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Abstract

Background: Beta-thalassemia is a hereditary hematological illness in which beta-globin
chain synthesis is missing or decreased, resulting in inefficient erythropoiesis, persistent
hemolysis, and anemia. It is most frequently observed in populations with a high rate
of consanguineous marriages; affordability becomes a limiting factor for families with
low income. Methods: In this study, we optimized Sanger sequencing of the whole HBB
gene covering all three coding exons, two introns, and 5′ and 3′ UTRs. Eleven families
were enrolled from Fatimid Foundation Peshawar, Khyber Pakhtunkhwa, Pakistan, with
a total of 16 transfusion-dependent patients. An index patient in each family was Sanger
sequenced for the HBB gene (n = 11). The variants were classified as per ACMG 2015
guidelines. Results: Sequencing analysis revealed five homozygous pathogenic variations,
including three frameshifts: c.27_28dupG (p.Ser10Valfs*14), c.17_18delCT (p.Pro6Argfs17),
c.126_129delCTTT (p.Phe42Leufs*19), and two splice-sites (c.92+1G>A, and c.92+5G>C) in
nine families. However, two families remained unresolved. The mutation, c.27_28dupG
(p.Ser10Valfs*14), was observed in several pedigrees, indicating a probable founder effect
or high allele frequency within the affected population. Conclusions: The majority of
detected variations in this study were classified as disease-causing, which reside in the first
two coding exons and intron-1 of the HBB gene, highlighting its functional importance in
the Khyber Pakhtunkhwa population. We recommend performing Sanger sequencing of
exon-1-intron-1-exon-2 of the HBB gene with the optimized primers of this study.

Keywords: HBB; Sanger sequencing; thalassemia; variant; CBC

1. Introduction
Thalassemia can be defined as a disease in which the production of globin chains is

absent or reduced, which causes ineffective erythropoiesis, chronic hemolysis and anemia.
Thalassemia is considered a common monogenic disorder globally and has the highest
frequency in the Mediterranean, Middle East and South Asian regions due to genetic
blueprint and social-cultural factors such as a high rate of consanguinity [1]. Thalassemia
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can be classified as alpha-thalassemia and beta-thalassemia on the basis of the affected
globin chains. Three clinical forms of beta-thalassemia have been identified. These include
beta-thalassemia minor (carrier state), intermedia and major (Cooley’s anemia) depending
on severity of clinical manifestations and blood transfusion requirement [1,2]. It is caused
by the mutation(s) in the globin genes, which are inherited in an autosomal recessive mode
of inheritance. An individual is known to be a carrier of this disease, having a single
affected gene and usually remains symptomatically healthy, whereas individuals with two
affected alleles (homozygous/compound heterozygous) exhibit a severe clinical phenotype.
There is a strong correlation between consanguinity and the prevalence of Thalassemia.
Due to the absence of effective screening programs, the prevalence of the carrier state has
increased [3,4].

Thalassemia is a major health issue globally, affecting 5–7% of the world’s population
who carry the different variants of the globin gene and nearly 300,000–400,000 children
are born worldwide with hemoglobin disorders and beta-thalassemia [5]. Asia is the most
affected region by this genetic defect, including South and Southeast Asia and the Middle
East, and in these areas, the carrier rates are as high as 10–20% in the majority due to
consanguinity and insufficient screening programs [4,6]. Pakistan has one of the highest
numbers of children who are suffering from Thalassemia major, with a carrier rate of
5–7%, resulting in 8000–10,000 births every year and more than 100,000 patients relying on
blood transfusion, which puts a great economic burden on the health sector [7]. A higher
proportion of carriers is present in Khyber Pakhtunkhwa as compared with other provinces
due to the marriage cultural framework in this region. There is an urgent need to establish
thorough screening and genetic counseling programs for this severe inherited disease [3].

The β-thalassemia phenotype appears when mutations occur in the HBB gene se-
quence. These mutations include point mutations, insertions, deletions, or problems with
the splice site. The HBB gene is involved in the synthesis of the β-globin chain. There is
reduced or no formation of the β-globin chain when variants occur in this gene. That is why
β-globin chains are fewer in number compared with α-globin chains [8,9]. The HBB gene is
located on chromosome 11p15.5 and consists of three exons and two introns. It encodes the
β-globin subunit of hemoglobin A, which is involved in carrying oxygen throughout the
body in adults. Severe β-thalassemia is caused by β0 mutations that preclude complete
synthesis of hemoglobin A [10,11].

