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ABSTRACT

chistosoma haematobium is the primary cause of

urogenital schistosomiasis worldwide. If left untreated,

the disease can lead to chronic inflammation and

Schistosoma-induced bladder cancer. This study explores

the carcinogenic potential of two proteins secreted by S.
haematobium eggs, IPSE/a-1 and serpin. In silico methods were
used to examine their physicochemical properties and interactions
with human host proteins. Results show that both proteins exhibit
high stability, extended half-lives, and binding affinities with
cancer-related host proteins. HADDOCK analysis revealed a
negative binding score for IPSE/a-1 with EGFR, suggesting it
could potentially induce tissue hyperplasia, while serpin
demonstrated stronger binding to p53, potentially inhibiting its
tetramerization and rendering the protein nonfunctional. These
findings provide valuable insights into the molecular mechanisms
driving Schistosoma-induced squamous cell carcinoma (SCC) of
the bladder and highlight potential targets for further research in
parasite-associated cancer development. Moreover, these findings
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offer new opportunities for cancer prevention and lay the
groundwork  for  developing  targeted therapies and
immunotherapies against parasite-associated cancers. Integrating
these insights into therapeutic strategies could significantly
enhance efforts to prevent and treat Schistosoma-induced
malignancies.

INTRODUCTION

Schistosoma haematobium is a blood fluke parasite commonly
associated with urogenital schistosomiasis, kidney damage, and
bladder fibrosis (International Agency for Research on Cancer,
2012). People acquire infection through direct contact with
freshwater containing the parasite’s infectious stage, the cercariae.
After penetrating human skin, the larvae migrate through the
bloodstream and mature into adult flukes, which reside in the
venous plexus of the bladder. There, adult females deposit eggs,
some of which become trapped in the bladder wall, triggering
chronic inflammation and fibrosis. Over time, this pathological
process contributes to severe complications, including bladder
cancer.
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Schistosomiasis remains a major public health issue that affects
nearly 240 million people worldwide, with about 90% of those at
risk living in Sub-Saharan Africa (Nazareth et al., 2022), and it
causes approximately 200,000 deaths annually (van Hoogstraten et
al., 2023). Egypt once had the highest prevalence, with more than
40% of the population affected until the 1980s. During that time,
bladder cancer became the most common cancer-related cause of
death in men aged 20—44 and the second most common in women.
Historical data showed that schistosomiasis increases the risk of
bladder cancer development by 1.72 times (95% CI 1.0-2.9), and
16% of bladder cancer cases were linked to S. haematobium
infection. Mass treatment with praziquantel and improvements in
water sanitation reduced the prevalence of schistosomiasis to 1-2%,
leading to a corresponding decline in cancer incidence (Salem et
al., 2011).

To better understand how schistosomiasis progresses to bladder
cancer, researchers have focused on the molecular mechanisms by
which the parasite induces inflammation and tissue remodeling in
the bladder. Proteomic studies have identified several egg-secreted
proteins that not only help the parasite evade the host immune
response but also promote pathological changes such as
hyperplasia and angiogenesis. Among these secreted proteins are
the IL-4-inducing principle of the Schistosome egg (IPSE/0-1) and
serine protease inhibitor (serpin).

Knubhr et al. (2018) reported that IPSE/a-1 stimulates basophils to
release interleukin-4 (IL-4), directing naive T helper cells toward a
T helper 2 (Th2) response. This promotes an anti-inflammatory
mechanism that is less effective in clearing the parasite than the
pro-inflammatory response of Thl. In contrast, Farling (2017)
emphasized that chronic inflammation promotes squamous cell
carcinoma (SCC), highlighting a paradox in schistosomal infection
leading to malignancy. Furthermore, Mbanefo et al. (2020)
demonstrated that IPSE/a-1, when injected into mouse bladders,
could induce angiogenesis and urothelial hyperplasia. This study
suggests that IPSE/a-1 may directly contribute to carcinogenesis
beyond its immunomodulatory role.

On the other hand, serpin acts as a “molecular mousetrap” that
undergoes a conformational change to irreversibly bind and
inactivate host serine proteases (Huntington, 2001). “Trapping”
these proteases disrupts the proteolytic cascades necessary for
normal immune function and tissue remodeling (Chan et al., 2024).
Cagnin et al. (2024) reported that overexpression of SerpinB3, a
homologous protein, inhibits apoptotic pathways in the human
bladder. Although the precise molecular mechanisms remain
unclear, this dysregulation of immune surveillance and apoptosis
may contribute to tumor progression.

These proteins are of particular interest in oncologic studies due to
their ability to manipulate the host microenvironment. IPSE/a-1
promotes angiogenesis and urothelial hyperplasia, while serpin
interferes with apoptosis. Their combined effects suggest a direct
role in shaping a microenvironment conducive to carcinogenesis
(Kontomanolis et al., 2020). While previous research has begun to
explore the molecular activities of these proteins, the exact
mechanisms by which they modulate host cellular pathways and
potentially contribute to carcinogenesis remain to be clarified.

This study addresses this gap through an in silico investigation of
the structural and functional properties of IPSE/a-1 and serpin.
Computational analysis was used to predict physicochemical
properties and structural regions that may participate in host—
parasite interactions promoting urothelial carcinogenesis. Amino
acid sequences of the parasite proteins were retrieved from the
National Center for Biotechnology Information (NCBI) — GenBank
and UniProt databases, and 3D models were constructed through

homology modeling and refinement to identify regions that may
mediate these carcinogenic effects.

MATERIALS AND METHODS

To characterize the carcinogenic potential of the parasite proteins,
different in silico tools were utilized. Fig. 1 outlines how the study
characterized S. haematobium egg proteins and assessed their
potential roles in SCC of the bladder development.

(IDENTIFICATION AND RETRIEVAL OF AMINO ACID SEQUENCES)
)

Use NCBI-GenBank and UniProt Databases to retrieve the amino acid sequences of
IPSE/a-1 and Serpin of S. haematobium

PROTEIN CHARACTERIZATION PROTEIN STRUCTURE

Using Expasy ProtParam, obtain
the following characteristic:
* Number of amino acids

:
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VALIDATION OF THE
PREDICTED STRUCTURE
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using Ramachandran plots
through PROCHECK from SAVES
Server.

Refine the tertiary structures
using GalaxyWEB.

DOCKING ANALYSIS

Retrieve host proteins using RCSB)
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Identify active residues of
selected S. haematobium and
host proteins using NCBI CDD.

Performing docking simulations
using HADDOCK and visualize
protein-protein interactions using
PYMOL.

