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Abstract Blood disorders include a wide spectrum of blood-associated malignancies resulting
from inherited or acquired defects. The ineffectiveness of existing therapies against blood dis-
orders arises from different reasons, one of which is drug resistance, so different types of leu-
kemia may show different responses to treatment. Leukemia occurs for a variety of genetic
and acquired reasons, leading to uncontrolled proliferation in one or more cell lines. Regarding
the genetic defects, oncogene signal transducer and activator of transcription (STAT) family
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STAT3
Abbreviations

JAK janus kinase
STAT signal transducer and
c-myc c-myelocytomatosis
Bcl-2 B-cell lymphoma 2
Mcl-1 myeloid cell leukemia
Bcl-XL B-cell lymphoma-extra
CLL chronic lymphocytic le
IL9 interleukin 9
PBMC peripheral blood mono
BCR B-cell receptor
ZAP7 zeta chain of T cell re

kinase 70
PIAS protein inhibitor of ac
PDCD4 programmed cell deat
PTEN phosphatase and tensi
MAPK mitogen-activated pro
GFP green fluorescent prot
ALL acute lymphoblastic le
CML chronic myeloid leuke
transcription factor, especially STAT3, play an essential role in hematological disorders onset
and progress upon mutations, dysfunction, or hyperactivity. Besides, microRNAs, as biological
molecules, has been shown to play a dual role in either tumorigenesis and tumor suppression in
various cancers. Besides, a strong association between STAT3 and miRNA has been reported.
For example, miRNAs can regulate STAT3 via targeting its upstream mediators such as IL6,
IL9, and JAKs or directly binding to the STAT3 gene. On the other hand, STAT3 can regulate
miRNAs. In this review study, we aimed to determine the role of either microRNAs and STAT3
along with their effect on one another’s activity and function in hematological malignancies.
Copyright ª 2021, Chongqing Medical University. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
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TLGL T-cell large granular lymphocytic
ANC absolute neutrophil count
HuR human antigen R
MEG3 maternally expressed gene 3
lncRNAs long noncoding RNAs
HDAC1 histone deacetylase 1
DNMT DNA methyl transferase
SCA sickle cell anemia
YY1 Yin Yang 1
GATA1 GATA binding protein 1
EPO erythropoietin
TPO thrombopoietin
HSPCs hematopoietic stem and progenitor CD34þ cells
SOCS6 suppressor of cytokine signaling 6
MPN myeloproliferative neoplasms
AEL acute erythroid leukemia
CB cord blood
LIF leukemia inhibitory factor
HIF1 hypoxia-inducible factor 1
MCL mantle cell lymphoma
Introduction

Among the intracellular defects, types of genetic muta-
tions, deletions, unbalanced chromosomal trans-
location,1e3 and dysregulation of signal transducer factors
including transcription factors are the most important
underlying causes of acute leukemia disorders.4e7 The
JAK/STAT (Janus kinase/signal transducer and activator of
transcription) signaling pathway is one of the most
important signaling pathways that participated in cell
proliferation, differentiation, apoptosis as well as
migration.8e11 Reports have suggested that dysregulation
and overactivation of JAKs and STATs proteins is an influ-
ential marker in the development of hematological and
non-hematological cancers.7,12e16 Therefore, suppressing
or blocking this pathway is one of the significant thera-
peutic approaches for the treatment of leukemias in which
this signaling pathway is impaired. Members of the STAT
family, especially STAT3, are oncogenic factors, playing
diverse roles in the biological function of cells covering
proliferation, survival, angiogenesis along with metas-
tasis, in particular, in undifferentiated cells.11,17e19
The STAT family cytoplasmic transcription factor in-
cludes seven DNA-binding proteins, STAT1, STAT2, STAT3,
STAT4, STAT5a, STAT5b, and STAT6 which are typically
activated via phosphorylation on tyrosine residues by the
JAK kinase family.20 After phosphorylation, they are
dimerized, and subsequently translocated into the nu-
cleus. After that, these STAT dimers bind to specific gene
promoter sequences and modify the transcription of genes
involved in cellular processes adjustment, encompassing
differentiation, proliferation, and apoptosis.8,17,21 STAT3
plays a significant role in tumorigenesis by affecting the
expression of cell cycle regulators (e.g., c-Myc [cellular
Myc], cyclin D1) and cancer-promoting genes such as
members of the anti-apoptotic Bcl-2 (B-cell lymphoma 2)
family (e.g., Mcl-1 [myeloid cell leukemia 1], Bcl-2, Bcl-XL
[B-cell lymphoma-extra large]).22 To date, numerous
strategies have been investigated or even used to find
therapeutic strategies for suppressing JAK/STAT
signaling.11,13,20,23,24 In continued efforts to more under-
standing the mechanisms of JAK/STAT3 signaling inhibi-
tion, a large number of studies have identified the pivotal
role of miRNAs in the regulation of STAT3 or signaling

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


microRNA and STAT3 in leukemia 851
pathway in which STAT3 is involved.25e29 On the other
hand, several studies have implied the possible role of
STAT3 in regulating miRNA expression.30e32

miRNAs are an endogenous and non-coding class of single-
stranded RNAs containing 19 to 25 nucleotides, modifying
gene expression post-transcriptionally through binding to the
30 untranslated regions (30 UTRs) leading to the promotion of
the mRNA degradation or triggering the inhibition of mRNA
translation.33e35 miRNAs actively contribute to a variety of
cellular processes such as the production of auto-antibodies,
cellular immunity, cell proliferation, differentiation, cell
cycle, and apoptosis in concomitant with association with
various other events such as neurodevelopment, DNA
editing-repairing, and oxidative stress.36e40 It has been also
robustly evidenced that the dysregulation of miRNAs
expression is involved in the tumor microenvironment (TME)
and drug resistance.41e43 In Figure 1, microRNA biogenesis
has been shown.

In sum, numerous studies have shown that miRNAs and
STAT3 may stimulate a fundamental regulatory effect on
each other directly or indirectly.44e47 Herein, we have
highlighted the potent role of miRNAs in the regulation of
STAT3 expression and function in hematological disorders.

Interaction between miRNAs and JAK/STAT3
signaling in chronic lymphocytic leukemia
(CLL)

Chronic lymphocytic leukemia (CLL) is one of the most
common hematological disorders in the world and the most
common adult leukemia disorder in the western hemi-
sphere.48 Generally, about 95% of cases are B cells49 typi-
cally characterized by the accumulation of mature and
small B cell phenotype expressing CD5þ and CD19þ immune
phenotype markers, affecting peripheral blood, bone
marrow (BM), and lymphatic tissues.48

Relationship between IL9, STAT3, miR-A21,
miR-155 in CLL

Previous studies have displayed that IL9 is commonly
increased in CLL patients.48 Chen et al also observed that
the proliferation of CLL cells was increased after using re-
combinant human IL9, while apoptosis was decreased. They
also analyzed the relationship between the upregulation of
IL9 expression and the expression levels of STAT3, P-STAT3,
miR-21, miR-51 in peripheral blood mononuclear cell
(PBMC) of CLL patients, and found an increase in expression
of STAT3 and P-STAT3 in CLL patients.48 IL9 is more
commonly known as Th2 cytokine, contributes to allergic
diseases.50 Findings have presented that IL9 in addition to
the involvement in T-reg and mast cell-mediated tumor
immunity,51 may participate in growth, tumor progression,
and the anti-apoptotic process.48 Many studies have shown
that the IL9-a chain stimulates mutant JAK1 phosphoryla-
tion resulted in activation of the STAT family, in particular,
STAT3.52e54 Chen and his coworkers signified that the
transfection of miR-21 and miR-21 overexpressed CLL cell
lines could stimulate IL9 production in these cells, enabling
IL9 production in CLL cells upon promotion of p-STAT3
cellular levels.48 These findings implied that an IL9 endog-
enous/IL9 exogenous/miR-21/miR-155/STAT3 axis exists in
CLL cells, which could be useful in finding new therapeutic
patterns.48
The relationship between miR-21 and the
STAT3 signaling pathway in CLL cells

