

Bioinformatic analyses indicated that our designed anticancer peptide (P3) binds with higher affinity than 
cIAP1, NAIP, and XIAP to the same Survivin region that mediates interaction with these IAPs. By competitively 
occupying this site, P3 can abolish Survivin’s protective effect on these IAPs, leading to their proteasomal 
degradation51.

Experimental
MTT assay
The MTT assay revealed a marked decrease in MCF-7 cell viability following P3 treatment. Cell viability was 
reduced to 50% at 40 µM after 24 h and 25 µM after 48 h, indicating a time-dependent enhancement of the 
biological effect of P3 (n = 3; mean ± SEM; two-tailed Student’s t-test; p < 0.01; Cohen’s d > 10)(Fig. 8; Table 3a, b). 
Accordingly, the IC50 concentrations (40 µM at 24h and 25 µM at 48 h) were selected for subsequent Caspase- 3 
and -7 activity assays to evaluate apoptotic activation at biologically effective doses.

Caspase-3 and -7 activity assay
Caspase-3 and -7 activity was evaluated at two time points, 24 h and 48  h, to assess the apoptotic response 
induced by P3 At 24h, caspase-3 and -7 activation was minimal and statistically non-significant (p = 0.83; two-
tailed Student’s t-test), indicating that apoptotic signaling had not yet been triggered. However, after 48 h, a marked 
and statistically significant increase in caspase-3 and -7 activity was detected, particularat 25 µM and 45 µM 
P3 concentrations (p = 4.4 × 10− 6 and p = 1.3 × 10− 4, respectively; ***p < 0.0001; two-tailed Student’s t-tests). 
Corresponding effect sizes (Cohen’s d > 13) indicate a very strong induction of apoptosis. These data strongly 
support the hypothesis that Survivin provides a protective role through modulation of cIAP1 and NAIP,and that 
blocking this pathway with P3 leads to caspase-mediated cell death. Data are shown in (Fig. 9a, b; Table 4a–d), 
where caspase-3 and -7 enzymatic activity and its statistical analysis are summarized as mean ± SEM from three 
and four independent replicates, respectively (n =  3 and4).

Flow cytometry apoptosis analysis
Flow cytometric quantification was performed on MCF‑7 cells treated with P3 at concentrations of 25  µM 
and 45 µM for 48 h. Statistical analysis was based on three biological replicates, each measured in triplicate 
(n = 3). Data are presented as mean ± SEM. Two‑tailed Student’s t‑tests were applied to compare treatment 
groups to the control, and effect sizes were estimated using Cohen’s d. At 25  µM, P3 treatment significantly 
increased both early and late apoptosis relative to control levels (Early: 18.7%, p = 0.0044, d = − 4.73; Late: 64.1%, 
p = 2.86 × 10− 5, d = − 17.4), corresponding to activation of caspases -3, -7, -8, and -9. Cells at this concentration 
exhibited minimal necrosis (1.36%, p = 0.0868, n.s.), suggesting efficient apoptotic execution. In contrast, at 

Fig. 3.  (continued)
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Energy (Kcal/mol)

Cluster Members Representative Weighted score

A BIR1

0 102 Center  − 657.8

0 102 Lowest energy  − 751.9

1 93 Center  − 670.8

1 93 Lowest energy  − 728.5

2 84 Center  − 768.7

2 84 Lowest energy  − 857

3 83 Center  − 693.1

3 83 Lowest energy  − 717.8

B BIR2

0 236 Center  − 705.2

0 236 Lowest energy  − 848.8

1 71 Center  − 735.4

1 71 Lowest energy  − 735.4

2 64 Center  − 634.2

2 64 Lowest energy  − 787.1

3 60 Center  − 628.5

3 60 Lowest energy  − 701.5

C BIR3

0 191 Center  − 710.7

0 191 Lowest energy  − 749.2

1 136 Center  − 735.1

1 136 Lowest energy  − 735.1

2 127 Center  − 677.8

2 127 Lowest energy  − 778

3 89 Center  − 618.6

3 89 Lowest energy  − 710.5

D CARD

0 117 Center  − 634.8

0 117 Lowest energy  − 778.4

1 108 Center  − 735.2

1 108 Lowest energy  − 765.2

2 92 Center  − 690.7

2 92 Lowest energy  − 774.1

3 65 Center  − 627.2

3 65 Lowest energy  − 745.4

E RING

0 121 Center  − 694.7

0 121 Lowest energy  − 780.5

1 71 Center  − 653.1

1 71 Lowest energy  − 775

2 64 Center  − 661.2

2 64 Lowest energy  − 777.5

3 50 Center  − 659.4

3 50 Lowest energy  − 744.6

F Full − length CIAP1

0 112 Center  − 904.4

0 112 Lowest energy  − 904.4

1 89 Center  − 896.1

1 89 Lowest energy  − 896.1

2 77 Center  − 822.5

2 77 Lowest energy  − 831.5

3 74 Center  − 832.9

3 74 Lowest energy  − 989.1

G Full − length NAIP

Continued
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45 µM, significant elevation was observed only in late apoptosis, 19.2% (p = 0.001, d = 5.53), and necrosis, 13.1% 
(p = 0.0043, d = 5.86), while early apoptosis was statistically unchanged (p = 0.462, d = 2.92). These results imply 
that excessive P3 concentrations compromise apoptotic efficiency, likely via P3 aggregation and proteasomal 
degradation, leading to membrane instability and necrosis. Overall, apoptosis rates reached 82.78% at 25 µM 

Fig. 4.  Molecular docking analysis of cIAP1 and NAIP with Survivin. Docking results indicate that cIAP1 
and NAIP interact with the linker region of Survivin, similar to XIAP. Specifically, cIAP1 engages via its BIR1 
and BIR2 domains, whereas NAIP interacts through the BIR1, BIR3, and NACHT domains. (a) Binding 
interactions of the BIR1 domain of cIAP1 with Survivin. (b) Binding interactions of the BIR2 domain of cIAP1 
with Survivin. (c) Binding interactions of the BIR3 domain of cIAP1 with Survivin. (d) Binding interactions 
of the CARD domain of cIAP1 with Survivin. (e) Binding interactions of the RING domain of cIAP1 with 
Survivin. (f) Binding interactions of full-length cIAP1 with Survivin. (g) Binding interactions of full-length 
NAIP with Survivin.

