@& MolecularMedicine

miR-155 Is Associated with the Leukemogenic Potential of the
Class IV Granulocyte Colony-Stimulating Factor Receptor in
CD34* Progenitor Cells
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Granulocyte colony-stimulating factor (G-CSF) is a major regulator of granulopoiesis on engagement with the G-CSF receptor
(G-CSFR). The truncated, alternatively spliced, class IV G-CSFR (G-CSFRIV) has been associated with defective differentiation and
relapse risk in pediatric acute myeloid leukemia (AML) patients. However, the detailed biological properties of G-CSFRIV in human
CD34* hematopoietic stem and progenitor cells (HSPCs) and the potential leukemogenic mechanism of this receptor remain
poorly understood. In the present study, we observed that G-CSFRIV-overexpressing (G-CSFRIV*) HSPCs demonstrated an en-
hanced proliferative and survival capacity on G-CSF stimulation. Cell cycle analyses showed a higher frequency of G-CSFRIV*
cells in the S and G2/M phase. Also, apoptosis rates were significantly lower in G-CSFRIV* HSPCs. These findings were shown o be
associated with a sustained Stats activation and elevated miR-155 expression. In addition, G-CSF showed to further induce
G-CSFRIV and miR-155 expression of peripheral blood mononuclear cells isolated from AML patients. A Statd pharmacological in-
hibitor or ribonucleic acid (RNA) interference-mediated silencing of the expression of miR-1565 abrogated the aberrant prolifera-
tive capacity of the G-CSFRIV* HSPCs. Hence, the dysregulation of Stat5/miR-155 pathway in the G-CSFRIV* HSPCs supports their
leukemogenic potential. Specific mMIRNA silencing or the inhibition of Stats-associated pathways might contribute to preventing
the risk of leukemogenesis in G-CSFRIV* HSPCs. This study may promote the development of a personalized effective antileukemia
therapy, in particular for the patients exhibiting higher expression levels of G-CSFRIV, and further highlights the necessity of pre-
screening the patients for G-CSFR isoforms expression patterns before G-CSF administration.
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INTRODUCTION

Granulocyte colony-stimulating factor
(G-CSF) plays an important role in the
homeostasis of granulopoiesis in the
steady state and during emergencies (1).
G-CSF supports the production, sur-
vival, proliferation, differentiation and
mobilization of myeloid progenitor and

precursor cells via the G-CSF receptor
(G-CSFR). Clinically, G-CSF is com-
monly used to treat severe congenital
neutropenia and to mobilize hematopoi-
etic stem and progenitor cells (HSPCs)
for transplantation. Recently, G-CSF was
also used to facilitate hematopoietic
recovery after transplantation, as a
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chemosensitizer to prime leukemia cells
and as a primary prophylactic treatment
to prevent chemotherapy-related neu-
tropenia in patients with a high risk of
febrile neutropenia (2). However, the
potential leukemogenic role of G-CSFR
variants has now become a major
concern (3).

The wild-type G-CSER (also known as
class I G-CSFR [G-CSFRI]) consists of an
extracellular domain, a transmembrane
domain and a cytoplasmic domain. The
C-terminal end of the G-CSFRI cytoplas-
mic domain contains four conserved ty-
rosine (Y) residues (Y704, Y729, Y744
and Y764), which form potential bind-
ing sites for signaling molecules (4).
Furthermore, the dileucine motif at
residues 749-754 facilitates the internal-



ization of the receptor (5). In response to
G-CSF, the G-CSFR forms homodimers
and leads to rapid Jak and Lyn phos-
phorylation and the activation of the
signal transducers and activators of
transcription (Stats)/suppressor of cy-
tokine signaling (SOCS), mitogen-
activated protein kinase/extracellular
signal-regulated kinase (ERK) and
phosphatidylinositol 3-kinase/AKT
cascades (2,6).

To date, seven alternatively spliced
G-CSFR messager RNA (mRNA) iso-
forms have been identified in humans,
but only G-CSFRI and the class IV
G-CSFR (G-CSFRIV) were detectable in
hematopoietic cells (7). Human myeloid
cells express mainly G-CSFRI, and the ex-
pression of this receptor increases during
normal granulogenesis (8). However, the
blast cells from acute myeloid leukemia
(AML) and myelodysplastic syndrome
patients as well as leukemic cell lines
(HL60, NB4 and EM3) had elevated
G-CSFRIV:G-CSFRI mRNA ratios com-
pared with normal immature myeloid
cells (8,9). Notably, a role of G-CSFRIV in
human myeloid leukemia has been re-
cently suggested from the following two
studies: (a) the overexpression of
G-CSFRIV favors the expansion of mono-
somy 7 clones in response to G-CSF (10),
and (b) pediatric AML patients with
G-CSFRIV overexpression have a higher
incidence of relapse with G-CSF adminis-
tration (11). Therefore, there is a great
need to evaluate the biological properties
and leukemogenic potential of G-CSFRIV
in primary CD34" HSPCs.

MicroRNAs (miRNAs) are short
(20-25 nt) noncoding RNAs that posttran-
scriptionally modulate the expression of
multiple target genes. Emerging evidence
shows that specific miRNAs are involved
in hematopoiesis under physiological and
pathological conditions (12). Among the
miRNAs expressed in hematopoietic cells,
miR-155 is one of the most abundant and
has been linked to hematopoietic lineage
differentiation and hematopoietic malig-
nancy (13). Therefore, in the present
study, we evaluated whether the expres-
sion pattern of miR-155 is associated with

the leukemogenic potential of G-CSFRIV.
Furthermore, we investigated the feasibil-
ity of reversing the G-CSFRIV effect with
a Stat5 inhibitor and RNA interference
technology targeting miR-155.

