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Abstract
Background MicroRNAs (miRNAs) are a class of non-cod-
ing, endogenous, small RNAs that negatively regulate gene
expression by inducing degradation or translational inhibi-
tion of target mRNAs. Aberrant expression of miRNAs
appears to be a common characteristic of hematological
malignancies including leukemias.
Aim Here we review the available data supporting a role
of aberrant expression of miRNAs in the pathogenesis
of leukemias including acute myeloid leukemia (AML),
acute lymphoblastic leukemia (ALL), chronic myeloid
leukemia (CML), and chronic lymphocytic leukemia
(CLL).
Conclusions The expression signatures of miRNAs provide
exciting opportunities in the diagnosis, prognosis, and ther-
apy of leukemia. Since miRNAs can function as either
oncogenes or tumor suppressor genes in leukemogenesis,
the potential of using these small RNAs as therapeutic

targets opens up new opportunities for leukemia therapy
by either inhibiting or augmenting their activity.
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MiRNAs MicroRNAs
AML Acute myeloid leukemia
CN-AML Cytogenetically normal acute

myeloid leukemia
ALL Acute lymphoblastic leukemia
CLL Chronic lymphocytic leukemia
CML Chronic myeloid leukemia
Ph Philadelphia chromosome
BM Bone marrow
USF2 Upstream transcription factor 2
BCL-2 B-cell leukemia/lymphoma-2
E2F-1 E2 transcription factor family-1
TCL-1 T-cell leukemia/lymphoma1
MCL-1 Myeloid cell leukemia 1
Itch Itchy E3 ubiquitin protein ligase homolog
C/EBPα CCAAT/enhancer binding protein alpha
PLK2 Polo-like kinase 2
AE AML1/ETO
FLT3-ITD Internal tandem duplication of FMS-like

tyrosine kinase 3
HOX Homeobox
MEIS1 Myeloid ecotropic viral integration site 1
c-Kit v-Kit hardy-zuckerman 4 feline sarcoma

viral oncogene homolog
CNS Central nervous system
MDR Minimally-deleted region
DLEU Deleted in leukemia
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DLBCL Diffuse large B-cell lymphoma
MBL Monoclonal B-cell lymphocytosis
IgVH Immunoglobulin heavy-chain

variable-region
ZAP-70 70-kDa zeta-associated protein
LPL Lipoprotein lipase
qRT-PCR Quantitative real-time polymerase

chain reaction
OS Overall survival
TFS Treatment-free survival
OG Oncogene
TS Tumor suppressor

1 Introduction

MicroRNAs (miRNAs or miRs) are a class of non-coding
small RNAs of ~22 nucleotides that regulate expression of
target genes at the post-transcriptional level [1, 2]. Since the
discovery of the first miRNAs [3, 4], these small genes have
added a new layer of complexity to the regulation of normal
and pathological cell functions [5]. It is currently estimated
that the human genome encodes more than 1,000 unique
mature miRNAs, each of which may control several hun-
dred target genes to regulate up to one-third of human tran-
scripts (http://www.mirbase.org, Release 18.0, November
2011).

The biogenesis of miRNAs begins in the nucleus and is
completed in the cytoplasm [6–8] (Fig. 1).MiRNAs recognize
and target the 3’-untranslated region (3’-UTR) of specific
mRNAs bearing a complementary target site. Depending on
the degree of complementarity between mRNA target sites
and the nucleotide sequence from position 2–8 at the 5’ end of
miRNAs (the seed region), regulation of target gene expres-
sion occurs by one of two possible mechanisms: (i) Ago-
catalyzed cleavage of target mRNA when the miRNA has a
perfect (or near perfect) complementarity to that mRNA or (ii)
repression of translation when the miRNA shows an imperfect
complementarity to the target mRNA [9].

MiRNAs are involved in the control of several cellular
processes altered in cancer, such as proliferation, differenti-
ation, and apoptosis [2, 10, 11]. Given this wide variety of
functions, several miRNAs have emerged as candidate
oncogenes and tumor suppressors involved in the networks
specifically altered during cancer development and progres-
sion [12–14]. Since dysregulation of miRNAs has been
shown in many types of solid tumors and leukemias
[15–19], miRNAs may serve as novel clinically useful can-
cer biomarkers. We here summarize the current data from
miRNA expression profiles in leukemia studies and the
current knowledge on the role of aberrant expression of
miRNAs in the pathogenesis of leukemias. In addition, the
potential for therapy is discussed.

2 MicroRNAs in leukemias

2.1 MicroRNA expression in acute myeloid leukemia

Acute myeloid leukemia (AML) is a heterogeneous group of
neoplastic hematopoietic diseases characterized by the ac-
cumulation of primitive myeloid cells arrested at early
stages of differentiation. The hallmark of AML is the pres-
ence of one of many specific cytogenetic abnormalities
being found in about 55 % of adult AML patients [20,
21]. The miRNA signatures were reported to be associated
with specific cytogenetic translocations such as t(15;17), t
(8;21), inv(16) or molecular abnormalities such as nucleo-
phosmin (NPM1), CCAAT/enhancer binding protein alpha
(C/EBPα) or internal tandem duplication of FMS-like tyro-
sine kinase 3 (FLT3-ITD) mutations [22] (Table 1).

Specific alterations in miRNA expression distinguish
subtypes of AML and deregulation of specific miRNAs
may play a role in the development of leukemias with
specific genetic rearrangements. A quantitative expression
profiling of 157 miRNAs in a cohort of 100 primary AML
patients points toward a distinctive signature of AML bear-
ing a t(15;17) translocation, including the up-regulation of
miRNAs located in the human 14q32 imprinted domain.
The set of miRNAs that was differentially expressed com-
pared with normal hematopoietic tissue included miR-127,
miR-154, miR-154*, miR-299, miR-323, miR-368, and
miR-370, providing molecular signatures characteristic of
the major translocation-mediated gene fusion events in
AML [23]. Jongen-Lavrencic et al [24] identified the
miRNA signatures characteristic of AMLs with the cytoge-
netic abnormalities t(15;17), t(8;21), and inv(16). A promi-
nent signature identified in AML patients with t(15;17)
displayed a strong up-regulation of miR-382, miR-134,
miR-376a, miR-127, miR-299-5p, and miR-323. Two mem-
bers of a known tumor suppressor miRNA family, let-7b and
let-7c, were down-regulated in AML with t(8;21) and also in
AML with inv(16). MiR-127 is another known tumor sup-
pressor miRNAwhich was shown to be significantly down-
regulated in AML associated with inv(16).