INTERPRETATION OF RESULTS
AND DISCUSSION

Figure 1: Flowchart of the study. Workflow of the in silico analysis
conducted to characterize Schistosoma haematobium-secreted proteins
IPSE/a-1 and serpin and evaluate their interactions with human host
proteins. The workflow outlines the retrieval of amino acid sequences,
protein characterization, secondary and tertiary structure prediction,
model validation, docking analysis, and interpretation of results.

Amino Acid Sequence Retrieval

The amino acid sequences of IPSE/a-1 and serpin were retrieved
from NCBI-GenBank Release 257
(https://www.ncbi.nlm.nih.gov/genbank/) (Sayers et al., 2021).
The keywords used to select the targeted sequences were “IPSE/a-
17, “Serpin”, and “Schistosoma haematobium”. To ensure the
accuracy and reliability of these sequences, they were cross-
validated using UniProt Release 2024 06
(https://www.uniprot.org/) (Ahmad et al., 2025).

Previous studies aimed to characterize the physicochemical
properties of proteins and their possible interactions with other
proteins, including those by Alam et al. (2023) and Cunanan et al.
(2023), utilized NCBI-GenBank to retrieve protein sequences and
were cross-validated using UniProt database.

Determination of Physicochemical Properties

The physicochemical properties of IPSE/o-1 and serpin were
analyzed through Expasy ProtParam
(https://web.expasy.org/protparam/) (Gasteiger et al., 2005), which
generated molecular parameters relevant to predicting their
carcinogenic potential. This tool has been widely used to
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characterize  parasite-secreted  proteins  associated  with
carcinogenesis, such as the 31 secretory proteins from Opistorchis
viverrini and 22 from Clonorchis sinensis linked to
cholangiocarcinoma (Machicado et al, 2021), and the
Helicobacter pylori protein HPF63-1454 in the development of
gastric adenocarcinoma (Alam et al., 2023).

Determination of Protein Structure

For secondary structure determination, the sequences were
uploaded to SOPMA v.2.16.0. (https://npsa-
prabi.ibep.fr/cgibin/npsa_automat.pl?page=/NPSA/npsa_sopma.ht
ml) (Geourjon & Deléage, 1995) to analyze a-helices, extended
strands, and random coils of the proteins.

For homology modeling, target protein sequences and their
homologs from Schistosoma mansoni were subjected to sequence
alignment using ClustalOmega
(https://www.ebi.ac.uk/jdispatcher/msa/clustalo) (Sievers et al.,
2011). After confirming the sequence identity of the proteins
between the two different species, these sequences were uploaded
to SWISSMODEL (https://swissmodel.expasy.org) (Guex et al.,
2009; Waterhouse et al., 2018) to generate tertiary structures.
Homologous structures from S. mansoni were used as templates in
SWISS-MODEL because of their high overall sequence similarity
to S. haematobium, ensuring accurate homology-based predictions
(Wu et al.,, 2021). Alam, Saikat, and Uddin (2023) similarly used
SOPMA and SWISSMODEL for predicting H. pylori protein
structures.

To further enhance modeling reliability, two additional homology
modeling tools were used: Phyre v.2.2.
(www.sbg.bio.ic.ac.uk/~phyre2) (Powell et al., 2025) and I-
TASSER v.5.2. (https://zhanggroup.org/I-TASSER/) (Yang
Zhang, 2008; Roy et al., 2010). Each tool employs different
algorithms and scoring methods, allowing cross-validation and
reducing the risk of tool-specific bias or error.

The generated structures were downloaded as PDB files and
validated using the PROCHECK tool on SAVES v.6.1.
(https://saves.mbi.ucla.edu) (Laskowski et al., 1993). Models
labeled as “good quality”, with 85-90% of their residues in the
favored regions of the Ramachandran plot (Park et al., 2023), were
further refined using GalaxyWEB (https://galaxy.seoklab.org)
(Seok et al., 2021). The top model was uploaded and refined with
default settings, which included sidechain optimization and full
model relaxation. This refinement improved both global and local
structural quality, enhancing the model’s physical accuracy and its
ability to represent the actual protein (Heo et al., 2013).

Alam et al. (2023) also used PROCHECK on SAVES to validate
H. pylori protein models, while Bhargavi et al. (2025) applied
GalaxyWEB to refine Histone Deacetylase 1 (HDAC1) modeled
by Modeller 10.6 software on their prediction of HDAC1 protein-
ligand interactions linked to cancer.

Docking Analysis
Active residues of the modeled proteins were identified using the
NCBI Conserved Domains Database (CDD)

(https://www.ncbi.nlm.nih.gov/Structure/cdd) (Wang et al., 2023).
Only domains involved in ligand binding and signal transduction
were used to ensure biologically meaningful

interactions.

Docking simulations were performed using

HADDOCK  v.2.4. (https://rascar.science.uu.nl/haddock2.4/)
(Honorato et al., 2021; Honorato et al., 2024), where the parasite
protein was tagged as the “ligand” and the host protein as the
“receptor”. Default clustering parameters were applied, and only
the top-scoring model was analyzed. Its binding energy was used
to estimate the stability of the predicted interactions. Key regions

related to immune function or cell cycle control were visualized
using PyMOL v.3.1.5.1. (https://www.pymol.org) (Schrodinger,
2015) to better understand their potential effects on host pathways.

The prediction of protein-protein interactions (PPIs) using
HADDOCK has already been applied to investigate the potential
mechanism of H. pylori in infecting host cells (Akcelik-Deveci,
2024). In this study, the outer inflammatory protein A (OipA) of H.
pylori was sequenced from cultured H. pylori G27 strain through
DNA extraction, then amplification, purification, and sequencing.
The sequence was used to predict the interaction between the OipA
protein and host cells. Using the HADDOCK tool, multiple cell
membrane receptors were identified, explaining the pathogenicity
of H. pylori OipA

protein.

Statistical Analysis

To analyze the predictions from the various computational tools
used in this study, the Grand Average of Hydropathicity
(GRAVY), Ramachandran plotting, and HADDOCK scoring were
applied. These statistical analyses were selected because they each
assess key aspects of protein structure and interaction relevant to
docking-based carcinogenesis research.

GRAVY measures the overall hydrophilic or hydrophobic nature
of a protein. Proteins with negative GRAVY scores are more
hydrophilic and may interact readily with host proteins in aqueous
environments, potentially influencing carcinogenic pathways
(Abdollahi et al., 2020). In this study, GRAVY was used to
determine whether host proteins from aqueous or lipophilic
compartments should be selected for analysis.

GalaxyWEB utilizes Ramachandran plotting to assess and refine
the tertiary structures of the proteins that were generated by
SWISS-MODEL, Phyre2, and I-TASSER. This validation step
ensures the structural integrity of the models before docking (Park
et al., 2023).

