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Hemoglobinopathies are the most common monogenic genetic disorders, primarily

* Interrogation of
patients with the same
HBB genotype reveals
severity driven by
dysregulated
autophagy,
chaperones, and
ferroptosis pathways.

managed through blood transfusions or bone marrow transplantation. Clinical severity
other than mutational effect is not well investigated and still unknown. This study aimed to
identify dysregulated molecular pathways in red blood cells (RBCs) contributing to
thalassemia severity. From a cohort of 285 patients with hemoglobinopathy, 10 age-matched
individuals with identical compound heterozygous mutations (IVS 1-5 G>C and CD 26 G>A)
were screened. Five had severe thalassemia requiring regular transfusions, whereas 5 had a
nonsevere form requiring fewer transfusions. RNA sequencing and proteome analysis were
conducted on isolated RBCs using NovaSeq and Orbitrap mass spectrometry platforms,
respectively. Bioconductor R and different bioinformatics tools were used subsequently.
Integrated transcriptome-proteome analysis revealed a global loss of messenger RNA-
protein concordance. CDK11A and MCTS1 lost positive correlation, whereas RLP38 and H3C1
showed compensatory overtranslation, linked to transcription factors regulating
erythropoiesis. In transfusion-dependent thalassemia (TDT), WNK3, HNRNPUL1, COPS7A,
and HTATSF1 displayed discordant expression, indicating posttranscriptional aberrations.

« Splicing dysfunction,
posttranscriptional
deregulation may
contribute to increased
disease severity in
patients with TDT.

Protein-to-transcript ratio analysis showed reduced cytoskeletal (ankyrin, spectrin)

expression, elevated chaperone activity, elevated ferroptosis markers (ferritin heavy chain
1, ferritin light chain, heme oxygenase-1), and suppressed autophagy. Collectively, these
multilayered alterations, including splicing dysfunction, posttranscriptional deregulation,
ferroptosis, autophagy suppression, oxidative stress, and cytoskeletal fragility, underlie the
greater disease severity observed in TDT than non-transfusion-dependent thalassemia.

Introduction

Hemoglobinopathies are among the most common genetic disorders worldwide, carried by an esti-
mated 300 million people, with B-thalassemia representing a substantial portion and resulting from
mutations in the HBB gene that disrupt globin chain synthesis." Thalassemia is classified as
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transfusion-dependent thalassemia (TDT), requiring regular trans-
fusions, and non-transfusion-dependent thalassemia (NTDT),
which follows a milder clinical course.

Traditionally, disease severity has been attributed to the type of -
or a-globin mutations. However, clinical variability exists even
among patients with identical HBB mutations. Symptoms such as
bone marrow expansion, extramedullary hematopoiesis, and hep-
atosplenomegaly further exacerbate disease burden.>® Although
blood transfusions remain the primary treatment, they are associ-
ated with iron overload, cardiotoxicity, and increased infection risk.
Hydroxyurea, used to induce fetal hemoglobin, has shown limited
efficacy influenced by genetic polymorphisms like Xmn1.°

Interestingly, patients with the same HBB genotype often present
with distinct phenotypes: some require frequent transfusions
(TDT), whereas others remain transfusion-independent (NTDT).
This suggests that molecular factors beyond HBB mutations
influence disease severity. However, the underlying mechanisms
remain poorly understood, limiting therapeutic advancements.”®

Given that red blood cells (RBCs) are the principal cellular targets
in thalassemia, elucidating their molecular alterations is essential
for understanding disease pathology; nevertheless, the transcrip-
tional and proteomic landscapes of thalassemic RBCs have
remained largely uncharacterized.®'® To address this gap, we
used an integrated transcriptomic and proteomic (multiomics)
approach using patient-derived RBCs to delineate the molecular
pathways that differentiate TDT from NTDT, thereby uncovering
mechanisms underlying phenotypic severity beyond the primary
HBB mutations

Materials and methods

Cohort design and sample collection

A cohort of 285 patients with thalassemia (aged 8-20 years) with
the °/p* genotype was screened using stringent inclusion criteria.

Unlike other genotypes, such as °/p° or p*/p*, the p*/p° genotype
exhibits a phenotypic dichotomy, presenting both severe and
nonsevere clinical manifestations. Thus, this genotype serves as an
ideal experimental model for investigating the causes of disease
severity beyond the pathogenic effects of mutations.

