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Abstract

Beta-thalassemia (B-thal) is a congenital hemoglobinopathy explained by a decreased level (B+) or absence (o)
of B-globin gene expression. Microcytic hypochromic anemia and various clinical symptoms comprising severe
anemia to clinically nonsymptomatic features. Treatment with an ordered blood transfusion and iron chelator
agents can decrease transfusion iron overload that causes normal maturation. These patients also are at high risk
for secondary iron overload because of erythropheron (GF15-TWSGL1) release from erythroblasts resulting in
erythroid hyperplasia. Based on the previous studies, chemicals such as hydroxyurea and 5-azacytidine are
useful in treating B-hemoglobinopathy, including B-thal and sickle cell disease (SCD). Regarding both side
effects and lifelong treatment of these chemical components, researchers have recently regarded gene-based
treatments. These techniques, such as micro RNA gene silencing, viral-mediated gene editing, and clustered
regulatory interspaced short palindromic repeats (CRISPR)-CAS9 systems, are the most commonly used gene
therapy methods. Nowadays, y-globin (fetal globin) gene reactivation is one of the most popular treatments for
B-thal. Researches showed that these gene modification methods for y-globin gene reactivation are also useful in
increasing hemoglobin F (HbF) and helping patients with B-thal. In this review study, new therapeutic
approaches to manage this disorder are regarded.

Keywords: Beta-thalassemia, Genetic therapy, Hemoglobinopathy

Introduction

Beta-thalassemia (B-thal) is a congenital
monogenic disorder caused by a decrease
or absence of the B-globin chain synthesis
(1). The suspected mutation carriers rate is
estimated to be 1-5 %, worldwide (2).
According to the WHO report, about
50000-100000 new patients annually join
the major thalassemia society (3). Several
mutations in the p-globin gene or
regulatory elements are identified that
cause B-globin decreased production or
silencing. Finally, an imbalance in globin
chains is responsible for ineffective
erythropoiesis and chronic hemolytic
anemia (1). Prenatal diagnosis (PND) is a
correct part of a social control program for
thalassemia. Unawareness of being minor
(due to the lack of the screening program
before marriage) and unawareness of PND

importance and process was reported as
the most causes of new affected births in
South-East of Iran (4). Premarital
screening tests are considered a necessary
section of healthcare service provision in
areas with a high frequency of hemoglobin
disorders (5). However, it may be required
for the couples, which were not screened
before marriage to undergo Pre-pregnancy
(preconception) screening. ldentification
and detection of these mutations can play
an essential role in disease control by
prenatal diagnosis. Some countries, such
as Greece, Italy, and Cyprus have
decreased the rate of thalassemic newborns
to near zero (6). Due to cultural and ethical
reasons, the fetuses’ curettage (abortion)
with a B-thal major is not legal and ethical
in some areas of the world. Therefore,
prenatal diagnosis cannot reduce the birth
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of newborns with thalassemia and other
methods such as preimplantation genetic
diagnosis must be used (7, 8). During the
use of the PND technique, it should be
noted that the existence of maternal cell
contamination in  fetus  specimens
demonstrates a risk for prenatal
misdiagnosis when molecular techniques
are used to detect genetic disorders. When
the typical haplotype from motherhood
cells is mistaken as fetus cells, a fetus with
homozygous  thalassemia may  be
misidentified as heterozygous thalassemia
(9, 10). Blood transfusion is a traditional
treatment for B-thal that improves anemia
and lifespan (11). One unit packed cell
transfused to the recipient involves 200 mg
iron and causes iron overload because the
iron regulatory system cannot excrete an
excessive amount of iron from the
bloodstream (12). This high level of iron
precipitates in the parenchymal tissue such
as the heart, gonads, endocrine glands, and
liver that causing organ failure and growth
retardation (13). The transfused blood
components antigens may also activate the
recipients’ immune system and cause
alloantibodies production. In the next
transfusions, these produced antibodies
bind to specific antigens and account for
the hemolytic transfusion reaction. Blood
transfusion and iron chelation, which are
used as routine treatments can improve the
lifestyle and survival of the B-thal patients.
Deferoxamine, Deferasirox, and
Deferiprone are prescribed as iron
chelators in transfusion-dependent patients
and alleviate iron overload (14).
Desferrithiocin, Deferitrin, and
Amlodipine are new iron chelators in
clinical trials (15). Therefore, researchers
are looking for other approaches due to the
high costs imposed on the health care
systems and patients and the side effects of
blood transfusion.