 

Energy (Kcal/mol)

Cluster Members Representative Weighted score

0 94 Center  − 833.2

0 94 Lowest energy  − 992.7

1 58 Center  − 758.3

1 58 Lowest energy  − 964.6

2 49 Center  − 768.4

2 49 Lowest energy  − 820.2

3 42 Center  − 793.2

3 42 Lowest energy  − 932.1

Table 1.  Docking score analysis of Survivin interaction with cIAP1 and NAIP. (a) Survivin–BIR1 domain of 
cIAP1; (b) Survivin–BIR2 domain of cIAP1; (c) Survivin–BIR3 domain of cIAP1; (d) Survivin–CARD domain 
of cIAP1; (e) Survivin–RING domain of cIAP1; (f) Survivin–full-length structure of cIAP1; (g) Survivin–full-
length structure of NAIP. According to the results, all models in cluster 0 exhibited interactions with favorable 
scores and higher frequency compared to other clusters.
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and 23.23% at 45 µM, indicating that 25 µM is the optimal effective concentration for specific caspase‑mediated 
apoptosis without unspecific cytotoxicity (Fig. 10a–e; Table 5a, b). Its N/P ratio P3 can cause aggregation and 
membrane disruption effects at 45 µM.

Based on the caspase-3 and -7 activity assays, along with the flow cytometry data, both of which demonstrated 
more substantial apoptotic effects at 25 µM, we chose this concentration for subsequent analyses.

Caspase-8 and -9 activity assay
After 48 h of treatment with 25 µM P3, the activities of Caspase-8 and Caspase-9 showed significant elevation 
compared with the untreated control.

For Caspase-8, activity increased in P3-treated cells (p = 2.68 × 10−7; **** p < 0.0001; two-tailed Student’s t-
test; Cohen’s d = 12.10), indicating a robust activation of the extrinsic apoptotic pathway. Similarly, Caspase-9 
activity markedly increased in response to P3 treatmet (p = 7.68 × 10⁻9; *** p < 0.001; two-tailed student’s 
t-test; Cohen’s d = 20.70), confirming significant activation of the intrinsic mitochondrial apoptotic pathway. The 
p-values below 0.0001 for both caspases indicate highly significant effects of P3 on apoptotic signaling(Fig. 11a, 
b; Table 6a–d). These results strongly support our initial hypothesis that Survivin exerts a cytoprotective effect 
on cIAP1 and NAIP, and that interference by P3 with the Survivin–IAP interaction leads to reduced cIAP1 
activity, triggering the extrinsic apoptotic pathway and DISC formation, while decreased NAIP activity promotes 
activation of the intrinsic apoptotic cascade. Together, the data demonstrate that P3 simultaneously activates 

Fig. 4.  (continued)
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both the extrinsic (Caspase-8) and intrinsic (Caspase-9) apoptotic pathways, ultimately leading to the activation 
of Caspases-3 and -7, which mediate an apoptotic response.

DAPI/PI staining
Fluorescence imaging was used to assess the rate of cell apoptosis52,52,53,53. Treatment with P3 increased the 
proportion of non-viable cells compared to the control group; p-values were below 0.0001, indicating a significant 
increase in apoptosis and mitotic catastrophe (Fig. 12a–g). These findings suggest that P3 promotes apoptosis in 
MCF-7 cells by interfering with the protective role of Survivin on cIAP1 and NAIP and arrests the cell cycle by 
interfering with CPC formation.

Discussion
Inhibiting Survivin’s protective function over cIAP1 and NAIP represents a promising therapeutic strategy, 
particularly given its tumor-specific expression profile.In oncology, Survivin is overexpressed in cancers 
and is a key therapeutic target 32,37,38,42,51,54. Various approaches, including inhibitory peptides, vaccines, 
and RNA interference molecules (siRNAs), are being explored to downregulate Survivin activity in cancer 
cells45,46,55,”Survivin-Targeted Anticancer Vaccine Undergoes Investigation in Metastatic Neuroendocrine 

Fig. 5.  Stabilization of MD simulation parameters. During the final stages, including energy minimization, 
potential energy, temperature, density, and pressure were adjusted and stabilized, ensuring the systems reached 
thermodynamic equilibrium. (a) cIAP1–Survivin potential energy; (b) NAIP–Survivin potential energy; (c) 
cIAP1–Survivin temperature; (d) NAIP–Survivin temperature; (e) cIAP1–Survivin density; (f) NAIP–Survivin 
density; (g) cIAP1–Survivin pressure; (h) NAIP–Survivin pressure.
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Neoplasms,”56. Peptides offer distinct advantages over conventional chemotherapeutics, including enhanced 
tissue penetration, efficient cellular uptake, and reduced off-target toxicity. D-type peptides, composed of 
D-amino acid residues, are gaining increasing attention as drug candidates due to their superior stability 
compared to their L-amino acid counterparts57,58. Their versatility supports a wide range of therapeutic 
applications, including antitumor, antidiabetic, and antimicrobial effects59–61. In this study, we employed advanced 
bioinformatics and computational tools, LigPlot + , NCC-Finder, YASARA, ChimeraX, ClusPro, GROMACS, 
and gmx_MMPBSA, to investigate Survivin’s protective interactions with cIAP1 and NAIP.Molecular docking 
results showed that Survivin establishes interactions with cIAP1 and NAIP similar to XIAP. Moreover, compared 
to XIAP, Survivin binds more strongly to cIAP1, exhibiting higher binding energy and approximately 40 more 
binding occurrences. With NAIP, Survivin shows binding energy comparable to XIAP but forms about 22 more 
binding occurrences51. RMSD, RMSD Xtal, and Rg analyses of molecular dynamics simulations indicated that 
cIAP1 and NAIP bind stably with Survivin while preserving their native protein folding. Binding free energy 
calculations using gmx_MMPBSA indicated remarkably strong interactions, with energies of − 51.87 kJ/mol for 
cIAP1 and − 47.64 kJ/mol for NAIP. Molecular docking and molecular dynamics simulations, interaction energy 
calculations, and RMSD analyses of protein–protein systems demonstrated that Survivin stabilizes these IAP 
family members. Confirming strong and favorable interactions at the same region targeted by our designed anti-
cancer peptide (P3) to inhibit Survivin. Experimentally, we evaluated the effect of P3 on inhibiting Survivin’s 

