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Abstract

In addition to genetic abnormalities such as chromosomal translocations and somatic mutations
that have been widely acknowledged in the leukemogenesis of acute myeloid leukemia (AML),
epigenetic modifications also play a vital role in this process. MicroRNA (miRNA) regulation is
emerging as a new layer of epigenetic regulation besides DNA methylation and histone
modifications. Amongst the miRNAs first identified to be specifically expressed in hematopoietic
cells, the miR-181 family has been implicated in regulating the differentiation of B cells, T cells
and natural killer cells during normal hematopoiesis, and has been linked tightly to the
pathogenesis and prognosis of AML. Accumulating evidence indicates that miR-181 acts as a
tumor suppressor in the pathogenesis of AML and exhibits a significant impact on the survival of
patients with AML. Here we review the role of miR-181 as a diagnostic marker and prognostic
predictor in AML and discuss the potential use of miR-181 as a therapeutic target for AML.
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Introduction

Acute myeloid leukemia (AML) is a hematopoietic stem cell disorder characterized by the
rapid growth and abnormal accumulation of granulocyte or monocyte precursors in bone
marrow and blood that eventually interferes with the production of normal blood cells [1].
Recurring chromosomal aberrations and gene mutations are frequently found in AML and
contribute greatly to the pathogenesis of the disease [2]. Cytogenetic abnormalities, such as
t(8;21), t(15;17), t(9;11) chromosomal translocations and inversion of chromosome 16
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(inv16), have been found in more than 50% of AML patients and well recognized as key
driving forces of leukemogenesis for the corresponding subtypes of AML [1, 3, 4]. In
patients with no detectable chromosomal abnormalities, referred to as cytogenetically
normal AMLs (CN-AMLs), mutations in specific genes that play crucial roles in
leukemogenesis, such as FLT3, NPM1, CEBPA, DNMT3a, TET2 and IDH1/2, have been
observed to occur alone or in combination [5-7]. In addition to these genetic changes,
epigenetic modifications including DNA methylation and histone modifications have been
frequently reported in AML [2]. These aberrant epigenetic changes can be caused by the
somatic mutations of epigenetics-modifying genes (e.g.,, DNMT3a, TET2 and IDH1/2) or by
the chimeric fusion proteins generated by chromosomal translocations (e.g., AML1-ETO by
t(8;21), PML-RARA by t(15;17), MLL-AF9 by t(9;11)). On the other hand, the effect of the
epigenetic machinery may be achieved through these fusion proteins, thereby forming a
complicated regulatory network in AML cells.

During the past decade, another layer of complexity has been added to the understanding of
cancer including AML, with the accumulating evidence that microRNAs (miRNAS), a class
of short (~22 nucleotides in length) non-coding RNAs play critical roles in the initiation,
progression and relapse of various types of cancers [2, 8-11]. Mature miRNAs are generated
from primary miRNA transcripts with the sequential processing by two ribonuclease 111
enzymes, namely Drosha and Dicer [12]. By base-pairing with the 3’ untranslated region
(UTR) of target mMRNAS, one miRNA can regulate the expression of multiple target genes
through mRNA degradation and/or translational inhibition [2]. Deregulation of miRNAs has
been widely observed and associated with the development of hematopoietic malignancies
by directly or indirectly modulating the expression of genes crucial for hematopoietic
development and leukemogenesis [2, 13, 14]. As miRNA regulation is a kind of post-
transcriptional regulation that is not involving changes in genomic DNA, regulation
mediated by miRNAs can be viewed as a new layer of epigenetic regulation besides DNA
methylation and histone madifications.

The miR-181 family, including miR-181a, miR-181b, miR-181c and miR-181d, are among
the miRNAs that were first identified to be specifically expressed in hematopoietic cells
[13]. Human miR-181a and miR-181b genes are clustered together and located on
chromosome 1 (miR-181al and miR-181b1) as well as chromosome 9 (miR-181a2 and
miR-181b2), whereas miR-181c and miR-181d genes are clustered together on chromosome
19. The members of the miR-181 family are evolutionarily conserved across almost all
vertebrates, suggesting that those miRNAs are functionally important. Indeed, accumulating
data prove the critical role of miR-181 family members as regulators of normal cell
differentiation, especially for cells of hematopoietic origin, including T-cells, B-cells,
natural Killer cells and megakaryocytes [13, 15, 16]. At the same time, a growing number of
evidence has linked miR-181 to leukemia, particularly to AML.

