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Abstract

A precise understanding of the role of miR-223 in human hematopoiesis and in the pathogenesis
of acute myeloid leukemia (AML) is still lacking. By measuring miR-223 expression in blasts
from 115 AML patients, we found significantly higher miR-223 levels in patients with favorable
prognosis, whereas patients with low miR-223 expression levels were associated with worse
outcome. Furthermore, miR-223 was hierarchically expressed in AML subpopulations, with lower
expression in leukemic stem cell-containing fractions. Genetic depletion of miR-223 decreased
the leukemia initiating cell (L1C) frequency in a myelomonocytic AML mouse model, but it was
not mandatory for rapid-onset AML. To relate these observations to physiologic myeloid
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differentiation, we knocked down or ectopically expressed miR-223 in cord-blood CD34* cells
using lentiviral vectors. Although miR-223 knockdown delayed myeloerythroid precursor
differentiation in vitro, it increased myeloid progenitors in vivo following serial
xenotransplantation. Ectopic miR-223 expression increased erythropoiesis, T lymphopoiesis, and
early B lymphopoiesis in vivo. These findings broaden the role of miR-223 as a regulator of the
expansion/differentiation equilibrium in hematopoietic stem and progenitor cells where its impact
is dose- and differentiation-stage-dependent. This also explains the complex yet minor role of
miR-223 in AML, a heterogeneous disease with variable degree of myeloid differentiation.

Recent profiling approaches have revealed tissue-specific and/or developmentally regulated
expression patterns that point to a role of miRNASs in complex biological processes such as
hematopoietic differentiation [1-12]. In particular, granulopoiesis has been linked to
miR-223 [13-15], a highly conserved miRNA with a myeloid-specific expression pattern
[16,17]. This prompted multiple studies into possible targets and regulatory circuits in
normal [17] and malignant hematopoiesis, such as acute myeloid leukemia (AML)
[5,14,18,19], revealing a tight control by differentiation factors such as PU.1 and C/EBPs
[20]. By using a reporter vector, we measured functional miR-223 activity across multiple
murine and human hematopoietic subpopulations with single cell resolution [21,22]. We
found miR-223 activity already in hematopoietic stem cells (HSCs) and progenitors
(HSPCs), with a progressive increase during myeloid differentiation and a loss of activity in
the erythroid and lymphoid lineage. Genetic depletion of miR-223 in mice did not abrogate
myeloid differentiation but led to a significant increase in myeloid progenitor cells [17,23].
Besides regulating homeostasis between the HSPCs and the terminally differentiated
myeloid compartment, additional roles of miR-223 became evident, such as preventing
excessive neutrophil or macrophage activation [17,23,24]. However, much less is known
about the role of miR-223 in human normal and malignant hematopoiesis. Lentiviral
overexpression of miR-223 led to increased myeloid differentiation of primary AML cells in
vitro through activation of the epigenetic machinery as well as bona fide targets such as NFI-
A [14,18,25]. In addition, it was shown that E2F1 and miR-223 constitute a negative
feedback loop potentially leading to increased cell cycle progression in AML cells [19]. This
implies that altered miR-223 expression may contribute to leukemogenesis by targeting
differentiation and proliferation. Considering the in vitro nature of these findings, it remains
unclear whether miR-223 is actually a relevant factor for the in vivo onset of AML and how
it contributes to the leukemic properties of various driver mutations in different AML
models. Only very recent studies have begun to address its function in primary
hematopoietic cells from human cord blood (CB) using in vitro culture and differentiation
assays. In vitro experiments suggested that miR-223 positively regulates granulocytic
differentiation [14,21,25-27]. It still remains unclear how these findings relate to the
phenotype of miR-223 knockout mice, how modulation of miR-223 levels influence steady-
state hematopoiesis in humans, and what role this miRNA has in regulating hematopoietic
stem- and progenitor-cell function and homeostasis. Understanding these aspects is
fundamental to assess the pathogenetic role of miR-223 in myeloid malignancy.

In this work, we characterized miR-223 expression in primary AML samples from patients
stratified into prognostically well defined subgroups and found significantly higher miR-223
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levels in patients with favorable prognosis and a more differentiated blast cell phenotype.
Absence of miR-223 expression did not significantly alter the disease onset but modulated
leukemia initiating cell (LIC) frequency in some experimental AML mouse models. We
relate these data to the physiologic function of miR-223 in human hematopoiesis by
studying knockdown and over-expression phenotypes in primary CB-derived HSPCs using
both in vitro and in vivo xenotransplantation models, showing for the first time, to our
knowledge, that miR-223 serves as a rheostat to positively regulate multilineage
commitment and to constrain the proliferation of human myeloid progenitors, thus allowing
differentiation to proceed.