More than 1400 different variants of the hemoglobin gene have been identified. Most
of them have mutations in the HBB gene. These variants include missense, nonsense,
frameshift, or splice-site mutations. Each influences the severity of the disease differently.
The distribution of these mutations differs across different regions of the world, with certain
variants being more prevalent in specific populations due to founder effects and genetic
drift [12,13]. In Pakistan, the majority of β-thalassemia cases are caused by a small number
of mutations. The most frequently observed are c.92+5G>C, c.27_28insG, c.126_129delTTCT,
c.92+1G>A and the del619 [14]. These mutations are responsible for causing 85–90% of the
cases in the population [14]. The Khyber Pakhtunkhwa population lives at the border of
Afghanistan and most of the ethnic groups specially Pashto-speaking-tribes descent from
Afghanistan. Overall, Pakistani populations differ in sub-ethnic groups when it comes to
tribal setups or local marriage. The frequency of mutations also differs in these regions [3].

β-thalassemia causes hematological changes, including reduced levels of hemoglobin,
small red blood cells and low mean corpuscular hemoglobin. The RBC count can be
normal or high; a raised level of HbA2 is a sign of β-thalassemia [15]. The severity of
the β-thalassemia depends on the genotype; the β0 mutation results in severe anemia
and requires transfusions, whereas the β+ mutation is usually present in a mild clinical
form [16].
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More than 300 pathogenic variants of the HBB gene have been reported globally.
High frequencies of HBB mutations have been documented in communities with common
consanguineous marriages, notably those in Pakistan and Saudi Arabia. Consanguinity
leads to the increased burden of autosomal recessive illnesses, such as β-thalassemia.
Population-specific mutation spectra have been observed, emphasizing the necessity of
regional molecular characterization for successful carrier screening, genetic counseling,
and prenatal diagnosis. In certain regions of Pakistan, especially in Khyber Pakhtunkhwa,
the spectrum of common mutations is not characterized. There is a need for sequence-
based studies to find prevalent mutations and the effects of this disease. Such research
would help in the improvement of diagnosis, carrier screening, and genetic counseling.
Overall, the genetic landscape of β-thalassemia in these populations remains completely
undefined, which highlights the importance of further investigation into HBB gene variants
responsible for the disease.

2. Materials and Methods
Sampling: The study was conducted from September 2025 to March 2026 at the De-

partment of Molecular Biology and Genetics, Institute of Basic Medical Sciences, Khyber
Medical University, Peshawar, Pakistan. A total of eleven families were selected to partici-
pate in the study, and one index patient in each family underwent HBB gene screening in
collaboration with Fatimid Foundation Peshawar. All families were taken into consider-
ation based on the inclusion criteria, considering their medical signs and symptoms and
clinical history and their participation was completely voluntary. The focus of inclusion
criteria was on patients having severe anemia, transfusion dependency, splenomegaly
and hepatomegaly.

Ethical Approval and Informed Consent Form: Prior to starting this study, the
patients had provided their informed written consent to participate voluntarily and allowed
academic distribution of their findings without disclosing their privacy. The study was
approved by the Institutional Bioethical Review Board (IRB) of Islamia College Peshawar
(ref # 529/ORIC/ICP).

Clinical Manifestation and Pedigree Designing: After identifying the clinical mani-
festation, which included assessment of hemoglobin (Hb) level, mean corpuscular volume
(MCV), mean corpuscular hemoglobin concentration (MCHC), white blood cell (WBC)
count, transfusion dependency status, and the presence or absence of splenomegaly, eleven
families were taken for HBB gene screening. Clinical information and demographic data of
the affected members of the families were recorded using a specifically designed question-
naire. Each family was assigned a unique (HBB ID) for their identification. Pedigrees of
each family were constructed using Haplopainter software version 1.0 [17]. The question-
naire which was used for the collection of data from the affected individuals. Informed
consent or assent was obtained from the affected individuals or their guardians.

