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G-CSF-activated STAT3 enhances
production of the chemokine MIP-2 in bone
marrow neutrophils

Hoainam T. Nguyen-Jackson,*"" Haiyan S. Li,*"' Huiyuan Zhang,* Erika Ohashi,*
and Stephanie S. Watowich*">
*Department of Immunology and Center for Inflammation and Cancer, The University of Texas MD Anderson Cancer Center,
Houston, Texas, USA; and "The Graduate School of Biomedical Sciences, The University of Texas, Houston, Texas, USA
RECEIVED MARCH 8, 2012; REVISED SEPTEMBER 13, 2012; ACCEPTED SEPTEMBER 16, 2012. DOI: 10.1189/j1b.0312126

ABSTRACT

Neutrophil mobilization from the bone marrow is a criti-
cal aspect of the innate immune response, enabling a
rapid deployment of phagocytes to infected or inflamed
tissue. The cytokine G-CSF, which is induced rapidly
during infection, elicits a swift and potent mobilizing re-
sponse, yet its mechanisms of action remain poorly un-
derstood. Here, we studied the role of G-CSF and its
principal signal transducer STAT3 in regulating expres-
sion of the neutrophil chemoattractant MIP-2. Our stud-
ies revealed Gr-1"" mature neutrophils as major sources
of Cxcl2 (MIP-2) mRNA in bone marrow and G-CSF-re-
sponsive MIP-2 protein production. Induction of Cxcl2
was regulated directly by G-CSF-activated STAT3 via
interaction at a STAT consensus element in the Cxcl2
promoter. G-CSF coordinately stimulated the associa-
tion of STAT3, induction of the transcriptionally active
H3K4me3 modification, and recruitment of RNA Pol Il at
the Cxcl2 proximal promoter, as well as the promoter
region of lI8rb, encoding the MIP-2 receptor. These re-
sults suggest that the G-CSF-STAT3 pathway directly
regulates transcriptional events that induce neutrophil
mobilization. J. Leukoc. Biol. 92: 1215-1225; 2012.

Introduction

Neutrophils are an essential cell type in the innate immune
system, as a result of their ability to migrate rapidly to in-
flamed tissues and mount antibacterial or antifungal responses
through phagocytosis, degranulation, and production of ROS.
Neutrophil development occurs in the bone marrow under the
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direction of G-CSF, a cytokine that promotes the survival, pro-
liferation, and differentiation of granulocytic progenitor cells
into mature neutrophils [1-4]. G-CSF circulating amounts be-
come elevated during bacterial or fungal infections, stimulat-
ing an increase in neutrophil generation and a surge of neu-
trophils from the bone marrow to the blood in a process
called mobilization [3, 5, 6]. rG-CSF is used to treat life-threat-
ening congenital or acquired neutropenia (e.g., after chemo-
therapy) [7, 8]. However, G-CSF is also linked with driving de-
structive inflammation in arthritis, and clinical G-CSF use has
been suggested to contribute to neoplastic transformation in a
subset of patients with congenital neutropenia [9, 10]. Thus, it
is beneficial to understand the molecular mechanisms of G-
CSF action, as this knowledge may provide new approaches to
regulate neutrophil production and function in humans.
G-CSF binds a high-affinity receptor, the G-CSFR, on my-
eloid progenitor cells and granulocytic precursors, resulting in
activation of multiple signaling intermediates including
Erkl/2, the Srcrelated kinase Lyn, and Jak-STAT proteins
[11-17]. STAT3 is a predominant signaling molecule stimu-
lated by the activated G-CSFR; hence, its function in granulo-
poiesis has been investigated in murine models. These include
conditional Stat3 deletion in hematopoietic cells or replace-
ment of Csf3r (G-CSFR) with a mutated gene encoding a re-
ceptor isoform unable to activate STAT3 [18-22]. These stud-
ies revealed that STAT3 controls inhibitory and stimulatory
pathways that regulate granulopoiesis. For example, STAT3 is
necessary for G-CSF-dependent expression of SOCS3, a critical
feedback inhibitor of G-CSFR signal transduction [19, 23].
STAT?3 also enhances granulocytic progenitor cell-cycle pro-
gression in response to G-CSF by controlling the expression of
C/EBPB and c-Myc [21]. Moreover, STAT3 is required for G-
CSF-dependent neutrophil mobilization, as well as neutrophil
chemotaxis [20, 22], indicating a function in regulating path-
ways involved in neutrophil migration. In agreement with its
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role in these critical neutrophil responses, STAT3 is necessary
for effective clearance of Listeria monocytogenes from infected
mice [21, 22], implying a central function in antibacterial im-
munity. This essential activity is also evident in humans, as loss-
of-function STAT3 mutations underlie the primary human im-
munodeficiency, hyper-IgE syndrome [24, 25].

Whereas G-CSF administration results in neutrophil mobili-
zation, this cytokine acts as a growth factor without apparent
chemotactic activity [26]. Thus, the mechanism(s) by which
G-CSF signals, via STAT3, elicit neutrophil mobilization re-
main poorly resolved. Recent work suggests that CXCR2, a key
neutrophil chemoattractant receptor, participates in G-CSF-
responsive neutrophil mobilization [22, 27]. CXCR2 belongs
to the seven-transmembrane GPCR family and is best known
for its ability to direct neutrophil migration in response to the
chemokines KC (CXCL1) and MIP-2 (CXCL2) in mice or IL-8
in humans during inflammatory responses [28]. Deletion of
murine [I8rb, encoding CXCR2, results in neutrophilia, which
may be a result of an inability of neutrophils to migrate into
peripheral tissues and/or undergo effective clearance [6, 28].
1187b deficiency also abrogates G-CSF-responsive neutrophil
mobilization [27], indicating the importance of CXCR2 in reg-
ulating neutrophil efflux from the bone marrow. In previous
work, we found that G-CSF stimulates CXCR2 cell-surface ex-
pression and //8rb mRNA amounts in neutrophils via a STAT3-
dependent pathway [22]; however, effects of the G-CSF-STAT?3
pathway on other mobilization factors remain to be deter-
mined.

Despite the importance of STAT3 in immunity, there is sur-
prisingly little information about the mechanisms of STAT3
action at target gene promoters, particularly within differenti-
ating myeloid cells. Expression of protein-encoding genes is
controlled by a complex orchestration of post-translational
chromatin modifications, DNA methylation/demethylation,
transcription factor and cofactor recruitment, and association,
as well as activation of RNA Pol II [29-34]. STATs and their
upstream activators, the Jak kinases, contribute to initiating
and/or reinforcing chromatin modifications and association of
regulatory molecules that coordinate gene expression [35—40].
For example, STAT3 interacts with the histone acetyltrans-
ferase p300/CBP, is involved in recruiting coactivators and his-
tone-modifying enzymes to target gene promoters, and under-
goes post-translational modifications that contribute to tran-
scriptional regulation [38, 41-43]. These events have been
studied in immortalized and cancer cell lines, providing im-
portant insight into potential mechanism(s) by which STAT3
may function at target promoters in primary myeloid cells.