Material and methods

miR-223 knockdown and overexpression

The miR-223 sponge vector has been previously described [23] (see Supplementary
Methods, online only, available at www.exphem.org). High titer lentiviral vectors (LVs; 5—-
10 x 109 transducing units/mL) were produced as previously described [23]. Successful
knockdown of miR-223 in the progeny of CD34* HSPCs by the miR-223 sponge was
verified by quantification of the validated miR-223 target, NF/A, and by Western blot as
previously described [23]. Overexpression was verified by quantitative reverse transcription
polymerase chain reaction (QPCR) for mature miR-223 as described below.

Transduction and culture of CD34* cord blood HSPCs

CD34" human CB cells were purchased from Lonza (Milan, Italy). After thawing, cells were
plated at a density of 10° cells/mL and prestimulated for 12—16 hours in Stem Span medium
(StemCell Technologies) containing the following cytokines: stem cell factor (100 ng/mL),
Fms-related tyrosine kinase 3 ligand (FLT3L; 100 ng/mL), thrombopoietin (50 ng/mL), and
interleukin 6 (IL-6; 20 ng/mL). Five-hundredfold concentrated LVs were added at a
concentration of 108 transducing units/mL, and the culture was incubated for 24 hours. This
protocol yielded 10-20 vector integrations per cell (as measured by quantitative real-time
PCR [gPCR] [23]), and 73 + 6.4% of green fluorescent protein (GFP)-expressing cells at
day 7 of serum-free culture.

Maintenance/HSPC expansion culture was performed in serum-free stem span medium
supplemented with stem cell factor (SCF), FLT3L, thrombopoietin (TPO), and IL-6 (all at
50 ng/mL). Myeloid differentiation culture was performed in Iscove’s Modified Dulbecco’s
Medium (IMDM) + 10% fetal calf serum (FCS) + granulocyte colony—stimulating factor (G-
CSF) 100 ng/mL (Myelostim, Chugai Sanofi Aventis) + SCF 50 ng/mL for the first week of
culture. Clonogenic assays were performed by plating 0.8-1 x 103/mL human HSPCs in a
methylcellulose-based medium (MethoCult H4434, StemCell Technologies). After 15 days,
colonies were counted as erythroid, myeloid, or mixed erythroid-myeloid by morphologic
criteria.

Retroviral infection of murine bone marrow cells

Total bone marrow (BM) from miR-223 knockout (miR-223-/y) and wild-type
(miR-223+/y) mice was extracted and prestimulated for 2 days, as previously described [13].
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Depletion of miR-223 was confirmed by gPCR. Then, BM cells were either singly
transduced with pSF91-MNI-internal ribosome entry site (IRES)-GFP, MSCV-IRES-GFP,
MSCV-Hoxa9-IRES-GFP, MSCV-AML1-ETO-IRES-GFP, MSCV-MLL-AF9-IRES-GFP, or
simultaneously cotransduced with MSCV- Hoxa%pgk-neomycinand MSCV-Meis1-IRES-
YFPby cocultivation with irradiated (4,000 cG) viral producers, as previously described
[28,29]. Except for Hoxa9-Meis1, retrovirally transduced cells were sorted based on
expression of GFP by using a FACSArialll (Becton Dickinson). Hoxa9-MeisI-transduced
cells were sorted for YFP expression and continuously selected with neomycin (1.4 mg/mL).

Bone marrow transplantation assays

Mice were bred and maintained at the British Columbia Cancer Agency Research Center
Animal Facility (Vancouver, BC, Canada). All experimental protocols were approved by the
University of British Columbia Animal Care Committee. All recipients (C56BL/6 mice)
were lethally irradiated (750 cG) and transplanted by tail vein injection along with either
sorted Hoxa9-MeisI or unsorted MNI (1% GFP*) BM cells, as previously described [29].
Donor-derived engraftment and reconstitution were monitored by flow cytometry for GFP*
and/or YFP* expression in the peripheral blood of the transplanted animals. Moribund mice
were analyzed as previously described [28]. Limiting dilution assays were performed as
described above with decreasing numbers of AML cells, as shown below.

Xenotransplantation was performed by intravenous injection of 2 x 10° CD34" cells into the
tail vein of sublethally (200 cG) irradiated, 10-week-old female NOD scid gamma (NSG)
mice. Secondary transplantation was performed by purifying human CD34+ cells from the
pooled BM recovered from the primary NSG mice using the direct CD34 Microbead Kit
(Miltenyi Biotec) and injecting 3 x 10° CD34* cells per mouse into five sublethally
irradiated NSG-3GS recipients (Jackson Laboratories). All experimental procedures were
performed in a specific pathogen-free (SPF) environment at the San Raffaele Animal
Facility after approval had been obtained by the Institutional Animal Care and Use
Committee.

