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Abstract
Today the regulatory role of microRNAs (miRs) is well characterized in many diverse cel-
lular processes. MiR-based regulation is categorized under epigenetic regulatory mecha-
nisms. These small non-coding RNAs participate in producing and maturing erythrocytes, 
expressing hematopoietic factors and regulating expression of globin genes by post-tran-
scriptional gene silencing. The changes in expression of miRs (miR-144/-320/-451/-503) 
in thalassemic/sickle cells compared with normal erythrocytes may cause clinical severity. 
According to the suppressive effects of certain miRs (miR-15a/-16-1/-23a/-26b/-27a/-451) 
on a number of transcription factors [myeloblastosis oncogene (MYB), B-cell lymphoma 
11A (BCL11A), GATA1, Krüppel-like factor 3 (KLF3) and specificity protein 1 (Sp1)] during 
β globin gene expression, It has been possible to increasing γ globin gene expression 
and fetal hemoglobin (HbF) production. Therefore, this strategy can be used as a novel 
therapy in infusing HbF and improving clinical complications of patients with hemoglobi-
nopathies.
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Introduction
MicroRNAs (miRs) are a group of non-coding 

RNAs of ~22 nucleotides in length, which post-tran-
scriptionally regulate the expression of their target 
genes as well as chromatin-remodeling, prolifera-
tion, differentiation and apoptosis (1, 2). These single 
stranded molecules form a miRNA-mediated silenc-
ing complex (miRISC) complex with other proteins 
which bind to the 3´ untranslated region (UTR) of 
their target mRNAs so as to prevent their translation 
in cytoplasm (3). They have a great impact on cell 
functions in this way (4), and are thought to regulate 
homeostatic and pathologic conditions of various dis-
eases, particularly hematologic, infectious and endo-
metrial disorders as well as different types of cancer.

Hemoglobinopathies are the most common type 

of blood disorders caused by genetic mutations in 
human β globin gene (HBB) that result in abnormal 
hemoglobin structure. Sickle cell disease (SCD) and 
β-thalassemia are considered as two prevalent forms 
of these disorders (5). Increasing fetal hemoglobin 
(HbF) is a significant therapeutic tool to overcome 
anemia and ineffective hematopoiesis. This type of 
Hb has high levels in the fetus and produced at low 
level in some adults (6). By balancing the ratio of 
pathological chains of α/β, the accumulation of α glo-
bin chains in erythroid precursors is reduced and thus 
inhibits ineffective erythropoiesis, therefore improv-
ing the oxygen supply to tissues and relieving clinical 
symptoms (7, 8).

Different approaches including hydroxyurea, epi-
genetic modifications (e.g. inhibition of γ globin 
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gene promoter methylation or deacetylation with 
thalidomide and sodium butyrate) and miR-based 
regulation (miR-15a/-16-1/-486-3p expression 
changes) are used for induction of γ globin which 
may be used for therapeutic purposes in SCD and 
β-thalassemia patients (9-14). In this review, we 
discuss changes of miR expression in β-thalassemia 
and SCD as two common hemoglobinopathies and 
also illustrate their roles in expression of globin 
chains so as to introduce new therapies for patients 
by inducing HbF.

Dysregulation of microRNA expression in 
β-thalassemia

Thalassemia is a hereditary blood disorder, caused 
by more than 200 autosomal mutations in globin 
genes resulting in a failure to produce normal globin 
chains, which shows different phenotypes due to se-
verity of anemia and clinical complications (15, 16). 
α and β-thalassemia resulting from different muta-
tions in the α and β globin genes respectively, lead 
to chronic anemia and ineffective erythropoiesis  in 
these patients (17). In β-thalassemia, excess α chains 
accumulate in erythrocytes due to insufficient expres-
sion of β globin chains inducing hemolysis and inef-
fective hematopoiesis. Repeated blood transfusions 
and HbF synthesis are ways to achieve therapeutic 
goals in these patients (18). Given that miRs are in-
volved in the expression of globin genes and also 

transcriptionally regulate erythroid-specific genes 
[e.g. Kruppel-like transcription factor D (KLFD)], it 
can be envisaged that changes in expression of these 
small RNAs is effective in reducing clinical compli-
cations in thalassemic patients (19).

Accumulation of a globin chains destroy the eryth-
rocyte membrane in thalassemic cells (20). Most 
of miRs which inhibit α gene expression, improve 
hemolytic anemia. MiR-144 as a erythroid-specific 
miR, prevents cell lysis with direct targeting of eryth-
roid-specific KLFD (21). KLFD, by interacting with 
CACCC sites in miR-144 and the α globin gene pro-
moter, acts as a co-regulator of both genes (21, 22). 
It has been shown that the level of miR-144 expres-
sion negatively controls α/β globin gene expression 
in children with β-thalassemia major. This regula-
tion of gene expression provides the primary basis of 
β-thalassemia major treatment in which preventing 
accumulation of excessive α globin may reduce clini-
cal complications in patients with thalassemia (23). 
MiR-150 is another candidate for suppressing the α 
globin gene expression. This miR has various roles in 
erythroid, lymphocyte and megakaryocyte cell types. 
Although it has reduced expression during erythroid 
differentiation, it shows much lower amounts in poly-
cythemia vera. Control of erythroid progenitor cell 
fate as well as suppression of α globin gene expres-
sion are other functions of this miR along with target-
ing myeloblastosis oncogene (MYB) (Fig.1) (24, 25).

