
Contents lists available at ScienceDirect

Molecular Immunology

journal homepage: www.elsevier.com/locate/molimm

Review

MicroRNA regulation of natural killer cell development and function in
leukemia

Jennifer N. Saultza, Aharon G. Freudb,c, Bethany L. Mundy-Bossea,c,⁎

a Division of Hematology, Department of Internal Medicine, The Ohio State University, Columbus, Ohio, United States
bDepartment of Pathology, The Ohio State University, Columbus, Ohio, United States
c Comprehensive Cancer Center and The James Cancer Hospital and Solove Research Institute, The Ohio State University, Columbus, Ohio, United States

A R T I C L E I N F O

Keywords:
miRNA
Natural killer
Leukemia

A B S T R A C T

MicroRNAs (miRNAs) are now recognized as important regulators of all cellular processes, including immune
function and cancer survival. These evolutionary preserved, single-stranded, non-coding RNA molecules mediate
important functional effects primarily through post-transcriptional regulation of protein expression. MiRNAs are
known to mediate multiple oncogenic pathways in tumor cells, both tumor promoting and tumor suppressing. In
addition to a direct tumor cell effect, miRNAs have also been shown to play a critical role in immune cell
development, function and survival. Here we expand on previous reports to evaluate miRNA regulation in
natural killer (NK) cells primarily in humans and focus on their influence on NK cell development and function in
the setting of hematologic malignancies. In addition, we highlight the most recent miRNA discoveries in he-
matologic malignancies and discuss areas of future exploration relevant to the translational field of innate im-
munology and miRNA-based therapeutic intervention.

1. Basic biology, development and function of NK cells

Natural killer (NK) cells are a key population of innate immune cells
which constitute roughly 10% of peripheral blood lymphocytes
(Caligiuri, 2008). NK cells have the ability to identify, target, and kill
cancer cells without prior sensitization, as well as the ability to co-
ordinate both the innate and adaptive immune response against foreign
pathogens and transformed cells. Traditionally human NK cells are
identified phenotypically as positive for the adhesion molecule CD56
and lacking other “lineage” (CD3, CD14 and CD20) marker expression.
While it was originally thought that NK cells developed primarily in the
bone marrow, several studies over the past decade support a model of
NK cell development in secondary lymphoid tissue (SLT) (Freud et al.,
2005, 2006; Yu et al., 2013). Multiple discrete stages of human NK cell
development have been identified in SLT characterized by the relative
expression of CD34, CD117, CD94, NKp80 and CD16 with development
starting in the bone marrow, progressing through SLTs, and resulting in
the accumulation of the most terminally differentiated NK cells in the
peripheral blood (PB) (Freud and Caligiuri, 2006; Freud et al., 2006;
Grzywacz et al., 2006). Stage 1 cells traditionally express CD34 but lack
CD117, CD94, NKP80, CD16 and the common IL-2/IL-15 receptor beta
chain (Freud and Caligiuri, 2006). Stage 2 cells are more responsive to

cytokine stimulation by virtue of the fact that they express the func-
tional IL-2 receptor (CD25) and express CD122 and CD117 (Freud and
Caligiuri, 2006). Stage 1 and 2 progenitor cells can differentiate into NK
cells, but they also retain the ability to develop into T cells and den-
dritic cells (DCs). Unlike the more mature NK cell subsets, stage 3 cells
lack expression of TBX21 (TBET) and Eomesoderm (EOMES) and are
unable to produce interferon-gamma (IFN-γ) (Freud et al., 2006). Still
functionally immature, Lin−CD34−CD117+CD94−NKp80−CD16−

stage 3 cells also have impaired granules and an inability to perform
perforin-dependent cytotoxicity against target cells lacking expression
of major histocompatibility complex (MHC) class I (Freud et al., 2006).
Recently defined, NKp80, is a marker of maturity, expressed on func-
tionally mature NK cells in SLTs and PB (Freud et al., 2016). Terminal
stages of NK cell development in the blood are dependent on the re-
lative expression of CD56 which allows for the distinction between
immature CD56bright NK cell subsets (CD34−CD117+/

−CD94+NKp80+CD16−) and functionally mature CD56dim

(CD34−CD117lo/−CD94+/−NKp80+CD16+) (Freud et al., 2016). The
CD56bright subset present in both SLT and PB is thought to give rise to
the CD56dim stage 5 N K cell subset. Critical differences between
CD56bright and CD56dim NK cells include the ability to generate cyto-
kines such as IFN-γ, tumor necrosis factor-alpha (TNF-α), cytolytic

https://doi.org/10.1016/j.molimm.2018.07.022
Received 2 December 2017; Received in revised form 22 June 2018; Accepted 13 July 2018

⁎ Corresponding author at: Comprehensive Cancer Center and The James Cancer Hospital and Solove Research Institute, The Ohio State University, Columbus,
Ohio, United States.

E-mail address: Bethany.mundy@osumc.edu (B.L. Mundy-Bosse).

Molecular Immunology 115 (2019) 12–20

Available online 09 August 2018
0161-5890/ © 2018 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/01615890
https://www.elsevier.com/locate/molimm
https://doi.org/10.1016/j.molimm.2018.07.022
https://doi.org/10.1016/j.molimm.2018.07.022
mailto:Bethany.mundy@osumc.edu
https://doi.org/10.1016/j.molimm.2018.07.022
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molimm.2018.07.022&domain=pdf


granules including perforin and granzyme B (GzmB) as well the ability
to perform antibody-mediated cellular cytotoxicity (ADCC) through the
expression of CD16 (Freud et al., 2014).

