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Granulocyte Colony-Stimulating Factor Induces Osteoblast Apoptosis
and Inhibits Osteoblast Differentiation

Matthew J Christopher and Daniel C Link

ABSTRACT: Long-term treatment of mice or humans with granulocyte colony-stimulating factor (G-CSF) is
associated with a clinically significant osteopenia characterized by increased osteoclast activity and number. In
addition, recent reports have observed a decrease in number of mature osteoblasts during G-CSF adminis-
tration. However, neither the extent of G-CSF’s suppressive effect on the osteoblast compartment nor its
mechanisms are well understood. Herein, we show that short-term G-CSF treatment in mice leads to de-
creased numbers of endosteal and trabecular osteoblasts. The effect is specific to mature osteoblasts, because
bone-lining cells, osteocytes, and periosteal osteoblasts are unaffected. G-CSF treatment accelerates osteo-
blast turnover in the bone marrow by inducing osteoblast apoptosis. In addition, whereas G-CSF treatment
sharply increases osteoprogenitor number, differentiation of mature osteoblasts is impaired. Bone marrow
transplantation studies show that G-CSF acts through a hematopoietic intermediary to suppress osteoblasts.
Finally, G-CSF treatment, through suppression of mature osteoblasts, also leads to a marked decrease in
osteoprotegerin expression in the bone marrow, whereas expression of RANKL remains relatively constant,
suggesting a novel mechanism contributing to the increased osteoclastogenesis seen with long-term G-CSF
treatment. In sum, these findings suggest that the hematopoietic system may play a novel role in regulating

osteoblast differentiation and apoptosis during G-CSF treatment.
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INTRODUCTION

BONE MARROW Is the normal site of both hematopoiesis
and bone metabolism. As predicted by their proximity,
regulation of these tissues is highly integrated. There is
strong evidence that osteoblasts play a key role in estab-
lishing and maintaining an appropriate microenvironment
for hematopoietic stem cells. Conversely, the hematopoietic
compartment is also known to regulate bone metabolism,
largely through the production of hematopoietic cyto-
kines."-?

Granulocyte-colony stimulating factor (G-CSF) is the
principal cytokine regulating granulopoiesis. Long-term
treatment with G-CSF is associated with development of
clinically significant osteopenia, characterized by decreased
BMD and vertebral compression fractures.®* In a recent
study, the incidence of osteopenia in patients with severe
congenital neutropenia (SCN) treated chronically with G-
CSF was 28%.® Similarly, long-term exposure to G-CSF in
mice leads to a decrease in cortical and trabecular bone,
suggesting that it is G-CSF and not the underlying disease
that is causing osteopenia in patients with SCN.*>

There is evidence that G-CSF induces osteopenia in part
by stimulating osteoclast activity. G-CSF treatment in-
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creases osteoclast number in treated mice and increases the
level of urine deoxypyridinoline in humans.® Several po-
tential mechanisms by which G-CSF stimulates osteoclas-
togenesis have been advanced. G-CSF increases the prolif-
eration of myeloid progenitors, potentially increasing the
pool of monocytic precursors from which osteoclasts de-
rive.”” In addition, G-CSF has been shown directly to aug-
ment osteoclast formation and activity in vitro.® Neverthe-
less, the mechanisms by which G-CSF stimulates
osteoclastogenesis in vivo remain undefined.

Whereas long-term G-CSF treatment results in increased
osteoclastogenesis, recent evidence suggests that short-term
G-CSF administration decreases osteoblast number and ac-
tivity.(*%1?) Our laboratory has shown that administration
of G-CSF for 5 days in mice results in a marked decrease in
histologically identifiable osteoblasts along bone surfaces
and a corresponding decrease in osteocalcin mRNA.(!?
Whether this decrease in osteoblast number results from
increased osteoblast turnover or from a defect in osteoblast
development remains unclear. A third possibility—that G-
CSF induces osteoblast quiescence—was raised in a recent
report by Katayama et al.,”> who observed a preponder-
ance of bone lining cells in G-CSF-treated mice.

In this study, we use transgenic mice expressing the green
fluorescent protein (GFP) under control of an osteoblast
lineage-specific promoter (pOBCol2.3-GFP mice) to mea-
sure osteoblast turnover during G-CSF administration.
We show that G-CSF administration leads to a selective
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reduction in number of mature endosteal and trabecular
osteoblasts that is secondary to both an increase in osteo-
blast apoptosis and inhibition of osteoblast differentiation.
Bone marrow transplantation studies show that G-CSF
regulates osteoblasts indirectly, through a hematopoietic in-
termediary. Finally, we show that G-CSF treatment mark-
edly decreases the bone marrow expression of osteoprote-
gerin (OPG), providing a novel mechanism by which
G-CSF activates osteoclasts.