Today, Hematopoietic ~ stem cell
transplantation (HSCT) is proposed as a
definitive treatment for B-thal patients.
Although the HSCT is a curative method
for the patients resulting in improved
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quality of life and long-term treatment for
these patients, it has limitations such as
limited availability of HSC-matched
donors, limits on the Human Leukocyte
Antigen (HLA) system compatibility, and
Graft Vs Host Disease (GVHD). As HLA-
matched donor is not available for many
patients, induced pluripotent stem cells
(IPSC) are a useful treatment for these
cases. Takahashi et al. demonstrated that
OCT3/4 (organic cation transporter 3),
KLF4 (Krupple Like Factor 4), SOX2
(SRY-Box Transcription Factor 2), and
MYC (V-Myc Avian Myelocytomatosis
Viral Oncogene Homolog) transcription
factors could reprogram the somatic cells
to their pluripotent state and clinicians can
later use them for gene manipulation
instead of Hematopoietic Stem Cell (HSC)
(16). By using immune-suppressive drugs,
clinicians have shown that these agents can
control GVHD and other immune
reactions.  Anyway, taking  these
medications is very toxic for pediatric
class Il patients (patients  with
splenomegaly > 2cm, irregular chelation
history, and portal Fibrosis) (17). Due to
these limitations, HSCs transplantation is
not a widely used curative method (2). Due
to the complications of blood transfusions,
iron chelation, and bone marrow
transplantation,  induction  of fetal
hemoglobin (HbF) in adult Hematopoietic
progenitor cells (HPCs) has the potential
for the best clinical advantage in patients
with harmful point mutations in the B-
globin cluster such as B-thal and sickle cell
disease (SCD).

Chemical substances that can induce HbF
synthesis in adult erythroid progenitors
and some transcription factors have been
recognized. Gene therapy and gene editing
are methods to attain stable introduction of
a correct B-globin gene into the patient’s
HSCs that can synthesis a normal -globin
chain (18). They can correct ineffective
erythropoiesis, reduce hemolysis, and
obviate the need for regular blood
transfusion (19). This study presents new
prevention methods and treatment of B-thal
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and its complications to provide a review
for researchers to further studies on this
topic.

Management
1. Fetal hemoglobin induction
Erythroid progenitor's express different

hemoglobin types at various
developmental steps during erythroid
maturation, including embryonic, fetal,

and adult, respectively. The overall
tetramer structures consist of 2 a-Like and
two B-like globin chains. [-globin
switching completes a little while after
birth when y-globin gene expression is
effectively silenced, and B-globin (HBB)
becomes the most highly expressed locus.
Epigenetic mechanisms usually regulate
hemoglobin  switching consisting of
modifications to higher-order chromosome
structure, DNA methylation, and histone
modifications (20). By using chemical
treatments or genetic manipulations such
as inhibition of methylation and
acetylation in DNA that affects histone
methyltransferase (EHMT2 and EHMT1),
histone arginine methyltransferase
(PRMTS), methyl-cytosine binding protein
(MBD2), and histone deacetylases
(HDACs) have increased  y-globin
synthesis (21). HDAC enzymes remove
acetyl groups from &-N-acetyl-lysine
amino acid residues in the histones. It has
been reported that inhibition of HDACs by
chemical compounds results in
hyperacetylation of histones H3 and H4
that causes an open  chromatin
configuration, binding of transcription
factors, and consequent induction of gene
transcription (22).

