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Abstract. Reactivating fetal hemoglobin (HbF) has become a key therapeutic strategy for p-
hemoglobinopathies. However, the regulatory networks controlling HbF are complex and have
only recently been uncovered. This review integrates current knowledge of the genetic and
epigenetic factors that influence HbF expression, including BCL11A, HBS1L-MYB, KLF1, and
variants associated with HPFH, and shows how these pathways work together to regulate y-globin
levels. It also highlights recent advances in HbF-targeted treatments, including gene-editing
technologies such as CRISPR-Cas9-based BCL11A enhancer disruption, promoter editing to
mimic hereditary persistence of fetal hemoglobin (HPFH), and advanced tools like base and prime
editing. By combining mechanistic understanding with therapeutic development, this review
highlights how improvements in HbF regulation have transformed efforts to find cures for sickle
cell disease and B-thalassemia, while also revealing new opportunities for targeted HbF induction
across different patient groups.
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Introduction. Hemoglobin (Hb) is a tetrameric protein
composed of globin subunits and heme groups and plays
a central role in oxygen transport within erythrocytes.! In
healthy adults, hemoglobin predominantly consists of
HbA (02B2), accounting for approximately 96%, with
smaller proportions of HbA: (0202; <3.5%) and fetal
hemoglobin  (HbF, o2y2; <1%).2 During fetal
development, HbF is the dominant hemoglobin form;
however, following birth, a tightly regulated
developmental switch from vy-globin to B-globin
expression occurs, resulting in HbA becoming the major
hemoglobin by approximately six months of age.®
Persistently elevated HbF levels in adults may arise from
inherited disorders such as p-thalassemia, sickle cell
anemia (SCA), and hereditary persistence of fetal
hemoglobin (HPFH), as well as from acquired conditions

including  erythropoietic ~ stress, myelodysplastic
syndromes, and pharmacological interventions.
Genome-wide association studies (GWAS) have

identified three major quantitative trait loci (QTLS)
involved in HbF regulation, which are the Xmnl
polymorphism within the B-globin locus on chromosome
11p15, the HBS1L-MYB intergenic region (HMIP-2) on
chromosome 623, and the BCL11A gene on
chromosome 2p16.5" Collectively, these loci account for
approximately 20-50% of interindividual variation in
HbF levels among patients with B-
hemoglobinopathies.>®

The erythroid-specific transcription factor KLF1
plays a critical role in HbF regulation by directly
modulating BCL11A expression and recruiting
chromatin-remodeling complexes to the B-globin
locus.>® Vinjamur et al. demonstrated that CRISPR-
mediated disruption of KLF1 in primary human
erythroblasts results in a 20-30% reactivation of y-globin
expression, accompanied by a reduction in BCL11A
levels, a key mechanism underlying HbF silencing.®
These findings highlight the therapeutic potential of
targeting KLF1-dependent pathways, including
pharmacological induction  strategies such as
hydroxyurea, as well as BCL11A-focused gene-editing
approaches, underscoring the central role of KLF1 in
HbF regulation and its relevance for SCA
management.®1°

Recent therapeutic strategies increasingly employ
CRISPR-Cas9 technology to induce HbF re-expression.
Elevated HbF levels have been shown to ameliorate
disease severity in both p-thalassemia and SCA.
BCL11A acts as a master repressor of y-globin
transcription, and disruption of its erythroid-specific
enhancer within the second intron using CRISPR-Cas9
has been shown to markedly increase HbF levels, thereby
reducing clinical manifestations of B-
hemoglobinopathies.'*** CTX001 (exa-cel) is an ex vivo

CRISPR-Cas9-based gene-editing therapy designed to
reactivate HbF in autologous hematopoietic stem cells
derived from patients with SCA or transfusion-
dependent B-thalassemia. Ongoing clinical trials have
shown encouraging safety and efficacy outcomes,
supporting the potential of genome editing as a curative
strategy for these disorders.1112