To ensure a homogeneous genotype among patients, we excluded
other known genetic variants that influence thalassemia severity,
such as mutations in the a-globin gene or the fetal hemoglobin—
inducing an1/yG-gIobin 185 C>T polymorphism. From this
group, patients with identical HBB genotypes (IVS 1-5 G>C and
CD 26 G>A), matched for age and sex, were selected for mul-
tiomics investigation (Table 1). From this cohort, 10 patients were
selected for transcriptomic and proteomic analysis. Following the
Thalassaemia International Federation guidelines,'® 5 patients
were classified as TDT, requiring transfusions every 2 to 3 months,
whereas 5 were categorized as NTDT, not requiring frequent
transfusions. Clinical details are presented in supplemental
Table 1. In addition, 5 age-matched healthy donors served as
controls.

In the severe group, patients exhibited symptoms early in life
(<12 months) with low hemoglobin levels (6-7.5 g/dL) and
required regular blood transfusions approximately every 2 months.
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Table 1. Study cohort information

Omics subset with $*/° genotype

Total $*/p° subset Severe Nonsevere

(N = 285) patients (n=5) patients (n = 5)
Ethnicity Bengali, Indian Bengali, Indian Bengali, Indian
Average age, y 7 12 13.8
Gender, M/F, % 40/60 40/60 20/80
Mean Hb, g/dL 6.7 6.4 7.6
HbF, % 31.1 37.6 38.3
MCV, fL 68.03 60.64 71.2
MCH (pg/cell) 19.8 18.88 22.3
B genotype (B°/p*) All All All
Secondary modifier 12 NIL NIL
(o genotype), %
Xmn1/yS-globin 185 30 NIL NIL
C>T, %
Average transfusion 3.6 2.0 12 or no transfusion
interval, mo
Splenectomy, % 13 NIL NIL
Median serum ferritin, 555 1061 330
ng/mL

F, female; Hb, hemoglobin; HbF, fetal hemoglobin; M, male; MCH, mean corpuscular
hemoglobin; MCV, mean corpuscular volume.

These patients underwent biochemical screening for iron overload
(serum ferritin) and received regular iron chelation therapy.

The nonsevere group comprised 5 patients who developed anemia
at a later age and required fewer transfusions, with an average
hemoglobin level of 7 to 8 g/dL. Given that their serum ferritin
levels indicated that iron overload remained within tolerable limits,
they were not placed on regular iron chelation therapy
(supplemental Table 1).

Peripheral blood (4.5-5 mL) was collected in EDTA vials.

Sex as a biological variable

The study included both male and female participants to minimize
sex-related bias. Among the severe (TDT) group, there were 2
males and 3 females, whereas the nonsevere (NTDT) group
included 1 male and 4 females. The control group comprised 2
males and 3 females.

RBC isolation and RNA extraction

RBCs were isolated using density gradient centrifugation. RNA
was extracted using the TRIzol Plus RNA Purification Kit (Invi-
trogen, catalog no. 12183555) and assessed for quality and
quantity via spectrophotometry and electrophoresis.

RNA-seq and data analysis

RNA sequencing (RNA-seq) libraries were prepared using the
KAPA RNA HyperPrep Kit (Kapa Biosystems, catalog no.
KK8561) and sequenced on the NovaSeq 6000 lllumina platform
(2 x 100 base pair read length, targeting 75 million reads per
sample) at the National Institute of Biomedical Genomics Facility.
Quality control checks, adapter trimming, and read alignment to
the hg38 reference genome were performed using lllumina

MOLECULAR TARGETS FOR THALASSEMIA SEVERITY 3691



DRAGEN v4. Binary alignment map files were processed to
generate gene expression counts, and differential gene expression
(DGE) analysis was conducted using DESeq2. Significance
thresholds were set at a log, fold change (log,FC) >1 or less than
—1 and an adjusted P < .05. Noncoding RNA transcripts were
annotated using BioMart (Ensembl).

RBC proteomics sample preparation

A 75 pL RBC suspension was used for protein extraction with a
radioimmunoprecipitation assay buffer (Thermo Fisher Scientific),
and hemoglobin was depleted using the HemoVoid Kit (Biotech
Support Group, catalog no. HVB-MS10). Protein concentration
was measured using the bicinchoninic acid assay kit (Thermo
Fisher Scientific). A total of 200 pg of protein was processed in
ammonium bicarbonate buffer, reduced with dithiothreitol, alky-
lated with iodoacetamide, and digested with trypsin at 37°C for 18
hours. We performed label-free comparative quantitative prote-
omics using a total of 15 biological samples. These included 5
control participants, 5 patients with TDT, and 5 patients with
NTDT. For each participant, RBC lysates were prepared and
analyzed as independent biological replicates. Each biological
replicate was further analyzed in triplicate to generate 3 technical
replicates for the proteomic study.