To further extend our understanding of STAT3 mechanisms
involved in maintaining an immunocompetent state and in
light of the critical role of STAT3 in regulating G-CSF-respon-
sive neutrophil mobilization and CXCR2-mediated neutrophil
chemotaxis [20, 22], we investigated whether and how STAT3
controls the expression of Cxcl2, which encodes the CXCR2
ligand MIP-2. Our results show that STAT3 directly regulates
G-CSF-responsive but not developmental induction of Cxcl2
expression in primary bone marrow neutrophils. Moreover, we
found that G-CSF controls the abundance of activating
H3K4me3 modifications in the vicinity of the STAT3-binding
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regions in the Cxc¢l2 and [I8rb promoters. STAT3 recruitment is
accompanied by H3K4me3 induction and the presence of a
post-translationally modified form of RNA Pol II associated
with transcriptional initiation. These results suggest that
STAT3 coordinates transcriptional and epigenetic events in-
volved in G-CSF-responsive induction of neutrophil-mobilizing
factors, revealing mechanisms by which the G-CSF-STAT3
pathway contributes to effective neutrophil mobilization, a crit-
ical aspect of the innate immune response.

MATERIALS AND METHODS

Bone marrow Stat3-deficient mice, neutrophil
isolation

Hematopoietic Stat3-deficient [ Tg(Tek-cre)12Fl, Stat3 /A1 mice were bred as
described previously [20, 22]. Littermate or aged-matched, Stat3sufficient
mice were used as controls as indicated [20, 22]. Mice were used at ages
4-8 weeks. C57BL/6NCr mice were obtained from the National Cancer
Institute (Frederick, MD, USA). Mice were maintained in a specific patho-
gen-free facility and used in accordance with the Institutional Animal Care
and Use Committee guidelines at UT MD Anderson Cancer Center (Hous-
ton, TX, USA).

Peripheral blood samples were collected by retro-orbital puncture. Com-
plete blood counts were determined by automated counting through the
MD Anderson Department of Veterinary Medicine, as described previously
[20]. Bone marrow cells were isolated from femurs and tibiae and labeled
with FITC-conjugated Gr-1 (Becton Dickinson, Franklin Lakes, NJ, USA)
and allophycocyanin-conjugated CD115 (eBioscience, San Diego, CA,
USA). The Gr-1~ CD115", Gr-1'° CD115 ", and Gr-1" CD115"~ populations
were sorted using a FACSAria (BD Biosciences, San Diego, CA, USA), as
described [22]. Gr-1'"° CD115~ and Gr-1" CD115™ cells correspond to im-
mature and mature neutrophil subsets, as described previously [20, 44].
For simplicity, these subsets are referred to as Gr-1'> immature and Gr-1"*
mature neutrophils herein.

G-CSF and MIP-2 antibody administration in vivo

rhG-CSF (Amgen, Thousand Oaks, CA, USA) was diluted in sterile PBS
containing 0.1% endotoxin-free BSA and administered s.c. (250 ug/kg). In
some experiments, mouse MIP-2 or IgG2B control antibody (R&D Systems,
Minneapolis, MN, USA) was administered i.v. (20 ug/mouse) 30 min prior
to thG-CSF treatment.

RNA isolation, real-time PCR

Total RNA was isolated using Tri-Reagent (Molecular Research Center, Cin-
cinnati, OH, USA) and reverse-transcribed using the iScript cDNA synthesis
kit (Bio-Rad Laboratories, Hercules, CA, USA). Real-time PCR was per-
formed with iQ SYBR Green Supermix. PCR products were detected on the
iQb or CFX96 real-time PCR detection systems and analyzed using iQ5 Op-
tical System Software or CFX Manager Software, respectively (Bio-Rad Lab-
oratories), following the manufacturer’s recommendations. C. values for
each gene were normalized to Cr. values for the Rpll3a housekeeping gene
to determine relative mRNA expression (ACy). Relative expression was cal-
culated with the following formula: 1.8 as described [21]. Real-time
PCR primers were: Rpll3a forward 5-GAGGTCGGGTGGAAGTACCA-3’,
Rpl13a reverse 5'-TGCATCTTGGCCTTTTCCTT-3'; Cxel2 forward 5'-AGA-
CAGAAGTCATAGCCACTCTCAAG-3', Cxcl2 reverse 5'-CCTCCTTTCCAG-
GTCAGTTAGC-3'.

ELISAs

Neutrophils were cultured in RPMI containing 1% BSA and stimulated
with 25 ng/ml rhG-CSF, as indicated in the figure legends. Supernatants
were isolated and analyzed for MIP-2 expression by ELISA using the mouse
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CXCL2/MIP-2 DuoSet (R&D Systems), following the manufacturer’s in-
structions.

32D cell culture, retroviral transduction

32D.G-CSFR were generated by retroviral transduction as indicated [21].
Retrovirus was produced in 293T cells following calcium phosphate-medi-
ated transfection, using the retroviral vector pMX-G-CSFR-IRES-GFP, as de-
scribed previously [21]. After 48-72 h, GFP™ G-CSFR™ cells were enriched
by FACS, and cells were maintained in RPMI containing 10% FCS and 10%
WEHI-3B cell-conditioned media (source of 1L-3).

Identification of the Cxcl2 promoter, reporter assays

Cxcl2 corresponds to genomic coordinates 5:90,903,899-90,905,909 within
the Ensembl database. The proximal Cxcl2 promoter was identified as se-
quences 5’ to the predicted transcriptional start site of Cxcl2, correspond-
ing to genomic coordinates 5:90902699:90903898 within the Ensembl data-
base. STATx consensus elements were located using
TFSEARCH (http://www.cbrc.jp/research/db/TFSEARCH.html). Promoter
sequences were amplified from murine genomic DNA (C57B16) by PCR
using AccuPrime Pfx DNA polymerase (Invitrogen, Carlsbad, CA, USA)
and the following primers: Cxc/2 forward 5-GGAGGTACCCTCAGACCCA-
CAACTATC-3', Cxcl2 reverse 5'-GGAAGATCTGGCTCTGAGGTCCCGAGA-
3'. The amplified Cxcl2 promoter region was cloned into the pGL3-Basic
plasmid (Promega, Madison, WI, USA) to generate pGL3-Cxcl2; the se-
quence was confirmed by the MD Anderson DNA Core Analysis Facility.
Site-directed mutagenesis was performed using the QuikChange XL site-
directed mutagenesis kit (Agilent Technologies, Santa Clara, CA, USA) to
induce mutations in the —310-bp distal or —210-bp proximal STATx con-
sensus elements within pGL3-Cxcl2 using mutant distal sense 5'-
TTCTTCAGTCCTAATGACTAAAGCCACCCAAACTGTTAGGTCTC-
CACTG-3" and antisense 5-CAGTGGAGACCTAACAGTTTGGGTGGCTT-
TAGTCATTAGGACTGAAGAA-3" or mutant proximal sense 5'-
CTTCCTTTTGAGGATTTGGGTGGGGACATCCCAGGGTCCCATA-3" and
antisense 5-TATGGGACCCTGGGATGTCCCCACCCAAATCCT-
CAAAAGGAAG-3' primers, respectively (location of mutation is under-
lined).