Anemia, defined by reduced hemoglobin
concentrations (<13.5 g/dL in men and <12.0 g/dL in
women), affects more than 1.7 billion individuals
worldwide and represents a major global health
burden.'**> Anemia can have many causes; however, we
can distinguish two fundamental forms: acquired and
inherited.'**> Hemoglobinopathies are the most frequent
monogenic diseases worldwide; it is estimated that 5%
of the world’s population carries a defective hemoglobin
(Hb) trait.***® The most common hemoglobinopathies
are [3-thalassemia and sickle cell disease (SCD), both of
which result from defects in the B-globin chain.¢® More
than 40,000 infants are born with B-thalassemia each
year, of whom about 25,500 have transfusion-dependent
B-thalassemia, and an estimated 300,000 infants are born
annually worldwide with Sickle Cell Disease (SCD).16-18
Patients affected by p-thalassemia show low or absent
production of adult B-globin chains, leading to a-
globin/B-globin chain imbalance, erythroid cell death,
hemolysis, and iron overload.?® SCD is characterized by
the production of a mutant B-globin chain (BS) that is
incorporated in an Hb tetramer (HbS) that has a
propensity to polymerize.*® This polymerization causes
red blood cell (RBC) sickling, hemolysis, vaso-occlusive
crises (VOCs), and acute chest syndrome.'”'® This
review focuses on the genetic and epigenetic regulation
of HbF in p-hemoglobinopathies, with particular
attention to key regulatory polymorphisms at the
BCL11A, Xmnl, and HMIP-2 loci and their population-
specific effects. In addition, emerging therapeutic
strategies to increase HbF levels are discussed, with an
emphasis on their implications for the management of 3-
hemoglobinopathies and related anemic conditions.

Biology of Hemoglobin (Hb) and Fetal Hemoglobin
(HbF). Two gene clusters on different chromosomes
encode human hemoglobin: the B-globin cluster on
chromosome 11 (which includes &, Gy, Ay, 6, and
genes) and the a-globin cluster on chromosome 16
(which includes { and o genes).® These genes (Figure 1)
are expressed in a specific sequence during development:
embryonic hemoglobins (Hb Gower-1 [:e2], Hb
Portland [{2y2], and Hb Gower-2 [az€2]) are predominant
early in gestation, fetal hemoglobin (HbF, a2y2) becomes
the primary hemoglobin after 8 weeks of gestation, and
adult hemoglobins (HbA [o2Bf2] and HbA: [0202])
dominate after birth,2-2
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Figure 1. Genetics and structure of hemoglobin variants.

The y-globin chains (Gy and Ay) differ by a single
amino acid at position 136, glycine in Gy versus alanine
in Ay.?? At birth, HbF is composed of 70% Gy and 30%
Ay, whereas in adults, this shifts to about 40% Gy and
60% Ay.% This change occurs during the y-to-B globin
switch, which is completed by 6-12 months of age.?*%*
HDbF has a higher oxygen affinity (P50 = 19 mmHg) than
HbA (P50 = 27 mmHg), thereby facilitating oxygen
transfer from the mother to the fetus.?>% This difference
comes from less binding of 2,3-BPG to y-globin chains
and altered hemoglobin-oxygen dissociation kinetics.?*

In healthy adults, HbF is confined to F-cells, a subset
of erythrocytes (1-5% of RBCs) that contain both HbF
and HbA.?” Unlike fetal RBCs, which exhibit macrocytic
morphology with an MCV around 120 fL, adult F-cells
maintain normal red blood cell size (MCV around 80 fL)
and membrane properties.?” During erythropoiesis, the
HbF content per F-cell remains consistent, while HbA
production gradually increases, demonstrating the
precise regulation of globin genes during erythroid
maturation.?? The developmental y-to-B globin switch
represents the central biological process underlying HbF
silencing and constitutes the primary therapeutic target
in B-hemoglobinopathies.

Abnormal HbF persistence beyond infancy can result
from various causes, including genetic conditions such
as B-thalassemia, SCA, HPFH, KLF1, and mutations;?
2 acquired disorders such as aplastic anemia,
myelodysplastic syndromes, and erythropoietic stress;®
and environmental exposures such as high altitude,
smoking, and certain medications.®* Modern laboratory
techniques for HbF analysis include HPLC, which
quantifies Hb fractions with over 95% accuracy,
capillary electrophoresis to distinguish Gy from Ay
chains,3 flow cytometry to detect F-cells with 4-6 pg
HbF per cell sensitivity, and mass spectrometry to
identify rare Hb variants.3+3°