The conception of the molecular
foundation for y-globin gene silencing in
the adult stage has been recognized by
some y-globin gene expression inhibitors,
which affect the promoter or the
interactions that interrupt attachment of the
locus control region to the gene promoter.
The transcription factors BCL11A (BAF
Chromatin Remodeling Complex Subunit
BCL11A), GATAL (Globin Transcription
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Factor 1), FOG1 (Zinc Finger Protein,
FOG Family Member 1), SOX6 (SRY-
Box Transcription Factor 6), LSD1
(Lysine-specific histone demethylase 1A),
and KLF1, are essential in the y-globin
switching process. It is well known that
the clinical severity of B-thal is decreased
in people whose fetal globin synthesis
significantly raised, commonly from 20—
30% (23-26).
1.1 Chemical fetal globin induction

In order to enable a substance that induces
v-globin synthesis to function until the

apoptosis  pathway is irreversibly
developed, the best hematologic
rectification of B-thal requires

improvement in proliferation or survival in
erythroid cells. Chemotherapeutic factors
that induce HDbF synthesis, such as
decitabine, 5-azacytidine, and
Hydroxyurea (HU) inhibit cell growth and
cause cell proliferation stoppage which is
known to induce irrevocable programmed
cell death in tumor cells (27). Several
short-chain  fatty  acids (SCFAs)
specifically  induce  y-globin  gene
expression and in some people can elevate
the yield of y-globin synthesis. The effect
of SCFAs in y-globin production does not
need HDAC inhibitor activity, but HDAC
inhibitor is usually a potent fetal globin
inducer. However, those several SCFAs
that inhibit HDACs usually inhibit cell
proliferation. Unlike chemotherapeutic
agents, the SCFAs are not mutagenic.
Previous studies demonstrated that
Arginine Butyrate (AB) and SCFA
induced y-globin expression by reducing
HDACS3 level, which increased fetal globin
to 30% and 60%, respectively. SCFAs
induce vy-globin gene expression by
displacement of an HDAC3-NCoR
repressor complex. Butyrate by another
mechanism can increase fetal globin
through the activation of P38/MAPK
(p38 mitogen-activated protein kinases)
that involves GATAL and NF-E2 (Nuclear
Factor, Erythroid 2) transcription factors.
Hydroxyurea (HU) is a cytotoxic agent
ribonucleotide reductase inhibitor and
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antimetabolite with the most extraordinary
fetal globin induction (28). HU can
increase fetal globin in B-thal and SCD
patients. The main limitation of HU usage
for B-thal is that greater demand for fetal
globin production to achieve a balanced
globin chain may require a dosage increase
that causes cytopenia (29). Although the
mechanism of HU-related fetal globin
induction is still unclear, the most accepted
hypothesis is that HU accounts for a
"stress erythropoiesis” response that causes
an increase of HbF because erythroblasts
would not have sufficient time for
development and silencing of the y-globin
gene.

HU increases y-globin expression by
changing the methylation and
demethylation patterns. Changing in the
methylation does not increase y-globin
significantly, albeit a decrease in
methylation of CpG islands in the y-globin
gene promoter is associated with fetal
globin reactivation (30) (Figure 1).

Figure 1- Induction of fetal globin Wlth HU by
chromatin remodeling in the recovery phase that
causes HbF induction (82).