The HADDOCK score combines electrostatics, desolvation
energy, Van der Waals, and restraint violations into a single
energy-based metric. More negative HADDOCK scores indicate
stronger and more stable binding conformations between parasite
and host proteins (Yan et al., 2020).

This scoring provides insight into possible mechanisms of immune
modulation and tumor promotion.

RESULTS

The amino acid sequences for both proteins were retrieved from
NCBI-GenBank, where IPSE/al had a GenBank ID ATJ03502.1,
while serpin had the GenBank ID AAA19730. In addition, the
UniProt protein database was used to conduct cross-validation of
these protein sequences. This ensured that the retrieved sequences
are reliable and accurate for in silico analysis.
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Protein Characterization

Table 1: Predicted Physicochemical Properties of IPSE/a-1 and Serpin. The amino acid sequences of IPSE/a-1 and serpin were retrieved from
NCBI-GenBank, and their physicochemical properties were determined using the Expasy ProtParam tool.

Properties IPSE/a-1 Serpin
Number of Amino Acids 134 406
Molecular Weight 15,072.42 Da 45,841.92 Da
Instability Index 35.54 (Stable) 34.56 (Stable)
Aliphatic Index 83.58 85.39
30 hours (mammalian 30 hours (mammalian
. . reticulocytes, in vitro). reticulocytes, in vitro).
Estimated Half-Life >20 hours}zyeast, in Vi\)/o). >20 hoursy(yeast, in Vizlo).
>10 hours (Escherichia coli, in vivo). >10 hours (Escherichia coli, in vivo).
Grand Average of Hydropathicity (GRAVY) -0.165 (hydrophilic) -0.215 (hydrophilic)
IPSE = Interleukin-4-Inducing Principle of the Schistosome Egg

As presented in Table 1, IPSE/a-1 is a smaller protein, consisting
of 134 amino acids and weighing 15,072.42 Da, whereas serpin
consists of 406 amino acids and has a molecular weight of
45,841.92 Da. The instability indices of IPSE/a-1 (35.54) and
serpin (34.56) indicate that both proteins are stable under
physiological conditions, and their aliphatic indices (83.58 and
85.39, respectively) suggest high thermostability. Both proteins
exhibit estimated half-lives of approximately 30 hours in
mammalian reticulocytes, over 20 hours in yeast, and over 10
hours in Escherichia coli, indicating that both are likely stable
across different biological systems. Both proteins exhibit a
negative Grand Average of Hydropathicity (GRAVY) score,
indicating their hydrophilic nature. Serpin has a more hydrophilic
characteristic, scoring -0.215, while IPSE/a-1 scored -0.165.

Table 2: Predicted Structural Characteristics of IPSE/a-1 and Serpin.
Using the amino acid sequences retrieved from NCBI GenBank, the
secondary structural elements of the target proteins were predicted using
the SOPMA tool.

Secondary Structure IPSE/a-1 Serpin
a-Helices 18.65% 39.41%
Extended Strands 30.60% 15.52%
Random Coils 50.75% 45.07%

IPSE = Interleukin-4-Inducing Principle of the Schistosome Egg

SOPMA secondary structure analysis revealed that IPSE/a-1
comprises 18.65% o-helices, 30.60% extended strands, and
50.75% random coils. In contrast, serpin exhibits 39.41% a-
helices, 15.52% extended strands, and 45.07% random coils.

Homology Modeling

Sequence alignment using ClustalOmega showed that IPSE/a-1
homologs from S. haematobium and S. mansoni share 85.83%
sequence identity (Figure 2.a), while their serpin homologs share
76.11% (Figure 2.b). Although the two species exhibit high
proteomic similarity (82-92% identity on average) (Wu et al.,
2021), minor differences in amino acid sequences were still
observed in several regions. These variations may influence
species-specific folding, surface charge distribution, or protein—
protein interaction affinity (E Lohning et al., 2017). Such
differences could potentially change the binding affinity of S.
haematobium proteins to certain host targets with which S. mansoni
may interact weakly or strongly, thereby contributing to species-
specific pathogenic mechanisms.

Despite these minor differences, the conserved residues forming
the protein active-site motifs were retained, indicating that the
overall tertiary structure and functional domains are likely
preserved across species (Meyer et al., 2011; Ambadapadi et al.,
2016). Therefore, S. mansoni homologs serve as reliable structural
templates for S. haematobium proteins.

However, to ensure that the subtle conformational features unique
to S. haematobium were accurately represented, homology
modeling was performed. This approach allowed refinement of the
predicted 3D structures to capture species-specific folding patterns,
side-chain orientations, and potential local flexibility. The resulting
models thus provide a more physiologically relevant representation
of S. haematobium IPSE/a-1 and serpin, suitable for subsequent
docking and interaction analyses with host proteins.

S.haematobium MFLIALLSYTLINQLVITKSDSCKYCLRLNDGKYKSGSYIEVYKSVGSLSPPWIPGSVCV

S.mansoni MFLIALLSYTLINQLGITKSNPCKYCLRLYDGTYENGSYTDVYKSVGSLSPPWIPGSVCV
B T
S.haematobium PLIHNSTGQPPYWRIYEDVNYSGANTAVGHGACIDDFMKSGLRRISSIQKCVYGENGMVQ
S.mansoni PLIHDSKRQPPYWRLYEDVNYSGKDTAIGHGACIDDF TKSGLKRISSIQKCVYGENGMVQ
RAAR K RRRRRR R R R R KRR R
S.haematobium CISESKRGRKYCRY
S.mansoni CISESKRRRKYCRY
EEEEERE RAREN
(a)
S.haematobium MGILFTPENDDPYANISSHKAF THAYLSTVTADFGGDNFLTCPLGILFTLGILLGSGGAQ
S.mansoni 0 oceeeeeeeeeeeeeooooao AFTRAFLSKSTVEFGQDNFLTCPLGILFTLGILLGSGGAQ
EXEL R R KRR REEEEERXEAXXEEEEXXEXXEXE
S.haematobium GRTGYQIGKTMRLKSTSSSWNSSEAQQEMKSLYQELNNSLTSEKTFLNEKEENVVRISTG
S.mansoni GKTGHQIGKAIRLKSTSSSWNPFGAQEEMKSLYKELNDSLGSEKTFIDDKEEKVVRISTG
XRRL KRR KKEXEXEREE KR KREEER . KEK KK KEEEE. . KKK, KEEXEEE
S.haematobium IFVEKTYEVERRFNESIANDSEGELKQVDF SNRTSATVDINDWVDQQSNGLLEKFFTDDI
S.mansoni LFVQRTHEIETSFNESIKNDFKGELIPVNFLNRTSATLSINRWVDQQSNGLLEKFFMDDI
SRR ELELE O KEREE KR LEEE K. % RXEREE. R KXEEEX PR— 2 xxx
S.haematobium PDDTAMILVNVFYFRDFWQSPFEPHYTRKEDFYISPDRQITVDMMTQEGVMKYGKF EDEG
S.mansoni PDDTGMILVNVFYFRDFWESPFEPHYTKIENFDISPNRQIKVPMMMKEEVLHYGKFENQG
........... EEERRELRRERXERE. KX REE.REE K KX X K. REEEE.. K
S.haematobium FEIVSKPLNNTRFTFVIVLPLEKWSLNGATELLNGNKVLSEYVKNLKETTVSLRLPKFTL
S.mansoni FEIVSKPLNNTRFTFVWVLPLEKWSL TGAMELLNGNKILSEYIKKLKETTVSLRLPKFTL
EXEXAXETEXEIERER  KRXEXRIEE KX AXXRREE L KXRE K ARXREEREXIRERE
S.haematobium KNTLDLVPTLKSIGVVDLFDPVKSDLSGITPNPNLYVNEFIQTNVLKLNESGIEATTVTS
S.mansoni KNTLDLVQTLKSMGIVDLFNPVAANL SGITHDHQLYVDKFMQTNILKLNESGIEATTVTS
EERRREE REEE K KRR KK L REEEE . AR K KKK AEEKEEEEEEERERE
S.haematobium PIFVPFSAIIPEVDFHVTHPFICFIYDQQL TMPIMAAKVMNPVLQS

