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Thalassemias are monogenic hematologic diseases that are classified as α- or

β-thalassemia according to its quantitative abnormalities of adult α- or β-globin chains.

β-thalassemia has widely spread throughout the world especially in Mediterranean

countries, the Middle East, Central Asia, India, Southern China, and the Far East as

well as countries along the north coast of Africa and in South America. The one and

the only cure for β-thalassemia is allogenic hematopoietic stem cell transplantations

(HSCT). Nevertheless, the difficulty to find matched donors has hindered the availability

of this therapeutic option. Therefore, this present review explored the alternatives for

β-thalassemia treatment such as RNA manipulation therapy, splice-switching, genome

editing and generation of corrected induced pluripotent stem cells (iPSCs). Manipulation

of β-globin RNA is mediated by antisense oligonucleotides (ASOs) or splice-switching

oligonucleotides (SSOs), which redirect pre-mRNA splicing to significantly restore correct

β-globin pre-mRNA splicing and gene product in cultured erythropoietic cells. Zinc

finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENs) and

clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated

9 (Cas9) are designer proteins that can alter the genome precisely by creating specific

DNA double-strand breaks. The treatment of β-thalassemia patient-derived iPSCs with

TALENs have been found to correct the β-globin gene mutations, implying that TALENs

could be used as a therapy option for β-thalassemia. Additionally, CRISPR technologies

using Cas9 have been used to fix mutations in the β-globin gene in cultured cells as well

as induction of hereditary persistence of fetal hemoglobin (HPFH), and α-globin gene

deletions have proposed a possible therapeutic option for β-thalassemia. Overall, the

accumulated research evidence demonstrated the potential of ASOs-mediated aberrant

splicing correction of β-thalassemia mutations and the advancements of genome therapy

approaches using ZFNs, TALENs, and CRISPR/Cas9 that provided insights in finding the

permanent cure of β-thalassemia.
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INTRODUCTION

Thalassemia, an autosomal recessive hematologic disease is
becoming a serious health problem worldwide with its high
prevalence and incidence (1). Thalassemia is a condition in which
one of the genes that code for the adult hemoglobin components,
the α-and β-globin chains, are altered or missing. The globin
genes can be affected by a variety of mutations, resulting in
thalassemia. The β-globin gene (HBB), which exclusively encodes
for β-globin chains, is reduced or missing in β-thalassemia. β-
thalassemia is prevalent in Mediterranean countries, the Middle
East, Central Asia, India, Southern China, and the Far East as
well as countries along the north coast of Africa and in South
America. Around 1.5 percent of the world’s population (80 to 90
million people) is estimated to be β-thalassemia carriers, with a
yearly incidence of symptomatic β-thalassemia individuals of 1
in 100,000 people globally (2).

The severity of β-thalassemia is described as three main forms:
thalassemia major, thalassemia intermedia and thalassemia
minor. Thalassemia major presents with severe anemia
that necessitates regular red blood cell (RBC) transfusions
within the first 2 years of life. Patients with untreated or
inadequately transfused thalassemiamajor commonly experience
growth retardation, pallor, jaundice, weak musculature,
hepatosplenomegaly, leg ulcers, extramedullary hematopoiesis,
and skeletal abnormalities as a result of bone marrow expansion.
On the other hand, blood transfusions on a regular basis might
lead to an excess of iron in the blood. Excess iron can cause
serious and irreversible organic damage, such as cirrhosis,
diabetes, heart disease, and hypogonadism, if it is not well-
managed (3). The most common cause of death of β-thalassemia
is secondary to cardiovascular diseases due to either severe
anemia (before the era of regular blood transfusions) or iron
overload (after the implementation of transfusion therapy),
followed by infection (4–6).

Patients with thalassemia intermedia present later in life with
moderate anemia and do not require regular transfusions. Main
clinical features in these patients are hypertrophy of erythroid
marrow with medullary and extramedullary hematopoiesis and
its complications (osteoporosis, masses of erythropoietic tissue
that primarily affect the spleen, liver, lymph nodes, chest
and spine, and bone deformities and typical facial changes),
gallstones, painful leg ulcers and increased predisposition to

thrombosis (7). Thalassemia minor is clinically asymptomatic
but some subjects may have moderate anemia with symptoms

such as headache, lethargy, fatigue, dizziness, and exercise
intolerance (8).

Currently, there is no other curative option for β-thalassemia

except allogenic hematopoietic stem cell transplantation (HSCT).
Nevertheless, this therapeutic option is not widely available for
β-thalassemia patients due to the difficulty to find matched
human leukocyte antigen (HLA) bone marrow donors. HSCT
of mismatched HLA donor could lead to transplantation failure
due to severe graft vs. host disease (GVHD) and treatment-
related death (9, 10). Clinically, some studies have reported
the outcomes of allogenic HSCTs application on β-thalassemia
patients. A retrospective review was conducted to evaluate the

clinical outcomes of allogenic HSCTs children with β-thalassemia
major in a Jordan health center. Out of 34 patients included
in this study, the overall survival was 97% and thalassemia free
survival was 88.2% (11). In one of the health centers in Italy, a
study was conducted on 80 β-thalassemia patients that received
allogenic HSCTs. A total of 93.7% of patients being thalassemia-
free, proving the benefit of HSCTs for most patients. Allogenic
HSCT is still associated with GVHD (12.7%), graft failure (10%),
and mortality (3.8%) (12). The autologous HSCT approach
primarily serves as a promising therapy to cure β-thalassemia,
however, there are some major challenges such as controlling
transgene expression, which ideally should be erythroid-specific,
differentiation stage-restricted, elevated, position independent,
and sustained over time (13).

The availability of new tools and techniques in recent years
has accelerated the development of gene-editing treatments to
ameliorate the pathophysiology in β-thalassemia patients. In
this review, we provide an overview of the genome therapeutic
approaches for the β-thalassemia, including RNA manipulation
therapy, splice-switching, gene editing and generation of
corrected induced pluripotent stem cells (iPSCs).