In a large-scale genome-wide miRNA profiling study of
AML patients, Li et al [20] found that miR-126/126* was
specifically overexpressed in both t(8;21) and inv(16) AMLs,
rearrangements resulting in the disruption of Core Binding
Factors (CBF), whereas miR-224, miR-368, and miR-382
were almost exclusively overexpressed in t(15;17) AMLs.
They found that the overexpression of miR-126/126* in
CBF AMLs was associated with partial promoter demethyla-
tion of the CpG island in which miR-126/126* is embedded,
but not with amplification or mutation of the genomic locus.
Also, this study revealed that miR-126 inhibited apoptosis and
increased the viability of AML cells, and enhanced the prolif-
eration of mouse normal bone marrow (BM) progenitor cells
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alone and in cooperation with the t(8;21) fusion gene, likely
through targeting Polo-like kinase 2 (PLK2), a tumor
suppressor.

Since the expression levels of miR-223 steadily increase
during myelopoiesis and the suppression of this increase
blocks granulocytic maturation, it seems that miR-223 is
an important player in myeloid differentiation [25]. A regu-
latory circuitry comprised of miR-223 and two transcription
factors NFI-A and C/EBPα has been proposed to regulate

human granulopoiesis. The two transcription factors modu-
late the expression levels of miR-223 through competitive
binding to the pre-miR-223 promoter. NFI-A maintains
miR-223 at low levels, whereas its replacement by retinoic
acid (RA)-induced C/EBPα results in miR-223 up-
regulation and enhanced granulocytic differentiation of leu-
kemic cells. Interestingly, miR-223 represses NFI-A trans-
lation, creating a negative feedback loop that favors
granulocytic differentiation [25, 26]. To investigate the
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Fig. 1 Schematic illustration of biogenesis, processing, and function
of microRNA: The biogenesis of miRNAs begins in the nucleus with
the synthesis of a relatively long double-stranded RNA molecule,
known as pri-miRNA. The resulting pri-miRNA transcript is cleaved
by Drosha and its interacting partner DGCR8, producing a character-
istic stem loop precursor, pre-miRNA. The pre-miRNA is then trans-
ported to the cytoplasm by a protein complex consisting of Exportin-5
and Ran-GTPase. In the cytoplasm, the pre-miRNA undergoes its final
processing step, which involves cleavage by Dicer and TRBP below
the stem-loop. This produces a duplex molecule containing the mature

miRNA (often designated miR) and its complementary miRNA*. The
miRNA: miRNA* duplex is separated into two single-stranded nucle-
otide molecules by an RNA helicase; the miRNA* fragment is released
and rapidly degraded in the cytoplasm, whereas the mature miRNA
molecule binds to an Argonaute (Ago) protein and incorporates into the
RNA-induced silencing complex (RISC), which is the active form that
affects mRNA and its translation. Primary miRNA, pri-miRNA; pre-
cursor miRNA, pre-miRNA; Drosha, RNase III endonuclease;
DGCR8, DiGeorge syndrome critical region 8; Dicer, RNase III endo-
nuclease; Ago, Argonaute; RISC, RNA-induced silencing complex
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possibility that leukemia fusion proteins could epigenetical-
ly inhibit the expression of miR-223, Fazi et al [27] ana-
lyzed patient’s primary leukemia blasts and demonstrated a
down-regulation of miR-223 in AML blasts harboring the
chromosomal translocation t(8;21) generating the AML1/
ETO (AE) fusion product. This study identified miR-223
as a direct transcriptional target of the AE fusion protein and
showed that the expression of AE induces epigenetic silenc-
ing of the myelopoiesis regulator miR-223 through the
recruitment of chromatin remodeling enzymes. Ectopic ex-
pression of miR-223, down-regulation of AE protein levels,
or the use of demethylating agents enhanced miR-223 ex-
pression levels and restored differentiation of leukemic
blasts. These findings support the possibility that the epige-
netic silencing of miR-223 may be associated with a differ-
entiation block of myeloid precursors underlying
leukemogenesis.

It was also shown that when miR-223 was overexpressed,
acute promyelocytic leukemia (APL) patient-derived NB4
cells carrying the t(15:17) chromosomal translocation and

expressing the PML/RARα fusion product, were able to
undergo granulocytic differentiation [26]. Interestingly, ec-
topic expression of miR-223 induced granulocytic differen-
tiation in the human myeloblastic HL60 cell line, which
does not carry oncogenic fusion products [27]. Overall,
these findings indicate that miR-223 plays an important role
during granulopoiesis and point to the ability of miR-223 to
reprogram myeloid differentiation in distinct leukemia sub-
types independently from the presence of a specific genetic
lesion.

To assess the function of miR-223 in an in vivo context,
Johnnidis et al [28] engineered a loss of function allele by
excising the miR-223 gene in mice and found, rather sur-
prisingly, that these miR-223-deficient mice exhibit granu-
locytosis and a hyperinflammatory state. They also showed
that MEF2C, a transcription factor that promotes myeloid
progenitor proliferation, is a target of miR-223, and that
genetic ablation ofMEF2C suppresses progenitor expansion
and corrects the neutrophilic phenotype in miR-223 null
mice. Therefore, miR-223 seems to act as a negative

Table 1 Up- and down-regulated microRNAs related to major cytogenetic and molecular genetic alterations in AML

Alteration type Up-regulated microRNA Down-regulated microRNA Reference(s)

Chromosomal alteration in AML

t(15;17) miR-382, miR-134, miR-376a, miR-127,
miR-299-5p, miR-323, miR-193b, miR-379,
miR-485-5p, miR-452, miR-224, miR-432,
miR-370, miR-100, miR-125b, miR-154,
miR-154*, miR-424, miR-181a,b,c,d, miR-368

miR-196a,b, miR-151, miR-10b, let-7c, miR-17-3p,
miR-185, miR-187, miR-194, miR-200a,b,c,
miR-330, miR-339, miR-126, miR-126*, miR-150,
miR-17-5p, miR-20a, miR-422b, miR-10a,
miR-124a

[20, 23, 24]

t(8;21) miR-126, miR-126*, miR-146a miR-133a,b, miR-223, let-7b,c, miR-148a,
miR-125b, miR-99a, miR-9, miR-10a,b,
miR-196a,b

[20, 23, 24,
27]

inv(16) miR-126, miR-126*, miR-424, miR-199b, miR-365,
miR-335, miR-511, miR-99a, miR-100, miR-224

let-7b,c, miR-127, miR-10a,b, miR-196a,b, miR-192 [20, 23, 24]

t(8;21) + inv(16) miR-126, miR-126*, miR-130a miR-196b, miR-17-3p, miR-17-5p, miR-18a,
miR-19a,b, miR-20a, miR-92

[20]

t(11q23) miR-17-3p, miR-17-5p, miR-18a, miR-19a,b,
miR-20a, miR-92, miR-196b, miR-326, miR-219,
miR-194, miR-301, miR-324, miR-339, miR-99b,
miR-328, miR-9, miR-429, miR-93, miR-10a,b,
miR-124a

let7, miR-15a, miR-29a, miR-29b, miR-29c,
miR-34b, miR-196a, miR-372, miR-30a, miR-30e,
miR-102, miR-331, miR-299, miR-193, miR-213,
miR-146a, miR-126, miR-126*, miR-130a,
miR-146a, miR-181a,b,c,d, miR-224, miR-368,
miR-382, miR-424