Fig. 5.  (continued)
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Fig. 6.  Root Mean Square Deviation (RMSD) analysis of Survivin–cIAP1 and Survivin–NAIP systems. RMSD 
values of the systems and protein backbones were calculated during molecular dynamics (MD) simulations at 
different time points. The RMSD plots show that both the cIAP1–Survivin and NAIP–Survivin systems exhibit 
fluctuation patterns similar to those of their crystal structures before simulation, as well as to the individual 
proteins. This indicates that the cIAP1–Survivin and NAIP-Survivin interactions remain stable throughout the 
simulations. (a) RMSD Xtal values of the cIAP1–Survivin system. (b) RMSD Xtal values of the NAIP–Survivin 
system. (c)RMSD values of the cIAP1–Survivin system. (d) RMSD values of the NAIP–Survivin system. (e) 
RMSD values of the cIAP1 protein. (f) RMSD values of the NAIP protein.
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protective function in MCF-7 breast cancer cells. In our previous study, MTT assays indicated IC50 values of 
40 μM at 24 h and 25 μM at 48 h, confirming the cytotoxicity of P351. In this study, ELISA assays for caspase-3 
and -7 activity showed that the anticancer effects of P3 are both time- and concentration-dependent. At 24 h, 
there was no significant increase in caspase activity (P ≥ 0.05). However, after 48 h, caspase activity significantly 
increased at concentrations of 25 and 45 µM, especially at 25 µM, where p-values below 0.0001 indicated higher 

Fig. 8.  MTT assay. The data shown in the bar plot represent the means of independent experiments conducted 
at 24 h (gray bars) and 48 h (black bars). Error bars represent SEM from triplicate wells. *P < 0.05.

 

Energy (KJ/mol)

System Total interaction Van der Waals Electrostatic Desolvation

cIAP1–Survivin −51.87 −75.58 -608.87 632.58
NAIP–Survivin −47.64 −65.41 -97.37 115.14

Table 2.  gmx_MMPBSA analysis. According to the gmx_MMPBSA analysis, the table shows that the cIAP1 
and NAIP have the highest binding affinity to the Survivin protein. The values represent averages from 80 to 
100 ns during the MD simulation.

 

Fig. 7.  Radius of gyration (Rg) analysis of Survivin–cIAP1 and Survivin–NAIP systems. The Rg plots of the 
systems remained stable throughout the 100 ns simulation. As shown in the plots, the binding of cIAP1 and 
NAIP to Survivin did not disrupt the folding of either protein, indicating a stable structure with consistent 
fluctuation ranges. (a) Rg of the cIAP1–Survivin system. (b) Rg of the NAIP–Survivin system.
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Group Mean_value Sd_value Sem_value n_value Time