7

.mansoni PIFVPISAVLPDIDFNVNHPFICFIYDQQLTMPIIAAKVIEPIISS

EEEEE KK, K. KK X X xx EEEEEXE KX, K. . X

(b)
Figure 2: Pairwise sequence alignment of S. haematobium and S.
mansoni IPSE/a-1 (a) and serpin (b) homologs generated using
ClustalOmega. Identical residues are marked with "*", strongly similar
residues with ":", weakly similar residues with ".", and non-similar
residues are unmarked. The alignments show 85.83% sequence identity
for IPSE/a-1 and 76.11% for serpin.

As protein models generated through homology modeling are
prone to residual errors, validation is essential to assess their
reliability in studying protein-protein interactions. PROCHECK
generates a Ramachandran plot that quantifies the percentage of
residues in the most favored regions, which represent sterically
favorable conformations.
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Table 3: Raw Protein Structures of IPSE/a-1 from Homology Modeling. Using the amino acid sequence of IPSE/a-1 retrieved from NCBI GenBank,
three structural models were generated using SWISS-MODEL, Phyre2, and I-TASSER. The models were evaluated with PROCHECK to determine
the percentage of residues in favored regions. In the Ramachandran plot, red areas indicate most favored dihedral angles, light yellow areas represent
generously allowed angles, and white areas correspond to disallowed regions. Amino acids shown in red font lie outside favored regions and reduce
the overall favored region score. The best model generated will be refined and used for subsequent analyses.
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* Best model predicted and will be refined through GalaxyWEB.
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The tertiary structure IPSE/o-1 predicted by SWISS-MODEL
garnered 89.4% favored region, the highest score among the three
tools, indicating the best structure predicted. Phyre2 and I-
TASSER had favored regions of 86.4% and 68.5%, respectively
(Table 3).

Table 4: Raw Protein Structures of Serpin from Homology Modeling. Using the amino acid sequence of serpin retrieved from NCBI GenBank,
three structural models were generated using SWISS-MODEL, Phyre2, and I-TASSER. The models were evaluated with PROCHECK to determine
the percentage of residues in favored regions. In the Ramachandran plot, red areas indicate most favored dihedral angles, light yellow areas represent
generously allowed angles, and white areas correspond to disallowed regions. Amino acids shown in red font lie outside favored regions and reduce
the overall favored region score. The best model generated will be refined and used for subsequent analyses.
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Amino acids shown in red font lie outside favored regions and decrease the model’s favored region score.

* Best model predicted and will be refined through GalaxyWEB.
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After generating the tertiary structure of IPSE/a-1, the same
methodology was done to model serpin. PROCHECK assessed that
the model generated by SWISS-MODEL has a 90.9% favored
region, followed by Phyre2 (86.5%) and I-TASSER (71.5%)
(Table 4).

The models for both proteins generated by SWISS-MODEL were
subjected to further refinement through GalaxyWEB (Table 5). By
refining their conformations, GalaxyWEB helps ensure that the
models used more closely reflect the proteins’ conformations in the
body and are reliable for docking analyses and predictions.

According to Cunanan et al. (2023), a good model should have at
least 90% favored region.

GalaxyWEB created five refined models, and the best model was
selected based on their favored region (reported as Rama Favored)
and MolProbity Scores, with priority given to the former.

For IPSE/a-1, model 1 scored the highest favored region of 99.0%,
while also achieving the lowest MolProbity score of 1.519.
Meanwhile, model 1 of serpin also had the highest favored region
of 99.0% but had the second lowest MolProbity score of 1.695
(Table 6).

Table 5: Summary of GalaxyWEB Refinement. The models generated by SWISS-MODEL were uploaded to GalaxyWEB for structural quality
refinement. The tool assessed the model’'s MolProbity score, which indicates overall structure quality, where lower values denote better geometry. It
also evaluated the Favored Region (reported as Rama favored), representing the percentage of residues in favored Ramachandran regions. The
favored region percentage is prioritized over the MolProbity score, as it better reflects stereochemical reliability.

IPSE/a-1 Serpin

Model MolProbity ligifsaiig;)on MolProbity E;ngziiii%;on

Initial 2.241 95.1 1.240 95.0
MODEL 1 1.519%* 99.0* 1.695%* 99.0*
MODEL 2 1.713 99.0 1.646 98.5
MODEL 3 1.620 99.0 1.693 98.8
MODEL 4 1.696 99.0 1.641 98.8
MODEL 5 1.565 98.0 1.654 98.5

IPSE = Interleukin-4-Inducing Principle of the Schistosome Egg

* Best-refined model used for subsequent analysis.

MolProbity = overall structure quality score (lower values denote better geometry).
Favored Region (Rama Favored) = number of residues in favored Ramachandran regions in percentage (%).

Table 6: Refined Models of the Proteins. The top models generated by GalaxyWEB, refined from SWISS-MODEL outputs, are presented. The ribbon
diagrams depict the secondary structures, where blue indicates a-helices, green indicates extended strands, and red represents random coils. The
surface models show the proteins’ three-dimensional conformation in a biological context. The favored region indicates the percentage of residues in
the most favorable conformations on a Ramachandran plot, while the MolProbity score reflects the stereochemical quality of the protein structure by

assessing steric clashes.