Sample Collection and DNA Isolation: 3 mL of peripheral blood sample was collected
in an EDTA tube (simplex) from each patient. DNA isolation was carried out by using the
EasyPure (EE101-11) Genomic DNA Kit (Transgen Co., Ltd., Beijing, China). The quantity
and quality of isolated DNA were analyzed using a Nanodrop spectrophotometer (Thermo
Scientific NanoDrop 2000c, Thermo Fisher Scientific, Waltham, MA, USA) and the integrity
was assessed using agarose gel electrophoresis (BioRad, Hercules, CA, USA).

Complete Blood Picture: CBC was performed from EDTA blood using a Sysmex
analyzer (XP 300, Kobe, Japan).

Sanger Sequencing: One index patient (affected one) having clinical features from
each enrolled family was chosen for the HBB Sanger Sequencing, which was performed
at ACGT Laboratory, Khyber Medical University, Peshawar. The genomic DNA se-
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quence of the HBB gene was retrieved from the Ensembl database (https://grch37.
ensembl.org/index.html accessed on 10 April 2026). Five pairs of overlapping primer
sets (Supplementary Materials) were selected from the genomic sequence of the HBB gene
to capture all three coding exons, two introns and the 5′UTR and 3′UTR. The product size
of every primer set was ~500 bp and overall, the whole genomic sequencing of a 2.056 Kb
region was sequenced in five different reactions. These primer sets were PCR optimized at
60 ◦C using 5 min primary denaturation at 95 ◦C, 40 cycles of 30 s denaturation at 95 ◦C,
30 s annealing at 60 ◦C, 30 s extension at 72 ◦C, final extension of 5 min at 72 ◦C. Sanger
Sequencing of affected samples was carried out using Genetic Analyzer SeqStudio 6000
(Thermo Fisher Scientific, Waltham, MA, USA).

Pathogenicity assessment: To predict the disease-causing variant and to detect
previously reported and novel mutations were checked with ClinVar (https://www.
ncbi.nlm.nih.gov/clinvar/, accessed on 29 June 2026), gnomAD v4.1.1 (https://gnomad.
broadinstitute.org/, accessed on 29 June 2026) and in-silico prediction tools such as Mu-
tationTaster2025 (https://www.mutationtaster.org/, accessed on 29 June 2026), SpliceAI
(https://spliceailookup.broadinstitute.org/, accessed on 29 June 2026), REVEL (https:
//sites.google.com/site/revelgenomics/, accessed on 29 June 2026), and CADD (https:
//cadd.bihealth.org/, accessed on 29 June 2026).

3. Results
A total of 15 cases were identified across 11 families representing the Pakhtun ethnic

group of Pakistan (Figure 1). One affected individual was enrolled from each family
(n = 11); both gender inclusive, with ages ranging from 6 to 26 years. Patients from 8 out
of 11 families were born to consanguineous marriages, revealing an autosomal recessive
pattern of inheritance, while the other four families had no consanguinity. The distribution
of affected individuals across multiple family members within certain pedigrees (e.g.,
HBB-03, HBB-04, HBB-07, HBB-10, and HBB-11) suggests familial aggregation, supporting
an inherited pattern of disease transmission. Overall, the cohort characteristics highlight
a predominantly young population with a high frequency of consanguinity, which is a
known contributing factor to the increased prevalence of inherited genetic disorders in
this population.

The complete blood count (CBC) and clinical data of the affected individuals demon-
strated a consistent pattern indicative of a severe thalassemia phenotype. Hemoglobin
(Hb) levels were markedly reduced across most patients, typically ranging between ap-
proximately 3 and 7.4 g/dL, reflecting profound anemia. Red blood cell indices further
supported this observation, with mean corpuscular volume (MCV) values generally de-
creased (around 71–86 fL), indicating microcytosis, and mean corpuscular hemoglobin
(MCH) values also reduced (approximately 22–27 pg), consistent with hypochromia. Mean
corpuscular hemoglobin concentration (MCHC) remained relatively within or slightly
below the normal range in most individuals. White blood cell (WBC) counts showed mild
variation without a consistent abnormal trend, while platelet (PLT) counts varied among
patients, with some individuals exhibiting elevated levels, possibly reflecting compensatory
hematopoietic responses (Table 1). Clinically, all individuals were transfusion-dependent
and were classified as having a severe disease phenotype, highlighting the significant
clinical burden of the disorder. Notably, the observed clinical and hematological similar-
ities among affected individuals across different families correlate with the underlying
genetic findings, where the same HBB gene variant was identified in five families, while the
remaining families harbored variants localized within the same exon, further supporting a
strong genotype–phenotype association in this cohort.
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Figure 1. Pedigrees of eleven thalassemia families (HBB-01, HBB-02, HBB-03, HBB-04, HBB-05,
HBB-06, HBB-07, HBB-08, HBB-09, HBB-10, HBB-11). Squares denote males, while circles denote
females. The oblique signs on the symbols denotes deceased individuals. Filled squares and circles
indicate affected members of the family and empty symbols indicate unaffected individuals. A double
marriage line between individuals represents consanguinity; arrows indicate the index patients in
each family.