A

Control 100.00000 5.786492 3.340833 3 24 h

5 µM 97.87325 12.76053 7.367294 3 24 h

10 µM 97.10761 12.76244 7.368399 3 24 h

15 µM 92.89664 7.820444 4.515136 3 24 h

20 µM 93.32199 5.187014 2.994724 3 24 h

25 µM 86.04849 3.983111 2.299650 3 24 h

30 µM 68.14122 2.943232 1.699276 3 24 h

35 µM 75.58486 4.318516 2.493297 3 24 h

40 µM 50.87197 2.301616 1.328839 3 24 h

45 µM 25.24458 3.710623 2.142329 3 24 h

50 µM 32.22459 1.783068 1.029455 3 24 h

Control 100.00000 2.893371 1.670489 3 48 h

5 µM 85.77390 1.463376 0.844881 3 48 h

10 µM 49.50683 2.719530 1.570122 3 48 h

15 µM 68.70258 1.184560 0.683906 3 48 h

20 µM 54.40061 7.243642 4.182119 3 48 h

25 µM 50.00000 3.824608 2.208138 3 48 h

30 µM 73.89985 3.162847 1.826071 3 48 h

35 µM 79.24886 3.107071 1.793868 3 48 h

40 µM 38.23976 7.532905 4.349125 3 48 h

45 µM 40.66768 3.179186 1.835504 3 48 h

50 µM 30.72838 10.64523 6.146027 3 48 h

Group1 Group2 P P.signif P.adj Method Cohens_d Time

B

Control 5 µM 8.108e−01 ns 8.108e−01 t-test 0.2147 24 h

Control 10 µM 7.460e−01 ns 7.460e−01 t-test 0.2919 24 h

Control 15 µM 2.801e−01 ns 2.801e−01 t-test 1.0326 24 h

Control 20 µM 2.117e−01 ns 2.117e−01 t-test 1.2153 24 h

Control 25 µM 3.178e−02 * 3.178e−02 t-test 2.8087 24 h

Control 30 µM 3.553e−03 ** 3.553e−03 t-test 6.9401 24 h

Control 35 µM 5.389e−03 ** 5.389e−03 t-test 4.7821 24 h

Control 40 µM 1.663e−03 ** 1.663e−03 t-test 11.1567 24 h

Control 45 µM 1.451e−04 *** 1.451e−04 t-test 15.3797 24 h

Control 50 µM 1.132e−03 ** 1.132e−03 t-test 15.8298 24 h

Control 5 µM 4.952e−03 ** 4.952e−03 t-test 6.2049 48 h

Control 10 µM 2.594e−05 *** 2.594e−05 t-test 17.9832 48 h

Control 15 µM 8.352e−04 *** 8.352e−04 t-test 14.1570 48 h

Control 20 µM 3.574e−03 ** 3.574e−03 t-test 8.2675 48 h

Control 25 µM 9.184e−05 *** 9.184e−05 t-test 14.7444 48 h

Control 30 µM 4.764e−04 *** 4.764e−04 t-test 8.6108 48 h

Control 35 µM 1.091e−03 ** 1.091e−03 t-test 6.9122 48 h

Control 40 µM 1.930e−03 ** 1.930e−03 t-test 10.8238 48 h

Control 45 µM 1.954e−05 *** 1.954e−05 t-test 19.5195 48 h

Control 50 µM 5.061e−03 ** 5.061e−03 t-test 8.8805 48 h

Table 3.  Statistical analysis of cell viability assay. (a) Cell viability following treatment with various 
concentrations of P3 for 24 h and 48 h, as determined by the MTT assay. Data are presented as 
mean ± standard error of the mean (SEM) from three independent replicates (n = 3). Viability in the control 
group was normalized to 100%. Statistical analyses were performed separately for each time point using two-
tailed Student’s t-tests. (b) Statistical comparison of cell viability between control and P3-treated groups at 24 h 
and 48 h, based on the MTT assay, p-values were obtained using two-tailed Student’s t-tests; Adjusted p-values 
(P_adj) reflect correction for multiple comparisons. Significance levels are indicated as: ns (not significant), 
* (p < 0.05), ** (p < 0.01), and *** (p < 0.001). Effect sizes were calculated using Cohen’s d to quantify the 
magnitude of treatment effects.
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efficacy. These results confirm that P3’s ability to activate apoptosis strengthens over time, with 25 µM being the 
optimal concentration. Flow cytometry further showed that 25 µM induced the highest apoptosis rate (82.78%), 
whereas 45 µM led to reduced apoptosis (23.23%) and increased necrosis. The statistical difference between these 
concentrations, supported by a statistically significant difference for 25 µM, indicates a concentration-dependent 
effect; the increased necrosis and reduced apoptosis at 45 µM may result from cytotoxic effects and decreased 
P3 stability, possibly due to non-specific P3 accumulation in the membrane and osmotic disturbances62. DAPI/
PI staining confirmed that cells treated with 25 µM P3 were undergoing apoptosis. To further understand the 
apoptotic pathway, we measured the activities of caspase-8 and -9. Both showed significant increases after 48 h 
of treatment with 25 µM P3 (P < 0.0001), indicating strong statistical significance. Overall, comparisons across 
time points and concentrations show that 25 µM produces maximal caspase activation and apoptosis without 
necrosis.These findings support our hypothesis that Survivin protects cIAP1 and NAIP, and that P3 inhibits this 
pathway, triggering both intrinsic and extrinsic apoptosis. The significant activation of caspase-8 and -9 suggests 
that P3 induces apoptosis by disrupting Survivin’s protective interactions with NAIP and cIAP1, similar to XIAP.
The depletion of these inhibitory proteins promotes the activation of initiator caspases, caspase-8 through the 
extrinsic apoptotic pathway, and Caspase-9 via the intrinsic mitochondrial pathway. This activation subsequently 
triggers the cleavage and activation of executioner caspases, specifically Caspase-3 and Caspase-7, which drive 
the hallmark morphological and biochemical features of apoptosis observed in P3-treated cells. The strong 
correlation between increased Caspase-3 and Caspase-7 activities and the elevated apoptotic cell populations 
detected by flow cytometry supports the mechanism by which P3 induces apoptosis, primarily through targeted 
disruption of Survivin–IAP complexes.These experimental results closely aligned with the bioinformatics 
analysis of Survivin’s protective role. P3 induces apoptosis by reducing IAP activity. Its potential to inhibit 
tumor progression warrants further in vivo investigation. Compared with existing chemotherapeutics, P3 may 
offer advantages in specificity, although this requires additional validation. Our integrative strategy, combining 
computational modeling with experimental validation, enabled the rational targeting of Survivin’s interactions 
with cIAP1 and NAIP, while also reducing research costs and timelines. Given the inherent instability of 

Fig. 9.  Caspase-3 and -7 activity assay. (a) Caspase-3 and -7 activity after 24 h treatment with 40 µM P3 
and 48 h treatment with 25 µM P3. (b) Caspase-3 and -7 activity at 48 h across 15, 25, 35, and 45 µM P3 
treatments. Error bars represent SEM from triplicate and quaternary wells, respectively.*P < 0.05, **P < 0.001, 
***P < 0.0001,****P < 0.00001, and ns, not significant.
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peptides, the development of efficient delivery systems, such as nanoliposomes and scaffold-based formulations, 
could further enhance their stability and bioavailability63,64. Building on the promising computational and 
cellular results, future investigations should aim to substantiate the proposed mechanism by experimentally 
confirming the interaction between Survivin-P3 and Survivin–IAP complexes through biophysical and 
biochemical approaches, such as co-immunoprecipitation, pulldown assays, and surface plasmon resonance 
(SPR). Additionally, western blot analyses of IAP proteins and cleaved caspases would offer valuable protein-
level evidence of pathway activation. Assessing the potential cytotoxicity of P3 in non-malignant cells would 
further clarify its therapeutic selectivity and safety profile.Additionally, the protective roles of Survivin on other 
IAP family members warrant further investigation, particularly in evaluating the combined effects of P3 with 
established Survivin inhibitors (e.g., SURX). Previous studies have shown that the Sur-X peptide induces cell 
death in colorectal cancer by inhibiting the Survivin–XIAP complex45. However, the P3 peptide represents a 
broader innovation.In this study, we propose and provide bioinformatic and experimental evidence suggesting 
that Survivin may protect, in addition to XIAP, other IAP family members such as cIAP1 and NAIP. By disrupting 
these interactions, P3 simultaneously inactivates multiple survival pathways.P3 exerts its effects through three 
key mechanisms: cell cycle arrest via inhibition of the CPC complex, interference with nuclear–cytoplasmic 
transport through Survivin–CRM1, and induction of proteasomal degradation of XIAP, cIAP1, and NAIP51. 
This multifaceted approach distinguishes P3 from Sur-X, elevating it to a comprehensive modulator of survival 
pathways and positioning it as a promising therapeutic candidate, particularly for breast cancer. In conclusion, 
our findings highlight the therapeutic potential of targeting Survivin–IAP interactions in cancer treatment.