Fig.1: Dysregulation of microRNA expression in β-thalassemia and sickle cell disease.
In this figure the microRNAs involved in β-thalassemia and sickle cell disease has been depicted. According to up- or down-regulation of 
these miRs, the erythrocyte fate is determined. Some of these are erythrocytes specific microRNA as mir-451 with increased expression 
during the differentiation of this lineage. miR; MicroRNA.
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Chronic anemia, the most significant factor 
in hypoxia induction, causes over-expression 
of hypoxic-dependent miRs known as hypox-
amirs in thalassemia patients (26, 27). miR-
210, a hypoxamir, increases in normal eryth-
roid progenitor cells and β-thalassemia/HbE 
and also enhances GATA1, Erythroid  Krup-
pel-like factor (EKLF) and erythroid-specific 
isoform of 5-amino-levulinate synthase 2 
(ALAS2) regulatory factors in hypoxia-induced 
erythropoiesis (26). This miR also affects the 
expression of transferrin receptor (CD71) and 
glycophorin A (GPA, CD235a) during eryth-
roid differentiation thus increasing levels of 
α and γ globin followed by raised HbF levels 
(26, 28). High level production of HbF, as a 
result of alteration in globin gene expression, 
is a therapeutic approach in hemoglobinopa-
thy patients.

Decreased expression of miR-503 which reg-
ulates cell cycle arrest and apoptosis, was found 
in cells with β-thalassemia mutations (29). Cell 
division cycle 25A (CDC25A), a target gene 
for this miR, is involved in cell cycle and DNA 
damage responses (30). Thalassemic cells show 
1000-fold CDC25A over-expression due to low 
levels of this miR which is an important fac-
tor for ineffective hematopoiesis occurring in 
such patients (29). Induction of miR-503, miR-
322/424 or other factors which are dependent 
on hypoxia such as miR-21 and cyclin-depend-
ent kinase inhibitor p21, suppress CDC25A and 
prevent growth in erythroid progenitor thalas-
semic cells and cancer cells respectively (29, 
31, 32).

Another erythroid-specific miR is miR-451 
which induces erythroid differentiation from 
CD133+ cells and also during erythropoie-
sis, has extra expression (33, 34), however, in 
β-thalassemia/HbE cells, miR-451 is signifi-
cantly over-expressed and is associated with 
ineffective hematopoiesis, chronic hemolytic 
anemia and generally thalassemia severity. 
Over expression of miR-451 is associated with 
decreasing levels of α chain, glycophorin-A 
and GATA1 transcripts and is also observed in 
thalassemic cells which have lower hemoglobin 

levels and more reticulocytes (35). MiR-451 
over expression is more effective on raising ex-
pression of α and β globin genes than γ globin 
(34). Increased expression of this miR is also 
present in other hemoglobinopathies and poly-
cythemia vera where erythropoiesis takes place 
at a higher level (36, 37).

Overall, according to the significance of miRs 
in controlling expression of globin genes, re-
activation of these genes, which may change 
the status of thalassemic cells and improve 
the pathophysiology and clinical symptoms of 
hemoglobinopathies, would make it possible to 
use these small non-coding RNA as new thera-
peutic targets.

Dysregulation of microRNA expression in sickle 
cell disease

SCD is a common disorder of the HBB that 
is created by a single amino acid substitution 
in the sixth position of this gene. The produced 
HbS polymerize in de-oxygenated conditions 
inside the cell (38). In a survey of miR ex-
pression profiles in reticulocytes, and normal 
and sickle mature erythrocytes a considerable 
difference that can be effective in the sever-
ity of anemia and oxidative stress conditions 
was demonstrated (39). Analysis of the effect 
of miR expression changes on HbSS erythroid 
resistance against Plasmodium falciparum led 
to the observation that level of miR-451, let-7i 
and miR-223 is higher in HbSS cells than HbA 
and are thus helpful in the reduction of parasite 
infection (40). Transfection of these miRs con-
siderably reduced the parasitemia rate due to 
the induction of translation inhibitors of mRNA 
including parasite’s cAMP-dependent protein 
kinase (PKA-R), phosphoethanolamine N-
methyltransferase (PEAMT), and the 28S and 
18S rRNAs and reduction of parasite growth 
(36, 41). Studies have shown that inhibition of 
the translocation of miR-451 and miR-223, by 
using 2´-O-methyl antisense oligonucleotides, 
reduced sickle cell resistance to malaria. This 
suggests that the induction of these miRs in in-
fected cells can be used for host cell defense 
against pathogens (41).
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CD71 as transferrin receptor plays an im-
portant role in the process of iron absorption 
and the terminal differentiation of erythroid 
cells. Post- transcriptional regulation of this 
CD marker is controlled by miRs like miR-
22/-200a/-320 (42). Previous studies on miR-
320 have shown that this miR hybridizes to the 
3'UTR of the CD71 transcript and represses 
its translation. Since this CD71 is a marker of 
erythropoiesis and its over-expression is re-
ported in many malignancies, inhibition of its 
expression by miR-320 could be used as a new 
treatment for cancers with high proliferation 
rate and reduced iron levels, and also reduce 
the pace of cell cycle progression (36). Due 
to decreased expression of miR-320 in HbSS 
cells, CD71 is over-expressed on the surface 
of sickle reticulocytes indicating a defect in 
erythropoiesis induced by hemolysis. The im-
portance of miR-320 in sickle cells is apparent 
by dysregulated maturation and decreased cell 
survival (Fig.1) (39) .

Nuclear related factor 2 (NRF2) is the main 
factor in oxidative stress response and cellular 
antioxidant defense system (43). The reduc-
tion of NRF2 leads to decrease the cellular glu-
tathione levels and the cells will be more sen-
sitive to oxidative stress, miR-144 contributes 
in the process through NRF2 targeting. Higher 
levels of miR-144 expression in HbSS reduce 
the level of NRF2 and indeed diminish oxida-
tive stress tolerance in these cells. Over expres-
sion of miR-144 is associated with severity of 
anemia and decreased hemoglobin/hematocrit 
cell count, and also leads to the lack of anti-
oxidant proteins such as glutamate-cysteine li-
gase, catalytic/modifier subunit (GCLC/M) and 
superoxide dismutase 1 (SOD1) (44). The miR-
144/NRF2 regulatory mechanism predisposes 
HbSS to oxidative stress, hemolysis and more 
severe anemia. Therefore, erythrocyte miR ex-
pression manipulation provides a new approach 
to reduce clinical and pathological signs in SCD 
patients (39).