Statistical analysis

Unless otherwise indicated, pairwise comparisons were performed using unpaired Student’s
ttest, and multiple comparisons were performed using one-way analysis of variance with
Bonferroni posttest corrections. The definition of survival endpoints, molecular cytogenetic
risk, and statistical analysis were as previously published [30]. The Kaplan-Meier method
and log-rank test were used to estimate the distribution of overall survival (OS) and to
compare differences between survival curves, respectively. LIC frequencies were calculated
with L-calc (Stemcell Technologies). Chimerism (chim) values were transformed into a log-
odds scale (lochim = log (% chim/(100% chim))) to allow for proper statistical comparison.

For further details, please refer to Supplementary Methods (online only, available at
www.exphem.org).
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Results

miR-223 expression differs between prognostic AML subgroups

Little is known about the clinical associations of miR-223 levels in AML patients.
Therefore, we assessed miR-223 expression in blasts from 115 AML patients by miRNA
hybridization arrays. The patient collective was stratified into genetic risk groups according
to guidelines from the European Leukemia Network (ELN) [31]; 36 patients were grouped
as favorable, 49 patients as intermediate-I and intermediate-11, and 30 patients as adverse
prognosis (Table 1). Comparing miR-223 levels between the ELN genetic risk groups,
significantly higher miR-223 levels were detected in the genetically favorable group (7= 36)
compared with the adverse risk group (7= 30; p=0.02) (Fig. 1A; Supplementary Table E1,
online only, available at www.exphem.org). Especially, the t(8;21) subgroup (n=9)
exhibited significantly higher miR-223 levels within the genetically favorable group (p=
0.02; Fig. 1A). No statistically significant difference was found for the inv(16) (Fig. 1A)
subgroup (n=9; p=0.29) or between the intermediate-l (7= 33; p=0.72) and intermediate-
Il (n=16; p=0.17) groups (Fig. 1A). In addition, a univariate Cox regression analysis
demonstrated an inferior survival (o = 0.03) of low miR-223 expressers dichotomized to the
4th quartile (Fig. 1B; Supplementary Figure E1 and Supplementary Table E2, online only,
available at www.exphem.org). These findings indicate that miR-223 levels are dynamic
between AML subgroups; low miR-223 expression is associated with a worse clinical
outcome. In addition, we found a significantly higher expression (p = 0.02) of miR-223 in
more committed leukemic bulk cells (CD347) with respect to CD34*CD38~ AML cells in
five AML patient samples (Fig. 1C; Supplementary Methods, online only, available at
www.exphem.org).

These data support a role for miR-223 in the formation of a leukemic hierarchy by positively
regulating myeloid differentiation programs.

