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ABSTRACT: Thalassemia is a genetic blood disorder that reduces hemoglobin production, leading to oxygen deprivation and
severe health complications. Despite the high prevalence of this disease, especially in regions like India, research on potential
therapeutic targets has largely focused on the HBB gene, limiting the discovery of effective treatment options. The lack of awareness
about this disease remains a major impediment to its early diagnosis and prevention. At present, there are few studies done to
discover possible proteins for therapeutic drugs to target, but they have not considered a wide range of genes. We hypothesized
that the use of network analysis, pathway analysis, and virtual screening could reveal significantly differentially expressed genes
(DEGs) and identify novel therapeutic targets for thalassemia treatment. Five differentially expressed genes were found to gain
the most significant positions through network analysis: PRKY, EIF1AY, DDX3Y, CDY2B, and BPY2. Pathway analysis results
showed that DDX3 was the top gene present in the top significant pathways that were overrepresented. Hence, DDX3 was
found to be an emerging therapeutic target. The binding affinity of different ligands with this DDX3 was computed through
virtual screening of large libraries of compounds. Neotetrazolium was found to have the highest binding affinity. Thus, this study
contributes to the growing research on therapeutic targets and their counterdrugs for thalassemia and forms the foundation for
further experimental validation and development of protein-ligand-based treatments.

KEYWORDS: Computational Biology and Bioinformatics, Proteomics, Thalassemia, Protein-protein interactions, Network
and Pathway Analysis, Virtual Screening.

B Introduction the chance of broken bones. Additionally, congestive heart fail-

Thalassemia is an inherited blood disorder that causes the ure and abnormal heart rhythms can be associated with severe
body to have a lower amount of hemoglobin than what is con- thalassemia.? Thromboembolic events occur when a thrombus
sidered normal due to defects in the synthesis of one or more forms and subsequently dislodges. In thalassemia, a common
of the hemoglobin chains."? Haemoglobin is a protein found issue called splenectomy can further elevate this risk by in-
in red cells that carries oxygen from the lungs to all other or- creasing circulating platelets, leading to a higher incidence of
gans in the body.* The body needs it to be able to function. thrombosis in diseased individuals. Thus, there is a dire need
Thalassemia is classified as a trait, minor, intermediate, or ma- for additional research and early preventative measures to pre-
jor, to describe the severity of the condition.* Thalassemia is vent thromboembolic events in thalassemia patients.
most commonly found to affect individuals originating from Some previous research studies have delved into gene muta-
the Mediterranean area, the Middle East, Transcaucasia, Cen- tions in relation to symptoms of beta-thalassemia. The effects
tral Asia, North Africa, the Indian subcontinent, and Southeast of insertion mutations in the HBB exons have been investigat-
Asia’ India bears a huge burden of hemoglobinopathies, the ed using the iz silico approach by using the HbVar database to
most prevalent one being thalassemia. Approximately 100,000 select sequences with uncharacterized insertion mutations and
Indians are affected by this disease.® Thalassemia requires life- studying their effects on the structure and function of f-globin
long care, and it was established that children affected with protein.” In one of the studies, PRMTS5 was studied and was
thalassemia need regular blood transfusions, at least twice a found to be a promising target for -thalassemia, followed by
month, throughout their lives. The lack of awareness about this molecular docking to identify its inhibitors."® However, none
disease remains a major impediment to its early diagnosis and of the previous studies have been found to test a range of genes
prevention.” and proteins.

Thalassemia-affected individuals lack healthy red blood This study hypothesizes that a broader analysis of gene in-
cells, causing a range of problems. When left untreated, se- teractions through differential expression analysis, network
vere forms of this disease can cause a change in daily activities analysis, and pathway analysis can identify novel therapeutic
and often threaten lives.® Thalassemia makes the bone marrow targets, which can then be validated for druggability using vir-
expand, which causes the bones to widen. This can result in tual screening. Network and pathway analysis are sets of widely
abnormal bone structure, especially in the face and skull. Bone used tools for research in life sciences intended to give mean-
marrow expansion also makes bones thin and brittle, increasing ing to high-throughput biological data. It is important for
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diseases such as thalassemia, as the tools analyze data obtained
from these high-throughput technologies and detect relevant
groups of related genes that are altered in the case of samples
in comparison to a control, also known as differentially ex-
pressed genes.!