[20, 24, 34,
35]

Trisomy 8 miR-124a, miR-30d, miR-337, miR-184, miR-302b,
miR-105, let7d, miR-153, miR-215, miR-1,
miR-194

[34]

Molecular alteration in CN-AML

FLT3-ITD miR-155, miR-10a,b, miR-511, miR-135a miR-143, miR-338, miR-30a-3p, miR-182, miR-145,
miR-130a, miR-214, miR-203

[24, 34]

NPMI mutation miR-10a,b, miR-100, let-7a-3, let-7b, miR-21,
miR-16a,b, miR-29a,b,c, miR-16-1, miR-17-92
cluster, miR-96a,b, miR-135a

miR-192, miR-299, miR-128a, miR-198, miR-429,
miR-326, miR-204, miR-127, miR-193b, miR-320,
miR-335, miR-130a, miR-126*, miR-424,
miR-365, miR-450

[24, 41, 126]

C/EBPα
mutation

miR-181a,b,c,d, miR-335, miR-128, miR-192,
miR-219-1-3p, miR-224, miR-340

miR-196a,b, miR-149, miR-9, miR-21, miR-130b,
let-7b, miR-99b, miR-148a, miR-34a, miR-194

[24, 36]

AML, acute myeloid leukemia; CN-AML, cytogenetically normal acute myeloid leukemia; FLT3-ITD, FMS-like tyrosine kinase 3; NPMI,
nucleophosmin; C/EBPα, CCAAT/enhancer binding protein alpha
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regulator of progenitor cell proliferation and granulocyte
differentiation and activation. These data are not consistent
with the previous findings indicating that miR-223 is a
positive regulator of granulocytic differentiation [26]. This
apparent contradiction could be explained on the basis of
different strategies used in each study, i.e., overexpression
strategies used by ref. 26 could have different effects com-
pared with those that are extrapolated from the knockout
studies [28]. In ref. 26 the expression levels of miR-223 was
manipulated in a leukemic cell line resembling an early
granulocyte progenitor, whereas the complete abrogation
of miR-223 expression in ref. 28 led to an extreme experi-
mental situation in which miR-233 was absent in the entire
granulocytic lineage in knockout mice. Additionally, it
should be noted that, in real nature, genes are rather
expressed in tightly controlled graded levels and small
changes in their expression may trigger distinct biological
functions [29]. This is supported by the observation that
different miR-223 functions during different stages of mye-
loid cell development are attributed to different concentra-
tions of miR-223 [28].

The t(2;11)(p21;q23) chromosomal translocation, specif-
ically observed in patients with AML and myelodysplastic
syndrome, entails an elevated expression of miR-125b (from
6- to 90-fold). Bousquet et al [30] reported that in vitro
transfection of miR-125b prevented primary human CD34+

cell differentiation and also blocked the myelomonocytic
differentiation of HL60 and NB4 leukemic cell lines upon
chemical treatment. Therefore, miR-125b up-regulation may
account for the differentiation block observed in leukemic
cells in vivo.

The miR-17-92 cluster was confirmed to be involved in the
development ofMLL-rearrangement AMLs (M4/M5, with the
majority of leukemic cells being monoblasts) [20]. Fontana et
al [31] showed that three miRNAs (miR-17-5p, miR-20a, and
miR-106a) control monocytopoiesis through AML1 targeting,
leading to M-CSF receptor down-regulation, enhanced blast
proliferation and inhibition of monocytic differentiation and
maturation. Mi et al [32] showed that the miR-17-92 cluster
was aberrantly overexpressed inMLL-rearranged acute leuke-
mias. They observed that forced expression of this miRNA
cluster could significantly enhance the viability and inhibit the
apoptosis of human HeLa and 293 T cells, and more impor-
tantly, increase proliferation and inhibit differentiation of
mouse normal BM progenitor cells alone and in cooperation
withMLL fusions, leading to transformation of the cells. They
identified 363 potential miR-17-92 target genes whose expres-
sion was inversely correlated with this miRNA expression.
Gene Ontology revealed that these potential target genes are
significantly enriched in pathways/networks related to
cell differentiation, particularly hematopoiesis (including
both myeloid and B-cell differentiation), cell cycle, and
apoptosis.

Wong et al [33] showed that the miR-17-92 cluster reg-
ulates leukemia stem cell (LSC) potential in a mouse model
of MLL-associated AML through direct suppression of the
cyclin-dependent kinase inhibitor p21. Cluster expression
was significantly reduced upon the exit of LSCs from the
self-renewing compartment, whereas forced expression
blocked myeloid leukemia cell differentiation, enhanced
proliferation, and significantly decreased the latency for
MLL leukemia development. Knockdown of p21 in MLL-
transformed cells phenocopied the expression of the miR-
17-92 cluster, validating p21 as a physiologic and direct in
vivo target of the miR-17-92 cluster in regulating LSC
frequency and accelerating MLL leukemia.

MiR-196b, located between the homeobox A9 (HOXA9)
and HOXA10 genes, is another miRNA which has been
found to be specifically overexpressed in AML patients
with MLL rearrangements [20, 23, 24, 34, 35]. Popovic
et al [35] demonstrated that expression of miR-196b is
induced by leukemogenic MLL fusion proteins, and that
overexpression of miR-196b in normal BM hematopoi-
etic progenitor cells leads to an increase in proliferation
and survival capacity, as well as a partial block of
myeloid cell differentiation. Thus, miR-196 overexpres-
sion seems to be an important event in the development
of leukemias caused by MLL fusion proteins.

In a follow-up study, Marcucci et al [36] reported a
miRNA signature associated with the presence of the C/
EBPα mutation in cytogenetically normal AML (CN-
AML) patients. Up-regulated miR-181a and miR-181b were
confirmed to be a part of a miRNA expression signature
associated with C/EBPα mutations that predicted a favor-
able outcome in CN-AML. Since increased expression lev-
els of miR-181a and miR-181b have been reported during
erythroid differentiation [37], high expression levels of the
members of the miR-181 family may contribute to the
partial erythroid differentiation reported in leukemic blasts
harboring C/EBPα mutations [36].