Additional populations of terminally differentiated CD57+ “stage 6″
NK cells have also recently been described (Lopez-Verges et al., 2010;
Nielsen et al., 2013). Humans who are seropositive for latent human
cytomegalovirus (HCMV) or experience acute HCMV infection have an
increased percentage of NK cells expressing the activating hetero-
dimeric receptor CD94/NKG2C (Gumá et al., 2004; Lopez-Vergès et al.,
2011). These mature NK cells have been shown to have memory-like
properties similar to memory T cells with higher expression of IFN-γ,
TBET, and interleukin (IL)-15 receptor alpha (IL-15Rα) (Foley et al.,
2012). Recent work by Lee et al. (2015) and others has further defined
these memory NK cells are antibody-dependent and characterized by
the downregulation of FcRy along with multiple transcription factors
and signaling molecules, including SYK, EAT-2 and PLZF (Hwang et al.,
2012; Lee et al., 2015; Zhang et al., 2013). These changes were asso-
ciated with promoter hypermethylation, suggesting a role for epigenetic
regulation of memory NK cell maintenance and/or generation (Lee
et al., 2015).

Expansion of this NK memory subset after CMV reactivation in
seropositive recipients receiving a donor CMV negative umbilical cord
blood transplantation was associated with enhanced KIR expression,
downregulation of the inhibitory CD94/NKG2A receptor complex and a
reduced risk of leukemia relapse (Cichocki et al., 2016; Foley et al.,
2012). Although NKG2C+ NK cells expand in response to other viral
infections (eg. hantavirus, chikungunya, human immunodeficiency
virus (HIV) and hepatitis C virus (HCV)), they do not do so without
prior CMV exposure (Béziat et al., 2012; Björkström et al., 2011; Gumá
et al., 2006; Petitdemange et al., 2011). The pro-inflammatory cyto-
kines IL-12, IL-15, and IL-18 have also been shown to enhance NK cell
activation and function inducing a similar memory-like NK cell phe-
notype although these cell do not express NKG2C (Romee et al., 2016).
The potential role of the inflammatory cytokine environment following
CMV infection and memory NK cell generation, as well as the re-
lationship between the NKG2C+NK cells and “memory-like” NK cells
is an area of ongoing investigation.

Murine NK cells also have predictive maturation profiles. NK cell
progenitors in mice traditionally are identified as
Lin−CD122+NK1.1+CD94+NKp46+Ly49−DX5− cells (Vosshenrich
et al., 2005). While there is no direct homolog of CD56 in mice, murine
NK cell maturation can be identified by the expression of surface an-
tigens CD27 and CD11b post acquisition of NK1.1 in the following order
beginning from least mature or stage 1 CD27−CD11b−, progressing to
stage 2 CD27+CD11b−, then to stage 3 CD27+CD11b+ and ending at
the most mature stage 4 CD27−CD11b+ NK cells (Colucci et al., 2003;
Hayakawa and Smyth, 2006; Vosshenrich et al.). Similar to the human
CMV studies, Sun et al. also showed that mice have both expansion and
persistence of a Ly49H+memory NK cell population following murine
CMV (MCMV) infection in C57BL/6 mice (Sun et al., 2009). This subset
is also thought to have important anti-tumor abilities (Nabekura and
Lanier, 2016) and requires pro-inflammatory cytokines to develop ex-
hibiting some similarity to humans (Cooper et al., 2009).

NK cell mediated cytotoxicity is strictly controlled by “killer-cell
immunoglobulin like receptor” or KIR, which are germline encoded
activating or inhibitory receptors critical for HLA class I recognition
(Freud et al., 2017). There are approximately 15 recognized KIRs in-
cluding KIR2DL1, KIR2DL2/L3, KIR2DL4, KIR2DL5A, KIR2DL5B,
KIR2DS1, KIR2DS2, KIR2DS3, KIR2DS4, KIR2DS5, KIR3DL1/S1,
KIR3DL2 and KIR3DL3 (Varbanova et al., 2016). NK cells must go
through an education process to be fully functional by engaging with
“self” MHC class I receptors (Caligiuri, 2008). In an effort to evade T
cell recognition, cancer cells may downregulate MHC class I. The
downregulation of MHC class I leads to NK cell engagement and acti-
vation by lack of inhibitory stimulation through KIR binding, also called
the “missing self” hypothesis (Kärre et al., 1986; Ljunggren and Kärre,

1990). The MHC class I interaction has been exploited in the post-
transplant setting to activate NK cells against host leukemia termed
“graft verse leukemia effect” (GVL). In these studies, alloreactive NK
cells have been shown to be protective against acute myeloid leukemia
(AML) relapse without inducing acute graft versus host disease (GVHD)
(Moretta et al., 2011; Ruggeri et al., 2002). In addition to exploiting the
KIR/MHC mismatch and GVL effect through haploidentical allogeneic
transplantation, alternative NK cell-based approaches are being utilized
in several tumor models including antibody therapy manipulation
through CD16 engagement, cytokine supplementation, adoptive NK cell
transfer and the use of genetically modified chimeric antigen receptor
NK cells (Romee et al., 2016),(X. Chen et al., 2016; Knorr et al., 2014;
Vasu and Blum, 2013).