Liquid chromatography-MS/MS analysis

The liquid chromatography—mass spectrometry (MS)/MS platform
was set up as described in a previous study.'” Liquid chroma-
tography—-MS/MS was performed using an RSLCnano system
coupled to a Q Exactive Plus Orbitrap mass spectrometer. Peptide
digests (750 ng) were separated on a C18 column using gradient
elution. Data-dependent MS/MS acquisition was conducted in
positive-ion mode. Proteomic data were processed using
SEQUEST HT within Proteome Discoverer 2.4 and mapped to the
UniProt human database. Given that the proteome quantification
was comparative, the database search for protein identification
was performed simultaneously for all 45 replicates (15 x 3) with a
single analytical workflow for reliable comparison. Furthermore, to
assure a higher-quality proteomic data set, the samples were
acquired in 3 batches. Standard Hela digest was acquired at the
beginning and after every 15 samples. The number of proteins and
the number of peptide-spectrum matches corresponding to each
protein in HeLa digest were consistent across 3 batches, assuring
a higher-quality data set without any batch effect. Small nuclear
ribonucleoproteins (snRNPs) were manually filtered using the
UniProt snRNP database. Differential protein abundance between
healthy controls vs thalassemia and TDT vs NTDT groups was
analyzed using DEgMS in R.

Integration of transcriptome and proteome data

To integrate transcriptomic and proteomic readouts, we computed
Pearson correlation coefficients for each matched transcript-
protein pair separately within the thalassemia and control groups
and between the TDT and NTDT subgroups. Significant differ-
ences in these correlations between groups were assessed using
the R package cocor,'® which enables statistical comparison of
independent correlation coefficients.

Subsequently, the protein-to-transcript ratio (PTR) for each
matched gene-protein pair was calculated as logy(protein abun-
dance) — logs(iranscript abundance). PTR values were analyzed
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using the limma linear modeling workflow, in which a design matrix
was constructed to encode the comparisons between thalassemia
vs control and TDT vs NTDT. Differential PTR estimates (logoFC in
PTR) and corresponding P values were obtained using empirical
Bayes moderation as described previously.' %2’

Statistical and bioinformatics analysis

Statistical analyses were conducted using Bioconductor R. Sam-
ple size power estimation was performed using an online RNA-seq
power calculation tool. A Student t test (P < .05) was applied for
box plot analysis of key differentially expressed proteins between
TDT and NTDT groups. Gene set enrichment analysis (GSEA) was
performed using the clusterProfiler 3.16 package to identify
functional pathways. Additional bioinformatics analyses included
Gene Ontology (GO) analysis using ShinyGO, disease ontology
enrichment using Metascape 2.0°? and EnrichR, and protein-
protein interaction analysis using STRING.

Ethical approval

The study was approved by the Institutional Clinical Ethics Com-
mittee of The University of Burdwan (approval no. IEC/BU/2021/
10) and conducted as per the World Medical Association Decla-
ration of Helsinki. A written informed consent was obtained from alll
participants as part of a multicentric project, ensuring no interfer-
ence with patient care.

Results
Transcriptome profile

DEG between patients with thalassemia and control
participants. Principal component analysis (PCA) and cluster
heat map analysis of the RBC transcriptome revealed distinct
heterogeneity between patients and controls. We identified 2612
differentially expressed genes (DEGs) in patients with thalassemia
compared with controls, based on a logsFc >2 or less than —2 and
adjusted P (false discovery rate [FDR]) <.05 (supplemental File 1;
supplemental Figure 2A-C; supplemental Table 1). To explore the
functional enrichment of DEGs in RBCs of patients with thalas-
semia, GO molecular functions and pathway enrichment analyses
were conducted. GSEA demonstrated that the highest positive
enrichment was observed in ATP-dependent protein-folding
chaperones, with a normalized enrichment score of 3.01
(Figure 1A). The upregulated gene sets in thalassemia further
showed enrichment in hemoglobin o binding, hemoglobin binding,
haptoglobin binding, oxygen carrier activity, oxidoreductase activ-
ity, peroxidase activity, unfolded protein binding, and chaperone
binding activity (supplemental File 1; supplemental Figure 2D).
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis revealed that the upregulated DEGs were
associated with ferroptosis (supplemental File 1; supplemental
Figure 2E). In contrast, the downregulated gene sets in RBCs
from patients with thalassemia were significantly enriched in
immunoglobulin G binding, interleukin-1 receptor binding, pattern
recognition receptor binding, phosphotyrosine residue binding,
phosphoprotein binding, actin filament binding, and actin binding
(supplemental File 1; supplemental Figure 2F).

