Analysis of the Impact of Alpha-Hemoglobin Stabilizing Protein (AHSP) Gene Polymorphism rs4499252 (A/G) on Disease Severity in Egyptian Patients with Beta-Thalassemia Major
Abstract
Background: β-thalassemia major (β-TM) is a severe transfusion-dependent anemia driven by excess free α-globin–mediated oxidative stress and ineffective erythropoiesis. Alpha-hemoglobin stabilizing protein (AHSP) binds free α-globin and may modify disease severity. Our objective was to examine the relationship between the disease severity and AHSP rs4499252 (A/G) in a group of β-TM children from Egypt.
Patients and methods: A case control study was performed on 70 patients with β-TM and 30 age- and sex-matched healthy controls. Clinical data, hematological and biochemical profiles were obtained. AHSP rs4499252 was genotyped by real-time PCR. 
Results: The G allele and AG/GG genotypes of AHSP rs4499252 were significantly overrepresented in patients and were strongly associated with β-TM (AG: OR = 3.64; GG: OR = 10.19) in dominant and recessive models. Within the patient group, mutant genotypes were linked to lower steady-state hemoglobin and a higher likelihood of moderate–severe disease, and logistic regression confirmed that AG and GG genotypes independently predicted moderate–severe β-TM (AG: OR = 13.27; GG: OR = 29.50), with the G allele also associated with greater severity.
Conclusion: The AHSP rs4499252 polymorphism is significantly associated with clinical severity of β-TM in Egyptian patients, supporting its role as a potential genetic modifier rather than a factor influencing the likelihood of developing the disease.
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Introduction
β-thalassemia is one of the most prevalent genetic conditions affecting hemoglobin synthesis in people all over the world. The disease results from genetic mutations causing a reduction in or total cessation of the synthesis of β-globin chain. As a consequence, the unbalanced overproduction of α-globin chains disturbs normal erythropoiesis, inducing apoptosis of erythroid precursors in bone marrow and chronic hemolysis [1]. In a clinical context, β-thalassemia manifests from completely asymptomatic carrier states to severe transfusion-dependent form known as β-thalassemia major (β-TM). The latter usually manifests in early infancy and is linked to severe anaemia that necessitates planned lifelong blood transfusions as well as iron chelation. Growth abnormalities, progressive iron accumulation, and various organ-related complications continue to significantly influence the lives of individuals with β-TM despite advancements in therapeutic strategies [2].
An unstable environment is created in β-thalassemia when unbound α-globin chains accumulate in the cells of erythroid precursors, unable to form stable pairs. These chains are vulnerable to precipitation, which results in oxidative stress and premature apoptosis of erythroid cells. The most detrimental consequences of unpaired α-globin chains are allegedly prevented by alpha-hemoglobin stabilising protein (AHSP), which is a crucial regulator encoded at chromosome 16p11.2 [3, 4]. AHSP temporarily interacts with unbound α-globin to help maintain its structural integrity and reduce the number of reactive oxygen species it can produce. It does this by reducing oxidative damage and promoting proper haemoglobin production. Rapid denaturation of free α-globin occurs in experimental settings when AHSP is absent, which exacerbates oxidative stress and hemolysis-induced damage. These results highlight the potential role of AHSP as a genetic modulator of β-thalassemia clinical outcomes [5].
More recently, researchers have looked into how genetic variations in the AHSP gene may contribute to the increased diversity observed among different people with β-thalassemia. Particular variants may change AHSP expression or function, which may affect α-globin stabilization degree, ineffective erythropoiesis level, and, ultimately, anemia severity and transfusion requirements [6, 7]. Nonetheless, examining AHSP polymorphisms among various groups, there are discrepancies in findings [8-10]. Furthermore, there is little data on how these variants contribute to the phenotype. This is particularly the case for Middle Eastern and North African regions, which have a considerable burden of this disease. Moreover, rs4499252 (A/G) has not been studied previously in Egyptian β‑TM patients, despite the high national disease burden
Therefore, the present study was designed to investigate the association between AHSP gene polymorphism rs4499252 (A/G) and both clinical severity and hematological parameters in Egyptian patients with β-thalassemia major.
Patients and methods
Study design and setting
This case-control study was carried out at the Pediatric Outpatient Hematology Clinic and the Clinical and Chemical Pathology Department of Benha University Hospitals from September 2023 to August 2024. 
