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Abstract: Hematopoietic stem cells (HSCs) are defined by their ability to self-renew and
reconstitute all elements of the hematopoietic system. Acute myeloid leukemia (AML) is
thought to arise from, and be maintained by, leukemic stem cells (LSCs), which exhibit similar
features to HSCs, including the abilities to self-renew and differentiate into non-self-renewing
cells. Acquisition of stem-cell-like characteristics by the LSCs is likely mediated in part by
molecular mechanisms that normally regulate HSC function. Thus, understanding the shared
and unique aspects of the molecular regulation of these cell populations will be important to
understanding the relationship between normal hematopoiesis and leukemogenesis.
MicroRNAs (miRNAs) are small noncoding RNAs that act at the posttranscriptional level to
regulate protein expression. Unfortunately, most investigations of the role of miRNAs in
normal hematopoiesis have been restricted to studies of their effects on lineage commitment
in progenitors and mature effector cell function, but not on HSCs. Recent studies have iden-
tified miRNAs that enhance HSC function, and an abundance of profiling studies using primary
AML samples have identified dysregulated miRNAs that may target genes implicated in self-
renewal (HOX genes, P53, and PTEN), thus providing a potential link between normal and
malignant stem cells. While these studies as well as recent in vivo models of miRNA-induced
leukemogenesis (e.g. miR-29a, miR-125b) suggest a role for miRNAs in the development of
AML, future studies using serial transplantation of primary AML blasts, from both mouse
models and primary human AML specimens, will be necessary to assess the roles of miRNAs
in LSC biology.

Keywords: acute myeloid leukemia, experimental models of leukemia, hematopoiesis, hema-
topoietic stem cells, leukemia stem cell, microRNAs

Introduction
Hematopoietic stem cells (HSCs) exhibit the

unique ability to give rise to all of the cells of

the hematopoietic system as well as themselves

during the lifetime of an organism over numerous

cell divisions in a process referred to as self-

renewal [Kondo et al. 2003; Weissman, 2000].

Acute myeloid leukemias (AMLs) include cells

that exhibit similar features to HSCs, including

the functional capacity to self-renew, as demon-

strated through serial transplantation, as well as

the ability to differentiate into non-self-renewing

leukemic blasts; these self-renewing leukemic

cells are referred to as leukemic stem cells

(LSCs) [Bonnet and Dick, 1997; Lapidot et al.

1994]. Given their similarities in function, gene

expression, surface immunophenotype, and

cytologic features, many have hypothesized

that AML is the result of a stepwise progression

of genetic and/or epigenetic events accumulat-

ing in HSCs or immature hematopoietic progen-

itors, culminating in the aberrant acquisition

of stem-cell-like characteristics, including

self-renewal, in progenitor cells that typically

do not possess the ability to self-renew

[Jamieson et al. 2004; Passegue et al. 2003].

Given this possibility, it is likely that many of

the molecular mechanisms regulating the various

functions of HSCs are also responsible for the

transformation of HSC/progenitors into LSCs.

Thus, comparing these populations with one

another may yield important insights into the

shared and unique aspects of their molecular

regulation.
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MicroRNAs (miRNAs) are small non-protein-

coding RNAs that regulate gene expression by

inhibiting the translation or catalyzing the degra-

dation of target mRNAs. Since the first miRNA,

lin-4, was identified in 1993, miRNAs have been

shown to play critical roles in the regulation of

many biological processes including cell differen-

tiation, proliferation, and apoptosis, with signifi-

cant influences on normal and malignant

hematopoiesis [Vasilatou et al. 2010; Kluiver

et al. 2006]. MiRNAs are transcribed as primary

precursors (pri-microRNA) before being further

processed into shorter precursor forms (pre-

microRNA) by the nuclear RNase Drosha.

They are subsequently exported to the cytoplasm

where they undergo editing by the endoribonu-

clease Dicer into mature 19�24 nucleotide

miRNA duplexes [Lee et al. 2003]. miRNAs

then assemble into an RNA-induced silencing

complex (RISC) to effect suppression of transla-

tion or degradation of a potentially large number

of target mRNAs [Gregory et al. 2005]. Because

target recognition by miRNAs is based on perfect

(in plants) or imperfect base pair matching

(mammals) with the 3’- or 5’-untranslated

regions (UTRs) of mRNAs, each miRNA may

target a large number of mRNAs [Doench and

Sharp, 2004]. Interestingly, in some cases

miRNAs may also regulate gene expression by

means other than direct binding to the UTRs of

mRNAs, such as by acting as decoys for RNA

binding proteins [Eiring et al. 2010; Malecova

and Morris, 2010]. Thus, changes in the expres-

sion of even a small number of miRNAs can have

a profound influence on many biological pro-

cesses. For more details regarding miRNA bio-

genesis, processing, and target recognition, we

refer the reader to several excellent reviews

[Newman and Hammond, 2010; Siomi and

Siomi, 2010; Winter et al. 2009].

Investigators have demonstrated functional roles

for miRNAs in various aspects of normal and

malignant hematopoiesis, including lineage com-

mitment and differentiation, apoptosis, and

mature immune effector cell function. These

topics have been previously summarized in sev-

eral excellent reviews [Vasilatou et al. 2010;

Havelange et al. 2009; Kluiver et al. 2006], and

therefore we do not repeat these summaries here;

however, it is noteworthy that the vast majority of

existing studies concerning the role of miRNAs in

lineage commitment have not comprehensively

evaluated their effects in stem and multipotent/

oligopotent progenitor populations. For example,

studies on the role of miR-223 in granulopoiesis

[Pulikkan et al. 2010; Johnnidis et al. 2008;

Fukao et al. 2007; Fazi et al. 2005; Chen et al.