MATERIALS AND METHODS

Cell Isolation and Culture

Peripheral blood CD34" HSPCs from
40 healthy human leukocyte antigen
(HLA)-typed donors and peripheral
blood mononuclear cells (PBMCs) from
13 AML patients and 8 healthy donors
were collected after obtaining informed
consent and the approval of the local eth-
ics committee of the Hannover Medical
School. The CD34" HSPCs were isolated
with a human CD34 microbead kit (Mil-
tenyi Biotec; Bergisch Gladbach, Ger-
many). The isolated CD34" HSPCs were
cultured in HSPC culture medium con-
sisting of RPMI-1640 (BioWhittaker/
Cambrex, Hess Oldendorf, Germany)
supplemented with 5% human AB serum
(C.C. Pro, Neustadt, Germany), throm-
bopoietin (100 ng/mL), Fms-like tyrosine
kinase 3 ligand (100 ng/mL), stem cell
factor (100 ng/mL) and interleukin (IL)-6
(50 ng/mL) for up to 2 d to maintain an
undifferentiated state of the cells. The
AML cases were categorized according
to World Health Organization tumor
classification (14) by using anonymous
clinical reports. The PBMCs were cul-
tured in RPMI-1640 supplemented with
5% human AB serum in the presence or
absence of G-CSFE. All of the recombinant
cytokines were purchased from Pepro-
Tech (Rocky Hill, NJ, USA).

Lentiviral Vector Production and
Transduction

A lentiviral vector was used for the sta-
ble expression of G-CSFRI or G-CSFRIV.
Briefly, G-CSFRI and G-CSFRIV se-
quences were cloned into the lentiviral
vector (pRRLSIN.cPPT.PGK-GFP.WPRE)
containing enhanced green fluorescent
protein (GFP) as a reporter gene. Lentivi-
ral particles were produced by transfect-
ing 5 x 10° human embryonic kidney
(HEK) 293T cells with 10 ug G-CSFRI- or
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G-CSFRIV-encoding vector, 9 ug psPAX2
gag/pol plasmid, and 3 ug pMD2G en-
coding the VSV-G envelope protein. A
short-hairpin RNA (shRNA) targeting
miR-155 (shmiR-155) was cloned into the
pRRL.PPT.SE.DsRedEx.pre vector contain-
ing enhanced DsRed fluorescent protein
as a reporter gene. The shRNA-expressing
vector was produced by HEK 293T cells
after cotransfection with 3 ug pMD2G,

5 ug pRSV-Rev and 9 ug pMDLg/pRRE.
The psPAX2, pMD2G, pRSV-Rev and
pMDLg/pRRE plasmids were purchased
from Addgene (Cambridge, MA, USA).
After 1 and 2 d, the viral vector-containing
supernatants were collected, filtered and
concentrated by ultracentrifugation
(Optima L-100 XP; Beckman Coulter,
Krefeld, Germany) at 30,000g for 4 h at 4°C.

Lentiviral Vector Transduction

A total of 1-2 x 10° cells/well were
seeded into a RetroNectin-coated (Takara,
Otsu, Japan) 12-well plates in the HSPC
culture medium and infected with the len-
tiviral vector in the presence of 8 ug/mL
protamine sulfate (Sigma-Aldrich, Stein-
heim, Germany). After 16 h, the cells were
washed, and fresh medium was added to
the cells. Subsequently, the transduced
CD34" HSPCs expressing GFP were en-
riched via flow cytometry with fluores-
cence-activated cell sorting (FACS)
(MoFlo or XDP sorter; Beckman Coulter).

Flow Cytometry

Cells were analyzed for the expression
of specific surface antigens via FACS
(FACSCanto II; BD Biosciences, San Jose,
CA, USA). The following monoclonal an-
tibodies were used: anti-CD11b, anti-
CD11c, anti-CD14, anti-CD33 and anti-
CD114 (all purchased from BioLegend,
San Diego, CA, USA). The data were an-
alyzed with the FACSDiva software 6.0
(BD Biosciences) or FlowJo 7.6 software
(Tree Star, Ashland, OR, USA).

Proliferation Assay

Cells were labeled with 5 umol /L cell
proliferation dye (CPD) eFluor 670 (eBio-
sciences, San Diego, CA, USA) and cul-
tured with different stimulations for 3 d.

MOL MED 20:736-746, 2014 | ZHANG ET AL. | 737



DEREGULATION OF miR-155 LEVELS IN G-CSFRIV* HSPCs

The cells were then harvested and ana-
lyzed via FACS.

Bromodeoxyuridine Incorporation
Assay

Cells (1 x 10°/well) were cultured in a
48-well plate and stimulated with 10, 100
or 400 ng/mL G-CSEF. After 1 d, the cells
were incubated with 10 umol/L bromod-
eoxyuridine (BrdU) (BD Biosciences) for
3 h and then washed with phosphate-
buffered saline and fixed with ice-cold
70% ethanol overnight at —20°C. The fixed
cells were pelleted and denatured by in-
cubating with 2 mol/L HCL for 20 min,
followed by neutralization with 0.1 mol/L
boric acid (Sigma-Aldrich) for 2 min. The
incorporated BrdU was detected with an
allophycocyanin (APC)-conjugated anti-
BrdU antibody (BioLegend), and the cells
were analyzed via FACS. An anti-CD114
antibody was used to distinguish the
G-CSER variant-overexpressing or G-CSFR
nonexpressing cells.

Cell Cycle Analysis

Cells were harvested, fixed with pre-
cooled 70% ethanol at 4°C overnight and
then stained with 50 ng/mL propidium
iodide (PI) (Sigma-Aldrich) and
100 ng/mL RNase (Sigma-Aldrich) or
anti-Ki67 antibody (BioLegend) at 37°C
for 30 min in the dark. The cell cycle dis-
tribution was evaluated with FACS and
analyzed by using the FlowJo software.

Apoptosis Assay

The detection of apoptotic cells was
performed by staining the cells with an-
nexin V/PIL. Cells were stained with
APC-labeled annexin V and PI according
to the manufacturer’s instructions. The
ratios of viable cells and apoptotic cells
were determined by FACS analysis.
Annexin V and PI were purchased from
Biolegend.

Colony-Forming Assay

A total of 500 cells per well were seeded
into a six-well plate with 1.1 mL Methocult
H4035 methylcellulose medium (StemCell
Technologies, Vancouver, Canada) and in-
cubated in 5% CO, with high humidity at

37°C. After 10 and 14 d, colonies (>50 cells)
and total cells were counted, harvested,
stained with cell surface markers and ana-
lyzed by FACS. Cytospin (Thermo Fisher
Scientific, Waltham, MA, USA) cell slides
were stained with May-Griinwald-Giemsa
solution (Sigma-Aldrich) according to the
protocol provided.