The expression signature of some miRNAs has been
found to be associated with clinical outcome and survival
of patients with leukemia [38]. In a high-risk subgroup of
CN-AMLs (younger than 60 years with molecular features
such as FLT3-ITD, NPM1 or both), miRNA expression
profiling revealed a miRNA signature that was associated
with event-free survival. The prognostic signature included
miR-181a and miR-181b, which were inversely associated
with the risk of an event (failure to achieve complete remis-
sion, relapse, or death) and miR-124, miR-128-1, miR-194,
miR-219-5p, miR-220a, and miR-320, which were positive-
ly associated with the risk of an event. There was an inverse
correlation between expression levels of the miR-181 family
and expression levels of predicted target genes involved in
mechanisms of innate immunity including genes encoding
toll-like receptors and interleukin-1β. It is thought that
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down-regulation of miRNAs of the miR-181 family contrib-
utes to an aggressive leukemia phenotype through mecha-
nisms associated with the activation of specific innate
immunity pathways. Taken together, these findings point
toward a miRNA signature in molecularly defined, high-
risk CN-AML that is associated with clinical outcome and
with target genes encoding proteins involved in specific
innate immunity pathways [39]. By analyzing a large set
of AML patients with predominantly intermediate and poor
prognosis, Garzon et al [34] found that miRNA expression
was closely correlatedwith specific cytogenetic andmolecular
abnormalities, such as t(11q23), isolated trisomy 8, and FLT3-
ITD mutations. Moreover, high expression levels of miR-191
and miR-199a were found to be unfavorably associated with
overall and event-free survival unfavorably. Significant corre-
lation of miR-191 and miR-199a with survival highlights the
prognostic value of this small subset of miRNAs.

NPM1 mutations are primary events that precede acqui-
sition of FLT3-ITD or other mutations and occur in associ-
ation with FLT3-ITD mutations in approximately 35 % of
AML patients [24, 40]. The analysis of these two mutations
is most commonly used for outcome prediction of CN-AML
patients. Uncovering the role of miRNAs in patients carry-
ing NPM1 and FLT3-ITD revealed a signature of up-
regulation of miR-10a, miR-10b as well as several members
of the let-7 and miR-29 families, distinguishing NPM1-
mutated from NPM1-unmutated cases [41]. Several studies
on the clinical impact in AML subgroups revealed that the
subset of AML carrying NPM1 mutations without concom-
itant FLT3-ITD is a prognostically favorable subgroup and
can be classified in the molecular low-risk CN-AML group
[24, 42].

Statistical analysis of miRNA microarray data revealed a
prominent miRNA signature in AML patients with NPM1
mutations. This miRNA expression signature includes the
up-regulation of miR-10a, miR-10b, miR-196a, and miR-
196b, all of which reside in a genomic cluster of HOX genes
[24]. Because miR-196a directly targets HOXB8 transcript
[43], an aberrant regulatory circuit including NPM1, HOX
genes, and miRNAs might be considered in the develop-
ment of NPM1-mutated AML [24]. Also, Garzon et al [41]
were able to find down-regulation of miR-204 and miR-
128a as an additional miRNA expression signature in
NPM1-mutated AML patients. They showed that miR-204
repressed expression of HOXA10 and myeloid ecotropic
viral integration site 1 (MEIS1), two members of the HOX
gene cluster. This would suggest that HOX up-regulation
observed in NPM1-mutated AML is attributed, at least in
part, to the loss of HOX regulator miRNAs.

It has been found that miR-155 is overexpressed in a
subset of AML patients (particularly, monocytic FAB types
M4 and M5), and that enforced overexpression of miR-155
in normal mouse hematopoietic stem cells causes a

myeloproliferative disorder [44]. Two groups reported inde-
pendently that miR-155 was up-regulated in AML patients
harboring FLT3-ITD mutation, suggesting a role of this
miRNA in the highly proliferative phenotype of this subset
of AML [24, 34]. However, blocking FLT3 signaling using
a potent FLT3 inhibitor or overexpressing FLT3-ITD in
mouse myeloid precursor cells had no significant effect on
miR-155 expression. Thus, up-regulation of miR-155 in
AML samples seems to be independent from FLT3 signal-
ing [41]. Taken together, these data suggest that targeting
miR-155 with agents such as miR-155-specific antagomirs
in combination with FLT3-ITD inhibitors may provide a ben-
eficial treatment option for this subset of AML patients [22].

2.2 MicroRNA expression in acute lymphoblastic leukemia

Acute lymphoblastic leukemia (ALL), one of the most com-
mon malignancies observed in pediatric leukemia patients,
originates from the clonal proliferation of lymphoid progen-
itor cells in BM and is characterized by recurring genetic
abnormalities including chromosomal aneuploidies and a
number of chromosomal rearrangements [45].

In a large-scale genome-wide analysis of 17 ALL and 52
AML cases, Mi et al [46] observed miRNA expression sig-
natures which accurately discriminate ALL fromAML. Of the
27 differentially expressed miRNAs (6 up-regulated and 21
down-regulated in ALL compared with AML) (see Table 2),
four (let-7b, miR-128a, miR-128b, and miR-223) were most
discriminatory with a diagnostic accuracy of 97–99 %.
Among these miRNAs, miR-128a and miR-128b were signif-
icantly up-regulated, whereas let-7b and miR-223 were sig-
nificantly down-regulated in ALL compared with AML. A
genome-wide miRNA expression profiling of pediatric acute
leukemia conducted by Zhang et al [47] showed that the most
highly expressed miRNAs in pediatric ALL were miR-34a,
miR-128a, miR-128b, and miR-146a, while highly expressed
miRNAs in pediatric AML were miR-100, miR-125b, miR-
335, miR-146a, and miR-99a, which were significantly dif-
ferent from those observed in adult AML cases [34, 41, 46].
This pediatric-specific miRNA pattern indicates that the reg-
ulatory networks between pediatric and adult acute leukemias
may be significantly different. Also, miRNA profiles revealed
an expression pattern characterized by high expression levels
of miR-7, miR-198, and miR-663 and low expression levels
of miR-126, miR-222, miR-551a, and miR-345 in pediatric
ALL with central nervous system (CNS) relapse compared to
non-CNS relapsed ALL. This miRNA cascade may serve as a
clinically useful biomarker for predicting pediatric ALL asso-
ciated with CNS relapse [47].

Schotte et al [48] identified an aberrant expression of 19
selected miRNAs in ALL patients. Quantification of miR-
NAs in ALL samples compared to normal CD34+ cells
revealed that 14 miRNAs (miR-128a, miR-142-3p, miR-
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142-5p, miR-150, miR-151-5p, miR-181a, miR-181b, miR-
181c, miR-193a, miR-30e-5p, miR-34b, miR-365, miR-
582, and miR-708) were up-regulated, whereas five miR-
NAs (miR-100, miR-125b, miR-99a, miR-196b, and let-7e)
were down-regulated. Among eight miRNAs differentially
expressed between MLL and non-MLL precursor B-ALL
samples, miR-708 was from 250-fold up to 6,500-fold more
highly expressed in 57 TEL-AML1, BCR-ABL1, E2A-PBX1,
hyperdiploid and other B-ALL samples compared with 20
MLL-rearranged and 15 T-ALL samples. On the contrary,
the expression of miR-196b showed a 500-fold increase in
MLL-rearranged and an 800-fold increase in 5 of 15 T-ALL
samples compared to other B-ALL samples.