Therapies for SCD patients include induc-
ing HbF synthesis using hydroxyurea, butyrate, 
5-azacytidine and currently decitabine (45, 46). 

Based on the discussion above, some miR have 
the potential to induce HbF synthesis in primary 
erythroid cells, therefore replacing methods that 
use drugs to avoid the side effects and improve 
clinical signs of the patients.

Role of microRNAs in γ globin gene expression 
and fetal hemoglobin level

The hemoglobin tetramerous molecule is 
made of two different chains, α and β globin 
chains which are encoded by genes located on 
chromosomes 16 and 11 respectively. The α 
gene cluster contains genes ζ2, α1, α2 and sev-
eral pseudo genes.  The β gene cluster includes 
γ, β, δ , ε genes and a pseudo gene (6, 47). The 
expression of the β gene cluster is regulated by 
an important cis-element, locus control region 
(LCR) in the five DNase I hypersensitive sites 
upstream of the ε globin gene and also rear-
rangement of these genes at the stage of hemat-
opoiesis (8, 48).

During evolution, two types of globin gene 
switching occur. The first is when the γ gene is 
replaced by ε and hence the production of HbF 
(α2γ2) in the fetal liver. The other switching oc-
curs for replacement of the β gene instead of 
γ, resulting in reduced expression of HbF (48, 
49). In many hemoglobinopathies, different 
drugs can induce HbF to achieve the benefits 
of HbF expression and decrease abnormal HbA 
expression. Hemoglobin expression is adjusted 
by post- transcriptional modifications, several 
transcription factors bind to cis-acting DNA el-
ements and increase expression of γ globin gene 
(50).

The major transcription factors in switching 
γ globin to β globin are Krüppel-like factor 1 
(KLF1), B-cell lymphoma 11A (BCL11A) and 
MYB (Fig.2). These factors either directly or 
indirectly are responsible for regulating γ gene 
silencing. Induction of γ globin repressor and 
cell cycle during erythropoiesis, and changes in 
the expression of these factors can be effective 
for indirect synthesis of HbF (51, 52). This ap-
proach could be used to induce HbF in patients 
with β globin disorders (53).
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Fig.2: Molecular regulation of the fetal to adult hemoglobin switch with regulatory microRNAs.
Human β globin gene locus located on chromosome 11, containing 4 functional genes that are expressed during different stages of 
development. Gene ε, the globin expression in the early weeks of gestation, the γ gene expression in the fetal stage is responsible for the 
production of HbF, β and δ genes code globin in the adult after birth. Four major transcription factors in switching γ to β are KLF1, BCL11A, 
MYB and SOX6 which can cause silencing of γ and β genes. Sp/KLF3 are also important transcription factors in β globin expression that 
have an inhibitory effect on the expression of γ globin. KL influences erythropoiesis and also globin genes switching but its function is 
inhibited via miR-221/-222 and miR-199b-5p induced by the NFE2/GATA1 complex. GATA 1/2, FOG 1 bind to globin locus and inhibit the 
γ globin expression. HU drug used to increase fetal hemoglobin, which directly increases miR-26b/-151-3. ALK4 participates in erythroid 
differentiation and maturation and increases β globin expression. MiRs mentioned have the ability to inhibit of each one of the factors. 
Those increasing and decreasing γ globin expression are shown in green and red boxes respectively. 
ALK4; Activin type I receptor, BCL11A; B-cell lymphoma 11A, FOG1; Friend of GATA1, GATA1/2; GATA binding protein 1/2, HU; Hydroxyu-
rea, HSs; DNase I–hypersensitive sites, KLF1; Krüppel-like factor 1, KL; Kit receptor ligand, LCR; Locus control region, NFE2; Nuclear factor, 
erythroid 2, Sp; Specificity protein and miR; MicroRNAs. 

In the differentiation and development of mature 
erythrocytes from hematopoietic stem cells, miRs 
are expressed differently depending on the stage 
of differentiation and are also effective on impor-
tant transcription factors in the production of HbF. 
For example, miR-451 expression becomes higher 
during the differentiation of erythroid cells while 
expression of miR-150/-155/-221/-222 decrease 
(Table 1) (35) .

Observational and clinical studies suggest that in-
creased HbF in patients with thalassemia and SCD 
can reduce severity of these diseases for the duration 
of years under investigation and trying different ap-
proach for increase the γ chain expression and pro-
duction of HbF. Generally treatment of these patients 

is done with the drug hydroxyurea which increases 
expression of miR-26b/-151-3p/-148a/-494 of which 
only miR-/26b and miR-151-3p are hydroxyurea-me-
diated HbF inducing agents (54).

Comparison of miR expression in the cord blood 
and adult blood reticulocytes has shown many 
differences in the expression levels of miR-96, 
miR-888, miR330-3p, let-7a and miR-146a with 
all declining in adult blood. Among them, miR-
96 inhibits the expression of γ globin gene most 
potently. The amount of this miR expression has 
been more in adult blood reticulocytes that pre-
vent γ globin mRNA by connect with the AGO2 
in miRISC complex and plays an important role 
in post-transcriptional regulation of the expression 
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of HbF during adult erythropoiesis (50). Several 
miR are able to increase γ globin gene expression 
such as Lin28B with let-7 family participating in 
the regulation of fetal to adult erythroid develop-
ment process by increasing γ globin gene expres-
sion through inhibitory effects on BCL11A (53). 
BCL11A is one of the most significant regulators 
in switching between γ and β through γ gene silenc-
ing. MiR-486-3p binds to the 3'UTR of BCL11A 
and directly inhibits this factor which prevents it 
from γ gene silencing. MiR-486-3p thus plays a 
role in regulating the synthesis of HbF in adult 
erythropoiesis by inhibiting post-transcriptional 
regulation of BCL11A expression (14).