Study population 
The study included two groups: a patient group of seventy children and adolescents diagnosed with β-TM, and a control group of thirty apparently healthy, age- and sex-matched children with no history of hematological disorders.
Patient group included children less than 18 years old, with a confirmed diagnosis of β-TM based on hemoglobin electrophoresis, complete blood count (CBC), and elevated serum ferritin levels, according to the Thalassemia International Federation guidelines, and a transfusion-dependent clinical status [11]. Patients were excluded if they had non–transfusion-dependent thalassemia, were older than 18 years, had acute infection at the time of blood collection, showed evidence of another hemoglobinopathy, or had chronic systemic illnesses not attributable to transfusional iron overload.
Data collection and clinical assessment
All participants underwent a thorough clinical assessment at enrollment. This included a structured medical history, a complete physical examination, and recording the result of hemoglobin electrophoresis performed after the age of 6months to confirm the diagnosis , followed by classification of disease severity using a validated composite scoring system. This scoring framework integrates hematologic status, transfusion profile, splenic assessment, and growth parameters to categorize patients as having mild (0-3), moderate (4-7), or severe (7.5-10) disease status [12].
Laboratory investigations 
Following strict aseptic procedures, 5 mL of venous blood were drawn from each participant, and allocated as follows:
· Two milliliters were placed in a serum-separator tube. After clotting at room temperature, and centrifugation at 2000 rpm for 10 minutes, the separated serum was used for biochemical and ferritin assays.
· Two milliliters were collected in EDTA tubes for CBC, reticulocyte count, and peripheral smear.
· One milliliter was collected in an additional EDTA tube and stored at −80°C until DNA extraction and genotyping of the AHSP rs4499252 (A/G) polymorphism.
Serum Assays
· Serum biochemical tests, including liver and kidney function tests, were performed on the Abbott Clinical Chemistry Analyzer C4000 (Abbott Diagnostics, Japan; Serial No. 02P24-01) according to standard operating procedures.
· Serum ferritin: measured by immunoturbidimetry on the same analyzer. Each measurement used 40 µL of serum. Samples > 1000 ng/ml were diluted automatically; samples > 20,000 ng/mL were diluted manually and re-analysed to ensure accurate quantification.
Hematological tests
CBC was performed on a Sysmex XS-800 automated hematology analyzer (Sysmex Corporation, Japan; Serial No. 63387). A peripheral smear was prepared, air-dried, methanol-fixed, and stained with Wright’s stain for morphological evaluation. Reticulocyte count was assessed manually by supravital staining with brilliant cresyl blue based on the reactivity of ribosomal RNA in reticulocytes.
Molecular analysis 
Genomic DNA was purified from EDTA stabilized blood samples using the gSYNC™ DNA Extraction Kit (Geneaid, Taiwan) according to the manufacturer’s protocol. DNA concentration and purity were determined with a NanoDrop 2000 spectrophotometer.
PCR amplification procedure
Real-time PCR amplification was carried out by TaqMan® allelic discrimination real-time PCR on an Applied Biosystems Step One™ Real-Time PCR System (S/N 271003648, Singapore). The forward primer sequence was 5′-CAAACCAGGGGCATG-3′ and the reverse primer sequence was 5′-CCATAGCATTTCGAG-3′. Two allele-specific fluorescent probes were used: a FAM-labelled probe (5-FAM) GAGAACCAGCCAAAGTAT and a VIC-labelled probe GAGAATCAGCCCTAAAGTATT-3′.
Each 20 µL PCR reaction contained 10.0 µL of TaqMan® Universal Master Mix II (Lot No. 01176979), 0.5 µL of forward primer, 0.5 µL of reverse primer, 1.0 µL of TaqMan probe, 2.5 µL of template DNA, and 5.5 µL of RNase-free water. The reaction mixtures were loaded into a 48-well PCR plate and tightly sealed to prevent evaporation.
The thermal-cycling profile included a pre-holding stage at 60 °C for 30 seconds, followed by a holding stage at 95 °C for 10 minutes. Amplification was then performed through 40 cycles consisting of denaturation at 92 °C for 15 seconds and annealing/extension at 60 °C for 1 minute, followed by a post-holding stage at 60 °C for 30 seconds. Fluorescence was tracked in real time during amplification, and the Step One™ software automatically produced the final allelic discrimination plot at the end of the run.
Allelic discrimination and genotype determination
Once the amplification was completed, the genotype was assigned based on the fluorescence patterns of the allele-specific probes. Samples showing VIC-linked fluorescence (red) were identified as homozygous for the A allele (AA) whereas those with the FAM-associated fluorescence (blue) were classified as GG homozygotes. Detection of both VIC and FAM signals (green) led to the conclusion that the sample contained the heterozygous AG genotype which suggested contributions from the signals of both probes.
