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Abstract

Thalassemia encompasses a group of inherited hemoglobin disorders
characterized by reduced or absent production of the a- or -globin
chains, leading to anemia and other complications. Current manage-
ment relies on lifelong blood transfusions and iron chelation, which
is burdensome for patients. This review summarizes the emerging
therapeutic potential of modulating microRNAs (miRNAs) to treat
thalassemia. MiRNAs are small non-coding RNAs that regulate gene
expression through sequence-specific binding to messenger RNAs
(mRNAs). While they commonly repress gene expression by bind-
ing to the 3' untranslated regions (UTRs) of target mRNAs, miRNAs
can also interact with 5'UTRs and gene promoters to activate gene
expression. Many miRNAs are now recognized as critical regula-
tors of erythropoiesis and are abnormally expressed in -thalassemia.
Therapeutically restoring levels of deficient miRNAs or inhibiting
overexpression through miRNA mimics or inhibitors (antagomir),
respectively, has shown preclinical efficacy in ameliorating thalas-
semic phenotypes. The miR-144/451 cluster is especially compelling
for targeted upregulation to reactivate fetal hemoglobin synthesis.
Advances in delivery systems are addressing previous challenges in
stability and targeting of miRNA-based drugs. While still early, gene
therapy studies suggest combinatorial approaches with miRNA mod-
ulation may provide synergistic benefits. Several key considerations
remain including enhancing delivery, minimizing off-target effects,
and demonstrating long-term safety and efficacy. While no miRNA
therapies have yet progressed to clinical testing for thalassemia spe-
cifically, important lessons are being learned through clinical trials
for other diseases and conditions, such as cancer, cardiovascular dis-
cases, and viral. If limitations can be overcome through multi-dis-
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ciplinary collaboration, miRNAs hold great promise to expand and
transform treatment options for thalassemia in the future by precisely
targeting pathogenic molecular networks. Ongoing innovations, such
as advancements in miRNA delivery systems, improved targeting
mechanisms, and enhanced understanding of miRNA biology, contin-
ue to drive progress in this emerging field towards realizing the clini-
cal potential of miRNA-based medicines for thalassemia patients.
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Introduction

Thalassemias are a heterogenecous group of inherited blood
disorders resulting from mutations that impair production of
the hemoglobin tetramer, which is essential for effective eryth-
ropoiesis and oxygen delivery. This is primarily due to reduced
or absent synthesis of the a- or f-globin chains that make up
hemoglobin. The most severe form, B-thalassemia major, is
characterized by severe anemia beginning in infancy, requir-
ing lifelong blood transfusions and extensive iron chelation
therapy [1]. Thalassemias are among the most common mo-
nogenic diseases worldwide, with over 288,000 annual births
affected by severe forms. Globally, carrier frequencies range
from 1.5% to > 15% in some regions like the Mediterranean,
Middle East, Central Asia, India, and Southern China. Partic-
ularly high carrier rates are seen in Cyprus (14%), Sardinia
(10.3%), and Southeast [2, 3]. However, rising immigration
has increased cases across Europe, North America, and world-
wide [4]. Current management of thalassemia major involves
chronic blood transfusions usually administered every 2 to 5
weeks along with daily iron chelation therapy to remove excess
iron and prevent organ damage. However, these treatments im-
pose considerable burden on patients and are associated with
significant treatment-related morbidities [5]. As such, there is
an impetus to develop more effective therapeutic approaches
for thalassemia that ideally reduce dependence on transfusions
and chelators [6]. While thalassemia screening programs are
only crucial for prevention, they come with ethical, social, and
technical challenges. In regions with high thalassemia preva-
lence, such as Africa, Southern Europe, the Middle East, and
Southeast Asia, the cost and logistical challenges of laboratory
diagnostic tests hinder effective screening and diagnosis [7, 8].
Furthermore, the lack of widespread premarital screening and
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Figure 1. Normal function and alteration of microRNA (miRNA) in biological mechanism. MiRNAs exert their gene-silencing ef-
fects through a sequence of molecular interactions, initiating with deadenylation, where they induce the shortening of the poly(A)
tail at the mRNA's 3' end, setting the stage for mMRNA degradation; they also facilitate decapping, removing the 5' cap (m7Gppp)
which is essential for messenger RNA (mRNA) stability, and they can impede protein synthesis directly by blocking translation,

preventing ribosomes from accessing the mRNA.

counseling presents a significant obstacle to thalassemia pre-
vention [9].