Genetic Regulation of HbF. The genetic architecture
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controlling fetal hemoglobin production involves
complex interactions among transcriptional regulators,
chromatin modifiers, and locus control regions. Three
primary genetic loci have been definitively identified as
key modifiers of HbF levels through GWAS and
functional genomic analyses.>” The BCL11A gene on
chromosome 2p16 encodes a zinc-finger transcription
factor that serves as the primary regulator of y-globin
silencing.®® Bauer and Orkin demonstrated that BCL11A
functions as a molecular scaffold, mediating chromatin
looping between the B-globin locus control region (LCR)
and the adult PB-globin promoter while physically
displacing y-globin genes from this active chromatin
hub.®” This mechanistic insight was derived from studies
showing that BCL11A knockdown in adult erythroid
cells reactivates vy-globin expression by 20-30%,
particularly in cells carrying the rs11886868 (C—T)
polymorphism in the BCL11A erythroid enhancer.®%
While BCL11A is the most extensively validated
therapeutic target, the long-term consequences of its
modulation, especially beyond the erythroid lineage, are
not yet fully defined and may involve unintended effects
on gene regulation, stem cell integrity, and broader
physiological systems.

The HBS1L-MYB intergenic region (HMIP-2) on
chromosome 6923 is the second central HbF regulatory
locus.”* Stadtholders et al. described this region as
containing stage-specific enhancers that regulate MYB
expression during erythropoiesis.** Through detailed
haplotype analysis, Galarneau et al. identified rs9399137
(T—C) as the most significantly associated variant in
European populations, accounting for 8-12% of HbF
variability.*? Functional studies in Tanzanian SCA
patients showed that HMIP-2 variants influence the
timing of MYB expression, thereby affecting the onset
of erythroid differentiation and indirectly impacting y-
globin silencing.®® In contrast to BCL11A, HMIP-2
effects are indirect and population-dependent, limiting
their immediate therapeutic application and underscoring
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Figure 2. Single-nucleotide polymorphism in HbF.

the need for further functional validation and
mechanistic studies before they can be reliably translated
into broadly effective clinical interventions.

The Xmnl-HBG2 polymorphism (rs7482144) on
chromosome 11p15 is the third primary HbF regulatory
site. Cardoso et al. demonstrated that the C—T
substitution at position -158 creates a new GATA-1
binding site,* which increases y-globin transcription
during stress erythropoiesis. This effect is particularly
strong in carriers of the Arab-Indian B-globin haplotype,
where the T allele frequency exceeds 80% and is
associated with HbF levels of 30-40% in homozygous
individuals.*

Epigenetic regulation adds another vital layer to HbF
control. Xu et al. described how BCL11A recruits the
NuRD chromatin remodeling complex to create
repressive histone marks at the y-globin promoters.*
Another study that KLF1 directs this process by directly
regulating BCL11A expression.*” The potential of
targeting these epigenetic mechanisms was demonstrated
in clinical trials of histone deacetylase inhibitors, in
which drugs such as sodium phenylbutyrate increased
HbF by 15-20% by altering chromatin accessibility at the
B-globin locus.”® Another study*® has identified the
SPOP ubiquitin ligase as a new regulator of this
epigenetic switch, providing new possibilities for
targeted HbF induction. These polymorphisms account
for 20-50% of the variance in HbF levels in f-
thalassemia and SCA, making them targets for precision
therapies.?’*® Figure 2 illustrates the position of the 3
loci discussed in this section (Figure 3).

Population-Specific Effects of HbF-Modifying Alleles.
The regulation of fetal hemoglobin (HbF) varies
significantly across different regions, influenced by
differences in the distribution of genetic modifiers
among populations (Table 2). Key alleles, such as the
Xmnl polymorphism (rs7482144) in the HBG2 promoter,

are associated with higher HbF levels and reduced
transfusion needs in patients with B-thalassemia.>®!