Structural

Parameters IPSE/a-1

Serpin

Ribbon
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Surface

Favored Region

(Rama Favored) 99.0%

99.0%

MolProbity 1.519

1.695

IPSE = Interleukin-4-Inducing Principle of the Schistosome Egg

conformations in a Ramachandran plot (Park et al., 2023).

Blue = a-helices, Green = extended-strands, Red = random coils.

Favored Region (Rama Favored) = corresponds to the percentage of residues in the most favorable p—y angle

MolProbity = measures stereochemical quality by evaluating steric clashes, bond geometry, and side-chain conformations,
where lower scores indicate more favorable overall structure (Williams et al., 2017; Alhumaid & Tawfik, 2024).

Docking Analysis

IPSE/a-1 contains active residues at positions 26—112 amino acids,
corresponding to the IL-4-inducing immunoglobulin-binding
domain. While serpin protein exhibits active residues at positions
23-402 amino acids, corresponding to the reactive center loop
(RCL) of serpins.

Host proteins selection was guided by the physicochemical
properties of the parasite’s proteins and by supporting literature.
Both IPSE/a-1 and serpin exhibit hydrophilic properties,
suggesting their preference for aqueous environments such as the
extracellular space and nucleoplasm. This is consistent with
previous findings of Pennington et al. (2017) stating that homologs
of IPSE/a-1 from S. mansoni are localized at the extracellular space

of the host, while Janciauskiene et al. (2024) reported nuclear
localization for certain serpins, including SerpinB5. Since protein
homologs often retain conserved localization and functional
patterns across species, these data collectively support the
predicted cellular distribution of IPSE/a-1 and serpin from S.
haematobium. These are used as the basis of the rational selection
of the epidermal growth factor receptor (EGFR) domain IV located
between residues 505-637 (PDB ID: 11VO) to simulate interaction
with IPSE/a-1, while using p53 and its tetramerization domain
located at residues 319-357 as binding partner with serpin.
Selection of these domains will further be discussed in the
succeeding section.

Table 7: Docking Analysis Result. Docking analysis between the parasite and host proteins was performed using HADDOCK. The refined parasite
protein models from GalaxyWEB were docked with host protein structures retrieved from the RCSB PDB. Active residues were identified using NCBI
CDD, and the resulting complexes were visualized using PyMOL. The HADDOCK score indicates the overall binding efficiency, where more negative
values denote stronger interactions. Electrostatic, desolvation, and van der Waals energies represent the individual energetic contributions to complex
formation, while the buried surface area (A2 corresponds to the solvent-inaccessible region upon binding, with larger values indicating stronger

interactions.

IPSE-EGFR

Serpin—p53

Ribbon
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Surface

M pse M Grr M serpin s
HADDOCK SCORE -49.1 £ 10.5 -143+5.2
Electrostatic Energy -229.0 + 63.4kcal/mol -404.6 + 43.8 kcal/mol
Desolvation Energy 0.0 & 2.9kcal/mol 14.1 + 4.9 kcal/mol

Van der Waals Energy

-66.2 + 11.7kcal/mol

-67.6 + 6.8 kcal/mol

Buried Surface Area

18342 +57.4 A2

2348.6 +32.7 A2

Potential Molecular Mechanism

EGFR’s Intramolecular Tether Disruptor

P53 Tetramerization Inhibitor

Serpin—p53 = Serpin — p53 complex

predicted binding.

IPSE-EGFR = Interleukin-4-Inducing Principle of the Schistosome Egg — Epidermal Growth Factor Receptor complex

HADDOCK Score — A composite score derived by combining various energy terms that describe the interaction between the host and parasite
proteins. It is automatically calculated by HADDOCK based on its docking algorithm. A more negative score indicates a stronger and more efficient

Electrostatic Energy (kcal/mol) — Represents the energy contribution from interactions between oppositely charged amino acid side chains at the
protein interface. More negative values indicate stronger electrostatic attraction and improved binding stability.

Desolvation Energy (kcal/mol) — Reflects the energy change associated with removing water molecules from the protein surfaces to enable closer
contact between the binding partners. Negative values contribute favorably to the interaction.

Van der Waals Energy (kcal/mol) — Accounts for non-covalent attractive and repulsive forces between atoms of the interacting proteins. More
negative values suggest better steric complementarity and physical compatibility at the binding interface.

Buried Surface Area (A%) — Refers to the portion of the protein surfaces that becomes inaccessible to solvent after complex formation. A larger buried
surface area generally corresponds to stronger and more stable protein—protein interactions.

The docking analysis between IPSE/a-1 and the EGF receptor
domain of EGFR, as well as serpin and the tetramerization domain
of p53, revealed potential interactions inside the host, as reflected
in the HADDOCK results (Table 7). The IPSE/a-1-EGFR complex
yielded a HADDOCK score of -49.1 £ 10.5, with electrostatic
energy of -229.0 + 63.4 kcal/mol, desolvation energy of 0.0 + 2.9
kcal/mol, van der Waals energy of -66.2 + 11.7 kcal/mol, and a
buried surface area (BSA) of 1834.2 + 57.4 A2 While serpin—p53
complex had a HADDOCK score of -143 + 5.2, alongside an
electrostatic energy of -404.6 + 43.8 kcal/mol, desolvation energy
of -14.1 + 4.9 kcal/mol, van der Waals energy of -67.6 £ 6.8
kcal/mol, and a BSA of 2348.6 + 32.7 A

DISCUSSION

Immunogenic Potential and Persistence of Schistosomal
Proteins

The physicochemical properties of IPSE/a-1 (MW: 15,072.42 Da)
and serpin (MW: 45,841.92 Da) indicate that both proteins are large
enough to interact with host proteins and elicit a response. Proteins
with molecular weight greater than 10,000 Da are more likely to
elicit a host response (Miller & Stevens, 2021) due to their
structural complexity and ability to present multiple epitopes for
host proteins to interact with (Pedroza-Escobar et al., 2023).

Furthermore, the instability indices of IPSE/a-1 (35.53) and serpin
(34.56) indicate that both proteins are predicted to be stable under
physiological conditions, as values below 40 generally denote
protein stability (Ocampo et al., 2024). Their high aliphatic indices

(83.58 for IPSE/a-1 and 85.39 for serpin) are greater than 80, which
indicates strong thermostability. Higher proportion of aliphatic side
chains: alanine, valine, leucine, and isoleucine, enhances
hydrophobic interactions within the protein core, helping maintain
structural integrity over a wide temperature range (Ahmed et al.,
2022). Both proteins also exhibit similar half-lives, lasting about
30 hours in mammalian reticulocytes, over 20 hours in yeast, and
more than 10 hours in Escherichia coli. These characteristics
suggest that IPSE/a-1 and serpin may persist within the host by
resisting degradation and evading immune clearance, possibly
allowing prolonged interaction with host tissues and promoting
sustained inflammation and tissue damage.