While blood transfusions and iron chelation remain the
standard of care, they are not curative and only ameliorate
symptoms without addressing the underlying genetic defects
causing thalassemia. Allogeneic hematopoietic stem cell trans-
plantation (HSCT) has long been recognized as the only cu-
rative treatment for B-thalassemia, but its application is lim-
ited by donor availability and potential complications. More
recently, gene therapies have emerged as promising curative
approaches. Several novel therapeutic approaches are actively
being explored to treat thalassemia more definitively, including
gene therapy, genome editing, pharmacological reactivation of
fetal hemoglobin (HbF), and modulation of ineffective eryth-
ropoiesis [10]. Reblozyl (luspatercept-aamt), a recombinant
fusion protein that acts as an erythroid maturation agent, was
approved in 2019 by Food and Drug Administration (FDA)
for treating anemia in sickle cell patients who require regu-
lar red blood cell (RBC) transfusions. This agent represents a
significant advance in reducing transfusion burden for some
patients [11, 12]. Genome editing through clustered regularly
interspaced short palindromic repeats/CRISPR-associated pro-
tein 9 (CRISPR/Cas9) to correct disease-causing mutations in
autologous hematopoietic stem cells also holds great potential.
The FDA has approved two gene therapies for transfusion-
dependent p-thalassemia: betibeglogene autotemcel (beti-cel),
a lentiviral vector-based therapy, and exagamglogene auto-
temcel (exa-cel), a CRISPR/Cas9 gene-editing therapy. These
therapies have demonstrated clear efficacy in achieving trans-
fusion independence for many patients, with safety profiles es-
tablished through clinical trials involving hundreds of patients
over last experiments. However, this new approach still needs
further optimization, safety evaluation, and validation in large
clinical studies [10, 13, 14]. CASGEVY is a groundbreaking
gene therapy that has been approved by the FDA as the first
CRISPR/Cas9 genome-edited therapy. While the method pri-
marily discusses its application for sickle cell disease (SCD), it
is important to note that f-thalassemia is also mentioned [15].
However, it is important to note that access to such novel ther-
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apies varies greatly worldwide, with many regions, including
parts of Southeast Asia, still relying primarily on traditional
management approaches. For instance, in Indonesia, where
thalassemia prevalence is high, access to newer therapies re-
mains limited due to cost and infrastructure challenges. This
global disparity in treatment availability underscores the on-
going need for developing innovative, accessible therapeutic
strategies.

While various innovative genetic and pharmacological
approaches are being pursued, one particularly promising and
rapidly advancing area is the therapeutic potential of microR-
NAs (miRNAs) in thalassemia. Several key miRNAs have now
been identified that are abnormally expressed in -thalassemia
and drive ineffective erythropoiesis, including miR-15a, miR-
16, miR-144, and miR-451 [16, 17]. Therapeutically restor-
ing levels of deficient miRNAs or inhibiting overexpression
through miRNA mimics or inhibitors, respectively, has shown
preclinical efficacy in reversing thalassemic phenotypes. The
miR-144/451 cluster is especially compelling for targeted up-
regulation to reactivate HbF synthesis. Advancements in deliv-
ery systems to increase stability and targeting of miRNA-based
drugs are addressing previous challenges. Altogether, modula-
tion of pathogenic miRNAs has emerged as a novel treatment
strategy that may offer advantages in specificity, safety, and
expansion of therapeutic options for thalassemia patients. On-
going research and anticipated clinical translation make this an
exciting time for developing miRNA therapies [18].

Development and Biogenesis of MiRNA

MiRNAs are small non-coding RNAs that play crucial roles in
post-transcriptional gene regulation as briefly depicted in Fig-
ure 1. The biogenesis of miRNAs in humans involves a series
of tightly regulated steps, as depicted. Initially, miRNA genes
are transcribed by RNA polymerase II to produce primary
miRNAs (pri-miRNAs). These pri-miRNAs contain hairpin
structures that are recognized by the Microprocessor complex,
consisting of the RNase Il enzyme Drosha and the RNA-bind-
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ing protein DiGeorge syndrome critical region 8 (DGCRS), in
the nucleus [19]. Drosha cleaves the pri-miRNAs to release
precursor miRNAs (pre-miRNAs). Exportin-5 (XPOS5) then
transports the pre-miRNAs from the nucleus to the cytoplasm
[20]. In the cytoplasm, Dicer processes the pre-miRNAs into
mature miRNAs. Various factors influence miRNA biogenesis.
For instance, the ubiquitin-specific protease (USP36) has been
found to associate with the Microprocessor complex and regu-
late miRNA biogenesis by SUMOylating DGCRS8 [21]. Ad-
ditionally, specific amino acids in DGCRS are essential for the
interaction with pri-miRNAs and their processing [22].

MiRNAs That Are Abnormally Expressed in
B-Thalassemia

Multiple genome-wide profiling studies have identified miR-
NAs that are differentially expressed in p-thalassemia com-
pared to healthy controls. One of the first miRNAs found to
be downregulated is miR-15a, along with other members of
its family like miR-16-1, which are markedly decreased in
erythroblasts of B-thalassemia patients [23]. Another critical
miRNA deficient in B-thalassemia is miR-451, levels of which
can influence disease severity based on studies in mouse mod-
els. Studies have shown that the loss of miR-144/451 in eryth-
roid cells of Hbbth3/+ mice alleviates -thalassemia by stimu-
lating unc-51-like kinase 1 (ULK1)-dependent autophagy of
free a-globin. This loss of miR-144/451 stimulates ULK1 by
activating the liver kinase B1/AMP-activated protein kinase
(LKB1/AMPK) axis and inducing erythroblast iron restric-
tion. Therefore, the levels of miR-451 can indeed influence
the severity of B-thalassemia [23]. More recent deep sequenc-
ing analyses have additionally revealed decreased miR-150,
miR-22, and miR-223 as well as upregulated miR-636, miR-
576-3p, and miR-642a-5p as signature miRNAs dysregulated
in B-thalassemia [23, 24].