In patients with trisomy 13, elevated levels of miR-
15a/16-1 results in additional down-regulation of 
MYB expression, a potent negative regulator of HbF 
expression, which in turn results in a delayed switch 
from fetal to adult hemoglobin and persistent expres-
sion of HbF. In other words, miR-15a/16-1 restrain 
the MYB factor which then cause loss of the inhibito-
ry effect on γ gene and induce HbF in early erythroid 
progenitors (11). MYB may thus be seen as an impor-
tant therapeutic target to increase HbF in patients with 
SCD and β-thalassemia. Consequently, these miRs 
may be used for the therapy of patients with hemoglo-
binopathies (4).

Specificity protein (Sp)/KLF family of proteins 
contains three conserved zinc finger domains 
and has a regulatory role in erythroid differen-
tiation and globin gene expression by binding to 
the CACCC/GC/GT boxes in the DNA (55). Two 
transcription factors, KLF3 and SP1 belong to the 
family of β-like globin gene transcription regula-
tion that act by binding to the LCR regions of the 
ε, γ, and β globin promoters. Over expression of 
SP1 has been shown to reduce expression levels 
of ε and γ globin. Accordingly, this factor has been 
the main target for miR-23a which increases γ and 
ε globin expression by SP1 inhibition and repres-
sion. KLF3 factor, a negative regulator of erythro-
poiesis process (56), inhibits expression of γ glo-
bin and also the miR-23a cluster. MiR-27a is used 
to target the KLF3 factor which renders its nega-
tive effect on γ globin expression. Therefore, both 
miR-23a/27a have a remarkable ability to inhibit 
two negative regulators of the globin genes cluster 
and in turn up-regulate β-like globin genes (57).

The kit receptor ligand (KL), capable of reac-

tivating HbF synthesis in normal erythropoiesis, 
SCD and β-thalassemia, is involved in Hb switch-
ing with a direct connection between KL concen-
tration and HbF synthesis (58). The main miRs 
central to the suppression of KL are miR-221/-222 
which attach to the 3'UTR of kit and then reduce 
proliferation and differentiation of erythropoietic 
cells (59). These miRs reduce HbF production in 
erythropoiesis by targeting KL (58, 60). Using ex-
ogenous KL or antagomir-221/-222 therapy could 
raise γ chain synthesis and therefore induce HbF 
production in patients dependent on HbF reactiva-
tion treatment (58).

During the differentiation of hematopoietic pro-
genitor cells to erythroid cluster and induction of 
hypoxia-inducible factor 1 (HIF1) in hypoxic con-
ditions, miR-210 was shown to increase, expedit-
ing switching to γ globin gene by activating matur-
ing erythroid progenitor cell transcription factors 
and instituting a link between hypoxia and eryth-
ropoiesis (28, 61). The hypoxia-associated miR-
210 may therefore be a suitable target for HbF 
production and thus improving sickle cell disease 
and β-thalassemia (26, 62).

GATA1 is one of the important hematopoietic tran-
scription factors in the production of blood cells, in-
cluding platelets, eosinophils, mast cells and erythro-
cytes. During the embryonic period, it has a prominent 
role in the last stages of erythropoiesis by regulating 
genes involved in cell division, apoptosis leading to 
terminal maturation. Several miRs have been reported 
to regulate this factor during erythropoiesis (63). Dur-
ing erythroid maturation, miR-26b/-144/-451 have el-
evated expression and for the period of erythropoiesis 
can influence the expression of many genes of which 
one is GATA1. MiR-451 is more effective on α and β 
globin levels than γ while miR-26b increases expres-
sion of β and γ (64, 65). Hydroxyurea, causing HbF 
augmentation in patients with hemoglobinopathies, is 
also effective on expression of miR-26b and miR-151 
(54). Through these miRs, in the late stages of eryth-
ropoiesis, HbF synthesis may be enhanced.

Hence, according to this survey, miRs contribute 
to the developmental progression of globin gene ex-
pression with some exclusively reactivating γ globin 
gene expression and subsequently HbF production. It 
is hoped that with elevated HbF levels, treatment of 
patients with β-hemoglobin disorders becomes more 
effective and better recovery is obtained.
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Table 1: Different roles of microRNA in γ globin expression

ReferenceBiological effectTarget (mRNA or protein)microRNA

(66)Increasing γ globin gene expressionBCL11ALin28B

(50, 67)Suppressing γ globin expression γ  globin mRNALet-7

(11, 33)Increasing γ globin gene expressionMYB  mRNAmiR-15a/-16-1

)57(Regulating  β-like globin gene expression KLF3 and SP1  mRNAsmiR-23a/27a

)64(Increasing  γ globin gene expressionGATA1  mRNAmiR-26b 

)50(Suppressing  γ globin gene expression CDS region of γ globin mRNAmiR-96

)68(Decreasing MYB levels and suppressing  erythropoiesisMYB mRNAmiR-126

(21, 44, 65, 69)1. Negatively regulating the α  globin in embryonic 
erythropoiesis  
2. Inducing of γ globin gene transcription 
3. Interference with antioxidant capacity; susceptibility 
to oxidative stress, hemolysis and severe anemia

1. GATA1  mRNA
2. KLFd   mRNA
3. NRF2  mRNA

miR-144

)50(Suppressing  γ globin gene expression γ  globin miR-146a 

(39, 70) Suppressing  α globin synthesis and  erythropoiesis MYB mRNAmiR-150

)71(Regulating of human erythropoiesis and decrease  HbF 
levels 

c-KitmiR-199-5p

(28, 61)Increasing following erythroid differentiation and 
indirectly increase HbF