Docking Analysis

Both IPSE/0-1 and serpin have negative GRAVY scores,
suggesting their hydrophilicity and likely solubility in aqueous
environments. This indicates that these proteins function in the
extracellular space and nucleoplasm, enhancing their potential to
interact with host proteins in the same compartments. Specifically,
the extracellular domains of EGFR and the nucleoplasmic
localization of p53 are both exposed to aqueous environments. This
supports the rationale for selecting these host proteins as docking
partners for IPSE/a-1 and serpin, respectively (Jernigan, 2022;
Darmawati et al., 2022).

Beyond solubility and localization, the functional domains and
secondary structure of these proteins provide additional insights
into their host-interacting potential. The IL4-inducing
immunoglobulin-binding domain (residue 26-112) is a region
conserved across Schistosoma species which adopts a By-crystallin
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fold stabilized by disulfide bonds (Cys23—Cys26, Cys59—-Cys93,
and Cys111-Cys121). This domain mediates the binding of
IPSE/0-1 with host protein, inducing cytokine production (Meyer
et al., 2011). Given the protein’s signaling capability, it may also
initiate a receptor-mediated signaling cascade through interacting
with the EGFR domain IV.

Meanwhile, the RCL domain of serpin (residue 23—402) is the
structural feature responsible for trapping target proteases and
modulating cell-regulatory processes (Ambadapadi et al., 2016).
Although p53 is not a serine protease, this domain is still relevant
in this analysis because several serpins, such as ovalbumin, possess
this domain and demonstrate non-canonical and non-inhibitory
functions that involve direct binding with non-protease proteins.
Such interactions are consistent with the regulatory and anti-
apoptotic roles observed in nuclear serpins (Cagnin et al., 2024;
Janciauskiene et al., 2024).

The HADDOCK analysis revealed that IPSE/a-1 interacts with
EGFR at lower affinity (-49 + 10.5), whereas serpin forms a more
stable complex with p53 (-143 +5.2). HADDOCK score combines
multiple energy components: electrostatic, van der Waals,
desolvation, and restrain energies, to estimate the overall binding
favorability, with more negative scores reflecting stronger and
more stable complexes (Saponaro et al., 2020).

A breakdown of the HADDOCK score provides further insight into
the interaction profiles of these complexes. Electrostatic energy,
which reflects charged complementarity, is less negative for the
IPSE/a-1-EGFR complex (-229 + 63.4 kcal/mol) but is strongly
negative for serpin—p53 (-404.6 + 4.9 kcal/mol), indicating greater
charge-based stabilization in the latter (Almeida, 2021).

Desolvation energy, the energetic benefit of displacing water
molecules during complex formation, is near neutral for IPSE/a-1—
EGFR complex (0.0 = 2.9 kcal/mol) but favorable for serpin—p53
complex formation (-14 + 4.9 kcal/mol), suggesting water
displacement benefits the serpin—p53 interaction more (Pathak et
al., 2021).

Van der Waals energy represents weak interactions between atoms
that are close together. These forces depend on the ability of protein
surfaces to fit snugly, where more negative values indicate a better
physical fit between protein surfaces (Alrosan et al., 2022). Both
complexes show almost similar van der Waals energies (IPSE/a-1—
EGFR: -66.2 + 11.7 kcal/mol; serpin—p53: -67.6 + 6.8 kcal/mol),
suggesting that both protein pairs have decent surface
complementarity and close packing.

BSA indicates how much surface area becomes inaccessible to
solvent upon complex formation. According to Ran and Gestwicki
(2018), a larger BSA usually means stronger and more stable
binding, with more contact points between the proteins. The
serpin—p53 complex (2348.6 + 32.7 A2) has a higher BSA than the
IPSE/0-1-EGFR complex (1834.2 + 57.4 A2). This supports the
idea that serpin and p53 form a tighter and more extensive interface
than IPSE/a-1 and EGFR.

Secondary structure differences help explain these docking
outcomes. IPSE/a-1 has a relatively low a-helix content (18.65%)
and higher proportions of extended strands (30.60%) and random
coils (50.75%), indicating a flexible conformation capable of
adapting to diverse binding interfaces (ZanettiDomingues, 2020).
This flexibility may allow IPSE/a-1 to compete at the domain II/IV
interface of EGFR, destabilizing the inhibitory tether and favoring
ligand-independent activation.

In contrast, serpin exhibits a higher proportion of o-helices
(39.41%) and a substantial number of random coils (45.07%),

resulting in a more rigid and compact yet adaptable structure.
According to Rehman et al. (2022), a-helices provide structural
stability critical in protein—protein interactions, while random coils
introduce flexibility that allows conformational fitting to binding
partners. This structural combination likely enhances serpin’s
ability to form a stable complex with p53, consistent with its more
negative HADDOCK score.

Carcinogenic Pathways

The HADDOCK results and physicochemical characteristics of the
target proteins suggest that protein-protein interactions are highly
likely to occur between IPSE/a-1 and EGFR, and between serpin
and p53. The energy differences between these complexes reflect
variations in their binding strength and nature.

Epidermal Growth Factor Receptor (EGFR) Carcinogenic
Pathway

EGFR is a transmembrane tyrosine kinase receptor that
regulates cell proliferation, differentiation, and survival (Fig.
3). The domain II/IV tether is necessary to maintain EGFR in
its inactive conformation and inhibit uncontrolled downstream
signaling leading to hyperplasia. IPSE/a-1 may disrupt this
intramolecular tether by outcompeting domain II for binding
with domain IV, shifting the receptor into an extended
conformation. This exposes the EGFR’s ectodomain and
induces ligand-independent activation (Sugiyama et al., 2023).
This finding may help address the unresolved observation of
angiogenesis and urothelial hyperplasia associated with
IPSE/a-1 (Mbanefo et al., 2020) as chronic EGFR activation is
known to promote angiogenesis, alongside cell proliferation
and survival. These processes are implicated in
schistosomiasis-induced carcinogenesis.

EGFR Monomerin _____, EGFR ligand-independent

an active state activation
Tethered (inactive)

_____ , \PSE/aidisrupting ___
conformation Domain IIIIV tether l 2 S

Plasma Membrane

Uncontrolled downstream signaling

’
!