By means of Step One software, all data underwent an automatic processing and are showcased in an allelic discrimination plot. In the interests of the reliability and the consistency of the genotyping calls, the representative amplification curves and endpoint cluster plots were reviewed visually, and then compared across the various replicate samples.
Genetic analysis and Hardy–Weinberg Equilibrium
To verify the Hardy-Weinberg equilibrium, the genotype frequencies in each of the patient and control groups were subjected to a chi-square test. To further investigate the contribution of the rs4499252 (A/G) polymorphism to the risk of the disease and/or the variation of the disease in its clinical form, separate analyses were conducted, including the genotypic, dominant, recessive, and allelic models.
Ethical approval
Prior to enrolment, the parents or legal guardians of each participant provided written informed permission. The Local Ethics Committee of Benha University's Faculty of Medicine examined and authorised the study (Approval No. Ms 27-8-2023). 
Statistical methods
All statistical procedures were carried out using SPSS version 28 (IBM Corp., Armonk, NY, USA). Distribution of quantitative variables was examined through the Shapiro–Wilk test in conjunction with graphical assessment. Depending on normality of distribution, continuous data were expressed either as mean ± standard deviation or as median and range. Frequencies and percentages were used to display categorical variables. When the data had a normal distribution, the independent samples t-test was used to compare the continuous variables between the two groups; when the distribution was non-normal, the Mann-Whitney U test was used.  When applicable, Fisher's exact test or the Chi-square test were used to examine relationships between categorical variables. Deviation from Hardy–Weinberg equilibrium for investigated genotypes was evaluated using the Chi-square test. To explore the effect of different genetic inheritance models of studied polymorphism on disease susceptibility and severity, multivariate logistic regression analysis was applied. The findings were presented as odds ratios together with the corresponding 95% confidence interval (CIs). A p-value of less than 0.05 was deemed statistically significant, and all analyses were two-tailed.
Results
General characteristics 
The studied groups were comparable regarding age (mean age was 11 ± 3 years in patients vs. 12 ± 3 years in controls, p = 0.065) and sex distribution (48.6% males and 51.4% females in the patient group vs. 43.3% males and 56.7% females in the control group, p = 0.631).
Clinical characteristics of the studied patients
General and clinical characteristics of the β-thalassemia major (β-TM) patients were illustrated in Table 1.
Laboratory findings 
Patients with β-TM showed markedly altered hematological parameters compared with controls. Hemoglobin level was significantly lower in patients accompanied by marked reductions in MCV, MCH and MCHC. RDW was significantly elevated among patients. Reticulocyte counts after correction were higher in patients, reflecting increased erythropoietic activity (Table 2).
Hemoglobin electrophoresis findings revealed that HbA was significantly reduced in patients compared with controls while HbF was markedly elevated. HbA2 was insignificantly different between the groups (Table 2).
Regarding liver function and iron profile, patients had significantly higher ALT, AST, bilirubin (total, direct and indirect), LDH and serum ferritin levels. Urea and creatinine showed no significant differences between groups (Table 2).
Hardy Weinberg equilibrium
The distribution of AHSP (rs4499252 A/G) genotypes among both patients and controls was consistent with Hardy–Weinberg equilibrium. In the patient group, the observed frequencies were 14 AA, 33 AG, and 23 GG compared with the expected values of 13.3, 34.4, and 22.3, respectively (p = 0.729). Similarly, in the control group, the observed frequencies were 15 AA, 12 AG, and 3 GG compared with the expected values of 14.7, 12.6, and 2.7 respectively (p = 0.794).
Alpha stabilizing protein genetic models in the studied groups
The cases with AG genotype had a significantly higher probability of developing beta thalassemia major compared to the AA genotype (OR = 3.639, 95% CI: 1.405–9.426, p = 0.008). The GG genotype was associated with an even greater risk (OR = 10.190, 95% CI: 2.601–39.922, p < 0.001). Table 3, Figure 1-A.
Using the dominant model, the combined AG+GG group was markedly more common among patients than those with the AA genotype (OR = 3.975, 95% CI: 1.926–8.203, p < 0.001). Similarly, in the recessive model, individuals with the GG genotype were more frequent in the patient group compared with AA+AG carriers (OR = 4.610, 95% CI: 1.780–11.938, p = 0.002) Table 3, Figure 1 B-C.