In hematological malignancies, NK cells undergo environmental
changes deleterious to the host which enhance malignant cell immune
survival and proliferation. We now recognize that AML, for example,
benefits from immune cell escape through several unique mechanisms
including downregulation of activating receptors including NKp30,
NKp44, NKp46 (Costello et al., 2002; Fauriat et al., 2007) and down-
regulation of NKG2D ligands important for binding to NKG2D, a potent
activating receptor expressed on NK cells (Lion et al., 2012). NKG2D
activation has been shown to be relevant to anti-tumor immunity as
AML patients treated with decitabine (DAC), a hypomethylating agent,
exhibited significantly higher ADCC as compared to controls. Patients
treated with DAC had higher expression of activating NKG2D ligands
and enhanced susceptibility to a fully human anti-CD33 antibody Fc
engineered for increased binding to FcγRIIIa (BI 836858) (Vasu et al.,
2016). Cany et al recently demonstrated that NK-cell anti-leukemic
functions are enhanced by decitabine treatment by both upregulating
the expression of DNAM-1 and NKG2D activating ligands on AML blasts
as well as increasing NK cell expression of inflammatory cytokines,
perforin and TRAIL (Cany et al., 2018; Khaznadar et al., 2015). In ad-
dition, NK cell defects in AML patients were recently demonstrated to
be associated with an immune-edited transcription program in AML
which decreases NK cell activity and impacts relapse risk (Cany et al.,
2018; Khaznadar et al., 2015). Further studies have shown that ex-
pression of certain KIRs, such as KIR2DL2, on AML blasts has been
associated with decreased NK cell IFN-γ secretion (Tajima et al., 1996).
AML cells have also been shown to be resistant to apoptosis mediated
through TRAIL and Fas ligand mediated cytotoxicity (Min et al., 2004;
Schimmer et al., 2003; Tourneur et al., 2004). More broadly, the mi-
croenvironment created in part by AML cells, leads to inherent down-
regulation of perforin and granzyme B expression which inhibits NK cell
mediated lysis (Mundy-Bosse et al., 2016a, 2016b).

2. miRNA biology and regulation of natural killer cell
development and function

2.1. miRNA biology

MiRNAs are conserved non-coding single stranded RNA molecules,
which play important roles in the post-transcriptional regulation of
protein expression and degradation (He and Hannon, 2004). MiRNA
genes are located in the nucleus where they are transcribed into pri-
mary miRNA transcripts. The transcripts are then exported from the
nucleus into the cytoplasm where processing is completed by an en-
zyme called Dicer to generate the mature miRNAs (Baek et al., 2008).
The RNA-induced silencing complex (RISC) functions to hold mature
miRNAs that then target the 3′ untranslated region (UTRs) of protein-
encoded mRNAs, leading to translational modifications of protein sta-
bility. Although small in length (∼22 nucleotides), miRNAs appear to
be highly conserved between species (Bartel, 2009). This conservation
enhances the utility of murine models for assessing the role of miRNA in
human cellular processes.
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2.2. miRNA in NK cell overview

In both mice and humans, miRNAs have been shown to be critical
regulators of NK cell activation, survival and function (Leong et al.,
2012; Liu et al., 2012; Sullivan et al., 2013b). Microarray studies have
compared the miRNA expression profiles in humans and mice and
found over 150 unique miRNAs in primary NK cells showing that 59%
of the miRNAs present in murine NK cells were also found in human NK
cells (Bezman et al., 2010b). The miRNAs found to have the highest
similarity between mice and human NK cells were let-7a, let-7f, let-7 g,
miR-15b, miR-16, miR-21, miR-23a, miR-23b, miR-24, miR-26a, miR-
29a, miR-103, miR-150 and miR-720. Two additional studies utilized
next generation sequencing to identify miRNAs in humans and mice,
and both studies identified over> 300 miRNAs detectable in NK cells
(Fehniger et al., 2010; Liu et al., 2012). The first examined the miRNA
profile in murine splenic NK cells and similarly to humans, they dis-
covered that although>200 miRNAs were expressed in NK cells in a
resting state and following IL-15 activation, the top 50 miRNAs made
up 95% of the total miRNA sequence content (Fehniger et al., 2010). In
the same year, Bezman et al. was one of the first to show a dependence
of NK cells on miRNAs through the use of a murine model with a
conditional deletion of Dicer and the DiGeorge syndrome critical region
8 (Dgcr8) which are essential for miRNA transcription (Bezman et al.,
2010b). This and subsequent studies, showed that NK cells deficient in
miRNAs had decreased overall survival, maturation, and lacked the
ability to expand during MCMV infection highlighting the critical role
miRNAs play in innate immune function and paving the way for more
specific experiments targeting miRNA regulation of NK cells (Sullivan
et al., 2013b; Bezman et al., 2010).

2.3. miRNA in NK cell development

Recently multiple murine studies have demonstrated the essential
functions miRNAs play in NK cell development. Initial work with global
miRNA knock out through the absence of an essential miRNA processor,
Dicer1, resulted in impaired NK cell development (Bezman et al.,
2010b). Several specific miRNAs have since been found to mediate
normal NK cell development directly including miR-15/16, miR-155,
miR-181, miR-483-1, and miR-583. Sullivan et al. demonstrated that
mice with global deletion of miR-15a/16-1 had defective NK cell ma-
turation with a block in the most mature stage 4 murine NK cells
(CD27-CD11b+) cells with an associated buildup of immature stage 2
and 3 cells. This was shown to be regulated by Myb protein expression,
and knockdown of Myb restored the block in NK cell maturation
(Sullivan et al., 2015). Along with altered development, miR-15a/16-1
also directly represses IFN-γ transcripts in NK cells (Sullivan et al.,
2015). Similarly, using a murine transgenic model with miR-155
overexpressed under an lck promoter, Trotta et al. demonstrated that
increased miR-155 expression led to an increase in splenic NK cell
numbers with an excess of immature (CD11b-CD27+) NK cells with
high cytokine generation but low cytolytic activity (Trotta et al., 2013).
In human NK cells, miR-155 overexpression was strongly associated
with enhanced IFN-γ production in the presence of cytokine stimulation
with IL-12 and IL-18 or CD16 stimulation (Trotta et al., 2012). The
overexpression of miR-155 was also shown to directly down-regulate
SHIP1 (SH2-containing Inositol 5′-Phosphatase 1), a growth receptor
important for hematopoietic cell development, found to be expressed in
CD56bright and CD56dim NK cell subsets (Trotta et al., 2012, 2005).
Murine studies have likewise demonstrated that miR-150 is also im-
portant for NK cell maturation. A global knockout of miR-150 resulted
in a significant deficiency of mature NK cells due to defects in devel-
opment and survival. Alternatively, mice that overexpress miR-150 had
an accumulation of mature hyperfunctional NK cells suggesting that
miR-150 plays a significant role in NK cell survival and maturation
(Bezman et al., 2011).