2004], miR-181 in B- and T-cell differentiation

[Chen et al. 2004], miR-150 in B-cell and mega-

karyocytic differentiation [Lu et al. 2008; Xiao

et al. 2007], and miR-221 in erythropoiesis

[Bruchova et al. 2007; Felli et al. 2005] high-

lighted the effects of miRNAs on hematopoietic

differentiation, but each was limited to studies of

mature effector cell output or a particular com-

mitted progenitor population. This is partly due

to the reliance on in vitro models of induced dif-

ferentiation in leukemic cell lines or heteroge-

neous progenitor populations, rather than the

use of more physiologic systems that include

the evaluation of these miRNAs in maturing

HSCs and lineage committed progenitors.

Moreover, little is known about the function of

these or other miRNAs in HSCs. Fortunately,

emerging data reveal a major role for miRNAs

in the earliest stages of hematopoiesis. The impli-

cation of these studies is that many of the same

miRNAs that regulate HSC/progenitor function

may also regulate the behavior of the develop-

ment of their malignant counterparts, LSCs.

Understanding the shared and unique utilization

of these mechanisms will be important to

unraveling the relationship between normal

hematopoiesis and leukemogenesis.

MicroRNAs in hematopoietic stem cells
Until recently, most of the available data regard-

ing miRNA function in HSCs was based on

expression profiling studies and in silico bioinfor-

matic predictions. However, a number of recent

investigations have directly evaluated miRNA

expression and function in HSCs, providing the

first confirmation of the role of miRNAs in HSC

function (Tables 1 and 2).

Although the earliest efforts to characterize

miRNA expression and function in human

HSCs did not utilize highly purified cells, these

studies nonetheless had an important influence

on subsequent studies, as they attempted to uti-

lize complementary miRNA and mRNA data sets

to predict miRNA function in human HSCs. One

of the earliest efforts to characterize miRNAs in

HSCs/progenitors was performed in human

CD34þ cells, which are frequently utilized as sur-

rogates for human HSCs. It is important to note,

however, that the CD34þ compartment repre-

sents a heterogeneous mixture of hematopoietic

progenitors, of which <1% are functionally
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defined HSCs [Majeti et al. 2009; Peault et al.

1993]. Georgantas and colleagues performed

the first large scale profiling of miRNAs using

human CD34þ cells from normal human bone

marrow and mobilized peripheral blood CD34þ

cell harvests [Georgantas et al. 2007]. Using a

solid-state array, 33 miRNAs in total were

found to be expressed in CD34þ cells. Using

mRNA expression data previously generated

from CD34þ cells, in silico algorithms for predict-

ing mRNA targets of miRNAs, as well as taking

into account the presumed developmental stage

at which previously identified major regulators of

erythroid, myeloid, or lymphoid differentiation

act, the investigators made conclusions about

the developmental stage-specific roles of

miRNAs. While this represented an important

early attempt to dissect the functional roles of

miRNAs in early human hematopoiesis, the

model generated relied on numerous assump-

tions about the developmental stage-specific

roles of these mRNA targets. Thus, the func-

tional roles of miRNAs in HSCs or specific line-

age committed progenitors remained an open

question.

Studies of miRNA function in HSCs are per-

formed more easily in mice than in humans due

to the ability to interrogate gene function genet-

ically, as well as through the use of robust con-

genic transplantation systems to assess the

function of prospectively isolated, highly purified

HSCs and committed progenitor cell populations

[Wilson et al. 2007]. Guo and colleagues demon-

strated the importance of miRNAs in HSCs

using a conditional Dicerlox/lox knockout (KO)

mouse model in which Dicer was selectively

deleted in the hematopoietic system using the

Mx-Cre transgene. HSC/progenitor function

was assessed by transplanting Dicer KO and

wild-type (WT) bone marrow to reconstitute

hematopoiesis in lethally irradiated recipient

mice. Although Dicer KO HSCs persisted in

recipient mice for months, there was a significant

reduction in the primitive LKS

(Lineage-cKitþSca-1þ) progenitor population as

well as all mature lineages, particularly myeloid

cells. Furthermore, while they found complete

deletion of the floxed allele in CreþDicerlox/wt

cells by genomic DNA analysis, in the

CreþDicerlox/lox cells, undeleted alleles (function-

ally WT) persisted, likely suggesting positive

selection for HSCs with intact Dicer function.

In an in vitro methylcellulose assay the Dicer

KO cells did not form any colonies. Together,

these studies indicate that Dicer is required for

normal HSC function. In addition, Dicer KO

LKS cells exhibited increased rates of apoptosis,

caspase-3 activity, and increased Ki-67 staining,

consistent with an increase in cell death and pro-

liferation. Thus, this study demonstrated that

Dicer, and by extension, its mature miRNA

products, are essential for maintaining the most

immature hematopoietic cell pool [Guo et al.

2010].

In another study measuring miRNA expression

in mouse HSCs, O’Connell and colleagues exam-

ined the expression of 137 miRNAs in LKS cells

and total bone marrow from C57BL/6 mice

Table 2. MicroRNAs enriched in hematopoietic stem cells.