MOLECULAR BASIS OF β-THALASSEMIA

The quantitative reduction in β-globin production depends on
the underlying molecular mechanisms. HBB mutations that
result in no β-globin production leads to β0-thalassemia. Other
mutations that impair the β-globin synthesis at a variable
degree are classified as β+- or β++- (“silent”) thalassemia.
The quantitative reduction of β-globin causes its hemoglobin
tetramer partner, α-globin to be in excess. The accumulation
of free α-globin is responsible for the pathophysiology of β-
thalassemia by which the degree of imbalance between α- and
non-α-globin chain synthesis influences the severity of the β-
thalassemia phenotype.

Some structurally abnormal β-globin variants are also
quantitatively reduced, with a phenotype of β-thalassemia. To
date, there are more than 1,400 hemoglobin variants that have
been reported, with more than 900 variants in HBB gene (14).
The most common β-globin structural variants are hemoglobin
E (HbE [β26 Glu>Lys]), sickle hemoglobin (HbS [β6 Glu>Val]),
and hemoglobin C (HbC [β6 Glu>Lys]) (15).

βE (CD26) is one of the most common β-thalassemic
mutations among Southeast Asians that affect β-globin pre-
mRNA splicing, thus producing abnormal hemoglobin, HbE
(16). During the translation of the gene into protein, introns in
the pre-mRNA need to be removed through the splicing process
(Figure 1). HBB mutations at the splice junctions activates the
aberrant splice sites that reduces the efficiency of the normal
splicing pathway, leading to the non-functional β-globin chain
production that give rise to β-thalassemia. Other HBB aberrant
splicing mutations are CD19 and CD27 mutations in exon 1,
IVS1-5, IVS1-6, and IVS1-110 mutations in intron 1, IVS2-654,
IVS2-705 and IVS2-745 mutations in the intron 2 (17). HBB
carrying the cryptic splice site on coding sequence (exons) may
either be translated into a β-globin variant (eg: βE-globin, Hb
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FIGURE 1 | Normal and aberrant splicing mechanisms. (A) Normal HBB produce normal pre-mRNA with intact three exons and subsequently translated into normal

β-globin. (B) HBB with mutation in exon 1 that activates a de novo splice site may either produce correctly spliced or aberrantly spliced mRNA which later be

translated into normal or no β-globin, respectively. (C) HBB with intron 1 mutation may activate correct or aberrant splicing pathways that give rise to normal or no

β-globin, respectively. (D) Intron 2 mutation in HBB may induce correct or aberrant splicing mechanisms that yield normal or no β-globin, respectively. Red point

marked the mutation location. Dashed line indicates the aberrant splicing mechanisms.

Malay) or into a defective mRNA that will later be degraded in
the nucleus of the cells.

Almost 50% of the severe β-thalassemia patients worldwide
were found with the underlying double heterozygosity for a
β-thalassemia mutation and the βE mutation (18). HbE/β-
thalassemia has a highly varied phenotype, with many
patients remaining mostly transfusion-free throughout their
lives, while others are initiated on transfusion at an early
age (19).

RNA MANIPULATION STRATEGIES

Occurrence of aberrant splicing is one of the processes that affects
β-globin synthesis in β-thalassemia even though the correct splice
sites remain potentially functional. By blocking the aberrant
splice sites or other sequence elements related to splicing with
antisense oligonucleotides, the splicing machinery may be forced
to reselect the right splice sites and drive the synthesis of β-globin
mRNA and polypeptide, therefore restoring gene function.

Antisense Oligonucleotides
Antisense oligonucleotides (ASOs) are non-ionic DNA analogs
possessing altered backbone linkages relative DNA or RNA that
bind complementarily to nucleic acid sequences by Watson-
Crick base-pairing (20). ASOs include antisense morpholino
oligonucleotides (AMOs) and splice-switching oligonucleotides
(SSOs). To improve the pathophysiology of β-thalassemia,
the ASOs entered the erythroid progenitor cells, migrated to
the nucleus, and hybridized to the aberrant splice sites to
suppressed the aberrant splicing pattern of β-globin pre-mRNA.
In consequence, the correct splicing was restored and increased
the expression of functional β-globin (Figure 2).

Aberrant splicing mutations in intron 2 of the HBB include
mutations at nucleotides 654, 705, or 745 (βIVS2−654, βIVS2−705

and βIVS2−745-globin). A cytosine to thymine mutation at
nucleotide 654 of human β-globin intron 2 (βIVS2−654) is
one of the most common mutations causing β-thalassemia
in Chinese and Southeast Asians that affect β-globin pre-
mRNA splicing (21). In a study, erythroid progenitor cells
derived from β-thalassemia major (IVS2–745/IVS2–745 and
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FIGURE 2 | How ASOs work to correct the aberrant splicing. In the presence of ASOs targeted at the mutation on the gene, the correction of aberrant splicing of

human β-globin occurs and leads to the production of functional β-globin protein. Boxes indicate exons; lines, introns; red dots, mutation.

IVS2–745/IVS2–1) and β-thalassemia intermedia (IVS2–654/βE)
were treated with AMOs which targeting at the aberrant splice
sites in the β-globin gene. This results in efficient restoration of
correctly-spliced β-globin pre-mRNA and subsequently increase
the level of hemoglobin A (HbA), suggesting the potential clinical
application of AMOs to correct the aberrant splicing of β-
thalassemia (22).

Furthermore, free uptake of AMOs in transgenic mice
harboring IVS2-654 HBB has resulted in restoration of correct
human β-globin mRNA in the erythroid cells of the transgenic
mice. The effects of free uptake of AMOs were also tested on
erythroid precursor cells derived from IVS2–654/βE-thalassemia
patients and as a response, increased levels of β-globin mRNA
and hemoglobin A was recorded. Thus, these findings indicate
the potential of restoring the β-globin mRNA splicing via free
uptake of AMOs (23).