CLL cells are highly dependent on their microenvironment
and the B-cell receptor (BCR) signaling pathway plays an
important role in this regard.49,55 Among the proteins
involved in cell-to-microenvironment interaction, the zeta
chain of T cell receptor-associated protein kinase 70
(ZAP70) can improve cell response to microenvironment
stimuli.49

miR-21 is overexpressed in various leukemic disorders
including CLL,56,57 possibly involved in the development of
drug resistance and survival along with augmenting of dis-
ease progression.58 Besides, the presence of the relation-
ship between miR-21 and poor prognosis in CLL59 as well as
cell proliferation and oncogenesis has been evidenced.60

Carabia et al showed that stimulation of BCR signaling by
the microenvironment can regulate the expression of miR-
21 and its target repressor genes, including protein inhibi-
tor of activated STAT3 (PIAS3),61 programmed cell death 4
(PDCD4),62 and phosphatase and tensin homolog (PTEN)63

via the signaling pathway stimulated or progressed by
mitogen-activated protein kinase (MAPK or MAP kinase) and
STAT3.49 The ZAP70 protein plays an important role in
different signaling pathways also modulates the interaction
between the cells and related microenvironments.49 Cara-
bia and her colleagues analyzed the expression changes of
miR-21 following ZAP70 status in CD19þ B cells derived from
patients who were diagnosed with CLL and found that miR-
21 was highly expressed in patients with higher expression
of ZAP70. Also, the study of miR-21 expression level in
Ramos cell (human Burkitt’s lymphoma B cells) transfected
with GFP-ZAP70 demonstrated similar results.49 In another
study, the stimulation of the IL-6 receptor (one of the B cell
receptors) on the surface of the myeloma B cells resulted in
pre-miR regulation by STAT3 translocation into the nu-
cleus.64 Accordingly, Carabia et al identified that the
stimulation of the BCR signaling pathway caused ZAP-70
activation, which in turn, triggered an enhancement in
mature miR-21 levels via inducing the STAT3 binding to the
pre-miR-21 transcript promoter.49
miR-155 and its association with STAT3
signaling in CLL cells

The miR-155 is involved in tumorigenesis and autoimmu-
nity65 and its overexpression can lead to lymphoma onset in
mice.66 The miR-155 regulates the proliferation and
development of hematopoietic cells21 as well as contrib-
uted to immune cell response, production of antibodies,
cytokines, and antigen expression.67,68 In this context, a
study showed that overexpression of miR-155 in the murine
model leads to B cell proliferation and is associated with
lymphoma development.66 Similarly, overexpression of
miR-155 has been observed in CLL56,69,70 accompanied by



Figure 1 miRNA biogenesis. The majority of genes, which encode the miRNAs, are in promoter regions of intronic genes. Firstly,
RNA polymerase II transcribes the miRNA genes to the primary miRNA (pri-miRNA) form. Drosha, a type III RNase, incorporated with
the cofactor protein DGCR8, binds to the primary miRNA (pri-miRNA) transcript and cleaves it, in the nucleus to form precursors-
miRNAs. The pre-miRNAs are exported to the cytosol by Exportin 5 (whereas in the drosha independent pathway pri-miR are
exported into the cytosol by Exportin 1 and then cleaved to pre-miRNAs form), and subsequently cleaved by Dicer (a type III RNase)
to miRNA duplex form incorporation with TAR RNA binding protein (TRBP). The argonaute (AGO) family and its associated protein
mediate the processing of the miRNA duplex. After unwinding and strand selection, the mature miRNA can target recognition. Next,
mature miRNA binds to the RISC and so it is capable of targeting the mRNAs via complementary sites and results in translational
repression or mRNA degradation.
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Hodgkin and non-Hodgkin’s lymphoma.68,71,72 Other in-
vestigations have implied that IL-6 may activate STAT3
expression and function in CLL cells73,74; on the other hand,
overexpression of miR-155 has been found in
CLL.56,69,70,75,76 Considering the results, it seems that IL6
increases the miR-155 expression, delivering proof of the
concept of the important influences of miRNA in leukemia
pathogenesis or therapy.21 In this regard, Li et al detected
miR-155 overexpression in CLL cells upon exposure with rh
IL-6 and verified STAT3 binding to the miR-155 promoter in
rh IL-6-exposed CLL cells. Despite the direct regulation of
miR-155 transcription by STAT3, they suggested that IL-6
increased STAT3 binding to the miR-155 promoter. Struc-
tural and molecular analysis verified the existence of the
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two binding sites in the miR-155 gene promoter for STAT3.21

STAT3, after phosphorylation, joins to the gamma inter-
feron activation site (GAS)-LIKE components located in the
promoter region of various genes.77 Indeed, Li
et al introduced two GAS-LIKE elements inside the miR-155
promoter, enabling STAT3 binding to the miR-155 promoter
by these elements.21 Thus, they confirmed that IL-6 induces
miR-155 activation in CLL cells via STAT3, and consequently
regulates hematopoietic cell proliferation.21

Interaction between miRNAs and JAK/STAT3
signaling in acute lymphoblastic leukemia
(ALL)

Acute lymphoblastic leukemia (ALL) is a heterogeneous
hematologic disease characterized by the high proliferation
of non-mature lymphocytic cells in BM, peripheral blood,
and other organs. About 4000 people have been involved
annually in the United States that 75%e80% of them are
children.78

Relationship between miR-451a and JAK/
STAT3 signaling in Philadelphia-positive ALL
(PhD ALL)

ALL with BCR-ABL1 gene fusion (Philadelphia chromosome-
positive) in the precursor of B-lineage subtypes, which is
resulted in constitutive activation of ABL tyrosine kinase, is
one of the most fatal leukemia showing unfavorable prog-
nosis79,80; however, commonly demonstrate an appropriate
response to tyrosine kinase inhibitors (TKI).79,80 Neverthe-
less, the relapses incidence rate is notable in these pa-
tients, highlighting the importance of new insights to
treating this condition.81 It has been clarified that BCR/ABL
fusion protein in chronic myeloid leukemia (CML), stimu-
lates the expression of IL-6, which is a multipotent cytokine
that prepares the favorable micro-environment for expan-
sion and maintenance of the leukemic stem cells.82 Despite
that BCR/ABL fusion gene is the indicator marker of Phþ

ALL, the relation between BCR/ABL fusion and IL-6 in
Phþ ALL has not yet been elucidated entirely.83 As
described, IL-6 binds to its specific receptor (IL-6R) and
then triggers the JAK/STAT3 signaling pathway.84,85 In a
study, Jiang et al evaluated the level of BCR-ABL expression
in Phþ ALL patients to investigate the association between
BCR-ABL and miR-451 in mononuclear cells of these pa-
tients, and found that BCR-ABL has an inverse relation with
miR-451.83 Bioinformatic analysis showed that IL-6R can be
a target of miR-451a.86 It has been reported that miR-451a
represses the proliferation of some types of cancer cells
such as lung adenocarcinoma87 and renal cell carcinoma.88

Besides, in CML, miR-451a is inversely related to BCR-ABL
gene expression levels, and its downregulation is paral-
leled to imatinib resistance.89 Examination of the underly-
ing mechanisms of miR-451a on the ALL cell line with
Philadelphia chromosome-positive showed that this mi-RNA
directly suppresses IL-6R via targeting its 30-UTR. Jiang
et al reported that BCR/ABL mRNA levels were inversely
correlated to miR-451a and positively associated with
serum IL-6 concentration.83 They also indicated that miR-
451a downregulated the levels of phosphorylated JAK2
and STAT3 in the absence of any impact on total rates of
JAK2 and STAT3, indicating the inhibitory effects of the
miR-451 on IL6/JAK/STAT3 axis upon suppressing the IL6R
and p-JAK and p-STAT3 downstream molecules.83 Thereby,
it has been suggested that miR-451 is downregulated by
BCR-ABL at Phþ ALL patients to provide a survival advan-
tage in leukemic cells via the IL6/JAK/STAT3 pathway.
Therefore, elevation in miR-451 expression in these pa-
tients could rise the promise for the treatment of this acute
and severe type of leukemia.83

The relationship between JAK/STAT pathway
and miR-146b and FASL for inducing
neutropenia in T-cell large granular
lymphocytic (TLGL) leukemia