MiRNA expression profiles of ALL samples compared
with control CD19+ B-cells revealed that the five most
highly expressed miRNAs were miR-128b, miR-204, miR-
218, miR-331, and miR-181b-1. The most represented
miRNA in ALL samples was miR-128b, which was 436.5-
fold higher compared with normal CD19+ B-cells. The four
miRNAs with the lowest expression levels in ALL samples
were miR-135b, miR-132, miR-199 s, miR-139, and miR-
150 [49] (Table 2). The miR-17-92 cluster was also found to
be up-regulated in ALL samples [49], as previously reported
for a range of hematopoietic malignancies, particularly some
types of lymphomas [50]. Because the miR-17-92 cluster
targets many genes involved in apoptotic pathways and
favors the survival of B-cell progenitors [51], the aberrant
expression of miRNA members of the cluster might be
considered as a possible mechanism in the development of
some types of leukemias and lymphomas.

Enforced expression of the miR-17-92 cluster in the
hematopoietic system accelerated disease onset and progres-
sion in a transgenic mouse model of B-cell lymphoma [52].
This suggests that dysregulation of the miR-17-92 cluster
contributes to lymphomagenesis by repressing tumor sup-
pressor gene(s) [53]. The proapoptotic protein BIM is the

most likely target of the miR-17-92 cluster in lymphoma-
genesis [54]. By establishing a strain of miR-17-92 knock-
out mice, Ventura et al [51] demonstrated that the loss of
miR-17-92 led to elevated BIM protein levels and, subse-
quently, inhibition of B-cell development. This suggests that
down-regulation of BIM mRNA and protein levels induced
by miR-17-92 overexpression might be considered as a
possible anti-apoptotic mechanism in lymphomagenesis
[55]. PTEN is also a known target of the miR-17-92 cluster,
and its dysregulation also might contribute to lymphoma-
genesis [56]. In murine lymphoma and leukemia models, the
oncogenic activity of the miR-17-92 cluster was found to be
exerted by miR-19-mediated down-regulation of PTEN and
suppression of apoptosis [57, 58]. By generating transgenic
mice with elevated miR-17-92 expression in lympho-
cytes, Xiao et al [56] demonstrated that miR-17-92
encoded miRNAs suppressed expression of two tumor
suppressors, PTEN and BIM, as functionally important
targets. It seems that down-regulation of PTEN and
BIM protein expression by miR-17-92 miRNAs contrib-
utes to the lymphoproliferative and autoimmunity phe-
notype observed in miR-17-92 transgenic mice, and to
lymphoma development in patients carrying amplifications of
the miR-17-92 cluster.

Inomata et al [53] revealed that silencing of two miR-17-92
encoded miRNAs (miR-17 and miR-20a) in Jeko-1 cells
derived from mantle cell lymphoma led to up-regulation of
CDKN1A/p21, resulting in G1-S arrest and decreased cell
growth. On the contrary, upon transfection of miR-17-19b-1
(a miR-17-92 variant), expression of p21, but not BIM, was
suppressed in SUDHL4 cells, which were derived from dif-
fuse large B-cell lymphoma (DLBCL) with aberrant BCL-2
overexpression. Also, suppression of both BIM and p21 ex-
pression levels was observed in transfected Raji cells, which
were derived from a Burkitt lymphoma with aberrant c-MYC
overexpression. These results revealed that CDKN1A/p21 is

Table 2 MicroRNAs reported to be up- and down-regulated in studies of ALL

Up-regulated microRNA Down-regulated microRNA Reference

ALL vs. AML j-miR-5, miR-128a, miR-128b, miR-130b,
miR-151*, miR-210

let-7a, let-7b, let-7c, let-7e, miR-21, miR-22,
miR-23a, miR-23b, miR-24, miR-26a,
miR-27a, miR-27b, miR-125a, miR-130a,
miR-199b, miR-221, miR-222, miR-223,
miR-335, miR-424, miR-451

[46]

Pediatric ALL with CNS
relapse

miR-7, miR-198, miR-663 miR-126, miR-222, miR-551a, miR-345 [47]

ALL vs. normal CD34+ cells miR-128a, miR-142-3p, miR-142-5p,
miR-150, miR-151-5p, miR-181a, miR-181b,
miR-181c, miR-193a, miR-30e-5p, miR-34b,
miR-365, miR-582, miR-708

miR-100, miR-125b, miR-99a, miR-196b,
let-7e

[48]

ALL vs. normal CD19+

B-cells
miR-128b, miR-204, miR-218, miR-331,
miR181b-1

miR-135b, miR-132, miR-199 s, miR-139,
miR-150

[49]

ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; CNS, central nervous system
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likely an essential target of miR-17-92 during B-cell lympho-
magenesis, and that the miR-17-92 cluster down-regulates
expression of distinct targets in different B-cell lymphoma
subtypes.

2.3 MicroRNA expression in chronic myeloid leukemia

Chronic myeloid leukemia (CML) is a clonal myeloprolif-
erative disorder arising from neoplastic transformation of a
single hematopoietic stem cell. The hallmark of the disease,
in >95 % of the patients, is the presence of a Philadelphia
(Ph) chromosome which arises from a reciprocal transloca-
tion t(9; 22) (q34; q11) that, in turn, creates a BCR-ABL
fusion oncogene [59, 60]. The BCR-ABL oncogene produ-
ces a constitutively active tyrosine kinase recruiting and
activating several molecular pathways that ultimately lead
to abnormal cellular adhesion, enhanced proliferation, and
inhibition of apoptosis [60, 61].

CML is associated with up-regulation of the miR-17-92
cluster, which is transcriptionally regulated by c-MYC [62].
The miR-17-92 cluster can also be induced by members of
the E2F family of transcription factors [63], while miR-17-
5p and miR-20a, two miRNAs in the cluster, directly target
E2F1 in a negative feedback loop of transcriptional regula-
tion [64]. E2F1 is induced by c-MYC and creates a recip-
rocal positive feedback loop by inducing c-MYC expression
[64]. Owing to c-MYC-induced expression of the miR-17-
92 cluster, it seems that this autoregulatory feedback loop
may provide fine tuning to control the opposing prolifera-
tive and apoptotic functions of E2F and that interaction
between the cluster and c-MYC modulates E2F1 expression
[63–65].

Venturini et al [66] found that the miR-17-92 cluster is
overexpressed in CML CD34+ cells from patients in chronic
phase, but not in blast crisis, compared with normal CD34+

cells. They also showed that treatment of human myeloid
cell line K562 with imatinib, anti-BCR-ABL RNA interfer-
ence or anti-c-MYC RNA interference resulted in the down-
regulation of miR-17-92. These data demonstrated that the
expression of miR-17-92 miRNAs in CML cell lines depend
on BCR-ABL tyrosine kinase activity and add miRNAs to
the signaling network affected by the BCR-ABL oncopro-
tein. Additionally, miR-203, which is genetically and epige-
netically silenced in CML, controls BCR-ABL oncogene
expression. Re-expression of miR-203 reduces ABL1 and
BCR-ABL fusion protein levels and dramatically inhibits
the proliferation of tumor cells in an ABL1-dependent man-
ner. Thus, miR-203 is able to modulate the expression of
tumor-specific translocation proteins [67].