MiR-181 as a diagnostic marker of AML

With the development of various methods for high-throughput quantification of miRNA
expression, miRNA expression profiles have been determined in different sets of leukemia
samples. Particularly, with the finding that miRNA expression signature could be used to
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distinguish AML from other subtypes of leukemia and to discriminate different molecular
subtypes of AML [17, 18], it is becoming more clear that miRNAs can be used as diagnostic
markers for leukemia, including AML.

In an early study of miRNA expression in 30 AML samples from peripheral blood or bone
marrow of patients with normal karyotype, Debernardi et al. used Tagman Realtime gPCR
and found that expression of miR-181a correlates with the leukemic morphological subtypes
as classified based on the French-American-British (FAB) morphological phenotype [19].
Specifically, an elevated expression of miR-181a was observed in the M1 and M2 subtype
samples as compared to those with the M4 and M5 subtypes [19]. This was confirmed later
in another study by Isken et al. using 14 normal karyotype AML samples [20]. These studies
implied that down-regulation of miR-181a is a hallmark of the M4 and M5 subtypes of
AML, although further studies are needed to understand the mechanism by which this
deregulation occurs and the targets of miR-181a that might be derepressed and therefore
drive the relevant leukemic phenotype.

Beyond morphologically defined subtype distinctions, miR-181 expression has also been
examined across cytogenetically normal AML (CN-AML) and cytogenetically abnormal
AML (CA-AML) patient samples. In CN-AML, Marcucci et al. reported that all members
from the miR-181 miRNA family were up-regulated in patients with CEBPA mutations and
therefore characterized this type of AML [21]. Research from the same group also identified
the decreased expression of miR-181 in a high-risk subgroup of CN-AML with FLT3-ITD or
wild-type NPM1 or both [22]. By use of bead-based miRNA expression profiling assay, Li
et al. showed an increased expression of miR-181a, miR-181b, miR-181c, and miR-181d in
CA-AML carrying t(8;21), inv(16), and t(15;17) than in patients harboring mixed lineage
leukemia (MLL) rearrangements [18]. Therefore, miR-181 expression correlates well with
cytogenetic and molecular subtypes of AML and has the potential to be used as a diagnostic
marker for AML.

MiR-181 as a prognostic predictor of AML

There is a growing body of evidence to demonstrate that the expression signature of some
miRNAs is associated with the clinical outcome of AML patients [23-25], which suggests
that miRNAs could serve as prognostic markers and thereby guide the clinical treatment of
AML.

Expression of miR-181 family has been consistently reported to positively correlate with
favorable prognosis in AML patients (Table 1). Marcucci et al. showed that expression of
miR-181a and miR-181b was positively associated with the clinical outcome in molecular
high-risk CN-AML (with FLT3-1TD and/or wild-type NPM1) and inversely associated with
the risk of an event, such as failure to achieve complete remission (CR), relapse, or death
[22]. This correlation remained significant in their multivariable analysis after adjusting for
other clinical factors, such as white blood cell count. Based on the inverse correlation
between miR-181 expression and their putative target genes such as TLR4, CARDS8, CASP1,
IL1B, SLC11A1, MSR1, and FGRI1A, the authors hypothesized that miR-181 was
functionally involved in toll-like receptor (TLR) and interleukin-1p-regulated innate
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immune response pathways [22]. In addition, they reported that upregulation of members of
the miR-181 family in CN-AML with CEBPA mutations was associated with favorable
clinical outcomes [21]. They further showed that the truncated C/EBPa-p30 isoform
encoded by N-terminal CEBPA mutations bound directly to miR-181a promoter and
promoted its expression, suggesting that miR-181a is a direct target of CEBPA mutants [26].

The prognostic significance of miR-181 expression in CN-AML was further confirmed by
Schwind et al., who demonstrated that higher expression of a single miRNA, miR-181a,
predicted better outcome as shown by a higher CR rate, longer overall survival and longer
disease-free survival, especially in CN-AML patients with FLT3-ITD and/or NPM1 wild-
tpye [27]. This statistically significant prognostic impact of miR-181a expression was
maintained in multivariable analysis considering other molecular prognostic factors [27].