Group Mean_value Sd_value Sem_value n_value Time

A

Control 0.0015 0.000600 0.000346 3 24 h

Control 0.00537 0.000375 0.000217 3 48 h

40 µM 0.0016 0.000436 0.000252 3 24 h

25 µM 0.0157 0.000321 0.000186 3 48 h

Group1 Group2 P P.adj P.format P.signif Method Cohens_d Time

B

Control 40 µM_24 h 0.8278359441 0.83 0.82784 ns t-test  − 0.15 24 h

Control_ 25 µM_48 h 0.0000044238 2.2e−05 4.4e−06 **** t-test  − 23.58 48 h

Concentration Mean_value Sd_value Sem_value n_value Time

C

Control 0.00545 0.000129 0.0000645 4 48 h

15 µM 0.00654 0.000300 0.000150 4 48 h

25 µM 0.01650 0.000588 0.000294 4 48 h

35 µM 0.00626 0.000211 0.000105 4 48 h

45 µM 0.00936 0.000331 0.000166 4 48 h

Group1 Group2 P P.signif P.adj Method Cohens_d Time

D

Control 15 µM 2.44e−03 ** 4.9e−03 t-test  − 4.111854 48 h

Control 25 µM 2.03e−05 **** 1.1e−04 t-test  − 22.660760 48 h

Control 35 µM 1.28e−03 ** 3.8e−03 t-test  − 4.019812 48 h

Control 45 µM 3.16e−05 **** 1.3e−04 t-test  − 13.520909 48 h

Table 4.  Statistical analysis of caspase-3 and -7. Caspase-3 and -7 enzymatic activity under different 
experimental conditions, including time-dependent and dose-dependent comparisons, along with 
corresponding statistical analyses.(a) Caspase-3 and -7 activity was measured at 24 h and 48 h in control and 
P3-treated cells. Data are expressed as mean ± standard error of the mean (SEM) from three independent 
replicates (n = 3). Activities were normalized to control values for each time point. (b)Statistical comparison of 
Caspase-3 and -7 activity between control and P3-treated groups using two-tailed Student’s t-tests. Adjusted 
p-values (p.adj) account for multiple comparisons. Significance levels: ns = not significant, ** (p < 0.01), 
**** (p < 0.0001). Effect sizes (Cohen’s d) indicate the magnitude of apoptotic activation between groups.(c) 
Caspase-3 and -7  activity following 48 h of exposure to increasing concentrations of P3 (15–45 µM). Data 
are presented as mean ± SEM from four independent wells (n = 4). A dose-dependent increase in enzymatic 
activity indicates an enhanced apoptotic response at higher concentrations.(d)Pairwise statistical comparisons 
between the control and each P3-treated group at 48 h, analyzed using two-tailed Student’s t-tests. Adjusted 
p-values correct for multiple testing. Significance levels: ** (p < 0.01), **** (p < 0.0001). Effect sizes (Cohen’s d) 
quantify the strength of apoptotic induction relative to control

 

Scientific Reports |        (2025) 15:40947 15| https://doi.org/10.1038/s41598-025-24772-4

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Materials and methods

Bioinformatic methods
Structural analysis of survivin
The crystal structure of the Survivin protein (PDB ID: 2QFA; resolution: 1.40  Å) was obtained from the 
RCSB protein data bank (https://www.rcsb.org/). This structure was used as the representative model, and all 
subsequent structural analyses were performed based on this entry. Structural visualization and analysis were 
carried out using YASARA software version 22.5.22 (available at https://www.yasara.org/).

Structural analysis of cIAP1
A complete structure of the cIAP1 protein is not available in the RCSB protein data bank. Therefore, its domains 
were obtained separately using the following PDB entries: 3M1D (BIR1 domain, resolution: 2.00 Å), 7QGJ (BIR2 
domain, resolution: 1.30 Å), 4HY5 (BIR3 domain, resolution: 1.75 Å), 2L9M (CARD domain, 20 conformers 
out of 256 calculated), and 6HPR (RING domain, resolution: 1.70 Å).To reconstruct the full-length structure of 
cIAP1, we employed I-TASSER (available at https://zhanggroup.org/I-TASSER/) and AlphaFold265 for domain 
assembly. The final models were then subjected to comparative structural analysis and validation using YASARA 
version 22.5.22. and UCSF Chimera version 1.17.3.