Genetic factors affecting HbF, such as the Xmnl
polymorphism, BCL11A variants (e.g., rs11886868),
and HBS1L-MYB SNPs (like rs9399137), exhibit
notable population-specific effects. Specific sickle cell
hemoglobin haplotypes from Africa®>®* and Southeast
Asia, including the Senegal and Cameroon types, are
associated with higher HbF levels, whereas European
populations show distinct HMIP-2 patterns.>® These
ancestral variations, influenced by historical migration
and selective pressures, suggest how genetic
backgrounds shape HbF regulation and disease
severity.® This underscores the need for developing
population-specific therapies.*

BCL11A Polymorphism. The BCL11A gene on
chromosome 2pl6 acts as a key regulator of HbF
silencing. It encodes a zinc-finger transcription factor
that recruits the NuRD chromatin®®’ remodeling
complex to establish repressive histone marks at y-globin
promoters, effectively suppressing HbF expression in
adult erythroid cells.?”** BCL11A serves as a molecular
scaffold, facilitating long-range chromatin interactions
between the B-globin locus control region (LCR) and the
adult B-globin gene, while also displacing y-globin genes
from the active chromatin hub.*” Significant SNPs like
rs11886868 (C—T) in the BCL11A erythroid enhancer
significantly diminish y-globin suppression, with
knockdown studies showing 20-30% reactivation of
HbF.*® This dose-dependent silencing activity makes
BCLI11A an appealing therapeutic target for f-
hemoglobinopathies, as demonstrated by gene-editing
techniques that selectively reduce BCL11A expression
in erythroid cells, leading to increased HbF and reduced
pathogenic HbS in sickle cell disease.

The crucial roles of BCL11A in hematopoietic stem
cell and B-lymphocyte development, as well as its
overexpression in various hematological malignancies
and solid tumors, have been documented, where it is
associated with poor clinical outcomes.’”*® This
oncogenic activation may occur through two main
mechanisms: genetic alterations, including viral
integration, gene amplification, and chromosomal
translocations, or epigenetic dysregulation involving
microRNA suppression, abnormal long non-coding
RNA activity, and transcription factor issues.®*®* These
findings position BCL11A not only as a key regulator of
hemoglobin switching but also as a possible oncogenic
driver in malignant transformation.

HMIP-2 Polymorphism. The HBS1L-MYB intergenic
region (HMIP-2) on chromosome 6¢23 is another
important HbF regulatory locus, though its mechanisms
differ significantly from BCL11A.

While the role of HBSL1L is still unclear, the nearby
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Integrated Regulation of HbF and Therapeutic Targets
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Figure 3. Integrated genetic and epigenetic regulation of fetal hemoglobin (HbF) and therapeutic targets in p-hemoglobinopathies.
Fetal hemoglobin (HbF, a2y2) expression is developmentally silenced after birth through the coordinated action of key transcriptional repressors,
including BCL11A, KLF1, and the HBS1L-MYB locus.%® These factors contribute to the formation of a multiprotein silencing complex
involving chromatin remodelers and epigenetic modifiers such as nucleosome remodeling and deacetylase (NURD), DNA methyltransferases
(DNMTs), and histone deacetylases (HDACs), leading to repression of y-globin gene expression within the B-globin locus.>7 Long-range
chromatin interactions between the locus control region (LCR) and globin genes regulate the developmental switch from fetal (y-globin) to
adult (B-globin) hemoglobin expression.8® Epigenetic mechanisms, including DNA methylation and histone deacetylation, stabilize the
repressed state of HbF in adult erythroid cells.®7

Therapeutic strategies target multiple levels of this regulatory network. Pharmacologic agents such as Hydroxyurea induce HbF indirectly
through stress erythropoiesis and nitric oxide—dependent pathways. %! Epigenetic therapies, including DNMT and HDAC inhibitors, aim to
reactivate y-globin expression by modifying chromatin accessibility.®” RNA-based approaches (e.g., sSiRNA) reduce expression of key
repressors such as BCL11A.%2 Gene-editing strategies using CRISPR-Cas9 target the erythroid-specific enhancer of BCL11A, resulting in
sustained HbF reactivation and clinically meaningful responses.3-15

- Transcriptional Repressors

MYB gene encodes c-MYB, a transcription factor that
regulates erythroid proliferation and
differentiation.?#>8%  Variants in HMIP-2, such as

stage-specific enhancers that extend erythroid progenitor
proliferation, thereby delaying y-globin silencing. This
indirect regulation produces additive effects when co-

rs9399137 (T—C) and rs4895441 (A—G), influence
HbF levels by altering MYB expression during
erythropoiesis, thereby indirectly affecting the y-to-f
globin switch.®®