DEG between patients with TDT and NTDT. Comparative
transcriptome analysis between TDT and NTDT revealed distinct
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Figure 1. Findings of transcriptome. (A) GSEA of KEGG pathways revealed significant upregulation of the ATP-dependent protein-folding chaperone pathway in thalassemia
(NES =3.01; Padj<.002). (B) GO molecular function (GOMF) analysis showing enriched molecular functions among genes upregulated in TDT samples. (C) GSEA of KEGG
pathways demonstrated dysregulation of apoptosis-related genes in TDT compared with NTDT normalized enrichment score (NES = 1.42; P adj <.02). (D) Relative percentage
of reads of different types of RNAs found in control (n = 5) and thalassemia (n = 10): an increased proportion of snRNA reads (violet bars) in thalassemia. (E) Expression of
different snRNAs in thalassemia and control samples. (F) Functional enrichment analysis of the upregulated snRNAs in thalassemia.
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molecular differences. PCA and cluster heat map analysis
demonstrated significant variations in the transcriptomic profiles of
RBCs between these 2 groups (supplemental File 1; supplemental
Figure 3A-B; supplemental Table 2).

A total of 579 DEGs were identified between patients with TDT
and NTDT, as depicted in the volcano plot (supplemental File 1;
supplemental Figure 3C). These genes represent key molecular
players potentially contributing to the differences in disease
severity and clinical manifestations between the 2 thalassemia
subtypes.

To explore factors contributing to the increased severity in patients
with TDT, we performed a detailed analysis of gene expression
profiles. Transcriptome data revealed that upregulated genes in
the TDT group were significantly enriched in molecular functions
related to Toll-like receptor (TLR) and receptor for advanced gly-
cation end products (RAGE) binding activity (Figure 1B). These
findings suggest an enhanced inflammatory and immune response
in TDT, which may exacerbate disease severity.

Conversely, downregulated genes in the TDT group were pre-
dominantly associated with cytoskeletal protein membrane anchor
activity (supplemental File 1; supplemental Figure 3D). This
downregulation may indicate compromised RBC structural integ-
rity, potentially leading to reduced life span and increased sus-
ceptibility to hemolysis in patients with TDT.

GSEA further highlighted contrasting pathway activations
between the 2 groups. In patients with TDT, genes involved in the
apoptosis pathway were significantly upregulated (Figure 1C),
suggesting an increased rate of programmed cell death that may
accelerate RBC turnover. In contrast, genes associated with the
hematopoietic cell lineage pathway were downregulated
(supplemental File 1; supplemental Figure 3E), implying impaired
erythropoiesis and a reduced capacity for effective RBC produc-
tion in TDT.

Collectively, these findings provide insights into the molecular
mechanisms underlying the greater clinical severity of TDT than
NTDT. The upregulation of inflammatory and apoptotic pathways,
along with the downregulation of structural and hematopoietic
functions, likely contributes to the increased transfusion depen-
dency and overall disease burden in patients with TDT.

snRNA profile

Transcriptome analysis of RBCs from both healthy individuals and
patients with thalassemia revealed an intriguing trend: the thalas-
semia group exhibited a higher percentage of reads corresponding
to small nuclear RNAs (snRNAs) than the control group
(Figure 1D). Further investigation identified 15 snRNAs that were
significantly upregulated in RBCs derived from patients with thal-
assemia (Figure 1E). However, no significant differential expres-
sion of snRNAs was observed between the 2 thalassemia
subgroups.

Functional enrichment analysis of the upregulated snRNAs using
KEGG pathway analysis indicated that the snRNAs RNU5SA-1,
RNU6-9, RNU6-1, RNVU1-7, RNVU1-18, RNU4-2, RNU1-3, and
RNU1-4 were involved in the spliceosome. In addition, these
snRNAs were implicated in RNA transport (Figure 1F).
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Proteome profile

Differential protein abundance between patients with
thalassemia and control participants. From the MS data
analysis, a total of 2328 proteins were considered across all 45
replicates and subsequent normalization, of which 2211 proteins
were quantified with high-confidence protein FDR and 116 with
medium- and low-confidence protein FDR. In each sample, a total
of 2328 proteins are quantified, which have at least 1 unique
peptide being identified and a minimum positive SEQUEST HT
score of 1.61.

From these 2328 proteins, 826 showed significant differences in
abundance (P < .05; log,FC, >1 or less than —1) between
patients with thalassemia and controls (supplemental Table 3).
PCA and cluster heat map analysis revealed distinct clustering
between the thalassemia and control groups (supplemental File 1;
supplemental Figure 4A-C). The MS proteomics data have been
deposited in the ProteomeXchange Consortium via the Prote-
omics Identifications®® partner repository with the data set identi-
fier PXD054385.