Molecular analysis of the HBB gene identified known homozygous pathogenic vari-
ants in the nine enrolled cases (Table 2). Three pathogenic frameshifts; c.27_28insG
(p.Ser10Valfs14*), c.17_18delCT (p.Pro6Argfs17), c.126_129delCTTT (p.Phe42Leufs*19),
two splice-site; c.92+5G>C, c.92+1G>A, and a missense; c.9T>C variants were identi-
fied across the cohort. All the causative variants identified in these families were de-
tected with one primer set, HBB_2F1: 5′-GCAGAGCCATCTATTGCTTA-3′ and HBB_2R1:
5′-AAACATCAAGCGTCCCATAG-3′ PCR Product = 540 bp. Despite repetitive target
amplification of non-coding intron-2 and exon-3 and 3′UTR of HBB, the first PCR was not
successful in families HBB-04 and HBB-07. This was indicative of a large deletion (del619)
extending from intron-2-exon-3-3′UTR; however, the exact sequence breakpoint could not
be identified in our analysis.

Sequencing analysis also revealed some common polymorphisms, including c.9T>C,
316-185C>T, which were declared as “benign” as per ACMG 2015 criteria [18]. The
pathogenic variant c.27_28insG (p.Ser10Valfs*14) was identified in multiple pedigrees
(HBB-05, HBB-02, HBB-06, HBB-03, and HBB-10), indicating a possible founder effect or
high allele frequency within the population. Overall, the majority of identified variants
were classified as disease-causing and localized within exon 1 or its flanking regions,
reinforcing the critical functional importance of this region in the HBB gene (Figure 2).
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Table 1. Clinical features of eleven affected individuals in thalassemia families.

Pedigree ID Individual ID Age at Enrollment
(Years) Gender Consanguinity Population

Caste WBC HB MCV MCH MCHC PLT Transfusion
Dependent

Stages of
Phenotype

HBB-01 IV-2 8 Male Yes Pashtun 12.5 7.5 79 27 43 712,000 Yes Severe

HBB-02 III-3 5 Female No Pashtun 7.5 3 75 27 36 163,000 Yes Severe

HBB-03
IV-1 18 Male

Yes Pashtun
4.4 4.8 77 25 33 312,000 Yes Severe

IV-4 10 Male - - - - - - Yes Severe

HBB-04
IV-1 16 Male

Yes Pashtun
5 7 77 26 34 283,000 Yes Severe

IV-2 14 Male - - - - - - Yes Severe

HBB-05 III-1 16 Male No Pashtun 57 6.4 76 22 29 1,183,000 Yes Severe

HBB-06 V-2 9 Female Yes Pashtun 2.7 3.4 81 27 33 113,000 Yes Severe

HBB-07
IV-1 20 Male

Yes Pashtun
11.8 7.4 72 24 33 418,000 Yes Severe

IV-4 13 Female - - - - - - Yes Severe

HBB-08 IV-3 8 Male Yes Pashtun 7 5.2 76 86 34 413,000 Yes Severe

HBB-09 III-5 11 Female No Pashtun 4.6 3.5 79 25 32 239,000 Yes Severe

HBB-10
IV-1 26 Female

Yes Pashtun
6 5.4 80 27 33 363,000 Yes Severe

IV-2 13 Female - - - - - - Yes Severe

HBB-11 IV-4 25 Male Yes Pashtun 10 8.1 71 24 33 Yes Severe

Table 2. List of variants detected through Sanger sequencing in HBB gene in thalassemia patients.