We hypothesized that a wider and more in-depth analysis
of gene interactions would help discover unique targets that
can effectively be used to develop therapeutic drugs for thalas-
semia treatment. The hypothesis is tested through a three-level
validation framework, including DEG analysis, pathway en-
richment, and molecular docking. This project introduces
unconventional aspects for the study of therapeutic targets for
thalassemia. In most cases, studies focus particularly on the
HBB gene, whereas this study diverges from the traditional
focus on one specific gene. Therefore, the implementation of
the novel and innovative framework, which integrates gene
expression data with molecular docking, offered fresh insights
into therapeutic development for thalassemia. From the study,
DDX3 was discovered as the most suitable druggable target
for thalassemia, and Neotetrazolium was the best inhibitor,
with a binding affinity of -10.2. (ChREMBL ID: 1183691).
DDXA3Y is located on the Y chromosome and therefore spe-
cifically expressed in males; however, DDX3X, its homolog on
the X chromosome, may have overlapping functions relevant
to both sexes in thalassemia. Thus, this study uses an innova-
tive approach, a combination of differential expression analysis,
network, and pathway analysis to identify the significant genes
and pathways, and molecular docking to find the best inhibi-
tors, broadening the scope of finding therapeutic drug targets
with three-level validation.

B Methods
This section presents the hypothesis testing framework of
this study in the following sections:

Data Collection:

Gene Expression Omnibus (GEO)* was used to gather
RNAseq data using different keywords related to thalassemia,
such as “Thalassemia,” “Beta-thalassemia,” and “Haemoglob-
inopathy.” The sample with GSE ID: GSE96060 was chosen
from the GEO database to perform differential gene expres-
sion analysis of thalassemia and non-thalassemic individuals.
The RNASeq dataset GSE96060 comprised samples from
individuals diagnosed with p-thalassemia major and healthy
controls. Differential gene expression analysis was performed
comparing 4 thalassemia samples and 4 non-thalassemic con-
trols. The GEO2R tool was used to identify differentially
expressed genes (DEGs) after assigning the ‘test’ and ‘control’
groups to each category of samples. The top significantly dif-
ferentially expressed genes were then downloaded. A library
of 12206 drug compounds was downloaded from ChEMBL.
The ChEMBL database was selected due to its extensive cov-
erage of bioactive drug-like small molecules, and it has been
widely cited in various drug discovery studies. Under ‘Small
Molecules,” Phase 1, Phase 2, Phase 3, Early Phase 1, and
Approved compounds were downloaded. Another library of
21931 compounds was downloaded from the Therapeutic

Target Database on PubChem. Similarly, PubChem offers a
comprehensive library of small molecules and their biological
activities, making it a valuable resource for identifying thera-
peutic compounds. The RCSB PDB database' was used to
download the 3D structure of the identified therapeutic target
protein.

Network Analysis:

The significant DEGs were then put into STRING (Ver-
sion 12.0), and protein-protein interaction networks were
made by including 5, 10, 20, and 50 interactors subsequently,
and 4 networks were downloaded. STRING is a database of
known and predicted protein-protein interactions. The net-
works were visualized using Cytoscape Version 3.10.2 ** and
then analyzed using the AnalyzeNetwork app of Cytoscape.
Measures like degree, betweenness centrality, and clustering
coefficient were considered to identify the hub genes of the
network. The top 25 genes from all 4 networks were identified.
The top 10 genes common to all 4 networks and those that
were significantly differentially expressed were shortlisted.

Pathway Analysis:

The gene list of the most exhaustive and well-connected net-
work (with 50 added interactors) was put into the Reactome
Pathway Database Version 89 * to identify the significantly
over-represented pathways. The significant pathway results
without adding any interactors were downloaded. The top
genes of the network were searched for their presence in the
significant pathways. The overrepresented and compromised
pathways in the case of a patient with Thalassemia were iden-
tified from this analysis, which showcased the involvement of
top network genes.