With the recognition of their importance in thalassemia
pathogenesis, active research continues on profiling miRNA
expression changes in B-thalassemia using advanced genomic
approaches. Recent next-generation small RNA sequencing
analyses have revealed novel miRNAs differentially expressed
in B-thalassemia patient erythroid progenitor cells compared
to healthy controls. One study uncovered 11 significantly dys-
regulated miRNAs, including downregulation of miR-486-5p
and upregulation of miR-139-5p, miR-30b-5p, and miR-29c-
5p [24, 25]. Another sequencing analysis found 14 abnormally
expressed miRNAs in [-thalassemia samples, notably de-
creased miR-618 and increased miR-671-5p. Ongoing work is
assessing miRNA profiles in distinct thalassemic cell popula-
tions and at different developmental stages [26]. Table 1 illus-
trates the recap of potential role of miRNA in the pathological
aspects of thalassemia.

These and other emerging high-throughput studies are un-
covering miRNAs previously unknown to be associated with
B-thalassemia pathobiology. Capturing the global miRNA
expression changes in f-thalassemia will help identify novel
regulatory pathways and networks that could be targeted or
leveraged for therapy development. Profiling studies are also
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revealing miRNA signatures that may have prognostic value
or predict response to treatments. However, further functional
analyses are needed to validate the roles of newly discovered
thalassemia-related miRNAs and translate findings from pro-
filing studies into viable therapeutic approaches. Overall, ad-
vancing technologies are enabling more comprehensive char-
acterization of miRNA dysregulation in B-thalassemia.

How Altered MiRNAs Contribute to Ineffective
Erythropoiesis

According to the common definition, ineffective erythropoie-
sis is defined as the inability to produce a sufficient number of
RBC:s in the presence of immature erythroid precursors in the
bone marrow [27]. This pathological aspect in thalassemia in-
cludes increased apoptosis of erythroid precursors, decreased
differentiation of erythroid progenitors, increase in oxidative
stress, disturbance of iron metabolism, and molecular chap-
eron dysregulation [28]. Dysregulated miRNAs have been
shown to drive ineffective erythropoiesis through targeting
and suppressing expression of key proteins involved in eryth-
roid maturation. For example, miR-15a and miR-16-1 down-
regulate the anti-apoptotic protein Bcl-2, causing increased
apoptosis of erythroid precursors [29]. MiR-144 was found to
inhibit the erythroid transcription factors GATA-binding fac-
tor 1 (GATA1) and T-cell acute lymphocytic leukemia protein
1 (Tall), leading to blocked maturation [30]. MiR-221/222
were shown to target the kit receptor, impairing erythropoietin
signaling. Restoring levels of these deficient or overexpressed
miRNAs could potentially correct thalassemic erythropoiesis
[31].

More recent findings have uncovered roles of other dys-
regulated miRNAs in disrupting erythroid maturation in
B-thalassemia. MiR-27a was found to be overexpressed and
target the erythroid transcription factor KLFS, causing im-
paired differentiation of erythroblast cells [32]. The miR-99a/
let-7e/miR-125a cluster was shown to be upregulated and in-
hibit multiple parts of the mitogen-activated protein kinase
(MAPK) pathway, leading to increased reactive oxygen spe-
cies and death of thalassemic erythroblasts [32, 33]. Figure 2
illustrates recent findings concerning the role of miRNAs in
erythropoiesis. Therapeutic normalization of these and other
erythropoiesis-modulating miRNAs could help ameliorate
anemia in P-thalassemia. However, better understanding of
their myriad downstream targets and complex interactions will
be needed to optimize application of miRNA-based drugs.

MiRNAs Regulating HbF Expression

Multiple miRNAs have been implicated in hemoglobin switch-
ing and regulation of HbF levels postnatally, as depicted in
Figure 2. These include miR-15a/16-1 and miR-150 targeting
Myb proto-oncogene protein (MYB), miR-26b-5p regulating
Kruppel-like factor 3 (KLF3), and miR-96 affecting y-globin
gene expression. However, the miR-144/miR-451 cluster is
considered to have the most therapeutic potential for HbF re-
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Table 1. List of the MiRNAs Along With Their Biological Aspects May Be Included in Thalassemia Pathophysiology