To be identifiedmiR-210

)58(Decreasing of erythroblast proliferation and HbF 
levels

c-KitmiR- 221/-222

(35, 65, 72, 73)1. Inducing γ globin gene transcription and suppress α 
globin, Glycophorin-A
2. inhibiting nuclear accumulation of FoxO3 transcrip-
tion factors, a positive regulator of erythroid antioxi-
dant genes

1. GATA-1 and GATA-2  mRNAs
2. 14–3-3ζ  mRNA

miR-451

)14(Increasing expression of γ globin geneBCL11AmiR-486-3p

miR; MicroRNAs, BCL11A; B-cell lymphoma/leukemia 11A protein, MYB; Proto-oncogene mRNA, KLF3; Krüppel-like factor 3 mRNA, SP1; Speci-
ficity protein 1 mRNA, GATA1/2; GATA-binding factor 1/2 mRNA, CDS region; Coding DNA Sequence region mRNA, KLFd; Krüppel-like factor d 
mRNA, NRF2; Nuclear factor (erythroid-derived 2)-like 2 mRNA, c-Kit; Tyrosine-protein kinase Kit or CD117 tyrosine-protein kinase Kit or CD117 
protein and HbF; Fetal hemoglobin. 
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Discussion
Among inherited blood disorders with defec-

tive hemoglobin production, mutations in human 
HBB gene is the most prevalent cause for SCD and 
β-thalassemia traits (74). In these disorders, en-
hancing the HbF level is a recompense mechanism 
to diminishing of clinical complications. Studies 
have revealed that HbF expression could be regu-
lated post-transcriptionally.

MiRs also have epigenetic actions by which 
they regulate post-transcriptional developmen-
tal processes including proliferation, differen-
tiation, metabolism and apoptosis in different 
cells (4). Erythrocytes are not expected from 
this regulatory function as miRs of this cell type 
coordinate maturation and proliferation of ear-
ly erythroid cells, expression of fetal γ globin 
genes and enucleation. In specific, miR-15a, 
miR-16-1, miR-126, miR-144, miR-451 and 
miR-210 affect erythroid cluster commitment 
with some of them  increasing (miR-126/-188/-
210/-362/-451) and others decreasing (miR-
103/-150/-223/-376) during erythroid matura-
tion (75). Moreover, miRs found to up regulate 
γ globin gene expression with their overexpres-
sion were miR-26b/-210/-451. In contrast, an 
appealing outcome on γ globin gene expression 
was found for miR-96 where its direct binding 
to γ globin transcript inhibited γ globin expres-
sion (76). Therefore, inhibition of this miR that 
has a suppressive effect may enhance HbF pro-
duction. Consequently, miRs have the potential 
to enhance hematopoiesis in anemia and blood 
diseases.

On the other hand, a lot of miRs are efficient 
in improving the situation of many cellular 
mechanisms. Sangokoya et al. (44), identified 
that high expression of miR-144 is associated 
with severity of anemia in SCD and may play a 
role in increasing oxidative damage and hemol-
ysis in mature HbSS erythrocytes by affecting 
NRF2 and oxidative stress tolerance. Transfect-
ing anti-miR-144 into sickle cells may therefore 
reduce the levels of oxidative stress, relieving a 
major problem in these patients. Azzouzi et al. 
(50) not only assessed the direct effect of miR-
96 on the inhibition of γ globin gene expression, 
they also showed that inhibiting this miR can be 
used to induce HbF.

Conclusion

Acording to studies on cell lines and identifica-
tion of the roles played by miRs in erythroid differ-
entiation and HbF production, it is recommended 
to target pharmacological miR inhibitors of HbF 
through the use of antisense molecules or use ex-
ogenous miRs that stimulate HbF production as a 
novel diagnostic/prognostic strategy. Although 
further studies may be required to achieve this 
goal, this approach has the potential to become 
more successful in treating patients with β globin 
disorders.

Acknowledgments

We wish to thank all our colleagues in Shafa 
Hospital and Allied Health Sciences School, Ahvaz 
Jundishapur University of Medical Sciences. The 
authors declare no conflict of interest.

References
1.	 Azzouzi I, Schmugge M, Speer O. MicroRNAs as com-

ponents of regulatory networks controlling erythropoiesis. 
Eur J Haematol. 2012; 89(1): 1-9.

2.	 Jansson MD, Lund AH. MicroRNA and cancer. Mol Oncol.  
2012; 6(6): 590-610.

3.	 Saki N, Abroun S, Hajizamani S, Rahim F, Shahjahani M. 
Association of chromosomal translocation and miRNA ex-
pression with the pathogenesis of multiple myeloma. Cell 
J. 2014; 16(2): 99-110. 

4.	 Ha TY. MicroRNAs in human diseases: from lung, liver 
and kidney diseases to infectious disease, sickle cell 
disease and endometrium disease. Immune Netw. 2011; 
11(6): 309-323.

5.	 Ahmadvand M, Noruzinia M, Fard AD, Zohour MM, Taba-
tabaiefar MA, Soleimani M, et al. The role of epigenetics in 
the induction of fetal hemoglobin: a combination therapy 
approach. Int J Hematol Oncol Stem Cell Res. 2014; 8(1): 
9-14.

6.	 Farshdousti Hagh M, Dehghani Fard A, Saki N, Shahja-
hani M, Kaviani S. Molecular mechanisms of hemoglobin 
F induction. Int J Hematol Oncol Stem Cell Res. 2011; 
5(4): 5-9.

7.	 Fathallah H, Taher A, Bazarbachi A, Atweh GF. Differenc-
es in response to fetal hemoglobin induction therapy in 
beta-thalassemia and sickle cell disease. Blood Cells Mol 
Dis. 2009; 43(1): 58-62.

8.	 Fard AD, Hosseini SA, Shahjahani M, Salari F, Jaseb K. 
Evaluation of novel fetal hemoglobin inducer drugs in 
treatment of β-hemoglobinopathy disorders. Int J Hematol 
Oncol Stem Cell Res. 2013; 7(3): 47-54.