These SNPs account for 8-12% of HbF variability in
European populations® and show distinct haplotype
effects in African cohorts.? Unlike BCL11A direct
repression, HMIP-2 variants influence HbF through

occurring with BCL11A variants, as observed in
Tanzanian patients with sickle cell disease, where
specific HMIP-2 haplotypes are associated with milder
disease.®®

Xmnl Polymorphism. The Xmnl-HBG2 polymorphism
(rs7482144, C—T) at position -158 of the y-globin
promoter is uniquely identified by its stress-responsive
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Table 2. Population-Specific Frequencies and Clinical Effects of Key HbF-Modifying Alleles.

HbF

Population Variant (Gene/Locus) Allele Frequency Increase Clinical Impact References
Arab-Indian ﬁggzz,};' 4 (Xmnl- 80-85% (T allele) 25-30% Reduced transfusion needs [44], [36]
West African ﬁé@g’}f 4 (Xmnl- 15-20% (T allele) 10-15% Fewer pain crises in SCA [51], [53]
Mediterranean rsgggf)zl 4 (*Xmnl- 30-40% (T allele) 15-20% Delayed anemia onset [63]
African (Senegal) rs9399137 (*HMIP-2%*) High (C allele) 15-25% Milder SCA symptoms [52], [53]
European rs4671393 (BCL11A) 20-30% (G allele) 5-10% Modest HbF elevation [41], [54]

inducement of HbF. These variants forms a new GATA-
1 binding site that enhances HBG2 transcription under
erythropoietic stress, particularly in p-thalassemia and
sickle cell anemia.* Its clinical effect varies significantly
among populations  whereby the  Arab-Indian
haplotypes® showed an 80-85% T allele frequency with
a 25-30% increase in HbF and fewer transfusions
needed,®* whereas West African®® and Mediterranean
(30-40% frequency) groups show more moderate HbF
rises of 10-15% and 15-20%, respectively.®*

The strong linkage of the polymorphism to the Arab-
Indian B-globin haplotype explains its exceptional
clinical benefits in these patients, who often maintain
HbF levels above 30% when homozygous.*® Unlike
BCL11A and HMIP-2 variants, which operate through
complex transcriptional networks, Xmnl proximity to the
promoter offers a more precise mechanism for HbF
reactivation, making it a valuable marker for predicting
disease severity.®5

Therapeutic  Strategies for HbF Induction.
Identification of key regulators, including BCL11A,
KLF1, and the HBS1L-MYB (HMIP-2) locus, has
provided major mechanistic insights into developmental
hemoglobin switching.®> A seminal study has
demonstrated that BCL11A functions as a master
repressor of y-globin expression, thereby establishing a
molecular framework for therapeutic HbF reactivation.®
In parallel, the identification of the Xmnl-HBG2
polymorphism and mutations associated with hereditary
persistence of fetal hemoglobin (HPFH) revealed
naturally occurring genetic variants that sustain elevated
HbF levels into adulthood, offering valuable biological
models for targeted therapeutic strategies.?”584

These  discoveries  directly  facilitated the
development of modern therapeutic approaches,
including hydroxyurea, histone deacetylase (HDAC) and
DNA methylation inhibitors, lentiviral gene addition,
and, more recently, CRISPR—Cas9-mediated editing of
the BCL11A erythroid enhancer and HPFH-mimicking
promoter modifications.®”®® The successful clinical
translation of CRISPR-based therapies, particularly exa-
cel, which reactivates HbF through targeted disruption of
the BCL11A erythroid enhancer, clearly demonstrates
that deciphering the genetic control of hemoglobin

switching has enabled curative interventions for sickle
cell disease and B-thalassemia.®°

Pharmacological and genetic strategies to increase
fetal hemoglobin (HbF) levels have been extensively
investigated in patients with p-hemoglobinopathies.
Cytotoxic agents such as hydroxyurea (HU) and 5-
azacytidine interfere with DNA synthesis and stimulate
HbF production, with HU demonstrating rapid clinical
efficacy in a subset of patients.5? This cytotoxic effect is
associated with disruption of cell-cycle progression and
induction of chromosomal instability in proliferating
cells, as demonstrated in experimental models treated
with vincristine and doxorubicin.®® HDAC inhibitors
modify chromatin architecture at the B-globin locus,
resulting in approximately 15-20% increases in HbF.”"
™ More recently, selective inhibition of speckle-type
POZ protein (SPOP) has emerged as a promising
strategy, increasing HbF by preventing ubiquitin-
dependent degradation of +y-globin activators and
achieving efficacy comparable to HDAC inhibitors
while avoiding genotoxicity.”>”® However, while
BCL11A remains the most validated therapeutic target,
long-term safety of its modulation, particularly outside
the erythroid lineage, remains incompletely defined.