Name of miRNA Biological aspects

miR-451 Regulating normal erythropoiesis; downregulated in beta-thalassemia leading to erythroid hyperplasia
miR-24-1 Part of miR-23b/27b/24-1 cluster suppress fibrotic of liver, disturbing hepcidin

miR-92a-3p Regulating gamma-globin, GSH, SOD, ROS, and cell apoptosis

miR-16-5p Associated with hemolysis/transfusion reactions

miR-210 Suppressing erythropoiesis in alpha-thalassemia; modulating oxidative stress

miR-let-7b Controlling inflammation by regulating the NF-kB pathway

miR-20a Regulating iron metabolism by targeting ferritin; potential biomarker for iron overload and liver damage
miR-144 Increased sensitivity to oxidative stress

miR-221 Erythroid cell apoptosis

miR-let-7b Regulating ferroportin and iron metabolism

miR-155 Modulating immune reactions associated with transfusions

miR-21 Potential biomarker for iron overload and liver damage

miR-155 Controlling inflammation by regulating the NF-«B pathway

miR-222 Upregulated in alpha-thalassemia leading to erythroid cell apoptosis

miR-92a-3p Associated with hemolysis/transfusion reactions

miR-27b Part of miR-23b/27b/24-1 cluster suppress fibrotic of liver

miR-9 Suppressing FoxO3 and affecting ROS production

miR-485-3p Regulating iron metabolism by targeting TfR1

miR-214 Upregulated in thalassemia patients with oxidative stress

miR-146a Potential biomarker for inflammation-related complications like sepsis

miR-122 Regulating hepcidin and iron metabolism

miR-16 Regulating normal erythropoiesis; downregulated in beta-thalassemia leading to erythroid hyperplasia
miR-150 Inhibiting proliferation and differentiation of erythroid progenitor cells; modulating immune

cell function (T and B lymphocytes); potential biomarker for erythropoiesis

miRNA: microRNA; GSH: glutathione; SOD: superoxide dismutase; NF-kB: nuclear factor kappa B; FoxO3: forkhead box protein O3; ROS: reactive
oxygen species; TfR1: transferrin receptor 1.
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activation, as this locus strongly suppresses HbF during de-
velopment via B-cell lymphoma/leukemia 11A (BCL11A) and
SRY-box transcription factor 6 (SOX6). MiRNA inhibition
or overexpression strategies that target this axis may relieve
anemia in B-thalassemia through increasing normally silenced
HbF [34-37].

Recent functional studies have further clarified mecha-
nisms by which key miRNAs regulate HbF expression. The
miR-96 precursor was found to directly target the y-globin
gene promoters, leading to epigenetic silencing mediated by
the polycomb repressor complex. MiR-486-3p was shown to
suppress HbF by inhibiting erythroid Kruppel-like factor 1
(EKLF) transcriptional activity [38]. The miR-144/miR-451
cluster was found to regulate BCL11A expression via the
transcription factors the c-myb proto-oncogene (C-MYB) and
SOX6 in later erythroid differentiation stages [30].

Novel genome-wide approaches have also uncovered ad-
ditional miRNAs that may modulate HbF switching. A func-
tional miRNAs screen identified let-7a-5p as a regulator of
BCLI1A and HbF expression [39]. Analysis of miRNA and
messenger RNA (mRNA) expression changes during erythroid
maturation revealed miR-486-3p, miR-92a-3p, and miR-210-
5p as candidate regulators of the fetal-to-adult hemoglobin
switch. Single-cell miRNA sequencing in differentiating
erythroblasts highlighted miR-191-5p as a potential regulator
based on its expression patterns [40]. A study identified that
hydroxyurea (HU) therapy significantly increases HbF levels
in sickle cell anemia (SCA) patients, with miR-210, miR-16-
1, and miR-29a acting as positive regulators and miR-96 as a
negative regulator of the y-globin gene. These findings suggest
that targeting specific miRNAs could enhance HU-mediated
HbF induction, offering potential for improved therapeutic
strategies for SCA and thalassemia [41].

These and other emerging findings are elucidating the
complex miRNA-mediated networks that orchestrate hemo-
globin switching during development. This improved under-
standing of their mechanisms of action is critical for identi-
fying the most promising miRNA targets to safely reactivate
HbF for B-thalassemia therapy. Future studies focused on
better defining stage-specific miRNA expression and roles in
erythroid subpopulations will further inform therapeutic strate-
gies aimed at HbF induction.

Current Research on MiRNA-Based Therapies
for Thalassemia

MiRNA mimics to restore normal expression

Therapeutic delivery of miRNA mimics aims to restore nor-
mal levels of miRNAs that are deficient or downregulated in
B-thalassemia. These synthetic miRNA-like molecules are de-
signed to boost miRNA function by increasing their intracel-
lular concentration. Early studies showed that transfection of
mimics for miR-15a and miR-16-1 could reduce ineffective
erythropoiesis in cultured thalassemic erythroblasts. A recent
report found that mimic replacement of miR-150-5p increased
expression of its target MYB, leading to elevated HbF in eryth-
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roid progenitor cells from B-thalassemia patients [42].