At the allele level, the G allele showed a higher frequency in patients than in controls (OR = 2.890, 95% CI: 1.494–5.592, p = 0.002). Table 3, Figure 1-D
Mutant AHSP genotypes (AG/GG) were associated with significantly lower pre-transfusion Hb (7.6±0.7 vs. 8.2±0.4 g/dL, p = 0.004) but not with high ferritin (p = 0.752), HbF elevation (p = 0.852), increased serum bilirubin (p = 0.195), or elevated liver enzymes (p = 0.906 for aspartate transaminase, p = 0.274 for alanine transaminase).
Regression analysis of alpha stabilizing protein genotypes for prediction of moderate to severe disease
The AG genotype was significantly associated with an increased risk of moderate to severe disease compared to the AA genotype (OR = 13.272, 95% CI: 2.926–60.192, p < 0.001). The GG genotype showed an even stronger association with disease severity (OR = 29.5, 95% CI: 5.305–164.047, p < 0.001). Table 4, Figure 2-A.
In the dominant model, individuals carrying the AG or GG genotype had a markedly higher risk of developing moderate to severe disease compared to those with the AA genotype (OR = 15.81, 95% CI: 4.329–57.734, p < 0.001). Similarly, the recessive model showed that patients with the GG genotype had a significantly higher risk compared to those with the AA or AG genotype (OR = 9.477, 95% CI: 2.729–32.910, p < 0.001). Table 4, Figure 2-B, C.
At the allele level, the G allele was significantly associated with moderate to severe disease compared to the A allele (OR = 3.635, 95% CI: 1.530–8.635, p = 0.003). Table 4, Figure 2-D.
Discussion
β-thalassemia major is a severe hereditary anemia characterized by deficient β-globin chain synthesis, excess unpaired α-globin chains, and profound ineffective erythropoiesis [13], yet patients with similar β-globin mutations often show strikingly different clinical courses, underscoring the role of genetic modifiers such as AHSP [6,14].  In this study, we evaluated the AHSP rs4499252 (A/G) polymorphism in a group of Egyptian children with β-TM and demonstrated that variant genotypes, particularly AG and GG, are strongly associated with more severe disease phenotype rather than with the mere presence of the disease itself, supporting AHSP as a modifier of β-thalassemia severity in this population.
Our findings showed that the G allele and the AG/GG genotypes were significantly more frequent among patients than controls, and that individuals carrying these variant genotypes had markedly higher odds of having a moderate to severe phenotype, which is consistent with the biological role of AHSP in buffering free α-globin chains and limiting oxidative damage during erythropoiesis. This supports the idea that AHSP variation modifies clinical expression on top of the β-globin defect rather than suggesting a primary involvement in disease vulnerability [4].
Although the G allele and the AG/GG genotypes appeared more frequent among β-TM patients than among controls in the current work, this pattern should be interpreted cautiously. It is possible that the higher incidence of mutant genotypes in our β-TM cohort reflects the clinical makeup of the group. Since the majority of the patients that were included had moderate to severe illness, the biological importance of AHSP function is even more important because of the elevated oxidative stress and inefficient erythropoiesis.
These findings are consistent with regional data showing that β-thalassemia phenotype can be influenced by AHSP variance. According to an Iraqi study, Iraqi β-TM patients had a higher prevalence of the GG genotype than controls, and the recessive model showed a substantial correlation [6]. The larger representation of the G allele may also be explained by the fact that, like our cohort, theirs was primarily made up of severe cases. 
Studies from different populations have shown higher expression of AHSP in more severe types of β-TM, which may be an adaptive response to increasing oxidative stress. This higher expression likely helps patients with β-TM stabilise and solubilise excess free α-chains, minimising their detrimental effects. However, this increase in AHSP expression does not completely balance the negative effects of unpaired α-chains [15]. This was demonstrated in a prior study when Iraqi researchers discovered that patients with β-TM and β-thalassemia intermedia had significantly higher levels of AHSP gene expression than control subjects [16]. This association has also been supported by Ranjbaran and associates [7], who showed that the more severe the clinical manifestations of both β-TM and intermedia, the higher the AHSP mRNA level. The authors' suggestion that this rise is a compensatory reaction to the elevated oxidative stress, rather than a protective effect, highlights the close relationship between the pathophysiology of the disease and AHSP regulation. 