Although the BCR-ABL oncoprotein up-regulates the
expression of oncogenic miRNAs and down-regulates tu-
mor suppressor miRNAs favoring leukemic transformation,
there is also convincing evidence that points to abnormal

expression of miRNAs independent of BCR-ABL activity.
Agirre et al [68] identified an abnormal miRNA expression
profile in CD34+ and mononuclear cells from patients with
CML compared with healthy controls. Expression analysis
of 157 miRNAs revealed that miR-10a, miR-150, and miR-
151 were down-regulated, whereas miR-96 was up-
regulated in both CD34+ and BM mononuclear cells of
CML patients at diagnosis compared to healthy controls.
Interestingly, this study showed that down-regulation of
miR-10a was not dependent on BCR-ABL activity and
resulted in increased upstream stimulator factor 2 transcrip-
tion factor (USF2)-mediated cell growth of CML cells,
supporting the potential role of a miRNA in the abnormal
behavior of CML.

The BCR-ABL tyrosine kinase inhibitor imatinib is the
first-line therapy for newly diagnosed CML. To evaluate
whether imatinib treatment of CML patients can normalize
characteristic miRNA expression profiles. Flamant et al [69]
determined the repertoire of miRNAs expressed in leukemic
cells from newly diagnosed patients with CML, prior to and
within the first 2 weeks during imatinib therapy. They
observed a significantly increased expression of miR-150
and miR-146a and a decreased expression of miR-142-3p
and miR-199b-5p in peripheral blood mononuclear cells of
CML patient after 2 weeks of imatinib therapy. The aberrant
expression levels of these miRNAs were tending towards
normal levels after 2 weeks of imatinib therapy. Despite the
clinical success obtained with the use of imatinib, approxi-
mately 20–25 % of patients do not respond to the therapy,
owing to intolerance or drug resistance. San José-Enériz et
al [70] reported a distinct signature consisting of 19 miR-
NAs which were differentially expressed between imatinib-
resistant and -responder CML patients: 18 of them were
down-regulated (miR-7, miR-23a, miR-26a, miR-29a,
miR-29c, miR-30b, miR-30c, miR-100, miR-126, miR-
134, miR-141, miR-183, miR-196b, miR-199a, miR-224,
miR-326, miR-422b, and miR-520a) while only one was
up-regulated (miR-191) in imatinib-resistant CML patients.
Among the predicted targets of these miRNAs are several
membrane transporters that belong to the ATP binding cas-
sette superfamily of transmembrane transporters, which
have been implicated in resistance to chemotherapy. Taken
together, these findings put more emphasis on the signifi-
cance of miRNA profiling to predict clinical resistance to
imatinib in patients with newly diagnosed CML (Table 3).

2.4 MicroRNA expression in chronic lymphocytic leukemia

Chronic lymphocytic leukemia (CLL), the most common
type of leukemia among adults, arises from a malignant
clone of B-cells and is characterized by multiple and recur-
rent chromosomal abnormalities, of which deletions in chro-
mosome 13q (del13q14) occur in more than 50 % of all CLL
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cases. Other chromosomal alterations include 11q deletions
(11q-; 18 %), trisomy of chromosome 12 (12 %), and 17p
deletions (17p-; 7 %) [71].

The first evidence for the involvement of miRNAs in
hematologic malignancies was described in CLL. The miR-
15a/miR-16-1 cluster resides at chromosome 13q14.3, a ge-
nomic region frequently lost or down-regulated in B-cell
CLLs [72]. A 10 kb minimally-deleted region (MDR) which
contains the deleted in leukemia (DLEU) 2 gene as well as the
miR-15a/miR-16-1 cluster has been identified in 13q14. Klein
et al [73] generated transgenic mice that either lacked the
MDR (containing both DLEU2 and miR-15a/miR-16-1) or
two miRNA genes only. The deletion of the MDR caused B-
cell lymphoproliferative disorders, recapitulating the spectrum
of CLL-associated phenotypes, including monoclonal B-cell
lymphocytosis (MBL), the presumed low-penetrance prema-
lignant stage, classic CLL/small cell lymphocytic leukemia
(SLL), and the low-penetrance aggressive progression stage of
diffuse large B-cell lymphoma (DLBCL). The significantly
more aggressive phenotype displayed by the MDR-deleted
mice compared to mice with the miR-15a/miR-16-1 deletion
raises the possibility that 13q14 deletions of different size
(including or excluding the DLEU5 locus), may affect the
clinical behavior of CLL in humans. These findings are in
line with the previous observation that miR-15a/miR-16-1
deletion was associated with the indolent form of disease
[72]. Calin et al [71] identified germ-line and somatic muta-
tions in the primary precursors of miR-15a and miR-16-1 in
approximately 10% of CLL patients. A similar point mutation
adjacent to the miR-16-1 region in the New Zealand Black
(NZB) mouse model of human CLL has been associated with
a low expression level of miR-16-1, and mice harboring this
mutation developed a B-cell lymphoproliferative disease
highly reminiscent of CLL [74]. MiR-16-1 expression was
decreased in subpopulations of NZB B-cells, and overexpres-
sion of miR-16 in an NZB-derived malignant B-1 cell line led
to cell cycle alterations and increased apoptosis. This suggests
that altered expression of the miR-15a/miR-16-1 cluster is an
important molecular lesion in CLL and that these miRNAs
may be targets for therapeutic efficacy in this disease [74, 75].

Among direct targets of the miR-15a/miR-16-1 cluster, a
number of mRNAs encoding gene products critically

involved in regulating cell proliferation and apoptosis have
been identified. Most remarkably, the target genes include
several proliferation-associated genes such as cyclins
(CCND1 and CCND3) and cyclin-dependent kinases
(CHK6) as well as genes involved in apoptosis (BCL-2)
[76]. Mir-15a and miR-16-1 are severely down-regulated
in 70 % of patients with CLL and overexpression of this
pair of miRNAs induces apoptosis by targeting the anti-
apoptotic gene BCL-2 [77]. Calin et al [78] performed a
high-throughput profiling of genes modulated by the miR-
15a/16-1 cluster in a leukemic cell line model (MEG-01)
and in primary CLL samples and identified a signature of
common genes whose silencing characterizes the miR-15a/
miR-16-1-induced phenotype in CLL. They proved that the
miR-15a/miR-16-1 cluster targets several cancer-related
genes (such as MCL-1, BCL-2, JUN, MSH-2, or WT-1) that
directly or indirectly affect apoptosis and cell cycle regula-
tion. Also, it has been shown that miR-16-1 negatively
regulated cellular growth and cell cycle progression of hu-
man mantle cell lymphomas by targeting CCND1, a cell
cycle regulator which promotes G1 to S-phase progression
[79]. Linsley et al [80] showed that miR-16-down-regulated
transcripts were enriched with cell cycle regulatory genes
(CDK6, CDC27, CARD10, and C10orf46) whose silencing
caused an accumulation of cells in G0/G1. Simultaneous
siRNA-mediated silencing of these genes was more effec-
tive in blocking cell cycle progression than silencing of any
of the genes individually. Thus, miR-16 coordinately regu-
lates cell cycle regulators that may function synergistically
to control cell cycle progression.