miR-223 is dispensable for disease development in murine AML models

Next, we set out to clarify whether the presence of miR-223 contributes to the development
of AML in vitro and in vivo. Therefore, we took advantage of a genetically depleted
miR-223 mouse (miR-223-/y) model and retrovirally infected miR-223-/y and wild-type
miR-223 (miR-223+/y) murine BM cells with oncogenes of increasing leukemia-inducing
potency: AML1-ETO[32,33], Hoxa9[34], MN1[28], and MLL-AF9[35] to assess the
proliferation rate as well as colony formation in vitro. Except in the case of AMLI-ETO,
where the absence of miR-223 significantly increased proliferation (Fig. 1D) and showed a
consistent trend for higher colony counts during 3 weeks of replating (Fig. 1E), we did not
detect significant alterations in proliferation or colony-forming capacity in the miR-223-/y
background for the other oncogenes tested (Supplementary Figures E1 and E2, online only,
available at www.exphem.org). Notably, AML 1- ETO was the only oncogene that did not
fully immortalize BM cells, highlighting its weak transforming potential. These results
suggest that the tumor-modulating effect of miR-223 is connected to the leukemic potential
of the genetic driver lesion. In cells driven by highly leukemogenic oncogenes such as MLL-
AF9, multiple pathways regulating proliferation and self-renewal most likely override the
effects of miR-223.
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Based on increasing miR-223 expression levels in differentiated myeloid cells, we
hypothesized that genetic depletion of miR-223 might affect the onset of leukemia
differently in AML models with or without myeloid differentiation. We chose the widely
used Hoxa$ Meis1 model [34,36], which causes AML with myeloid differentiation [36,37]
and an MNI-based leukemia model [28], leading to undifferentiated AML in mice with a
short disease latency. Therefore, we infected BM cells from miR-223-/y or control
miR-223+/y mice with retroviral vectors coding for Hoxa9and Meis1 (Hoxa9-Meis1) or
MNI and transplanted the transduced cells into irradiated histocompatible C57BL/B6
recipients. All mice that received miR-223-/y (n=7) or miR-223+/y (n = 8) Hoxa9-Meis1
or that received miR-223-/y (n=4) or miR-223+/y (n=4) MNI-transduced cells developed
AML, with a mean disease latency of 37 or 34.5 days (p = 0.06) and 89.5 or 91.5 days (0o =
0.22), respectively (Figs. 1F and 1G). Encouraged by the trend toward delayed AML onset
in the Hoxa9-Meis1 model in the absence of miR-223, we further explored the possibility of
miR-223 as modulator of LIC frequency by performing limiting dilution assays (Table 2).
Indeed, with this sensitive assay, we found a significantly lower LIC frequency in
miR-223-/ly Hoxa9-Meis1 AML (frequency: 1 in 48; p=0.0327) compared with
miR-223+/y Hoxa9-Meis1 leukemias (frequency: 1 in 12; Table 2). These minor, but still
significant, changes indicate that miR-223 supports but is not essential for the proliferation
and self-renewal of LICs in differentiated AML models. Accordingly, no significant
differences were seen in Hoxa9-Meis1 leukemias with respect to overall disease
characteristics such as white blood cell (WBC) count, red blood cell (RBC), spleen weight,
and immuno-phenotypic differentiation markers (Mac-1: p=0.9; Gr-1*Mac-1*: p=0.2; c-
kit*: p=0.3; sca-1*c-kit*: p=0.3; b220*: p=0.29; ter-119: p=0.12; Fig. 1H;
Supplementary Figure E3, online only, available at www.exphem.org).

Taken together, we found that miR-223 is a weak yet complex modulator of leukemogenesis
in murine models of AML and that the effect of miR-223 appears to be dictated by the
potency of the oncogenic driver lesion and the differentiation status of the disease.

Inhibition of miR-223 reduces myeloerythroid precursor differentiation

The complex miR-223 phenotypes encountered in the different AML mouse models can
hardly be reconciled with the published functions of miR-223 in human hematopoiesis,
which mainly relate to its role in promoting myeloid differentiation [25,27]. We therefore set
out to further define the role of miR-223 in human primary hematopoietic cells. We
transduced CB CD34* HSPCs with a previously described miR-223 sponge vector [23].
Successful miR-223 knockdown (KD) in huCB was verified by showing upregulation of
NFI-A protein by western blot (Supplementary Figure E4A, online only, available at
www.exphem.org). We investigated the consequences of miR-223 KD on HSPC
proliferation in serum-free liquid culture, which had been optimized for the maintenance and
expansion of HSPCs in vitro. During a 3-week culture period, we did not detect significant
differences in cell numbers after huCB transduction with the miR-223 sponge, as compared
with a scrambled control vector (Fig. 2A). However, there was a minor, yet statistically
significant, reduction in the proportion of CD34~ cells (Fig. 2B) with a concomitant increase
in CD34Ni cells, suggesting that dose reductions of miR-223 might reduce spontaneous
differentiation in these cultures (Fig. 2C). To distinguish between a possible effect of
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miR-223 on proliferation associated with self-renewal or differentiation, we sorted
CD34NCcD133* CB cells into a CD38~/1°W progenitor and a less primitive CD38" precursor
fraction, respectively, and generated growth curves in serum-free liquid culture after
transduction with the miR-223 sponge or control vector. Whereas miR-223 KD had no
impact on the growth of more primitive CD34NMCD133*CD387~/1oW cells (Supplementary
Figure E4C, online only, available at www.exphem.org), the CD38* fraction was slowed
down in proliferation, confirming an effect of miR-223 on differentiating, intermediate-level
precursors rather than on multipotent HSPCs (Fig. 2D).