HSC definition Upregulated miRNAs Reference

Lin�KitþScaþCD34�Flk2�
(mouse)

miR-99b, -125a, let-7e,
miR-130a, -10a, -10b,
-125b, -31, -99a, -100,
-146b, -425, -422b,
-18a, -15b

Guo et al.
[2010]

Lin�KitþScaþCD150þCD48� miR-125b, -125a, -155,
-99a, -126, -196b,
-130a, -542-5p, -181c,
-193b, and let-7e

O’Connell et al.
[2008]

ES150þ (CD45þEPCRþCD48
�CD150þ)
ES150� (CD45þEPCRþCD48
�CD150�)
SLAM HSC� (CD150þCD48�,
CD45 enriched)
LKS (Lin�KitþScaþ)

miR-29a (only in ES150þ
and ES150-), -125b,
-196a, -196b, -130a,
-148b, -351, and let-7d

Petriv et al.
[2010]

SS Chung, W Hu et al.
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[O’Connell et al. 2010]. Of these 137 miRNAs,

11 were found to be enriched in LKS progenitors

compared with total bone marrow including miR-

125a, miR-125b, miR-155, miR-99a, miR-126,

miR-196b, miR130a, miR-542, miR-181, miR-

193, and miR-let7e. Fractionation of the LKS

compartment into more stringently defined

HSC populations with either endothelial protein

C receptor (EPCR) or SLAMf1/CD150 yielded

two populations with further enrichment for

these 11 miRNAs. With the exception of miR-

193b, enrichment of the same set of miRNAs

was found in an analysis of CD34þ human cord

blood (CB) cells compared with CB CD34- cells,

demonstrating that this pattern of miRNA

expression in early hematopoiesis is evolution-

arily conserved. This is one of the few studies

to corroborate miRNA expression patterns in

mouse and human hematopoiesis. As described

later in this review, several miRNAs that enhance

HSC self-renewal have also been found to be

dysregulated in human AML, suggesting that

their failure to downregulate appropriately in

malignant hematopoiesis may be in part respon-

sible for the impaired differentiation, apoptosis,

or enhanced self-renewal that characterizes AML

blasts [Garzon et al. 2008a].

In the most comprehensive evaluation of miRNA

expression in the hematopoietic system to date,

Petriv and colleagues et al. examined the expres-

sion levels of 288 miRNAs in 27 phenotypically

distinct cell populations ranging from hematopoi-

etic stem/progenitor cells to terminally differenti-

ated mature blood cells [Petriv et al. 2010]. The

mean number of miRNAs detected in each pop-

ulation was 96 (range 49 to 149). Analysis of

miRNA expression patterns revealed several

interesting trends. For example, miR-130a, miR-

196a, and miR-196b were highly expressed in

stem/progenitor cells and downregulated upon

commitment to lymphoid lineages. A phyloge-

netic analysis of miRNA expression showed that

these 27 cell populations could be grouped into

six clusters including stem and progenitor cells,

lymphoid cells, and four other branches corre-

sponding with different myeloid lineage cells.

These studies provide strong evidence for line-

age-specific miRNA expression in hematopoiesis,

and they set the stage for future studies aimed at

confirming the hypothesized roles for these

miRNAs. It will be interesting to see how inte-

gration of these data sets with mRNA expression

and proteomic data from the same progenitor

populations might promote the identification of

interesting targets for further investigation.

Interestingly, expression analysis of a subset of

miRNAs in single cells found that populations

such as granulocyte-macrophage progenitors

(GMPs), thought to be relatively homogeneous

with respect to function, displayed less cell-to-

cell miRNA expression variation as compared

with more functionally heterogeneous popula-

tions, such as CD45þCD48þ cells. Thus, these

data suggest that miRNA expression variability in

single cells may underlie the functional heteroge-

neity observed in such populations, providing a

potential method to molecularly characterize dis-

tinct populations within heterogeneous progeni-

tor populations.

HSCs are defined by their ability to self-renew

and reconstitute all of the cells of the hematopoi-

etic system by giving rise to downstream multi-

potent, oligopotent, and committed progenitor

cells. As mentioned previously, early studies

focused on identifying miRNAs enriched in

immature hematopoietic subsets without gener-

ating data on their in vivo roles. Fortunately, sev-

eral recent studies have begun to shed light on the

function of miRNAs in HSCs. In the aforemen-

tioned study by O’Connell and colleagues the 11

miRNAs found to be upregulated in HSCs were

retrovirally transduced into bone marrow cells

and used in competitive repopulation assays.

MiR-125b was chosen for further study, as it

demonstrated the greatest increase in repopula-

tion, and had also been shown to be overex-

pressed in AMLs harboring t(2;11)(p21;q23)

[Klusmann et al. 2010; Bousquet et al. 2008].

Lethally irradiated mice transplanted with bone

marrow cells retrovirally transduced to ectopi-

cally overexpress miR-125b developed a progres-

sive expansion of immature myeloid cells in the

PB, culminating in AML. Owing to the hetero-

geneous nature of the cells transduced to

express miR-125b, it is unclear which progenitor

population or populations served as the cell of

origin for this expansion [O’Connell et al.

2010]; however, these data support a leukemo-

genic role for miR-125b in at least a subset of

human AMLs.