Virtual Screening:

In the next phase of the study, from the ChEMBL database,
‘Small Molecules’ (Phase 1, Phase 2, Phase 3, Early Phase 1,
Approved compounds) were downloaded. From PubChem, the
“Therapeutic Target Database’library was downloaded. DDX3
was prepared for docking using Autodock.’ The libraries of
ligands were virtually screened against DDX3 as the target
protein, using PyRx software. 7 The AutoDock Vina scoring
function was used to compute binding affinities. The binding
affinity of each ligand was computed, and the top compounds
from both libraries were identified. BIOVIA Discovery Studio
was used to visualize the interaction maps of the top 3 ligands,

each from TTD and ChEMBL libraries, with DDX3.

B Result and Discussion

This section presents the results obtained from the bioinfor-
matics analysis of differentially expressed genes, their pathways,
and network interactions, providing a wider and more in-depth
analysis of gene interactions in Thalassemia and testing the
hypothesis. The analysis helped discover unique targets with
a focus on understanding the potential drugs associated with
therapeutic targets of Thalassemia.
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Differential gene expression analysis:

After identifying the RNASeq dataset GSE96060, re-
trieved from the GEQO, 20,047 differentially expressed genes
were retained for analysis. A p-value threshold of <0.05 and a
fold-change of +2 were applied in GEO2R. The expression of
DEGs was visualized in the form of a volcano plot (Figure 1).
In total, 23 genes were found to have significant differential
gene expression with a p-value <0.05 and a fold change of +2
and were considered statistically significant. The list of these
genes was used for further analysis.
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Figure 1: The volcano plot of differentially expressed genes in
Thalassemia. This plot shows the gene expression in blood from control and
test samples with Thalassemia, identified using the GEO2R tool. This helped
in identifying the significant genes that were differentially expressed between
normal individuals and thalassemia patients.

Network and Pathway Analysis:

Network study helped in visualizing the interaction maps
of significantly differentially expressed genes of all 4 networks
for 5, 10, 20, and 50 interactors (Figure 2). The network with
50 added interactors showed 4 clusters of connected compo-
nents, while the network with 20 added interactors showed the
most connected components in one network. The 50 interac-
tors were the most exhaustive network in terms of connectivity
and in showing the thalassemia disease network components;
thus, they were used to perform pathway analysis. Networks
were analyzed based on degree, betweenness centrality, and
clustering coefficient. These are the topological measures of
a network that help identify the top central genes, which are
well-connected and are the hub genes of the network. The
genes in all 4 networks that had the highest of all three cen-
trality measures and those that were significantly differentially
expressed were PRKY, EIF1AY, DDX3Y, CDY2B, and BPY2.
These genes secured the most significant position in the dis-
ease network in thalassemia.

“ o
Figure 2: The interaction network of differentially expressed genes. (A)
This shows an interaction network of differentially expressed genes with 5
added interactors in STRING. (B) This shows an interaction network of
differentially expressed genes with 10 added interactors in STRING. (C) This
shows an interaction network of differentially expressed genes with 20 added
interactors in STRING. (D) This shows an interaction network of differentially
expressed genes with 50 added interactors in STRING. Networks helped in
identifying the well-connected hub genes of the thalassemia disease network,
which were further cross-checked to be differentially expressed.

Pathway analysis using the Reactome Pathway database
showed 47 over-represented pathways in the thalassemia dis-
ease network; those were found to be statistically significant
with a p-value <0.05. The top enriched pathways in this anal-
ysis were key biological processes, such as protein synthesis,
RBC membrane integrity, and immune responses, all of which
play roles in the pathology of thalassemia. The blood group
biosynthesis and translation initiation pathways show the dis-
ruptions in hemoglobin production and indicate the need for
transfusion in thalassemia patients. These findings suggest a
complex interplay between genetic mutations in hemoglobin
genes, alterations in protein synthesis pathways, and the body's
response to defective RBCs, all contributing to the clinical
manifestations of thalassemia. The top genes of the network
were searched in the significantly over-represented pathways
to check their involvement in the top thalassemia-related
pathways. DDX3Y and EIF1AY were found to be present in
the top 10 significant pathways, thus indicating their prime
role in thalassemia disease.