Another suggested mechanism for fetal
globin induction by HU is the effects of
the Nitric Oxide (NO) and cGMP (cyclic
guanosine monophosphate) pathway. In
this mechanism, HU stimulates NO
production that provokes increasing of
intracellular cGMP which later results in
HbF induction by PKG (¢cGMP-dependent
protein kinase). HU can increase y -globin
mMRNA expression about 2-9-folds and
also the o/f ratio. According to some
studies, the response rate to HU ranged
from 60 to 100% (21). The DNA
methyltransferase (DNMT) inhibitors such
as Azacytidine (5-Aza) and
2'deoxy-5-azacytidine  (Decitabine) are
cytidine agonists that enter the DNA
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strands and inactive the DNMT enzymes
by proteasome degradation. DNMT
inhibitor agents cause methylation of fetal
globin  gene  expression  suppressor
transcription factors or fetal globin
regulatory elements and lead to fetal
globin reactivation (31). Butyrate is an
HDAC inhibitor that increases fetal globin
level by epigenetic mechanisms followed
by reactivation of silent genes in fetal
globin regulatory networks (32, 33).
Lenalidomide and Pomalidomide are
immunomodulatory and antiangiogenic
factors used in refractory and relapsed
Multiple Myeloma. The studies confirmed
that Pomalidomide could reactive a
fetal-like  erythroid  production by
influencing the regulators of y-and -
globin transcription such as KLF1, SOX6,
BCL11A, IKZF1 (IKAROS Family Zinc
Finger 1), and LSD1 (34, 35).
Tranylcypromine (TCP) is a monoamine
oxidase inhibitor reported as a y -globin
inducer recently (36). TCP can increase
total Hb from 4.6% to 31% in vitro (37).
Forkhead-box-O3 (FoxO3) is a critical TF
that upregulates and increases antioxidant
enzyme expression and protects cells from
oxidative stress in the early stage of
erythropoiesis (38, 39). FoxO3 gets
phosphorylated and inactivated by EPOR-
PISBK/AKT/mTOR (Erythropoietin
receptor-phospatiditinositol-3

kinase/protein kinase B/ mammalian target
of rapamycin) and is translocated out of
the nucleus. In B-thal intermedia mice, the
mTOR complex is forcibly activated,
FoxO3 is downregulated and these lead to
oxidative damage and intramedullary
hemolysis (40). Rapamycin is an mTOR
inhibitor that significantly increases cell
maturation and p-globin production in
erythroid cells. In erythroblast cultured
cells from p-thal patients, rapamycin
increases 7y globin expression (41).
Metformin which is approved for diabetes
type 2, could act as a FoxO3 and y-globin
inducer (42). Growth Differentiation
Factor 11 (GDF11) is a member of the
TGFB (Transforming growth factor B)
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superfamily that is increased in [-thal
patients and blocks the terminal erythroid
maturation stage by amplification of «
chain precipitation and ROS (Reactive
oxygen species) damage. Luspatercept is a
fusion protein driven from the extracellular
domain of human activin receptor type Il
and Fc fragment of IgGl (Insulin Like
Growth factor) that works in the late
maturation stage of erythroid progenitor
and improves ineffective erythropoiesis. In
other words, this monoclonal antibody,
recently approved by FDA, binds to
GDF11 (Growth Differentiation Factor 11)
and inhibits the SMAD (Transforming
Growth Factor-Beta Signaling Protein)
signaling pathway (43, 44). Luspatercept
can decrease transfusion requirement and
liver iron concertation in transfusion
dependence B-thal patients and improves
life quality in non-transfusion dependent
patients (15). Transferrin is a positive
acute-phase protein synthesized by the
liver and has an essential role in plasma
iron transport. Studies have been shown
that a decrease in transferrin saturation can
be beneficial for B-thal patients, so the
administration of appo-transferrin
(transferrin without Fe3+) can decrease
serum iron, increase Hb production, and
normalize RBC destruction (45). Fagonia
Cretica (FC) is a member of the
Zygophyllaceae family used as herbal
medicine. FC is a P53 (Tumor protein
P53) and FOXO3 inducer used for
Myelodysplastic Syndrome (MDS) and
Congenital ~ Erythropoietic ~ Porphyria
(CEP) patients who did not respond to
treatment (46). Rashid A. Seyal et al. (47)
showed that the prescription of FC for f3-
thal patients who did not tolerate blood
transfusion can significantly improve HbA
and HbA2 and decrease HbF level after
about ten months of treatment.
1.2 Gene manipulation

Although HSCT is the only curative
method for thalassemia treatment, it has a
significant risk of morbidity and mortality
in the HSCT recipient (48). Gene
manipulation with the goal of p-thal
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treatment developed a lot of investigations.
Gene manipulation for B-thal treatment is
divided into gene therapy and gene editing
(49-51).