Targeting BCL11A using precision genome-editing
technologies offers exceptional potential for sustained
HbF induction. CRISPR-Cas9 enables selective
disruption of the erythroid-specific enhancer of BCL11A,
leading to a marked reduction of BCL11A expression in
erythroblasts while preserving its essential functions in
non-erythroid lineages.®’® This strategy induces
persistent HbF expression resembling HPFH, reduces
globin chain imbalance, and mitigates hemolysis,
making it a highly promising precision medicine
approach for sickle cell disease and B-thalassemia.?”5264

The clinical applicability of this approach is
exemplified by exa-cel, an ex vivo CRISPR-edited
autologous hematopoietic stem cell therapy developed
for transfusion-dependent [-thalassemia (TDT) and
severe sickle cell disease (SCD). Gene-edited CD34*
cells exhibit robust y-globin induction, correction of
globin chain imbalance, and sustained HbF elevation
following reinfusion.®?773 |n pivotal trials and long-term
follow-up studies reported by Frangoul et al., exa-cel
consistently maintained HbF levels exceeding 40-45%,
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eliminated vaso-occlusive crises in SCD, and rendered
the majority of p-thalassemia patients transfusion-
independent.’* These compelling outcomes led to
regulatory approval of exa-cel in 2023-2024, marking
the first approved CRISPR—Cas9-based therapy for f-
hemoglobinopathies and a landmark achievement in
genomic medicine.®” Although exa-cel represents a major
breakthrough, its applicability is currently restricted by
cost, infrastructure, and long-term safety uncertainties.

Despite these advances, uncertainty remains
regarding the phenotypic consequences of different
KLF1 mutations in humans. Initial reports indicated that
individuals carrying specific missense mutations
exhibited elevated HbF levels ranging from 3% to 19%
of total hemoglobin.”™ However, subsequent studies of
heterozygous KLF1 mutations revealed either disrupted
erythropoiesis or minimal effects on HbF expression.”™
Elucidating the basis of this variability is essential for
understanding the direct and indirect roles of KLF1 in
HbF regulation and for evaluating its feasibility as a
therapeutic target without compromising erythroid
differentiation.

Similarly, SOX6 has emerged as a potential HbF
regulator; however, its essential role in erythropoiesis
complicates therapeutic targeting. Notably,
heterozygous disruption of SOX6 in humans failed to
induce HbF, suggesting the existence of dosage
compensation mechanisms or a requirement for more
profound suppression to achieve meaningful HbF
induction.”®"” Beyond gene editing, thalidomide and its
derivatives have attracted interest as pharmacological
HbF inducers. In vitro studies of ineffective
erythropoiesis indicate that thalidomide can enhance y-
globin MRNA expression in a dose-dependent manner by
modulating transcription factors such as BCL11A, SOX6,
GATAL, and KLF1, as well as through p38 MAPK-
mediated post-translational mechanisms.”®-8

Pomalidomide, a third-generation
immunomodulatory derivative with a more favorable
safety profile, has demonstrated robust HbF induction in
models of B-thalassemia, HbE disease, and sickle cell
anemia. Comparable to hydroxyurea, pomalidomide
increased HbF levels without inducing
myelosuppression in humanized SCD mouse models.®
Furthermore, treatment of hematopoietic stem cells with
pomalidomide or lenalidomide significantly enhanced
stem cell proliferation and HbF induction via
transcriptional  regulation of HBB and HBG,
accompanied by downregulation of repressors including
BCL11A, IKZF1, KLF1, LSD1, and SOX6.7%-8