GO molecular function fold enrichment analysis of the proteomics
data indicated that the highly abundant proteins were enriched for
translation, RNA-binding, and unfolded protein-binding functions
(Figure 2A). GSEA revealed that the upregulated proteins in the
thalassemia group were involved in RNA degradation and mRNA
surveillance pathways (Figure 2B-C). Conversely, low-abundance
proteins in thalassemia were associated with haptoglobin bind-
ing, antioxidant activity, actin binding, and actin filament binding
(supplemental File 1; supplemental Figure 4D).

STRING analysis showed that the highly abundant proteins were
associated with chaperones and formed networks with HSPAB,
HSPA1B, and DNAJB4 (supplemental File 1; supplemental
Figure 4E). In contrast, low-abundance proteins were linked to
cellular detoxification pathways, particularly those associated with
hemolytic anemia (supplemental File 1; supplemental Figure 4F).
Metascape analysis of the low-abundance proteins also indicated
significant enrichment for anemia and RBC disorder-related dis-
eases in thalassemia (supplemental File 1; supplemental
Figure 4G).

Differential protein abundance between patients with TDT
and NTDT. PCA revealed a 43% variance at PC1 between the
TDT and NTDT groups, highlighting distinct proteomic differences
(supplemental Table 4). A total of 430 differentially abundant
proteins were identified between the 2 groups (supplemental File
1; supplemental Figure 5A-C).

Functional enrichment analysis revealed that proteins with higher
abundance in TDT were significantly associated with TLR and
RAGE binding activity (Figure 2D), suggesting a role in inflam-
matory signaling. In contrast, proteins with lower abundance in
TDT were enriched in hemoglobin a binding, haptoglobin binding,
oxygen carrier activity, protein-folding chaperone activity, and
oxygen binding (supplemental File 1; supplemental Figure 5D),
indicating potential impairments in RBC function and stability.

KEGG pathway analysis further demonstrated that low-abundance
proteins in TDT were involved in autophagy and mitophagy
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pathways (supplemental File 1; supplemental Figure 5E), sug-
gesting disruptions in cellular homeostasis. STRING network
analysis identified ferritin heavy chain 1 (FTH1) and ferritin light
chain (FTL) as significantly more abundant in TDT than NTDT,
linking them to the ferroptosis pathway and indicating increased
iron storage in patients with TDT (supplemental File 1;
supplemental Figure 5F)

Altered expression of snRNPs in RBC of thalassemia and
control, as well as TDT and NTDT. Analysis of the RBC pro-
teome identified 72 proteins classified as snRNPs based on the
UniProt database. Among these, 22 snRNPs exhibited altered
expression, with 19 upregulated in patients with thalassemia
(Figure 2E; supplemental Table 5). These snRNPs, including
snRNPs and U1-U6 snRNA-associated Sm-like proteins, were
highly enriched in posttranscriptional modification regulation and
snRNP binding. KEGG pathway analysis further revealed their
involvement in the spliceosome and RNA degradation pathways
(supplemental File 1; supplemental Figure 6A-C).

In addition, 14 proteins associated with spliceosome function and
mRNA processing exhibited differential expression in patients with
TDT compared with those with NTDT (Figure 2F). Among these, 6
snRNPs were upregulated in TDT, showing enrichment in path-
ways related to the negative regulation of autophagy, methylation
processes, and protein folding. Conversely, 8 snRNPs were
downregulated in TDT, implicating them in splicing regulation,
splice site selection, polyadenylation, and mRNA decay
(Figure 2G).

Transcriptome-proteome integrated findings

Integrated analysis of transcriptomic and proteomic data from
patients with thalassemia and control participants identified 2171
proteins corresponding to RNA-seq transcripts. After removing
duplicates and aligning UniProt accession numbers, 2144
matched RNA-protein pairs were retained for downstream inte-
gration (supplemental Table 6; Figure 3A).

Correlation analysis using the cocor.indep function in R revealed
distinct patterns between the thalassemia and control groups.
Although controls exhibited a broad distribution of positive and
negative RNA-protein correlations, thalassemia samples showed a
bell-shaped density centered near zero (Figure 3B), indicating a
global loss of transcript-protein concordance. A total of 124 genes
showed significant correlation changes (Fisher P < .05)
(supplemental Table 6). Volcano plots highlighted genes with the
largest differential correlations (Figure 3C).

Notably, CDK11A and MCTS1 displayed strong positive RNA-
protein correlations (r ~ 0.95-0.99) in controls but lost this
coherence in thalassemia, whereas RLP38 and H3C1 shifted from
negative to positive correlations (r ~ —0.95 to 0.7). Fisher z tests
confirmed the robustness of these shifts (P < .002), reflecting
extensive posttranscriptional dysregulation.