Gene therapy

Gene therapy had been done in the 1980s
for the first time for hemoglobinopathy.
This strategy aims to deliver normal globin
genes into stem cells by suitable vectors.
Investigators have been trying to overcome
the main complexities in this field,;
including the selection and design of
efficient, harmless, and safe vectors, the
safe and efficient HSC mobilization from
bone marrow to the blood circulation; by
G-CSF (granulocyte-colony stimulating
factor) or GM-CSF  (granulocyte
monocyte-stimulating ~ factor),  genetic
manipulation, transplant manipulated-HST
into the patient, and combination and
assembly of different regulatory DNA
elements associated with high expression
of y-globin, without interference with the
endogenous gene around the transgene
integration site (51). The gene carriers are
usually viruses. Among them, lentiviral
vectors are the best choice for transfection
(exogenous gene transition to mammalian
cells) because retroviral and adenoviral
vectors are unsafe for HST and may cause
infection. Adeno-associated viruses have
tiny genomes and cannot carry the
complete regulatory DNA elements
necessary for a high-level of vy-globin
expression.

On the other hand, lentiviral vectors allow
the insertion of complex DNA elements,
including LCR-HS (locus control region),
B-globin promoter, 3" enhancer, and
separate elements (insulators) that cover
the exogenous gene from repressive
chromatin. The genes near the integration
area should be protected from being
activated by the transferred gene
regulatory elements. If the genes near the
insertion site are affected by the regulatory
element of transferred DNA or this
insertion activates the proto-oncogenes and
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stimulation of proliferation, it can result in
leukemia and MDS (52, 53).

The critical thing in vector design is that
the regulatory elements such as a
promoter, enhancer, etc., should be
specified for erythroid progenitors.
Researchers demonstrated that LCR-HS2
and LCR-HS3 could induce a high level of
expression in vitro in transgenic mice.
Zynteglo is a newly approved gene therapy
method based on Lentiviral vector. It
consists of autologous CD34+ cells
encoding the BA-T87Q-globin gene. It is a
one-time gene therapy appropriate for 12
years old or older transfusion-dependent [3-
thal patients who do not have a Po/Bo
genotype and do not have an HLA
matched related HSC donor (54) (Figure2).
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Figure 2- Human HSC gene therapy (51).

1.2.1 Gene editing

Gene editing is another thalassemia
treatment method based on targeting a
specific nucleotide sequence in the human
genome and repairing double-strand breaks
by Non-Homologous End Joining (NHEJ)
and homology-directed repair (HDR). The
NHEJ repairs system and changes the
genomes Dby deletion or insertion. It
removes a regulatory element or protein
expression inhibition. Still, HDR is based
on double-strand or single-strand break
with nuclease in mutant sequence and
replaces the  Wild-Type  sequence
transferred to the cell by a viral vector (51,
55, 56). The nuclease binds to the specific
sequence in the genome by combining
with either synthetic DNA binding protein

60

such as Zinc Finger (ZF), Transcription
Activator-Like Effector (TALE), or gRNA
that are existed in the clustered regulatory
interspaced short palindromic
repeats(CRISPR)-CAS9  system  (57)
(Figure 3).
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Figure 3. Gene therapy and cell therapy. (a) The
normal gene is transferred to the HSC by a
Lentiviral vector. (b) Reprogramming somatic cell

(IPS) to stem cells (83)