T-cell large granular lymphocytic (TLGL) is a rare type of
leukemia characterized by the abnormal proliferation of
large granular T lymphocytes in peripheral blood.90,91 TLGL
leukemic cells are divided into two clusters, including
cluster A that showed CD8þ/CD4�/CD57þ immune pheno-
type, and cluster B that showed CD4þ/CD8�/CD57þ im-
mune phenotype.92 The underlying cause of TLGL is not
fully well known, an impairment in apoptotic signals and
increase in survival involve be considered as possible
pathogenesis of these types of blood malignancies.92,93

Among these, JAK/STAT signaling is one of the well-known
involved pathways in TLGL progress especially in the
CD8þ/CD4� immunophenotype which is associated with
neutropenia.92,94,95

The mechanism of neutropenia in TLGL is not fully un-
derstood, while degeneration of mature neutrophils and
myeloid progenitors through FAS/FASL signaling has been
suggested as a potent corresponding mechanism.92 Previ-
ously, it has been reported that promoted levels of soluble
FASL in the blood circulation are one of the most important
possible factors contributing to the pathogenesis of neu-
tropenia in T-LGL patients.96,97 Many studies also have the
existence of the improved concentrations of soluble FASL in
TLGL,95,96,98,99 which supports neutropenia occurrence in
TLGL patients. It has been observed that about 35% of TLGL
patients have a hotspot mutation in STAT3, supporting the
overactivation of STAT3.100,101 Teramo et al have reported
that STAT3 plays a key role in FASL transcription and
showed that a promoted level of STAT3 activity is associ-
ated with a higher rate of FASL expression in TLGL pa-
tients95; however, the molecular mechanism of FASL
regulation by STAT3 has not yet been elucidated. In another
study, Mariotti and her co-workers also detected elevated
levels of tyrosine-phosphorylated (YP)-STAT3 in CD8þ T-
LGLL patients, but not in CD4þ T-LGLs patients.92 Mariotti
et al revealed that FASL mRNA expression is correlated with
the upregulation of STAT3 activation and inversely with the
absolute neutrophil counts (ANC).92 They determined that
miR-146b was downregulated in CD8þ TLGL compared to
CD4þ,92 as well as found that there is an association be-
tween miR-146b expression and ANC levels concomitant
with the levels of YP-STAT3 in T-LGLs patients.92 In addi-
tion, they found that miR-146b has an inverse correlation
with STAT3 tyrosine phosphorylation, neutropenia, FASL
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expression, and soluble FASL release in blood circula-
tion,92,95 emphasizing the importance of the STAT3-
miR146b-FasL axis in TLGL leukemia.92 Respecting the
previous findings that STAT3 can stimulate inhibitory influ-
ence on gene expression through inducing the target genes
promoter methylation,102,103 it has been confirmed that
STAT3 stimulates miR-146b promoter methylation through
regulating the expression of methyl transferase-1 in solid
tumors and T lymphocytic malignancies.104 Regardless of
the presence of correlation between STAT3 function and
miR-146b cellular levels in malignant condition,104,105 it
also has been reported STAT3 activates miR-146b in normal
tissues.106,107 Overall, Mariotti et al suggested that STAT3
suppressed the miR-146b expression in TLGL by inducing
the miR-146b promoter methylation.92 Considering molec-
ular analysis, human antigen R (HuR), which plays a well-
known role in mRNA stabilization and FASL expression, has
been shown that can be another target of miR-146b.108e110

Mariotti et al detected that HuR protein is an endogenous
target of miR-146b in CD8þ T-LGLs, and also indicated that
miR-146b downregulated the FASL expression indirectly and
post-transcriptionally through reducing the HuR protein
levels. Accordingly, they suggested that consistent over-
activity of STAT3 in CD8þ T-LGLs resulted in the loss of miR-
146b, which in turn led to the HuR protein translation,
enabling FasL production and neutropenia incidence.92,95
Interaction between miRNAs and JAK/STAT3
signaling in CML

CML is a hematopoietic stem cell clonal disorder charac-
terized by the generation of the Philadelphia chromosome
(Phþ) due to the BCR-ABL oncogenic protein fusion resulting
from translocation t(9:22) and comprises about 15% of
leukemia diagnosed in adults.111
The relationship between miR-147 and STAT3
signaling

The miR-147 has been identified about various can-
cers112e115 through showing dual roles, including tumori-
genesis and tumor suppressor roles, in a variety of human
cancers. For example, upregulation of miR-147 has been
observed in human gastric and liver cancers, whereas its
downregulation has been reported in human breast can-
cer.116 In a study, Han et al showed that the hypoxia-
induced damage was intensified in the PC12 cell line,
commonly derived from a transplantable rat pheochromo-
cytoma, due to the attenuation in miR-147 levels.117 In
detail, they showed that maternally expressed gene 3
(MEG3) as a long noncoding RNAs (lncRNAs) boosted hypoxia
injury in PC12 cells through down-regulating miR-147, as
well as demonstrated that the overexpression of MEG3 and
miR-147 induced apoptosis and inhibited target cells pro-
liferation.117 LncRNAs and miRNAs usually act as competing
endogenous RNAs. Evaluation of the miRNAs database to
identify MEG3 interacting miRNAs has revealed that miR-
147 is one of the potential miRNAs in this regard. In-
vestigations revealed that the levels of MEG3 and miR-147
expression in the KCL22 and K562, two human CML cells,
were decreased in comparison to healthy BMMCs. It seems
that MEG3 can bind to miR-147 and eventually reduce miR-
147 expression. Li et al also observed a high level of
methylation of miR-147 and MEG3 in CML patients but not in
healthy individuals. Accordingly, they showed that the
expression rate of the methylation-related genes, such as
HDAC1 (histone deacetylase 1), DNMT1 (DNA methyl trans-
ferase 1), DNMT3A, DNMT3B, were remarkably promoted in
the CML patients with accelerated phase. Therefore, they
concluded that the downregulation of miR-147 and MEG3
levels in the CML patients was probably mediated by his-
tone deacetylation and DNA methylation. Besides, they
suggested that JAK2 and STAT3 can negatively regulate
MEG3 upon binding to it, as well as described that MEG3 can
downregulate STAT3 by suppressing the phosphorylation of
JAK/STAT.118 In sum, they suggested that there is a nega-
tive feedback between MEG3 and STAT3. On the other
hand, they showed that miR-147 and MEG3 can regulate
each other negatively and adjust leukemia development,
verifying that STAT3 and miR-147 indirectly affect each
other through MEG3.118
The relationship between miR-574-3P and
JAK/STAT3 signaling

The significant role of miR-574-3p in some cancers has been
reported. For instance, miR-574-3p commonly is decreased
in bladder cancer cells whereas overexpression of miR-574-
3p remarkably prohibited bladder cancer cell proliferation,
invasion, and migration.119 In addition to the miR-574-3p
importance as a potential prognostic marker for breast
cancer,120 its lower expression is noticed in the early stages
of gastric cancer; however, upregulation of miR-574-3p in-
hibits proliferation, invasion, as well as the migration of
human gastric cancer cells, line.121 It is also reported that
miR-574-3P has a tumor-inducing role in human osteosar-
coma,122 while triggers an inhibitory impact on esophageal
squamous cell carcinoma,123 implying its potentially recip-
rocal role in a variety of human cancers.

Yang et al showed that the miR-574-3P expression was
significantly decreased in the peripheral blood of CML
patients compared to the healthy donor. They also showed
that overexpression of miR-574-3P resulted in significant
inhibition of cell proliferation of human K562 CML cells
and induced apoptosis, whereas suppression of miR-574-3P
had a contrasting effect. They checked the TargetScan-
Human database and found that the IL6 can be a potential
direct target for miR-574-3p. They also found that the IL6
at mRNA and protein levels was remarkably inhibited upon
miR-574-3p transfection. These data showed that IL6 is a
direct target for miR-574-3p and IL6 expression was
negatively regulated by miR-574-3p. As known, IL6 is
identified as an inflammatory cytokine involved in the
pathogenesis of hematological disorders such as multiple
myeloma.124 Maeda et al showed that IL6 may contribute
to both myeloid proliferation and lymphocytopenia.125

They suggested that IL6 could control the cell destination
of leukemic multipotent progenitor cells and may support
a positive feedback loop to maintain CML progression.82 It
is also known to be a prognostic factor for the follow-up of
imatinib treatment in CML patients.126 It has already been
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found that overexpression of IL6 significantly induces K562
CML cell proliferation, and conversely inhibits their
apoptosis.127 Also, reports confirm that IL-6 can activate
the JAK/STAT3 and MAPK signaling pathway and is involved
in the development of CML.55 Rendering findings, Yang
et al proposed that miR-574-3P can suppress the IL6/JAK/
STAT3 signaling pathway through directly targeting IL6,
which in turn, inhibits the proliferation and induce
apoptosis in CML cells,127 describing miR-574-3p as a
potent target for CML treatment.