Additional mechanistic insights were provided by
Lechauve et al., who demonstrated that the autophagy-
activating kinase ULK1 plays a pivotal role in clearing
excess free a-globin chains. In B-thalassemic mouse
models, loss of ULK1 impaired autophagy, exacerbated
disease severity, and hindered a-globin clearance,

whereas pharmacological activation of ULK1 enhanced
autophagy and reduced toxic a-globin accumulation in
erythroid precursors.®

Finally, Mettananda et al. employed CRISPR-Cas9
to downregulate a-globin expression by deleting the
MCS-R2 a-globin enhancer, mimicking a naturally
occurring o-thalassemia mutation.®® This approach
corrected globin chain imbalance in gene-edited CD34"
cells derived from B-thalassemia patients.®” Subsequent
work by Pavani et al. confirmed that targeted editing of
the a-globin locus, including deletion of HBAZ2, induces
a mild o-thalassemia trait that restores o/B-globin
balance and effectively rescues the [-thalassemia
phenotype.®

Overall, HbF induction strategies can be stratified
into (i) clinically validated approaches (hydroxyurea,
exa-cel), (ii) advanced clinical development (epigenetic
modifiers), and (iii) emerging experimental platforms
(base/prime editing, epigenome engineering). This
distinction is critical for interpreting current translational
relevance. (Table 1, Figure 3)

Clinical Implications and Future Directions.
Modulating fetal hemoglobin (HbF) represents a
transformative strategy for the treatment of J-

hemoglobinopathies, with advances in human genetics
increasingly  enabling  personalized  therapeutic
approaches. Population-specific ~ polymorphisms,
including Xmnl, BCL11A, and HBS1L-MYB (HMIP-2),
underscore the necessity for tailored interventions, as
their influence on HbF levels varies substantially across
ethnic groups.>” For instance, clinical responsiveness to
hydroxyurea differs markedly among patients with
distinct genetic  backgrounds, highlighting the
importance of pharmacogenomic profiling in optimizing
treatment outcomes.®> Future investigations should
prioritize rational combination strategies such as
integrating HDAC inhibitors with genome-editing
approaches to maximize HbF induction while
minimizing toxicity.”

In parallel, the development of non-invasive
biomarkers capable of monitoring HboF dynamics and
enabling early intervention in high-risk populations,
including pregnant women with anemia, may further
enhance clinical outcomes.®% By integrating genetic,
epigenetic, and clinical datasets, next-generation
therapeutic frameworks may achieve sustained HbF
elevation and ultimately reduce the global burden of
hemoglobinopathies.®’

Emerging next-generation CRISPR technologies,
including base editing and prime editing, offer highly
precise methods for HbF reactivation without generating
double-strand DNA breaks. Cytosine and adenine base
editors enable single-nucleotide substitutions that
recapitulate naturally occurring HPFH-associated
mutations within the HBG1/2 promoters, resulting in

www.mjhid.org Mediterr J Hematol Infect Dis 2026; 18; 2026046

Pag.7/11


http://www.mjhid.org/

Table 1. Summary of key therapeutic strategies for HbF induction in -hemoglobinopathies.

Therapeutic

globin repressors (e.g., BCL11A,

Molecule Therapies HBG promoter)

Gene Therapy — y-
Globin Activation

Upregulate HbF via gene addition
(lentiviral vectors)

Gene Editing —
BCL11A Disruption

Knock out or disrupt y-globin
repressors

Mimics hereditary persistence of
fetal hemoglobin (HPFH)
mutations

Gene Editing - HBG
Promoter Editing

Mechanism of HbF Induction Examples / Agents Advantages Limitations / Notes
Approach
Pharmacologic Induce erythropoietic stress — Lo . Variable response (esp. in
Therapy — - HbE-broduci Well-studied; effective hal AN
Cviotoxic/Stress activates HbF-producing Hydroxyurea (HU) in SCD: oral -t aassemla_),
Y erythroid precursors. ' myelosuppression
Agents
Epigenetic Modifiers - s N Parenteral; potential
— DNA Methylation Inh_|l3lrteI:CIIIiAa?gethII;rbazgsfirna;es D:s;t?btlig?r"ng Strong HbF induction toxicity; off-label in
Inhibitors vater-g g Y many regions
Epigenetic Modifiers Butyrates (sodium
— Histone Promote open chromatin — butyrate, arginine . Mod(_erat.e HbF Short half-life; variable
. . _ induction; can be h
Deacetylase (HDAC) increases y-globin transcription butyrate), - - efficacy
P : combined with HU
Inhibitors Vorinostat
Immunomodulatory | Modulate signaling pathways that Thalidomide, Somies ':ebe'; |irr\1dgf:t|0n Teratogenicity;
Agents affect erythroid maturation Lenalidomide thalassemia neuropathy; limited data
Targeted Small Target pathways regulating y- SIK inhibitors, Emerging therapies, Mainly