Fig. 10.  Apoptosis analysis by flow cytometry. (a) Control cells after 48 h incubation. (b) Cells treated with 
25 µM P3 for 48 h. (c) Cells treated with 45 µM P3 for 48 h. At 25 µM P3, a significant increase in apoptosis 
was observed compared to both the control and 45 µM treatment. Q1: Necrosis; Q2: Late apoptosis; Q3: 
Early apoptosis; Q4: Live cells. (d) Bar plot showing apoptosis in cells treated with 25 µM P3 compared to the 
control. (e) Bar plot showing apoptosis in cells treated with 45 µM P3 compared to the control. Error bars 
represent SEM from triplicate wells. *P < 0.05, **P < 0.001, ***P < 0.0001, and ****P < 0.00001.
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Structural analysis of NAIP
The crystal structure of the NAIP protein (PDB ID: 8FVU; resolution: 3.60 Å) was obtained from the RCSB 
protein data bank. Several regions of the structure, specifically amino acids 351–394, were found to have gaps. 
These missing segments were modeled using AlphaFold265 and MODELLER (https://salilab.org/modeller/)66. 
The resulting models were evaluated and compared using YASARA version 22.5.22. and UCSF Chimera version 
1.17.3 (available at https://www.cgl.ucsf.edu/chimera/) to ensure structural integrity and proper folding.

Molecular docking
Docking was conducted using the ClusPro server67,68 to investigate the interactions between cIAP1 and NAIP 
with Survivin. The docking was performed separately for each domain of cIAP1, which includes BIR1, BIR2, 
BIR3, RING, and CARD, with Survivin. Additionally, docking was conducted for the reconstructed full-length 
cIAP1 and Survivin, as well as for the modeled full-length NAIP protein and Survivin. The docking models from 
clusters ranked 0–3 were evaluated. Key amino acid residues involved in these interactions were identified and 
analyzed using the LigPlot + software (available at ​h​t​t​p​s​:​​/​/​w​w​w​.​​e​b​i​.​a​c​​.​u​k​/​t​h​​o​r​n​t​o​​n​-​s​r​v​/​​s​o​f​t​w​a​​r​e​/​L​I​G​​P​L​O​T​/)51,69.

Molecular dynamics (MD) simulations
Molecular dynamics (MD) simulations were conducted to assess the binding stability of the full-length NAIP–
Survivin and cIAP1–Survivin complexes using GROMACS version 2023 (available at ​h​t​t​p​s​:​​/​/​m​a​n​u​​a​l​.​g​r​o​​m​a​c​
s​.​o​​r​g​/​d​o​​c​u​m​e​n​t​​a​t​i​o​n​/​​2​0​2​3​/​d​​o​w​n​l​o​a​d​.​h​t​m​l). The simulations utilized the CHARMM27 force field along with 
the simple point charge (SPC) water model. Two independent simulations were performed at a temperature of 
300 K and a pressure of 1 bar. To neutralize the systems, counterions (Na⁺ and Cl⁻) were added by replacing some 
water molecules. Initially, the systems underwent energy minimization using the steepest descent algorithm 
to eliminate steric clashes and unfavorable interactions. This was followed by equilibration phases under the 
canonical (NVT) and isothermal–isobaric (NPT) ensembles, each lasting 100 picoseconds (ps). Production MD 
simulations were then conducted for a duration of 100 ns (ns). Trajectory analyses were performed to evaluate 
the stability of the systems, utilizing the root-mean-square deviation and radius of gyration as metrics51,70. 
Additionally, binding affinities were estimated using the gmx_MMPBSA tool version 1.6.2 (available at ​h​t​t​p​s​:​​/​/​v​
a​l​d​​e​s​-​t​r​e​​s​a​n​c​o​-​​m​s​.​g​i​​t​h​u​b​.​i​​o​/​g​m​x​_​​M​M​P​B​S​A​​/​d​e​v​/)71.

Concentration Category Mean_value Sd_value Sem_value n_value Time

A

Control Early_apoptosis 6.28 2.15 1.24 3 48 h

Control Late_apoptosis 7.49 1.35 0.782 3 48 h

Control Live 87.6 1.89 1.09 3 48 h

Control Necrosis 3.97 0.676 0.391 3 48 h

25 µM Early_apoptosis 22 4.18 2.41 3 48 h

25 µM Late_apoptosis 59.6 4.01 2.32 3 48 h

25 µM Live 15.6 1.76 1.01 3 48 h

25 µM Necrosis 2.41 0.984 0.568 3 48 h

45 µM Early_apoptosis 5.14 1.14 0.656 3 48 h

45 µM Late_apoptosis 22 2.60 1.50 3 48 h

45 µM Live 64.5 0.721 0.416 3 48 h

45 µM Necrosis 11.5 2.14 1.23 3 48 h

Category Group1 Group2 P P.signif P.adj Method Cohens_d Time

B

Live Control 25 µM 0.0000011 **** 0.0000011 t.test 39.5 48 h

Live Control 45 µM 0.0000383 **** 0.0000383 t.test 46.4 48 h

Early_apoptosis Control 25 µM 0.00442 ** 0.00442 t.test -4.73 48 h

Early_apoptosis Control 45 µM 0.462 ns 0.462 t.test 2.92 48 h

Late_apoptosis Control 25 µM 0.0000286 **** 0.0000286 t.test -17.4 48 h

Late_apoptosis Control 45 µM 0.001 ** 0.001 t.test 5.53 48 h

Necrosis Control 25 µM 0.0868 ns 0.0868 t.test 1.84 48 h

Necrosis Control 45 µM 0.00426 ** 0.00426 t.test 5.86 48 h

Table 5.  Statistical analysis of apoptosis flow cytometry. (a) Mean ± SEM percentages of live, early apoptotic, 
late apoptotic, and necrotic MCF-7 cells after 48 h treatment with P3 (25 µM and 45 µM); n = 3 biological 
replicates, each measured in triplicate.(b) Statistical comparisons between control and P3-treated groups were 
performed using two-tailed Student’s t-tests with exat p-values, and Cohen’s d (effect sizes). At 25 µM early 
apo tosis (p =  0.0044, = − 4.73) and late apoptosis (p =  2.86 × 10−5, d =  −17.4) increased significantly, whereas 
necrosis was unchanged (p = 0.0868). At 45 µM, late apoptosis (p = 0.001) and necrosis (p= 0.0043) increased.
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Experimental methods
Synthesis of anti-cancer peptide P3
The anticancer peptide P3 was synthesized by Shine-Gene Molecular Biotech, Inc. in Shanghai, China, with a 
purity of over 98% and a molecular weight of 1912 g/mol(Fig. 13a, b). A 100 µM stock solution was prepared 
under sterile conditions in a laminar flow hood for use in subsequent in vitro experiments. Aliquots of the 
solution were stored at − 20 °C.