The relationship between miR-34a and
embryonic hemoglobin production in myeloid
cells mediated by STAT3

Sickle cell anemia (SCA), which is characterized by
abnormal hemoglobin S (Hb S) production, is one of the
most common genetic hematological disorders. Annually
more than 300,000 newborns are born with cyclic anemia,
which is one of the most common blood disorders in the
world associated with a poor prognosis.128 Despite the
recent increase in new therapeutic approaches, hydroxy-
urea is still the principal of SCA treatment showing the
competence to reduce SCA-related mortalities.129 Indeed,
the most effective treatment for the cycle cell anemia is
increasing Hb F production with the formula a2g2 (a com-
bination of two alpha chains and two gamma chains glob-
ulin) that improves clinical symptoms and consequently
prolongs the patient overall survival rates.130,131 The ther-
apeutic role of Hb F is related to its inhibitory effects on Hb
S polymerization,132 which is one of the main pathogens and
risk factors in patients with SCA.133 Importantly, compre-
hensive studies have indicated that a wide spectrum of
genes is targeted by miR-34a, including the genes known as
a repressor of gamma-globin, a variant of globulin chain
used in hemoglobin F production, such as Yin Yang 1 (YY1),
Figure 2 Role of activated STAT3 in tumor promotion. STAT3 is a
various genes involved in various biological processes such as pro
growth.
HDAC1, and STAT3.75,134e137 Scientific related software
predicted the binding site for miR-34a at the 30 UTR of
STAT3,131 and also studies have shown that miR-34a in-
teracts with STAT3 in K562 CML cells.137 Interestingly, re-
ports have revealed that GATA1 (GATA binding protein 1)
and STAT3 compete for binding to the 50 UTR of the gamma
globulin gene and an increase in GATA1 expression reverses
gamma globulin gene silencing induced by STAT3.138 Be-
sides, it has been shown that during the erythroid differ-
entiation progresses, erythropoietin (EPO) can activate
STAT3 through phosphorylation,139 leading to the inhibition
of gamma globulin gene expression.138 Therefore, these
data verify that STAT3 has a function in gamma globulin
gene regulation. In a study, Ward et al conducted a study to
determine whether miR-34a can regulate gamma-globin
gene expression through targeting the negative gamma
globulin regulator genes including STAT3. Achieved conse-
quences exhibited that the total and phosphorylated STAT3
levels were significantly decreased in miR-34a-transfected
K562 cells.131 They also observed that the gamma-globin
mRNA and Hb F protein levels were augmented in
response to overexpression of miR-34a. Respecting that the
overexpression of miR-34a leads to a reduction in STAT3 and
an increase in gamma-globin and Hb F expression, WARD
et al reports confirmed that likely exist an indirect mech-
anism for gamma-globin regulation by miR-34a via STAT3
gene silencing.131 They showed that miR-34a induced the
production of Hb F in K562 cells by reducing total STAT3 and
phosphorylated STAT3 levels, which have a role in silencing
the gamma globulin gene.131

Interaction between miRNAs and JAK/STAT3
signaling in AML

AML is the most common acute leukemia in adults, with
about 20,000 cases per year in the United States alone.140
ctivated by binding to DNA and by increasing the expression of
liferation, tumor progression, metastasis, etc., causing tumor
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Association with miR-494-3p overexpression
and promoting the megakaryocytopoiesis in
primary myelofibrosis hematopoietic stem/
progenitor cells

Thrombopoietin (TPO) is produced in the liver and acts as
the main regulator in megakaryopoiesis and participates in
megakaryocyte proliferation and differentiation. TPO has
been identified as a pan-hematopoietic cytokine and is
crucial for the preservation and survival of hematopoietic
stem cells.141 It binds to its receptor, TPOR, on the surface
of hematopoietic stem and progenitor CD34þ cells (HSPCs)
and results in the activation of JAK2, which leads to STAT3
phosphorylation and induction of megakaryopoiesis.142

Studies have supported overexpression of miR-494-3P in
HSPCs in patients with primary myelofibrosis (PMF).143

Rontauroli et al in their study showed that an increase in
expression of miR-494-3P, enhanced hematopoiesis in
normal hematopoietic cells.144 Investigations have recom-
mended that the suppressor of cytokine signaling 6 (SOCS6)
is a target for miR-494-3p. Also, a previous study reported
that SOCS6 is downregulated in HSPCs derived from PMF
patients, which concurrently showed miR-494-3p upregu-
lation.143 SOCS6 is an important factor in the negative
regulation of the JAK/STAT signaling pathway,145 as well as
Figure 3 Stimuli that affect the STAT3 signaling pathway. STAT3 s
cytokines and growth factors.
contributes to the mechanism of myeloproliferative neo-
plasms (MPN) pathogenesis.144 Other investigations have
evidenced that SOCS6 decreases the nuclear level of the
STAT3 and attenuates its phosphorylation, supporting STAT3
downregulation.145,146 Rontauroli et al reported that the
expression level of MK antigen, including CD41 or later
CD42b antigen, has superiority in CD34þ cells transfected
with miR-494-3p over normal cells. These results confirmed
that miR-494-3p is involved in megakaryocyte differentia-
tion in the pathogenesis of PMF. Furthermore, STAT3 may
affect TPO signaling and megakaryocytopoiesis in HSPCs.142

The results of the study of Rontauroli et al demonstrated
that transfection of K562 and CB (cord blood-derived)
CD34þ cells with miR-494-3P decreased SOCS6 protein
levels and subsequently increased STAT3 phosphorylation,
ultimately leading to megakaryocyte hyperplasia observed
in PMF patients.144

Cluster miR-23a, miR-27a, miR-24 and
association with JAK/STAT signaling pathway in
acute erythroid leukemia (AEL)

Acute erythroid leukemia (AEL) (termed AML M6), is a rare
subtype of AML with accounts for about 5% of all AML
cases.147,148 The survival and prognosis of AEL patients are
ignaling cascade can be activated by various stimulators such as
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Figure 4 The signals mentioned in the study in which STAT3 and miRNAs are involved.
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too worse than in other AML subtypes.149,150 As described,
STAT3 plays an important role in the progression of eryth-
roleukemia through suppression of erythroid differentia-
tion.151 In a study, Su et al showed that miR-23a, miR-27a,
miR-24 synergistically targeted the members of the GP130/
JAK1/STAT3 signaling pathway. They also showed that miR-
23a, miR-27a, and miR-24 clusters were downregulated in
AEL patients. They assumpted that miR-23a, miR-27a, miR-
24 cluster jointly targeted the GP130/JAK1/STAT3 pathway
in AEL cells and induced the differentiation of these cells.152

Other studies have presented that the JAK1 binding to the
GP130 transmembrane protein and succeeding activation of
STAT3 enables signaling network formation among GP130,
JAK1, and STAT3.7 They concluded that overexpression of
miR-23a, -27, and -24 can trigger apoptosis and inhibit the
deregulated proliferation of AEL cells through the



Table 1 Some of the cancers in which miRNAs and STAT3 regulates each other directly or indirectly.