These two genes were screened through the literature for
the existing evidence of their role in Thalassemia and their
druggability role. It was identified that both DDX3Y and EI-
F1AY are suitable as drug targets, but DDX3Y was identified
to have a stronger association and prime role in thalassemia
than EIF1AY (12). Thus, amongst the top genes, DDX3Y
was found to be the most suitable therapeutic target protein
as it passed three levels of validation, which are holding the
top position in the network, are involved in top significant
pathways, and are backed by the literature for the involvement
in thalassemia disease complications. DDX3 also showed sig-
nificant differential gene expression in thalassemia patients as
compared to non-thalassaemic individuals (Figure 3). These
findings support the hypothesis that DDX3Y is a critical
player in thalassemia's molecular landscape. DDX3 was thus
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selected for further analysis as a potential therapeutic target to
identify its inhibitors.
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Figure 3: Differential expression of DDX3 in Thalassemia patients. The
red bar in the bar graph shows the differential expression (over-expression in
homozygous sample) of DDX3 in test samples of patients with Thalassemia as
compared to the normal control samples. DDX3 was found to be significantly
differentially expressed in thalassemic patients and was also found to be the
top hub gene in the disease network.

Virtual Screening analysis:

After performing virtual screening of the libraries of com-
pounds from PubChem and ChEMBL, the top 6 ligands
from PubChem (13) TTD and ChREMBL (14) databases were
identified based on binding affinity towards DDX3 (Table 1).
Neotetrazolium with ChEMBL id CHEMBL1183691 was
identified to have the highest binding affinity of -10.2. The
lower the binding affinity, the higher the strength of the in-
teraction. Thus, Neotetrazolium holds the most significant
position in exhibiting the best binding affinity to DDX3.
The surface interaction of Neotetrazolium was visualized in
a docked position with DDX3 (Figure 4), along with the in-
teraction of the compound with DDX3 in the ribbon cartoon
structure (Figure 5). The amino acid residue level interaction
of Neotetrazolium with DDX3 was identified using Bio-
via Discovery Studio. The interaction of residues of A and
B chains of DDX3 with the Neotetrazolium compound was
visualized (Figure 6). The compound was seen to form 1 hy-
drogen bond, 2 pi-cation bonds, 1 pi-pi stacking interaction,
2 pi-alkyl interactions, and 1 pi-sigma interaction with the A
and B chains of DDX3.

Table 1: The binding affinities of the top 6 compounds from ChEMBL and
PubChem libraries. RMSD/ub and RMSD/Ib refer to upper and lower bound
root mean square deviation, respectively.

Binding
Compound ID and name Affinity rmsd/ub rmsd/lb
CHEMBL1183691 (NEOTETRAZOLIUM) -10.2 0 0
ChEMBL CHEMBL1079593 (VS-5584) -10 0 0
CHEMBL1076263 (SETROBUVIR) 9.2 0 0
10393120 (manzamine Y|D05GIC) 9.9 0 0
PubChem 10029385 (LY2090314/D0Z1DI) 9.8 0 0
10218379 (NDT9520492[D0J3FH) 9.8 0 0

Figure 4: Neotetrazolium docked with DDX3 in surface structure. This
shows the top-ranked ligand, Neotetrazolium ligand in green color, docked
with DDX3 (surface shown in blue and red color), the most significantly
differentially expressed gene in thalassemia. This helped in visualizing the
perfect binding of Neotetrazolium in the surface pockets of DDX3.

Figure 5: Neotetrazolium docked with DDX3 in ribbon form. This shows
the top-ranked ligand, Neotetrazolium ligand in blue color, docked with
DDX3 in green color, the most significantly differentially expressed gene.

L
ax3
ValL
. — LlU- Ac:"'..\
L]
s
kL7 -y
KhSi0
Interactions
Conventional Hydrogen Bond [l Pi-Pi Stacked
Pi-Cation Pi-Alkyl

- Pi-Sigma

Chembl 1D: 1183691 interactions with DDX3

Figure 6: Interactions of Neotetrazolium with DDX3. This shows the
amino acid residue interactions of the top-ranked ligand, Neotetrazolium,
with DDX3. The hydrogen bond and n-interactions identified contribute to
the binding strength and stability of the DDX3-Neotetrazolium complex.
The rectangular color bars show the color coding of each type of interaction.
This helped in identifying the chemical interactions between the protein and
the top-ranked ligand.
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Prior research on thalassemia has primarily focused on
HBB. Therefore, the goal of this study was to go beyond tra-
ditional genes like HBB and discover new therapeutic targets
and lead compounds through network and pathway analysis
and virtual screening. Thus, it was hypothesized, through our
key question, that a wider and more in-depth analysis of gene
interactions would help discover unique targets that can ef-
fectively be used to develop well-analyzed and researched
therapeutic drugs that will uncover new insights into Thal-
assemia treatment. The results validate the hypothesis that a
systems-level approach can identify novel therapeutic targets
for thalassemia. DDX3 was discovered as a therapeutic drug-
gable target for thalassemia, and Neotetrazolium is the best
ligand that can effectively bind to the target. DDX3 is also a
proposed therapeutic target for lung cancer, which indicates its
suitability as a drug target.'