LSD1 inhibitors

CRISPR-Cas9
targeting BCL11A
erythroid enhancer

Hematopoietic Stem
Cell Transplantation
(HSCT)

Donor stem cells — normal -
globin or increased HbF

Matched sibling
donor HSCT

potent in preclinical experimental/early trials

studies
Expensive; requires
Curative potential conditioning
chemotherapy

High HbF levels;
curative potential;
FDA-approved for

Requires transplant
procedure; long-term data

sch needed
Sustained HbF Experimental but
production promising

Donor availability; graft-

Potentially curative versus-host disease

Green: Clinically established Yellow: Clinically/advanced developm. JiB8: Experimental/preclinic.

persistent y-globin expression with minimal genomic
injury.%" Prime editing further extends this capability
by enabling programmable insertions, deletions, or
nucleotide substitutions within y-globin promoters and
regulatory elements, thereby allowing accurate
reconstruction of HPFH-like variants and selective
disruption of repressor-binding motifs. Early preclinical
studies indicate that these precision-editing approaches
can induce robust HbF expression while preserving
hematopoietic stem cell integrity, positioning next-
generation CRISPR systems as highly promising
therapeutic  platforms for B-hemoglobinopathies.
However, these approaches remain largely preclinical,
and their clinical relevance is still to be established.
Beyond single-gene targeting, multiplex genome
editing enables the simultaneous modification of
multiple regulatory elements governing HbF expression.
Coordinated editing of the BCL11A erythroid enhancer,
HBG promoters, and key erythroid transcription factor
binding sites have been shown to produce synergistic
increases in y-globin levels.28¥ Such combinatorial
strategies more closely emulate the complex regulatory
architecture underlying hemoglobin switching and may
better accommodate patient- or mutation-specific
variability in HbF responsiveness. In addition to genome
editing, epigenome engineering approaches employing
dCas9-based systems allow modulation of chromatin

states at fetal globin loci without altering the underlying
DNA sequence. For example, dCas9-KRAB or dCas9—
DNMT3A can repress HbF silencers such as BCL11A or
ZBTB7A, whereas dCas9-—p300 and dCas9-TET1 can
remodel chromatin to enhance HBG transcription.®!
These reversible, programmable strategies offer
potentially safer alternatives to permanent genome
modification and further expand the therapeutic
landscape for HbF reactivation in f-hemoglobinopathies.

Conclusions The regulation of HbF is a key therapeutic
target in managing B-hemoglobinopathies, including
SCA and B-thalassemia. This review emphasizes the
critical roles of genetic and epigenetic mechanisms,
particularly polymorphisms in BCL11A, HMIP-2, and
Xmnl-HBG2, in influencing HbF levels across diverse
populations. These variants explain 20-50% of HbF
variability and are associated with clinical outcomes,
including decreased transfusion requirements in Arab
and Indian B-thalassemia carriers and milder SCA
symptoms in African populations. Pharmacological
agents such as hydroxyurea and HDAC inhibitors have
been shown to increase HbF levels, although individual
responses vary due to genetic differences. New gene-
editing techniques, such as BCL11A knockdown, offer
promising options for targeted therapy by reactivating y-
globin expression while reducing off-target effects.
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Nonetheless, challenges persist, including the need for
lineage-specific targeting and the development of
optimized combination treatments to improve both
efficacy and safety.

Abbreviations. Hb: Hemoglobin, HbF: Fetal
hemoglobin, HbA: Adult hemoglobin, SCA: Sickle cell
anemia, HPFH: Hereditary persistence of fetal
hemoglobin, HU: Hydroxyurea, SNPs: Single-
nucleotide polymorphisms, HDAC: Histone deacetylase,
GWAS: Genome-wide association study.
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