Cancers miRNA Interaction between miR-
503-5p and STAT3

Suggested pathway or signaling
involved

References

Metastatic or paclitaxel-
resistant ovarian
cancer cells

miR-503-5p miR-503-5p binds directly to
the 30 UTRs of CD97

miR-503-5p inhibits the CD97-
mediated JAK2/STAT3
pathway

190

Early gastric cancer miRNA-200
Family

miR-200 family members
were upregulated by IL11/
STAT3 signaling

IL11/STAT3-dependent manner 191

Ovarian cancer miRNA-92 STAT3 directly regulates
miR-92a

STAT3/miRNA-92/DKK1/Wnt/b-
catenin signaling pathway

192

Colorectal cancer miR-34a IL6R is a direct target of
miR-34/STAT3 and JAK 2 can
be potentially miR-34a
targets

IL-6R/STAT3/miR-34a feedback
loop

193

Human gastric cancer MicroRNA-143 miR-143 directly targets
STAT-3

Proliferation, migration, and
invasion signaling in which STAT3
is involved

Cervical cancer miR-411 miR-411 inhibited cervical
cancer progression by
directly targeting STAT3

Proliferation and invasion
signaling in which STAT3 is
involved

26

Pancreatic cancer miR-301a Targeting SOCS5 miR-301a induces pancreatic
cancer invasion and metastasis via
JAK/STAT3 signaling by targeting
SOCS5

194

Breast cancer MicroRNA-204 Targeting JAK2 MicroRNA-204 targets JAK2 and
induces cell apoptosis through the
STAT3/BCl-2/survivin pathway

195

Human renal carcinoma
cells

miRNA-133b/
miR-135a

miR-133b and miR-135a may
target directly the 3̂-UTR of
JAK2

miR-133b and miR-135a induce
apoptosis signaling cascade
involving JAK2, STAT3, and Bcl-2

196

Pancreatic cancer cells miRNA let-7 let-7
upregulates SOCS3
expression in PDAC cells

miRNA let-7/SOCS3/STAT3 197

Natural killer T cell
cytotoxic activity in
cervical cancer

miR-124-3p Down-regulation of miR-
124-3p promotes cervical
cancer progression through
targeting STAT3

LINC00240/microRNA-124-3p/
STAT3/MICA axis

198

Epigenetic switch
between
inflammation and
colorectal cancer

miR-181b STAT3 up-regulates miR-
181b through directly
binding

STAT3-miR-181b- CYLD- NF-kB 199

Breast cancer cells miR-146b miR-146b was reported as a
direct target of STAT3

NF-kB/IL-6/STAT3 pathway 104

AOM/DSS mice model
induced inflammatory
bowel disease

miR-221 miR-221 directly targets the
PDLIM2 gene that is known
to be essential for restraint
NF-kB

miR-221/PDLIM2 gene/NF-kB/
STAT3

200

Colitis-associated cancer miR-155 miR-155 directly targets and
inhibits the SOCS1(the
inhibitor of STAT3)

miR-155/NF-kB-STAT3 200

Lung cancer cells miR-206 miR-206 decreased the
angiogenesis by targeting
14-3-3z

Locking the 14-3-3z/STAT3/HIF-
1a/VEGF signaling

201

Colorectal cancer cells miR-375 JAK2, MAP3K8, and ATG7
are predicted target genes
for miR-375

JAK2/STAT3 and MAP3K8/ERK
signaling pathways

202

Gastric cancer cells MicroRNA-216a miR-216a directly targets
JAK2

JAK2/STAT3 pathway 203

Papillary thyroid cancer miRNA-148a microRNA-148a promotes STAT3 and PI3K/AKT signaling 204
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Table 1 (continued )

Cancers miRNA Interaction between miR-
503-5p and STAT3

Suggested pathway or signaling
involved

References

cancer cell growth by
targeting PI3K signaling
pathway

pathways

Natural killer T cell
cytotoxic activity in
cervical cancer

microRNA-124-3p miR-124-3p is a direct target
of LINC00240/Inhibition of
miR-124-3p promotes
cervical cancer progression
via targeting STAT3

LINC00240/microRNA-124-3p/
STAT3/MICA axis

198

Breast cancer cell lines miR-146b a gene encoding the miR-
146b is a direct STAT3 target
gene/STAT3 induces miR-
146b, a negative regulator
in cancer/miR-146b links
STAT3 to NF-kB and IL-6 as
part of a negative feedback
loop

miR-146b/NF-kB/I L-6/STAT3 Axis 104

Lung cancer MicroRNA-218 miR-218 negatively
regulates IL-6 receptor and
JAK3 gene expression by
directly targeting the 30-UTR
of their mRNAs

IL-6/STAT3 signaling pathway 205
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suppressing of the GP130-JAK1-STAT3 cascade. They also
reported that these miRNAs cooperatively induce erythroid
differentiation via inhibiting the GP130 and suppression of
the JAK1-STAT3 phosphorylation in human leukemic HEL and
K562 cell lines as well as cord blood (CB)- CD34þ HSCs.152
Relationship between miR-155 and JAK/STAT3
signaling and LIFRa

Laboratory studies on leukemic cells, including HL60, show
that STAT3 overexpression and leukemogenesis is depend-
ing on the phosphorylation of STAT3.153 While inhibition of
STAT3 signaling leads to the induction of apoptosis in
leukemic cells.154 The leukemia inhibitory factor (LIF), as
known as one of the members of IL-6 family cytokines, has
been reported that can induce differentiation of the M1
murine myeloid leukemic cell line. It is named LIF due to its
ability to induce differentiation M1 myeloid leukemic
cells.155 This protein executes its biological activity through
its receptor located on the cell surface and a membrane-
associated transducer (termed LIFR-a).156 Former studies
determined that STAT3 can be activated by IL-6 family cy-
tokines,157 and also revealed that IL6 family/STAT3
signaling may affect differentiation of stem and leukemic
cells and other cells.158e161 LIFRa has been determined that
bind to the GP-130 on the surface of leukemic cells and
form heterodimers, which are capable of STAT3 activa-
tion.162 Similar to LIFRa, the fusion protein containing the
cytoplasmic functional domain of LIFRa, like CT3 in TAT-
CT3 fusion, a peptide domain vector, can induce STAT3
activation in HL60 cells.163 The LIFRa-CT3 fusion trans-
fection in HL60 cells resulted in suppression of the
proliferation and promoting the differentiation in HL60
myeloid cells in vitro.163 Other studies have proposed that
miR-155 is a primary transcript of the third exon of the B
cell integration cluster (BIC) gene164 typically overex-
pressed in the BM of patients with special subtypes of
AML.165e167 Other examinations have represented that IL-10
suppresses miR-155 through STAT3 activation.168 Moreover,
XU et al reported that the TAT-CT3 fusion protein inhibits
miR-155 expression following targeting STAT3 in HL-
60 cells.155 They determined that the TAT-CT3 fusion pro-
tein negatively regulated miR-155 expression, which is
overexpressed in some type of AML, through STAT3 direct
binding to miRNA gene promoter.155 Also, miR-155 nega-
tively regulates SOCS-1 in AML cells, known as the main
negative regulator for the JAK/STAT signaling pathway.169

XU and his colleagues showed that the TAT-CT3 fusion
protein can induce differentiation in HL60 myeloid cells.
They showed that TAT-CT3 transfection downregulated the
miR-155 expression, which in turn, increased SOCS-1 and
subsequently decreased STAT3 phosphorylation results in
differentiation of leukemia cells.155
The miR-17 and miR-20a and association with
STAT3 and hypoxia-inducible factor 1 (HIF1)

Hypoxia-inducible factor 1 (HIF1) is an important tran-
scription factor in response to hypoxic conditions contain-
ing two subunits including, an alpha subunit (HIF-1a,
oxygen-sensitive subunit) and a beta subunit (HIF-
1b).170,171 It also has a role in cancer biologics such as tumor
growth, metastasis, and angiogenesis.172 Consistent with
the previous studies,173,174 He et al showed that hypoxia



Table 2 The hematological malignancies that is affected by miRNA in relation with STAT3.

miRNA Direct target of
miRNA

MiRNA expression
status in
malignancy

Effect on STAT3 Type of
hematological
disorder

Samples Fu ion Suggested pathway or
signaling involved

Ref

miR-21/miR-
155

IL9 Up regulated N/A CLL MEC1 CLL cell line pS 3 up regulated
m 55 and miR-21

Extra cellular IL9/
pSTAT3/miR-155/
miR-21/intra cellular
IL9’ positive feedback
system in CLL cells

48

miR-21 repressor genes,
such as PIAS3 and
PDCD4 and PTEN

Up regulated Indirectly via
STAT3 suppressor
gene

CLL RAMOS B cell/
UE6E7T2/bone
marrow stromal cell

ST 3 up regulated
m A-21

BCR/ZAP70/STAT3/
miR-21/PTEN, PDCD4
and PIAS3

49

miR-155 N/A Up regulated N/A CLL Human multiple
myeloma MM1 cells

ST 3 up regulated
m 55

IL6/STAT3/miR-155 21

miR-451a IL6R Down regulated Direct binding to
down-stream of
IL6R as a STAT3
activator