9.	 Atweh GF, Loukopoulos D. Pharmacological induction of 
fetal hemoglobin in sickle cell disease and β-thalassemia. 
Semin Hematol. 2001; 38(4): 367-373.

10.	 Sankaran VG. Targeted therapeutic strategies for fetal 
hemoglobin induction. Hematology Am Soc Hematol Educ 
Program. 2011; 2011: 459-465.

11.	 Sankaran VG, Menne TF, Scepanovic D, Vergilio JA, Ji 
P, Kim J, et al. MicroRNA-15a and-16-1 act via MYB to 
elevate fetal hemoglobin expression in human trisomy 13. 



CELL JOURNAL(Yakhteh), Vol 17, No 4, Jan-Mar (Winter) 2016 591

Saki et al.

Proc Natl Acad Sci USA. 2011; 108(4): 1519-1524.
12.	 Fard AD, Kaviani S, Noruzinia M, Saki N, Mortaz E. Epige-

netic modulations on the fetal hemoglobin induction. Int J 
Hematol Oncol Stem Cell Res. 2012; 6(1): 11-12. 

13.	 Fard AD, Kaviani S, Noruzinia M, Soleimani M, Abroun 
S, Chegeni R, et al. Evaluation of H3 histone methylation 
and colony formation in erythroid progenitors treated with 
thalidomide and sodium butyrate. Lab Hematol. 2013; 
19(1): 1-5.

14.	 Lulli V, Romania P, Morsilli O, Cianciulli P, Gabbianelli M, 
Testa U, et al. MicroRNA-486-3p regulates γ-globin ex-
pression in human erythroid cells by directly modulating 
BCL11A. PloS One. 2013; 8(4): e60436.

15.	 Saki N, Dehghani Fard A, Kaviani S, Jalali Far MA, 
Mousavi SH,  AL _Ali  Kh, et al. Beta thalassemia: epide-
miology and diagnostic and treatment approaches in Iran. 
Genetics in the 3rd millennium. 2012; 10(1): 2674-2683. 

16.	 Khanahmad H, Noori Daloii MR, Shokrgozar MA, Azad-
manesh K, Niavarani AR, Karimi M, et al. A novel single 
step double positive double negative selection strategy 
for beta-globin gene replacement. Biochem Biophys Res 
Commun. 2006; 345(1): 14-20.

17.	 Dehghani Fard A, Kaviani S, Saki N, Mortaz E. The emerg-
ing role of immunomodulatory agents in fetal hemoglobin 
induction. Int J Hematol Oncol Stem Cell Res. 2012; 6(4): 
35-36.

18.	 Atweh GF, Schechter AN. Pharmacologic induction of fetal 
hemoglobin: raising the therapeutic bar in sickle cell dis-
ease. Curr Opin Hematol. 2001; 8(2): 123-130.

19.	 Fornari TA, Lanaro C, Ferreira R, Donate PB, Passos G, 
Conran N, et al. HPFH and delta-beta thalassemia have 
different profiles of micrornas and transcription factors. 
Blood. 2013; 122(21): 186.

20.	 Schrier SL, Mohandas N. Globin-chain specificity of oxi-
dation-induced changes in red blood cell membrane prop-
erties. Blood. 1992; 79(6): 1586-1592.

21.	 Fu YF, Du TT, Dong M, Zhu KY, Jing CB, Zhang Y, et al. 
Mir-144 selectively regulates embryonic alpha-hemo-
globin synthesis during primitive erythropoiesis. Blood. 
2009; 113(6): 1340-1349.

22.	 Wijgerde M, Gribnau J, Trimborn T, Nuez B, Philipsen S, 
Grosveld F, et al. The role of EKLF in human beta-globin 
gene competition. Genes Dev. 1996; 10(22): 2894-2902.

23.	 Wu Cl, Xue Jc, Dang Xt. Detection of miR-144 gene 
in peripheral blood of children with β-thalassemia ma-
jor and its significance. China Trop Med. 2010; 10(3): 
285-286.

24.	 Alizadeh Sh, Kaviani S, Soleimani M, Kouhkan F, Pour-
fathollah AA, Amirizadeh N, et al.  Mir-155 downregula-
tion by miRCURY LNA™ microRNA inhibitor can increase 
alpha chain hemoglobins expression in erythroleukemic 
K562 cell line. Int J Hematol-Oncol Stem Cell Res. 2010; 
4(2): 4-9.

25.	 Lu J, Guo S, Ebert BL, Zhang H, Peng X, Bosco J, et al. 
MicroRNA-mediated control of cell fate in megakaryocyte-
erythrocyte progenitors. Dev Cell.  2008; 14(6): 843-853.

26.	 Sarakul O, Vattanaviboon P, Tanaka Y, Fucharoen S, Abe 
Y, Svasti S, et al. Enhanced erythroid cell differentiation in 
hypoxic condition is in part contributed by miR-210. Blood 
Cells Mol Dis. 2013; 51(2): 98-103.

27.	 Chan YC, Banerjee J, Choi SY, Sen CK. miR-210: the 
master hypoxamir. Microcirculation. 2012; 19(3): 215-223.

28.	 Hossein Emami SA, Mohammadi Sh, Kavyani S, Soleima-
ni M, Alizadeh sh, Dejbakhsh E, et al. Investigating the re-
lationship between miR210 upregulation and hemoglobin 
gamma chain expression. Payavard Salamat. 2011; 5(3): 
20-26.

29.	 Roy P, Bhattacharya G, Lahiri A, Dasgupta UB, Banerjee 

D, Chandra S, et al. hsa-miR-503 is downregulated in β 
thalassemia major. Acta Haematol. 2012; 128(3): 187-
189.