On the other hand, another study on Thai patients with Hb E/β-thalassemia reported no relationship between AHSP haplotypes and disease severity [17]. Such divergence from our findings may stem from ethnic differences in genetic composition, or fundamental biological distinctions between classical β-TM and Hb E/β-thalassemia. In the latter, the combined effects of Hb E production and β-globin deficiency may mask or alter the influence of potential modifier genes.
Within our cohort, mutant rs4499252 genotypes were associated with lower steady-state hemoglobin and a higher probability of moderate to severe disease, but not with major differences in bilirubin fractions, ferritin, or liver enzymes, suggesting that their impact is exerted predominantly through intramedullary ineffective erythropoiesis rather than overt hemolysis or iron overload. This pattern is compatible with previous studies, where reduced AHSP activity was found to increase oxidative damage within the marrow and cause early apoptosis of erythroid precursor cells. This process restricts the synthesis of hemoglobin without a concomitant increase of bilirubin production since the erythrocytes are removed before entering the circulatory system [14]. Additional evidence demonstrated that α-globin variants, that had a decreased binding affinity for AHSP, precipitated and caused microcytosis and anemia. These findings emphasise that the disruption of the AHSP-α-globin interaction caused by changes in the regulation or the protein's structure, would affect the erythroid differentiation and the stabilization of the maturation process  [18]. 
Another study also considered the experimental and clinical evidence that views AHSP as a critical modulator of the severity of β-thalassemia. The co-presence of variations of AHSP along with mutations of β-globin might worsen the level of anemia according to their proposals [4]. Even though rs4499252 is located within a non-coding region of the genome and has no apparent direct impact, it is also possible that it acts as a regulatory sign for adjacent hereditable loci that control the expression of disease severity. This observation is consistent with evidence from AHSP-deficient experimental models. In mice lacking AHSP, anemia is more pronounced and erythroid maturation is markedly impaired [19].
[bookmark: _Hlk174470235]Generally, our results correlate with the wider mechanistic principal view that AHSP acts as a modifier of clinical severity in β-thalassemia. Although rs4499252 has not been functionally identified, its association with a more severe clinical picture increases the possibility that it affects AHSP regulation or is inherited in conjunction with a nearby functional variant. AHSP's recognition as a β-thalassemia modulator expands our knowledge of the disease's biology beyond just the β-globin gene. It emphasises how connections between oxidative stress pathways, molecular chaperone function, and erythroid development lead to red-cell damage [19]. This broader viewpoint could help guide future treatments that target AHSP or its downstream oxidative networks, such as methods to increase AHSP stability or expression to enhance α-globin handling. 
According to our findings, AHSP rs4499252 genotyping may be used in addition to standard clinical and laboratory indicators for β-thalassemia major risk stratification. In locations with limited resources, identifying children who possess the G allele, especially in the homozygous state, may help doctors anticipate a more severe course, arrange closer follow-up, and customise transfusion and chelation methods. From a population-genetics perspective, our results highlight the relevance of examining modifier genes across various ethnic backgrounds and supplement the limited data from Middle Eastern and North African populations.
However, our ability to make definitive conclusions on causality and mechanism is limited by the small sample size, single-center design, and absence of functional tests of AHSP expression or activity. Confirmation of these relationships will need future multicenter research with larger, genetically diverse cohorts, integration of AHSP mRNA/protein measurements, and investigation of interactions with other modifier genes.
Conclusion
In this group of Egyptian patients with β-thalassemia major, the AHSP rs4499252 variant was significantly linked to clinical severity, supporting its potential role as a genetic modifier rather than a factor influencing the likelihood of developing the disease. These results position AHSP as a possible biomarker that could aid in clinical stratification and more tailored management of β-thalassemia, although validation in larger and more ethnically diverse populations is still needed.
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Table 1: General and clinical characteristics of the studied patients
	Clinical variable
	