Cell culture
The human breast cancer cell line MCF-7 was obtained from the University of Tehran (Tehran, Iran). Cells were 
cultured in high-glucose Dulbecco’s Modified Eagle Medium (DMEM; Sigma-Aldrich, USA) supplemented with 
10% fetal bovine serum (FBS; Gibco, USA), 100 U/mL penicillin, and 100 µg/mL streptomycin (Sigma-Aldrich, 
USA). Cultures were maintained in a humidified incubator at 37 °C with 5% CO₂. For transfection experiments, 
MCF-7 cells at passage 2 and 80–90% confluency were seeded one day prior into 24-well and 6-well plates64.

Fig. 11.  Caspase-8 and -9 activity assay. (a) Caspase-8 and (b) caspase-9 activities were significantly increased 
after 48 h of treatment with 25 µM P3, suggesting that inhibition of Survivin’s protective function decreases 
cIAP1 and NAIP activity, thereby promoting activation of both the extrinsic and intrinsic apoptotic pathways. 
Error bars represent SEM from pentamerous wells. ***P < 0.0001.
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Measurement of cell viability
MCF-7 cells were prepared in at least three independent biological replicates, each comprising three technical 
replicates (triplicate wells).MCF-7 cells (2 × 104 cells/mL) were seeded individually into 96-well plates and 
incubated for 24 h to allow cell attachment. Following adherence, the cells were incubated in serum-free medium 
for 6 h and then treated with the anticancer peptide P3 at ten different concentrations (5, 10, 15, 20, 25, 30, 35, 
40, 45, and 50 µM). The treatment was carried out in serum-free DMEM for 4 h to facilitate transfection. After 
transfection, the medium was replaced with DMEM containing 10% FBS, and the cells were incubated for an 
additional 24 and 48 h64. The antiproliferative effect of P3 was assessed using the MTT assay at both 24 and 
48 h. Briefly, 20 µL of MTT solution (5 mg/mL; Sigma-Aldrich) was added to each well, and the plates were 
incubated in the dark at 37 °C for 4 h. The resulting formazan crystals were solubilized in 100 µL of 10% sodium 
dodecyl sulfate(Sigma-Aldrich, USA) containing 15 mM hydrochloric acid (Sigma-Aldrich, USA). Absorbance 
was measured at 570 nm using a microplate reader, with appropriate reference wavelengths51. A bar plot with 
statistical analysis was plotted using R software version 4.5.0 (https://www.r-project.org/).

Measurement of caspase-3 and caspase-7 activity
Caspase-3 and caspase-7 activities were measured using a DEVD-pNA colorimetric assay kit (Kiazist, Iran). This 
kit detects the release of p-nitroaniline (pNA) upon cleavage by active caspases.MCF-7 cells were independently 
prepared in at least three biological replicates, each consisting of three and quaternary technical replicates 
(triplicate and quaternary wells). The cells were seeded into 24-well plates until reaching approximately 70–
80% confluency. For each well of a 24-well plate, 2.5 × 105 cells were seeded in 1 mL of culture medium. After 
24 h of incubation to allow cell attachment, the cells were treated with P3 using the transfection experiment 
method51,64. P3 was used at a concentration of 40 µM for 24 h and at concentrations of 15, 25, 35, and 45 µM for 
48 h. Untreated cells served as controls. After treatment, cells were washed with phosphate-buffered saline (PBS; 
Sigma-Aldrich, USA), trypsinized, and resuspended in 500 µL of lysis buffer. For each sample, 50 µg of protein 
from the cell lysates was incubated with 5  µL of the DEVD-pNA substrate to detect caspase-3 and -7 activity. 
The samples were incubated at 37 °C for 3–24 h, and absorbance was measured at 405 nm using a microplate 
reader72.

A bar plot with statistical analysis was plotted using R software version 4.5.0.