MiR-155 maps within, and is processed from, an exon of
the non-coding RNA known as B-cell integration cluster
(BIC), and has been shown to be up-regulated in different
human B-cell neoplasms, suggesting a role for miR-155 in
B-cell lymphomagenesis [81, 82]. MiRNA expression pro-
filing of 56 CLL patients revealed that miR-155 was dra-
matically overexpressed in almost every patient analyzed,
suggesting that miR-155 overexpression is a general char-
acteristic of CLL [82]. Several studies showed that vast
overexpression of miR-155 under the Eμ-myc promoter
resulted in the development of B-cell malignancies in mice
[83–87]. Costinean et al [83] showed that the transgenic

Table 3 MicroRNAs reported to be associated with imatinib resistance in CML

Up-regulated microRNA Down-regulated microRNA Reference

After two weeks of imatinib therapy miR-150, miR-146a miR-142-3p, miR-199b-5p [69]

Resistant vs. Responder miR-191 miR-7, miR-23a, miR-26a, miR-29a, miR-29c, miR-30b,
miR-30c, miR-100, miR-126, miR-134, miR-141, miR-183,
miR-196b, miR-199a, miR-224, miR-326, miR-422b,
miR-520a

[70]

CML, chronic myeloid leukemia

Aberrant miRNA expression in leukemias 325



mice model of CLL carrying a miR-155 transgene whose
expression is targeted to B-cells (Eμ-mmu-miR-155)
exhibited initially a polyclonal preleukemic pre-B-cell pro-
liferation evident in the spleen and BM, followed by a frank
B-cell malignancy. This model demonstrates a role for miR-
155 in the development of B-cell malignancies, favoring the
capture of secondary genetic changes for full transforma-
tion, and suggests that miR-155 is directly involved in the
induction of polyclonal B-cell expansion.

The miR-34 family and particularly miR-34a as direct,
conserved p53 target genes have been shown to mediate
some of the p53-dependent effects including apoptosis, cell
cycle arrest, and senescence [88–91]. Previous publications
showed that miR-34a depends on the intactness of the p53
pathway to exert its functional effects through direct target-
ing CDK4, CDK6, CCND1, CCNE2, MET, BCL2, and E2F
transcription factor 3 [92–95]. Therefore, despite being tran-
scriptionally induced by p53, miR-34a creates a positive
feedback loop by affecting factors upstream of p53 that in
turn lead to p53 activation [89, 95, 96]. It has been shown
that CLLs, with TP53 mutations and 17p deletions are
resistant to chemotherapy. One study showed that 17p13/
P53 deletion was associated with down-regulation of miR-
34a expression in patients with B-CLL [97]. This finding
would suggest that miR-34a is a part of the resistance
network in CLL. A large cohort study has revealed that
low expression of miR-34a in CLL is associated with p53
inactivation, chemotherapy-refractory disease, impaired
DNA damage response, and apoptosis resistance irrespec-
tive of 17p deletion/TP53 mutation, suggesting that miR-
34a may serve as a marker for poor prognosis for CLL [98].

Pekarsky et al [99] found that miR-29b and miR-181b act
as tumor suppressors in aggressive CLL by targeting T-cell
leukemia/lymphoma 1 (TCL-1), an oncogene that is overex-
pressed in CLL cases with 11q-. The expression levels of
miR-29b and miR-181b were inversely correlated with
TCL-1 expression levels in CLL patients, suggesting that
TCL-1 is a target of both miRNAs [99]. High expression
levels of TCL-1 are associated with high expression of a 70-
kDa zeta-associated protein (ZAP-70) and an unmutated
immunoglobulin heavy-chain variable-region (IgVH), fac-
tors that indicate a more aggressive CLL [100]. Supporting
these findings, TCL-1 transgenic mouse models displayed a
disease state closely resembling aggressive, treatment-
resistant human CLL [101, 102].

To investigate whether the expression of miRNA genes
predicts the clinical course of CLL, Calin et al [71] per-
formed genome-wide expression profiling with a miRNA
microchip in a large number of CLL samples from patients
with available clinical data. The miRNA expression profiles
of 94 samples of CLL cells revealed that there is a unique
miRNA expression signature, composed of 13 miRNA
genes (out of 190 analyzed), which was associated with

disease progression. Interestingly, the expression levels of
the members of the signature were found to be correlated
with CLL prognostic factors such as ZAP-70 expression and
IgVH mutated/unmutated status (see Table 4). Although two
other independent studies found non-overlapping miRNA
signatures, each of these expression signatures was found to
be correlated with the mutational status of IgVH, a prognos-
tic factor for aggressive CLL [82, 103]. Stamatopoulos et al
[104] also revealed that down-regulation of miR-29c and
miR-223, associated with progression of disease from Binet
stage A to C and poor prognostic factors for CLL, can
significantly predict treatment-free survival (TFS) and over-
all survival (OS). Additionally, a quantitative real-time po-
lymerase chain reaction (qRT-PCR) score combining miR-
29c and miR-223 with well-established prognostic factors
ZAP-70 and lipoprotein lipase (LPL) was developed to
stratify treatment and death risk in CLL patients (from 0 to
4 poor prognostic markers) [104, 105] (Table 4). MiR-21
and miR-181b, two unfavorable prognostic factors indepen-
dent of other clinical pathologic factors, have been found to
be differentially expressed in CLL patients. High miR-21
expression in patients with a poor prognosis predicted OS
and low miR-181b expression in therapy-refractory cases
significantly predicted TFS [106]. Rossi et al [106] devel-
oped a “21FK” score (miR-21 qRT-PCR, fluorescence in
situ hybridization, karyotype) to stratify OS in CLL patients
with chromosome 17p deletions and found that the survival
of patients with a low score was significantly higher than
those with high scores. Comparing the relative power of the
21FK score with the currently used survival and prognostic
factors (such as ZAP-70 and IgVH status) highlighted the
efficacy of the 21FK score for distinguishing between good
and poor prognosis CLL patients.

3 MicroRNA expression profiling as a novel clinical tool

A growing body of literature, summarized above and in
Table 5, describes the role of miRNAs in hematopoietic
malignancies including the four leukemias discussed. Com-
paring the expression profiles between distinct sets of
healthy and leukemic cells has led to the successful identi-
fication of miRNA signatures of specific leukemia types.
However, based on the large number of miRNAs in the
human genome and the broad variety of mRNAs regulated
by these molecules, some miRNA members of the identified
signatures in different types of leukemia are surprisingly
common.