Functionally, anticorrelated genes were enriched in proteasomal
degradation, metabolism, AMP-activated protein kinase and
hypoxia-inducible factor 1 signaling, and immune pathways
(Figure 4A). Motif enrichment linked these discordant genes to
transcription factors ER81, ERM, ELK1, E2F4, TEL1, YY1, and
Sp1 (Figure 4B-C), suggesting that impaired transcription factor
regulation and mRNA-protein decoupling contribute to disrupted
proteostasis and disease severity in thalassemia.

Correlation analysis: TDT vs NTDT. In comparison with TDT
with NTDT group, 84 genes were identified with significant cor-
relation changes (Fisher P < .05). The volcano plot showed the
most significantly differentially correlated genes among TDT and
NTDT groups (supplemental Table 6; Figure 3H). Genes such as
WNK3, HNRNPUL1, HTATSF1, UBL7, SAR1B, NUDCD1, and
COPS7A showed negative Fisher z scores; their transcript-protein
correlations are weaker or inverse in TDT than NTDT.

This suggests that in patients with TDT, who experience more
severe ineffective erythropoiesis and oxidative stress, post-
transcriptional dysregulation disrupts normal coupling between
mRNA abundance and protein output.

PTR analysis. Using the limma linear model, PTRs were
compared between the thalassemia and control groups. Based on
cutoffs of |logo,FC| >1 or <—1 and adjusted P < .05, 647 genes
exhibited high PTRs and 143 genes showed low PTRs in thalas-
semia, reflecting altered mRNA-protein coordination (supple-
mental Table 7). A heat map showing the distinguishing pattern
of low and high PTR RNA-protein gene signature (Figure 5A). The
low PTR genes are associated with ankyrin- and spectrin-
associated cytoskeleton, whereas the high PTR genes are asso-
ciated with mostly RNA-binding proteins and the translational
machinery (Figure 5B-C). Many of these proteins were ribosomal
proteins, reflecting the occurrence of ribosomopathy in thalas-
semia (Figure 5D).

Similarly, PTR analysis between TDT and NTDT revealed 159
significantly altered genes (P <.05), with 112 showing higher and
47 showing lower PTRs in TDT. A heat map showing the top 80
genes with high and low PTRs (supplemental Table 7; Figure 6A).
The low PTR genes were associated with autophagy and protein
degradation pathway, whereas high PTR proteins were associated
with ferroptosis, necroptosis, and others (Figure 6B-C). K-means
cluster differential of these proteins was also analyzed (Figure 6D).

Discussion

The present integrative transcriptomic and proteomic analysis
provides new insights into the molecular mechanisms underlying
phenotypic severity in f-thalassemia, particularly between patients
with TDT and NTDT sharing the same p*/p° genotype. By main-
taining a homogeneous genetic background and excluding known
modifiers (eg, a-globin variants and Xmn1 polymorphism), this

Figure 2. Findings of proteome data. (A) GOMF analysis of highly abundant proteins in thalassemia. (B-C) GSEA revealed upregulation of RNA degradation and mRNA

surveillance pathways in thalassemia compared with controls (NES = 1.65 and 1.90; P adj < .02). (D) GOMF analysis of highly abundant proteins in the TDT subgroup. (E)

Significantly increased abundance of snRNPs in thalassemia samples. (F) Differential expression of snRNPs between TDT and NTDT groups. (G) KEGG pathway enrichment

analysis of significantly altered snRNPs in TDT samples.
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Figure 4. Enrichment analysis of anticorrelated RNA-protein gene signatures in thalassemia. (A) KEGG pathway enrichment analysis of anticorrelated RNA-protein
gene signatures in thalassemia, highlighting the major pathways involved. (B) Enrichment analysis identifying 9 transcription factors associated with the anticorrelated RNA-
protein gene set in thalassemia. (C) Predicted transcription factors and their target DNA-binding motifs linked to the anticorrelated gene network in thalassemia. AMPK, AMP-

activated protein kinase; HIF-1, hypoxia-inducible factor 1.