MATERIALS AND METHODS
Mice

The generation and characterization of pOBCol2.3-GFP
mice, kindly provided by David Rowe at the University of
Connecticut, have been described elsewhere.!" Mice were
maintained in a pathogen-free barrier facility in accordance
with Washington University Animal Studies Committee
guidelines. Six- to 12-wk-old age- and sex-matched mice
were used in all studies. G-CSF receptor (G-CSFR)-
deficient mice backcrossed onto a C57BL/6 background
were generated, as previously described.(!?)

G-CSF administration

Recombinant human G-CSF, a generous gift from Am-
gen, was diluted in PBS with 0.1% low endotoxin BSA
(Sigma) and administered by twice daily subcutaneous in-
jection at a dose of 250 wg/kg/d for the length of time in-
dicated.

Immunohistochemistry and histomorphometry

Long bones from pOBCol2.3-GFP and wildtype mice
were processed as previously described."” Briefly, femurs
and tibias were harvested, fixed overnight in 10% neutral
formalin, decalcified by incubating in 14% EDTA at 4°C
for 7-10 days, and embedded in paraffin. Paraffin-
embedded sections were deparaffinized and rehydrated,
and antigen retrieval was performed by soaking sections in
DeCal Retrieval Solution (Biogenex) per the manufactur-
er’s instructions. GFP expression was assessed using a rab-
bit anti-GFP polyclonal antibody (Chemicon Interna-
tional), and positive cells were visualized using Vector Elite
ABC kit and DAB substrate (Vector Laboratories) with
Nuclear Fast Red counterstain (Sigma). Slides were ana-
lyzed in a blinded fashion to determine the number of os-
teoblasts per millimeter bone perimeter, osteoblast surface
percent, bone-lining cell surface percent, and osteocyte
number per trabecular area. Bone lining cells and osteo-
blasts were differentiated based on morphology. Analysis
was confined to the trabecular metaphysial region distal to
the growth plate. Osteoclasts were identified by staining
sections for TRACP. Osteoclast number and osteoclast sur-
face were calculated based on the presence of TRACP*
cells on trabecular surfaces.

Osteoid surface was determined by analyzing undecalci-
fied, methyl methacrylate—embedded sections stained using
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the Masson trichrome technique. To determine mineraliza-
tion rate, mice were injected twice with 0.5 mg calcein
(Sigma) before and after 7 day G-CSF treatment. Forty-
eight hours after the second injection, calvaria were har-
vested, fixed in 70% ethanol, and embedded in methyl
methacrylate. Mineral apposition rate and mineralizing sur-
face were analyzed by fluorescent microscopy, as previously
described.”" Images were acquired with Nikon microphot
SA microscope using Nikon plan x10 and x20 objectives
(Nikon Instruments) and a digital camera from Colorview
Soft Imaging System. All parameters were analyzed using
OsteoMeasure Histomorphometry System (OsteoMetrics).

Osteocalcin RNA in situ

Osteocalcin sense and antisense **P-labeled probes for
RNA in situ were generated using a SP6/T7 Transcription
Kit (Roche) using a plasmid generously provided by David
Ornitz (Washington University). RNA in situ hybridization
was performed as previously described.'®

Real-time quantitative RT-PCR

Femurs were flushed with 1 ml of TRIzol reagent (Invit-
rogen), and RNA was isolated according to the manufac-
turer’s instructions. Real-time RT-PCR was performed as
previously described.” Primer sequences and annealing
conditions are available on request.

Isolation of osteoblast lineage cells by
flow cytometry

Bone marrow cells were recovered from the femurs of
pOBCol2.3-GFP mice by flushing with PBS. The femurs
were infused with PBS containing 50 mg/ml type II colla-
genase (Worthington Biochemical) and incubated at 37°C
for 15 min. The collagenase-treated femurs were flushed
again with PBS, cells were pooled, and the process was
repeated for a total six digests. Pilot experiments showed
that virtually all recoverable GFP™ cells were found in these
six digests (data not shown).

To quantify osteoblast lineage cells, pooled fractions
were stained with allophycocyanin (APC)-conjugated anti-
mouse CD45 and phycoerythrin (PE) conjugated anti-
mouse Ter119 antibodies (eBiosciences). CD457, Ter119,
GFP" cells were enumerated on a FACScan flow cytometer
(Becton Dickinson). In some experiments, CD45",
Ter119-, GFP" cells were sorted using a MoFlo high-speed
cell sorter (Dako).