In another experiment, IVS2-654 in intron 2 of HBB was
repaired in a study by Svasti and her colleague using an in vivo
mouse model of IVS2–654 thalassemia. The aberrant splice site
in the pre-mRNA was targeted using SSOs. Significant amounts
of hemoglobin were restored in the peripheral blood of the IVS2-
654 mouse, suggesting a promising alternative to correct the
aberrant splicing of IVS2-654 mutation in β-globin (24).

HeLa cells that are stably expressing βE/IVS1-6 were
established by Suwanmanee et al. (25). They utilized this cell
line as a tool to correct the aberrant splicing of βE/IVS1-
6 by using AMOs. Interestingly, the treatment of AMOs
increased the amount of correctly spliced βE-globin mRNA in
a dose-dependent and sequence-specific manner. It was quite
promising when application of the same AMOs to erythroid
progenitor cells from two HbE/β-thalassemia increased the
production of βE-globin mRNA and HbE by 70 and 36%,
respectively (25).

To support the previous findings, El-Beshlawy et al. (26)
studied ex vivo correction of aberrant βIVS1−110-globin pre-
mRNA splicing by ASOs. A total of 10 peripheral blood
mononuclear cells were derived from 10 βIVS1−110 thalassemia
patients. Fifty percent of the cases showed correction of the
aberrant splicing; 2 of them showed corrected mRNA band with
no aberrant mRNA band while another 3 showed increased
ratio between corrected to aberrant mRNA band. In addition,
significant increase of total hemoglobin level was also observed
in those five corrected cases, suggesting that antisense oligomers
are applicable for treating β-thalassemia (26).

Another aberrant splicing mutation of β-thalassemia, IVS2-
745 (C>G) located in intron 2 of HBB, causes a premature
in-frame termination codon that inhibits β-globin production.
The aberrant splicing in the pre-mRNA was reversed using
uniform 2’-O-methoxyethyl (2’-MOE) SSOs resulting in up to
80% increase of adult hemoglobin in erythroid cells of βIVS2−745-
thalassemia patients. Moreover, the balance between β-like and
α-globin chains was restored, thus leading to reduction of toxic
heme aggregates up to 87%. These findings suggest the potential
application of 2’-MOE SSOs to restore the aberrant splicing in
β-thalassemia patients in future (27).

Successful repair of β-globin pre-mRNA splicing defect
by synthetic ASOs in erythroid cells was demonstrated. The
advantages of antisense treatment include; (1) ASOs correct
splicing of pre-mRNA that is transcribed from the native β-
globin locus thus precluding overexpression of β-globin mRNA,
(2) the approach offers a pharmacological treatment, easier to
implement than gene therapy, and (3) the treatment may be
easily stopped if any undesirable effects are observed (22). ASOs,
however, possess inherent drawbacks. Its clinical application
is limited by short-term effectiveness and the requirement
for lifelong periodic administration of the ASOs to maintain
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FIGURE 3 | Modified U7 snRNP. Complexes of spliceosome proteins (green)

combine with U7 snRNA that is incorporated with antisense oligonucleotides

targeted to the aberrant splice site of the gene. Boxes represent exons and

introns.

therapeutic levels of β-globin (21). Moreover, this approach is not
applicable to β-thalassemia with other genotypes and is limited in
comparison to gene therapy, which may replace or supplant any
mutant with a correct gene (22).

U7 snRNA
Engineering of viral vector mediated expression of U7 snRNA
carrying the ASOs that restores the correct splicing of HBB
potentially overcomes the short-term effectiveness of ASOs
treatment. Small nuclear RNAs that are rich in uridine are known
as U snRNAs and are numbered in order of discovery. The
spliceosomes, large complexes that catalyze splicing, are divided
intomajor andminor spliceosomes: U1, U2, U4, U5, U6 andU11,
U12, U4atac, U5atac and U6atac snRNP, respectively. Although
the U7 snRNP is not involved in splicing, it is a critical element
in the processing of replication-dependent histone (RDH) pre-
mRNAs at their unique 3’ end. Furthermore, findings based
on modified U7 snRNP (U7 Sm OPT) targeting splicing to
induce efficient skipping or inclusion of specified exons have
demonstrated U7snRNA as a useful tool in therapeutic trials.
In U7 Sm OPT-based therapy, an antisense oligonucleotide is
incorporated into the U7 snRNA, forming modified U7 small
nuclear ribonucleoproteins (U7 snRNP) (Figure 3) (28).

Vacek et al. (29) transfected the HeLa cells expressing the
mutations at nucleotides 654, 705 and 745 in intron 2 of HBB
with modified U7 snRNA (U7.623) to prevent the aberrant
splicing activated by the mutations. U7.623 that contains
antisense sequence was able to reduce the incorrect splicing of the
β-globin pre-mRNA and increase the level of correctly-spliced β-
globin mRNA. Application of U7.623 in hematopoietic stem cells
and erythroid progenitor cells derived from IVS2-745/IVS2-1 β-
thalassemia patients resulted in approximately 25-fold increase in
the levels of correctly-spliced β-globin mRNA and hemoglobin
A. These findings proved the lentiviral vector-based gene therapy
for β-thalassemia (29).

A modified U7 snRNA targeting the IVS2-654 β-globin pre-
mRNA was delivered by lentivirus into iPSCs derived from
mesenchymal stromal cells of a patient with HbE/βIVS2−654-
thalassemia. The efficiency of the modified U7 snRNA was
proven with the high level of correctly spliced β-globin mRNA

in erythroblasts differentiated from the transduced iPSCs. The
modifiedU7 snRNA has great potential to provide the autologous
iPSCs transplantation to restore the aberrant splicing of β-
thalassemia (30).

An engineered U7 snRNA targeted to several pre-mRNA
splicing elements on the βIVS2−654-globin pre-mRNA, U7.BP
+ 623, was effective in a HeLa cell line carrying the IVS2-
654 by which the correctly-spliced βIVS2−654-globin mRNA
was increased. Progenitor cells derived from HbE/βIVS2−654-
thalassemia patients were transduced with lentiviral-mediated
U7.BP + 623 and promoted restoration of correct splicing
of βIVS2−654-globin mRNA as well as restoration of HbA
production. This finding marked the potential usage of the
lentiviral-mediated engineered U7 snRNA as an alternative for
the long-term treatment of β-thalassemia (21).