Figure 3. Integration of transcriptome and proteome data. (A) Workflow showing identification of common RNA-protein gene pairs from transcriptomic and proteomic
data sets for integrative analysis. (B) Density correlation plots generated using the cocor R package revealed a marked loss of transcriptome-proteome correlation in thalassemia
compared with controls. (C) Volcano plot displaying differentially correlated genes between the thalassemia and control groups. (D-E) Representative example showing altered
RNA-protein correlation of CDK11A, with r & 1 in controls and r =—0.46 in thalassemia (P <.002, Fisher z test). (F-G) Inverse correlation of H3C1 between control (r=—0.94)
and thalassemia (r = 0.73; P<.002). (H) Volcano plot summarizing the top significantly altered gene correlations between TDT and NTDT samples. (I-J) Differential RNA-protein
correlation of WNK3 between NTDT (r = 1) and TDT (r = —0.41; P <.002). (K-L) Altered correlation of H1-2 between NTDT (r = 0.15) and TDT (r=1; P <.002).
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Figure 5. PTR analysis in thalassemia vs control samples. (A) Heat map showing hierarchical clustering of significant gene pairs based on low and high PTRs. (B-C) KEGG

pathway enrichment analysis of genes with low and high PTRs, illustrating distinct functional pathway associations. (D) Enrichment analysis identifying ribosomal subunit proteins

among high PTR gene signatures in thalassemia.

study demonstrates that disease severity in p-thalassemia primarily
arises from differential molecular regulation beyond the primary
HBB mutations.

At the transcriptome level, thalassemic RBCs exhibited strong

upregulation of stress-related molecular chaperones (HSP90ABH,
HSPH1, FKBP4), y-globin genes (HBG1, HBG2), and

€ blood advances 26 MAY 2026 - VOLUME 10, NUMBER 10

ferroptosis-associated transcripts, reflecting oxidative stress,
hemoglobin instability, and compensatory erythroid stress
responses. These findings align with earlier reports showing
increased unfolded protein load, proteostasis imbalance, and
oxidative damage in p-thalassemic erythroid cells.’*?°® GO
enrichment for unfolded protein binding and oxidoreductase
activity further suggests activation of cytoprotective chaperone
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high PTR gene signatures and their associated pathways.

networks aimed at mitigating globin chain precipitation, hemi-
chrome toxicity, and premature RBC degradation.?”

Conversely, downregulated transcripts were enriched for actin
filament-binding and phosphoprotein-binding functions, indicating
cytoskeletal fragility and reduced deformability, key contributors to
hemolysis and splenic sequestration. The current proteomic find-
ings support previous reports of membrane deformities and altered
mechanical stability as major determinants of RBC fragility in
p-thalassemia.”®

Comparative transcriptomics between TDT and NTDT revealed
that upregulated genes in TDT (C4BPA, CD300H, CLDN5) were
enriched for TLR and RAGE binding, implicating chronic sterile

3700 MITRA et al

inflammation as a key modifier of disease severity. Heme-induced
activation of RAGE and TLR pathways is known to trigger
inflammatory apoptosis, exacerbating ineffective erythropoiesis.?®
GSEA confirmed elevated apoptotic signatures and reduced
hematopoietic lineage expression in TDT, consistent with sup-
pression of erythroid maturation. Collectively, these results indi-
cate that inflammation-driven oxidative and apoptotic stress
amplify erythroid destruction in TDT.

Proteomic profiling by MS identified extensive remodeling of the
RBC proteome, with 826 proteins significantly altered between
the thalassemia and control groups. Upregulated proteins were
enriched in RNA binding, translation initiation (eukaryotic initiation
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factor 3 complex), and chaperone-mediated folding (HSPA1B,
DNAJB4), suggesting a heightened translational and proteostatic
demand in thalassemic erythroid cells. In contrast, downregulated
proteins were associated with haptoglobin binding and antioxidant
functions, consistent with depletion of hemoglobin-scavenging
and redox-buffering mechanisms. STRING network analysis
linked these proteins to hemolytic anemia-related pathways,
reinforcing previous evidence of impaired detoxification and redox
homeostasis in thalassemia.*°

Between TDT and NTDT, the proteomic data further confirmed
disease severity-related dysregulation, with overexpression of
ferritin heavy and light chains (FTH1, FTL) linked to ferroptosis and
iron overload, and upregulation of RAGE-/TLR4-interacting pro-
teins that promote inflammation and oxidative injury. Simulta-
neously, reduced levels of oxygen-binding and chaperone proteins
reflected impaired oxygen transport and cytoprotectant. Down-
regulation of autophagy and mitophagy components suggested
defective clearance of damaged organelles, contributing to the
accumulation of defective erythroid precursors and ineffective
erythropoiesis.