Reporter assays were conducted with 32D.G-CSFR cells, electroporated
using the Cell Line Nucleofector Kit V (Lonza, Switzerland) and the
Nucleofector Device (Lonza) following the manufacturer’s instructions.

Electroporations were performed with 2 ug of the appropriate reporter
construct, 4 ng pTK-Renilla, and 0.5-1 ug of additional plasmids, as indi-
cated in the figure legends. Cells were plated in RPMI containing 10% FBS
and 5-10% WEHI-conditioned media. After 18 h, cells were washed and
treated with 25 ng/ml rhG-CSF (Amgen) for 6 or 12 h, as indicated, prior
to measurement of luciferase activity using the Dual-Luciferase reporter
assay system (Promega), according to the manufacturer’s instructions. Data
were analyzed as a ratio of firefly light units:renilla light units. Additional
plasmids used were: pRc/CMV-STATS, encoding WT STAT3 (from Dr.
James Darnell, Rockefeller University), and pMX-STAT3-DN-IRES-GFP, en-
coding a dominantnegative form of STAT3, which contains mutations in
critical DNA-binding residues (derived from pBABE-STAT3-DN from Dr.
Curt Horvath, Northwestern University) [21].

EMSAs and ChIPs

For EMSAs, 32D.G-CSFR cells were starved for 5 h by incubation in RPMI/
FCS and then stimulated with RPMI/FCS plus 25 ng/ml rhG-CSF or left
untreated, as indicated in the figure legends. Nuclear extracts were puri-
fied and incubated with **P-labeled double-stranded oligonucleotides corre-
sponding to the —310-bp distal or —210-bp proximal STATx consensus ele-
ments within the Cxcl2 proximal promoter, as indicated [45, 46]. The oli-
gonucleotide probe encompassing the —310-bp distal STATx site was
generated by annealing 5" TAAAGTTCCCCAAACTGTTAGG-3" and 5'-
CCTAACAGTTTGGGGAACTTTA-3' oligonucleotides. The probe corre-
sponding to the —210-bp proximal STATx site was generated by annealing
5'-TGAGGATTTGGGGAAGGACATC-3" and 5'-GATGTCCTTCCCCAAATC-
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CTCA-3’ oligonucleotides. Positions of the STATx elements are underlined.
In some cases, EMSA binding reactions were incubated with an excess of
nonradiolabeled competitor oligonucleotide or STAT3 antibody, as indi-
cated in the figure legends. EMSA reactions were separated on nondena-
turing polyacrylamide gels and exposed to X-ray film.

ChIPs were performed with the ChIP assay kit (Millipore, Bedford, MA,
USA), according to the manufacturer’s instructions. Following formalde-
hyde-induced cross-linking, DNA was sheared to 0.2- to 1.0-kb fragments
prior to immunoprecipitation. Chromatin fragments were immunoprecipi-
tated with the following antibodies: rabbit IgG (Santa Cruz Biotechnology,
Santa Cruz, CA, USA), STAT3 (c-20; Santa Cruz Biotechnology), trimethyl
H3 Lys4 (Millipore), trimethyl H3 Lys27 (Millipore), total H3 (Abcam,
Cambridge, MA, USA), and Pol II-pSer5 (Active Motif, Carlsbad, CA, USA).
Following reversal of cross-linking, STAT3 or H3 ChIP products were am-
plified by PCR using primers corresponding to the proximal promoter re-
gions of Cxcl2 or 1I8rb: Cxcl2 forward 5'-GGTCACTTCAGCGCAGAGC-3’,
Cxcl2 reverse 5'-TCTGAGGTCCCGAGAGCT-3'; 1i8rb forward 5'-CTC-
CCAAGTTAGGTAGCATTTCCAG-3', 1i8rb reverse 5'-TACCTGTTTGCCTG-
TAGGCAGGTA-3'. As a result of the length of sheared DNA fragments
used in the ChIP experiments, these primers will detect immunoprecipi-
tated DNA fragments that contain the proximal promoter region, including
—310-bp distal and/or —210-bp proximal STATx consensus elements. Pol
II-pSer5 ChIP products were detected with primers that amplify the region
in the vicinity of the transcriptional initiation site within the Cxcl2 or II8v
promoters: [I8rb forward 5'-CCCAGAACAGCCTAGCCA-3', 118rb reverse 5'-
GGCTCCCAACTCTCTGTG-3"; Cxcl2 forward 5'-GACCCTGAGCT-
CAGGGAA-3', Cxcl2 reverse 5'-"AGTGTGGCTGGAGTCTGG-3'. These prim-
ers will detect immunoprecipitated DNA fragments that contain the proxi-
mal promoter region, including the transcriptional initiation site. Input
chromatin samples were also amplified by PCR; these samples were col-
lected prior to formaldehyde-induced cross-linking. For each experiment,
the PCR results from ChIPs were normalized to PCR data from input sam-
ples using the formula 1.8(¢T nput=CT sample) a5 described previously [217];
the factor 1.8 estimates PCR amplification efficiency. In some cases, the
ChIP data were further analyzed to obtain STAT3/IgG, Pol II-pSer5/IgG,
H3K4me3/H3, or H3K27me3/H3 ratios to control for nonspecific antibody
binding (IgG) or nucleosome abundance (H3) or were analyzed to obtain
G-CSF/nontreatment ratios to obtain fold induction with G-CSF, as indi-
cated in the figure legends.

Immunoblotting

Whole cell lysates were separated by SDSPAGE and detected with phospho-STAT3
(Y705; Cell Signaling Technology, Danvers, MA, USA) or total STAT3 (c-20; Santa
Cruz Biotechnology) antibody, as described previously [47].

Statistical analyses

Shown are mean values = seEm. P values were determined by unpaired two-
tailed Student’s ¢ test using GraphPad Prism version 5 for Mac OS X
(GraphPad Software, San Diego, CA, USA; http://www.graphpad.com). P
values <0.05 were considered statistically significant.