Phþ ALL BM-MNCs/Phþ ALL
cell line SUP-B15/Ph�
ALL cell line Nalm6

m 51a
do regulated
pS 3 indirectly

miR-451a/IL6/JAK/
STAT3 pathway

83

miRNA-146b HuR protein Down regulated N/A CD8 TLGLs PBMCs from TLGLs
patient/Jurkat cells

ST 3 downregulated
m A-146b
ex ssion

STAT3/miR146b HuR/
FASL axis

206

miRNA-147 N/A Down regulated miR-147 indirectly
affects on STAT3
via affecting on
MEG3

CML KCL22/K562 CML
cells/BMMCs

m 47 can probably
re ate STAT3 via
M

negative feedback
loop between MEG3
and STAT3

118

MiRNA-574-3P IL6 Down regulated Indirectly via
Increase in IL6

CML K562 CML cells m A-574-3P down
re ated JAK/STAT3
si ling via IL6

miR-574-3p/IL6/JAK/
STAT3

127

miRNA-34a STAT3 e Directly increase
in STAT3

Sickle cell
anemia

K562 CML cells m A-34a down
re ated STAT3

miRNA-34a/STAT3/g-
globin/HbF

131

miR-494-3p SOCS6 Up regulated Indirectly via
SOCS6 inhibiting

PMF K562/cord blood
CD34þ cells

m 94-3p up
re ated STAT3
ph horylation via
SO 6 inhibiting

miR-494-3p/SOCS6/
STAT3

144

miR-23a, -27a,
-24 cluster

miR-23a, -27a and
-24 synergistically
target the
members of
gp130/JAK1/
STAT3 signaling
pathway

Down regulated Directly increase
in STAT3

AEL (AML M6) HEL and K562 cell
lines/CB-HSCS CD34þ

m 3a, -27a, -24
cl er down
re ated STAT3

miR-23a, -27a, -24/
GP130/JAK1/STAT3
pathway

152
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promoted cell cycle arrest and differentiation in myeloid
leukemic cells.175 The HIF-1a protein translocates into the
nucleus and forms a heterodimer with HIF-1b and then
regulates the expression of target genes through binding to
hypoxia-responsive elements (HREs) located on gene pro-
moters.175 These genes, which are targeted by HIF-1, sup-
port the cells for adaptation in hypoxic conditions by
affecting processes covering, apoptosis, differentiation,
angiogenesis, cell growth in concomitant with metabolism,
and erythropoiesis.175 HIF-1a in hypoxic conditions, known
as a significant indicator of solid tumors, cooperates with
tumor growth, metastasis, and angiogenesis.172 He et al
have shown that the HIF-1a transcription factor can induce
differentiation and inhibit AML development.173,175e179

They showed that HIF1a decreases miR-17 and miR-20a,
two members of the miR-17-92 gene cluster, via directly
targeting STAT3.175 It has already been found that miR-17
and miR-20a are overexpressed in solid tumors and hema-
tological disorders such as mantle cell lymphoma (MCL),
large B-cell lymphoma, and Burkitt’s lymphoma.180e182

Besides, it has been shown that the miR-17-92 cluster
target the HIF-1a protein.175,183e185 He et al also reported
that miR-17 and miR-20a were downregulated in hypoxic
conditions in AML cell lines. Indeed, they indicated that
HIF-1a downregulates miR-17 and miR-20a gene expression
during hypoxia in AML cells. They also demonstrated that a
decrease in miR-17 and miR-20a participates in the differ-
entiation process of AML cell lines triggered by HIF-1a.
Based on last year’s reports, STAT3 can be a target gene
of miR-17 and miR-20a.186,187 On the other hand, they re-
ported that exist two binding sites for miR-17/miR-20a at
the wild-type 30-UTR of STAT3, which enables suppressing
of the STAT3 protein expression via directly targeting its 30-
UTR post-transcriptionally.175 In total, He et al concluded
that miR-17 or miR-20a abrogated HIF-1a-induced growth
arrest and differentiation in AML cells through binding to
STAT3 transcript and inhibiting its expression.175
The miR-21 and miR-17-92 cluster and their
association with STAT3

Acute myeloid leukemia (AML) with t(8;16)(p11;p13) is an
uncommon leukemia subtype with representative clinical
features, including presentation as coagulation disorder,
recurrent extramedullary involvement accompanied by
poor prognosis.188 Further, AML blast cells with t(8;16) show
a frequent hemophagocytosis and myelomonocytic phase of
differentiation.188,189 The oncogenic miRNAs cluster miR-
17-92 and miR-21, which are usually upregulated in other
cancers, are commonly downregulated in the t(8;16) AML
191. In this regard, assessment of the expression levels of
the known transcription factors of cluster miR-17-92 and
miR-21 genes, such as STAT3 in 7 t(8;16) AML patients and
36 patients with other AML cytogenetic subtypes approved
STAT3 downregulation in the t(8;16) AML patients 191. In
2013, Beya et al found that STAT3 expression was down-
regulated in patients with t(8;16) translocation, and miR-
21 was regulated at the transcriptional level by STAT3.189

Based on these results, the decrease in miR-21 and likely
decrease in miR-17-92 cluster has an association with a
decrease in STAT3 in AML with t(8;16).189
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Conclusion

miRNAs regulate a variety of cellular processes, including
inflammation, proliferation, survival, metastasis, inva-
sion, and angiogenesis, all of which can also be triggered
by activated STAT3 by binding to DNA and other stimu-
lants, leading to tumor growth (Fig. 2, 3). Furthermore,
the important role of miRNAs in regulating the JAK/STAT3
signaling pathway has been proven. For a better under-
standing of the interaction between STAT3 and miRNAs in
leukemic cells, the complete signaling pathways have
been shown in Figure 4. To determine the role of STAT3,
one of the most important transcription factors in many
cancers, including leukemia, we focused on studies
regarding the role of miRNAs in the regulation JAK/STAT3
signaling pathway in hematological disorders. For a better
understanding of the relationship between microRNAs and
STAT3, here we have summarized the role of both factors
in some cancers and more comprehensively in blood ma-
lignancies in two separate tables (Table 1, 2). To sum up, it
can be concluded that therapeutic approaches especially
multimodal treatments for modifying the STAT3 signaling
pathway can lead to improved therapeutic outcomes in
patients suffering from various hematological disorders, in
particular, leukemia; however, the accomplishment of
comprehensive clinical trials before using STATs inhibitors
should be considered.
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95. Teramo A, Barilà G, Calabretto G, et al. STAT3 mutation im-
pacts biological and clinical features of T-LGL leukemia.
Oncotarget. 2017;8(37):61876e61889.

96. Tanaka M, Suda T, Haze K, et al. Fas ligand in human serum.
Nat Med. 1996;2(3):317e322.

97. Saitoh T, Karasawa M, Sakuraya M, et al. Improvement of
extrathymic T cell type of large granular lymphocyte (LGL)
leukemia by cyclosporin A: the serum level of Fas ligand is a
marker of LGL leukemia activity. Eur J Haematol. 2000;65(4):
272e275.

98. Liu JH, Wei S, Lamy T, et al. Chronic neutropenia mediated by
fas ligand. Blood. 2000;95(10):3219e3222.

99. Perzova R, Loughran Jr TP. Constitutive expression of Fas
ligand in large granular lymphocyte leukaemia. Br J Haema-
tol. 1997;97(1):123e126.

100. Jerez A, Clemente MJ, Makishima H, et al. STAT3 mutations
unify the pathogenesis of chronic lymphoproliferative disor-
ders of NK cells and T-cell large granular lymphocyte leuke-
mia. Blood. 2012;120(15):3048e3057.

101. Koskela HL, Eldfors S, Ellonen P, et al. Somatic STAT3 muta-
tions in large granular lymphocytic leukemia. N Engl J Med.
2012;366(20):1905e1913.

102. Lee H, Deng J, Xin H, Liu Y, Pardoll D, Yu H. A requirement of
STAT3 DNA binding precludes Th-1 immunostimulatory gene
expression by NF-kB in tumors. Cancer Res. 2011;71(11):
3772e3780.