30.	 Mailand N, Falck J, Lukas C, Syljuasen RG, Welcker M, 
Bartek J, et al. Rapid destruction of human Cdc25A in re-
sponse to DNA damage. Science. 2000; 288(5470): 1425-
1429.

31.	 de Oliveira PE, Zhang L, Wang Z, Lazo JS. Hypoxia-medi-
ated regulation of Cdc25A phosphatase by p21 and miR-
21. Cell Cycle. 2009; 8(19): 3157-3164.

32.	 Sarkar S, Dey BK, Dutta A. MiR-322/424 and -503 are in-
duced during muscle differentiation and promote cell cy-
cle quiescence and differentiation by down-regulation of 
Cdc25A. Mol Biol Cell. 2010; 21(13): 2138-2149.

33.	 Kouhkan F, Soleimani M, Daliri M, Behmanesh M, Mo-
barra N, Mossahebi-mohammadi M, et al. miR-451 up-
regulation, induce erythroid differentiation of CD133+ cells 
independent of cytokine cocktails. Iran J Basic Med Sci. 
2013; 16(6): 756-762.

34.	 Zhan M, Miller CP, Papayannopoulou T, Stamatoyannop-
oulos G, Song CZ. MicroRNA expression dynamics during 
murine and human erythroid differentiation. Exp Hematol. 
2007; 35(7): 1015-1025.

35.	 Svasti S, Masaki S, Penglong T, Abe Y, Winichagoon P, 
Fucharoen S, et al. Expression of microRNA-451 in nor-
mal and thalassemic erythropoiesis. Ann Hematol. 2010; 
89(10): 953-958.

36.	 Chen SY, Wang Y, Telen MJ, Chi JT. The genomic analysis 
of erythrocyte microRNA expression in sickle cell diseas-
es. PLoS One. 2008; 3(6): e2360.

37.	 Bruchova H, Yoon D, Agarwal AM, Mendell J, Prchal JT. 
Regulated expression of microRNAs in normal and poly-
cythemia vera erythropoiesis. Exp Hematol. 2007; 35(11): 
1657-1667.

38.	 Schaeffer EK, West RJ, Conine SJ, Lowrey CH. Multiple 
physical stresses induce γ-globin gene expression and fe-
tal hemoglobin production in erythroid cells. Blood Cells 
Mol Dis. 2014; 52(4): 214-224.

39.	 Byon JC, Papayannopoulou T. MicroRNAs: allies or foes 
in erythropoiesis?. J Cell Physiol. 2012; 227(1): 7-13.

40.	 LaMonte G, Philip N, Reardon J, Lacsina JR, Majoros W, 
Chapman L, et al. Translocation of sickle cell erythrocyte 
microRNAs into Plasmodium falciparum inhibits parasite 
translation and contributes to malaria Resistance. Cell 
Host Microbe. 2012; 12(2): 187-199.

41.	 Duraisingh MT, Lodish HF. Sickle cell MicroRNAs inhibit the 
malaria parasite. Cell Host Microbe.  2012; 12(2): 127-128.

42.	 Schaar DG, Medina DJ, Moore DF, Strair RK, Ting Y. miR-
320 targets transferrin receptor 1 (CD71) and inhibits cell 
proliferation. Exp Hematol. 2009; 37(2): 245-255.

43.	 Lee JM, Johnson JA. An important role of Nrf2-ARE path-
way in the cellular defense mechanism. J Biochem Mol 
Biol.  2004; 37(2): 139-143.

44.	 Sangokoya C, Telen MJ, Chi JT. microRNA miR-144 mod-
ulates oxidative stress tolerance and associates with ane-
mia severity in sickle cell disease. Blood. 2010; 116(20): 
4338-4348.

45.	 Fathallah H, Atweh GF. Induction of fetal hemoglobin in 
the treatment of sickle cell disease. Hematology Am Soc 
Hematol Educ Program. 2006: 58-62.

46.	 Bunn HF. Induction of fetal hemoglobin in sickle cell dis-
ease. Blood. 1999; 93(6): 1787-1789.

47.	 Gazouli M, Katsantoni E, Kosteas T, Anagnou NP. Per-
sistent fetal gamma-globin expression in adult transgenic 
mice following deletion of two silencer elements located 
3′ to the human Agamma-globin gene. Mol Med. 2009; 
15(11-12): 415-424.

48.	 Roversi FM, da Cunha AF, Brugnerotto AF, Carazzolle MF, 



592CELL JOURNAL(Yakhteh), Vol 17, No 4, Jan-Mar (Winter) 2016          

Ef fect of miRs in Thalassemia and SCD

de Albuquerque DM, Lanaro C, et al. Gene expression 
analysis of the Brazilian type of hereditary persistence 
of fetal hemoglobin: identification of genes that could be 
related to γ-Globin activation. Hemoglobin. 2013; 37(6): 
516-535.

49.	 Jia CP, Huang SZ, Yan JB, Xiao YP, Ren ZR, Zeng YT. 
Effects of human locus control region elements HS2 and 
HS3 on human β-globin gene expression in transgenic 
mouse. Blood Cells Mol Dis. 2003; 31(3): 360-369.

50.	 Azzouzi I, Moest H, Winkler J, Fauchere JC, Gerber AP, 
Wollscheid B, et al. MicroRNA-96 directly inhibits γ-globin 
expression in human erythropoiesis. PloS One. 2011; 
6(7): e22838.

51.	 Tallack MR, Perkins AC. Three fingers on the switch: 
Kruppel-like factor 1 regulation of γ-globin to β-globin 
gene switching. Curr Opin Hematol. 2013; 20(3): 193-200.

52.	 Esteghamat F, Gillemans N, Bilic I, van den Akker E, Can-
tu I, van Gent T, et al. Erythropoiesis and globin switch-
ing in compound Klf1: Bcl11a mutant mice. Blood. 2013; 
121(13): 2553-2562.