Family ID Label ID Gene Position Nucleotide Change Protein Change Zygosity Mutation Tester Prediction

HBB-08 08 HBB Exon 1 c.17_18delCT p.Pro6Argfs*17 Homozygous Disease causing

HBB-05 05 HBB Exon 1 c.27_28insG p.Ser10Valfs*14 Homozygous Disease causing

HBB-02 02 HBB Exon 1 c.27_28insG p.Ser10Valfs*14 Homozygous Disease causing

HBB-06 06 HBB Exon 1 c.27_28insG p.Ser10Valfs*14 Homozygous Disease causing

HBB-10 10 HBB Exon 1 c.27_28insG p.Ser10Valfs*14 Homozygous Disease causing

HBB-01 01 HBB Exon 1 c.27_28insG p.Ser10Valfs*14 Homozygous Disease causing

HBB-09 09 HBB Intron 1 c.92+1G>A p.? Homozygous Disease causing

HBB-11 11 HBB Intron 1 c.92+5G>C p.? Homozygous Disease causing

HBB-03 03 HBB Exon 2 c.126_129delCTTT p.Phe42Leufs*19 Homozygous Disease causing
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Figure 2. Sanger sequencing analysis of the five homozygous HBB variants identified in this study.
(a) homozygous c.95+5C/C in family 11 (b) homozygous c.17_18delCT in family 8 (c) homozygous
c.27_28dupG in families 1, 2, 5, 6 and 10 (d) homozygous c.126_129delCTTT in family 3 (e) ho-
mozygous c.92+1G>A in family 9, and (f–j) healthy control or wild type sequences. The underlined
nucleotides indicate the point of deletion/insertion, while arrows indicate substitution variation in
the respective sequence analysis.

4. Discussion
The high prevalence of thalassemia in Pakistan, especially in the Khyber Pakhtunkhwa

province, is the result of a high rate of consanguineous marriages and multigenerational
families. Most of the patients studied within the cohort were born to consanguineous
marriages, while some had non-consanguineous pedigrees. Previous studies have asso-
ciated HBB, HBA1, and HBA2 genes with the thalassemia syndrome [19]. In the current
study, of all eleven recruited thalassemia transfusion-dependent patients, the majority of
identified variants were classified as disease-causing and localized within exon 1 or its
flanking regions, reinforcing the critical functional importance of this region in the HBB
gene. The presence of homozygous variants among the unrelated families presents a unique
case of identity by descent, indicating a founder effect and connecting these families to a
common ancestry. These findings are consistent with previous research on the HBB gene,
which accounts for a significant proportion of familial thalassemia cases, as reported by
Ejaz et al. [13,20].
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The variant c.27_28insG p.Ser10Valfs*14 was the most frequent HBB gene mutation
observed in our study. This mutation is reported to have the highest distribution in
the Pakistani population previous study by Humaira et al. [13,21,22]. The insertion of a
single nucleotide disturbs the usual reading frame, leading to a premature termination
codon and a shortened, nonfunctional β-globin. Such variants are typically associated
with a β0-thalassemia phenotype, resulting in absent β-globin chain synthesis and severe
clinical appearances [23]. The preponderance of this variant in our study may reflect a
regional hotspot or founder effect, as comparable results have been observed in South Asian
populations [20,24]. Previous research has also revealed that frameshift mutations like
these are highly associated with severe hematological indices and transfusion-dependent
symptoms, particularly in homozygous or compound heterozygous individuals. These
findings highlight the clinical significance of this variant and justify its inclusion in standard
molecular screening and prenatal diagnostic programs [13]. Our study did not have the
c.92+5G>C mutation, which is a common β-thalassemia variant in Pakistan. This could be
due to regional variation or insufficient sample representation [14,25].

The c.92+1G>A variant found in family HBB-09 is a key splice-site mutation in intron
1 of the HBB, impacting the highly conserved donor splice site at the exon-intron boundary.
This location is critical for proper RNA splicing, and substitution at the +1 site usually
causes full disruption of normal splicing, resulting in abnormal mRNA transcripts or exon
skipping. This mutation is usually associated with a β0-thalassemia phenotype, which is
defined by the absence of functional β-globin chain production. Notably, this variant has
been described as one of the most common mutations in earlier research from Pakistan,
including the work by Ahsan H et al., further validating its regional occurrence and clinical
significance [26].