BrdU labeling

pOBCOL2.3-GFP mice were treated with 2 mg BrdU
(Sigma) daily for 14 days before G-CSF treatment. In a
separate study, mice were given 2 mg of BrdU twice daily
for 5 days after G-CSF treatment. Cell fractions containing
osteoblasts were isolated as described and stained with PE-
conjugated anti-Ter119 and biotinylated anti-CD45
coupled with Alexa 750-conjugated streptavidin (Invitro-
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gen). BrdU positivity was assessed using the BD Pharmin-
gen BrdU Flow Kit (Becton Dickinson) and an Alexa 647-
conjugated anti-BrdU antibody (Invitrogen).

Activated caspase 3 analysis

Bone marrow cells harvested from pOBCOL2.3-GFP
mice were stained with APC-conjugated anti-mouse Ter119
and biotinylated anti-mouse CD45 (eBiosciences) coupled
with Alexa 750—conjuaged streptavidin (Invitrogen). Cells
were fixed and permeabilized with BD Cytofix/Cytoperm
kit and stained with rabbit monoclonal PE-conjugated anti-
activated caspase 3 antibody, per the manufacturer’s pro-
tocol (BD Biosciences Pharmingen).

CFU-F culture

Bone marrow was isolated from mice treated 5 days with
G-CSF and untreated controls. Nucleated cells (3.6 million)
were plated per well in 6-well plates. Cells were grown for
4 days in tMEM (Gibco) supplemented with 10% FBS and
Pen/Strep. After 4 days, growth medium was switched to
differentiation medium containing 50 mg/liter ascorbic acid
and 2.16 mg/liter B-glycerophosphate (Sigma), and medium
was changed every 3—4 days thereafter. After 14-day cul-
ture, cells were assayed for alkaline phosphatase (ALP)
positivity using a kit (Sigma), and colonies containing >20
cells were scored.

Bone marrow transplantation

Wildtype (Ly5.1) and G-CSFR™~ (Ly5.2) bone marrow
cells were harvested from strain- and sex-matched mice.
Cells were stained with PE-conjugated mouse anti-CD45.1
or anti-CD45.2, APC-conjugated mouse anti-c-Kit, and
FITC-conjugated lineage markers anti-CD3, anti-GR1,
anti-B220, and anti-Ter119 antibodies. CD45*, ¢-Kit™, lin-
eage” hematopoietic progenitors were purified by high-
speed cell sorting, and 30,000-50,000 cells were injected
into the tail vein of each lethally irradiated wildtype (Ly5.1)
or G-CSFR™~ (Ly5.2) recipient as previously described.!'>
Two independent groups of mice received transplants; mice
were analyzed separately, and the results were pooled.

Statistical analysis

Data are presented as mean + SE. Statistical significance
was assessed using the Mann-Whitney nonparametric test
or two-way ANOVA (BrdU analysis).

RESULTS

G-CSF treatment results in reduced numbers of
osteoblasts but not osteocytes or bone-lining cells
along bone surfaces

We and others previously showed that treatment with
G-CSF leads to fewer cuboidal osteoblasts from the bone
marrow in mice.*'” To further characterize this process,
we first determined the kinetics of osteoblast suppression
during G-CSF treatment. As shown in Fig. 1A, reduced
numbers of mature osteoblasts, as defined by histomorpho-
logical criteria, was delayed, with a significant fall seen after
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3 days of G-CSF. This effect was reversible, because osteo-
blast number recovered within 5 days after stopping G-CSF.

These data were confirmed using transgenic mice ex-
pressing GFP driven by a 2.3-kb fragment of the rat type 1
collagen promoter (pOBCol2.3-GFP mice). Consistent with
previous reports,'"' we observed GFP expression in
these mice in mature, cuboidal osteoblasts, morphologically
flat bone-lining cells, and osteocytes (Fig. 1B). G-CSF treat-
ment resulted in fewer GFP* osteoblasts in trabecular and
cortical bone. In contrast, G-CSF had no significant effect
on the number of GFP" bone-lining cells or osteocytes
(Figs. 1B and 1C).