103. Niu G, Wright KL, Ma Y, et al. Role of Stat3 in regulating p53
expression and function. Mol Cell Biol. 2005;25(17):
7432e7440.

104. Xiang M, Birkbak NJ, Vafaizadeh V, et al. STAT3 induction of
miR-146b forms a feedback loop to inhibit the NF-kB to IL-6
signaling axis and STAT3-driven cancer phenotypes. Sci
Signal. 2014;7(310):ra11.

105. Villela D, Ramalho RF, Silva AR, et al. Differential DNA
methylation of microRNA genes in temporal cortex from Alz-
heimer’s disease individuals. Neural Plast. 2016;2016:2584940.

106. Curtale G, Mirolo M, Renzi TA, Rossato M, Bazzoni F, Locati M.
Negative regulation of Toll-like receptor 4 signaling by IL-
10edependent microRNA-146b. Proc Natl Acad Sci U S A.
2013;110(28):11499e11504.

107. Renzi TA, Rubino M, Gornati L, Garlanda C, Locati M,
Curtale G. MiR-146b mediates endotoxin tolerance in human
phagocytes. Mediators Inflamm. 2015;2015:145305.

108. Cheng HS, Sivachandran N, Lau A, et al. Micro RNA-146 re-
presses endothelial activation by inhibiting pro-inflammatory
pathways. EMBO Mol Med. 2013;5(7):1017e1034.

109. Drury GL, Di Marco S, Dormoy-Raclet V, Desbarats J,
Gallouzi IE. FasL expression in activated T lymphocytes in-
volves HuR-mediated stabilization. J Biol Chem. 2010;
285(41):31130e31138.

110. Yang W, Yu H, Shen Y, Liu Y, Yang Z, Sun T. MiR-146b-5p
overexpression attenuates stemness and radioresistance of
glioma stem cells by targeting HuR/lincRNA-p21/b-catenin
pathway. Oncotarget. 2016;7(27):41505e41526.

111. Jabbour E, Kantarjian H. Chronic myeloid leukemia: 2014
update on diagnosis, monitoring, and management. Am J
Hematol. 2014;89(5):547e556.

112. Zhang Y, Zhang HE, Liu Z. MicroRNA-147 suppresses prolifer-
ation, invasion and migration through the AKT/mTOR
signaling pathway in breast cancer. Oncol Lett. 2016;11(1):
405e410.

113. Sui CJ, Xu F, Shen WF, et al. MicroRNA-147 suppresses human
hepatocellular carcinoma proliferation migration and che-
mosensitivity by inhibiting HOXC6. Am J Cancer Res. 2016;
6(12):2787e2798.
114. Lee CG, McCarthy S, Gruidl M, Timme C, Yeatman TJ. Micro-
RNA-147 induces a mesenchymal-to-epithelial transition
(MET) and reverses EGFR inhibitor resistance. PLoS One. 2014;
9(1):e84597.

115. Chu G, Zhang J, Chen X. Serum level of microRNA-147 as
diagnostic biomarker in human non-small cell lung cancer. J
Drug Target. 2016;24(7):613e617.

116. Yao Y, Suo AL, Li ZF, et al. MicroRNA profiling of human gastric
cancer. Mol Med Rep. 2009;2(6):963e970.

117. Han L, Dong Z, Liu N, Xie F, Wang N. Maternally expressed
gene 3 (MEG3) enhances PC12 cell hypoxia injury by targeting
MiR-147. Cell Physiol Biochem. 2017;43(6):2457e2469.

118. Li ZY, Yang L, Liu XJ, Wang XZ, Pan YX, Luo JM. The long
noncoding RNA MEG3 and its target miR-147 regulate JAK/-
STAT pathway in advanced chronic myeloid leukemia. EBio-
Medicine. 2018;34:61e75.

119. Tatarano S, Chiyomaru T, Kawakami K, et al. Novel oncogenic
function of mesoderm development candidate 1 and its
regulation by MiR-574-3p in bladder cancer cell lines. Int J
Oncol. 2012;40(4):951e959.

120. Krishnan P, Ghosh S, Wang B, et al. Next generation
sequencing profiling identifies miR-574-3p and miR-660-5p as
potential novel prognostic markers for breast cancer. BMC
Genomics. 2015;16(1):735.

121. Su Y, Ni Z, Wang G, et al. Aberrant expression of microRNAs in
gastric cancer and biological significance of miR-574-3p. Int
Immunopharmacol. 2012;13(4):468e475.

122. Xu H, Liu X, Zhou J, Chen X, Zhao J. miR-574-3p acts as a
tumor promoter in osteosarcoma by targeting SMAD4 signaling
pathway. Oncol Lett. 2016;12(6):5247e5253.

123. Okumura T, Kojima H, Miwa T, et al. The expression of
microRNA 574-3p as a predictor of postoperative outcome in
patients with esophageal squamous cell carcinoma. World J
Surg Oncol. 2016;14(1):228.

124. Hong DS, Angelo LS, Kurzrock R. Interleukin-6 and its receptor
in cancer: implications for translational therapeutics. Cancer.
2007;110(9):1911e1928.

125. Maeda K, Baba Y, Nagai Y, et al. IL-6 blocks a discrete early
step in lymphopoiesis. Blood. 2005;106(3):879e885.

126. Ciarcia R, Vitiello MT, Galdiero M, et al. Imatinib treatment
inhibit IL-6, IL-8, NF-KB and AP-1 production and modulate
intracellular calcium in CML patients. J Cell Physiol. 2012;
227(6):2798e2803.

127. Yang H, Zhang J, Li J, et al. Overexpression of miR-574-3p
suppresses proliferation and induces apoptosis of chronic
myeloid leukemia cells via targeting IL6/JAK/STAT3 pathway.
Exp Ther Med. 2018;16(5):4296e4302.

128. Piel FB, Patil AP, Howes RE, et al. Global epidemiology of
sickle haemoglobin in neonates: a contemporary geo-
statistical model-based map and population estimates. Lan-
cet. 2013;381(9861):142e151.

129. Dong M, McGann PT. Changing the clinical paradigm of hy-
droxyurea treatment for sickle cell anemia through precision
medicine. Clin Pharmacol Ther. 2021;109(1):73e81.

130. Platt OS, Brambilla DJ, Rosse WF, et al. Mortality in sickle cell
disease. Life expectancy and risk factors for early death. N
Engl J Med. 1994;330(23):1639e1644.

131. Ward CM, Li B, Pace BS. Original Research: Stable expression
of miR-34a mediates fetal hemoglobin induction in K562 cells.
Exp Biol Med (Maywood). 2016;241(7):719e729.

132. Poillon WN, Kim BC, Rodgers GP, Noguchi CT,
Schechter AN. Sparing effect of hemoglobin F and hemo-
globin A2 on the polymerization of hemoglobin S at phys-
iologic ligand saturations. Proc Natl Acad Sci U S A. 1993;
90(11):5039e5043.

http://refhub.elsevier.com/S2352-3042(21)00157-4/sref95
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref95
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref95
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref95
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref96
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref96
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref96
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref97
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref97
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref97
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref97
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref97
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref97
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref98
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref98
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref98
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref99
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref99
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref99
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref99
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref100
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref100
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref100
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref100
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref100
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref101
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref101
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref101
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref101
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref102
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref102
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref102
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref102
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref102
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref103
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref103
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref103
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref103
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref104
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref104
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref104
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref104
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref105
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref105
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref105
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref106
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref106
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref106
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref106
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref106
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref106
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref107
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref107
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref107
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref108
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref108
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref108
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref108
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref109
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref109
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref109
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref109
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref109
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref110
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref110
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref110
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref110
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref110
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref111
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref111
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref111
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref111
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref112
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref112
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref112
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref112
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref112
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref113
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref113
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref113
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref113
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref113
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref114
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref114
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref114
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref114
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref115
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref115
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref115
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref115
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref116
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref116
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref116
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref117
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref117
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref117
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref117
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref118
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref118
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref118
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref118
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref118
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref119
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref119
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref119
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref119
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref119
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref120
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref120
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref120
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref120
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref121
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref121
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref121
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref121
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref122
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref122
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref122
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref122
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref123
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref123
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref123
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref123
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref124
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref124
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref124
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref124
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref125
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref125
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref125
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref126
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref126
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref126
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref126
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref126
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref127
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref127
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref127
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref127
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref127
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref128
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref128
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref128
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref128
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref128
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref129
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref129
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref129
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref129
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref130
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref130
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref130
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref130
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref131
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref131
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref131
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref131
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref132
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref132
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref132
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref132
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref132
http://refhub.elsevier.com/S2352-3042(21)00157-4/sref132


866 M. Sajjadi-Dokht et al.
133. Vekilov PG. Sickle-cell haemoglobin polymerization: is it the
primary pathogenic event of sickle-cell anaemia? Br J Hae-
matol. 2007;139(2):173e184.