The prognostic potential of miR-181 is not restricted to CN-AML. Li et al. recently
demonstrated that increased expression levels of miR-181a and miR-181b are associated
with favorable overall survival in CA-AML patients using either univariate or multivariate
analysis [28]. The authors also showed that four homeobox superfamily genes (i.e., HOXA7,
HOXA9, HOXAL1, and PBX3) were targeted by miR-181 family, particularly by miR-181b
[28] (also see Figure 1). In fact, miR-181a, miR-181b, miR-181c and miR-181d were
expressed at a relatively higher level in patients carrying translocations with favorable
prognosis, such as t(8;21), inv(16) and t(15;17), compared to patients with intermediate or
poor prognostic translocations, such as those with MLL rearrangements [28]. As a result,
expression signatures, not only of miR-181 genes but also of their 4 target genes as a whole,
have valuable potential to be employed as independent prognostic factors of clinical
outcomes of patients with CA-AML [28].

In addition, in AML with multilineage dysplasia (MLD) that is often associated with
unfavorable cytogenetic profile and response to therapy, miR-181a is the only miRNA that
has been shown to be downregulated [23], further supporting its role as a prognostic
predictor in AML.

MiR-181 in therapeutic development for AML

The aim of research in cancer is to translate basic scientific findings into better clinical
strategies that would benefit patients. MiRNASs serve as such a type of ideal targets from this
point of view as they can act as either oncogenes or tumor suppressors or both. The potential
of using miRNA inhibitors or miRNA mimics has been studied to evaluate the feasibility of
interfering with the function of oncogenic miRNASs or restoring the expression/function of
tumor-suppressor miRNAs in the treatment of cancers [2, 10, 29, 30]. Moreover,
combination of miRNA inhibitors or mimics with chemotherapeutic drugs has also proven
to be more efficacious in cancer treatment and thus represents a very attractive therapeutic
strategy [31, 32].

Although an oncogenic role of miR-181 has been reported in other types of cancer [33, 34],
the role of miR-181 as a tumor suppressor in AML has been consistently suggested based on
the correlation between miR-181 expression and the overall survival of AML patients [21,
22, 27, 28]. Specifically, Li et al. studied in detail the tumor suppressive role of miR-181 in
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AML and showed that ectopic expression of miR-181b significantly inhibited cell viability
and promoted apoptosis of MLL-rearranged AML cells, and inhibited MLL-fusion-mediated
cell transformation and leukemogenesis [28]. This study sheds new light on the application
of miR-181b for clinical treatment of MLL-rearranged AML.

Hickey et al. have shown that lenalidomide, a drug approved by U.S. Food and Drug
Administration (FDA) for the treatment of myelodysplastic syndromes and multiple
myeloma, can induce endogenous expression of miR-181a through enhancing translation of
the C/EBPa-p30 isoform [26]. In xenograft mouse models, either forced expression of
miR-181a or lenalidomide treatment could significantly inhibit tumor growth of AML [26].
Thus, inducing endogenous expression of tumor-suppressor miRNAS by therapeutic agents
represents a new therapeutic strategy.

Recently, studies on combining miR-181 with chemotherapeutic drugs have been conducted,
with the hope of providing better strategy for AML therapy. MiR-181a expression was
shown to be reduced in the HL-60/Ara-C subline that was derived from HL60 with Ara-C
resistance, and restoration of this miRNA sensitized the cells to Ara-C treatment [35].
Similarly, lenalidomide can sensitize AML cells to conventional Ara-C therapy through
increasing endogenous expression of miR-181a [26]. In another study, Lu et al. showed that
miR-181b was down-regulated in human multidrug-resistant leukemia cells and relapsed/
refractory AML patient samples; when overexpressed, miR-181b sensitized these leukemia
cells to cytotoxic chemotherapeutic drugs by targeting HMGBL [36]. These studies provided
preliminary evidence for the combined therapy of AML using miR-181 and
chemotherapeutic drugs.