We next developed a method to analyze and sort GFP*
osteoblast lineage cells by flow cytometry. Briefly, hemato-
poietic and stromal cells were recovered from long bones
by serial collagenase digestion. Immunohistochemistry per-
formed on long bones after harvesting showed efficient re-
covery of GFP™ cells from both control and G-CSF-treated
mice (data not shown). Osteoblast lineage cells were de-
fined as CD45~ Terl19~ GFP™ cells; CD45" and Ter119*
cells were excluded to improve specificity. Consistent with
the histomorphometry data, this flow cytometry—based as-
say showed that the number of osteoblast lineage cells de-
creased after G-CSF administration (Figs. 1D and 1E).

G-CSF treatment selectively suppresses endosteal
and trabecular but not periosteal osteoblasts

To directly assess the effect of G-CSF treatment on bone
formation, two functional assays of osteoblast activity were
measured. Consistent with the loss of mature osteoblasts, a
trend toward decreased osteoid synthesis (p = .057) was
observed in tibias of mice treated with G-CSF (Fig. 2A).
Similarly, a trend toward decreased mineral apposition rate
(MAR) and percent mineralized surface (Md.S/BS) was
noted on the endosteal surfaces of calvaria harvested from
G-CSF-treated mice (p = 0.10; Fig. 2B). However, G-CSF
had no effect on either parameter on the periosteal surfaces
of calvaria. To test whether G-CSF treatment preferentially
targets endosteal and trabecular osteoblasts in mouse long
bones as well, we performed RNA in situ hybridization for
osteocalcin mRNA. In untreated mice, osteocalcin mRNA
was readily detected on endosteal, trabecular, and perios-
teal surfaces (Fig. 2C, left). As expected, G-CSF treatment
resulted in a significant reduction in osteocalcin mRNA
expression in endosteal and trabecular osteoblasts. In con-
trast, no significant decrease in osteocalcin expression in
periosteal osteoblasts after G-CSF treatment was observed
(Fig. 2C, center). Collectively, these data suggest that G-
CSF selectively suppresses endosteal and trabecular osteo-
blasts.

G-CSF treatment suppresses osteoblast function
through a hematopoietic cell intermediate

The selective targeting of endosteal and trabecular osteo-
blasts by G-CSF suggested the hypothesis that its effects on
osteoblasts are mediated by a hematopoietic cell interme-
diary. To test this hypothesis, bone marrow chimeras were
generated by transplanting G-CSFR-deficient bone marrow
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FIG. 1. Loss of osteoblast number and func-

tion during G-CSF treatment. (A) Mice were
treated with G-CSF (250 pg/kg/d) for 5 days,
and osteoblast surface per bone surface
(Ob.S/BS) was determined. (B) Immunohis-
tochemistry showing GFP* (brown) osteo-
blasts (arrows), bone-lining cells (arrow-
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m

PERCENT BONE SURFACE

PR

OSTEOBLASTS ~ BONE LINING CELLS OSTEOCYTES

GFP+ CELLS PER FEMUR

> mouse femurs. Insets show enlargement of
area enclosed by dotted line. Original magni-
fication x100. (C) Quantification of mature
osteoblasts, bone-lining cells, and osteocytes
in transgenic mice treated with G-CSF for
5 days or untreated (n = 4 each group). (D)
Representative scatter plots showing GFP
expression (bottom panels) in the stromal
(CD45 negative, Ter119 negative) cell popu-
lation (top panels) isolated from nontrans-
genic and pOBCol2.3-GFP mice (left and
right, respectively). (E) Number of GFP*
cells recovered from the femurs of transgenic
mice after treatment with G-CSF (n = 2-10
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cells into wildtype mice. Likewise, chimeras were generated
in which wildtype bone marrow was transplanted into G-
CSFR-deficient recipients. Because there is evidence sug-
gesting that mesenchymal (stromal) cells can be trans-
planted to recipient mice,"® we sorted hematopoietic
progenitor cells (CD45* Kit* lineage™) to high purity before
transplantation. Greater than 95% hematopoietic reconsti-
tution with donor cells was confirmed in all chimeras 6-8
wk after transplantation (data not shown). Chimeric mice
were treated 5 days with G-CSF, and the level of bone
marrow osteocalcin mRNA was measured to gauge the ef-
fect of G-CSF on the osteoblast compartment. In chimeric
mice reconstituted with G-CSFR-deficient hematopoietic
cells, G-CSF treatment had no effect on osteocalcin expres-
sion (Fig. 3A). In contrast, G-CSF treatment induced a >30-
fold decrease in osteocalcin mRNA in G-CSFR-deficient
mice reconstituted with wildtype hematopoietic cells (Fig.
3B). These data show that G-CSF does not act directly on
osteoblasts or other stromal cells. Instead, G-CSF sup-
presses osteoblasts through activation of a (presumably G-
CSFR*) hematopoietic cell intermediate.