A following research was performed to evaluate the effect
of U7.BP+623 on βIVS2−654-globin pre-mRNA splicing in
βIVS2−654-thalassemia mice erythroid progenitor cells. As
expected, the correction of β-globin pre-mRNA splicing was
achieved. However, the level of correctly spliced β-globin was
lower than previously reported in patient. This situation was
probably due to an inefficient processing of U7 snRNA in mouse
thus producing truncated engineered U7 snRNA. The different
processing of U7 snRNA in humans and mice has therefore
restricted the depth analysis of the engineered U7 snRNA in the
mouse model (31).

In an attempt to correct the aberrant splicing of CD26
mutation, Preedagasamzin et al. (32) proved that the U7 bE4þ1
snRNA lentiviral vector was effective in restoring the correctly-
spliced βE-globin mRNA for at least 5 months. Application of
the same lentiviral vector in erythroid progenitor cells from
HbE/β-thalassemia patients also resulted in the increase of the
correctly-spliced βE-globin mRNA thus suggesting the long-
term treatment for the HbE/β-thalassemia patients using the
engineered U7 snRNA lentiviral vector (32).

The strategy of the engineered U7 snRNA that is reported
here may be a new alternative approach for β-thalassemia gene
therapy, even though improvements of the vector system are still
required (21). Additionally, the engineered U7 snRNA mediated
splicing correction can be implemented in numerous other
diseases caused by RNA mis-splicing (32).

GENOME MANIPULATION STRATEGIES

Recent advancements that permitted seamless engineering of
the human genome using variety of technologies are collectively
referred to as gene editing. Precision gene editing technologies
enable the alteration of the genome at precise loci, resulting
in targeted genomic changes that are being used in a variety
of medical applications. The clustered regularly interspaced
short palindromic repeats (CRISPR)/CRISPR-associated 9 (Cas9)
system is a widely used tool for genome engineering, however
it is not the first of its kind. Zinc-finger nucleases (ZFNs)
and transcription activator–like effector nucleases (TALENs), for
example, are programmable protein-based genome engineering
tools that have been widely used. In terms of design and cost,
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FIGURE 4 | Gene editing by designer nucleases. ZFNs, TALENs, and CRISPR/Cas9 mediated the genome modifications through two main double strand break repair

pathways. Indel mutations resulted from NHEJ pathway. Gene correction, insertion and replacement using DNA donor template are the outcomes of HDR pathway.

FokI, endonuclease from Flavobacterium okeanokoites; PAMs, protospacer adjacent motifs; NHEJ, non-homologous end joining; HDR, homology-directed repair;

dsDNA, double-stranded DNA; ssODN, single strand oligodeoxynucleotides.

ZFNs are challenging. To test the cutting efficiency of TALENs,
many pairs must be made. Furthermore, DNA methylation and
histone acetylation may have an impact on their effectiveness.
CRISPR/Cas9, on the other hand, is not limited by these
constraints, is practical, and is simple to manufacture. The major
goals of gene therapy are to transfer a healthy copy of HBB
or to re-establish the expression of γ-globin, and hence fetal
hemoglobin (HbF) (33, 34).

Genome editing using designer nucleases results in the
formation of DNA double-strand breaks (DSBs) at particular
genomic loci. DSBs can be repaired in the cell via homology-
directed repair (HDR) and non-homologous end joining (NHEJ).
HDR is a high-fidelity repair pathway that permits a homologous
DNA donor template to be integrated at a particular location and
potentially being exploited to correct disease-causing mutations.
The error-prone NHEJ mechanism has mostly been used to
generate minor insertions and deletions in order to achieve
permanent gene inactivation and disruption of gene expression
(Figure 4).

ZFNs and TALENs
ZFNs are composed of three to six zinc-fingers that bind DNA
sequences and a cleavage domain, FokI, to generate DSBs. In
the last decade, studies have demonstrated efficient targeted
integration in HSPCs by ZFNs expression with exogenous

homologous recombination donors delivered via single-stranded
oligonucleotides (35), integrase-defective lentiviral vectors (36),
or recombinant adeno-associated viral vectors of serotype 6
(rAAV6) (37, 38). Nevertheless, research on the use of ZFNs in
editing HBB gene is limited due to challenges in developing the
ZFNs. As FokI-dependent DNA cleavage requires dimerization
of the cleavage domains, two ZFNs are required for binding
DNA (on both strands and in opposite direction) to align FokI
domains and allow DNA cleavage (39). Furthermore, laboratory
procedures are time-consuming without a ZFNs specialist,
resulting in a large amount of effort being required to generate
a successful edit. One of the key advantages of the ZFN system
is the utilization of dimerized FokI, which can improve the
specificity of DNA targeting while simultaneously reducing off
target effects. Notably, a developed ZFN is already in the clinical
trial stage, ST-400 that targets BCL11A, a master regulator of
the fetal-to-adult hemoglobin switch (NCT03432364, https://
clinicaltrials.gov/). Detailed informations of ZFN-mediated
clinical trials are listed in Table 1. The preliminary results of a
phase 1/2 clinical study in transfusion-dependent β-thalassemia
patients showed a relatively low genome editing efficiency
associated with poor HbF expression (40).

TALENs are chimeric proteins that contain two functional
domains: a DNA-recognition transcription activator-like effector
(TALE) and a nuclease domain. TALENs serves as customizable
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TABLE 1 | Clinical trials using the ZFN-mediated technology (https://clinicaltrials.gov/).