53.	 Ginder GD. Epigenetic regulation of fetal globin gene ex-
pression in adult erythroid cells. Transl Res. 2015; 165(1): 
115-125. 

54.	 Walker AL, Steward S, Howard TA, Mortier N, Smeltzer 
M, Wang YD, et al. Epigenetic and molecular profiles of 
erythroid cells after hydroxyurea treatment in sickle cell 
anemia. Blood. 2011; 118(20):  5664-5670.

55.	 Hu JH, Navas P, Cao H, Stamatoyannopoulos G, Song 
CZ. Systematic RNAi studies on the role of Sp/KLF factors 
in globin gene expression and erythroid differentiation. J 
Mol Biol. 2007; 366(4): 1064-1073.

56.	 Pearson R, Fleetwood J, Eaton S, Crossley M, Bao S. 
Kruppel-like transcription factors: a functional family. Int J 
Biochem Cell Biol. 2008; 40(10): 1996-2001.

57.	 Ma Y, Wang B, Jiang F, Wang D, Liu H, Yan Y, et al. A 
feedback loop consisting of microRNA 23a/27a and the 
β-Like globin suppressors KLF3 and SP1 regulates globin 
gene expression. Mol Cell Biol. 2013; 33(20): 3994-4007.

58.	 Gabbianelli M, Testa U, Morsilli O, Pelosi E, Saulle E, 
Petrucci E, et al. Mechanism of human Hb switching: a 
possible role of the kit receptor/miR 221-222 complex. 
Haematologica. 2010; 95(8): 1253-1260.

59.	 Cho WC. OncomiRs: the discovery and progress of micro-
RNAs in cancers. Mol Cancer. 2007; 6: 60.

60.	 Felli N, Fontana L, Pelosi E, Botta R, Bonci D, Facchiano 
F, et al. MicroRNAs 221 and 222 inhibit normal erythro-
poiesis and erythroleukemic cell growth via kit recep-
tor down-modulation. Proc Natl Acad Sci USA. 2005; 
102(50): 18081-18086.

61.	 Bianchi N, Zuccato C, Lampronti I, Borgatti M, Gambari R. 
Expression of miR-210 during erythroid differentiation and 
induction of gamma-globin gene expression. BMB Rep. 
2009; 42(8): 493-499.

62.	 Rogers HM, Yu X, Wen J, Smith R, Fibach E, Noguchi CT. 

Hypoxia alters progression of the erythroid program. Exp 
Hematol. 2008; 36(1): 17-27.

63.	 Ferreira R, Ohneda K, Yamamoto M, Philipsen S. GATA1 
function, a paradigm for transcription factors in hemat-
opoiesis. Mol Cell Biol. 2005; 25(4): 1215-1227.

64.	 Alijani S, Alizadeh S, Kazemi A, Khatib ZK, Soleimani M, 
Rezvani M, et al. Evaluation of the effect of miR-26b up-
regulation on HbF expression in erythroleukemic K-562 
cell line. Avicenna J Med Biotechnol. 2014; 6(1): 53-56.

65.	 Dore LC, Amigo JD, Dos Santos CO, Zhang Z, Gai X, To-
bias JW, et al. A GATA-1-regulated microRNA locus es-
sential for erythropoiesis. Proc Natl Acad Sci USA. 2008; 
105(9): 3333-3338.

66.	 Lee YT, de Vasconcellos JF, Yuan J, Byrnes C, Noh SJ, 
Meier ER, et al. LIN28B-mediated expression of fetal 
hemoglobin and production of fetal-like erythrocytes from 
adult human erythroblasts ex vivo. Blood. 2013; 122(6): 
1034-1041.

67.	 Noh SJ, Miller SH, Lee YT, Goh SH, Marincola FM, Stron-
cek DF, et al. Let-7 microRNAs are developmentally regu-
lated in circulating human erythroid cells. J Transl Med.  
2009; 7: 98.

68.	 Grabher C, Payne EM, Johnston AB, Bolli N, Lechman 
E, Dick JE, et al. Zebrafish microRNA-126 determines 
hematopoietic cell fate through c-Myb. Leukemia. 2011; 
25(3): 506-514.

69.	 Lawrie CH. microRNA expression in erythropoiesis and 
erythroid disorders. Br J Haematol. 2010; 150(2): 144-
151.

70.	 Alizadeh SH, Kaviani S, Soleimani M, Pourfathollah AA, 
Amirizadeh N, Kouhkan F, et al. Effect On alpha hemo-
globin chain expression in K562 cell line. Payavard Sala-
mat. 2011; 4(3-4): 9-17.

71.	 Li Y, Bai H, Zhang Z, Li W, Dong L, Wei X, et al. The up-
regulation of miR-199b-5p in erythroid differentiation is as-
sociated with GATA-1 and NF-E2. Mol Cells.  2014; 37(3): 
213-219.

72.	 Pase L, Layton JE, Kloosterman WP, Carradice D, Wa-
terhouse PM, Lieschke GJ. miR-451 regulates zebrafish 
erythroid maturation in vivo via its target gata2. Blood. 
2009; 113(8): 1794-1804.

73.	 Yu D, dos Santos CO, Zhao G, Jiang J, Amigo JD, Khan-
dros E, et al. miR-451 protects against erythroid oxi-
dant stress by repressing 14-3-3zeta. Genes Dev. 2010; 
24(15): 1620-1633.

74.	 Thein SL. Genetic modifiers of the beta-haemoglobinopa-
thies. Br J Haematol. 2008; 141(3): 357-366.

75.	 Bianchi N, Zuccato C, Finotti A, Lampronti I, Borgatti M, 
Gambari R. Involvement of miRNA in erythroid differentia-
tion. Epigenomics. 2012; 4(1): 51-65.

76.	 Finotti A, Gambari R. Recent trends for novel options in 
experimental biological therapy of β-thalassemia. Expert 
Opin Biol Ther.  2014; 14(10): 1443-1454. 