	Patient
(n = 70)

	General examination
	
	

	Pallor
	n (%)
	70 (100)

	Jaundice
	n (%)
	28 (40)

	Disease characteristics
	
	

	Age at presentation (months), 
	Median (range)
	7 (3–15)

	Age at first blood transfusion (months) 
	Mean ± SD
	8 ± 3

	Disease duration (years)
	Mean ± SD
	9 ± 3

	Frequency of blood transfusion
	
	

	Every two weeks
	n (%)
	44 (62.9)

	Monthly
	n (%)
	26 (37.1)

	Iron Chelation
	
	

	Onset of chelation therapy (month)
	Mean ±SD
	17 ±3

	Type of chelation therapy
	
	

	       Deferasirox
	n (%)
	40 (57.1)

	       Deferasirox and Deferoxamine
	n (%)
	30 (42.9)

	Disease complications
	
	

	HSM
	n (%)
	61 (87.1)

	Bone abnormalities
	n (%)
	62 (88.6)

	Skin bronzing
	n (%)
	20 (28.6)

	Endocrine disturbances
	
	

	Growth retardation
	n (%)
	58 (82.9)

	Delayed puberty
	n (%)
	12 (17.1)

	Disease severity
	
	

	Mild
	n (%)
	21 (30)

	Moderate
	n (%)
	12 (17.1)

	Severe
	n (%)
	37 (52.9)


n: number, SD: standard deviation, HSM: hepatosplenomegaly.

Table 2: Laboratory findings between the studied groups
	Laboratory parameter
	
	Patients
(n = 70)
	Controls
(n = 30)
	P-value

	CBC parameters
	
	
	
	

	Hb (g/dl)
	Mean ±SD
	7.7 ±0.7
	11.2 ±0.5
	<0.001*

	MCV (fl)
	Mean ±SD
	64 ±3
	88 ±5
	<0.001*

	MCH (Pg)
	Mean ±SD
	22 ±2
	28 ±2
	<0.001*

	MCHC (gm/dl)
	Mean ±SD
	30 ±1
	34 ±2
	<0.001*

	RDW (%)
	Mean ±SD
	19 ±2
	14 ±1
	<0.001*

	Retics after correction
	Median (range)
	1.6 (1.1 - 2.8)
	0.95 (0.6 - 2)
	<0.001*

	Hb Electrophoresis 
	
	
	
	

	HbA
	Mean ±SD
	15 ±3
	96 ±1
	<0.001*

	HbA2
	Mean ±SD
	2.9 ±0.8
	3 ±0.4
	0.344

	HbF
	Median (range)
	92 (73 - 98)
	0.6 (0.1 - 0.9)
	<0.001*

	Biochemistry
	
	
	
	

	AST (U/L)
	Mean ±SD
	85 ±5
	26 ±4
	<0.001*

	ALT (U/L)
	Mean ±SD
	73 ±6
	24 ±3
	<0.001*

	Total bilirubin (mg/dl)
	Median (range)
	2.29 (2.06 - 2.89)
	0.55 (0.44 - 1.7)
	<0.001*

	Direct bilirubin (mg/dl)
	Mean ±SD
	0.65 ±0.17
	0.26 ±0.03
	<0.001*

	Indirect bilirubin (mg/dl)
	Median (range)
	1.66 (1.3 - 1.99)
	0.3 (0.2 - 0.9)
	<0.001*