H each time point). Data represent the mean +
SE. ?p < 0.01 vs. all other groups; °p < 0.05.

G-CSF treatment increases osteoblast turnover by
inducing apoptosis

The decreased numbers of mature osteoblasts during G-
CSF administration could occur through three general
mechanisms: increased osteoblast turnover, decreased osteo-
blast production, or induction of osteoblast quiescence (with
attendant loss of GFP expression from the type I collagen
promoter). To begin to distinguish between these possibili-
ties, we designed an experiment to measure the turnover
rate of labeled osteoblast lineage cells. pOBCol2.3-GFP
mice were treated with BrdU for 14 days before treatment
with G-CSF. This treatment resulted in 32% of osteoblast
lineage (GFP™") cells being labeled with BrdU (Fig. 4A).
Mice were then treated with G-CSF, and the percentage of
BrdU-labeled osteoblast lineage cells in the bone was de-
termined as a function of time (Fig. 4A). In control mice, a
gradual loss of BrdU* GFP™" cells was observed, with a
calculated half-life of 7.7 days. In mice treated with G-CSF,
a more rapid turnover of BrdU" GFP" cells was observed,
with a half-life of 3.7 days. Of note, after stopping G-CSF,
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the turnover rate of BrdU" GFP™" cells was similar in both
groups of mice.

The increased turnover of osteoblasts after G-CSF ad-
ministration suggested that G-CSF may induce osteoblast
apoptosis. Indeed, regulation of osteoblast survival is
thought to be an important mechanism regulating osteo-
blast number."'” To test this hypothesis, we determined
whether G-CSF treatment induced apoptosis of osteoblasts.
Based on the kinetics of the decline in osteoblast numbers,
we focused our analyses on day 3 of G-CSF treatment.
GFP* osteoblast lineage cells were isolated from mice
treated 3 days with G-CSF, and the percentage of GFP*
cells expressing activated caspase 3 was determined by flow
cytometry (Fig. 4B). In control mice, 4.3 = 1.1% of GFP*
cells were apoptotic, as measured by activated caspase 3 ex-
pression. Of note, this number is within the range of reported
values for osteoblast apoptosis in untreated mice.'*2? In
G-CSF-treated mice, the percentage of apoptotic cells was
significantly increased (9.2 + 0.6%, p = 0.01). These data
suggest that G-CSF treatment suppresses mature osteo-
blasts, in least in part, by inducing apoptosis.

mice treated for 7 days with G-CSF (n = 2-3
each group). (A) Percent osteoid surface was
calculated in Masson trichrome—stained tibial
sections from untreated and treated wildtype
mice. (B) Mineral apposition rate (MAR)
and percent mineralizing surface (Md.S/BS)
were calculated on endosteal and periosteal
surfaces from calcein-labeled calvaria. (C)
Osteocalcin RNA in situ hybridization of
long bones harvested from untreated mice or
mice treated for 5 days with G-CSF. Shown
are representative photomicrographs of three
independent experiments. Periosteal surfaces
(arrows), endosteal surfaces (arrowheads),
bone (B), and bone marrow (BM) are indi-
cated. Original magnification x100. Data rep-
resent the mean + SE. *p = 0.057; °p = 0.10.

G-CSF administration is associated with the
inhibition of osteoblast differentiation

We next asked whether osteoblast differentiation also
was impaired after G-CSF administration. We first mea-
sured the effect of G-CSF on the expression of a panel of
genes expressed at different stages of osteoblast differen-
tiation (Fig. 5A). G-CSF treatment resulted in a significant
decrease in all of the osteoblast genes analyzed. However,
the greatest decrease in expression was observed with genes
expressed late during osteoblast maturation. Whereas a 19-
fold decrease in the late osteoblast gene Bglap2 (OC) was
observed, only a 1.8-fold reduction in the pan-osteoblast
lineage transcription factor Runx2 was noted.