We then performed colony-forming assays on CD34* CB and scored colony type and
number after 14 days of culture in complete methylcellulose medium. Whereas colony size
was similar between the miR-223 KD and the control group (data not shown), the number of
erythroid, myeloid, and mixed colonies was reduced upon miR-223 KD (Fig. 2E),
compatible with our hypothesis that less miR-223 reduces differentiation of hematopoietic
precursors, resulting in a lower number of colony/burst forming units with erythroid,
granulocytic, monocytic, and myeloerythroid bilineage potential (BFU-E, CFU-E, CFU-G,
CFU-M, CFU-GM, and CFU-GEMM, respectively). We also investigated the effect of
miR-223 on later stages of myeloid differentiation using a unilineage differentiation protocol
based on liquid culture in G-CSF-containing medium. Culture growth under myeloid
differentiation conditions revealed a small, but statistically significant, reduction in cell
numbers in miR-223 sponge treated cells in the first week of culture (Supplementary Figure
E4D, online only, available at www.exphem.org). This was accompanied by a reduced
accumulation of terminally differentiated cells (CD11b* myelocytes and CD11b* CD16*
metamyelocytes; Figs. 2F and 2G). However, the effect decreased with time, and the fraction
of CD11b" cells in the miR-223 sponge group surpassed the control after 3 weeks in culture,
suggesting that miR-223 KD delays but does not abrogate myeloid differentiation (Fig. 2F).
These results indicate that miR-223 is a rheostat for myeloid differentiation, which is in line
with the weak effects that we observed in leukemogenesis.

miR-223 regulates the expansion-differentiation equilibrium in human hematopoietic

progenitors

The standard for studying human HSPC functions is the xenotransplantation model using
immunodeficient mouse strains such as NSG mice. Therefore, to study the long-term effects
of aberrant miR-223 expression on human steady-state hematopoiesis, we transduced huCB
CD34* cells with the miR-223 sponge vector (223 KD) or with a lentiviral miR-223
overexpression (223 OE) vector and performed xenotransplantation (Fig. 3A). Transduced
cells could be identified with the help of a coexpressed fluorescent protein: green fluorescent
protein (GFP; 223 KD) and orange fluorescent protein (OFP) (223 OE), respectively. 223
OE significantly increased BFU-E and CFU-GEMM numbers but had little effect on
myeloid colonies (Supplementary Figure E4E, online only, available at www.exphem.org).
This is in line with the 223 KD data because our 223 OE LV induced significant levels of
ectopic miR-223 expression in erythroid lineage cells and progenitors, but only modest
miR-223 overexpression in the myeloid compartment, where endogenous miR-223 is
already highly expressed, as suggested by qPCR (fourfold overexpression on the total colony
outgrowth; Supplementary Figure E4F, online only, available at www.exphem.org). Thus,
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the OE approach will mainly read out the consequences of ectopic miR-223 expression in
cell populations where miR-223 is physiologically absent or low, whereas the KD approach
will be effective in cell populations physiologically expressing miR-223, making both
approaches complementary.

Twenty-four hours after transduction, equal numbers of 223 OE and 223 KD CD34* CB
cells were pooled and transplanted into sublethally irradiated NSG mice, where
GFP(miR-223 KD)/OFP(miR-223 OE) chimerism was followed over time (Fig. 3A). After
15 weeks, mice were euthanized, hematopoietic tissues were analyzed, and huCD34+ cells
were purified from the BM to perform secondary transplantation into NSG-3GS recipients,
where the xenograft was followed for another 11 weeks. The NSG-3GS model, which
expresses human IL-3, G-CSF, and SCF, was chosen because it better supports myeloid
differentiation and enables higher human cell engraftment, thus allowing superior readouts,
especially in the peripheral blood [38].

Mean human CDA45 engraftment in the PB reached up to 43% in the primary recipients and
15% in the secondary mice (Fig. 3B). Within the human CD45* compartment, GFP/OFP
chimerism was well balanced throughout 26 weeks of observation, with a trend toward
increasing contribution from 223 KD cells (46.0% at t0, 51.0% at 15 weeks, 61.6% at 26
weeks) that did not reach statistical significance (Fig. 3C). The CD19* B-cell compartment
showed an undulating pattern of chimerism that fluctuated around a mean of 54% KD/46%
OE cells (Fig. 3D). Interestingly, 223 OE cells contributed significantly more to the B-cell
compartment during the first month after transplantation (OE: 59.2% + 4.7%; KD: 40.8%)
as compared with later time points and the CD33* myeloid compartment, where chimerism
was in slight favor of the 223 KD cells in the primary transplant (Fig. 3E). At sacrifice (15
weeks after primary transplantation), we also noted a miR-223 OE-biased chimerism in
CD45™ erythroid precursors (OE: 75.1 + 5.5%; KD: 24.9%), in CD14* monocytes (OE: 60.6
+ 7.6%; KD: 39.4%), and, surprisingly, in the T-cell compartment (OE: 73.4 = 11.3%; KD:
26.6%), whereas there was a tendency toward a miR-223 KD bias in BM CD34" cells (KD:
61.1 + 6.4%; OE: 39.9%; Fig. 3F). Strikingly, 223 KD cells dominated the CD33* myeloid
graft in the NSG-3GS secondary transplant, constituting on average 81% of this
compartment (Fig. 3E). Taken together, these data suggest that miR-223 has a minor impact
on multipotent HSPCs but rather acts at the level of committed progenitors in a
developmental-stage-specific manner. Reductions in miR-223 levels favor the expansion of
early myeloid progenitors, whereas premature miR-223 upregulation pushes myeloid
precursors into terminal differentiation. Moreover, our data suggest that miR-223 has a
broader role in inducing commitment to differentiation, which is not limited to myeloid
precursors but also seen in B-cell, T-cell, and erythroid precursors.