Status Study title Conditions Intervention Locations Informations

Recruiting An observational long-term safety and

efficacy follow-up study after ex-vivo

gene therapy with bivv003 in severe

sickle cell disease (SCD) and St-400

in transfusion-dependent

beta-thalassemia (TDT) with

autologous hematopoietic stem

cell transplant

(NCT05145062)

Blood and

lymphatic diseases

ST-400 Detroit, Michigan,

United States

This study evaluates

long-term safety of BIVV003

in participants with severe

sickle cell disease (SCD)

and ST- 400 in participants

with transfusion-dependent

beta-thalassemia (TDT)

Active, not recruiting A study to assess the safety,

tolerability, and efficacy of ST-400 for

treatment of transfusion-dependent

beta-thalassemia (TDT)

(NCT03432364)

Transfusion

dependent

beta-thalassemia

ST-400

investigational

product

University of

California, Los

Angeles, California,

United States

UCSF Benioff

Children’s Hospital,

Oakland, California,

United States

Children’s Healthcare

of Atlanta, Atlanta,

Georgia,

United States

(and 3 more...)

ST-400 uses ZFN

technology to disrupt a

precise and specific

sequence of the enhancer

of the BCL11A gene (which

normally suppresses fetal

hemoglobin production in

erythrocytes). This process

is intended to boost fetal

hemoglobin (HbF), which

can substitute for reduced

or absent adult (defective)

hemoglobin.

restriction enzymes that recognize a specific sequence and
introduce an overhang double-stranded break. TALENs are
considerably easier to design compared to ZFNs, thus explaining
their widespread use.

Ma et al. (41) combined the integration-free β-thalassemia
induced pluripotent stem cells (iPSCs) derived from patients
and TALEN-based universal correction of β-globin mutations
in situ. This robust process has successfully corrected the HBB
and the corrected iPSCs can be induced to differentiate into
hematopoietic progenitor cells and then further to erythroblasts
expressing normal β-globin. This finding suggests the efficient
and promising strategy to correct different types of β-globin
mutations in β-thalassemia iPSCs (41).

TALENs were also being used to investigate the efficiency
of correcting the aberrant splice sites in homozygous
erythroblast derived from IVS1-110(G>A)-homozygous
patient. As a result, significant correction at RNA, protein
and morphological levels were observed, suggesting the
disruption of aberrant regulatory elements by TALENs
as a highly efficient gene therapy approach for suitable
mutations (42).

In a study to compare between TALENs and CRISPR/Cas9,
Xu et al. (43) designed both endonucleases targeting
at IVS2-654 mutation in β-globin of patient-derived
iPSCs. Different frequencies of double-strand breaks
(DSBs) at IVS2-654 were observed when using TALENs
and CRISPR/Cas9 in which TALENs have higher gene
targeting efficiency. Further differentiation of TALENs-
corrected iPSCs clones generated a higher transcription
of β-globin compared to the uncorrected cells. These
findings may guide the future application of TALENs
in the treatment of β-thalassemia and other monogenic
diseases (43).

In depth analysis of TALENs-mediated NHEJ correction
of β-thalassemia mutation was performed in mice model
carrying a IVS2-654 mutation on the β-globin gene. TALENs
vectors targeting at the mutation were constructed and used
to generate mice with TALENs+/βIVS2−654 genotype. The
sequencing analysis revealed that the IVS2-654 mutation was
deleted in 50% of TALENs+/βIVS2−654 mice and no off-
target effects were observed. Western blot analysis confirmed
the expression of normal β-globin. There are decreases in
proportion of nucleated cells in the bone marrow, splenomegaly
with extramedullary hematopoiesis, and iron deposition in the
spleen and liver of TALENs+/βIVS2−654 mice. These findings
suggest a straightforward strategy to treat anemia in β-
thalassemia (44).

ZFNs and TALENs have been shown to edit numerous loci
in multiple cell types. While TALENs are frequently linked
with less cytotoxicity than ZFNs, their larger size may constrain
their delivery to therapeutically important cells for gene therapy
applications. Both ZFNs and TALENs have the potential to cause
off-target effects that may be detrimental to the target cells.
Finally, their complex design may hinder their development for
genome editing procedures (39).

CRISPR/Cas9 and Cas12a
The CRISPR/Cas9 technology was first introduced in 2012 and
has resulted in a paradigm shift in the field of genome editing.
The major difference between this system and other nucleases
(i.e. ZFNs and TALENs) is that the Cas9 nuclease is directed to
the DNA by Watson-Crick base pairing rather than a protein-
DNA interaction via an RNAmolecule (guide RNA, gRNA). Cas9
activity is dependent on the presence of protospacer adjacent
motifs (PAMs), which are short sequences downstream of the
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TABLE 2 | Clinical trials using the CRISPR-mediated technology (https://clinicaltrials.gov/).

Status Study title Conditions Intervention Locations Informations

Active, not recruiting β-Thalassemia major with

autologous CD34+

hematopoietic progenitor

cells transduced with

TNS9.3.55 a lentiviral vector

encoding the normal human

ß-Globin Gene

(NCT01639690)

Confirmed diagnosis of

β-thalassemia Major

Autologous CD34+

cells transduced with

TNS9.3.55

Memorial Sloan

Kettering Cancer

Center, New York,

United States

The stem cells are collected

from the patients and the

abnormal genes are

removed. The cells are

treated to induce the normal

hemoglobin production

before being infused back

to the patients.

Enrolling by invitation A study evaluating the

safety and efficacy of the

BD211 drug product in

β-thalassemia

major participants

(NCT05015920)

Hematologic diseases BD211 drug product 920th hospital of joint

logistics support force

of people’s liberation

army of China

kunming, Yunnan,

China

The patient’s autologous

cells are enriched for

CD34+ HSCs and undergo

ex vivo transduction with

lentiviral vector encoding

βA-T87Q-globin to BD211

finished product, which is

then infused intravenously

into the patient.

Active, not recruiting A safety and efficacy study

evaluating CTX001 in

subjects with transfusion-

dependent β-thalassemia

(NCT03655678)

β-thalassemia

Thalassemia

Genetic diseases,

inborn

(and 2 more...)

CTX001 Stanford University,

Stanford, California,

United States

Ann & Robert Lurie

Children’s Hospital of

Chicago, Chicago,

Illinois, United States

Columbia University,

Manhattan, New York,

United States

(and 9 more...)