=

RAS-RAF-MEK-ERK
Pathway
] i
| I
1 1
4
Uncontrolled cell growth
and neoplasia

v
JAKSTAT Pathway PISK-AKT Pathway

1

1

1
Uncontrolled cell

proliferation and
resistance to apoptosis

v
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Figure 3: Predicted molecular pathways illustrating the proposed
carcinogenic mechanisms of Schistosoma haematobium-secreted
protein IPSE/a-1 in the development of squamous cell carcinoma of
the bladder. IPSE/a-1 is shown to interact with the epidermal growth
factor receptor (EGFR) on the urothelial cell surface, potentially
disrupting the domain 1l/IV tether and inducing receptor phosphorylation.
This interaction may lead to ligand-independent EGFR activation and
stimulation of downstream signaling cascades, including the JAK-STAT,
RAS-RAF-MEK-ERK, and PI3K-AKT pathways. These signaling
events promote an inflammatory microenvironment, uncontrolled cell
proliferation, angiogenesis, and inhibition of apoptosis. The pathway
illustrates how IPSE/a-1 may facilitate tumorigenic processes through
EGFR-mediated signaling based on computational interaction analyses.

Upon activation, EGFR triggers the JAK/STAT cascade, in
which JAK phosphorylation recruits and dimerizes STAT
proteins. Chronic activation of this pathway promotes an
inflammatory microenvironment that favors tumor growth
(Philips et al., 2022).

EGFR also activates the RAF-MEK-ERK cascade, a MAPK
pathway involved in cell growth. It begins with RTK and RAS
activation, followed by RAF, MEK1/2, and ERK1/2. This
cascade drives proliferation and survival, increasing DNA
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stress and mutation risk. Such disruptions bypass cell cycle
checkpoints, allowing uncontrolled growth and neoplasia
(Ullah et al., 2022).

Another key target is the PI3K/AKT pathway, where activated
EGFR recruits PI3K, which then activates AKT and mTOR.
Persistent mTOR activation blocks apoptosis and promotes cell
cycle progression (Rascio et al., 2021).

These findings align with AlHariry et al. (2024), who found
increased EGFR expression in Schistosoma-induced SCC of
the bladder. Their observations show that chronic
schistosomiasis is associated with higher EGFR levels
compared to non-Schistosoma SCC.

Although they did not identify the specific mechanism, the data
supports the hypothesis that IPSE/a-1 may interact with EGFR
and promote its activation in these cancers.

PS3 Carcinogenic Pathway

Nonfunctional
form of p53

Serpin binding strongly with the
tetramerization domain of p53

__________ > ———————

P53 Monomer

P53 fails to form a tetramer
because serpin blocks the domain /
required for tetramerization ,/

/

/
tral Core Binding A
o

————

Damaged DNA continues to replicate

Abnormal cells proliferate

Cancer progression

Figure 4: Predicted molecular pathway illustrating the proposed
carcinogenic mechanism of Schistosoma haematobium-secreted
serpin in the modulation of p53-mediated tumor suppression.
Serpin is shown to interact with the tumor suppressor protein p53,
binding to its tetramerization domain and preventing the formation
of the functional p53 tetramer. This disruption impairs p53’s DNA-
binding and pro-apoptotic functions, allowing damaged DNA to continue
replicating and promoting abnormal cell proliferation. The pathway
illustrates how serpin may contribute to schistosomiasis-associated
bladder carcinogenesis through inhibition of p53-mediated signaling, as
supported by computational docking and interaction analyses.

Serpin may disrupt p53-mediated tumor suppression by binding to
its tetramerization domain (Fig. 4). Normally, p53 safeguards cells
by responding to DNA damage and cellular stress, inducing cell
cycle arrest, DNA repair, or apoptosis. These functions depend on
the formation of a functional p53 tetramer that binds DNA and
activates regulatory genes (Chen et al., 2022).

If serpin binds tightly to this domain, it may block p53 from
assembling into a tetramer. This can leave p53 in a non-functional
monomeric form. As a result, p53 cannot bind DNA, stop the cell
cycle, and repair DNA damage. This leads to unchecked cell
division and the accumulation of mutations.

This hypothesis helps explain the findings of Santos et al. (2021),
who observed abnormally high but largely non-functional p53 in
SCC tissues of schistosomiasis patients. In contrast, normal bladder
tissues express p53 at very low levels, which rapidly degrade after
doing their job (Salomao et al., 2021). Serpin’s potential inhibition
of p53 tetramerization provides a molecular mechanism for this
accumulation of inactive p53.

Chronic schistosomiasis may amplify this effect, as continuous
secretion of serpin increases its local concentration in host tissues.
Sustained inhibition of p53 function could therefore contribute to
carcinogenesis, particularly in the bladder, where S. haematobium
eggs accumulate.

Potential Therapeutic Methods

For decades, schistosomiasis control and the prevention of its
progression to bladder cancer have primarily relied on mass drug
administration of praziquantel, the only antischistosomal drug with
high efficacy (Molehin, 2020). While it remains the primary
treatment, praziquantel is only effective against adult parasites, and
a single treatment may not fully eradicate the infection (Secor &
Montgomery, 2015). Additionally, Montgomery and Richards
(2018) reported that praziquantel administration reduces the egg
burden by 95-99% in patients who are not cured of
schistosomiasis. However, this reduction is attributed to the host’s
immune response to praziquantel-damaged adult worms, rather
than a direct effect on the eggs.

The drug acts by disrupting the parasite’s tegument, leading to
increased calcium ion influx, muscle paralysis, and parasite death,
with a reduction in egg output. Given its mechanism, it cannot
target Schistosoma eggs or their secreted proteins. Consequently, it
cannot prevent or reverse the carcinogenic effects of egg-derived
molecules such as IPSE/a-1 and serpin, which contribute to
immune modulation and tumorigenesis (Sabra et al., 2025).

Furthermore, praziquantel’s side effects, such as vomiting,
abdominal pain, headache, and nausea (Kuevi et al., 2023), could
further burden cancer patients who already experience fatigue,
immunosuppression, and gastrointestinal distress. The added
toxicity of praziquantel may further compromise their overall
health and quality of life, making the search for alternative
strategies even more critical.

In line with these, alternative strategies must be explored to
develop a targeted therapeutic approach for Schistosoma-induced
SCC of the bladder. One potential strategy is the development of
small-molecule inhibitors that specifically disrupt the interactions
between schistosome and host proteins, particularly IPSE/o-1-
EGFR and serpin—p53. By disrupting these interactions, the
modulation of host cellular pathways that lead to tumor
development may be prevented.

In this study, it was formulated that IPSE/a-1 could potentially
disrupt the intramolecular tether between EGFR domain II and IV.
Weng et al. (2018) mentioned that over-expression and activation
of EGFR can lead to uncontrolled cell proliferation, inhibition of
apoptosis, and increased vascular permeability. Using TKIs could
block EGFR autophosphorylation triggered by the proposed
mechanism in which the parasite protein untethers domains II and
IV (Shah & Lester, 2019). TKIs are primarily used for the treatment
of non-small-cell lung cancer, including squamous cell carcinoma.
Considering the inhibitory capability of TKIs, their potential use
could be explored in SCC of the bladder, particularly in
schistosomiasis-induced malignancies.