RESULTS

G-CSF stimulates MIP-2 production from Gr-1"
mature neutrophils

We reported previously that G-CSF up-regulates Cxcl2 (MIP-2)
mRNA in total bone marrow [22], yet the predominant cell
type producing MIP-2 was unknown. To address this and inves-
tigate the role for STAT3, we evaluated Cxc/2 mRNA expres-
sion in myeloid and nonmyeloid bone marrow populations
isolated from WT or Stat3deficient mice under steady-state
conditions or 24 h after G-CSF administration. We purified
bone marrow cells according to their expression of CD115 and
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Gr-1, markers that designate monocyte, immature, and mature
neutrophil populations (Fig. 1A) [20, 44, 48]. We found that
in vivo delivery of G-CSF induced Cxcl2 mRNA in WT Gr-1'°
immature and Gr-1"" mature neutrophils. Cxc/2 mRNA
amounts were approximately tenfold higher in Gr-1"' neutro-
phils compared with immature neutrophils (Fig. 1B). By con-
trast, G-CSF-responsive up-regulation of Cxc/2 mRNA was abro-
gated in Stat3deficient immature and mature neutrophils (Fig.
1B). We also observed constitutive Cxcl2 mRNA expression in
Gr-1" neutrophils; however, this appeared to be controlled
independently of STAT3 (Fig. 1B). Cxcl2 mRNA expression
was detected in the Gr-1~ bone marrow fraction and in
CD115" monocytes, yet mRNA amounts were reduced com-
pared with those found in mature and immature neutrophils.
These results indicate that Gr-1™ neutrophils are the major
bone marrow cell type expressing Cxc/2 mRNA in basal condi-
tions and following G-CSF administration in vivo, whereas
STATS3 is required for G-CSF-responsive but not constitutive
Cxcl2 mRNA expression.

We next assessed whether G-CSF stimulated Cxcl2 expression
in neutrophils in vitro as one approach toward determining if
the effects of G-CSF upon Cxcl2 were direct or indirect. For
these experiments, we measured Cxc/2 mRNA amounts in puri-
fied Gr-1'> and Gr-1" neutrophils immediately after isolation
or following culture in G-CSF-containing medium for 4-24 h.

These assays showed that Cxc/2 mRNA was induced by G-CSF
in immature and mature neutrophils by 16 or 8 h of G-CSF
treatment, respectively (Fig. 1C). In addition, these experi-
ments confirmed that Gr-1™ mature neutrophils show in-
creased expression of Cxcl2 mRNA relative to Gr-1'> immature
cells under nonstimulation conditions (Figs. 1B and C). By
contrast, the TLR4 agonist LPS enhanced Cxcl2 mRNA
amounts in Gr-1'° immature and Gr-1"" mature neutrophils
within 4 h (Fig. 1D). These results collectively suggest that G-
CSF stimulates a rapid but not immediately early gene expres-
sion response, relative to LPS-mediated Cxcl2 induction.

To determine whether MIP-2 protein production was regu-
lated by G-CSF, we evaluated MIP-2 secretion from immature
and mature neutrophil subsets. We purified Gr-1'> and Gr-1™
neutrophils by FACS, cultured cells —/+ G-CSF for 24 h in
vitro, and examined MIP-2 amounts in culture supernatants by
ELISA. These experiments showed that G-CSF stimulated
MIP-2 secretion from Gr-1" neutrophils (Fig. 1E). By contrast,
MIP-2 amounts were below the detection limit in Gr-1"" neu-
trophil cultures lacking G-CSF or Gr-1'* neutrophil cultures
with or without G-CSF (Fig. 1E; data not shown). Therefore,
although Gr-1" neutrophils contain abundant Cxcl2 mRNA
amounts in homeostatic conditions, and Gr-1'"° and Gr-1" neu-
trophil populations up-regulate Cxc/2 mRNA in response to
G-CSF, only Gr-1" mature neutrophils are effective producers
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of MIP-2 protein upon G-CSF stimulation. These data suggest
that transcriptional and post-transcriptional mechanisms regu-
late the production of MIP-2.

We determined whether MIP-2 contributes to G-CSF-respon-
sive neutrophil mobilization using an antibody-blocking strat-
egy in vivo. We delivered a MIP-2-neutralizing antibody or an
isotype-matched control to mice 30 min prior to administra-
tion of G-CSF and then analyzed circulating neutrophil levels
6 h after G-CSF treatment. We found a three- to four-fold in-
crease in peripheral neutrophil amounts in animals that re-
ceived G-CSF and the IgG control antibody compared with
untreated animals (Fig. 1F), consistent with G-CSF-dependent
neutrophil-mobilizing responses observed in previous studies
[20]. By contrast, treatment with the MIP-2-neutralizing anti-
body blunted the response to G-CSF; mice that received MIP-2
antibody showed a 1.5- to twofold increase in circulating neu-
trophils relative to untreated controls (Fig. 1F). Whereas the
difference between MIP-2 and IgG antibody treatments was
not statistically significant, these results are consistent with a
role for MIP-2, as well as other factors in the G-CSF-induced
neutrophil mobilization response [26, 49, 50].

STAT3 mediates G-CSF-dependent induction of Cxcl2
by interaction with the Cxcl2 promoter

As STATS3 is best-characterized as a transcriptional regulator,
we focused our attention on whether STAT3 contributed to
transcriptional activation of Cxcl2 in response to G-CSF stimu-

A Cxcl2 promoter: B
STATS3 binding sites
-310 bp -210bp
Cxcl2
] >
I— TTccccAA ——— TTeeaGAA |
C MIP-2 Distal MIP-2 Proximal
Competitor - - dsr - - - p s r -
STAT3AD - - - - - + - - - - - %
G-CSF -+ + + + + - o+ o+ o+ o+ o+