Signal Transduction Assay

Intracellular signaling pathways were
evaluated using BD Phosflow technology
(BD Biosciences). Briefly, cells were incu-
bated in serum-free RPMI medium for 1 h
and stimulated with G-CSF (100 ng/mL)
alone or together with dimethyl sulfoxide
(DMSO) (Sigma-Aldrich) or a Stat5 in-
hibitor (100 umol/L, N'-[(4-Oxo-4H-
chromen-3-yl) methylene] nicotinohy-
drazide; EMD Millipore, Billerica, CA,
USA) for various time periods (0-150 min)
at 37°C. The cells were then fixed with
Cytofix buffer (BD Biosciences) for 10 min,
permeabilized with 90% methanol on ice
for 30 min, stained with PE-conjugated
anti-phosphorylated Stat5 (anti-pStat5;
pY694), PE-conjugated anti-pStat3
(pY705), APC-conjugated anti-pAKT and
APC-conjugated anti-pERK1/2 antibodies
in the presence of a phosphatase inhibitor
(BD Biosciences) for 1 h at 4°C and ana-
lyzed by FACS. All of the antibodies were
purchased from BD Biosciences.

Evaluation of miRNA and mRNA Levels

Total cellular RNA for both miRNA
and mRNA analyses was isolated and
purified with the mirVana™ miRNA
Isolation Kit (Life Technologies [now
Thermo Fisher Scientific]) according to
the manufacturer’s instructions.

To detect miR-155-5p expression, a
TagMan microRNA assay was performed
as previously described (15). Briefly, total
RNA was reverse-transcribed into com-
plementary deoxyribonucleic acid
(cDNA) by using a TagMan microRNA
Reverse Transcription Kit and a miRNA-
specific primer, followed by real-time
polymerase chain reaction (PCR) with
TagMan probes and a TagMan Universal
PCR Master Mix using a StepOnePlus
real-time PCR system according to the
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manufacturer’s instructions. For the
mRNA quantification, total RNA was
transcribed into cDNA with a high-
capacity cDNA reverse-transcriptase kit.
Real-time PCR was performed by using
the reverse transcription-PCR master mix
and a FAM (carboxyfluorescein)-labeled
minor groove binding TagMan probe. U6
or glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) levels were used as en-
dogenous control of miR-155 or mRNA
levels, respectively. The G-CSFRI and
G-CSFRIV primers were purchased from
TIB Molbiol (Berlin, Germany). The other
materials were purchased from Life Tech-
nologies (now Thermo Fisher Scientific).
Primers and probes are listed in Supple-
mentary Table S1.

Cytokine Secretion Assay

Cells were cultured with G-CSF plus
DMSO as a control or G-CSF plus the
Stat5 inhibitor for 1 and 3 d. Supernatants
of the cell culture were collected and ana-
lyzed for cytokine secretion by using Lu-
minex technology (human cytokine 12-
plex panel; EMD Millipore) and a
Luminex 200 instrument (Invitrogen/Life
Technologies [Thermo Fisher Scientific]).

Statistical Analysis

All of the data were expressed as the
mean + standard deviation (SD). Statistical
analyses were performed using two-tailed
Student ¢ tests run on the GraphPad Prism
5 software (GraphPad Software, San
Diego, CA, USA). The levels of signifi-
cance were expressed as p values (*p <
0.05, **p < 0.01 and ***p < 0.001).

All supplementary materials are available
online at www.molmed.org.

RESULTS

G-CSFRIV Promotes HSPC Proliferation
and Cell Cycle Progression

In contrast to leukemic cells, healthy
CD34" HSPCs present very low G-CSFRIV:
G-CSFRI gene expression ratios (16). An
alteration in the G-CSFRIV:G-CSFRI ratio
in HPSCs was mimicked in vitro by the
overexpression of either the G-CSFRI or



G-CSFRIV isoform in healthy CD34"
HSPCs. To characterize the proliferative
potential of the G-CSFRI- and G-CSFRIV—
overexpressing (G-CSFRI" and G-CSFRIV™)
HSPCs, cell counting, BrdU incorporation
and labeling assays with CPD eFluor 670
were performed. Higher proliferation
rates were observed in the G-CSFRIV*
HSPCs compared with the G-CSFRI*
HSPCs, as indicated by the increased cell
counts (percentage of increase: 26.4%,

p = 0.0004, at 100 ng/mL and 33.6%, p =
0.0497, at 400 ng/mL) (Figure 1A), the en-
hanced BrdU incorporation (percentage of
increase: 15.8%, p = 0.0142, at 100 ng/mL
and 14.1%, p = 0.0022, at 400 ng/mL) (Fig-
ure 1B) and the marked reduction of the
CPD eFluor 670 mean fluorescence inten-
sity (MFI) (percentage of change: 31.4%,

p = 0.0026, at 100 ng/mL and 27.1%, p =
0.0274, at 400 ng/mL) (Figures 1C, D) on
G-CSF stimulation. No significant alter-
ations in the proliferation rates were ob-
served when the HSPCs were cultured in
the presence of IL-6 or among the G-CSFR
nonexpressing cells and the nontransduced
cells used as negative controls (Figures 1A,
C, D and Supplementary Figure S1). The
cell cycle analysis demonstrated an increase
in the percentage of cells in the S phase
(18.60 + 1.67% G-CSFRI" versus 24.53 +
2.85% G-CSFRIV”, p = 0.0752) and the
G2/M phase (10.11 + 0.30% G-CSFRI*
versus 12.27 + 0.57% G-CSFRIV", p =
0.0451) and a decrease in the percentage
of cells in GO/G1 phase (67.04 + 1.21
G-CSFRI" versus 59.87 + 1.40 G-CSFRIV*,
p = 0.0231) in the G-CSFRIV" HSPCs
compared with the G-CSFRI* HSPCs (Fig-
ures 1E, F). Accordingly, a significant in-
crease in Ki67 staining in the G-CSFRIV*
HSPCs was observed (Ki67 MFI: 169.0 +
47.44 G-CSFRI" versus 231.7 + 31.79
G-CSFRIVY, p = 0.0316) (Figures 1G, H).
These data strongly suggest that G-CSFRIV
promotes CD34" HSPCs proliferation and
cell cycle progression on G-CSF stimulation.