The relative preservation of early osteoblast gene expres-
sion prompted us to examine the effect of G-CSF on osteo-
blast progenitor cells in the bone marrow. Specifically, the
number of early mesenchymal colony forming unit-
fibroblast (CFU-F) was measured. Both ALP*- and ALP™-
staining colonies were enumerated. G-CSF treatment re-
sulted in a 4.4-fold increase in ALP~ and a 12.6-fold
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FIG. 3. G-CSF receptor—deficient bone
marrow chimeras. (A) G-CSFR™~ CD45"
cKit* lineage™ hematopoietic cells (KL) cells
were transplanted into wildtype recipients
(n = 4-5 each group). After hematopoietic
reconstitution (6-8 wk), chimeric mice were
treated with G-CSF (or left untreated), and
osteocalcin mRNA expression in the bone
marrow was measured by real-time RT-PCR.
a (B) Wildtype KL cells were transplanted into
irradiated G-CSFR™~ recipients (n = 6-7,
each group) and analyzed in a similar fashion.
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increase in ALP* CFU-F over untreated controls (Fig. 5B).
To determine whether this increase in osteoprogenitors re-
sulted in a later increase in mature osteoblasts, we extended
the period of G-CSF administration to 22 days and mea-
sured osteocalcin mRNA expression in the bone marrow
(Fig. 5C). The decrease in osteocalcin mRNA expression
was maximal by 5 days of G-CSF treatment and remained
suppressed throughout the 22-day treatment period. De-
creased osteoblast number was confirmed by histology
(data not shown). The prolonged decrease in osteocalcin-
producing osteoblasts, despite the increase in osteoprogeni-
tors, suggests that G-CSF administration leads to a defect in
osteoblast maturation in mice.

As noted previously, a prior study suggested that G-CSF
treatment might induce osteoblast quiescence. This model
predicts that the recovery of mature osteoblasts on discon-
tinuation of G-CSF results from the reactivation of quies-
cent osteoblasts, rather than the production of new osteo-
blasts. To test this prediction, we measured BrdU uptake by
osteoblasts during the recovery period after a 5-day course
of G-CSF. In control mice, 11.5 + 2.6% of GFP™ osteoblast
lineage cells were labeled with BrdU at the end of the re-
covery phase, reflecting the rate of recruitment of new os-
teoblasts during this 5-day period (Fig. 5D). In contrast,
31.3 £ 3.6% of GFP" cells were labeled in mice that had
received G-CSF, indicating that the rebound in osteoblast
number during the recovery phase results from recruitment
of new osteoblasts rather than recovery of quiescent osteo-
blasts.

G-CSF Data represent the mean + SE. ?p < 0.05.

G-CSF administration results in a decreased
OPG/RANKL ratio and is associated with a late
increase in osteoclast number

Previous studies have established that chronic treatment
with G-CSF leads to increased osteoclast number and ac-
tivity. (02329 Although there is evidence that G-CSF can
directly activate the osteoclast lineage,® the potent sup-
pressive effect of G-CSF on osteoblasts suggests another
possibility. Namely, because osteoblasts contribute to the
regulation of osteoclastogenesis, the reduced number of
osteoblasts during G-CSF treatment may secondarily acti-
vate osteoclasts. Indeed, the kinetics of the decline in os-
teoblasts and increase in osteoclasts is consistent with this
possibility. Whereas the decrease in osteoblast number was
maximal after 5 days of G-CSF treatment (Fig. 1A), no
increase in osteoclast number at this time point was noted,
a result consistent with previous reports (Figs. 6A and
6B).¢® In fact, a significant increase in osteoclasts was not
noted until after 14 days of G-CSF treatment.

A major mechanism by which osteoblasts regulate osteo-
clast number and activity is by the regulated production of
RANKL (TNFSF11) and OPG (TNFRSF11B), a decoy re-
ceptor for RANKL. RANKL and OPG are positive and
negative regulators of osteoclasts, respectively; thus, the
relative expression of these genes is a key determinant of
osteoclast activation.* In mice treated with G-CSF for 5
days, no change in RANKL mRNA expression in the bone
marrow was detected (Fig. 6C). In contrast, a 12-fold de-
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crease in OPG mRNA was observed after 5 days of G-CSF
treatment (Fig. 6C). The ratio of RANKL to OPG mRNA
increased from 0.19 at baseline to 1.98 after 14 days of
G-CSF. To verify that the loss of OPG mRNA resulted
from the loss of osteoblasts, pOBCol2.3-GFP transgenic
mice were treated with G-CSF, GFP" osteoblast-lineage
cells were isolated, and OPG and RANKL mRNA was
measured. Whereas RANKL expression was preserved
within this fraction after G-CSF treatment, OPG mRNA
was reduced 10-fold, consistent with the reduction in GFP*
mature osteoblasts (Fig. 6D).