The study will evaluate the

safety and efficacy of

autologous CRISPR-Cas9

Modified CD34+ Human

Hematopoietic Stem and

Progenitor Cells (hHSPCs)

using CTX001.

Enrolling by invitation A long-term follow-up study

in subjects who

received CTX001

(NCT04208529)

β-thalassemia

Thalassemia

Sickle cell disease

(and 4 more...)

CTX001 Columbia University

Medical Center (21+

years), New York,

United States

Columbia University

Medical Center, New

York, United States

St. Jude Children’s

Research Hospital

Memphis, Tennessee,

United States

(and 8 more...)

This is an observational

study to evaluate the

long-term safety and

efficacy of CTX001 in

subjects who received

CTX001 in Study

CTX001-111

(NCT03655678) or

VX21-CTX001-141

(transfusion-dependent

β-thalassemia [TDT] studies)

or Study CTX001-121

(NCT03745287) or

VX21-CTX001-151 (severe

sickle cell disease [SCD]

studies; NCT05329649).

Not yet recruiting Evaluation of safety and

efficacy of CTX001 in

pediatric participants with

transfusion-dependent

β-thalassemia (TDT)

(NCT05356195)

β-thalassemia

Thalassemia

Genetic diseases,

Inborn

(and 2 more...)

CTX001 N/A This study will evaluate the

safety and efficacy of

autologous CRISPR-Cas9

modified CD34+ human

hematopoietic stem and

progenitor cells (hHSPCs)

(CTX001).

Active, not recruiting Safety and efficacy

evaluation of ET-01

transplantation in subjects

with transfusion

dependent β-thalassaemia

(NCT04390971)

Transfusion dependent

β-thalassaemia

ET-01 Institute of Hematology

& Blood Diseases

Hospital, Tianjin, China

This study evaluates the

safety and Efficacy of ET-01

Transplantation in subjects

with Transfusion Dependent

β-Thalassaemia.

(Continued)
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TABLE 2 | Continued

Status Study title Conditions Intervention Locations Informations

Active, not recruiting A safety and efficacy study

evaluating ET-01 in subjects

with transfusion

dependent β-thalassaemia

(NCT04925206)

Transfusion dependent

β-thalassaemia

ET-01 Nanfang Hospital of

Southern Medical

University, Guangzhou,

Guangdong, China

Guangzhou Women

and Children’s Medical

Center, Guangzhou,

Guangdong, China

Shenzhen Children’s

Hospital, Shenzhen,

Guangdong, China

Institute of Hematology

& Blood Diseases

Hospital, Tianjin, China

This study will evaluate the

safety and efficacy of

autologous CRISPR-Cas9

Modified CD34+ Human

Hematopoietic Stem and

Progenitor Cells (hHSPCs)

using ET-01.

Active, not recruiting A study evaluating the

efficacy and safety of the

lentiglobin® BB305 drug

product in participants with

transfusion-dependent β-

thalassemia

(NCT03207009)

β-thalassemia LentiGlobin BB305

drug product

UCSF Benioff

Children’s Hospital

Oakland, Oakland,

California,

United States

Ann & Robert H. Lurie

Children’s Hospital of

Chicago, Chicago,

Illinois, United States

Children’s Hospital of

Philadelphia,

Philadelphia,

Pennsylvania,

United States

(and 6 more...)

This is a single-arm,

multi-site, single-dose,

Phase 3 study in

approximately 18

participants less than or

equal to (<=) 50 years of

age with

transfusion-dependent

β-thalassemia (TDT), who

have a β0/β0, β0/IVS-I-110,

or IVS-I-110/IVS-I-110

genotype. The study will

evaluate the efficacy and

safety of autologous

hematopoietic stem cell

transplantation (HSCT)

using LentiGlobin BB305

Drug Product.

Completed A study evaluating the

safety and efficacy of the

lentiglobin bb305 drug

product in β-thalassemia

major participants

(NCT01745120)

β-thalassemia Major LentiGlobin BB305

Drug Product

Los Angeles, California,

United States

Oakland, California,

United States

Chicago, Illinois,

United States

(and 3 more...)

This study will evaluate the

safety and efficacy of

autologous hematopoietic

stem cell transplantation

(HSCT) using LentiGlobin

BB305 Drug Product

[autologous CD34+

hematopoietic stem cells

transduced with LentiGlobin

BB305 lentiviral vector

encoding the human

βA-T87Q-globin gene]

Completed A study evaluating the

safety and efficacy of

lentiglobin BB305 drug

product in β-thalassemia

major (also referred to as

transfusion-dependent

β-thalassemia [TDT]) and

sickle cell disease

(NCT02151526)

β-thalassemia Major

Sickle Cell Disease

LentiGlobin BB305

Drug Product

Paris, France This study evaluates the

safety, and efficacy study of

the administration of

LentiGlobin BB305 Drug

Product to participants with

either transfusion

dependent

beta-thalassemia (TDT) or

sickle cell disease (SCD).

Not yet recruiting Safety and efficacy

evaluation of β-globin

restored autologous

hematopoietic stem cells in

β-thalassemia

major patients

(NCT04592458)

β-thalassemia major LentiHBBT87Q Beijing Genomics

Institute, Shenzhen,

Guangdong, China

The patient’s autologous

hematopoietic stem cells will

be collected and modified

with LentiHBBT87Q system

to restore the β-globin

expression.

(Continued)

Frontiers in Pediatrics | www.frontiersin.org 9 June 2022 | Volume 10 | Article 901605

https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Zakaria et al. Genetic Manipulation Strategies for β-Thalassemia

TABLE 2 | Continued

Status Study title Conditions Intervention Locations Informations

The corrected autologous

hematopoietic stem cells

will be infused back to

patients, and will be

monitored the long-term

safety and efficacy of the

treatment for up to 13 years

post-transplantation.

