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Abstract

To better define the biologic function of membrane-bound CSF1 (mCSF1) in vivo, we have
generated mCSF1 knockout (k/0) mice. Spinal bone density (BMD) was 15.9% higher in k/o mice
compared to wild-type (wt) controls (P < 0.01) and total BMD was increased by 6.8% (P < 0.05).
A higher mean femur BMD was also observed but did not reach statistical significance (6.9% P =
NS). The osteoclastogenic potential of bone marrow isolated from mCSF1 k/o mice was reduced
compared to wt marrow. There were no defects in osteoblast number or function suggesting that
the basis for the high bone mass phenotype was reduced resorption. In addition to a skeletal
phenotype, k/o mice had significantly elevated serum triglyceride levels (123 + 7 vs. 88 £ 3.2
mg/dl; k/o vs. wt, P < 0.001), while serum cholesterol levels were similar (122 + 6 vs. 116 + 6
mg/dl; k/o vs. wt, P = NS). One month after surgery, 5-month-old k/o and wt female mice
experienced the same degree of bone loss following ovariectomy (OVX). OVX induced a

© The Japanese Society for Bone and Mineral Research and Springer 2011
Correspondence to: Gang-Qing Yao, gang- gi ng. yao@al e. edu.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yao et al. Page 2

significant fourfold increase in the expression of the soluble CSF1 isoform (SCSF1) in the bones
of wt mice while expression of mCSF1 was unchanged. These findings indicate that mCSF1 is
essential for normal bone remodeling since, in its absence, BMD is increased. Membrane-bound
CSF1 does not appear to be required for estrogen-deficiency bone loss while in contrast; our data
suggest that SCSF1 could play a key role in this pathologic process. The reasons why mCSF1 k/o
mice have hypertriglyceridemia are currently under study.
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Introduction

Most secreted cytokines are synthesized as precursors that undergo intracellular post-
translational processing to the mature, soluble form of the protein. These soluble molecules
can act as autocrine, paracrine, and even endocrine signals, binding to cognate high-affinity
receptors in target cells and initiating diverse intracellular events. As an exception to this
general model, a few cytokines, as a consequence of alternative gene splicing, are
synthesized as transmembrane proteins [1]. Available evidence suggests that soluble and
membrane-bound isoforms of certain cytokines may have different biological activities.
Thus, the soluble and membrane-bound isoforms of stem cell factor (SCF) show differences
in intracellular signaling kinetics and in activation of effector cells [2-4].

CSF1, another hematopoietic growth factor with significant structural homology to SCF,
also has both soluble (sCSF1) and membrane-bound (mCSF1) isoforms [1, 5, 6]. Like the
SCF receptor, c-kit, the CSF1 receptor, c-fms is a receptor tyrosine kinase [1, 6]. Multiple
human CSF1 mRNA species (4.0, 3.0, 2.3, 1.9 and 1.6 kb) are transcribed from the CSF1
gene [7-11] and molecular cloning of cDNAs derived from these transcripts has
demonstrated that the size differences are due to alternative splicing in exon 6 and the
alternative use of exons 9 and 10 [8-10]. Similar findings have been reported for the murine
CSF1 gene [12, 13].

The different isoforms of CSF1 all bind to the same receptor but binding of the membrane
form results in slower clearance compared to that of its soluble counterpart. TNF-alpha
converting enzyme (TACE), which cleaves TNF, can also act on mCSF1 to produce the so
called “shed” form of CSF1 [14]. Interestingly, TACE also cleaves the CSF1 receptor, c-
fms, producing a soluble CSF1 receptor [15]. Matrix metalloproteinase-9 can also generate
soluble c-fms but not the shed form of CSF1 [16].

Interleukin-34 (IL-34) was recently identified as a novel ligand for c-fms in addition to
CSF1 [17]. IL-34 is a secreted dimeric protein with no homology to CSF1. Thus the CSF1/c-
fms signaling family is more complex than previously thought with four ligands, mCSF1,
SCSF1, shed CSF1, and IL-34 and possibly two receptors, transmembrane and soluble c-
fms. It is not unreasonable to expect that interactions among these molecules mediate
specific biological effects, and subserve different functions. Indeed recent findings have
suggested that IL-34 and CSF1 bind to different domains of c-fms resulting in differing
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bioactivities and signal activation kinetics and signal strength [18]. With regard to the
differing actions of mCSF1 and sCSF1, Friel et al. [19] reported that mCSF1 supported
long-term proliferation of hematopoietic precursor cells as well as self-renewal of this
population. In contrast, SCSF1 did not support a self-renewing population of progenitors but
rather drove cells to differentiate into monocytes and macrophages. Douglass et al. [20]
reported that mCSF1 promotes prolonged signal transduction in bone marrow-derived
macrophages. Perhaps related to this latter observation, macrophages can kill mCSF1-
positive tumor cells [21, 22] but not SCSF1 positive cells [23].