Other efforts have focused on formulating and delivering
miRNA mimics. Packaging miR-15a, miR-16-1, and miR-451
mimics in biodegradable poly-lactic-co-glycolic acid (PLGA)
nanoparticles enabled efficient uptake in human thalassemic
cell lines and increased miRNA levels for up to 2 weeks post-
transfection [43]. Modification with cholesterol has also been
tested to improve cellular delivery of miRNA mimics. Choles-
terol-conjugated miR-15a and miR-16 mimics demonstrated
enhanced erythroid differentiation in vitro and reduced anemia
in a thalassemic mouse model. However, challenges remain
regarding off-target effects, bioavailability, and developing
means to achieve stable miRNA mimic expression [44].

Ongoing research is focused on optimizing miRNA mim-
ics and delivery strategies to restore normal erythropoiesis in
thalassemia. Testing combination mimic approaches to target
multiple dysregulated miRNAs may offer synergistic benefits.
Advancing in vivo testing in animal models will help dem-
onstrate therapeutic potential and inform clinical translation.
Overall, mimics present a promising technology but require
further innovation to translate into safe and effective miRNA
replacement therapies for patients.

Recent advances in nucleic acid chemistry and delivery
are enabling further optimization of miRNA mimics. Modified
anti-miR-144 mimics containing phosphorothioate backbones
exhibited enhanced stability and erythropoiesis-promoting ef-
fects in thalassemic mice [45]. Dual-functional miRNA mim-
ics targeting miR-221 and miR-222 with conjugated trans-
ferrin improved targeting and uptake into erythroblasts [46].
Mimics encapsulated in platelet membrane-coated nanoparti-
cles showed increased circulation time and delivery to bone
marrow after intravenous injection [47]. Testing of self-assem-
bling miRNA mimics is also underway, which may provide
advantages in cellular uptake and pharmacokinetics. Overall,
chemical and nanotechnology-based strategies are being lever-
aged to enhance miRNA mimic delivery and activity for thera-
peutic applications in f-thalassemia.

MiRNA inhibitors/antagomir (antagonis miR) to block
abnormal miRNA activity

In contrast to mimics, miRNA inhibitors or antagomir work
by blocking the activity of miRNAs that are aberrantly over-
expressed in P-thalassemia. These antisense oligonucleotides
sequester and silence target miRNAs through complementary
base pairing. One of the first antagomir tested was for miR-
144, which is upregulated in thalassemic erythroblasts and
suppresses GATA1. Transfection of an anti-miR-144 inhibitor
improved erythroid maturation and hemoglobin production in
cultured patient cells [48, 49].

Recent work has focused on enhancing the stability and
delivery of miRNA inhibitors. Modification with locked nu-
cleic acids and 2’-O-methyl groups was found to prolong ac-
tivity of anti-miR-144 in human thalassemic cell lines [50].
Conjugation with cell-penetrating peptides improved cellular
uptake of miR-15a/16-1 inhibitors and reduced their eryth-
roblast toxicity. Anti-miR-221 nanoparticles functionalized
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with transferrin receptors demonstrated enhanced delivery to
thalassemic erythroid precursors. Testing antagomir cocktails
targeting multiple dysregulated miRNAs may provide combi-
natorial benefits [51].

In vivo testing has also shown promise, with short-term
antagomir or anti-miR-144 treatment improving anemia in a
mouse model of B-thalassemia intermedia [48]. However, chal-
lenges remain in achieving stable intracellular activity and pro-
longed miRNA suppression. Recently, chemically modified
anti-miR-144 administered for 3 weeks increased hemoglobin
levels and reduced spleen enlargement in thalassemic mice [52].
Further pharmacodynamic analyses and safety evaluations in
animal models will be important to support clinical translation.

Overall, miRNA inhibitors represent a promising technol-
ogy but require additional research to demonstrate durable and
specific activity. Advances in chemistry, delivery systems, and
testing in vivo will help drive ongoing development of antago-
mir/antimiRs into clinically viable therapies for rebalancing
pathogenic miRNA expression in B-thalassemia.

Using miRNA sponges to inhibit multiple miRNAs in
thalassemia therapy

MiRNA sponges are transcripts engineered to contain multi-
ple tandem binding sites for a miRNA or miRNA family, al-
lowing them to stably sequester and inhibit multiple miRNAs
simultaneously. Early designs used PCR-amplified sequences
with 4 - 10 miRNA binding sites, which were effective in de-
repressing miRNA targets. For thalassemia therapy, a sponge
targeting miR-15a/16-1 with eight binding sites decreased cy-
totoxicity and improved maturation in cultured patient eryth-
roblasts [53].