Molecular analysis of the HBB gene identified pathogenic variants using Sanger
sequencing in 9 out of 11 cases. This ~80% diagnostic yield makes Sanger sequencing
ideal for the CVS, carrier, and molecular screening of thalassemia syndrome. The study
presents exon 1 and its flanking splice-site regions as hotspots, which are critical for
functional β-globin synthesis [10]. Specifically, the identification of splice-site mutations
such as c.92+5G>C and c.92+1G>A highlights the role of aberrant mRNA processing in
causing severe phenotypes [13]. These findings are supported by a recent mutational
analysis of Pakistani patients, which shows that mutations in these specific genetic regions
severely affect hemoglobin synthesis [11]. Our pedigrees show a substantial association
between genotype and phenotype, indicating the prevalence of severe β-globin thalassemia
mutations in Khyber Pakhtunkhwa, Pakistan.

The frameshift variant c.17_18delCT (p.Pro6Argfs*17) was found in the patient from
family HBB-09 and is classed as pathogenic. This deletion introduces a premature stop
codon, resulting in a truncated and likely nonfunctional β-globin protein, thereby contribut-
ing to the disease phenotype. Notably, this mutation has also been found recently in two
more studies, further establishing its clinical significance and recurrent nature in affected
groups [27–29]. A nonsynonymous variant, c.9T>C and c.315-185C>T in the deep intronic
region of intron-2 were identified in our cohort and were declared as population-specific
polymorphisms. The benign variants are usually not reported in molecular diagnostics;
however, this variant appears in the majority of patients in the Pakhtun population. This is
why it should be noted as a common polymorphism in this population.

Our study’s hematological data revealed significantly lower hemoglobin (Hb) values,
ranging from 3 to 7.4 g/dL, which are indicative of the TDT phenotype. These findings,
along with reduced mean corpuscular volume (MCV: 71–86 fL) and mean corpuscular
hemoglobin (MCH: 22–27 pg), are consistent with the global clinical markers for severe
anemia [2,30]. Our findings are consistent with recent pediatric studies in the region, which
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show that pediatric patients in high-prevalence areas frequently exhibit these specific
microcytic hypochromic indices [5]. Furthermore, the severity of anemia found in our
cohort is in close agreement with the hematological spectrum reported in previous Pakistani
patient studies, emphasizing the durability of these markers as diagnostic indicators for
the primary form of the disease [31,32].

The study has significant limitations. First, though the sample size in this study does
not represent the whole population of beta-thalassemia patients in Khyber Pakhtunkhwa,
we have seen that 9 out of 11 families were resolved for molecular diagnosis with only
one primer set covering exon-1-intron1-exon-2 of the HBB gene. Second, the two families
that were negative may be resolved with tools other than Sanger sequencing, for example,
gap-PCR assay [33], to confirm their large deletion of 619 bp, including exon-3 and 3′UTR.
Finally, we conclude that the restricted number of families may limit the findings’ general-
izability. Future studies with larger cohorts and thorough sequencing methodologies are
needed to better understand the molecular spectrum of β-thalassemia.

5. Conclusions
Our findings confirm HBB hotspot mutations in Khyber Pakhtunkhwa, with variants

such as c.27_28insG accounting for a substantial proportion of cases despite overall muta-
tional heterogeneity. The Government of Khyber Pakhtunkhwa has already passed a law
to screen families and perform carrier testing for beta-thalassemia before marriages. This
genetic testing is not only efficient but also cost-effective for screening the most common
variants. The five primer sets can be used stepwise to reduce cost and to improve the
diagnostic yield in the families of Khyber Pakhtunkhwa, Pakistan. Hematological findings,
such as anemia with microcytosis and hypochromia, corroborated the molecular results,
reinforcing the genotype-phenotype association and emphasizing the clinical need for
targeted HBB gene screening in this population. This regional clustering facilitates the
creation of a cost-effective, focused HBB-based diagnostic panel for local screening.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/thalassrep16030014/s1. HBB genomic sequence with primers sets.
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