Nguyen-Jackson et al. STAT3 regulates MIP-2 expression

lation. To examine this, we identified the proximal Cxcl2 pro-
moter and used software analysis to scan for putative STAT-
binding sites. We located two STATx consensus elements ~310
bp and ~210 bp upstream (5") of the Cxcl2 transcriptional
initiation site (Fig. 2A). For clarity, we refer to these elements
as the —310-bp distal and —210-bp proximal STAT sites, re-
spectively, within the Cxcl2 proximal promoter region. To as-
sess the function of these elements, we used 32D.G-CSFR cells,
a murine myeloid progenitor line that responds to G-CSF as a
result of engineered expression of G-CSFR [47, 51]. We used
gene reporter assays with a construct containing the proximal
Cxcl2 promoter encompassing the STATx sites, fused to the
firefly luciferase gene, to examine whether G-CSF induced
Cxcl2 transcriptional activity. These experiments demonstrated
that G-CSF stimulated a three- to fourfold increase in Cxcl2
reporter activity, in agreement with G-CSF-responsive induc-
tion of endogenous Cxcl2 mRNA expression (Figs. 1B and 2B).
By contrast, cotransfection with a STAT3 mutant that con-
tains substitutions in critical DNA-binding residues inhibited
G-CSF-induced Cxcl2 gene reporter activity (Fig. 2B). More-
over, mutation of the —310-bp distal STATx consensus ele-
ment significantly inhibited G-CSF-responsive reporter activ-
ity, whereas mutation of the —210-bp proximal element
showed modest but nonsignificant repression (Fig. 2B).
These assays suggest that G-CSF stimulates Cxcl2 transcrip-
tion directly via STAT3 interaction with sequences in the
proximal Cxcl2 promoter.
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Figure 2. G-CSF-activated STAT3 induces Cxcl2 expression by direct interaction at
the proximal promoter. (A) Schematic diagram of the Cxc/2 proximal promoter,
indicating the locations of STATx consensus elements at —310-bp distal and
—210-bp proximal sites, as well as the transcriptional initiation site (arrow). (B)
Luciferase assays in 32D.G-CSFR cells electroporated with WT or mutant (mut)
forms of pGL3-Cxcl2 (pGL3), pGL3 empty vector (vector), pTK-Renilla, and plas-
mids encoding WT or DN STAT3, following incubation in the presence (+) or ab-

sence (—) of 25 ng/ml G-CSF for 6 h, as indicated. Mutant pGL3-Cxcl2 constructs
contain substitutions in the —310-bp distal (mut-d) or —210-bp proximal (mut-p) STATx consensus elements. The ratio of firefly:renilla relative
light units (RLU) was calculated for each experiment. Results represent mean values * sEM of ratios of RLU from G-CSF-treated cells normalized
to RLU from nontreated cells (rn=3-6). (C) EMSAs were performed using nuclear extracts purified from 32D.G-CSFR cells treated with (+) or
without (—) 25 ng/ml G-CSF for 30 min, as indicated, following initial growth factor starvation for 5 h. 32p_labeled, double-stranded oligonucleo-
tide probes corresponding to the —310-bp distal or —210-bp proximal STATx consensus elements in the Cxcl2 promoter were incubated with nu-
clear extracts in the presence or absence of excess unlabeled competitor oligonucleotides (d, —310-bp Cxcl2 STATx oligonucleotide; p, —210-bp
proximal Cxcl2 STATx oligonucleotide; s, oligonucleotide encoding STAT3 site from murine Socs3 promoter; r, random probe; probe sequences
are provided in Materials and Methods). The locations of STAT3:DNA and STAT3:DNA:STAT3 antibody complexes in nondenaturing gels are
indicated by open and closed stars, respectively. Results represent four independent experiments. (D) qPCR analysis of STAT3 ChIPs from 32D.G-
CSFR cells. 32D.G-CSFR cells were treated —/+ 25 ng/ml G-CSF for 30 min. STAT3 or IgG control antibodies were used to immunoprecipitate
cross-linked, sheared chromatin fragments from cells. PCR analysis was performed with primers corresponding to the Cxc/2 proximal promoter
region, as indicated in Materials and Methods. PCR assays were conducted on ChIP samples and input chromatin; ChIP results were normalized
to input values as described in Materials and Methods. STAT3 ChIP data were then normalized to IgG ChIP data to obtain a STAT3/IgG ratio, as

indicated. Error bars represent * sem (n=3). *P < 0.05; **P < 0.01.
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To assess whether STAT3 bound Cxcl2 promoter STATx ele-
ments, we performed EMSAs with double-stranded oligonucle-
otides corresponding to the —310-bp distal or —210-bp proxi-
mal STATx elements and nuclear extracts from G-CSF-treated
or nontreated 32D.G-CSFR cells. These experiments showed
G-CSF-responsive STAT3 binding to the —310-bp distal and
—210-bp proximal STATx elements, as judged by comparison
of protein:oligonucleotide complexes —/+ G-CSF treatment
and supershift assays with STAT3 antibody (Fig. 2C). Further-
more, the EMSAs revealed that G-CSF-responsive STAT3 bind-
ing was abrogated by a surplus of self-oligonucleotide or by an
excess of an oligonucleotide that encodes the STAT3 consen-
sus element in the murine Socs3 gene promoter, an established
STATS3 target gene [46, 52], but not by a random oligonucleo-
tide probe (Fig. 2C). These results indicate specificity in the
interaction of STAT3 with Cxcl2 promoter STATx consensus
elements. With the use of ChIPs, we found that STAT3 was
rapidly recruited to the endogenous Cxcl2 promoter in the
vicinity of the STATx elements upon G-CSF stimulation, with
approximately threefold enrichment of STAT3 detected 30
min following G-CSF treatment (Fig. 2D). These data collec-
tively suggest that STAT3 interacts directly with the Cxcl2 prox-
imal promoter to enhance Cxcl2 transcription in response to
G-CSF stimulation.

Chromatin modifications at the CxcI2 and 1ISrb
proximal promoters in immature and mature
neutrophils in steady-state conditions

Previously, we found that G-CSF-responsive STAT3 directly ac-
tivates Il8rb expression, similar to Cxcl2 [22] (Fig. 2). More-
over, like Cxcl2, II8rh expression is regulated developmentally,
with higher constitutive expression in Gr-1"' mature neutrophils
relative to Gr-1'° immature cells [22]. However, G-CSF-STAT3-
responsive II8rb expression is detectable in Gr-1'> immature
neutrophils but not Gr-1" cells, whereas Cxcl2 is inducible in

both subsets, with significantly higher expression in mature
neutrophils [22] (Fig. 1). Thus, Cxcl2 and 1I87b share common
and distinct features of transcriptional control, raising the
question of whether their promoters exhibit similar or unique
mechanisms of regulation during neutrophil development
and/or in response to G-CSF stimulation.