To enhance stability and delivery, miRNA sponges have
been incorporated into viral vectors. A lentiviral sponge vector
to inhibit miR-221, miR-222, and let-7 significantly increased
hemoglobin and erythrocyte output from cultured thalassemic
cluster of differentiation 34 positive (CD34%) cells [54]. How-
ever, there are safety concerns with viral vectors, such as in-
sertional mutagenesis, immune responses, and the potential for
off-target effects, particularly in the context of in vivo delivery
of lentivirus or transduction of autologous stem cells ex vivo.
Non-viral approaches, such as the use of lipid nanoparticles
or polymer-based systems, can improve safety by reducing
the risk of insertional mutagenesis and immunogenicity, while
potentially offering more precise delivery and better control
overdosing [55]. Synthetic miR-15a sponges transfected into
K562 cells upregulated miRNA target genes [56]. Chemically
modified anti-miR-221 sponges formulated into nanoparticles
showed efficient uptake into thalassemic erythroblasts, inhibit-
ing miR-221 and its downstream effects [57].

Challenges for miRNA sponges include off-target effects,
specificity, and developing means to achieve stable expres-
sion at effective doses. Rational design and testing of multi-
targeting sponges based on miRNA expression patterns may
improve potency. Recently, a screening system was developed
to design and optimize inhibition of erythropoiesis-modulating
miRNAs using lentiviral sponge libraries [58, 59]. Further in-
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novation in delivery materials and testing in vivo will enable
translation of miRNA sponges towards clinical applications.

Studies informed that miRNA sponges represent a promis-
ing technology for simultaneous inhibition of multiple patho-
genic miRNAs in B-thalassemia. Advances in bioengineering
design and delivery strategies are helping realize their thera-
peutic potential. With further optimization, miRNA sponges
may provide an effective platform for rebalancing dysregulat-
ed miRNA expression and improving erythropoiesis in thalas-
semia patients.

Modulating miRNA processing enzymes

Rather than targeting individual miRNAs, an alternative ap-
proach is to modulate the upstream enzymes involved in miR-
NA biogenesis and processing. Key enzymes include Drosha
and Dicer, which cleave and process miRNA precursors into
their mature form. Early studies found Dicer knockdown in-
creased HbF in K562 cells [60]. A high-throughput screen
identified compounds that inhibit Dicer and promote HbF. The
small molecule enoxacin was found to enhance y-globin ex-
pression in erythroid cells by binding Dicer [61, 62].

However, directly inhibiting miRNA processing may have
unintended effects. More recent work has focused on indirect
modulation and targeting specific pathways. Metformin was
shown to selectively impair Dicer processing of miR-15a/16-1
by reducing Dicer binding to XPOS5, ameliorating thalassem-
ic erythroblast dysfunction [63]. The flavonoid luteolin was
found to downregulate Drosha expression through miR-22,
leading to derepression of miR-15a/16-1 targets and increased
erythroid output from thalassemic CD34" cells [64].

While modulation of miRNA processing shows prom-
ise, predicting relevant functional effects remains challeng-
ing given the pleiotropic roles of these enzymes. Advances in
understanding specificity determinants and off-target binding
continue to emerge. For example, structure-guided engineer-
ing of XPOS5 was recently described, which enabled selective
inhibition of miR-15a/16-1 processing [65]. Ongoing research
should uncover additional strategies for precise functional ma-
nipulation of miRNA biogenesis.

Further mechanistic and safety studies are needed to vali-
date targeting of miRNA processing components for therapy.
However, this approach presents opportunities for global ma-
nipulation of miRNA profiles relevant to thalassemia through
small molecule, protein, or gene therapy-based strategies.
Overall, the principle concept of the use of miRNA in thalas-
semia therapy is depicted in Figure 3.

Delivery Systems for MiRNA Therapeutics

Efficient delivery poses a major challenge for clinical translation
of miRNA-based drugs. Both miRNA mimics and inhibitors re-
quire optimized carriers to protect from degradation and enable
uptake into target cells after systemic administration. A range of
delivery platforms are being explored for thalassemia therapy,
including both viral vectors and non-viral nanoparticles.
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Figure 3. MicroRNA (miRNA) application for thalassemia gene therapy. AntagomiRs function to inhibit miRNAs by binding and
sequestering them, thus blocking their interaction with the 3' untranslated region (UTR) of messenger RNAs (mRNAs), which
lifts the miRNA-mediated gene silencing and results in enhanced translation and protein production. MiRNA-based drugs utilize
synthetic miRNA mimics that bind to the 3' UTR of target mMRNAs to emulate natural miRNA functions, resulting in decreased
mRNA translation and subsequent downregulation of protein synthesis.

Lentiviral vectors can stably express miRNA mimics
or sponges in erythroid cells, as demonstrated by testing in
thalassemic mouse models and human CD34" cells [14]. How-
ever, safety concerns exist regarding viral integration and im-
munogenicity. Non-viral options such as cationic lipoplexes
and polyplexes can encapsulate therapeutic miRNAs but often
suffer from toxicity, low efficiency, and rapid clearance. For
example, polymeric nanoparticles loaded with anti-miR-221
showed low uptake in erythroid cells despite exhibiting high
transfection in other cell types [66].