In a separate study, Guo and colleagues found

that a cluster of miRNAs including miR-125a,

miR-99b, and let-7e is highly expressed in mouse

HSCs/progenitor cells, thus choosing these

miRNAs for further investigation. Retroviral

transduction and overexpression of miR-125a

alone, but not other members of the cluster, in
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immature mouse bone marrow cells was suffi-

cient to enhance their reconstitution potential in

lethally irradiated mice. Furthermore, serial

replating assays in methylcellulose demonstrated

decreased colony formation in the presence of an

antagomir against miR-125a, and HSCs trans-

duced with miR-125a exhibited preserved hema-

topoietic cell output through 18 days of ex vivo

culture, suggesting that miR-125a enhances HSC

activity in a cell autonomous manner. The cell

surface immunophenotypes of reconstituted

bone marrow cells overexpressing miR-125a

were significantly altered and could not be used

to prospectively isolate HSCs by conventional

gating strategies using LKS, CD48 and CD150

specific antibodies; however, competitive limiting

dilution assays demonstrated an eightfold

increase in the HSC pool size. However, it is

not clear whether the observed increase in HSC

activity is solely attributable to this increase in

HSC number. Attempts to identify target genes

of miR-125a in human AML cell lines identified

the proapoptotic protein Bak1 (Bcl-2 antagonist/

killer1) as a potential target gene. Interestingly,

bone marrow cells from Bak1-/- mice demon-

strated no obvious immunophenotypic or func-

tional derangements, suggesting that expansion

of the HSC pool by miR-125a arises from multi-

ple gene targets or different physiologic targets in

mouse HSCs [Guo et al. 2010].

In our own studies, we have independently dem-

onstrated high levels of miR-125b expression in

both mouse and human HSCs. Transduction of

highly purified mouse HSCs (Lin-ckitþSca-

1þCD150þCD34-FLK2-) with miR-125b

expressing lentivirus induced enhanced engraft-

ment as shown by serial transplantation with

equal numbers of purified HSCs (miR-125b

expressing and empty vector control) into sec-

ondary recipients. Similar to the previously

described studies of miR-125 family members in

HSCs, the mechanism of enhanced HSC func-

tion was due to induction of an anti-apoptotic

state in mouse HSCs, most likely through down-

regulation of Bmf and KLF13 mRNA expres-

sion. However, in contrast to the other studies

demonstrating induction of AML or simply

increased HSC engraftment capability, we

observed an increase in the number of total

HSCs with preferential rescue and expansion of

lymphoid-biased HSCs [Beerman et al. 2010].

This expansion of lymphoid-biased HSCs was

accompanied by increased numbers of both B

and T progenitors and mature lymphoid cells in

the peripheral blood [Ooi et al. 2010].

In a separate set of studies, we determined that

human HSCs and AML LSCs share high expres-

sion of miR-29a. While the phenotype induced by

overexpression of miR-29a in immature mouse

bone marrow cells is discussed in the next sec-

tion, it is important to note that prior to the

development of AML, miR-29a induced the

appearance of nonleukemic committed myeloid

progenitor cells (common myeloid progenitors

[CMPs] and GMPs) that were capable of long-

term engraftment without loss of differentiation

potential, consistent with the aberrant induc-

tion of self-renewal by miR-29a. While our stud-

ies did not directly address the issue of HSC

function due to the rapid development of a mye-

loproliferative neoplasm-like phenotype, future

studies will be aimed at evaluating HSC function

in the setting of miR-29a overexpression and

knockdown [Han et al. 2010]. We discuss the

role of the miR-29 family in AML in a following

section.

Together, these studies demonstrate clear roles

for miRNAs in HSC biology, and in several

cases, high levels of miRNA expression are

shared between HSCs and AML and sufficient

to induce AML in mouse models. Because

these miRNAs can regulate self-renewal as well

as lineage choice (at the level of the HSCs), these

studies suggest that some HSC-relevant miRNAs

may be important in myeloid leukemogenesis,

possibly even in the self-renewing component of

AML, the LSCs. For example, the fact that over-

expression of miR-125b and miR-29a both

enhance HSC or progenitor self-renewal capabil-

ity and also induce AML suggests that these

miRNAs may play key roles in conferring self-

renewal properties to LSCs. A notable limitation

of these studies is the reliance on overexpression

systems to study miRNA function in HSCs.

Sufficiency experiments will be essential for

determining the necessity of these miRNAs for

normal HSC function. In some cases, such stud-

ies may need to be performed in a conditional

manner since constitutive knockdown may pre-

vent proper development of HSCs. For example,

we were unable to generate stably engrafting

HSCs transduced with antisense miR-125b lenti-

viruses, suggesting a requirement for miR-125b in

HSC function (data not shown); confirmation of

this hypothesis could easily be performed in a

conditional knockout or knockdown model.
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MicroRNAs in acute myeloid leukemia
Numerous studies have established roles for

miRNAs as tumor suppressors or oncogenes in

hematologic malignancies. In some cases, the

roles of specific miRNAs in cancer development

have been inferred by their cancer-associated loss

or gain [Croce, 2009]. Mechanistically, onco-

genic miRNAs are thought be to expressed at

high levels in cancer or precancerous cells with

suppression of the translation of mRNAs encod-

ing tumor suppressors, while tumor suppressor

miRNAs are expressed at reduced levels, releas-

ing an inhibitory signal and allowing for the

increased translation of oncogenic mRNAs

[Garzon et al. 2006a]. Examples of these include

miR-15a and miR-16 -1 in chronic lymphocytic

lymphoma (CLL) [Calin et al. 2002], the miR-

17�92 cluster in B-cell lymphomas [He et al.

2005], and miR-155 in Hodgkin and non-

Hodgkin lymphomas [Eis et al. 2005; Kluiver

et al. 2005]. Although recent studies have

described dysregulation of miRNAs in acute lym-

phoblastic lymphoma (ALL) [Schotte et al. 2010;

Wang et al. 2010; Kaddar et al. 2009], functional

studies have been limited to only a few miRNAs

(miR-125b, miR-155, miR-196b) [Coskun et al.