We have shown that human and mouse osteoblasts express mCSF1 in addition to sSCSF1 and
that PTH and TNF increase expression of mCSF1 mRNA and protein. We have also found
that mCSF1 supports the formation of osteoclast-like cells in a dose-dependent manner in
vitro and at physiologic concentrations acts synergistically with sSCSF1 to induce osteoclast
formation [24, 25]. Further, we have found that selective expression of mMCSF1 alone in
osteoblasts rescues the osteopetrotic phenotype of op/op mice [26]. Since osteoblast-derived
SCSF1 does not induce osteoclast like cell (OCLs) formation in the absence of cell-cell
contact, even if RANKL is added [27], it appears that mCSF1 may be required for normal
osteoclastogenesis.

We recently reported that transgenic mice expressing human sCSF1, human mCSF1 or both
(s/mCSF1) in osteoblasts are osteopenic compared to non-transgenic littermates. When
analyzed by sex, sSCSF1 and m/sCSF1 female animals but not mCSF1 female mice were
found to have lower bone mass than their male littermates [28]. By breeding CSF1 isoform-
selective transgenic mice to an op/op background, mice were generated in which a single
CSF1 isoform was the only source of the cytokine (SCSF1op/op and mCSF1op/op).
Interestingly, when compared to sham-OVX mice of the same genotype, OVXin
sCSFlop/op mice led to a greater loss of spinal BMD (22.1%) than was seen in either
mCSF1op/op mice (12.9%) or in wt animals (10.9%) [28]. These findings suggest that
SCSF1 and mCSF1 serve non-redundant functions in bone and that SCSF1 may play a role in
mediating estrogen-deficiency bone loss [28]. To begin to more rigorously define the role of
the different CSF1 isoforms in bone, we engineered mice in which mCSF1 was selectively
deleted.

Materials and methods

Generation and identification of mCSF1 k/o mice

The targeting construct for deletion of mCSF1 introduced a stop codon followed by a lox-p
site into exon 6 at a position 5 to the splice site for mCSF1. The stop codon was designed to
include all three reading frames. A Neo cassette with flanking frt sites (lox-p-frt-Neo-frt)
was introduced in intron 6 (Fig. 1a). The targeting vector was linearized by digestion with
Notl and electroporated into the ES cell line W 9.5. Homologous recombinants were
selected using G418 and identified by PCR (5’-primer: CGCGGTGGAGGCTATAACT,; 3'-
primer: GCTTGGCCACACTTAACACA). Positive clones underwent a second round of
electroporation to introduce a Cre expression vector resulting in selective deletion of the
splice acceptor site for the mCSF1 isoform as well as removal of the transmembrane
domain. This generated a modified exon 6 that includes the splice acceptor site for sSCSF1
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followed by the proteolytic cleavage sites for sSCSF1, followed by a stop codon. Thus, a
mature functional sCSF1 is generated but no mCSF1. Screening after the second round of
electroporation was accomplished by PCR (5’-primer:
CCAAGCCTGATTGCAACTGCCTGT and 3’-primer TGACTAGCCTAGAACTCATCC).
A positive ES clone from this second round of cloning was introduced into blastocysts.
Chimeric mice with greater than 80% agouti coat were selected for out-breeding to C57BL/6
mice to yield founder animals. mCSF1 knock/out (k/0) mice were confirmed by PCR. The
Yale Animal Care and Use Committee approved the use of animals in this study.