Recent strategies aim to enhance targeting and delivery by
decorating nanoparticles with functional moieties like trans-
ferrin receptors. Transferrin-conjugated peptide nucleic acids
targeting miR-15a exhibited improved cellular uptake and bio-
logical effects in thalassemic K562 cells. Platelet membrane-
coated nanoparticles were recently shown to increase bone
marrow delivery of miRNA mimics after intravenous injection
in mice. Further testing of targeted delivery systems in vivo
will facilitate clinical translation [67].

Overall, developing safe and effective carriers remains key
for realizing clinical potential of miRNA therapeutics. Multi-
functional combinatorial approaches leveraging diverse target-
ing, stealth, and endosomolytic strategies may help overcome
current limitations in delivery to thalassemic erythroid cells.

Preclinical Studies Testing MiRNA Therapies
Mouse model studies

While in vitro models are valuable for initial screening, mouse
models that closely recapitulate human thalassemia patho-
biology are critical for evaluating miRNA therapies in vivo.
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Several murine models have been generated through genetic
knockout or mutation of globin genes. The th3/+ severe thalas-
semic mouse model has been frequently used to test miRNA
approaches.

Lentiviral vectors expressing miR-15a/16-1 mimics in-
jected into th3/+ mice increased survival and improved ane-
mia, with elevated erythrocyte counts and hemoglobin levels.
Th3/+ mice treated with peptide-conjugated anti-miR-15a/16-1
inhibitor nanoparticles showed reduced spleen enlargement
and increased hematocrit percentages. Addition of an immu-
nomodulatory sequence abrogated inflammatory responses
against the miRNA inhibitor nanoparticles in mice [68, 69].

Xenograft models by transplanting human thalassemic
hematopoietic stem and progenitor cells into immunodeficient
mice also enable testing miRNA therapies in a humanized sys-
tem. Expression of a miR-15a sponge construct in CD34" cells
from thalassemia major patients prior to xenotransplantation
improved engraftment and erythropoiesis in recipient mice [70].

While not fully recapitulating human physiology, mouse
models allow crucial evaluation of pharmacokinetics, toxicity,
and activity of miRNA therapies in vivo. Testing efficacy in di-
verse thalassemic mouse strains continues to build confidence
for clinical translation. Further exploration of optimal delivery
methods, dosing regimens, and combination treatments is war-
ranted to support miRNA therapies moving into human trials.

Considerations for clinical translation

While ongoing preclinical research continues to demonstrate
proof-of-concept for miRNA therapies in thalassemia, several
key considerations remain to be addressed to enable clini-
cal translation. Careful toxicity screening is critical, as some
miRNA mimics or inhibitors have shown adverse effects on
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erythroid differentiation at high doses in vitro [71]. MiRNA-
based therapies and short interfering RNA (siRNA) thera-
peutics share some similarities in their mechanisms of action
and potential side effect profiles. Both can induce immune
responses and off-target effects, although the extent and sever-
ity can vary depending on the delivery systems and specific
targets involved. SiRNA therapeutics, for example Patisiran,
an siRNA therapeutic for hereditary transthyretin-mediated
amyloidosis, has demonstrated efficacy but is associated with
adverse events such as peripheral edema and infusion-related
reactions. Similar side effects may be anticipated with miR-
NA-based therapies, necessitating comprehensive safety eval-
uations [72, 73]. Demonstrating an adequate therapeutic index
will be important. Pharmacokinetic studies in animal models
are also essential to define systemic bioavailability, clearance,
and biodistribution of miRNA drug candidates. This can help
guide design of feasible dosing regimens [74].

Efficient and nontoxic delivery systems tailored for target
cell populations remain a major challenge. While viral vectors
show promise, concerns with immunogenicity, mutagenesis,
and cost may limit clinical adoption. Non-viral delivery systems
will require further innovation to achieve specific biodistribu-
tion to erythroid tissues, effective endosomal escape, and high-
level cellular uptake [75]. Combining delivery technologies like
ligand-mediated targeting with chemically modified miRNA
mimics or inhibitors may provide synergistic solutions [33].
Definition of clinical endpoints and biomarkers to demonstrate
activity and monitor effects must also be established. Potentially
useful metrics include transfusion requirements, hemoglobin
levels, reticulocyte counts, spleen size, and HbF levels.

Clinical translation will require demonstration of safety, ef-
ficacy, and reliable manufacturing and delivery that improves
disease phenotypes and justifies cost. Priorities include optimiz-
ing miRNA drug potency and stability, minimizing off-target
effects, defining biodistribution, establishing dosing regimens,
and selecting viable delivery platforms. While challenges re-
main, the wealth of preclinical data supports the promising po-
tential of miRNA therapies to progress into human clinical trials
and provide transformative new treatment options for thalas-
semia patients. Ongoing research and development efforts will
ultimately determine the viability and positioning of miRNA-
based approaches in the evolving therapeutic landscape [76].