G-CSFRIV Protects HSPCs from
Apoptosis

Truncated variants of the G-CSFR have
been shown to confer resistance to apo-
ptosis and contribute to leukemic trans-
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Figure 1. G-CSFRIV promotes HSPC proliferation and cell cycle progression. CD34* HSPCs
were fransduced with G-CSFRI or G-CSFRIV encoding lentiviral vector. (A) Cells (T x 10%
were stimulated with 10, 100 and 400 ng/mL G-CSF or IL-6 for 3 d. Graph displays total cell
numbers counted under an optical microscope. (B) Cells (1 x 10% were stimulated with in-
dicated G-CSF concentrations for 1 d and incorporated with BrdU for 3 h followed by anti-
BrdU antibody staining and FACS analysis. Anti-CD114 antibody was used to distinguish
G-CSFR overexpressing and G-CSFR nonexpressing cells. Graph displays percentages of
BrdU-labeled cells in the total G-CSFRI* and G-CSFRIV* population. (C) Cells (1 x 10% were
labeled with the CPD eFluor 670 and stimulated with G-CSF or IL-6 for 3 d. Cell proliferation
was measured by FACS. GFP expression was used to distinguish G-CSFR overexpressing and
G-CSFR nontransduced cells. Graph displays MFI of CPD eFluor 670 on G-CSFRI* and
G-CSFRIV* cells. (D) Representative histograms of CPD eFluor 670 fluorescence levels de-
tected on nonstimulated (negative control), G-CSFRI*, G-CSFRIV*, G-CSFRI” and G-CSFRIV™
HSPCs. Graphs above display mean + SD of the data acquired in six independent experi-
ments. (E) Enriched G-CSFRI* and G-CSFRIV* HSPCs (1.5 x 10% were cultured with

100 ng/mL G-CSF for 3 d and analyzed for cell cycle distribution and Kié7 expression.
Graph displays percentages of cells in each phase of the cell cycle. (F) Representative his-
tfogram of the cell cycle distribution. (G) Percentages of Kié7-labeled cells of total G-CSFRI*
and G-CSFRIV* HSPC population. (H) Ki67 MFI of G-CSFRI" and G-CSFRIV* HSPC:s. (1) Repre-
sentative histogram of Kié7 expression on G-CSFRI* and G-CSFRIV* HSPCs. Data shown are
mean + SD of three independent experiments. Stafistically significant differences were cal-
culated using a two-tailed Student f test and are shown with asterisks (*p < 0.05 and **p <
0.01). G-CSFRI", G-CSFRI nontransduced; G-CSFRIV", G-CSFRIV nontransduced.
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formation (17). In this study, we investi-
gated whether G-CSFRIV prevents apo-
ptosis in HSPCs. Compared to the G-
CSFRI* HSPCs, the G-CSFRIV*® HSPC
populations cultured with G-CSF had sig-
nificantly higher rates of viable cells
(84.47 + 2.35% G-CSFRI" versus 90.5 =
2.69% G-CSFRIV*, p = 0.0324) and lower
levels of apoptotic cells (6.14 + 1.59%
G-CSFRI* versus 3.48 + 1.12% G-CSFRIV®,
p = 0.0378, for early apoptosis and 9.32 +
0.76% G-CSFRI" versus 5.79 + 1.52%
G-CSFRIVY, p = 0.0482, for later apopto-
sis) (Figures 2A—C). No differences in cell
viability or apoptosis rates were detected
between the G-CSFRI" and G-CSFRIV*
HSPCs cultured in the absence of G-CSF
(Figures 2D-F). These data indicate that
G-CSFRIV confers a survival advantage to
HSPCs in a G-CSF-dependent manner.

G-CSFRIV* HSPCs Demonstrate an
Increased Colony-Forming Capacity
and Impaired Myeloid Differentiation

G-CSF-mediated cell proliferation and
maturation have been shown to be un-
coupled processes in murine cell lines
that overexpressed G-CSFRIV (18). In
concordance with the previous results,
the G-CSFRIV* HSPCs cultured in
myeloid lineage differentiation medium
generated a significantly greater number
of colonies and cells than the G-CSFRI*
HSPCs (52 + 20 G-CSFRI" versus 102 + 7
G-CSERIV?, p = 0.0087, for colony num-
ber and 192,225 + 140,768 G-CSFRI" ver-
sus 378,925 + 202,357 G-CSFRIV", p =
0.0084, for cell number) (Figures 3A, B).
Furthermore, the G-CSFRIV*" HSPCs ex-
hibited lower expression levels of mark-
ers characteristic of myeloid maturation,
such as CD11b, CD11c and CD14, and
higher expression levels of progenitor cell
markers, such as CD33 (Figures 3C-G).
These data suggest that G-CSFRIV sup-
ports cell proliferation and is associated
with delayed myeloid maturation.

G-CSFRIV Mediates Aberrant
Activation of the Stats, ERK and AKT
Signaling Pathways

Differential activation of signaling path-
ways between G-CSFRI and truncated
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Figure 2. G-CSFRIV protects HSPCs from apoptosis. (A) Enriched G-CSFRI* and G-CSFRIV*
HSPCs (1.5 x 10°%) were cultured with 100 ng/mL G-CSF for 3 d, stained with annexin V/Pl and
analyzed by FACS. Graph displays higher percentages of viable cells (annexin V7/PI") and
lower percentages of early and late apoptotic (annexin V*/PI” and annexin V*/PI*) cells in the
G-CSFRIV* HSPCs compared with G-CSFRI* HSPCs. (B) Representative dot plot of apoptosis
analyses. On G-CSF stimulation, G-CSFRIV* HSPCs showed decreased apoptotic rates in com-
parison to G-CSFRI HSPCs. (Viable cells: left lower quadrant; early apoptotic cells: right lower
quadrant; and late apoptotic cells: right upper quadrant.) (C) G-CSFRI* and G-CSFRIV* HSPCs
(1.5 x 10°% were serum and cytokine starved for 1 d and analyzed for apoptotic activity. Graph
displays similar percentages of viable, early apoptotic and late apoptotic cells in G-CSFRI*
and G-CSFRIV* HSPCs. (D) Representative dot plot of annexin V/PI analyses showing compara-
ble apoptotic activity of G-CSFRI* and G-CSFRIV* HSPCs without G-CSF stimulation. Data
shown are mean + SD of three independent experiments. Statistically significant differences
were calculated using a two-tailed Student ftest and are shown with asterisks (*p < 0.05).