Through network analysis using STRING," the genes
holding the top position in all 4 networks and those that were
significantly differentially expressed were PRKY, EIF1AY,
DDX3Y, CDY2B, and BPY2. Amongst the top genes, DDX3
was selected for further investigation as it was found to be
the most suitable druggable protein in the literature. It was
found to be involved in the top over-represented significant
thalassemia-related pathways, was present in significantly dif-
ferentially expressed genes, and held the top position in the
network, i.e., it had a high degree, high betweenness central-
ity, and high clustering coefficient. The results indicated that
DDX3 was significantly upregulated in individuals with Thal-
assemia, as seen in other diseases, such as Medulloblastoma.?
Gene enrichment analysis revealed that the Rhesus Blood
Group Biosynthesis Pathway is heavily involved in the pro-
gression of Thalassemia, providing new insights into potential
therapeutic targets and negating HBB as the primary gene
studied in such cases.?! Next, the top 6 ligands from PubChem,
TTD, and ChEMBL databases were identified based on bind-
ing affinity towards DDX3, where Neotetrazolium had the
highest binding affinity of -10.2. (ChEMBL ID: 1183691).
These findings also highlight the potential for re-purposing
existing DDX3-targeted therapies or developing new agents
for treating hematologic disorders such as thalassemia. The
schematic of the whole workflow is shown in Figure 7.

F Differential gene expression analysis S
‘ Network Analysis

F Virtual Screening ——

Figure 7: Schematic of the study workflow showing four phases. 1.
Differential Gene Expression Analysis, 2. Network Analysis 3. Pathway
Analysis and 4. Virtual Screening.

The research conducted, therefore, not only contributes to
existing knowledge of potential therapeutic drug targets to in-
hibit the expression of thalassemia but also adds to it through
the novel discovery of the potential use of DDX3. The gene
DDX3 was originally identified through this gene expression
and possibly would not have been studied if solely focusing
on the most well-known genes, such as HBB, that manifest in
disease pathways. The identification of DDX3 as a potential
diagnostic marker suggests its utility in developing early detec-
tion methods for thalassemia, possibly even before symptoms
manifest. A major strength of this study is the comprehensive
use of multiple bioinformatics tools, including a multitude of
datasets from PubChem and ChEMBL, which allowed for an
in-depth analysis of the genomic data, leading to the eventual
discovery of DDX3 as the most promising target.”> Targeted
therapies against DDX3 could potentially complement exist-
ing thalassemia management approaches, including transfusion
protocols, iron chelation therapy, and emerging gene therapies.
The integration of pathway and network analysis provided a
holistic view of the underlying biological mechanisms. Fur-
thermore, virtual screening and molecular docking served as
further validation of an already sound workflow. Thus, the
study depicts the potential of advanced bioinformatics tools in
the identification of novel therapeutic targets for Thalassemia.
The interaction between the DDX3 and identified potential
ligands, such as Neotetrazolium, can be further experimen-
tally validated for their suitability in the clinical setting. The
hypothesis-driven approach used in this study provides a
framework for future research, including experimental valida-
tion of identified targets and inhibitors.

B Conclusion

Overall, the findings of this study contribute to establishing
a foundation for further research, as they underscore the sheer
importance of bioinformatics in exploring disease mechanisms
as well as discovering new drug targets. The importance of
this study extends far beyond just Thalassemia. It serves as an
example of how these various approaches can uncover targets
that have been previously overlooked. As bioinformatics con-
tinues to evolve, studies like this demonstrate the potential of
combining computational methods with experimental research
to speed up medicinal discoveries. With more research and
experimental validation, DDX3 could become a fundamental
principle in Thalassemia treatment strategies. The application
of bioinformatics techniques continues to open new avenues
for research, with the potential to improve personalized medi-
cine and therapeutic interventions.
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