Discussion

With increasing studies of miRNA expression profiling and functions in AML, our
understanding of the functions and clinical implications of miRNAs in the pathogenesis and
prognosis of AML is expanding. In addition to their prognostic value, miRNA expression
signatures also have tremendous potential to translate into clinical therapeutics. For
example, in unfavorable subtypes of cytogenetically normal and abnormal AML with low
expression of miR-181a/b, replacement therapies through nanoparticle delivery of
miR-181a/b oligos and/or drug (e.g., lenalidomide) treatment can restore the normal
expression/function of miR-181a/b and thereby inhibit leukemia progression. The optimal
therapeutic effect on treating poor-prognosis AML could be achieved by the combination of
miR-181 replacement therapy with other therapies such as standard chemotherapy.

However, special care must be taken when employing these data for guidance of clinical
application. Although almost all the clinical data available support miR-181 as a tumor
suppressive miRNA family in AML, there was still some controversial evidence on the
function of miR-181 in leukemia. For example, miR-181b was shown to be down-regulated
in acute promyelocytic leukemia (APL) patients and cell lines treated with all-trans-retinoic
acid (ATRA) [37]; in addition, overexpression of miR-181a was shown to prevent 1,25-
dihydroxyvitamin D(3)-induced monocytic differentiation [38], ATRA-induced granulocytic
differentiation, or phorbol myristate acetate (PMA)-induced macrophage-like differentiation
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of human AML cells [39]. It is better to rule out the genetic and epigenetic causes of these
discrepancies before considering any potential clinical applications. Additionally, it is
essential for us to further clarify the molecular mechanisms underlying the regulation of
miR-181 expression in different subtypes of AML and the impact of miR-181 expression
signatures on the prognosis of patients with AML. Importantly, more bona fide targets of
miR-181 need to be identified in AML, although several target genes have been reported in
normal and malignant hematopoiesis (Figure 1). It is only after we have a more
comprehensive and in-depth understanding of the regulatory mechanisms and pathological
functions of miR-181 in AML that we can develop the optimal miR-181-based therapies and
apply them to treat currently therapy-resistant AML.
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Figure 1. The miR-181 target gene network in normal and malignant hematopoiesis
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The reported direct targets of miR-181 in AML include PBX3, HOXA7, HOXA9, HOXA11,
MCL1, and HMGBL (in red). Targeting of HMGB1 and MCL1 by miR-181 in AML cells
and inhibition of apoptosis by HMGB1 were reported by Lu F et al. [36]. HOXA7/9/11 and
PBX3 as direct targets of miR-181 was reported by Li ZJ et al. [28]. Inhibition of apoptosis
and promotion of cell growth and transformation of AML cells by HOXA®9, as well as action
of PBX3 downstream of HOXA9, was reported by Faber J et al. [40]. Inhibition of HOXA9

on neutrophil and macrophage differentiation was reported by Calvo KR et al. [41].

Targeting the LIN28-let-7 regulatory loop by miR-181 was reported by Li X et al. [16].

Regulation of MYC on MCL1, BCL2, and HOXA genes was reported elsewhere [42, 43].
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Table 1
Expression patterns and clinical significance of miR-181 family members in AML
AML classification” miR-181 expression Clinical significance References
FAB M1, M2 miR-181a T Down-regulation of miR-181a characterizes FAB M4 and [19, 20]
FAB M4, M5 miR-181a | MS subtypes ’
. . Decreased expression of miR-181a is associated with
AML with MLD miR-181a | unfavorable response to therapy (23]
CN-AML with CEBPA mutations miR-181a 1 Increased expression of miR-1812 is associated with 1]
CN-AML with FLT3-ITD and/or wild- . Decreased expression of miR-181a is associated with the
type NPM1 miR-181a/b | risk of failure to achieve CR, relapse, or death [22,27]
CA-AML with favorable cytogenetic . . . . .
abnormalities such as t(8;21), inv(16), miR-181a/b 1 Increased Epr':\f;'rgEIgfon\jgr:l}it?\/'isvzfsoc'ated with [28]
t(15;17)
CA-AML with unfavorable cytogenetic . . . . .
abnormalities such as MLL- miR-181a/b | Decreased exprﬁisfl;)\?o(r);brlr:;R;&8r];gslissassomated with [28]
rearrangements prog

*
AML, acute myeloid leukemia; FAB, French-American-British classification system; MLD, multilineage dysplasia (MLD); CN-AML,
cytogenetically normal AML; CA-AML, cytogenetically abnormal AML.
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