Chromatin configuration has an essential function in tran-
scriptional control by controlling the accessibility of DNA reg-
ulatory elements to the transcriptional machinery [33, 53-55].
Thus, we evaluated the status of H3 modifications associated
with transcriptional activity (H3K4me3) or repression
(H3K27me3) [56] in the vicinity of the STAT3-binding ele-
ments at the Cxcl2 and I[8rb proximal promoters using ChIP
analysis of FACS-purified Gr-1'° immature and Gr-1"" mature
neutrophils from bone marrow. These experiments were per-
formed on freshly isolated cells in the absence of exogenous
G-CSF stimulation to capture the endogenous H3 marks in
steady-state. Our assays revealed that the Cxc/2 promoter in
Gr-1'° immature granulocytes contained a comparable abun-
dance of H3K4me3 and H3K27me3 modifications, relative to
total H3 amounts (Fig. 3A). We found a similar pattern at the
118rb promoter in Gr-1'° immature granulocytes, with roughly
equivalent amounts of H3K4me3 and H3K27me3 relative to
total H3 (Fig. 3A). These data are consistent with transcrip-
tionally silent or low-activity promoters that can be readily in-
duced, as observed at poised genes of embryonic stem cells
[57], and in agreement with our results showing modest basal
yet G-CSF-inducible expression of Cxcl2 (Fig. 1B) or 1i8rb [22]
in Gr-1'* immature granulocytes. By contrast, we found that
Gr-1"" mature neutrophils contained increased amounts of
H3K4me3 marks compared with H3K27me3 at Cxcl2 and 1i8rb
promoters (Fig. 3A). In addition, the abundance of
H3K27me3 was decreased significantly at the Cxcl2 promoter
in Gr-1"' mature neutrophils relative to Gr-1'* immature gran-
ulocytes (Fig. 3A). These results suggest a greater degree of
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Figure 3. H3 modifications at the Cxcl2 and IISrb proximal promoters in immature and mature neutrophils. (A) Gr-1' immature and Gr-1" mature
neutrophil subsets were purified from the bone marrow of WT mice and analyzed by ChIPs using antibodies against H3K4me3 (white bars),
H3K27me3 (black bars), or total H3 (not shown). qPCR analysis was performed with primers corresponding to the Cxcl2 (left) or I8 (right)

proximal promoter regions, as indicated in Materials and Methods. Following normalization to input, results for H3K4me3 and H3K27me3 ChIPs
were normalized to total H3; mean amounts * sem are shown (n=3). (B and C) Gr-1'"° immature and Gr-1"" mature neutrophil subsets were puri-
fied from the bone marrow of WT mice and stimulated with G-CSF in vitro for 6 h (gray bars) or 18 h (black bars) or left untreated [not treated
(NT); white bars]. ChIPs were performed using antibodies against H3K4me3, H3K27me3, or total H3. qPCR analysis was performed with primers
corresponding to the Cxcl2 (B) or I8 (C) proximal promoter regions. H3K4me3 and H3K27me3 ChIP data were analyzed as described in A;
data from G-CSF-treated samples were then normalized to untreated samples to determine G-CSF/NT fold change (shown). Data shown are mean
values = sEM (n=3). *P < 0.05; **P < 0.01.
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chromatin accessibility and/or elevated basal transcription
rates of Cxcl2 and II8rb in mature neutrophils relative to imma-
ture granulocytes, consistent with the high constitutive expres-
sion of Cxcl2 (Fig. 1B) and 718 [22] in Gr-1"" mature neutro-
phils. Moreover, the decrease in Cxcl2 H3K27me3 modifica-
tions at the proximal promoter in mature versus immature
neutrophils suggests that this mark might be regulated devel-
opmentally, reflecting changes in constitutive gene expression
patterns observed during neutrophil differentiation (Fig. 1B).

G-CSF enhances the abundance of H3K4me3 at the
proximal Cxcl2 and II8b promoters in Gr-1'
immature neutrophils

To assess mechanisms by which G-CSF regulates transcription
from the CxcI2 and I8 promoters, we evaluated whether
H3K4me3 and H3K27me3 modifications were affected by G-
CSF treatment. For these experiments, we purified Gr-1'* and
Gr-1" neutrophils by FACS, treated cells with G-CSF in vitro,
and performed ChIPs with antibodies against H3K4me3,
H3K27me3, or total H3. We found that G-CSF had relatively
little effect on H3K27me3 abundance relative to total H3
amounts at either promoter (Fig. 3B and C). By contrast, G-
CSF stimulated a two- to fourfold enhancement of H3K4me3
abundance relative to total H3 at the Cxc¢l2 and 1l8rb promot-
ers in Gr-1'> immature granulocytes, compared with untreated
controls (Fig. 3B and C). These results suggest that H3 marks
associated with active transcription are enhanced at the Cxcl2
and /I8rb promoters in immature neutrophils by G-CSF signal-
ing, consistent with the ability of G-CSF to stimulate Cxc¢l2 and
118rb mRNA expression in Gr-1'> immature granulocytes.

Role for STAT3 in G-CSF-responsive recruitment

of transcriptionally active RNA Pol II to the proximal
Cxcl2 and 1I8rb promoters

We next examined whether G-CSF-responsive STAT3 binding
at the Cxcl2 and 118 promoters (Fig. 2) [22] correlated with
recruitment of Pol II-pSer5, a form of Pol II associated with
assembly of the transcriptional preinitiation complex [31]. For
these studies, we performed STAT3 and Pol II-pSer5 ChIPs
with Gr-1'° immature and Gr-1"" mature neutrophils purified
from WT or Stat3-deficient mice following G-CSF treatment in
vitro. Our analysis of STAT3 ChIPs showed that STAT3 accu-
mulated at the Cxcl2 and Ii8) promoters in Gr-1'> immature
and Gr-1"' mature neutrophils from WT mice in response to
G-CSF stimulation, whereas STAT3 association was not detect-
able in neutrophils from Stat3-deficient animals or in un-
treated WT cells (Fig. 4A and B). G-CSF also enriched Pol II-
pSer5 amounts at both promoters in Gr-1'> immature and
Gr-1"" mature neutrophils from WT animals (Fig. 5A and B).
By contrast, Pol II-pSerb did not accumulate further at the
Cxcl2 and 1187 promoters in Gr-1'> immature or Gr-1" mature
neutrophils from Stat3-deficient mice (Fig. 5A and B). Thus,
G-CSF appears to stimulate a coordinated induction of STAT3,
H3K4me3, and Pol II-pSerb at the Cxc¢l2 and II8rb promoters in
Gr-1'° immature or Gr-1"" mature neutrophils. These results
suggest potential STAT3 involvement in regulating chromatin
accessibility and additional recruitment of activated RNA Pol II
to the Cxcl2 and Il87b promoters.

www jleukbio.org

Nguyen-Jackson et al. STAT3 regulates MIP-2 expression

A, Cxcl2
(0]
k=3
S 8 .
'E —
=
@ 64
c
S
g4 —
-]
£ 2
3 4 | | Owr
o
w il - W xo
NT G-CSF NT G-CSF
Gr1'° Grihi
B
s 118rb
(O)
2
5121 *
=
(2T —
c
S
S
=]
-]
— 3
- Owr
[
= o..:l.i samn lali i Mo
NT G-CSF NT G-CSF
Grile Gr1hi

Figure 4. G-CSF-responsive changes in STAT3 occupancy at the Cxcl2
and I18rb proximal promoters. Gr-1'° immature and Gr-1"' mature neu-
trophil subsets were purified from the bone marrow of WT or Stat3>
deficient mice and treated with G-CSF in vitro or left untreated for 2
h, as indicated. ChIPs were performed with STAT3 or IgG control an-
tibody. qPCR analysis was conducted with primers corresponding to
the Cxcl2 (A) or Il8rh (B) proximal promoter regions, as indicated.
ChIP results were analyzed as described in Fig. 2D, and STAT3/IgG
ratios are shown. Mean values * sEM are shown (n=2-3). *P < 0.05;
#P < 0.01.