Flow cytometry

Femurs and tibiae were isolated, the ends removed and the marrow cavity flushed with PBS
buffer. The resultant suspension was centrifuged at 500xg for 5 min, the pelleted cells
resuspended in erythorocyte lysis buffer and incubated at room temperature for 5 min. Cells
were then counted using a hemocytometer. Cell survival rates ranged from 95 to 100% as
determined by trypan blue exclusion. After counting, cells were centrifuged at 500xg for 5
min and resuspended in FACS staining buffer at a concentration of 10 x 108 cells/ml. All
fluorescence-conjugated antibodies used in this study were purchased from eBioscience
(San Diego, CA). After blocking with anti-Fc receptor (clone 2.4G2), F4/80-FITC (5 pg/ml)
was added and the cells incubated for 30 min. After washing with staining buffer, cells were
subjected to flow cytometry using a FACSCalibur (Becton Dickinson, NJ) and analyzed
using Flowjo software (Tree Star Inc, San Carlos, CA). To determine mCSF1 expression in
mononuclear bone marrow cells, the cells were re-suspended in PBS buffer containing 5%
FBS and incubated with biotinylated mouse CSF1 antibody (BAF416, R&D Systems) for 45
min at 4°C. Cells were washed with PBS buffer containing 5% FBS, collected and stained
with PE-conjugated avidin for 45 min at 4°C. Labeled cells were analyzed using a Coulter®
Epics® Altra™ flow cytometer (Beckman Coulter, Fullerton, CA). The signal from 1 x 10°
cells was measured. PE-conguated avidin without primary antibody was used as a control
for background staining.

BMD measurements

In vivo BMD measurements were performed by dual-energy X-ray absorptiometry (DXA)
using a PIXImus densitometer (Lunar Corporation, Madison, WI). Anesthetized mice
(ketamine, 30 mg/kg body wt and xylazine, 3 mg/kg body wt given IP) were placed in the
prone position and scans performed with a 1.270-mm-diameter collimator, 0.762-mm line
spacing, 0.380-mm point resolution, and an acquisition time of 5 min. The spine window is a
rectangle spanning a length of the spine from T1 to the beginning of the sacrum. The femur
window encompasses the entire right femur of each mouse. The coefficient of variation for
total body BMD is approximately 1.5%.

Bone histomorphometry

Histomorphometry was performed as previously reported [29-31]. At the time of sacrifice
the tibiae were removed, stripped of soft tissue, and fixed in 70% ethanol. Tibiae were then
dehydrated through graded ethanol, cleared in toluene, infiltrated with increasing
concentrations of methylmethacrylate, and embedded in methylmethacrylate according to
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previously described methods [29, 30]. Analyses were performed on 5 UM thick sections
stained with toluidine blue, pH 3.7 using a Nikon microscope interfaced with the
Osteomeasure system software and hardware (Osteometrics, Atlanta, GA). Measurements
were obtained in an area of cancellous bone that measured approximately 2.5 mm2,
containing only secondary spongiosa, and located 0.5-2.5 mm distal to the epiphyseal
growth cartilage. Longitudinal sections (5 um thick) taken in the frontal plane through the
cancellous bone of the proximal tibia were prepared with a Leica RM2165 microtome,
mounted on chromalum coated glass slides, and stained with toluidine blue, pH 3.7. All
indices were defined according to the American Society of Bone and Mineral Research
histomorphometry nomenclature [32].

Co-culture of osteoblasts and osteoclast precursors

Osteoblasts were prepared by sequential collagenase-dispase digestion of neonatal calvariae
isolated from k/o and wt mice as previously described [25, 33]. Cells were grown in alpha-
MEM supplemented with 10% FBS, penicillin, streptomycin, L-glutamine and 20 mM
HEPES (co-culture medium). Osteoblasts were allowed to attach overnight, followed by the
addition of bone marrow cells (2 x 10 cells per well) prepared from either 6 to 8 week old
k/o or wt mice. One milliliter of media, containing prostaglandin E (final concentration
1076 M) and 1,25 (OH), Dj (final concentration 1078 M), was added to each well and the
media changed every other day. Cells were co-cultured for 7-9 days. The co-cultures were
then fixed and stained for TRAP as previously described [30] and TRAP-positive
multinucleated cells containing three or more nuclei counted as OCLSs.