Additional studies have recently been conducted that further our

understanding of how miRNA regulate human NK cell development.
MiR-181 has been demonstrated to modulate human NK cell develop-
ment through the regulation of notch signaling by targeting nemo-like
kinase, an inhibitor of notch (Frank Cichocki et al., 2011). Notch sig-
naling promotes NK cell maturation via CD56 acquisition, and can also
bypass the need for stroma or cytokines like IL-15 to drive NK cell
maturation (Haraguchi et al., 2009). In humans, ex vivo differentiation
assays demonstrated the absence of notch signaling dramatically re-
duced the development of NK cells from CD34+ progenitors (Beck
et al., 2009). Cichoki et al. reported that knockdown of either miR-181a
or miR-181b led to a ∼3-fold decrease in the percentage of mature
CD56+ NK cells generated in culture. In contrast, over-expression of
miR-181a/b via lentiviral constructs transduced separately into pri-
mary CD34+ progenitor cells resulted in a 2-fold increase in CD56+ NK
cells at day 28 of an ex vivo culture on the EL08-1D2 murine stromal
line when compared to scrambled controls (Cichocki et al., 2011;
Cichocki and Miller, 2010). Importantly, the authors found that these
results were not due to differences in proliferation between cultures and
not dependent on relative CD56 protein expression. A similar defect in
NK cell development was seen when analyzing additional markers of
differentiated NK cells (such as CD94/NKG2A and CD16) in miR-181a
and miR-181b knockdown cultures (Cichocki et al., 2011). Additional
groups have evaluated the role of miRNA in modulating the ability of
NK cells to develop from CD34+ precursors. MiR-483-3p has been
shown to block NK cell development via the downregulation of insulin-
like growth factor 1 (IGF-1) from human CD34+ hematopoietic stem
cells. High exogenous IGF-1 has been shown to be associated with in-
creased perforin expression in the NK cell, which is critical for cytolytic
NK cell function (Ni et al., 2013). Another negative regulator of NK cell
development is miRNA-583, which acts by silencing the IL-2 receptor
gamma, known to be critical for NK cell maturation and important for
functional regulation of NK cells (Yun et al., 2014).

2.4. miRNA in NK cell function

MiRNAs have been implicated in regulating several essential innate
immune functions of NK cells including IFN-γ secretion, cytotoxicity
and response to MCMV infected targets. The effect of miRNAs impeding
NK cell function has wide ramifications on the effectiveness of immune-
based therapies, innate immune surveillance and tumor progression.
The true impact of miRNA on NK cell function is still being elucidated.
Initial studies with global knockout of mature miRNAs show that NK
cells may have decreased survival and absolute numbers as well as
decreased overall function in the absence of miRNA. In addition, the
activating receptor NKG2D, which binds to MHC class I-like molecules
(ie. MICA, MICB, ULBP1) upregulated in virally infected and malignant
cells, was diminished on NK cells from miRNA global knockout mice
(Bezman et al., 2010b). Intriguingly, when mature miRNA were
knocked out in NK cells more specifically using lymphocyte restricted
knockout murine models, function was not impaired but rather en-
hanced. Specifically, studies using a lymphocyte restricted Cre trans-
genic mouse (hCD2-Cre) model combined with Dicer1 lox-P flanked
alleles to generate loss of Dicer1 in the early stages of NK cell devel-
opment by Fehniger and colleagues found both enhanced IFN-γ pro-
duction and degranulation capacity to a number of stimuli ex vivo,
along with enhanced response to MCMV stimulation via IFN-γ pro-
duction (Sullivan et al., 2012). Several miRNAs have also been shown
to be important regulators of both NK cell development and immune
function including miR-15a/16-1, miR-155, and miR-223. Studies ex-
amining the role of miR-15a/16-1 deletion in 15a/16-1 KO mice
showed that total NK cell IFN-γ was diminished after stimulation with
anti-NK1.1 and cytokines (IL-12+IL-15 or IL-12 +IL-18) as compared
to NK cells from control mice (Sullivan et al., 2015). MiR-155, which is
found in resting human and murine NK cells, is upregulated after cy-
tokine stimulation with IL-12, IL-15 and IL-18 or MCMV stimulation
and is associated with enhanced IFN-y response to stimulation (Trotta
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et al., 2012). Interestingly, while a murine miR-155 transgenic over-
expression model suggests enhanced cytokine secretion due to an in-
crease in immature NK cells(Trotta et al.), others have reported that
knocking out murine miR-155 also leads to increased secretion of IFN-γ
following cytokine stimulation. The miR-155 knock out NK cells pro-
duced more GzmB and surface CD107a after NK1.1 ligation (Sullivan
et al., 2013a). The authors conclude that miR-155−/− NK cells have
increased expression of activation proteins such as PI3K and NF-κB
which lead to enhanced activation potential (Trotta et al., 2012). These
studies highlight the complexity of evaluating miRNA regulation of
function and development as miRNA may have differing roles de-
pending on the environment in which they are being evaluated. MiR-
223 has been specifically found to target the 3′ untranslated region of
murine GzmB in vitro, indicating that this miRNA may contribute to
control of GzmB translation in resting NK cells (Ni et al., 2015).

Recently the role of miRNA on NK cell function in solid tumors has
also been reported by several groups. In ovarian cancer, MICA/B ex-
pression was decreased due to increased levels of miR-20a, which led to
the silencing of activating NKG2D ligands in breast cancer via the miR-
17-92 cluster and miR-10b downregulation in several cell lines. While
these miRNA have yet to be evaluated for their role in immune mod-
ulation in the hematologic setting, these studies suggest additional
potential targets to be evaluated in this setting (Shen et al., 2017;
Tsukerman et al., 2012; Xie et al., 2014).