Group Mean_value SD_value SEM_value N_value

A

Control 1.12 0.0957 0.0428 5

25 µM 2.10 0.0643 0.0288 5

Group1 Group2 P P.signif P.adj Method Cohens_d

B

Control 25 µM 2.68e−07 **** 2.68e−07 t-test 12.10

Group Mean_value SD_value SEM_value n_value

C

Control 1.12 0.0658 0.0294 5

25 µM 2.87 0.1000 0.0447 5

Group1 Group2 P-value P.signif P.adj Method Cohens_d

D

Control 25 µM 7.68e−09 *** 7.68e−09  t-test 20.70

Table 6.  Statistical analysis of caspase-8 and caspase-9 Activity. Caspase-8 and -9 enzymatic activities in 
control and P3-treated cells (25 µM), along with corresponding statistical analyses. (a) Caspase-8 activity was 
measured in control and P3-treated cells. Data are expressed as mean ± standard error of the mean (SEM) from 
five independent replicates (n = 5). Increased activity in the treated group indicates enhanced activation of the 
extrinsic apoptotic pathway. Statistical comparison results are presented in Table. (b) Statistical comparison of 
Caspase-8 activity between control and 25 µM P3-treated cells using a two-tailed Student’s t-test. Significance 
is indicated as **** (p < 0.0001). Effect size (Cohen’s d = 12.10) is consistent with a strong induction of 
Caspase-8 activity following treatment. (c) Caspase-9 activity assessment in control and P3-treated (25 µM) 
cells. Values represent mean ± SEM from five independent replicates (n = 5). Elevated activity in the treated 
group reflects activation of the intrinsic apoptotic pathway. Statistical testing results are detailed in the Table. 
(d)Statistical comparison of Caspase-9 activity between control and 25 µM P3-treated cells using a two-tailed 
Student’s t-test. The exact p-value is 7.68 × 10⁻⁹ (*** significant at p < 0.001). Cohen’s d = 20.70 indicates a 
substantial effect, confirming the strong enhancement of Caspase-9 activity upon treatment.
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Apoptosis flow cytometry analysis
The apoptotic rates were determined using Annexin V-fluorescein isothiocyanate (FITC) and propidium iodide 
(PI) staining, following the manufacturer’s instructions. The Annexin V/PI Apoptosis Kit was obtained from 
Sigma-Aldrich, USA. MCF-7 cells were independently prepared in at least three biological replicates, each 
consisting of pentamerous technical replicates (pentamerous wells). The cells were seeded into 24-well plates 
until reaching approximately 70–80% confluency. For each well of a 24-well plate, 2.5 × 105 cells were seeded in 
1 mL of culture medium. After 24 h of incubation to allow cell attachment, the cells were treated with P3 using 
the transfection experiment method64 at concentrations of 25 µM and 45 µM for 48 h; untreated cells served 
as controls. After treatment, the cells were washed twice with ice-cold phosphate-buffered saline (PBS; Sigma-
Aldrich, USA) and resuspended in 1 × binding buffer. A 500 µL aliquot of this suspension was transferred to 
a 75 × 12 mm plastic test tube. Then, 5 µL of Annexin V–FITC and 10 µL of PI were added. Fluorescence was 
analyzed using a BD FACS Calibur flow cytometer (BD Biosciences, USA). Calibration was performed with 
positive and negative control samples to ensure accurate detection of apoptosis. Data analysis was conducted 
using FlowJo software (version 7.6.1)73. A bar plot with statistical analysis was plotted using R software version 
4.5.0.

Measurement of caspase-8 and caspase-9 activity
Since flow cytometric analysis of apoptosis and the assessment of caspase-3 and -7 activity did not clarify the 
apoptosis pathway, we next analyzed caspase-8 and -9 to further define the pathway and confirm our previous 
findings. These analyses were performed using the Caspase-8 and Caspase-9 Colorimetric assay kit (Invitrogen, 
USA).Caspase-8 and caspase-9 activities were measured using IETD-pNA and LEHD-pNA colorimetric 
substrates, respectively. These assays detect the release of p-nitroaniline (pNA) following cleavage by active 
caspases.MCF-7 cells were independently prepared in at least pentamerous biological replicates, each consisting 
of pentamerous technical replicates (pentamerous wells). The cells were seeded into 24-well plates until reaching 

Fig. 12.  AO/PI staining. (a–c) Control cells: DAPI (a), PI (b), merged (c); (d–f) Cells treated with 25 µM P3: 
DAPI (d), PI (e), merged (f). Live cells exhibited blue fluorescence, indicating viability, while apoptotic and 
non-viable cells emitted red fluorescence. Scale bar = 1000 µm. (g) Data are presented as mean ± standard error 
of the mean (SEM) from three independent replicates (n = 3). Error bars indicate SEM. Statistical comparison 
was performed using a two-tailed Student’s t-test, yielding an exact p-value of 0.00011.
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approximately 70–80% confluency. For each well of a 6-well plate, 5 × 105 cells were seeded in 2 mL of culture 
medium. After 24 h of incubation to allow cell attachment, the cells were treated with P3 using the transfection 
experiment method64 at a concentration of 25 µM for 48 h; untreated cells served as controls. After treatment, 
cells were washed with PBS, trypsinized, and lysed. Fifty micrograms of protein from each lysate were incubated 
with 5 µL of the appropriate pNA substrate (IETD-pNA for caspase-8 and LEHD-pNA for caspase-9) to assess 
enzyme activity. Samples were incubated at 37 °C for 1–2 h, and absorbance was measured at 405 nm using a 
microplate reader74. A bar plot with statistical analysis was plotted using R software version 4.5.0.

DAPI/PI staining
To further confirm the effect of P3 on apoptosis induction, DAPI/PI double staining was performed75. MCF-
7 cells were independently prepared in at least three biological replicates, each consisting of three technical 
replicates (triplicate wells). The cells were seeded into 6-well plates until reaching approximately 70–80% 
confluency. For each well of a 6-well plate, 5 × 105 cells were seeded in 1 mL of culture medium. After 24 h of 
incubation to allow cell attachment, the cells were treated with 25 µM P3 using the transfection experiment 
method64. After 48 h of incubation, cells were washed with PBS and stained with DAPI (1 µg/mL; Sigma-Aldrich, 
USA) for 10 min. Following washes with PBS, cells were incubated with propidium iodide (PI, 5 µg/mL; Sigma-
Aldrich, USA) for 15 min in the dark and washed with PBS. Fluorescence images were acquired using a Cytation 
imaging system. DAPI binds to the dsDNA of live cells, staining nuclei blue, whereas PI penetrates only cells 
with compromised plasma membranes, producing red fluorescence and thereby distinguishing dead cells75,76. A 
bar plot with statistical analysis was plotted using R software version 4.5.0.

Fig. 12.  (continued)
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Data availability
The datasets generated and/or analyzed during the current study are available from the corresponding author 
upon reasonable request.

Received: 22 September 2025; Accepted: 15 October 2025

Fig. 13.  Quality control of the synthesized P3. (a) HPLC analysis provided by ShineGene confirming > 98% 
purity of the synthesized P3, (b) Mass spectrometry (MS) and peptide spectrum match (PSM) confirming the 
expected molecular weight of 1912.2 Da for the P3.
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