DISCUSSION

Neutrophil mobilization from the bone marrow occurs rapidly
upon G-CSF treatment or bacterial infection, which elicits G-
CSF production; however, the molecular events that mediate
this mobilizing response are poorly defined. Here, we demon-
strate that G-CSF stimulates production of the neutrophil che-
motactic protein MIP-2 in mature bone marrow neutrophils.
G-CSF also up-regulates Cxcl2 mRNA expression by a direct

pathway involving STATS3, a principal signal transducer of the
activated G-CSFR [18-20]. Our results suggest that STAT3 in-
duces Cxcl2 transcription in response to G-CSF by binding
STAT consensus element(s) in the Cxc¢l2 proximal promoter
region. Furthermore, we find that STAT3 accumulation at the
Cxcl2 promoter, as well as the I8rb promoter, coincides with
G-CSF-dependent increases in Pol II-pSer5 and H3K4me3
modifications. Collectively, these results imply a role for
STATS3 in stimulating the assembly and/or activity of the tran-
scriptional machinery at the Cxcl2 and /I8 promoters in neu-
trophils upon G-CSF stimulation. These data suggest a direct
mechanism of gene regulation by which the G-CSF-STAT3
pathway promotes the expression of factors involved in neutro-
phil mobilization.
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Figure 5. Role for STAT3 in recruitment of RNA Pol II to the Cxcl2
and [I8rb proximal promoters. Gr-1'° immature and Gr-1"' mature
granulocytes were purified from the bone marrow of WT or Stat3defi-
cient mice and treated with G-CSF in vitro or left untreated for 2 h, as
indicated. ChIPs were performed with an antibody against Pol II-pSerb
or IgG control antibody. qPCR analysis was performed with primers
corresponding to the Cxcl2 (A) or 1l8 (B) proximal promoter re-
gions, as indicated. ChIP results were analyzed as described in Fig. 2D,
and Pol II-pSer5/IgG ratios are shown. Mean values * SEM are shown
(n=2-3). *P < 0.05.

The induction of Cxcl2 expression by G-CSF and STATS3 is
consistent with previous results demonstrating that G-CSF does
not stimulate neutrophil chemotaxis directly, as well as data
that indicate that G-CSF-induced neutrophil mobilization re-
quires the action of #rans-acting factors [26, 58]. Additionally,
patients receiving rG-CSF therapy show an increase in serum
levels of IL-8, the human counterpart to MIP-2, whereas IL-8
gene induction is regulated by STAT3 in human endothelial
cells [59, 60]. Recently, MIP-2 production was reported from
bone marrow cells following G-CSF administration; however,
distinct mechanisms were implicated [50, 61]. In one study,
G-CSF-responsive MIP-2 accumulation in the bone marrow was
attributed to expression from endothelial cells [50]. Sepa-
rately, G-CSF was reported to stimulate thrombopoietin expres-
sion, which in turn, was found to activate production of MIP-2
and KC from megakaryocytes [61]. In agreement, we found
that Cxcl2 mRNA was induced by G-CSF in the bone marrow
Gr-17 population, which may include endothelial and mega-
karyocyte lineage cells. Furthermore, despite the abundant
amounts of Cxc/2 mRNA in untreated and G-CSF-stimulated
Gr-1"' mature neutrophils, MIP-2 protein was only produced in
detectable amounts by Gr-1" neutrophils upon G-CSF treat-
ment in vitro. These results collectively suggest that MIP-2 pro-
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duction may be regulated by several mechanisms. Here, we
uncover one pathway that mediates Cxcl2 transcriptional induc-
tion, namely, G-CSF-STAT3-dependent gene activation; how-
ever, new protein synthesis and/or regulated transport of the
nascent, as well as previously synthesized MIP-2, may also be
activated upon G-CSF stimulation. Additional work will be
needed to discriminate among these mechanisms. Nonethe-
less, the collective body of evidence suggests that G-CSF stimu-
lates MIP-2 expression in multiple bone marrow cell types via
distinct mechanisms. The ability of G-CSF to induce MIP-2,
coupled with high constitutive and G-CSF-responsive CXCR2
expression on neutrophils, may explain in part how this cyto-
kine elicits neutrophil migration from the bone marrow with-
out having direct chemotactic properties [20, 22, 26].

Whereas STAT transcription factors have been studied ex-
tensively for the last 20 years [62—65], we still have few details
about the mechanisms by which they regulate gene expression.
In particular, with the exception of elegant genome-wide asso-
ciations in lymphoid subsets [66], studies in primary cells are
lacking. To address these issues, we investigated molecular
events that occur as STAT3 binds the Cxcl2 and 1l8rb promot-
ers in immature and mature neutrophils upon G-CSF treat-
ment. Our experiments revealed a close coordination among
G-CSF-responsive STAT3 binding, an accumulation of Pol II-
pSerb, and increases in G-CSF-responsive H3K4me3 abun-
dance at both proximal promoter regions. Specifically, STAT3
occupancy correlated with G-CSF-responsive increases in
H3K4me3 abundance at the Cxc¢l2 and [ISrb promoters in
Gr-1'° immature neutrophils. Furthermore, STAT3 and Pol
II-pSerb coordinately accumulated at the Cxcl2 and II8rb pro-
moters in Gr-1'> and Gr-1" neutrophils, and studies with Stat>-
deficient cells showed a requirement for STATS in the induc-
tion of Pol II-pSerb association by G-CSF. These results suggest
a role for STAT3 in assembly of an activated transcriptional
initiation complex at the Cxc¢l2 and [I8rb promoters upon
G-CSF treatment. Whereas our data from primary neutrophils
do not distinguish between whether there is active transcrip-
tion from both promoters at the time of cell purification,
which is enhanced by G-CSF treatment, or whether G-CSF
stimulation causes renewed transcription, our results from
gene reporter assays suggest that G-CSF-dependent stimulation
of STAT3 leads to transcriptional activation of Cxcl2 and 1I8rb.
Furthermore, G-CSF-responsive accumulation of the activating
H3K4me3 modification and Pol II-pSerb at both promoters is
consistent with the idea of renewed transcription in primary
neutrophils upon G-CSF treatment; however, additional studies
are required to examine this hypothesis. With regard to Cxcl2,
gene reporter assays in 32D.G-CSFR cells suggested a major
contribution of the —310-bp distal STATx element, whereas
EMSAs showed that —310-bp distal and —210-bp proximal sites
interacted with STAT3. ChIPs do not provide sufficient resolu-
tion to distinguish between STAT3 occupancy in vivo, thus the
question of whether one or both STAT3 elements are required
for G-CSF-responsive Cxcl2 expression in primary neutrophils
will require targeted mutations in vivo.