3. The role of miRNA in the development and/or progression of
hematologic malignancies

MiRNA signatures have been linked to both the development and
prognosis of several hematological malignancies including acute and
chronic leukemias, multiple myeloma, large granulocytic leukemia
(LGL) and lymphomas (Calin et al., 2002; Cimmino et al., 2005;
Corthals et al., 2011; Costinean et al., 2006; Croce, 2009; Garzon et al.,
2008a, b; Mishra et al., 2012). MiRNA have been described as both
tumor suppressive and oncogenic, with our understanding of the spe-
cificity of these roles in different cell types changing rapidly. Out of the
∼100 miRNAs associated with known leukemic genomic alterations
(Starczynowski et al., 2011), only a few have been shown to be im-
portant for NK cell function, survival and/or development including
miR-15/16, miR-29b, miR-150, miR-155 and miR-181 (see Table 1).
Here, we will focus on these specific miRNAs dysregulated in leukemia
and define their role in NK cell development, maturation and/or
function in hematological malignancies which may be future target for
therapeutic manipulation.

3.1. miR-15 and miR-16

MiR-15 and miR-16 are located in a cluster at 13q14, and are
commonly down regulated or deleted in chronic lymphocytic leukemia
(CLL) promoting anti-apoptosis and subsequent leukemia cell survival
(Calin et al., 2002). Specifically, expression of miR-15a and miR-16-1
were found to be inversely correlated with the protein expression of a
pro-survival protein, B cell lymphoma 2 (Bcl2), expressed in CLL and
other hematological malignancies (Cimmino et al., 2005). Restoration
of miR-15-a/16-1 expression was able to induce apoptosis in a cell line
derived from acute megakaryocytic leukemia (MEG-01) emphasizing
the potential therapeutic role of miR-15-a/16-1 (Cimmino et al., 2005).
Not only have these two miRNAs been found to downregulate the on-
cogene BCL2, but has recently been shown to also downregulate other
important oncogenes critical for leukemia survival including MCL1,
ETS1, JUN, CCND1, and WNT3a (Calin et al., 2008). Functionally, miR-
15a and miR-16-1 may also inhibit proliferation of leukemic cells
through down regulation of the WT1 gene (Gao et al., 2011). WT1 is an
oncogene that has been found to be overexpressed in AML, acute
lymphoblastic leukemia (ALL), blast crisis chronic myeloid leukemia
(CML), and myelodysplastic syndrome which is associated with a poor Ta

bl
e
1

Se
le
ct
ed

m
iR
N
A

A
lt
er
at
io
ns

in
Le

uk
em

ia
.

A
lt
er
ed

m
iR
N
A

Le
uk

em
ia

R
ol
e
in

le
uk

em
ic

ce
lls

R
ol
e
in

N
K
ce
ll
Bi
ol
og

y
R
ef
er
en

ce
s

M
iR
-1
5/

M
iR
-

16
C
LL

,A
M
L

↓
m
iR
-1
5/

16
do

w
nr
eg

ul
at
es

W
T1

in
A
M
L
an

d
C
LL

;
as
so
ci
at
ed

w
it
h
po

or
pr
og

no
si
s

m
iR
15

a/
16

-1
K
O

le
ad

s
to

bl
oc

k
in

te
rm

in
al

N
K
ce
ll
m
at
ur
at
io
n
an

d
re
pr
es
se
s
IF
N
-γ

tr
an

sc
ri
pt
s
in

N
K
ce
lls

Be
rg
m
an

n
et

al
.(
19

97
);
C
im

m
in
o
et

al
.(
20

05
);
G
ao

et
al
.(
20

11
);
Su

lli
va

n
et

al
.(
20

15
)

M
iR
-2
9b

A
M
L,

LG
L,

C
LL

↑
m
iR
-2
9b

in
du

ce
s
ap

op
to
si
s
in

A
M
L;

↓
m
iR
-2
9b

as
so
ci
at
ed

w
it
h
LG

L/
C
LL

de
ve

lo
pm

en
t

an
d
po

or
pr
og

no
si
s
in

C
LL

;
A
ss
oc

ia
te
d
w
it
h
C
LL

ex
os
om

es

↑
m
iR
-2
9b

as
so
ci
at
ed

w
it
h
de

cr
ea
se
d
pe

rf
or
in
/g

ra
nz

ym
e
B,

bl
oc

k
in

m
at
ur
at
io
n
w
it
h
lo
ss

of
in
te
rm

ed
ia
te

po
pu

la
ti
on

of
N
K
ce
lls

C
al
in

et
al
.(
20

05
);
M
is
hr
a
et

al
.(
20

12
);
M
un

dy
-B
os
se

et
al
.(
20

16
a,

20
16

b)

M
iR
-1
50

A
M
L,

C
LL

↑
le
ve

ls
as
so
ci
at
ed

w
it
h
go

od
pr
og

no
si
s;

A
ss
oc

ia
te
d
w
it
h
C
LL

ex
os
om

es
Lo

ss
of

m
iR
-1
50

re
su
lt
s
in

re
du

ce
d
ab

so
lu
te

nu
m
be

rs
an

d
im

pa
ir
ed

m
at
ur
at
io
n
an

d
de

fe
ct
iv
e
IF
N
-γ

se
cr
et
io
n

Be
zm

an
et

al
.(
20

10
b)
;Y

eh
et

al
.(
20

15
)

M
iR
-1
55

A
M
L,

C
M
L,

C
LL

↑
m
iR
-1
55

as
so
ci
at
ed

w
it
h
po

or
pr
og

no
si
s
in

A
M
L;

A
ss
oc

ia
te
d
w
it
h
m
ut
at
io
ns

FL
T3

-I
TD

,R
U
N
X
1,

W
T1

;
↓
m
iR
-1
55

in
C
M
L;

A
ss
oc

ia
te
d
w
it
h
C
LL

ex
os
om

es

m
iR
-1
55

K
O

le
ad

s
to

up
re
gu

la
ti
on

of
SH

IP
1
w
it
h
re
su
lt
an

t
in
hi
bi
ti
on

of
ce
ll
pr
ol
if
er
at
io
n

an
d
pr
om

ot
io
n
of

ce
ll
ap

op
to
si
s,

m
at
ur
at
io
n
bl
oc

k
an

d
en

ha
nc

ed
IF
N
-γ
.m

iR
-1
55

K
O

N
K

ce
lls

ar
e
m
or
e
ea
si
ly

ac
ti
va

te
d
w
it
h
in
cr
ea
se
d
ex
pr
es
si
on

of
pr
ot
ei
ns

in
th
e
PI
3K

,N
F-
kB

an
d

ca
lc
in
eu

ri
n
pa

th
w
ay

s.