	LDH
	Median (range)
	396 (345 - 465)
	128 (111 - 312)
	<0.001*

	Urea (mg/dl)
	Mean ±SD
	21 ±3
	20 ±2
	0.099

	Creatinine (mg/dl)
	Mean ±SD
	0.81 ±0.16
	0.78 ±0.14
	0.353

	Ferritin (ng/ml)
	Median (range)
	2478 (1395 - 6000)
	110 (75 - 270)
	<0.001*


n: number, Hb: hemoglobin, g/dl: grams per deciliter, MCV: mean corpuscular volume, fl: femtoliter, MCH: mean corpuscular hemoglobin, pg: picogram, MCHC: mean corpuscular hemoglobin concentration, gm/dl: grams per deciliter, RDW: red cell distribution width, %: percentage, Retics: reticulocytes, HbA: hemoglobin A, HbA2: hemoglobin A2, HbF: fetal hemoglobin, AST: aspartate aminotransferase, U/L: units per liter, ALT: alanine aminotransferase, mg/dl: milligrams per deciliter, LDH: lactate dehydrogenase, ng/ml: nanograms per milliliter, SD: standard deviation, *: significant p-value


Table 3: Genetic analysis of alpha-stabilizing protein in the studied groups
	
	
	Patients
(n = 70)
	Controls
(n = 30)
	OR (95% CI)†
	P-value

	Genotype
	
	
	
	
	

	AA
	n (%)
	14 (20)
	15 (50)
	R
	R

	AG
	n (%)
	33 (47.1)
	12 (40)
	3.639 (1.405 - 9.426)
	0.008*

	GG
	n (%)
	23 (32.9)
	3 (10)
	10.190 (2.601 - 39.922)
	<0.001*

	Dominant model
	
	
	
	
	

	AA
	n (%)
	14 (20)
	15 (50)
	R
	R

	AG + GG
	n (%)
	56 (80)
	15 (50)
	3.975 (1.926 - 8.203)
	<0.001*

	Recessive model
	
	
	
	
	

	AA + AG
	n (%)
	47 (67.1)
	27 (90.0)
	R
	R

	GG
	n (%)
	23 (32.9)
	3 (10.0)
	4.610 (1.780 - 11.938)
	0.002*

	Allele
	
	
	
	
	

	A
	n (%)
	61 (43.6)
	42 (70.0)
	R
	R

	G
	n (%)
	79 (56.4)
	18 (30.0)
	2.890 (1.494 - 5.592)
	0.002*


†Adjusted for age and gender; *Significant P-value; OR: Odds ratio; CI: Confidence interval; AA: Homozygous wild-type genotype; AG: Heterozygous genotype; GG: Homozygous variant genotype; R: Reference.


Table 4: Multivariate logistic regression analysis for alpha-stabilizing protein genetic models to predict moderate to severe disease
	
	
	Moderate to Severe disease
	
	

	
	
	Yes (n = 49)
	No (n = 21)
	OR (95% CI)
	P-value

	Genotype
	

	AA
	n (%)
	5 (10.2)
	9 (42.9)
	R
	R

	AG
	n (%)
	24 (49)
	9 (42.9)
	13.272 (2.926 - 60.192)
	<0.001*

	GG
	n (%)
	20 (40.8)
	3 (14.3)
	29.5 (5.305 - 164.047)
	<0.001*

	Dominant model
	

	AA
	n (%)
	5 (10.2)
	9 (42.9)
	R
	R

	AG + GG
	n (%)
	44 (89.8)
	12 (57.1)
	15.81 (4.329 - 57.734)
	<0.001*

	Recessive model

	AA + AG
	n (%)
	29 (59.2)
	18 (85.7)
	R
	R

	GG
	n (%)
	20 (40.8)
	3 (14.3)
	9.477 (2.729 - 32.910)
	<0.001*

	Allele

	A
	n (%)
	34 (34.7)
	27 (64.3)
	R
	R

	G
	n (%)
	64 (65.3)
	15 (35.7)
	3.635 (1.530 - 8.635)
	0.003*


OR: Odds ratio; CI: Confidence interval; R: Reference, *Significant p-value.

Figure legends
Figure 1: Different alpha stabilizing protein genetic models between the studied groups; A) Genotypes; B) Dominant model; C) Recessive model; D) Alleles.
Figure 2: Different alpha stabilizing protein genetic models according to severity; A) Genotypes; B) Dominant model; C) Recessive model; D) Alleles.
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