Active, not recruiting Long-term follow-up of

subjects treated with

OTL-300 for transfusion

dependent β-thalassemia

study (TIGET-BTHAL)

(NCT03275051)

β-thalassaemia OTL-300 Ospedale San Raffaele

- Telethon Institute for

Gene Therapy

(OSR-TIGET)

Milan, Italy

OTL-300 is a gene therapy

drug product consisting of

autologous hematopoietic

stem/progenitor cluster of

differentiation (CD) 34+ cells

genetically modified with a

lentiviral vector (GLOBE)

encoding the human beta

globin gene. The

TIGET-BTHAL is a phase I/II

study evaluating safety and

efficacy of OTL-300 in

subjects with transfusion

dependent

beta-thalassemia for 2 years

post gene-therapy.

Enrolling by invitation β-globin restored

autologous HSC in

β-thalassemia

major patients

(NCT04205435)

β-thalassemia major β-globin restored

autologous HSC

Shanghai

Bioraylaboratory Inc.,

Shanghai, China

This is a single center, single

arm, open-label study to

determine the safety and

efficacy of β-globin restored

autologous hematopoietic

stem cells in β- thalassemia

major patients with IVS-654

mutation. β-globin restored

autologous hematopoietic

stem cells will be

manufactured using

CRISPR/Cas9 gene editing

system.

Recruiting Safety and efficacy

evaluation of γ-globin

reactivated autologous

hematopoietic stem cells

(NCT04211480)

β-thalassemia Major γ-globin reactivated

autologous

hematopoietic stem

cells

Shanghai Bioray

Laboratories Inc.,

Shanghai, China

This study aims to evaluate

the safety and efficacy of

the treatment with γ-globin

reactivated autologous

hematopoietic stem cells in

subjects with β-thalassemia

major. γ-globin reactivated

autologous hematopoietic

stem cells will be

manufactured using

CRISPR/Cas9 gene editing

system.

target sequence (protospacer) that are complementary to the
gRNA. PAMs are unique to the Cas9 generated from each
bacterial species.

β-thalassemia iPSCs that had a CD17 (A>T) homozygous
point mutation in HBB was corrected with CRISPR/Cas9
producing gene-corrected iPSCs that possess normal
karyotype and maintained pluripotency without any
off-targeting effects. The differentiation efficiency was
evaluated and proven by the increased embryoid body ratio
and various hematopoietic progenitor cells percentages.

Notably, the gene-corrected β-thalassemia iPSCs restored
HBB expression and reduced reactive oxygen species
production compared to un-corrected group, implying
that CRISPR/Cas9 system had greatly improve the
hematopoietic differentiation efficiency of β-thalassemia
iPSCs (45).

Xiong et al. (46) studied the combination effect of
CRISPR/Cas9 and single strand oligodeoxynucleotides (ssODNs)
in iPSCs derived from IVS2-654 β-thalassemia patients.
CRISPR/Cas9 is targeted at the IVS2-654 mutation site on HBB
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and mediates the double strand breaks (DSBs). ssODNs are then
seamlessly corrects the gene. The corrected iPSCs maintained
the pluripotency and are able to differentiate normally,
thus producing correct β-globin. The strategy of combining
CRISPR/Cas9 system and ssODNs provides the promising gene
correction of β-thalassemia and can be considered as future
approaches for management of β-thalassemia (46).

Xu et al. (47) demonstrated the disruption of the aberrant
splice site targeted at IVS1-110G>A mutation using Cas9
ribonucleoprotein (RNP) and IVS2-654C>T mutation by
Cas12a/Cpf1 RNP in primary CD34+ hematopoietic stem and
progenitor cells (HSPCs) from β-thalassemia patients. In regards
with the high efficiency and penetration of Cas9 and Cas12a,
the edited patient HSPCs showed reversal of aberrant splicing
and restoration of β-globin expression. Notably, up to 73%
InDel was observed and frequent 1-bp insertions at the IVS1-
110 site was enough to restore normal β-globin splicing. The
application of this gene editing technology offers a bright
future for the treatment of transfusion-dependent β-thalassemia
genotypes (47).

CRISPR/Cas9 gene editing technology was also being applied
in CD34+ cells from Egyptian β-thalassemia patients with a
IVS1-110 mutation. Cas9 and guide RNA were transfected into
the CD34+ cells and causing DSBs at the target site and knocked
out the IVS1-110 mutation. The corrected CD34+ cells gained
the wild-type HBB and then were subjected for differentiation
by culturing them in complete media containing erythropoietin.
This study supported the existing studies for the application of
CRISPR/Cas9 to treat β-thalassemia (48).

A strategy for correcting the−28 (A>G) and the 4-bp (TCTT)
deletion at codons 41 and 42 in exon 2 was developed by
reprogramming the patient-derived iPSCs through combination
of CRISPR/Cas9 technology and the piggyBac transposon. A
seamless correction of the HBB mutations through the HDR-
based strategy was achieved with no off-target effects. On top
of that, the cells also able to maintain their full pluripotency
and exhibit normal karyotypes. After differentiation of the
corrected iPSCs into erythroblasts, the gene-corrected iPSCs
were successfully restored the expression of HBB compared to the
parental iPSCs line. The seamless HBB correction demonstrating
a critical step toward the stem cell-based gene therapy in the
future (49).

Another efficient technique to correct −28(A>G) mutation
was also developed by combining CRISPR/Cas9 with asymmetric
single-stranded oligodeoxynucleotides (assODNs). Using K562
cell line carrying −28(A>G) mutation, the transcriptome level
was compared with K562 cell line and found that the mutation
disturbed the transcription and expression of β- and γ-globin
gene. Interestingly, the abnormalities due to the −28(A>G)
mutation were corrected by CRISPR/Cas9 and asymmetric
assODNs in K562−28(A>G). This study is the first to report on
the whole-transcriptome analysis based on isogenic cell lines,
thus it provides a platform to conduct future investigation of the
mechanism of−28(A>G) β-thalassemia (50).