H
er
sh
ko

vi
tz

R
ok

ah
et

al
.(
20

12
);
Su

lli
va

n
et

al
.(
20

13
a)
;

Tr
ot
ta

et
al
.(
20

12
,2

01
3)
;
Y
eh

et
al
.(
20

15
)

M
iR
-1
81

A
M
L

↑
m
iR
-1
81

as
so
ci
at
ed

w
it
h
in
cr
ea
se
d
O
S
an

d
en

ha
nc

ed
N
K
ce
ll
m
ed

ia
te
d
ki
lli
ng

↑m
iR
-1
81

as
so
ci
at
ed

w
it
h
N
K
ce
ll
m
at
ur
at
io
n
an

d
en

ha
nc

ed
IF
N
-γ

pr
od

uc
ti
on

vi
a
N
O
TC

H
si
gn

al
in
g

C
ic
ho

ck
i
et

al
.(
20

11
);
M
ar
cu

cc
i
et

al
.(
20

08
)

J.N. Saultz et al. Molecular Immunology 115 (2019) 12–20

15



prognosis (Bergmann et al., 1997; Miwa et al., 1992). The miR-15a/16-
1 cluster has also been shown to be important for NK cell maturation
and function as previously described above, supporting a role for miR-
15a/16-1 in mediating both a direct anti-leukemic effect in tumor cells
and decreasing NK cell cytotoxic capacity (Sullivan et al., 2015).

3.2. miR-29b

The miR-29 family includes miR-29a, miR-29b, and miR-29c and
has been shown to be important for immune function against pathogens
and tumors (Ma et al., 2011). MiR-29b is the most highly expressed of
the family and has been found independently to have both tumor
suppressor properties when expressed in malignant cells, likely because
of its ability to target Mcl-1, SP1, DNMT3a and DNMTb, Tcl-1, and
Cdk6 (Garzon et al., 2009; Sampath et al., 2012; Yan et al., 2015), as
well as tumor promoting properties when expressed in NK cells
(Mundy-Bosse et al., 2016a, 2016b). In addition, it has been reported to
be predictive of response to therapy in certain settings (Blum et al.,
2010; Mims et al., 2013). In CLL, loss of miR-29b is associated with
apoptotic resistance and a poor prognosis (Calin et al., 2005; Sampath
et al., 2012). Overexpression of both miR-29a and -29b in two myeloid
cell lines (K562 and Kasumi-1) and primary AML patient samples in-
hibited cell growth and induced apoptosis via a caspase 3 and 7 acti-
vation (Garzon et al., 2009). In xenograft models utilizing K562 cells in
immunocompromised mice, the authors show that synthetic miR-29b
injection into the tumors was associated with decreased tumor growth
with compete remissions seen in 2 out of 12 mice suggesting an im-
portant tumor suppressor ability of miR-29b when overexpressed in
leukemic cells (Garzon et al., 2009). MiR-29b has also been demon-
strated to be elevated in LGL leukemia, a disease highly dependent on
IL-15 overexpression. IL-15 has been shown to downregulate miR-29b
in LGL leukemia through the Myc pathway, leading to DNMT3b over-
expression and hypermethylation (Mishra et al., 2012). Mishra et al.
show that LGL transformation occurs as a direct cause of miR-29b in-
hibition, and that the use of bortezomib (a proteasome inhibitor) which
enhances miR-29b levels, led to disease free survival in a spontaneous
murine model of LGL leukemia. These data support the potential utility
of targeting miR-29b in leukemic cells as a therapeutic strategy, how-
ever little was known about the impact of miR-29b on immune effectors
cells in the leukemic microenvironment. Recently, our group described
the role of miR-29b in NK cell function and maturation showing a close
inverse correlation between miR-29b expression and the expression of
two transcription factors critical for NK cell development TBET and
EOMES, as was previously demonstrated in T cells (Steiner et al., 2011).
In a spontaneous double mutation knock-in (FLT3-ITD and MLL-PTD)
AML mouse model and across all evaluated subtypes of human primary
AML, NK cells were found to have high levels of miR-29b correlating
with impaired innate immune function and reduced TBET and EOMES.
This reduction was associated with a block in an intermediate popula-
tion of CD56+/Lin−/CD94+/CD16− NK cells previously shown to be
associated with high cytokine-secreting potential, critical for the in-
itiation of both adaptive immunity and cell proliferation (Poli et al.,
2009). The loss of this NK cell developmental precursor or “bright NK
cell” correlated with AML progression over time (Mundy-Bosse et al.,
2016a, 2016b). Forced overexpression of TBET and EOMES through a
knockout mouse model of miR-29b lead to normalization of NK cell
development suggesting the innate immune defect is mediated via a
mir-29b dependent mechanism (Blum et al., 2010).