variants of the G-CSFR has been previ-
ously reported (19). To understand the
mechanisms contributing to the enhanced
growth and survival of G-CSFRIV*
HSPCs, we investigated the phosphoryla-
tion of Stat3, Stat5, ERK1/2 and AKT,
which are known to be important for
G-CSF-induced hematopoiesis (20). Upon
G-CSF stimulation, the G-CSFRIV*" HSPCs
demonstrated significantly attenuated lev-
els of Stat3 phosphorylation compared
with the G-CSFRI" HSPCs (for example,
131.9 + 49.79 G-CSFRI" versus 86.74 +
27.79 G-CSFRIVY, p = 0.0394, at 20 min)
(Figure 4A). Notably, upon G-CSF stimula-
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tion, a sustained activation of Stat5 was
observed in the G-CSFRIV*" HSPCs com-
pared with the G-CSFRI" HSPCs (for ex-
ample, 70.83 + 15.29 G-CSFRI" versus
125.6 + 23.32 G-CSFRIV*, p = 0.0048, at

90 min) (Figure 4B). ERK1/2 activation
was significantly delayed and lower in

the G-CSFRIV" HSPCs compared with the
G-CSFRI" HSPCs during the first 30 min,
but ERK1/2 activation then remained con-
stant until later time points (150 min) (Fig-
ure 4C). The activation of AKT in G-CSFRI*
cells was rapid but transient, whereas no
obvious AKT activation could be detected
in the G-CSFRIV" cells (Figure 4D).
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Figure 3. G-CSFRIV* HSPCs demonstrate an increased colony-forming capacity and im-
paired differentiation. A total of 500 G-CSFRI* or G-CSFRIV* HSPCs were cultured in
myeloid lineage differentiation medium for 10 or 14 d. Graphs display colony numbers (A)
and cell numbers (B) of G-CSFRI* and G-CSFRIV* HSPCs after 10 d. Graphs display MFI of
CD11b, CD11c, CD14 and CD33 of G-CSFRI* and G-CSFRIV* cells after 10d (C) and 14 d
(D). May-Grunwald-Giemsa staining of G-CSFRI* (E) and G-CSFRIV* (F) cells after 10 d is
shown. (J) Representative histograms for the expression of CD11b, CD11c, CD14 and
CD33 of G-CSFRI" and G-CSFRIV* cells after 10 and 14 d. Data are mean + SD of six inde-
pendent experiments. Stafistically significant differences were calculated by using a two-
tailed Student t test and are shown with asterisks (*p < 0.05 and **p < 0.01).

Sustained Stat5 Activation in the
G-CSFRIV* HSPCs Induces miR-155
Expression

miR-155 is highly expressed in
hematopoietic progenitor cells and has
been implicated in several hematological
malignancies (13,21). We therefore investi-

gated the levels of miR-155 in the
G-CSFRI" and G-CSFRIV* HSPCs to de-
termine the expression pattern of miR-155
in relation to the growth and survival ad-
vantage of the G-CSFRIV" HSPCs. We ob-
served increased relative quantification
(RQ) values of miR-155 in the G-CSFRIV"*
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HSPCs in the presence of G-CSF (1.08 =
0.33 G-CSFRIV" without G-CSF versus
1.41 + 0.36 G-CSFRIV" with G-CSE, p =
0.0031), whereas the G-CSFRI* HSPCs
showed reduced RQ values of miR-155
(1.00 G-CSFRI* without G-CSF versus
0.70 + 0.11 G-CSFRI* with G-CSF, p =
0.0037) (Figure 5A). Furthermore, the tran-
script levels of miR-155 candidate target
genes, including TP53INP1, PU.1 and
GFI-1, were measured. Accordingly, signif-
icantly reduced RQ values of TP53INP1
(0.94 + 0.11 G-CSFRI* with G-CSF versus
0.64 + 0.04 G-CSFRIV* with G-CSF, p =
0.0420), PU.1 (1.08 + 0.25 G-CSFRI" with
G-CSF versus 0.83 + 0.15 G-CSFRIV" with
G-CSE, p = 0.0489) and GFI-1 (1.14 = 0.28
G-CSFRI" with G-CSF versus 0.93 + 0.18
G-CSFRIV* with G-CSF, p = 0.0095) were
observed in the G-CSFRIV" HSPCs com-
pared with the G-CSFRI* HSPCs on
G-CSF stimulation (Figures 5B-D).
Notably, G-CSF failed to upregulate miR-
155 and inhibit miR-155 target genes in the
presence of a Stat5 inhibitor, which could
inhibit Stat5 activation (Figures 5E-H and
Supplementary Figure S2). These results
indicate that the activation of Stat5 is re-
quired for the induction of miR-155 in the
G-CSFRIV* HSPCs.

In addition, we compared the cytokine
secretion profiles of the G-CSFRIV" and
G-CSFRI* HSPCs. A significant increase
in the level of CCL2 was observed in the
G-CSFRIV* HSPCs, which correlated
with the activation of Stat5 (Table 1).