ZF and TALE usually fuse with Fokl (a
nuclease) and produce ZF nuclease and
TALEN nuclease (57). TALEN binds to
about 15 bps in DNA, and gRNA in the
CRISPR-CAS9 system can recognize 18
bps and binds to a specific sequence in the
genome (51, 58). The identified sequence
length is directly related to the specific
binding in the genome and causes specific
DNA breakdown. Due to the probability of
chromosomal rearrangement, these
methods have some limitations, but among
them, CRISPR-CAS9 has more advantages
because of the straightforward design and
cost-effectiveness. One type of CRISPR-
CAS9 system that contains a fusion
protein of CAS9 nuclease-transaminase is
used for site-specific base editing in the
genome. Researchers can replace the
mutant base with the correct base at a
specific site (59). Hereditary persistence of
fetal hemoglobin (HPFH) is a congenital
disorder with high HbF expression
compared with a normal individual of the
same age and sex. A 13 kb deletion in the
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5" region of the y-globin gene juxtaposes
to y-globin promoter close to the
3’enhancer of pB-globin resulted in the
deletion of negative trans-acting element
located in the upstream of the y-globin
gene. Ye et al. (60) have shown that
erythroblast cells with 13 kb deletion
overexpress the y-globin than normal cells.
Direct repeat erythroid definitive (DRED)
complex is a transcription repressor
protein that binds to 13 bps in DNA
located at 100 bps upstream of the y-globin
gene, by TR2, TR4, and BCL11A. HDAC
and LSD1 are two co-repressors for the
DRED complex. In other words, DRED
binds to the CCAAT sequence by BCL11,
TR2, and TR4, and makes HDAC and
LSD1 recruitment possible. In the next
step, HDAC and LSD1 cause y-globin
silencing (61). The study done by Li et al.
demonstrated that a similar deletion
sequence in mice by CRISPR-CAS9 leads
to elevation of y-globin expression (62).
BCL11A is a transcription factor that is
important for several cellular functions,
and it is an essential repressor for y-globin
gene expression. BCL11A binds to the y-
globin promoter and causes y-globin
switching in adult erythroblasts (63-65). In
other words, the BCL11A is a central
factor for y-globin switching that co-
express and directly interact with the f-
globin loci with SOX6 in association with
deacetylase complex and Mi-2/nucleosome
that account for y-globin silencing (66).
Targeting this TF is a method for y-globin
induction, but it is crucial that targeting be
restricted to the erythroid cell line. Several
cis-acting elements locate in BCL11A loci,
such as GATA as a motif associated with
erythroid BCL11A enhancer. Disruption of
the coding region of BCL11A, in contrast
to increasing y-globin expression, leads to
reduced cell proliferation of erythroid
progenitor (67). Targeting the GATA
motif is responsible for decreased
BCL11A, elevated HbF without effect on
cell proliferation (68). Viral Protein 64
(VP64) is a minimal activation domain of
HSV-16 that is a tetrameric protein. Fused
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VP64 with ZF is specific for the y-globin
gene promoter done by Wilber. Lentiviral
transferring of VP64 fused with ZF causes
elevation of HbF expression by about 20%
(69). LCR is located upstream of the -
Like gene cluster and enhances B-like gene
expression by looping mechanism. Ldbl is
a factor that mediates the interaction
between LCR and globin genes during the
looping mechanism, which required
GATA1/Tall. Fused Ldbl with specific
ZF for vy-globin genes enhances loop
formation artificially and increases -
globin expression (70,71) (Figure 4).

A Crormeatre o -
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.
.

» -

ks, TN

Fig. 4. Using ZF for y-globin induction. (A)
Synthetic ZF domain that is specific for y globin is
fused with activator domain such as VP64. This
fusion protein binds to the gamma gene promoter
specifically and induces y-globin expression. (B)
Specific ZF can bind to the known repressor site in
the y-globin gene and accounts for the increased
HbF. (C) A specific ZF domain fuses with the
dimerization domain of Ldbl. Ldbl-ZF complex
facilitates chromatin lopping, LCR near the y-
globin promoter that causes HbF expression (51).

Micro RNA (miRs) usually have an
essential role in y-globin gene switching
through interaction by y-globin regulatory
TFs and changing the expression during
development. For example, LIN28B (Lin-
28 Homolog B) is a protein that targets the
let-7 family and has an inhibitory effect on
BCL11A expression by downregulated
expression of this gene. Overexpression of
LIN28B can decrease BCL11A and
elevate y-globin expression (72). The miR-
486-1-3p also causes y-globin induction by
decreasing BCL11A expression (73).
Today, researchers are trying to increase
HbF by destroying inhibitory or silencer
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factors that inhibit y-globin expressions
such as BCL11A, KIF1, SOX6, and MYB
by gene-editing methods.