3.3. miR-150

MiR-150 is primarily expressed in mature NK cells and iNKT cells
(Bezman et al., 2010a, 2011; Fehniger et al., 2010). Its expression has
also been shown to induce myeloid differentiation in acute leukemia
(Morris et al., 2013), and is associated with favorable prognosis when
expressed in AML cells. A direct target of mir-150 is the transcription

factor c-Myb(Xiao et al., 2007), which is needed for NK cell maturation
in the liver, spleen and peripheral blood (Monticelli et al., 2005). It has
been recently shown that the AML microenvironment may suppress
hematopoiesis by releasing exosomes containing miRNAs targeting c-
MYB such as miR-150 as a survival strategy against host defense
(Hornick et al., 2016). Myb expression inversely correlates with NK cell
maturation, so miR-150 overexpression has the potential to drive NK
cell maturation and hyperfunctionality, perhaps leading to NK cell ex-
haustion (Sullivan et al.). In CLL, miR-150 was found to be the most
abundant miRNA expressed and a significant regulator of B cell sig-
naling (Mraz et al., 2014). Recently, plasma-derived exosomes in the
microenvironment of AML and CLL patients have been shown to be
important carriers of miRs including miR-29a-c, miR-150, miR-155 and
miR-223 (Hornick et al., 2016; Yeh et al., 2015). Further research has
shown that miR-150 and miR-155 containing exosomes may suppress
hematopoiesis by targeting c-MYB as a survival strategy against host
defense (Hornick et al., 2016).

3.4. miR-155

One of the first miRNAs found to be overexpressed in cancers, miR-
155 is an adverse prognostic factor for AML and identifies high risk
patients associated with lower complete remission rates, shorter dis-
ease-free survival and overall survival(Blum et al.). High miR-155 levels
were found to be associated with the presence of FLT3-ITD mutated,
RUNX1 mutated, and WT1 mutated AML subtypes, each associated with
a poor prognosis (Gaidzik et al., 2016; Hou et al., 2010; Marcucci et al.,
2012; Quentmeier et al., 2003). Garzon et al. recently reported the
miRNA signature of AML showing that specific miRNA profiles are
highly connected to mutation status including a strong correlation be-
tween upregulation of miR-155 and FLT3-ITD mutations in AML
(Garzon et al., 2008b). Mir-155 acts in AML blasts as an onco-miR
through the mir-155/SHIP1/PI3K/AKT signaling pathway important
for the pathogenesis of AML (Xue et al., 2014). In AML, SHIP1 levels are
reduced and correlate with overexpression of miR-155. In NK cells,
regulation of by miR-155 is complex and likely impacted on model
system used. In general, the inhibition of miR-155 in NK cells leads to
upregulation of SHIP1 with resultant inhibition of cell proliferation and
promotion of cell apoptosis. The absence of SHIP1 results in loss of
peripheral NK cells with impaired ability to secrete IFN-γ during cyto-
kine receptor-mediated responses (Banh et al., 2012). Therefore, one
could speculate that in the setting of AML, reduced SHIP1 and high
levels of miR-155 may be associated with innate immune evasion
through impaired NK cells response. Overexpression of MiR-155 has
been found in NK cell type lymphoma and leukemia, and may con-
tribute to increased survival and proliferation of malignant NK cell
tumors as well (Leong et al., 2012).

3.5. miR-181

The miR-181 family consists of two miRNAs, miR-181a and miR-
181b, both of which are located on chromosomes 1 and 9 respectively
(Weng et al., 2015). MiR-181 acts as a tumor suppressor in the patho-
genesis of AML and exhibits a significant impact on the survival of
patients with AML (Weng et al., 2015), and increased expression of
miR-181 has been associated with increased overall survival in AML
patients (Marcucci et al., 2008). Marcucci et al. showed that expression
of miR-181a and miR-181b in AML blasts was positively associated with
the clinical outcome in molecular high-risk cytogenically normal (CN)-
AML (with FLT3-ITD 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 (Marcucci et al., 2008). Elevated expression of
miR-181a has also been observed in less aggressive AML subtypes,
further supporting an inverse correlation between miR-181a and dis-
ease severity (Debernardi et al., 2007; Isken et al., 2008). Nanbakhsh
et al. demonstrated a direct impact of miR-181 modulation on tumor
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immune evasion by knocking down miR-181 in AML cells and evalu-
ating AML resistance to NK cell killing. AML blasts with decreased miR-
181 expression were more susceptibility to NK cell mediated killing,
likely due to resistance of GzmB-induced apoptosis (Nanbakhsh et al.,
2015). Furthermore, silencing of miR-181a target genes (Bcl−2 and
MAP3K10 for U-937AML cells and MCL−1 and MAP2K1 for KG-1 AML
cells) significantly decreased leukemia cells susceptibility to NK medi-
ated-lysis (Nanbakhsh et al., 2015).

4. Therapeutic targeting of miRNAs

The development of miRNA-based therapeutics for the treatment of
cancer is a rapidly evolving field. The ability of a single miRNA to
regulate multiple pathways promoting tumor growth simultaneously
makes this treatment modality an appealing candidate for development.
The majority of initial studies evaluating the role of miRNA in cancer
regulation have focused on the functions of miRNA in the tumor cells
themselves (Naidu et al., 2015; Rupaimoole and Slack, 2017) where
miRNA are frequently downregulated. The basis of most miRNA
therapies to date has been the development of synthetic oligonucleo-
tides that mimic the functions of that particular miRNA, along with
additional modifications to enhance stability and efficacy. While there
are multiple miRNA-based therapies in preclinical development, there
are just over 20 clinical trials that have been initiated to evaluate the
efficacy of miRNA or siRNA therapies for all diseases, and only 2 of
these are focused on the use of miR-based therapeutics for the treatment
of cancer (Chakraborty et al., 2017). MRG-106, a synthetic miR an-
tagonist (LNA antimiR®) of miR-155 has been one of the first to be
evaluated in a Phase I clinical trial to determine the efficacy of blocking
miR-155 in cutaneous T-cell lymphoma (CTCL) patients (Trial Number:
NCT02580552) (Foss et al., 2017). MiR-155 has been shown to regulate
multiple pro-tumorigenic pathways (including apoptosis, proliferation,
and survival), and it is overexpressed in malignant CD4+T cells in
CTCL patients, along with acute myeloid leukemia (Gaidzik et al.; Kopp
et al., 2013; Marcucci et al., 2012; Ralfkiaer et al., 2011; van Kester
et al., 2011; Xue et al.). This clinical trial avoided several of the major
roadblocks miR-based therapies have encountered when translating
into the clinic. One of the early issues has been the delivery method.
The anti-miR-155 trial delivers the miR-155 antimiR® directly in skin
lesions in CTCL patients, circumventing major issues with systemic miR
treatment. Due to their small size and natural properties, miRNA are
degraded quickly by nucleases and can undergo endosomal escape upon