Discussion

In this work, we investigated the role of miR-223 in acute myeloid leukemia and normal
human hematopoiesis in vitro and in vivo by using loss- and gain-of-function approaches in
primary cells.
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Considering the high abundance of miR-223 in AML cells [39], very little is known about its
pathogenetic role in AML. Based on our findings and previous publications miR-223
expression levels vary in AML patients [19,36,37,39,40]. Here, we show for the first time
that higher average miR-223 levels are associated with favorable adult AML risk groups.
This finding is in line with that of Daschkey et al., who also reported higher miR-223 levels
in core-binding factor (CBF) infant AML [37]. Interestingly, Eyholzer et al. highlighted in
their analysis miR-223 levels in AML M2 samples comparable to that in monocytes and
significantly less than that found in granulocytes [40]. Considering the role of miR-223 as
regulator of monocytic and granulocytic differentiation in AML cells, and considering that
lentiviral miR-223 overexpression enhances myeloid differentiation in vitro [14,18], it is
plausible that AMLs with a favorable prognosis have retained more differentiation capacity
than poor-prognosis AMLSs. Recent publications have highlighted the adverse prognostic
impact of a leukemic stem cell (LSC) signature in AML [41,42], consolidating the link
between differentiation status and outcome. Although a formal link between reduced
miR-223 expression and LSCs still needs to be confirmed by functional assays, our data
support a hierarchical expression of miR-223 in AML, with less miR-223 corresponding to a
more LSC-like phenotype and an adverse prognosis. Based on these findings, we speculated
that miR-223 is a modulator of leukemic activity in AML. Taking advantage of miR-223-/y
bone marrow cells, we found that the absence of miR-223 increased proliferation and
enhanced colony formation only in the case of the weakest oncogene, AML1-ETO, adding
to the results of Fazi et al. [18]. Unlike Fazi et al, we grouped our AML samples according
to a widely used prognostic score based on cytogenetics and molecular genetics, which
might explain the observed differences in miR-223 expression levels between our study and
that of Fazi et al. Different patient characteristics and technology platforms used for
measuring miR-223 might also account for this difference. It will be interesting to measure
miR-223 levels in paired diagnosis-relapse samples from AML patients carrying the t(8;21)
(AML1-ETO) translocation to better understand the clinical implications of miR-223
downregulation in this specific disease context.

Using two well documented [28,36,43] murine models of AML, we found that disease onset
and phenotype were virtually identical in a miR-223-/y or miR-223+/y background,
indicating that the presence or absence of miR-223 might not be relevant for the onset of
AML, but that it acts as modulator of LIC frequency in myeloid-differentiated AML. Indeed,
in HOX-dependent AML models, leukemic stem cells have been characterized as
downstream myeloid cells that have acquired self-renewal potential [35], suggesting that
these cells might have retained a myeloid molecular program in which the presence of
miR-223 enhances proliferative function. Our findings further define a functional role for
miR-223 in acute leukemia, but also show that miR-223 deregulation is not a driving event
in the onset of AML, instead acting more as a modulator of self-renewal and differentiation.
Whether this happens through targeting E2F1 [19] or NFI-A [14] in the presented AML
model remains to be determined. AML is a highly heterogeneous disease, and we cannot
exclude the possibility that the loss of miR-223 might actively contribute to a differentiation
block or increased self-renewal in a subset of AML patients that was not reflected in our
experimental mouse models. However, our data also suggest that low miR-223 levels are
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necessary in some AML subtypes for full leukemic activity. This accords with the fact that
only a single AML case has been reported where the miR-223 gene was deleted [44].