Determining the osteoclastogenic potential of bone marrow

To determine the effect of the genetic absence of mMCSF1 on the marrow osteoclast
progenitor pool, bone marrow was isolated from wt and k/o mice. Red blood cells were
lysed on ice for 5 min. Mononuclear cells were centrifuged, washed with PBS, and seeded in
phenol red-free alpha-MEM containing 10% FBS and CSF1 (final concentration, 100 ng/
ml). Twenty-four hours later, non-adherent cells were harvested, layered onto an equivalent
volume of Ficoll-Hypaque, and centrifuged at 707xg for 20 min. Cells at the interface were
collected, washed in PBS twice, and plated at a final concentration of 1.3 x 108 cells/35-mm
dish. Cells were cultured in phenol red-free alpha-MEM containing 10% FBS, 75 ng/ml
CSF1, 75 ng/ml RANKL, 10 ng/ml TNF-a, and 50 pg/ml AICAR, which has been
previously reported to induce osteoclastogenesis [34]. The medium was changed every 3
days. After 6 days in culture, cells were fixed and stained using a Sigma-Aldrich Acid
Phosphatase Kkit.

Quantifying the number of nuclei per osteoclast

Freshly isolated osteoclasts from 1 day old wt and k/o mice were plated onto gridded
coverslips for 1.5 h in alpha-MEM containing 10% FBS. The FBS concentration was then
reduced to 2% for an additional 1.5 h. Coverslips were washed, and cells with three or more
nuclei counted as osteoclasts. Eighteen k/o and eighteen wt osteoclasts were analyzed.
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Ovariectomy (OVX) was accomplished through a paralumbar incision in anesthetized
animals as previously reported [35]. The ovarian bursa opposite each ovarian hilum was
incised, the hilum exposed and clamped and the ovary removed. Sham ovariectomy animals
underwent anesthesia and the paralumbar incision without removal of the ovaries. Four
weeks after ovariectomy, BMD was determined by DXA.

Quantifying transcript levels for sSCSF1, mCSF1 and IL-34 in bone

Results

Expression of mCSF1, sCSF1 and IL-34 transcripts in bone isolated from wt and k/o mice
was determined by quantitative RT-PCR (QRT-PCR) using a DNA Engine Opticon 2
System from M.J. Research (Waltham, MA) and the Brilliant® QRT-PCR Master Mix Kit
from Stratagene (Lo Jolla, CA). The thermal cycling conditions consisted of an initial 50°C
for 30 min and a denaturation step at 95°C for 5 min, 40 cycles at 95°C for 30 s, 60°C for 1
min, and 72°C for 30 s. The primers were mCSF1: forward 5'-
TTTGCTAAGTGCTCTAGCCGAG-3, reverse, 5'-
CCACTTCCACTTGTAGAACAGGAGGCC-3; sCSF1: forward 5'-
GCTTGAGGGCAAGAGAAGTACC-3, reverse, 5-ATCCTTTCTATACTGGCAG-3/;
IL-34: forward 5-CTTTGGGAAACGAGAATTTGGAGA-3, reverse, 5~
GCAATCCTGTAGTTGATGGGGAAG-3'.

Confirmation of isoform-selective deletion of mCSF1

To confirm that our engineering strategy resulted in isoform-selective deletion of MCSF1 in
vivo, RNA was isolated from tibiae of 8-week-old wt and k/o mice. Isoform-specific qRT-
PCR demonstrated the absence of mCSF1 transcripts in k/o mice with no significant
difference in the level of expression of sSCSF1 or IL-34 in k/o compared to wt mice. The
expected amplicon sizes for 1L-34, SCSF1 and mCSF1 are 141, 371 and 152 bp, respectively

(Fig. 2).

To determine whether selective deletion of mCSF1 altered the expression of SCSF1 protein
expression, neonatal calvariae osteoblasts were cultured from k/o mice or wt littermates.
Conditioned media from these cells was analyzed by western blot to determine the level of
SCSF1 expression. As an additional control, conditioned media from by MC3T3EL1 cells
were used in the same western analysis. As shown in Fig. 3, the amount of endogenous
SCSF1 expressed by k/o cells was no different from that in wt cultures. In general, the
primary cells secreted more sCSF1 than did the MC3T3EL1 cell line. The slight difference in
molecular weight probably reflects differences in post-translational glycosylation in primary
cells vs. the cultured cell line. These data further establish that genetic deletion of MCSF1 in
vivo did not alter expression of endogenous sCSF1.

To determine whether mCSF1 protein was functionally absent, we isolated macrophages
from k/o mice and wt littermates and analyzed cell surface expression of mCSF1. Because
mCSFL1 is highly expressed by macrophages and these cells can be easily isolated as a
homogenously pure population, they were chosen for analysis. In addition, these cells were
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freshly isolated from whole blood and therefore, did not need to be plated and trypsinized
prior to analysis. Trypsinization could potentially lead to a loss of mMCSF1 expression on the
cell surface. As shown in Fig. 4, flow cytometric analysis of macrophages freshly isolated
from wt littermates expressed mCSF1 as demonstrated by the histogram delimited by the
black line. In contrast the k/o cells showed no staining above background.