Different leukemia types and subtypes have specific
miRNA signatures that may be useful as diagnostic and
prognostic markers. Additionally, there is a growing body
of evidence that points to the potential roles of miRNAs as
promising novel biomarkers for leukemia detection [107,
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108]. A miRNA expression profiling conducted by Tanaka
et al [109] showed that down-regulation of miR-92 in hu-
man plasma could be considered as a novel biomarker for
acute leukemia patients. Furthermore, miR-683 was found
to be equally expressed in all the samples (regardless of age,
sex or leukemia classification) so the ratio of miR-92a/miR-
638 in plasma may be able to distinguish healthy individuals
from acute leukemia patients.

Also, miRNA expression profiles have been shown to
change during treatment and the modulation of some miR-
NAs increases the sensitivity of tumor cells to chemothera-
peutic agents [15]. The ability of miRNA profiling to predict
therapeutic outcome in well-established anti-cancer/leuke-
mia therapies could be considered as the most promising
application of miRNAs, but needs to be further investigated.
For example, alterations in miRNA expression profiles
could provide information about sensitivity or resistance of
certain tumor types to different treatments before starting
any therapy. Moreover, changes in miRNA expression dur-
ing a therapy might offer a tool for the control of success of
treatment [110]. It was shown that the expression levels of
certain miRNAs dysregulated in CML were significantly
restored after 2 weeks of imatinib therapy [69]. A group of
19 miRNAs was identified as possible predictors of clinical
resistance to imatinib in patients with newly diagnosed
CML [70]. Moussay et al [111] identified a set of genes
and miRNAs that could predict the clinical outcome of CLL
patients and refine the prognosis before fludarabine therapy.
Differential expression of the sulfatase SULF2 and of miR-
29a, miR-181a, and miR-221 was observed between resis-
tant and sensitive patients before treatment with fludarabine.
These results could be of interest for clinical trials and may
help to predict the clinical outcome of CLL patients before
or early during their treatment.

Restoring the expression levels of tumor suppressive
miRNAs using viral or liposomal delivery of mimic miR-
NAs [15, 112], or sequence-specific knockdown of onco-
genic miRNAs by chemically engineered oligonucleotides
termed “antagomirs” or locked nucleic acid (LNA)-anti-miR
oligonucleotides, represents a potential novel therapeutic

approach for the treatment of cancer and leukemia [113,
114]. In leukemia cells, a miR-19-specific antagomir caused
an increase in the expression levels of silenced tumor sup-
pressors including PTEN and produced anti-proliferative
effects, thereby opposing miR-19-driven leukemogenesis
[115]. Targeting MLL-AF9 transformed/miR-196b overex-
pressing BM progenitor cells with an antagomir against
miR-196-b abrogated the proliferative capacity of these cells
in vitro [35]. This suggests that the approach based on
antagonizing the activity of even a single miRNA may have
therapeutic potential against leukemia [116]. Interestingly,
preliminary data validate the effectiveness of antagomirs as
specific silencers of endogenous miRNAs in mice [113,
117]. Krützfeldt et al [113] showed that intravenous admin-
istration of antagomirs against miR-16, miR-122, miR-192
and miR-194 led to specific and long-lasting reduction of
corresponding miRNA levels in mice. The advantage of the
high metabolic stability of LNA-anti-miRs, due in part to
enhanced selectivity and nuclease resistance, their small size
and lack of acute toxicity, implies that LNA-anti-miRs may
be well-suited for the development of novel therapeutic
approaches targeting cancer-related miRNAs [118]. Elmén
et al [119] demonstrated that the simple systemic delivery of
an unconjugated LNA-anti-miR efficiently antagonized the
liver-expressed miR-122 in non-human primates. Moreover,
LNA-anti-miR-122 (SPC3649) is the first miRNA-targeted
drug to enter human clinical trials and is currently
undergoing phase 1 clinical studies to test the safety
of its intravenous administration in healthy volunteers
(www.santaris.com).

The above data indicate that modulation of miRNA ac-
tivity may represent a promising therapeutic approach for
leukemia patients, either alone or in combination with cur-
rently used therapies. However, there are several obstacles
ahead to be resolved prior to consideration of conducting
miRNA-based clinical therapy including dosage, stability,
specificity, efficacy, safety, and problems of delivery to the
target [38, 105, 120, 121]. Moreover, some miRNAs may
present activities as both oncogene and tumor suppressor in
different contexts. For example, the miR-17-92 cluster, one

Table 4 MicroRNA expression signatures associated with prognostic factor(s) in patients with CLL

microRNA members of the identified signatures Clinically relevant prognostic factor(s) Reference

↑miR-15a, ↑miR-195, ↑miR-221, ↑miR-23b, ↑miR-155, ↓miR-223,
↓miR-29a-2, ↑miR-24-1, ↓miR-29b-2, ↑miR-146, ↑miR-16-1,
↑miR-16-2, ↓miR-29c

Unmutated IgVH and high expression of ZAP-70 [71]

↓miR-150, ↓miR-223, ↓miR-29b, ↓miR-29c Unmutated IgVH [82]

↓miR-181a, ↓let-7a, ↓miR-30d, ↑miR-155, ↓ miR-29 Unmutated IgVH [103]

↓miR-29c, ↓miR-223 High expression of ZAP-70 and LPL [104]

CLL, chronic lymphocytic leukemia; IgVH, immunoglobulin heavy-chain variable-region; ZAP-70, 70-kDa zeta-associated protein; LPL, lipopro-
tein lipase; ↑, high expression; ↓, low expression
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of the first and well-studied oncogenic miRNAs, seems to
be frequently overexpressed in a range of human malignan-
cies [122, 123], including some types of leukemias and
lymphomas [20, 24, 50, 124]. However, there is a body of
evidence highlighting tumor suppressive activity of the
miR-17-92 cluster, which contrasts with the hypothesized
oncogenic role seen in other cancers [125]. This implies that
the cellular context of miRNA expression decisively con-
trols the function of a miRNA, emphasizing the need for a
better insight into expression patterns and potential roles of
candidate miRNA(s) in other tissues to avoid undesirable
side effects [38].

4 Conclusion and future direction

The published observations discussed in this review demon-
strate that miRNAs are involved in the pathogenesis of leuke-
mias and that miRNA profiling could be used for the
classification of leukemias, establishing specific diagnoses
and offering prognostic values in the near future. The associ-
ation of miRNA dysregulation with leukemogenesis and the
functional analysis of specific miRNAs demonstrate the fea-
sibility of manipulating miRNA expression levels as a poten-
tial strategy for developing efficient “personalized” therapies
against leukemias. Obviously, the potential involvement of
candidate miRNAs in the pathogenesis of leukemias needs
to be further investigated as the field moves toward clinical
applications.
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