2010; Gefen et al. 2010; Tassano et al. 2010;

Costinean et al. 2006]. These studies suggest

that miRNAs involved in AML pathogenesis

may also be relevant to ALL. However, as the

pathogenic relationship between the LSCs and

the HSCs in ALL is not as well established as

in AML, we focus this review on the role of

miRNAs in the LSCs in AML.

In AML, the LSC may arise either directly from

HSCs that have acquired multiple mutations or

committed progenitors that have acquired the

ability to self-renew [Jamieson et al. 2004;

Passegue et al. 2003]. Mouse models of chronic

myeloid leukemia (CML) and AML have pro-

vided evidence that the LSCs may arise from

either population, with the specific population

involved likely depending on the exact oncogenic

event and disease context [Krivtsov et al. 2006;

Passegue and Weisman, 2005; Cozzio et al.

2003]. Moreover, there is increasing evidence of

a bidirectional interaction between LSCs and the

bone marrow microenvironment that may influ-

ence lineage fate, survival, and sensitivity to treat-

ment. As with HSCs, the gold standard for

defining a LSC population is demonstrating

self-renewal potential by serial transplantation

in vivo. Although studies have demonstrated

roles for miRNAs in established AMLs,

miRNAs have not been characterized in primary

AML LSCs in the xenograft setting. Thus, the

majority of the evidence for functional roles of

miRNAs in the experimental setting is from

mouse models as described in the section entitled

‘MicroRNA induction of AML in experimental

models’.

Two studies by Lu, Volinia, and colleagues were

among the first to demonstrate that miRNA

expression patterns reflect the lineage and differ-

entiation state of multiple types of tumors

[Volinia et al. 2006; Lu et al. 2005]. These studies

were subsequently followed by a number of large-

scale miRNA expression profiling studies in

AML over the past several years. Cumulatively,

these studies have identified miRNA expression

signatures that strongly correlate with morpho-

logic subtype, cytogenetic status, molecular

abnormalities, and prognosis; (Table 3) the

results of these studies are summarized in detail

in a number of excellent reviews [Vasilatou et al.

2010; Havelange et al. 2009]. Notable findings

included the identification of miRNAs associated

with specific cytogenetic or molecular subtypes.

For example, specific miRNA signatures were

found to be associated with core binding factor

(CBF), mixed lineage leukemia rearranged

(MLL), trisomy 8, and cytogenetically normal

(CN) AMLs [Jongen-Lavrencic et al. 2008;

Marcucci et al. 2008a]. AMLs harboring fms-

like tyrosine kinase with internal tandem duplica-

tion (FLT3-ITD) or cytoplasmic mutated

nucleophosmin (NPMcþ) were also found to

be associated with specific miRNAs [Garzon

et al. 2008b]. Interestingly, when 157 miRNAs

were measured in 100 primary AML specimens

representing common karyotypic abnormalities,

specific cytogenetic groups such as t(15;17),

CBF [t(8;21) and inv(16)], MLL, and CN-

AML clustered into distinct groups, but differ-

ences in chromosomal number did not explain

differences in miRNA expression. Thus,

miRNA expression differences among these cyto-

genetic groups is not likely to be a direct result of

the chromosomal abnormalities themselves, but

rather a reflection of the unique biology of each

karyotypic subtype. Similarly, AMLs with

t(15;17) showed strong upregulation of six

miRNAs, with most of these miRNAs located

on chromosome 14, away from the t(15;17)

translocation itself, again suggesting that

miRNA dysregulation reflects the different

biology of leukemic subtypes, rather than the

structural genetic abnormalities themselves
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[Jongen-Lavrencic et al. 2008]. As the LSCs may

arise from different progenitor populations in

each AML subtype, the differential expression

of miRNAs may reflect a context specific role

in the maintenance of each particular LSC

[Dixon-McIver et al. 2008].

Major roles for many of these miRNAs have been

postulated based on their predicted targets or

their position within the genome, but overall

there have been few functional studies of

miRNA function in AML. Nevertheless, these

studies support the notion that the LSCs in dif-

ferent cytogenetic and molecular subtypes of

AML may be regulated by different miRNAs.

In addition, they provide important information

regarding miRNAs that have potential as thera-

peutic targets or markers of prognosis, as well as

miRNAs that may have direct functional roles in

AML. In the remainder of this section, we high-

light findings from these studies that suggest roles

for miRNAs in LSC function.

MicroRNA regulation of self-renewal
pathways in acute myeloid leukemia
HOX genes are thought to regulate self-renewal

in both HSCs and LSCs [Argiropoulos and

Humphries, 2007], with overexpression of

HOXA10 in mouse bone marrow cells leading

to perturbed myeloid differentiation and progres-

sion to AML [Thorsteinsdottir et al. 1997]. In

addition, HOXA9 overexpression alone and in

combination with MEIS-1 both lead to a myelo-

proliferative disorder that progresses to AML

[Kroon et al. 2001]. Thus, the finding that high

expression of miR-10a and miR-10b, miRNAs

predicted to target HOX family members, was

associated with specific cytogenetic and molecu-

lar subtypes of AML suggests a potential role for

these miRNAs in LSC function. In addition,

Deberdini and colleagues measured miRNA

and mRNA expression in total bone marrow

cells from 30 patients with AML and normal

cytogenetics (CN-AML) and identified miR-

10a, miR-10b, and miR-196a, miRNAs located

within the intergenic regions of HOX genes, as

highly expressed in AML. They also demon-

strated a statistically significant association with

high expression of nearly all genes in the HOXA

and HOXB clusters [Debernardi et al. 2007].