2. Alternative method

2.1 Janus Kinase 2 inhibitor
Erythropoietin (EPO) is an important
growth factor involved in erythropoiesis.
Most of it is secreted by the kidney and
rarely by the liver in adults (74). Janus
Kinase 2 (JAK2) is a kinase that has an
essential role in EPOR signaling by
mediated conserved cytoplasmic EPOR
tyrosine residue phosphorylation restricted
by EPO signaling in erythroblasts. EPO
binds to EPOR in erythroblasts and
induces JAK2-STAT5S (signal transducer
and activator of transcription factor 5) cell
signaling. Jak2 is activated by auto-
phosphorylation and induces STAT5 to get
dimerized and mainly causes increased
BCL2 expression (75). In the thalassemic
mice, using JAK2 inhibitors like
Ruxolitinib that prescribed for
polycythemia vera and myelofibrosis
balances proliferation and differentiation
and improves ineffective erythropoiesis
(76).

2.2 Increase Hepcidin expression
In normal conditions, erythropoiesis needs
hematinics such as Iron (Fe), B12, and
folic acid (B9). Fe is an essential key
element in hemoglobin production. Iron
intake is controlled by two mechanisms,
including controlling the translation level

a Extracellular
iron T BMPs

TR - 4
TR 7 e
/ ‘?’5';‘" P

by iron regulatory protein-iron regulatory
element (IRP-IRE) and gene expression
level (hepcidin: a positive acute-phase
protein produced predominantly by the
liver). A low level of hepcidin expression
in the brain, macrophage, adipocyte, and
other organs, may be necessary for local
iron regulation. This hormone has 22
amino acids, inhibits iron release to plasma
by ferroportin internalization and induces
its degradation by the proteasome in the
cytoplasm. Hepcidin gene expression is
controlled by plasma transferrin level,
erythropherons (TWSG1 and GDF15 that
are secreted by erythroblasts), an
inflammatory ~ cytokine  (IL6), and
matriptase 2 in  hepatocytes (77).
Thalassemia intermedia is characterized by
erythroid hyperplasia (increased
erythropheron) and ineffective
erythropoiesis (increased iron turnover,
alpha chain precipitation, and ROS
production) (Figure 5). Induced Hepcidin
expression accounts for decreased iron
absorption, ameliorated IE, increased Hb,
and improved splenomegaly (78). Mini-
hepcidin (a short peptide that can mimic
hepcidin function and decrease iron
absorption), matriptase2 inhibitor, the
elevation of plasma transferrin, and
erythropheron inhibitor could be used to
reduce iron intake by hepcidin induction
(79-81) (Figure 6).

Intracellular

—— -T2 T
y N Amd i o jron
“ »

- Bm,u r v
et £ hepc ) bmpé
Tis

Ths

Fig. 5. A schematic model of hepcidin gene expression control in hepatocyte cells by Iron-transferrin (a) and
intracellular iron (b). (&) When the hollo-transferrin (iron-Tf) is increased in blood circulation, it binds to TfR1
in the hepatocyte membrane, and HFE disassociates from TfR1 and binds to TfR2. TfR2-HFE complex interacts
with HJV-BMP, and Smad signaling gets activated that account for hepcidin expression. (b) Accumulation of
intracellular iron accounts for increased BMP6 expression that binds to HJV-BMP and cusses increased
hepcidin Expression (84).
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Fig. 6. The role of hepcidin in Fpn expression in enterocytes and Iron level in the bloodstream (84).

Conclusion

Treatment of B-thalassemia as a prevalent
monogenic disorder that needs life-long
treatment remains challenging, and many
treatment methods have been performed to
improve patients' life quality. Screening
couples before marriage and PND may be
the best approaches to prevent newly
affected births and to reduce the high
frequency around the world. HCST and
blood transfusion are suggested treatment
methods for [-thal patients, but these
treatments have limitations, as discussed.
Nowadays, many studies are focused on
gene therapy and gene editing for treating
genetic disorders, especially thalassemia
and zynteglo, an approved treatment, is
now available. Induction of fetal globin is
a new approach to overcome B-thal using
gene therapy methods and chemical
substances. These advances have improved
the patient’s quality of life, and hope to
discover more  effective treatment
methods.
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