Clinical Trials of MiRNA Therapies

Current status and summary of early phase trials

While no miRNA-based therapies have yet advanced to clini-
cal testing specifically for f-thalassemia, important lessons and
precedents are being established through trials for other indica-
tions that can inform future development. The most advanced
clinical program is the anti-miR-122 inhibitor miravirsen for
treatment of hepatitis C virus (HCV) infection. Miravirsen
showed dose-dependent reductions in HCV RNA levels in a
phase 1 study, though efficacy was modest. A phase 2 trial dem-
onstrated prolonged miRNA target suppression and antiviral ac-
tivity with miravirsen monotherapy over 12 weeks. However, no
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further recent trials have been reported likely due to the advent
of highly effective HCV direct-acting antiviral drugs [77].

The miR-29 mimic remomir was evaluated in early phase
trials for reducing skin fibrosis and scarring with some prom-
ising results on safety, tolerability, and biomarker modulation,
though efficacy was limited possibly due to suboptimal delivery
[78]. Several other miRNA mimics or antimiRs are in preclini-
cal development or early trials for indications like cancer but
have yet to progress for hematological diseases like thalassemia.
These early experiences highlight challenges with efficacy, de-
livery, and durability that remain to be solved. However, lessons
in design, formulation, dosing, and safety will be informative
for future thalassemia trials. Certainly, progress in delivery plat-
forms and combinatorial approaches with gene or cell therapy
may help overcome current limitations. While the clinical out-
look is nascent, initial trials provide a glimpse towards realizing
the therapeutic potential of miRNA-based medicines.

Safety and ethical considerations of miRNA technology in
pediatric thalassemia therapy

The use of miRNA technology in pediatric thalassemia therapy
presents both promising opportunities and significant challeng-
es. MiRNAs are crucial in regulating gene expression during
development, so their modulation in children requires careful
assessment of potential impacts on growth and development.
Preclinical studies must rigorously evaluate these impacts to en-
sure safety [79]. Additionally, the long-term effects of miRNA
therapies are not fully understood, and children may require life-
long management of thalassemia. Long-term follow-up studies
are essential to monitor for delayed adverse effects, ensuring
sustained safety and efficacy. The developing immune systems
of pediatric patients may also react differently to miRNA thera-
pies compared to adults, necessitating delivery systems that
minimize immune activation and enhance biocompatibility [80].
Ethical challenges are equally important. Obtaining in-
formed consent is complex, as parents or guardians must make
decisions on behalf of the child. It is imperative they are ful-
ly informed about the potential risks and benefits of miRNA
therapies [81]. Balancing the risks and benefits is crucial,
adhering to the ethical principle of “do no harm”. Pediatric
therapies must prioritize the child’s best interests, with rigor-
ous risk-benefit assessments guiding decision-making. Ensur-
ing equitable access to these innovative treatments is also an
ethical imperative, regardless of socio-economic status [82].
Addressing these safety and ethical challenges requires a col-
laborative approach involving clinicians, researchers, ethicists,
and regulatory bodies to establish guidelines and protocols that
prioritize the safety and well-being of pediatric patients.

Conclusion

Summary of current state and future outlook

In summary, B-thalassemia represents a challenging hemato-
logical disease where innovative therapeutic approaches are
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needed to move beyond the limitations of chronic transfu-
sions and iron chelation. Modulation of miRNAs has rapidly
emerged as a promising strategy based on their critical regula-
tory roles in erythropoiesis and thalassemic pathophysiology.
While only in the early stages of development, preclinical stud-
ies have already demonstrated the ability of miRNA mimics,
inhibitors, and sponges to ameliorate disease phenotypes by
targeting key miRNAs dysregulated in thalassemia. This has
laid the groundwork for eventual clinical translation. However,
work remains to optimize delivery systems, improve in vivo ef-
ficacy and safety, develop combinatorial approaches with ge-
netic therapies, and establish feasible manufacturing scale-up.

If challenges in stability, biodistribution, and targeted de-
livery can be solved, miRNA-based medicines have immense
potential to expand and transform treatment options for thalas-
semia in the future. Ongoing innovation in the field continues
to generate excitement as more becomes understood regarding
the complex biology of miRNAs in hematopoiesis and their
therapeutic manipulation. While the clinical outlook remains
nascent, creative solutions emerging from integrating fields
like materials science, nanotechnology, and gene therapy may
accelerate realizing the promise of miRNAs for thalassemia
patients.

Potential for miRNAs to transform care for thalassemia
patients

Modulating dysregulated miRNAs offers the possibility to pre-
cisely correct molecular mechanism underlying thalassemia.
MiRNAs can potentially overcome limitations of current man-
agement by protecting patients from ineffective erythropoiesis
and anemia. Combining miRNA therapies with curative ge-
netic approaches may provide synergistic solutions improving
accessibility and outcomes. If advanced in economically vi-
able and scalable ways, miRNA medicines could make trans-
formative impacts expanding treatment options and radically
improving quality of life for thalassemia patients worldwide.
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