To better understand the complex role of miR-223 in AML, we further explored its function
in human primary CB HSPCs. In line with previously published data [14,25,27], we confirm
that miR-223 promotes myeloid/ granulocytic differentiation. We also found in vitro and in
vivo evidence that miR-223 increases erythroid and monocytic differentiation. Different
differentiation models and the degree of miR-223 modulation, which was more moderate in
our study compared with previous studies [26,27], might account for these discrepancies.
Unexpectedly, our in vivo studies using the NSG xenotransplantation model showed
increased B and T cells upon miR-223 OE during early lymphoid reconstitution.
Interestingly, increased T-cell production upon miR-223 overexpression in mouse HSCs was
reported in the first publication describing the in vivo role of miRNAs in hematopoiesis [16],
and our data obtained on human CB HSPCs now support this finding. The increased
production of differentiated cells from multiple lineages in 223 OE, as opposed to 223 KD,
cells points to a biological effect of miR-223 in multi-potent progenitors, where it instructs
differentiation. In line with this hypothesis, 223 KD cells were overrepresented in CD34*
progenitor BM cells. Notably, upon secondary transplantation into NSG-3GS mice, the
myeloid compartment adjusted to the 223 KD-biased chimerism found in CD34" cells,
whereas chimerism in the lymphoid compartment remained balanced between 223 KD and
223 OE cells. Based on the common model that posttransplant hematopoiesis derives from
multipotent HSCs, the stable chimerism in the B-cell compartment seen over 26 weeks
argues for a predominant role of miR-223 in instructing commitment and differentiation at
the level of hematopoietic progenitors, rather than a direct role of miR-223 in regulating
self-renewal and maintenance of hematopoietic stem cells. It is likely that the NSG-3GS
model chosen for secondary transplantation highlighted the promoting effect of miR-223
KD on myeloid progenitors. The presence of human cytokines, namely IL3, G-CSF, and
SCF, in this model greatly enhances myeloid progenitor development, and huCD33" cells
found in NSG-3GS mice mostly represent granulocyte progenitors, as opposed to monocyte
lineage cells seen in the classical NSG model [38]. These data reconcile the finding of
increased myeloid progenitor cell numbers in miR-223 knockout/knockdown mice and
consolidates the concept that miR-223 is a rheostat which balances self-renewal-type
proliferation against commitment and differentiation in hematopoietic progenitors.

Taken together, we establish the role of miR-223 in human hematopoiesis as a promoter of
lineage commitment and differentiation and highlight its role as modulator, but not as driver,
in AML in vivo. To our knowledge, this is the first paper functionally investigating the role
of miR-223 in in vivo AML maodels, as well as in human steady-state hematopoiesis, using a
xenotransplantation model.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(A) miR-223 expression levels are significantly increased in AML patients with a
cytogenetically favorable prognosis (ELN classification; p=0.02). (B) Overall survival based
on miR-223 expression dichotomized into 4 quartiles. The lowest miR-223 expressers (4th
quartile) associated with inferior OS (p=0.03). (C) miR-223 is significantly more highly
expressed in CD34~ human AML cells (7= 5; p=0.02). (D) Genetic depletion of miR-223
increased the proliferation rate of BM cells retrovirally transduced with an AMLI-ETO
construct (n=6; p=0.04 and p = 0.02, respectively). (E) Absence of miR-223 allowed
colony formation of BM cells retrovirally transduced with an AML1-ETO construct beyond
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week 2, but had no impact on colony numbers (7= 8; p=0.09 and p = 0.08, respectively).
Survival of BM cells transformed with (F) MNI (n=4 mice/arm; p=0.2) or (G) Hoxa%
Meis1 (n=7-8 mice/arm; p =0.06) was not significantly changed in the absence of miR-223.
(H) Hoxa9-Meis1 leukemias did not exhibit any changes in disease-associated
immunophenotypic markers (77=7-8 mice/arm; Mac-1: p= 0.9; Gr-1*Mac-1*: p=0.2; c-
kit*: p=0.3; sca-1*c-kit*: p=0.3; b220™: p=0.29; ter119: p=0.12). *p < 0.05.
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(A) CD34* huCB cells (7= 6 donors) were lentivirally transduced with a miR-223 sponge
(223/KD) or control vector, and proliferation was monitored in HSPC maintenance culture
conditions (Stem Span serum free expansion medium + SCF, TPO, FLT3L, IL-6). Shown is
the mean culture expansion + SEM, relative to day 1. (B, C) Maintenance culture
composition was analyzed by flow cytometry at the indicated time points. Statistical analysis
was performed by paired #test after log-odds conversion. (D) CD34* huCB cells (7=3
donors) were sorted into a CD133*CD38* progenitor cell population, transduced with the
223 KD or control LV as described above, and cultured under maintenance conditions. (E)

Exp Hematol. Author manuscript; available in PMC 2016 May 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gentner et al.