Integrated multiomics correlation analysis revealed a widespread
loss of mMRNA-protein concordance in thalassemia compared with
controls. cocor-based correlation density plots displayed a bell-
shaped distribution centered near zero, indicating global uncou-
pling between transcriptional and translational output. CDK11A
and MCTS1 exhibited positive correlations in controls but inverse
patterns in thalassemia, suggesting posttranscriptional dysregu-
lation involving RNA-binding proteins and translational repressors.
In contrast, RLP38 and H3C1 shifted from negative to positive
correlation, reflecting compensatory overtranslation of stress-
response transcripts. Motif enrichment analysis linked these
discordant genes to transcription factors ELK1, E2F4, YY1, and
Sp1, key regulators of erythropoiesis and stress-adaptive trans-
lation.®'3®

Comparison between TDT and NTDT identified 84 genes with
significant differences in transcript-protein correlation. Key nega-
tively correlated pairs (WNK3, HNRNPUL1, COPS7A, HTATSF1)
showed impaired coordination in TDT. These genes participate in
RNA processing, ubiquitin-mediated degradation, and vesicular
trafficking, suggesting breakdowns in proteostasis and mRNA
turnover associated with increased disease severity.?9*?

Because isolation of reticulocytes from mature RBCs was tech-
nically unfeasible, we computed the PTR to integrate tran-
scriptomic and proteomic signals. PTR provided a composite index
of transcriptional activity (reticulocyte derived) and functional
protein output (mature RBC derived).'**® In thalassemia, genes
with low PTRs were enriched in cytoskeletal components (ankyrin,
spectrin), indicating inefficient translation or accelerated degra-
dation, whereas high PTRs corresponded to ribosomal and RNA-
binding proteins, denoting translational stress. TDT samples
exhibited higher PTRs for ferroptosis-related proteins (FTH1, FTL,
heme oxygenase-1) and lower PTRs for autophagy genes, sug-
gesting impaired cellular recycling and enhanced oxidative cell
death.**

Collectively, these integrated findings indicate that multiple dys-
regulated molecular pathways converge to determine disease
severity in TDT, even in the presence of an identical p*/p° geno-
type (Figure 7). The comparatively severe pathogenicity observed
in the TDT group seems to arise from profound alterations in RNA
processing, proteostasis, and erythroid homeostasis. A major
contributor may be aberrant pre-mRNA splicing, given that
disruption of snRNP and spliceosome components compromises
efficient mRNA maturation. In parallel, dysregulation of post-
transcriptional and translational control, together with enhanced
ribosomal and chaperone activity, suggests a compensatory
unfolded protein response that nevertheless fails to restore
translational fidelity. Elevated ferritin expression (FTH1, FTL)
coupled with reduced heme binding promotes iron-dependent

Trans’l‘aﬁonal Error and
Unfolaac.i Protein

‘a4

NTDT

sy - -
i

Spliga'sd;nal Dysfunction

_v .
T -
Dysregulation Of Splicing

Post Transcriptional/Translational Deregulation

v,

|
Lower expression of
Cﬁoskeletonp.?ein

\

RBC Fragility

TDT

Figure 7. Schematic model for convergence of multiple dysregulated molecular pathways underlying disease severity in TDT.
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oxidative injury and ferroptotic cell death, whereas impaired
clearance of damaged proteins further accelerates erythrocyte
loss through defective autophagy. Transcriptional overactivation of
ELK1, E2F4, and Sp1 likely amplifies translational stress and
apoptotic signaling. In addition, reduced cytoskeletal stability
increases membrane fragility, exacerbating hemolysis. The com-
bined impact of translational inefficiency, oxidative stress, ferrop-
tosis, and defective erythropoiesis ultimately drives the profound
anemia and transfusion dependence characteristic of TDT,
whereas NTDT seems to retain partial proteostatic control that
permits residual erythropoiesis.

Similar mechanistic patterns have been reported: microRNA-144/
451 loss alleviates p-thalassemia via Unc-51-like kinase 1-medi-
ated autophagy,’® mechanistic target of rapamycin inhibition
enhances mitochondrial clearance,*® and heme-regulated inhibitor
kinase modulates erythroid stress responses.*” Thus, our inte-
grated omics data from patient-derived RBCs confirm and extend
these mechanistic insights, revealing actionable pathways that
may serve as potential therapeutic targets in p-thalassemia.*®°°

Although this genetically homogeneous cohort provides direct
in vivo evidence for multilayered dysfunction in p-thalassemia
RBCs, the study has certain limitations. The sample size is rela-
tively small, and the proposed dysregulated pathways have not yet
been validated through targeted functional experiments. Therefore,
the current work should be viewed as a foundation that generates
a priori knowledge and mechanistic hypotheses regarding
pathway dysregulation and disease severity in thalassemia. Before
any therapeutic targeting of these pathways is attempted, each
dysregulated axis can be validated through functional assays and
experimental models for further drug development studies.
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