Similarly, miR-10a and miR-10b were shown to

be associated with CN-AML harboring

NPMcþ [Garzon et al. 2008a]. Notable down-

regulated miRNAs included miR-204, confirmed

to be a regulator of HOXA10 and MEIS-1. Given

that HOXA1 is a putative target of miR-10a and

miR-10b [Garzon et al. 2006b] and HOXB8 has

been shown to be a target of miR-196a [Yekta

et al. 2004], these studies suggest a complex reg-

ulatory network involving miRNAs and HOX

genes.

P53 has been shown to promote HSC quiescence

and self-renewal [Liu et al. 2009], with recent

studies showing that deficiency of p53 likely pro-

motes AML by eliminating its ability to limit

aberrant self-renewal in hematopoietic progeni-

tors [Zhao et al. 2010]. In a study comparing

expression of 154 miRNAs in 50 primary AML

samples with both normal bone marrow and

CD34þ selected hematopoietic progenitors,

miR-34a was found to be upregulated [Isken

et al. 2008]. This is an intriguing observation,

since miR-34a has been identified as a P53

target with proapoptotic function [Chang et al.

2007; Raver-Shapira et al. 2007; Tarasov et al.

2007]. Thus, it is interesting to speculate that

miR-34a may regulate p53 activity, thereby con-

tributing to LSC development, quiescence, or

resistance to therapy.

Garzon and colleagues determined that MLL

(11q23) rearranged AMLs are associated with a

distinct miRNA expression signature that

includes eight upregulated and six downregulated

miRNAs [Garzon et al. 2008b]. Notable dysregu-

lated miRNAs included miR-21, which was upre-

gulated and targets the tumor suppressor PTEN

[Meng et al. 2007], and miR-196, which was

downregulated and targets several HOX genes.

In a separate study, upregulation of miR-21 was

identified across all subtypes of AML [Jongen-

Lavrencic et al. 2008]. PTEN has been implicated

in HSC biology, as PTEN deficient mice exhibit

increased proliferation and depletion of HSCs,

while promoting a skewed pattern of lineage dif-

ferentiation and the emergence of AML contain-

ing a distinct LSC [Yilmaz et al. 2006; Zhang

et al. 2006].

An analysis of 29 AML patients with FLT3-ITD

mutations revealed upregulation of miR-155

when compared with FLT3-wt/NPMcþ patients

[Garzon et al. 2008a]. As discussed above, over-

expression of miR-155 alone has been shown to

lead to a preleukemic B-cell proliferation and a

myeloproliferative disorder [O’Connell et al.

2008; Costinean et al. 2006], suggesting a role

in LSC formation. However, these studies do

not identify the specific progenitor population
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in which miR-155 exerts its effects. In experi-

ments blocking FLT3 signaling in FLT3-ITD

cell lines there was no decrease in miR-155, sug-

gesting that its increased expression is indepen-

dent of FLT3 signaling. This may imply a

cooperative leukemogenic role for miR-155 lim-

ited to LSCs that are dependent on constitutive

FLT3 signaling.

Li and colleagues performed an analysis of 435

miRNAs in 54 AML samples (47 primary AML

samples and 7 cell lines) harboring t(15;17),

t(8;21), inv(16), or MLL rearrangements, along

with three normal bone marrow samples (two

CD34þ selected and one CD15þ selected)

[Marcucci et al. 2008a]. Samples grouped into

three discrete clusters, characterized by CBF

[t(8;21) and inv(16)], t(15;17), and MLL rear-

rangements [Li et al. 2008]. The CBF driven

cluster was characterized by overexpression of

miR-126/126*, and the MLL rearranged cluster

was characterized by overexpression of the miR-

17-92 cluster, suggesting a pathogenic role for

these miRNAs in each particular cytogenetic sub-

type. Forced expression of miR-126 in t(9;11)

and inv(16) bearing cell lines significantly

decreased apoptosis and increased cell viability,

while transduction of mouse bone marrow pro-

genitor cells led to increased replating efficiency,

particularly in cooperation with the t(8;21)

fusion gene (AML-ETO). These studies suggest

a role for this miRNA in enhancing LSC self-

renewal, but this remains to be validated in an

in vivo transplantation model.

These studies highlight an important issue for

gene profiling studies in AML. Control or refer-

ence populations in AML studies may be CD34þ

cells, mononuclear cells, or total bone marrow

cells. The choice of ‘normal’ reference popula-

tions may greatly influence the interpretation of

gene expression data because each of these pop-

ulations is highly heterogeneous, both with

respect to lineage as well as differentiation state.

In this particular study, comparison of AML

blast populations to either CD34þ selected or

total bone marrow controls yielded markedly dif-

ferent results for a subset of miRNAs, including

miR-26a, -26b, and -29b (with each having inter-

mediate levels of expression between CD34þ

cells and total bone marrow cells). Thus, it is

not surprising that other studies have resulted

in discordant findings, with Dixon-McIver and

colleagues showing that miR-26a is decreased in

AML (in comparison with total bone marrow)

and Cammarata and colleagues showing that

miR-26a is increased in AML (in comparison

with CD34þ cells) [Cammarata et al. 2010;

Dixon-McIver et al. 2008]. These studies likely

reflect the developmental stage-specific expres-

sion of miRNAs in normal hematopoiesis, as

well as the pitfalls of using heterogeneous progen-

itor populations as normal controls. Given that

the LSCs likely arise in the HSCs or more com-

mitted progenitors [Passegue et al. 2003], we

believe these purified populations would serve

as the most appropriate controls for such com-

parisons. MiRNAs associated with cytogeneti-

cally or molecularly defined subsets of AML

may reflect cooperating lesions that act synergis-

tically with their defined genetic lesions. As these

lesions may accumulate in a specific temporal

sequence, comparison of miRNA profiles in

residual nonleukemic progenitor populations

after treatment with their leukemic counterparts

may help determine the order in which the

lesions were acquired.