entering the in vivo environment (Rupaimoole and Slack, 2017). This
has posed a challenge to effectively deliver sufficiently high doses of the
therapy to the site of the tumor. There are multiple approaches to
combat these delivery issues, including encapsulating the miRNA in
lipid-based nanoparticles, conjugation-based approaches to enhance
cellular uptake, miRNA “sponges” for miRNA inhibition, or dendrimer
complexes to enhance specific targeting (Ebert and Sharp, 2010; Li and
Rana, 2014; Rupaimoole and Slack, 2017). One alternative currently
being explored is the use of EDV™ nanocells (EDVs). The EDV tech-
nology seeks to exploit the endocytosis process through the introduc-
tion of bacterially-derived nonviable minicells containing the miRNA of
interest coated with a bispecific antibody targeting the tumor type of
interest (MacDiarmid et al., 2007). Each of these methods is focused on
both protecting the miRNA therapeutic from degradation and in-
creasing the level of specificity to enhance tumor-targeting. These ap-
proaches are currently being evaluated pre-clinically with the goal of
rapid translation into the clinic (see Fig. 1).

While the ability of miRNA to target multiple tumor-promoting
pathways simultaneously makes them attractive targets for develop-
ment in cancer, this also elevates their off-target effects, particularly
with systemic administration. In addition, emerging studies in non-tu-
morous cell populations indicate miRNA have the ability to play dif-
fering roles in a tissue/cell-specific manor as previously discussed
(Baragaño Raneros et al., 2014). MiR-29b for example has been shown
to be anti-tumorigenic in the setting of AML (Blum et al., 2010; Garzon
et al., 2009; Liu et al., 2010), and pro-tumorigenic when overexpressed
in NK cells (Mundy-Bosse et al., 2016a, 2016b). Recent studies suggest a
major mechanism of immune evasion may be the shedding of tumor
suppressing miRNA into surrounding tissue in extracellular vesicles
(Yeh et al., 2015). This would eliminate the negative survival/pro-
liferative effects in the tumor cells, while potentially decreasing the
efficacy of immune cells present in the microenvironment (Minciacchi
et al., 2015; Zhang et al., 2015). This evasion strategy should be con-
sidered when developing miR-based therapeutics, even when the
miRNAs are targeted to specific tumor cells.

The tissue specific diversity of miRNA has led to challenges trans-
lating miRNA-based therapeutics from limited preclinical testing into
successful clinical therapies. Recently, Mirna Therapeutics halted a
Phase I clinical trial of MRX34, a liposomal encapsulated miR-34a
mimic, being evaluated in patients with advanced solid tumors due to
severe immune-related responses, including multiple fatalities (Clinical
Trial Number: NCT01829971) (Beg et al., 2017). These early challenges

Fig. 1. MiRNA-based therapeutic strategies
currently in development for the treatment of
hematologic diseases.
Various miRNA therapeutic strategies are in
preclinical development, the primary classes of
therapeutics being evaluated include: 1)
Viruses which deliver transcript encoding spe-
cific miRNA antagonists or mimics to the target
cells where they are then integrated and pro-
cessed to form mature products (Chen et al.,
2015). Viral delivery is being evaluated clini-
cally for the delivery of miR-15a/16 (Kasar
et al., 2012); 2) EDV™ nanocells are bacte-
rially-derived, nonviable minicells containing
the miRNA mimic or antagonist of interest.
MiR-16 has been evaluated in other malig-
nancies, but has potential implications in
multiple leukemias (Reid et al., 2013). EDV™
nanocells are often utilized with antibody
conjugation for enhanced tumor targeting; 3)
Antibody conjugation of encapsulated miRNA
or attached to an RNA-binding protein (Li and
Rana); 4) Liposomal-based delivery of miRNA

involves the encapsulation of miRNA in liposomal complexes to protect miRNA from degradation and enhance stability in circulation (Chen et al., 2015; Huang et al.,
2013; Rupaimoole and Slack, 2017).
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of miRNA-based therapeutics indicate the continued need for further
evaluation into the effects of miRNA not just on the tumor cells, but
within the complex microenvironment that exists within patients.

5. Conclusion

NK cells are powerful immune effectors capable of improving
therapy-related outcomes. MiRNA regulation of NK cells may be a
targetable therapeutic strategy to improve NK cell maturation and
function, thus promoting anti-leukemic efficacy. Specific targeting with
miRNA therapeutics will be critical for success as miRNA often play
opposing roles in tumor and non-tumorous cells. Although the NK cells
that are derived from AML patients are impaired, it has also been shown
that the impaired NK cell phenotype is reversible, indicating the po-
tential for therapeutic intervention (Fauriat et al., 2007; Lion et al.,
2012; Nguyen et al., 2008). Several unanswered questions remain as to
the true mechanism of miRNAs as regulators of NK cell development
and anti-leukemic function. These include: 1) Does the role of miRNA in
NK cell development differ depending on the tissue site? 2) What role
do miRNA play in regulating the developmental transitions between
functionally competent NK cells (CD56bright and CD56dim) 3) How do
changes in miRNA profiles impact NK cell development in normal and
leukemic environments? 4) Is miRNA modulation a means of evading
innate immune evasion in developing leukemias? It is our hope that
continued research in this area will help augment NK cell therapy and
contribute to improved patient outcomes.
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