Pharmacological or RNA
Interference-Mediated Abrogation of
the G-CSFRIV-Mediated
Hyperproliferation of HSPCs

An increased G-CSFRIV:G-CSFRI ex-
pression ratio in HSPCs may constitute a
risk for leukemic transformation (11).
The upregulation of miR-155 observed in
the G-CSFRIV* HSPCs was dependent
on Stat5 activation. Therefore, we evalu-
ated the feasibility of inhibiting Stat5 ac-
tivation or miR-155 expression to abro-
gate the increased cell proliferation
demonstrated by the G-CSFRIV" HSPCs.
As shown in Figure 6A, proliferation was
significantly decreased in the presence of
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Figure 4. G-CSFRIV mediates aberrant activation of the Stat3, Statb, ERK1/2 and AKT sig-
naling pathways. CD34* HSPCs were transduced with a lentiviral vector encoding for ei-
ther G-CSFRI or G-CSFRIV sequences. Unsorted serum-starved cells (1 x 10% were stimu-
lated with 100 ng/mL G-CSF for sequential time points from 0 to 150 min and signaling
pathway analysis was performed. GFP expression was used to distinguish G-CSFR overex-
pressing and nonfransduced cells. Levels of phosphorylated proteins at different time
points were compared with the respective phosphorylated protein level detected with-
out stimulation. Graph displays MFI of G-CSF-induced phosphorylated Stat3 (A), Statb (B).
ERK1/2 (C) and AKT (D) in G-CSFRI*, G-CSFRIV*, G-CSFRI” and G-CSFRIV™ HSPCs. Data
shown are mean + SD of six independent experiments. Statistically significant differences
were calculated using a two-tailed Student f test and are shown with asterisks (*p < 0.05
and **p < 0.01). G-CSFRI", G-CSFRI nontransduced; G-CSFRIV", G-CSFRIV nontransduced.

a Stat5 inhibitor in both the G-CSFRI"
and G-CSFRIV* HSPCs (CPD eFluor
MFT: 6,456 + 2,351 G-CSFRI* with DMSO
versus 8,769 + 2,445 G-CSFRI* with the
Stat5 inhibitor, p < 0.0001, and 4,336 +
2,457 G-CSFRIV* with DMSO versus
6,151 + 2,559 G-CSFRIV" with the Stat5
inhibitor, p = 0.0157). Importantly, in the
presence of the Stat5 inhibitor, the prolif-
eration rate of the G-CSFRIV" HSPCs de-
creased to a level comparable to that
demonstrated by the G-CSFRI" HPSCs in
the absence of the Stat5 inhibitor.
Furthermore, we investigated whether
the G-CSFRIV-mediated hyperprolifera-
tive response depends on the upregula-
tion of miR-155. We observed reduced
proliferation rates in the G-CSFRIV*
HSPCs that expressed shmiR-155 com-
pared with the G-CSFRIV* HSPCs con-
trol that expressed an empty negative
control shRNA (shNC) (CPD eFluor MFI:

5,915 + 1,899 shmiR-155 versus 4,481 +
1,571 shNC, p = 0.0397) (Figure 6B).

These data indicate that the prolifera-
tive advantage conferred by G-CSFRIV
depends on Stat5 and miR-155. This hy-
perproliferative response can be inhib-
ited by using pharmacological drugs or
RNA interference technology.

G-CSF Induces G-CSFRIV and miR-155
Expression in PBMCs from AML
Patients

Elevated G-CSFRIV:G-CSFRI mRNA
ratios have been detected in >50% of
AML patient samples (9). In addition,
miR-155 is known to be upregulated in
G-CSF-mobilized CD34" progenitor cells
(22). Therefore, we investigated whether
G-CSF could further induce G-CSFRIV
and miR-155 expression of PBMCs from
AML patients. Strikingly, G-CSF in-
creased the G-CSFRIV:G-CSFRI mRNA

742 | ZHANG ET AL. | MOL MED 20:736-746, 2014

ratio in PBMCs from AML patients but
not in PBMCs from healthy donors
(4.265 + 5.903 PBMCs from AML patients
versus 0.9591 + 0.2826 PBMCs from
healthy donors, p = 0.002) (Figure 7A). In
addition, the RQ values of miR-155 (Fig-
ure 7B) were increased on G-CSF stimu-
lation in the AML patient samples com-
pared with those from healthy donors
(1.479 + 0.8507 PBMCs from AML pa-
tients versus 0.8293 + 0.2575 PBMCs
from healthy donors, p = 0.0394).

DISCUSSION

An increasing number of reports sug-
gest that protein variants of the G-CSFR
are associated with transforming and
oncogenic potential (23,24). Truncated
G-CSFR mutants detected in severe con-
genital neutropenia were shown to induce
prolonged Stat5 and reduced Stat3 activa-
tion in response to G-CSF, leading to aug-
mented cell proliferation and defective
granulocytic differentiation and eventu-
ally contributing to the transformation of
severe congenital neutropenia to AML/
myelodysplastic syndrome (17,25). Struc-
turally, both G-CSFRIV and the G-CSFR
truncated mutants lack three of the four
tyrosine residues and the dileucine inter-
nalization motif at the C-terminal region
of the cytoplasmic domain. In addition,
AML and myelodysplastic syndrome pa-
tients were shown to have increased
G-CSFRIV:G-CSFRI mRNA ratios (8,9).
Therefore, there is an unmet need to
clarify the potential oncogenic role of
G-CSFRIV in human progenitor cells. Sev-
eral studies have consistently demon-
strated that G-CSFRIV is associated with
defective myeloid differentiation (9,18).
However, the effect of G-CSFRIV on cell
proliferation remains controversial (10,18).
In the present study, we demonstrated
with different proliferation assays that
G-CSFRIV conferred a growth advantage
to human HSPCs. Stat3 activation at Y704
and Y744 of G-CSFR plays a critical role
in G-CSF-induced differentiation. Y704
and Y744 are absent in the G-CSFRIV
protein variant. As expected, we observed
a permanently reduced Stat3 activation
and delayed myeloid maturation of the
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Figure 5. Sustained Statb activation in G-CSFRIV* HSPCs upregulates miR-165 and downregulates its target genes expression. Enriched
G-CSFRI* or G-CSFRIV* HSPCs (2 x 10°%) were grown in presence or absence of 100 ng/mL G-CSF for 1 d. Levels of miR-155 and its candi-
date target genes expression were analyzed by real-time PCR. U6 or GAPDH levels were used as endogenous confrol of miR-155 or
MRNA levels, respectively. Levels of the miR155 and all analyzed target genes were normalized to the respective levels detected in the
G-CSFRI* cells without cytokine stimulation. Graphs display RQ values of miR-155 (A), TP53INP1 (B), PU.1 (C) and GFI-1 (D). G-CSFRI* or
G-CSFRIV* cells (2 x 10°%) were stimulated with 100 ng/mL G-CSF in combination with DMSO as control or with a Stats inhibitor (100
umol/L) for 1 d. Levels of the miR155 and all analyzed target genes were normalized to the respective levels detected in the G-CSFRI*
cells with G-CSF plus DMSO stimulation. Graphs display RQ values of miR-155 (E), TP53INP1 (F), PU.1 (&) and GFI-1 (H). Data were shown as
mean + SD of six independent experiments. Statistically significant differences were calculated using a two-tailed Student ftest and are

shown with asterisks (*p < 0.05 and **p < 0.01).