DISCUSSION

In this study, we confirmed and extended our previous
finding that G-CSF treatment suppresses osteoblast num-
ber and activity. This effect seems to be specific to mature
osteoblasts, because other osteoblast-lineage cells, includ-
ing osteocytes and bone-lining cells, are unperturbed. We
provide evidence that G-CSF treatment increases apoptosis
of mature osteoblasts while increasing the numbers of os-
teoprogenitors in the bone marrow. Transplantation experi-
ments show that G-CSF regulates osteoblasts in an indirect
fashion through activation of an undetermined hematopoi-

> after 5 days of G-CSF treatment, or after a 5
day recovery period (arrowheads). Shown
is the percent of GFP" cells in the bone mar-
row that were labeled with BrdU. (B) Rep-
resentative scatter plots showing activated
caspase 3 staining in the GFP™ cell popula-
tion from untreated (left) or G-CSF-treated
pOBCol2.3-GFP mice (right). (C) Shown is
the percentage of GFP* cells that express ac-
tivated caspase 3 from untreated and day 3
G-CSF-treated mice (n = 4 each group).
Data represent the mean + SE. “p < 0.01,
®p < 0.05.

etic cell intermediary. Finally, we show that G-CSF treat-
ment significantly alters the relative expression of RANKL
and OPG in the bone marrow, providing a novel mecha-
nism by which G-CSF treatment results in osteoclast acti-
vation.

Apoptosis is thought to be one of the primary regulators
of osteoblast homeostasis. There is evidence that glucocor-
ticoid treatment and estrogen withdrawal suppress osteo-
blast number through the induction of apoptosis.>2®
Conversely, inhibition of osteoblast apoptosis during inter-
mittent parathyroid treatment may contribute to the bone
anabolic effect seen with this treatment." In this study, we
showed that G-CSF treatment results in an ~2-fold increase
in the turnover rate of BrdU-labeled osteoblast lineage cells
in the bones of treated animals. Moreover, the percentage
of cleaved caspase 3-positive osteoblasts recovered from
G-CSF-treated mice was increased 2-fold compared with
control mice. Together, these data suggest that G-CSF
regulates osteoblast number, in part by, inducing osteoblast
apoptosis.

The following observations suggest that G-CSF also
inhibits osteoblast differentiation in vivo. (1) G-CSF admin-
istration results in a marked increase in osteoprogenitors.
(2) The increase in osteoprogenitors does not “rescue” the
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defect in mature osteoblasts, even after prolonged (22 days)
G-CSF administration. In contrast, the increase in osteo-
progenitors observed after estrogen withdrawal, which in-
duces a greater degree of osteoblast apoptosis, is able to
restore osteoblast number to normal.?’*® (3) Expression
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FIG. 5. Analysis of early osteoblast lineage
cells during G-CSF treatment. (A) Real-time
RT-PCR for the indicated genes (BSP, bone
sialoprotein; ALP, alkaline phosphatase; OC,
osteocalcin) was performed on total bone
marrow RNA isolated after 5 days of G-CSF
treatment. RNA expression relative to B-
actin mRNA was calculated and compared
with untreated bone marrow (assigned a
value of 1; n = 5-12). (B) Shown is the num-
ber of alkaline phosphatase negative (AP
negative, left) and positive (AP positive,
right) CFU-F generated from the bone mar-
row of untreated or G-CSF-treated mice (n =
5-6 each group). (C) Mice (n = 2-4 each time
point) were treated with G-CSF for the indi-
cated period up to 22 days. Mice were killed at
the indicated time points and analyzed for
osteocalcin mRNA by real-time RT-PCR. (D)
Mice (n = 6, each group) were treated 5 days
with G-CSF or left untreated and adminis-
tered BrdU for 5 days during the recovery
period. Shown is the percent of GFP" cells
in the bone marrow that were labeled with
BrdU. Data represent the mean = SE.
ap < 0.05 vs. untreated; °p < 0.01 vs. untreated,
p < 0.05 vs. runx2 and OC; °p < 0.0001 vs.
untreated, p < 0.05 vs. other groups; p < 0.01;
°p < 0.05 vs. untreated.

FIG. 6. Osteoclastogenesis during G CSF
treatment. (A and B) Wildtype mice (n
2-6 each group) were treated with G-CSF for
the indicated time or left untreated. Osteo-
clast number (A) and surface (B) were esti-
mated by enumerating TRACP™ cells in par-
affin-embedded sections of mouse long
bones. (C) RANKL and OPG mRNA ex-
pression in the bone marrow of untreated or
5-day G-CSF-treated mice (N = 5-8 each
group) was measured by real-time RT-PCR.
(D) GFP" cells were sorted from G-CSF-
treated pOBCol2.3-GFP mice. RANKL and
OPG mRNA was measured within this frac-
tion. Data represent the mean + SE. p < 0.01
vs. other groups; °p < 0.001; °p < 0.05.

of genes associated with earlier stages of osteoblast differ-
entiation (e.g., Runx2) is reduced less than genes associated
with later stages (e.g., Bglap2). (4) Finally, the rapid recov-
ery of osteoblasts with proliferating (BrdU-labeled) cells
after cessation of G-CSF suggests that G-CSF administration
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leads to the accumulation of an expanded pool of osteoblasts
precursors in the bone marrow. Collectively, these data sug-
gest G-CSF administration leads to a reduction in number
of mature osteoblasts through both an increase in osteo-
blast turnover and inhibition of osteoblast differentiation.