The CTD of RNA Pol II has tandem repeats of a 7-aa motif
that includes serine 5 (YSPTSPS); mammalian RNA Pol II con-
tains 52 repeats of this motif [67]. CTD hyperphosphorylation
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is associated with transcriptional initiation and elongation. Pol
II-pSerb is generally enriched at initiation regions, whereas the
serine-b modification is lost during elongation [29, 31, 68].
Kinase activity within the preinitiation complex is known to
phosphorylate serine 5 in the CTD [69]. This would suggest
that association of STAT3 with the Cxc/2 and 1I8rb promoters
in neutrophils is accompanied by recruitment and/or stabiliza-
tion of preinitiation complex components as well as RNA Pol
II, leading to Pol II-pSer5. One scenario we envisage is STAT3
DNA binding as an initial event upon G-CSF stimulation, coin-
cident with or followed by increased recruitment or stabiliza-
tion of RNA Pol II and preinitiation factors, directly or indi-
rectly, via associated cofactors. For example, STAT3 has been
shown to interact with p300/CBP, a histone acetyltransferase
that can associate with Pol II and components of the preinitia-
tion complex, whereas the STAT1-STAT2-containing IFN-stim-
ulated gene factor 3 complex recruits Pol II and initiates ser-
ine 5 phosphorylation [34, 36, 42, 70]. To fully understand
the mechanism by which STAT3 coordinates Pol II-pSerb and
transcriptional activation, it will be necessary to define STAT3-
associated cofactors and the role for specific domains of
STAT?3 in recruitment of coregulators to the Cxcl2 and 1l8rb
promoters.

Interestingly, we also observed apparent discrepancies
among G-CSF-mediated gene expression, the presence of Pol
II-pSerb, or kinetic responses to other agonists. For example,
G-CSF induced STAT3-dependent enrichment of Pol II-pSerb
at the I8rb promoter in mature neutrophils, a subset that does
not demonstrate significant up-regulation of /8§76 mRNA [22].
This may imply that the /I8rb promoter remains accessible,
with G-CSF-STAT3 stimulating a preinitiation complex (e.g.,
reflected by Pol II-pSer5 accumulation), but the complex is
unable to initiate transcription and/or elongation. An inability
to proceed with active transcription from the /I8rb promoter in
Gr-1" mature neutrophils could result from changes in coacti-
vator or repressor expression upon maturation. Furthermore,
the kinetics of G-CSF-responsive Cxcl2 expression in purified
neutrophils in vitro, relative to the time course of LPS-respon-
sive Cxcl2 induction, suggested that additional factors or events
beyond STAT3 association with promoter sequences might be
required for full activation of G-CSF-dependent Cxcl2 expres-
sion. Thus, more detailed mechanistic studies are needed to
establish the role for STAT3 in mediating formation of a pre-
initiation complex, RNA Pol II CTD phosphorylation, and
transcriptional initiation/elongation at the Cxcl2 and 1i8rb pro-
moters in neutrophils in response to G-CSF stimulation.

In addition to Pol II-pSerb, we observed striking accumula-
tion of H3K4me3 modifications at the Cxcl2 and [l8rb promot-
ers in Gr-1'> immature neutrophils upon G-CSF stimulation.
This suggests recruitment of a member of the Set domain-con-
taining methyltransferase family, a group of enzymes that me-
diates H3 Lys 4 methylation [71, 72]. Set methyltransferases
can be recruited upon phosphorylation of serine 5 in the Pol
II CTD [73]. Moreover, regions containing H3K4me3 can be
acetylated rapidly by p300 [74]. Thus, STAT3 association at
the Cxcl2 and 1I8rb promoters may directly or indirectly (e.g.,
via Pol II-pSerb activation) recruit Set methyltransferase activ-
ity, resulting in chromatin modifications that reflect and possi-
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bly reinforce transcriptional activity. STAT3 is likely to be one
of many components required for G-CSF-responsive H3K4me3
induction and activation of transcription from the Cxc/2 and
1187 promoters.

The H3K27me3 modifications at the Cxcl2 and II8rb promot-
ers were less responsive or nonresponsive to G-CSF treatment.
Furthermore, H3K27me3 modifications relative to total H3
decreased at the Cxcl2 promoter as granulocytes developed
from Gr-1'"> immature to Gr-1" mature neutrophils. The
H3K27me3 mark is often broadly distributed and is indicative
of heterochromatin and silenced genes [56, 75]. Maintenance
of H3K27me3 in vivo is attributed to the actions of PRC2,
which contains the active methyltransferase subunit EZH2 that
mediates the H3K27me3 modification [76-78]. PRC2 has im-
portant roles in stem and progenitor function in the hemato-
poietic system [79, 80], yet little is known about its regulation
or activity throughout neutrophil development. PRC2 can be
recruited by H3K27me3 motifs at promoter regions to main-
tain gene silencing [78]. Moreover, H3K27me3 modifications
are removed by histone demethylases, including Lys-specific
demethylase 1 and members of the Jumonji family [32, 81].
Therefore, the loss of H3K27me3 modifications at the Cxcl2
promoter during granulopoiesis may reflect cell-division events
and a decline in PRC2 activity that results in gradual dilution
of this repressive mark as neutrophils mature, global or pro-
moter-specific histone demethylase activity, or a combination
of these events. Interestingly, an opposite pattern was found at
polycomb group target promoters during macrophage devel-
opment, which showed induction of H3K27me3 modifications
with differentiation as a result of up-regulation of the Jumonji
C domain protein Jmjd3 [82]. Thus, developmental control of
the repressive H3K27me3 mark may be regulated by distinct
mechanisms in a promoter- and cell type-specific manner.

In conclusion, our experiments reveal mature neutrophils as
major producers of Cxcl2 mRNA and MIP-2 protein upon G-
CSF stimulation, suggesting that their ability to secrete and
respond to MIP-2 contributes to G-CSF-responsive neutrophil
mobilization from the bone marrow. Furthermore, our data
suggest that STAT3 orchestrates RNA Pol II recruitment
and/or activation as well as chromatin modifications at the
Cxcl2 and Il8rb promoters that are needed for effective tran-
scription upon G-CSF stimulation. These results show a direct
pathway by which the G-CSF-STATS3 signaling cascade regu-
lates transcription of important neutrophil-mobilizing factors.
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