and the activation of ERK1/2 remained
low but sustained. These results may indi-
cate that G-CSF-induced activation of
AKT requires the terminal tyrosine
residues. In addition, it is likely that
ERK1/2 activation is mediated by the ter-
minal tyrosine residues at early time

G-CSFRIV® cells compared with the
G-CSFRI" cells. The docking sites and the
function of G-CSF-induced AKT and
ERK1/2 activation have not yet been
clearly explained (26-28). Our data
showed that G-CSFRIV could not mediate
AKT activation upon G-CSF stimulation,

Table 1. G-CSFRIV promotes CCL2 secretion in a Stats-dependent manner.

G-CSF + DMSO G-CSF + Statb inhibitor
CCL2 (pg/mL) G-CSFRI G-CSFRIV G-CSFRI G-CSFRIV
Day 1 169.0 + 138.8 637.9 + 381.8° 171.9 + 207.0 230.3 + 240.3°
Day 3 128.3 + 106.1 2413.0 £ 2031.0¢ 117.9£115.3 4925 + 301.7°

HSPCs were fransduced with a lentiviral vector encoding either G-CSFRI or G-CSFRIV
sequences. Cells were stimulated with 100 ng/mL G-CSF and in the presence of DMSO as
a control or a Stath inhibitor (100 nmol/L) for 1 and 3 d. Data are mean + SD of CCL2 levels
(pg/mL) from five donors. Statistically significant differences were calculated using a
Student two-tailed 1 test. °p < 0.05, CCL2 levels detected in HSPCs containing G-CSFRI*
cells versus HSPCs containing G-CSFRIV* cells in presence of G-CSF + DMSQ. °p < 0.05,
CCL2 levels detected in HSPCs containing G-CSFRIV* cells stimulated with G-CSF + DMSO
versus stimulated with G-CSF + Statb inhibitor.

MOL MED 20:736-746, 2014 | ZHANG ET AL. |

points and is later mediated by the mem-
brane proximal domain. However, further
studies are required to investigate the
residues involved in and the clinical rele-
vance of the G-CSFRIV-mediated aber-
rant AKT and ERK1/2 activation.
Activation of Stat5 at the membrane-
proximal region has been linked to
hematopoietic cell proliferation and sur-
vival (29). Inactivating the Stat5 signal is
associated with receptor internalization
and SOCS3 suppression (19,30). In our
study, we observed a prolonged Stat5 ac-
tivation in the G-CSFRIV" HSPCs. This
effect might be caused by the lack of the
dileucine internalization motif and the re-
cruitment site for SOCS3. In contrast to
our data, Mehta et al. (8) recently showed
that G-CSFRIV expression is associated
with reduced G-CSF-induced Stat5 acti-
vation. However, those observations were
obtained in the Ba/F3 cell line, not in pri-
mary HSPCs. Constitutive activation of
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Figure 6. G-CSFRIV-mediated hyperproliferative response is compromised in the presence
of a Stats inhibitor or shmiR-155. (A) CD34* HSPCs were transduced with a lentiviral vector
containing either G-CSFRI or G-CSFRIV encoding sequences. Cells (1 x 10°%) were labeled
with CPD eFluor 670 and stimulated with 100 ng/mL G-CSF together with DMSO as control
or with a Statb inhibitor (100 umol/L) for 3 d followed by FACS analysis. GFP expression was
used to distinguish G-CSFR overexpressing and nontransduced cells. Graph displays MFI of
CPD eFluor 670 on G-CSFRI" and G-CSFRIV* HSPCs. Data are mean + SD of eight indepen-
dent experiments. (B) CD34* HSPCs were fransduced with a G-CSFRI or G-CSFRIV encod-
ing lentiviral vector together with shmiR-155 or shNC. GFP and DsRed were used to distin-
guish fransduced and nontransduced cells. Cells (1 x 10%) were labeled with CPD eFluor
670 and stimulated with 100 ng/mL G-CSF for 3 d followed by FACS analysis. Graph dis-
plays MFI of CPD eFluor 670 on G-CSFRI* shNC, G-CSFRI* shmiR-155, G-CSFRIV* shNC and
G-CSFRIV* shmiR-155 cells. The data shown are mean + SD of four independent experi-
ments. Statistically significant differences were calculated using a two-tailed Student f test
and are shown with asterisks (*p < 0.05, **p < 0.01 and ***p < 0.001).
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Figure 7. G-CSF induces G-CSFRIV and miR-155 expression in PBMCs from AML patients.
(A) PBMC:s collected from 13 AML patients and 8 healthy donors were cultured with or
without 100 ng/mL G-CSF for 2 d and subjected to total RNA extraction and G-CSFRI
and G-CSFRIV mRNA quantification. GAPDH levels were used as endogenous control.
G-CSFRIV:G-CSFRI ratio was normalized to the respective ratio detected in the cells cul-
tured without G-CSF. Graph displays mean + SD of G-CSFRIV:G-CSFRI mRNA ratios.

(B) PBMCs collected from 10 AML patients and 6 healthy donors were cultured with or
without G-CSF for 2 d and subjected to total RNA extraction and miR-155 quantification.
U6 levels were used as endogenous conftrol. The level of miR155 was normalized to the re-
spective level detected in the cells cultured without G-CSF. Graph displays RQ values
(mean = SD) of miR-155. Statistically significant differences were calculated using a two-
tailed Student t test and are shown with asterisks (*p < 0.05 and **p < 0.01).
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Stat5 has been observed in many hemato-
logical and solid malignancies, leading to
the deregulation of the Stat5 target genes
and consequently malignant transforma-
tion (31). Although several Stat5 targets
are known, identifying novel Stat5 targets
is still required to decipher the detailed
transformation process.