In addition to hematopoietic cells, there is data suggest-
ing that the G-CSFR is expressed on wide range of nonhe-
matopoietic tissues including endothelial cells, neurons, and
possibly cardiomyocytes.**”) Previous studies have shown
that the G-CSFR is not expressed on osteoblast cells lines
or cultured primary murine calvarial osteoblasts.(*'?
Whether the G-CSFR is expressed on osteoblasts in vivo
has not been determined; therefore, the possibility that G-
CSF’s effects on osteoblasts are direct cannot be excluded.
In this study, we provide definitive evidence through the
use of G-CSFR-deficient bone marrow chimeras that G-
CSF acts indirectly to suppress osteoblasts. Indeed, these
data strongly suggest that this phenotype is dependent on a
transplantable hematopoietic cell intermediate. Consistent
with this conclusion, G-CSF treatment preferentially tar-
gets endosteal and trabecular osteoblasts, with little effect
on periosteal osteoblasts.

The hematopoietic cell population(s) that mediate the
suppressive effect of G-CSF on osteoblasts are not known.
The G-CSFR is expressed at high levels on neutrophils,
monocytes, osteoclasts, and hematopoietic progenitors.
There also are reports of G-CSFR expression on natural
killer cells and a subset of B lymphocytes. However, the
suppressive effect of G-CSF treatment on osteoblasts is pre-
served in RAGI-deficient mice, suggesting that lympho-
cytes are not required for this effect.*”” Studies are under-
way to define the role of neutrophils, monocytes, and
osteoclasts in this pathway.

The pathway leading from hematopoietic cell activation
by G-CSF to osteoblast apoptosis also remains poorly un-
derstood. In a series of elegant studies, Katayama et al.”)
recently provided evidence that G-CSF-induced osteoblast
suppression is mediated by the sympathetic nervous system.
Our studies of G-CSFR-deficient bone marrow chimeras
strongly suggest that G-CSF does not act directly on neu-
rons to suppress osteoblasts. Rather, our data raise the pos-
sibility that G-CSF- induced activation of hematopoietic
cells indirectly leads to activation of the sympathetic ner-
vous system and ultimately osteoblast apoptosis.

A consistent feature of G-CSF-induced osteopenia in
both humans and mice is osteoclast activation. Previous
studies have shown that G-CSF can act directly on osteo-
clast precursors stimulating their differentiation in vitro
into mature osteoclasts.® In this study, we provide evi-
dence for a novel mechanism by which G-CSF treatment
leads to osteoclast activation. G-CSF treatment leads to a
marked decrease in OPG expression in the bone marrow,
whereas levels of RANKL expression remain relatively
constant. This altered ratio of OPG to RANKL expression
is predicted to increase RANK signaling in osteoclast pre-
cursors, thereby stimulating osteoclast production and
activation. In addition to osteoblasts, RANKL and OPG
are also expressed by other stromal cells and certain lym-
phocyte subsets.® However, our data suggest that G-CSF
specifically targets the osteoblast lineage, because OPG ex-
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pression was markedly decreased after G-CSF administra-
tion in sorted GFP* cells from pOBCol2.3-GFP transgenic
mice. Consistent with this conclusion, G-CSF-dependent
osteoclastogenesis was not observed until at least 5 days
after the beginning of G-CSF treatment, at which time the
G-CSF-induced decline in osteoblasts was complete. This
late activation of osteoclasts by G-CSF corroborates reports
from other groups®® and supports the notion that loss of
OPG expression plays an important role in stimulating os-
teoclastogenesis during G-CSF treatment in vivo.

In summary, G-CSF signaling through hematopoietic
cells in the bone marrow exerts powerful effects on both
osteoblasts and osteoclasts, resulting in imbalance between
bone formation and resorption. It is hoped that by continu-
ing to unravel the pathways by which G-CSF targets bone
cells, greater insight will be gained into how the hemato-
poietic compartment interacts with bone cells.
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