In two different groups, Liu and Niu applied CRISPR/Cas9-
mediated HDR-based approaches to the iPSCs derived from

β-thalassemia patients carrying 4-bp deletion (–TCTT) and (–
CTTT) at CD41/42 mutation on β-globin gene respectively
(51, 52). Specific CRISPR/Cas9 to target the mutation site was
designed and they combined it with ssODNs. The repaired
cells expressed normal β-globin transcripts when developed into
hematopoietic progenitor cells and later erythroblasts. Notably,
the corrected cells had a low mutational load and no off-
target mutagenesis, as revealed by off-target analysis and whole-
exome sequencing (52). These researches demonstrate the most
efficient and safe method for genetically correcting the CD41/42
4-bp deletion in iPSCs through CRISPR/Cas9 and ssODNs
to cure monogenic disease-associated mutations in patient-
specific iPSCs.

The G>A point mutation in codon 26 of HBB was also
corrected using guide RNA, Cas9 and ssODNs donor template via
HDR-based approach. iPSCs was generated from human dermal
fibroblasts of HbE/β-thalassemia patient’s carrying CD41/42
mutation in one allele, and CD26 mutation in the other. After
hematopoietic differentiation, the restoration of HBB protein
expression was observed indicating that a single allele genetic
correction of CD26 is sufficient to normalize the β-globin level
in HbE/β-thalassemia. Nevertheless, only 2.9% of iPSCs clones
showed efficient gene correction owing to poor transfection and
HDR efficiency. The HDR efficiency might be improved by
suppressing the NHEJ pathway once, however, the theory needs
to be properly assessed in the future study (53).

Cosenza et al. (54) aimed to correct one of the most
frequent β-thalassemia in Mediterranean area, β039-thalassemia
mutation, by utilizing the advanced technology of CRISPR/Cas9
gene editing. After CRISPR/Cas9 gene correction on erythroid
precursor cells obtained from homozygous β039-thalassemia
patients, they demonstrated the presence of normal β-globin
genes with high amount of normal β-globin mRNA and protein.
Subsequently, the HbA level increased significantly and therefore
reduce the excess free α-globin. These findings promote the
development of this technique for the β039-thalassemia patients
and the positive outcomes may be maximized through the use of
other therapeutic approaches such as reactivation of HbF (54).

Interestingly, Cai and coworkers established a novel universal
approach that could potentially cure various β-thalassemia-
causing mutations. This strategy is based on targeted integration
of a donor template containing the complementary DNA (cDNA)
that encodes the wild-type HBB gene. β-globin production was
restored in erythrocytes derived from iPSCs of two transfusion-
dependent β-thalassemia patients HBB that carry mutations
CD17/IVS2-654 and CD17/CD41/42. This strategy of restoring
functional HBB gene expression is expected to be clinically
effective for permanently curing β-thalassemia patients with
various HBB mutations in the future (55).

Coexistent of hereditary persistence of fetal hemoglobin
(HPFH) and β-thalassemia have been long known to minimize
the hematological abnormalities and result in a mild clinical
manifestation. HPFH is a condition with consistently high HbF
production that present in adulthood, which usually due to
mutations in the β- or α-globin gene cluster or the γ promoter
gene region. Ye et al. (56) mimics the HPFH genotype in bone
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marrow-derived adult CD34+ HSPCs by delivering target site-
specific SaCas9 to remove part of β-globin locus and repaired
by non-homologous end joining (NHEJ). Up to 31% of CD34+
HSPCs were successfully edited with the 13-kb HPFH5 deletion
and after differentiation into erythroid cells in vitro, these cells
significantly expressed the γ-globin compared to cells without
HPFH deletions. Therefore, this study proved the potential
new approach to autologous transplantation therapy to treat
homozygous β-thalassemia (56).

One of the factors that determine the severity of β-thalassemia
is the number of α-globin genes (HBA1 and HBA2) by which
α-globin gene deletions ameliorate β-thalassemia through the
balanced ratio of α- and β-globin. A novel strategy was
developed by combining 2 therapeutic approaches mediated by
CRISPR/Cas9; deletion of HBA2 gene to recreate α-thalassemia
trait with reduced α-globin production and integration of β-
globin transgene downstream the HBA2 promoter to increase
β-globin expression. The study demonstrated the correction of
the α/β-globin imbalance in erythroblast derived from edited β-
thalassemia HSPCs, suggesting a novel therapeutic strategy for
the treatment of β-thalassemia in the future (57).

CRISPR-Cas9 system serves some major advantages
including: (1) ease of design and cloning, (2) high genome
editing efficiency, (3) low cytotoxicity and transient expression
when delivered as ribonucleoproteins (RNPs) versus mRNA
delivery (which is typically used for ZFNs and TALENs), and
(4) the possibility of multiplexing, which enables simultaneous
targeting of multiple loci (58). Taken together, these benefits
make CRISPR-Cas technology the optimal tool for developing
therapeutic methods. To date, a number of clinical trials have
been recorded to evaluate the potential of CRISPR-mediated
technology in clinical settings as listed in Table 2.

CONCLUSIONS

The accumulated research evidences to date demonstrate that
genome editing technologies havemade substantial contributions

to the development of treatment options for a variety of
human diseases. In the present review, we summarized
the applications of different gene editing tools including
ASOs, U7 snRNA, ZFNs, TALENs, and CRISPR/Cas9 systems.
ASOs-driven correction of aberrant splicing is sequence and
mutation specific, thus limited to certain cases of β-thalassemia.
Nevertheless, some of the most common mutations that cause
aberrant splicing are responsible for almost 90% of thalassemia
cases worldwide (1). Hence, a small number of ASOs may
be useful for treatment of a large majority of thalassemia
patients. The lifelong therapeutic effect of U7 snRNA has
captured the attention along with its compact size and less
toxicity properties. The advancement of HDR-based DNA repair
through ZFNs, TALENs, and CRISPR/Cas9-mediated double
strand break has promised a potential approach to cure the
β-thalassemia genetically. Nonetheless, despite the significant
opportunities for therapy and translational research, as well as
recent technological advancements, gene therapy still has some
limitations, including design difficulties and costs associated

with the use of ZFNs, TALENs, and CRISPR/Cas9, off target
effects, low transfection efficiency, in vivo delivery-safety, and
ethical concerns.
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