Emerging evidence shows that specific
miRNAs are involved in hematopoiesis.
miR-155 is highly expressed in
hematopoietic cells and has been linked
to a variety of solid tumors as well as
lymphoma and leukemia (32). The forced
expression of miR-155 was demonstrated
to trigger a myelo-proliferative disorder
that exhibits many preleukemic aspects
(33). Clinically, miR-155 was found to be
overexpressed in highly proliferative
AML subtypes (French—American—British
[FAB] subtypes M4 and M5, as well as in
patients with FLT3 internal tandem du-
plication [FLT3-ITD]) (21,34) and was
identified as an unfavorable prognostic
factor for AML patients with a normal
karyotype (35). miR-155 targets genes
that are associated with cell viability,
apoptosis and tumor suppression.
Among these genes, PU.1 (36) and GFI-1
are crucial for myeloid differentiation
and tumor suppression. TP53INP1 has
antiproliferative and proapoptotic activ-
ity (37). Recently, the study by Kopp et al.
(38) showed that the miR-155 host gene
B-cell integration cluster (BIC) was a
transcriptional target of Stat5, and the
Stat5/BIC/miR-155 pathway was associ-
ated with the proliferation of malignant
T cells. Notably, in our study, the pro-
longed activation of Stat5, correlated
with increased levels of miR-155 and re-
duced levels of miR-155 target genes
(PU.1, GFI-1 and TP53INP1), could be
observed in the G-CSFRIV* HSPCs on
G-CSF stimulation. To confirm the inter-
action between Stat5 and miR-155, we
analyzed miR-155 expression after Stat5
inhibition. As expected, in the presence
of the Stat5 inhibitor, G-CSF-induced up-
regulation of miR-155 in the G-CSFRIV*
HSPCs was significantly abrogated. Ac-
cordingly, the expression of the miR-155
target genes was unchanged. Our data
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nalization motif and four conserved tyrosine residues. Y704 and Y744 recruit Stat3, and Y729 is
a docking site for SOCS3. The dileucine internalization motif and SOCS3 could inhibit Statd
activation. In the alternatively spliced G-CSFRIV, 87 amino acids at the C-terminal end of the
cytoplasmic domain including Y729,Y744,Y764 and dileucine internalization motif are re-
placed by 34 amino acids of a novel sequence. In response to G-CSF, the G-CSFR forms ho-
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Stats and SOCS3. The Stat proteins then dimerize, translocate to the nucleus and bind to
specific DNA recognition sites and modulate the expression of the target genes. G-CSFRIV
induces prolonged Statb activation, which causes an upregulatfion of the miR-155 host gene.
miR-155 further downregulates the levels of its farget genes including PU.1, GFI-1 and
TP53INP1, contributing to growth and survival advantage, increased CCL2 secretion as well
as defective differentiation of hematopoietic stem and progenitor cells. The Statb inhibitor
and shmiR-155 may abrogate G-CSFRIV-mediated Stats/miR-155/miR-155-targets pathway.

supported the previous study of Kopp et
al. indicating that miR-155 is a transcrip-
tional target of Stat5.

CCL2 is a strong chemotactic factor for
monocytes and macrophages, which are
the main source of endogenous G-CSF
(39). In many malignant diseases, a
causal role has recently been attributed
to inflammatory factors, including CCL2,
in the development and progression of
cancer (40). It is interesting to note that
CCL2 deficiency was shown to impair
the secretion of G-CSF (41). In addition,
miR-155 was recently found to indirectly
regulate CCL2 expression (42). In this
study, we observed that the G-CSFRIV*
HSPCs secreted markedly higher levels

of CCL2 compared with the G-CSFRI"
HSPCs. Furthermore, the CCL2 levels
were correlated with Stat5 activation in
the G-CSFRIV* HSPCs. These observa-
tions may indicate that CCL2 is a down-
stream target of Stat5 or miR-155, and
CCL2 might contribute to the oncogenic
potential of G-CSFRIV by recruiting
G-CSF-secreting monocytes and
macrophages as well as favoring cell
metastasis. However, further studies are
needed to prove this concept and to elu-
cidate the detailed mechanism.
Importantly, we further showed that
G-CSF could induce G-CSFRIV and miR-
155 expression in the PBMCs from AML
patients. Hence, the use of G-CSF to treat
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AML patients, especially those carrying a
high G-CSFRIV:G-CSFRI ratio, might
represent a major concern. Our data indi-
cate that individuals carrying an elevated
G-CSFRIV:G-CSFRI ratio are more sus-
ceptible to this undesirable effect of
G-CSF, which leads to the upregulation
of aberrant levels of miR-155, thus in-
creasing the risk of de novo leuke-
mogenicity or relapse.

CONCLUSION

Overall, the present study shows that
G-CSF induces sustained Stat5 activa-
tion, leading to the upregulation of miR-
155 and the consequent inhibition of the
miR-155-targeted genes PU.1, GFI-1 and
TP53NP1. Moreover, the Stat5/miR-155/
miR-155 targets pathway promotes
HSPC proliferation, survival and secre-
tion of CCL2 and delays the myeloid dif-
ferentiation of HSPCs, which indicate
leukemic transformation. Importantly,
the inhibition of Stat5 or miR-155 signifi-
cantly decreases the G-CSFRIV-mediated
hyperproliferation (Figure 8). Our data
provide direct evidence for the leuko-
mogenic role of G-CSFRIV in human pri-
mary CD34" HSPCs. To our knowledge,
we describe for the first time that the
leukemogenic potential of G-CSFRIV is
associated with the Stat5-dependent dys-
regulation of miR-155 and the target
genes of this miRNA. Considering the
broad applications of G-CSF in the clinic,
it is highly recommended that the
G-CSFRIV expression levels of the pro-
genitor cells from patients and stem cell
donors be determined before G-CSF ad-
ministration. And those patients or
healthy HSPCs donors harboring the ele-
vated G-CSFRIV:G-CSFRI mRNA ratio
may require alternative treatments to
G-CSF or avoid high G-CSF doses. More-
over, our data suggest that Stat5 or miR-
155 inhibitors strongly contribute to the
abrogation of the leukemogenic potential
of the G-CSFRIV" HSPCs. This result may
represent a novel therapeutic approach to
decreasing the risk of developing
leukemia or a disease relapse in patients
with an elevated G-CSFRIV:G-CSFRI
ratio.
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