Moreover, serpin may play a potential role in inhibiting the
tetramerization of p53, leading to the accumulation of mutated p53
and the loss of its proper function. A study by Zatloukalova et al.
(2018) emphasized that treatment with the methylated form of
PRIMA-1 (APR-246) can restore p53 tetramerization, thereby
recovering its tumor suppressor function. APR-246 is commonly
used in anticancer therapy, specifically for cancers with p53
mutations.

These computational findings elucidate how S. haematobium-
secreted proteins may contribute to bladder carcinogenesis through
distinct host—pathogen interactions. While previous research has
largely focused on chronic inflammation as the primary driver of
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schistosomiasis-associated carcinogenesis, the present
computational findings address a key research gap by providing
mechanistic insight into how specific parasite-derived proteins may
directly influence tumorigenic pathways in the host. The molecular
docking and interaction analyses revealed possible affinities
between IPSE/a-1 and EGFR, as well as between serpin and p53,
suggesting that these secreted proteins can modulate host cellular
signaling involved in proliferation and apoptosis. These findings
expand the current understanding of schistosome-mediated
oncogenesis by demonstrating plausible protein—protein
interactions that link infection to cancer initiation at the molecular
level.

Future work should involve experimental validation through both
in vitro assays and in vivo studies to confirm the predicted binding
sites and interaction stability, as well as to verify these mechanisms
within a physiological context. The potential applicability of
tyrosine kinase inhibitors (TKIs) to disrupt IPSE/a-1-EGFR
signaling, and the p53-reactivating compound APR-246 to
counteract serpin-induced p53 dysfunction, serves as a
translational link between computational predictions and biological
validation. These approaches collectively advance both the
molecular understanding and therapeutic management of
schistosomiasis-associated bladder cancer.

Study Limitations

Although these findings shed light on the molecular interactions
contributing to bladder carcinogenesis, it is important to recognize
the limitations of this study. Computational modeling offers a
powerful and cost-effective means to explore molecular
mechanisms and generate hypotheses that guide further research.
However, these predictions have inherent limitations. The results
are based solely on computational simulations and thus require
validation through experimental studies such as in vitro assays and
in vivo studies. These experiments could be used to confirm the
biological relevance of the findings in this study. Molecular
docking relies on simplified assumptions about protein flexibility
and solvent environment, which can result in false positives or
overestimated binding affinities. Moreover, this study did not
account for post-translational modifications like glycosylation in
IPSE/a-1, which may significantly influence its interaction with
glycan-sensitive receptors such as EGFR. The omission of such
modifications could limit the accuracy of interaction predictions.
Additionally, this study was limited to the analysis of pathways
involving EGFR and p53, which are upregulated in
schistosomiasisassociated SCC of the bladder. Other molecular
interactions and signaling pathways beyond this scope were not
explored and may be considered in future studies to provide a more
comprehensive understanding of parasite-induced oncogenesis.
Finally, focusing on only two parasite proteins restricts the broader
understanding of Schistosoma’s complex molecular interplay with
the host.

CONCLUSION

Schistosoma haematobium has been linked to SCC of the bladder,
primarily due to chronic inflammation and affected pathways
caused by the interaction of the parasite-derived proteins with host
proteins. Using molecular characterization and homology
modeling, this study explored the potential role of IPSE/a-1 and
serpin and their mechanism in influencing a microenvironment
conducive to carcinogenesis.

Molecular characterization determined the clinical significance of
the proteins’ estimated half-life, instability, aliphatic indices, and
GRAVY scores. The results showed that IPSE/a-1 and serpin are
hydrophilic and structurally stable under physiological conditions,
which may allow them to persist in the host environment for longer

periods. The predicted secondary structures also revealed that
serpin has a higher proportion of a-helices, suggesting a more
stable structure than IPSE/a-1. Meanwhile, IPSE/a-1 has more
extended strands and random coils, allowing it to be more flexible
to perform specialized functions.

Through homology modeling and docking analyses, the study
determined the potential interaction of IPSE/a-1 with EGFR and
serpin with the p53 protein. The findings suggest that IPSE/a1 may
disrupt the intramolecular tether between EGFR domain II and 1V,
activating EGFR signaling and inducing carcinogenesis by
uncontrollably stimulating cellular pathways involved in cell
proliferation and survival. On the other hand, serpin may bind
strongly to the tetramerization domain of p53, rendering p53 non-
functional and inhibiting DNA repair pathways, which promotes
cancer cell survival.

Through in silico methods, the results of the study established the
physicochemical properties and structures of IPSE/a-1 and serpin
along with their interactions with the host. These computational
approaches can be used as an initial screening tool for
understanding biomolecules and physiological processes without
the need for live models. When in silico methods yield promising
findings, experimental validation through in vitro and in vivo
studies should follow.

Experimental techniques such as co-immunoprecipitation assays
can be used to confirm direct binding between the parasite and host
proteins. Cell-based functional assays may reveal their downstream
effects on cell survival, proliferation, and apoptosis. /n vivo studies
using animal models are essential to assess the biological
consequences of these interactions in a whole-organism context.

Furthermore, future research may employ X-ray crystallography
and nuclear magnetic resonance (NMR) spectroscopy to expand
the findings generated by in silico analysis. These techniques may
provide high-resolution, three-dimensional structural data that
confirm protein folding, binding interfaces, and molecular
interactions. This will provide further understanding of the precise
mechanisms involved in IPSE/a-1—EGFR and serpin—p53
interactions.

The study also highlights the therapeutic potential of targeting
these PPIs. Inhibitors could be developed to disrupt these
interactions, possibly restoring normal host cellular function and
preventing Schistosoma-induced carcinogenesis. TKIs used for
treating EGFR-driven cancers may help block signaling pathways
activated by IPSE/a-1 binding. Similarly, compounds like APR-
246 may counteract the inhibitory effects of serpin on the
tetramerization of p53. These targeted approaches could reduce
tumor progression in patients with schistosomiasis-associated
bladder cancer.

Additionally, if in silico methods are to be used, future studies
should explore IPSE/a-1 glycosylation, as it may improve docking
analysis with EGFR and other host proteins that rely on glycans for
binding. Other parasite-derived proteins can also be studied, as this
may uncover additional novel PPIs that could further improve
knowledge of the molecular mechanisms of Schistosoma-induced
bladder cancer.

By integrating computational, biochemical, and structural biology
strategies, future research can contribute to the development of
targeted interventions against Schistosoma-induced bladder cancer,
ultimately advancing knowledge in parasite-associated
carcinogenesis and developing potential treatment options.
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