MicroRNA induction of acute myeloid leukemia
in experimental models
Because self-renewal is one of the defining char-

acteristics of the LSCs and the experimental gold

standard for self-renewal is demonstration of

serial transplantability of candidate stem cells,

xenograft models of AML, preferably with pri-

mary patient samples, will be needed to establish

the function of miRNAs in the LSCs. While such

studies are currently lacking in the literature, sev-

eral recent studies suggest important roles for

miRNAs in LSC function due to their ability to

induce AML or myeloid disorders in mice.

MiR-196b is a transcriptional target of MLL that

lies between HOXA9 and HOXA10, both of

which are frequently overexpressed in MLL leu-

kemias. As putative targets of miR-196b include

members of the HOX cluster (HOXB8, HOXB7),

it likely plays a role in fine-tuning levels of HOX

gene expression. Expression of miR-196b,

HOXA9, and HOXA10 appears to be higher in

less differentiated cells, particularly ST-HSCs.

Popovic and colleagues demonstrated that intro-

duction of the MLL-AF9 fusion into mouse bone

marrow progenitors, which increases proliferative

capacity, also increased miR-196b expression.

Treatment of these cells with an antagomir for

miR-196b abrogated their replating potential in

methylcellulose, demonstrating the central role

of miR-196b in this phenotype. Overexpression

of miR-196b in c-kitþ bone marrow cells
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also led to increased replating potential in meth-

ylcellulose and introduced a partial block in dif-

ferentiation. Interestingly, predicted HOX gene

targets did not show detectable expression in

the presence or absence of miR-196b overexpres-

sion, leaving the mechanism of action of miR-

196b unclear. Together, these results suggest

that miR-196b may enhance self-renewal in

hematopoietic progenitors, but in vivo transplan-

tation studies will be necessary to determine

whether increased expression of miR-196b is suf-

ficient to induce AML alone, or in concert with

MLL, and whether it regulates the LSCs in a

such a model [Popovic et al. 2009].

Mi and colleagues demonstrated that the miR-17-

92 cluster is overexpressed in MLL-rearranged

AML and that enforced expression of miR-17-

92 in Hela and 293T cells inhibits apoptosis

[Mi et al. 2010]. Transfection of mouse bone

marrow progenitor cells with a truncated form

of the miR-17-92 cluster lacking miR-92 led to

increased methylcellulose colony forming capac-

ity, particularly when cotransfected with MLL-

ELL. MLL-ELL transfected cells appeared mor-

phologically less differentiated than those trans-

fected with miR-17-92 alone, suggesting

synergism between the two factors in enhancing

proliferation and blocking differentiation.

However, which progenitor population(s) these

effects take place in remains unclear, with further

studies necessary to determine whether they are

sufficient for the development of LSCs.

Enforced expression of miR-155 in immature

mouse bone marrow cells transplanted into leth-

ally irradiated recipient mice led to the develop-

ment of a myeloproliferative phenotype with

expansion of granulocyte/monocyte (GM) cell

populations at the expense of other hematopoi-

etic cells including erythroid and lymphoid cells,

as well as megakaryocytes and platelets

[O’Connell et al. 2008]. Although many GM

cells exhibited morphologic evidence of dyspla-

sia, the myeloproliferative condition did not

progress to acute leukemia, suggesting that

miR-155 may be sufficient to induce a preleuke-

mic state that requires additional mutations for

full transformation. It would be interesting to

perform serial transplants to determine whether

there is an enhancement of self-renewal in the

miR-155 expressing HSC.

Han and colleagues were the first to experimen-

tally demonstrate miRNA function in

myeloid leukemogenesis [Han et al. 2010]. After

demonstrating that miR-29a is expressed at rela-

tively high levels in human HSC and multipotent

progenitors (MPPs) as well as primary AML

blasts, they showed that ectopic expression of

miR-29a in mouse HSCs/progenitors induced a

myeloproliferative phenotype with expansion of

myeloid progenitors and proliferation of more

mature myeloid cells. Secondary transplants

with CMPs and GMPs demonstrated aberrant

acquisition of self-renewal properties, and

MPPs showed a unique hyperproliferation, indi-

cating developmental stage-specific effects of

miR-29a. Secondary transplants with bulk

spleen or bone marrow cells revealed that the

myeloproliferative phenotype progresses to

AML with a definable, c-kitþ LSC. Thus, while

miR-29a was the first miRNA shown to induce

AML in vivo following induction of self-renewal

in committed progenitors, these studies did not

directly address whether secondary mutations

may be necessary for transformation of normal

progenitors into self-renewing leukemic blasts

(Figure 1). In contrast, recent studies have dem-

onstrated a growth inhibitory and potential

tumor suppressor role for miR-29 family mem-

bers, as overexpression of both miR-29a and miR-

29b in the K562 and Kasumi-1 AML cell lines

resulted in decreased proliferation and increased

apoptosis [Garzon et al. 2009]. Possible explana-

tions for the different effects of miR-29 family

members include the cell-context specific effects

of these miRNAs, i.e. transformed human AML

cell lines versus primary mouse HSCs/committed

progenitors, as well as the potential unique

mRNA targets of miR-29 family members due

to their different subcellular locations, with

miR-29b predominantly localized in the nucleus

(via its hexanucleotide nuclear localization

signal) as opposed to the predominantly cytoplas-

mic location of miR-29a [Hwang et al. 2007].