Page 17

Colony-forming assay was performed on CD34* CB cells (/7= 6 donors) on day 2 after
transduction with the 223/KD or control LV. The mean number of erythroid, myeloid, and
mixed colonies from three or four technical replicates in the 223/KD group was divided by
the mean number in the respective control group to yield a relative colony count, and the
mean relative count from six donors + SEM is shown. Statistical analysis was performed on
absolute colony counts using a paired ¢test. (F, G) 223/KD- or control-LV-transduced
CD34* CB cells (7= 8 donors) were cultured in myeloid differentiation medium (IMDM

+ 10% FCS + SCF + G-CSF). Culture composition was assessed by flow cytometry at the
indicated time points. CD11b™* cells indicate myelocytes and metamyelocytes, whereas
CD11b*CD16™ cells correspond to metamyelocytes. Statistical analysis was performed by
paired ttest after log-odds conversion. Shown is the mean + SEM. *p < 0.05. Ctrl = control;
E = erythroid; G/GM/M = myeloid; Mix = mixed.
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Figure 3.

(A) Experimental scheme. CB CD34* cells (from four donors) were transduced with the
indicated lentiviral vectors, mixed in a 1:1 ratio, and competitively transplanted into six
NSG mice. GFP/OFP chimerism in the blood was analyzed at the indicated time points, and
mice were euthanized at 15 weeks for analysis of hematopoietic organs. CD34* cells were
enriched from the pooled BM of the primary mice, and secondary transplantation was
performed into NSG-3GS mice, where GFP/OFP chimerism was followed for another 11
weeks. (B) Total human CD45* engraftment in the blood of xenotrans-planted mice is
shown at the indicated time points (weeks) post primary (l.) or secondary (l1.)
transplantation. (C) GFP (miR-223 KD) over OFP (miR-223 OE) chimerism was measured
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by FACS at the time of transplantation (0 weeks) and in the huCD45+ fraction in the BM of
primary (I.) NSG transplants and in the BM of secondary (11.) NSG-3GS transplants.
Chimerism was calculated as follows: GFPchim = %GFP/(%GFP+%OFP); OFPchim =
%OFP/(%GFP+% OFP); Transduction levels were >90% for each individual vector. D-E
GFP (223 KD) chimerism in CD19+ B cells (D) or CD33+ myeloid cells (E) in the PB of
primary and secondary transplants at the indicated time points (weeks). Shown is the mean
GFP chimerism = SEM (7= 6 primary mice and 5 secondary mice). Statistical analysis was
performed by one-way analysis of variance, and p values from Bonferroni posttest are
indicated in the plot. (F) Shown is the GFP chimerism in the indicated human-cell
subpopulation. Subpopulations were identified in the BM of transplanted NSG mice at 15
weeks, except for CD3* T cells, which were purified from the thymus. GFP chimerism was
calculated as described in (C). *p <0.05. EF intron = First intronic sequence of the human
elongation factor 1 a gene; I. = primary; 1l. = secondary; SFFV = spleen focus-forming virus
enhancer/promoter. (Color version available online.)
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Clinical parameters of screened patients

Clinical parameters n
Age
Mean years 45
Range (min-max) 20-60

WBC count x 10%/L

Mean 43

Range (min-max) 1.2-215
Sex

Male 62

Female 53

ELN genetic risk

Favorable 36
Intermediate-1 (normal karyotype) 33
Intermediate-11 (rest) 16
Adverse 30
Cytogenetics
8 2
-50r-5q or =7 or -7q 14
-9q 2
1123 4
1(6:9) 0
t(8;21) 9
1(9;11) 0
inv(3) or t(3;3) 3
inv(16) 9
Normal karyotype 51
Complex karyotype 9
Other 12

Molecular genetics?

CEBPA single 0
CEBPA double 6
FLT3-ITD 19
FLT3-TKD 7
NPM1 28

aDetermined for patients with normal karyotype.
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Limiting dilution assay of Hoxa9-Meis1 cells

Table 2

Cells input miR-223*Y Hoxa9-Meisl

miR-223"% Hoxa9-Meisl

Experiment 1

10,000 4/4
1,000 44
100 4/4
10 3/4
Calculated LIC frequency lin7

Experiment 2

10,000 4/4
1,000 A4
100 4/4
10 1/3
Calculated LIC frequency lin21
Combined LIC frequency 1lin12

4/4
414
414
1/4

1in 26
p=0.1474

4/4
4/4
3/4
0/1

1in76
p=0.1768

1in48
p=0.0327
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