134. Weng W, Wang M, Xie S, et al. YY1-C/EBPa-miR34a regulatory
circuitry is involved in renal cell carcinoma progression. Oncol
Rep. 2014;31(4):1921e1927.

135. Chen QR, Yu LR, Tsang P, et al. Systematic proteome analysis
identifies transcription factor YY1 as a direct target of miR-
34a. J Proteome Res. 2011;10(2):479e487.

136. Zhao J, Lammers P, Torrance CJ, Bader AG. TP53-
independent function of miR-34a via HDAC1 and p21(CIP1/-
WAF1.). Mol Ther. 2013;21(9):1678e1686.

137. Lal A, Thomas MP, Altschuler G, et al. Capture of
microRNAebound mRNAs identifies the tumor suppressor miR-
34a as a regulator of growth factor signaling. PLoS Genet.
2011;7(11):e1002363.

138. Yao X, Kodeboyina S, Liu L, et al. Role of STAT3 and GATA-1
interactions in gamma-globin gene expression. Exp Hematol.
2009;37(8):889e900.

139. Wierenga AT, Vogelzang I, Eggen BJ, Vellenga E. Erythropoi-
etin-induced serine 727 phosphorylation of STAT3 in erythroid
cells is mediated by a MEK-, ERK-, and MSK1-dependent
pathway. Exp Hematol. 2003;31(5):398e405.

140. De Kouchkovsky I, Abdul-Hay M. Acute myeloid leukemia: a
comprehensive review and 2016 update. Blood Cancer J.
2016;6(7):e441.

141. Hitchcock IS, Kaushansky K. Thrombopoietin from beginning
to end. Br J Haematol. 2014;165(2):259e268.

142. Drachman JG, Sabath DF, Fox NE, Kaushansky K. Thrombo-
poietin signal transduction in purified murine megakaryo-
cytes. Blood. 1997;89(2):483e492.

143. Norfo R, Zini R, Pennucci V, et al. miRNA-mRNA integrative
analysis in primary myelofibrosis CD34þ cells: role of miR-
155/JARID2 axis in abnormal megakaryopoiesis. Blood. 2014;
124(13):e21ee32.

144. Rontauroli S, Norfo R, Pennucci V, et al. miR-494-3p over-
expression promotes megakaryocytopoiesis in primary
myelofibrosis hematopoietic stem/progenitor cells by tar-
geting SOCS6. Oncotarget. 2017;8(13):21380e21397.

145. Shen R, Wang Y, Wang CX, et al. MiRNA-155 mediates TAM
resistance by modulating SOCS6-STAT3 signalling pathway in
breast cancer. Am J Transl Res. 2015;7(10):2115e2126.

146. Hwang MN, Min CH, Kim HS, et al. The nuclear localization of
SOCS6 requires the N-terminal region and negatively regu-
lates Stat3 protein levels. Biochem Biophys Res Commun.
2007;360(2):333e338.

147. Goldberg SL, Noel P, Klumpp TR, Dewald GW. The erythroid
leukemias: a comparative study of erythroleukemia (FAB M6)
and Di Guglielmo disease. Am J Clin Oncol. 1998;21(1):42e47.

148. Wells AW, Bown N, Reid MM, Hamilton PJ, Jackson GH,
Taylor PR. Erythroleukaemia in the north of England: a pop-
ulation based study. J Clin Pathol. 2001;54(8):608e612.

149. Hasserjian RP, Zuo Z, Garcia C, et al. Acute erythroid leuke-
mia: a reassessment using criteria refined in the 2008 WHO
classification. Blood. 2010;115(10):1985e1992.

150. Santos FP, Faderl S, Garcia-Manero G, et al. Adult acute
erythroleukemia: an analysis of 91 patients treated at a single
institution. Leukemia. 2009;23(12):2275e2280.

151. Hegde S, Ni S, He S, et al. Stat3 promotes the development of
erythroleukemia by inducing Pu. 1 expression and inhibiting
erythroid differentiation. Oncogene. 2009;28(38):3349e3359.

152. Su R, Dong L, Zou D, et al. microRNA-23a,-27a and-24 syner-
gistically regulate JAK1/Stat3 cascade and serve as novel
therapeutic targets in human acute erythroid leukemia.
Oncogene. 2016;35(46):6001e6014.

153. Zhao J, Xu Y, Zong Y, et al. Inhibition of Stat3 expression in-
duces apoptosis and suppresses proliferation in human leu-
kemia HL-60 cells. Hematology. 2011;16(4):232e235.
154. Epling-Burnette PK, Liu JH, Catlett-Falcone R, et al. Inhibi-
tion of STAT3 signaling leads to apoptosis of leukemic large
granular lymphocytes and decreased Mcl-1 expression. J Clin
Invest. 2001;107(3):351e362.

155. Xu S, Xu Z, Liu B, et al. LIFRa-CT3 induces differentiation of a
human acute myelogenous leukemia cell line HL-60 by sup-
pressing miR-155 expression through the JAK/STAT pathway.
Leuk Res. 2014;38(10):1237e1244.

156. Guo SY, Shen X, Yang J, et al. TIMP-1 mediates the inhibitory
effect of interleukin-6 on the proliferation of a hep-
atocarcinoma cell line in a STAT3-dependent manner. Braz J
Med Biol Res. 2007;40(5):621e631.

157. Ying J, Tsujii M, Kondo J, et al. The effectiveness of an anti-
human IL-6 receptor monoclonal antibody combined with
chemotherapy to target colon cancer stem-like cells. Int J
Oncol. 2015;46(4):1551e1559.

158. Cheng X, Jin G, Zhang X, Tian M, Zou L. Stage-dependent
STAT3 activation is involved in the differentiation of rat hip-
pocampus neural stem cells. Neurosci Lett. 2011;493(1e2):
18e23.

159. Steyn PJ, Dzobo K, Smith RI, Myburgh KH. Interleukin-6 in-
duces myogenic differentiation via JAK2-STAT3 signaling in
mouse C2C12 myoblast cell line and primary human myo-
blasts. Int J Mol Sci. 2019;20(21):5273.

160. Nakajima K, Yamanaka Y, Nakae K, et al. A central role
for Stat3 in IL-6-induced regulation of growth and differ-
entiation in M1 leukemia cells. EMBO J. 1996;15(14):
3651e3658.

161. Chonov DC, Ignatova MMK, Ananiev JR, Gulubova MV. IL-6
activities in the tumour microenvironment. Part 1. Open Ac-
cess Maced J Med Sci. 2019;7(14):2391e2398.

162. Taga T, Kishimoto T. Gp130 and the interleukin-6 family of
cytokines. Annu Rev Immunol. 1997;15:797e819.

163. Sun Q, Wang J, Xiong J, Yang L, Liu H. Free LIF receptor a-
chain distal cytoplasmic motifs enhance Jak2-independent
STAT3 phosphorylation and induce differentiation in HL-60
cells. Oncol Rep. 2011;26(2):399e404.

164. Lagos-Quintana M, Rauhut R, Yalcin A, Meyer J, Lendeckel W,
Tuschl T. Identification of tissue-specific microRNAs from
mouse. Curr Biol. 2002;12(9):735e739.

165. Jongen-Lavrencic M, Sun SM, Dijkstra MK, Valk PJ,
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