Thus, the overexpression of these two miR-29

family members might be expected to lead to

very different phenotypes.

As described earlier, O’Connell and colleagues

showed that retroviral mediated overexpression

of miR-125b in bone marrow cells followed by

transplantation into lethally irradiated recipient

mice leads to a myeloproliferative disorder that

progresses to AML [O’Connell et al. 2008]. The

early phase of this disease is characterized by an

increase in monocytes and neutrophils and a

decrease in lymphocytes, red blood cells, and

platelets, indicating that an early effect of
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miR-125b may be the induction of a GM lineage

bias. While this phenotype could be due to miR-

125b-induced expansion of myeloid-biased HSCs,

this possibility has not yet been investigated. In

addition, because the bone marrow cells were

not purified prior to retroviral transduction, suffi-

ciency experiments with specific progenitor cells

could not be performed. Transplantation of bone

marrow from AML-bearing mice into secondary

recipients led to their death from leukemia rapidly,

indicating that the AML possesses a

LSC population. Whether or not such AMLs

depend on miR-125b for maintenance remains

unclear.

The myelodysplastic syndromes (MDS) are asso-

ciated with a risk for progression to AML, and

recent studies have suggested a role for miRNA

dysregulation in this process. A common subtype

of MDS characterized by an interstitial deletion

of chromosome 5q is characterized by refractory

anemia, variable neutropenia, and a normal or

high platelet count with megakaryocytic dyspla-

sia. Starczynowski and colleagues recently evalu-

ated the expression of miRNAs located on the

common deleted region on chromosome 5q,

and identified miR-145 and miR-146a as consis-

tently downregulated in MDS with del(5q).

Retroviral mediated knockdown of these

miRNAs using a miR decoy followed by trans-

plantation into lethally irradiated mice led to

the development of thrombocytosis, megakaryo-

cytic dysplasia, and variable neutropenia, but not

anemia [Starczynowski et al. 2010a]. When the

mice were followed for longer periods of time, a

subset subsequently developed myeloid malig-

nancies (bone marrow failure, a myeloprolifera-

tive disorder, or acute leukemia) with a latency of

HSC

LSC

Clonogenic

Leukemic

Progenitor

Leukemic Blasts

miR-125b, miR-125a

miR-125b§, miR-29a§

miR-29a

miR-125b*

miR-145*

miR-146a*
MPP

CLP CMP

MEP GMP

Figure 1. MicroRNAs with demonstrated roles in hematopoietic stem cell (HSC) and leukemic stem cell (LSC)
function. Each of the miRNAs contained within the arrow have demonstrated roles in inducing acute myeloid
leukemia in the mouse hematopoietic system. Please see the text for details. *It remains unclear in which
progenitor population(s) miR-125b, miR-145, and miR-146a exert their effects. §Both miR-125b and miR-29a
have been demonstrated to induce myeloproliferative disorders that progress to a serially transplantable acute
myeloid leukemia in mice. This suggests that they support self-renewal of the leukemic stem cell, but more
formal experiments perturbing their function in the LSC itself are needed to come to a definitive conclusion.
HSC, hematopoietic stem cell; LSC, leukemic stem cell; MPP, multipotent progenitor; CMP, common myeloid
progenitor; MEP, megakaryocyte erythroid progenitor; GMP, granulocyte macrophage progenitor; CLP,
common lymphoid progenitor.
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8 months [Starczynowski et al. 2010b].

Retroviral-mediated overexpression of TRAF6,

a target of miR-146a, in mice led to the same

thrombocytosis, megakaryocytic dysplasia, and

neutropenia, as well as the development of a

transplantable AML in a subset of animals.

Furthermore, miR-146a has since been demon-

strated to be downregulated in primary AML

samples with both a normal karyotype and

del(5q) compared with normal CD34þ cells

(miR-145 was significantly downregulated in

samples with a normal karyotype, but not

del(5q)). Retroviral-mediated overexpression of

miR-145 and miR-146a in the human promyelo-

cytic leukemia cell line HL60, known to express

these miRNAs at low levels, led to impairment of

growth and increased apoptosis, further implicat-

ing these miRNAs in the pathogenesis of leuke-

mic progression.

Future prospects
It is now apparent that miRNAs such as miR-155,

miR-125a/b, and miR-29a regulate HSC function.

Given the many shared properties of HSCs and

LSCs, perhaps it is not surprising that these

miRNAs that regulate HSC function also likely

play important roles in the AML LSC. It is

important to note, however, that while overex-

pression of some of these miRNAs in the

normal hematopoietic system induces AML or

myeloproliferative-like disorders, none of the

published studies to date directly address the

role of miRNAs in the LSCs. The use of

in vitro colony forming assays and overexpres-

sion/knockdown studies in leukemic cell lines

are likely to identify miRNAs that regulate

AML cell growth, survival, and response to che-

motherapy, but they may be insufficient to iden-

tify those miRNAs that regulate functionally

defined properties such as self-renewal. Thus,

demonstrating that these miRNAs are required

for LSC self-renewal will require their assessment

in serial transplantation assays using primary

AML samples and immunodeficient mouse

strains. Ideally, such functional assays would

assess the ability of human AML LSCs to serially

transplant following manipulation of miRNA

expression in xenografted hosts using antagomirs

or other strategies [Ma et al. 2010; Zhang et al.

2010; Gumireddy et al. 2008; Krutzfeldt et al.

2005]. As these studies are already underway in

numerous labs, we expect many more stories of

miRNA function in AML LSCs to emerge in the

coming years.
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