MCSF1 k/o animals have normal serum calcium values and normal circulating levels of

blood cells

Mean serum calcium levels in wt and k/o animals were not significantly different (8.91 £ 0.1
vs. 9.0 £ 0.1 mg/dl; wt vs. k/o n=7 per group, P = NS). Similarly, circulating levels of
blood cells were similar in the wt and k/o mice. Mean values for hemoglobin were 15.0
versus 14.2 g/dl, for neutrophils: 1204 versus 629 mm3, for lymphocytes: 4587 versus 5949
mm?3 and for monocytes: 58 versus 92 mm3; wt versus k/o respectively.

k/o animals have elevated serum triglycerides

Since mCSF1 is highly expressed on vascular endothelial cells, and macrophages play an
important role in lipid metabolism, particularly in the vascular tree, we decided to determine
whether the absence of mMCSF1 would affect blood lipids, particularly since it has been
previously reported that op/op mice (which lack both CSF1 isoforms) when bred to apoE
deficient mice have an increase in serum cholesterol levels [36]. Interestingly, k/o animals
had significantly elevated levels of serum triglycerides as compared to wt animals, (123 £ 7
vs. 88 + 32 mg/dL, n=10 vs. n =8, k/o vs. wt; P = <0.01). In contrast, serum cholesterol
levels were similar in the two groups (122 £ 6 vs. 116 £ 6 mg/dl, n =10 vs. n = 8, k/o vs. wt;
P =NS).

k/o mice have increased BMD

Twenty-two, 3-month old k/o and age- and sex-matched wt littermates were analyzed by
DXA as previously described [37]. As shown in Fig. 5, k/o mice had a 15.9% greater mean
spinal BMD than wt controls (P < 0.01). Total BMD was also significantly increased by
6.8% (P < 0.05). There was a similar trend in femoral BMD, which was 6.9% higher in the
k/o animals, although this trend did not reach statistical significance. When this analysis was
repeated in 2-month-old animals to determine if there was an age-dependent effect of
deleting mCSF1, similar results were obtained. Spinal BMD was significantly increased by
8.9% (P < 0.01) and total BMD was increased by 7.8% (P < 0.01). As was the case with the
3-month old animals, femoral BMD was not significantly different in two groups of 2-
month-old animals.

Bone histomorphometry

Since we had previously reported that mCSF1 could induce osteoclastogenesis in vitro, we
anticipated that there would be a reduction in osteoclast number and/or activity in the k/o
animal. Surprisingly, as shown in Table 1, there were no significant differences in osteoclast
parameters in these animals although there was a trend towards lower numbers of osteoclasts
in the k/o mice.
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Osteoblasts isolated from mCSF1 k/o mice fail to support normal osteoclastogenesis in

vitro

In view of our earlier in vitro and in vivo work demonstrating a role for mCSF1 in
osteoclastogenesis and the trend towards reduced numbers of osteoclasts in the k/o mice on
histomorphometric analysis, we next investigated the ability of osteoblasts isolated from
mCSF1 k/o mice to support osteoclastogenesis in vitro. Despite secreting normal amounts of
SCSF1, as shown in Fig. 6, osteoblasts from k/o mice exhibited a reduced ability to support
osteoclastogenesis. As shown in Fig. 6a, when k/o osteoblasts were co-cultured with wt
bone marrow in the presence of 1,25(0OH), D3 and prostaglandin PGE,, the number of
osteoclast-like cells formed, as assessed by TRACP, staining was significantly reduced when
compared to co-cultures using wt osteoblasts and wt marrow. This is quantified in Fig. 6b,
which shows that there was a significant reduction in the number of osteoclasts formed in
co-cultures using osteoblasts from k/o mice and wt marrow. There was no significant
difference in the number of osteoclasts formed when co-cultures were performed using wt
osteoblasts and marrow from k/o mice as compared to the number of osteoclasts formed
when wt marrow was cultured with wt osteoblasts (data not shown). These data clearly
indicate that the defect resides in osteoblasts from the k/o mice.

mMCSF1 knock out mice have reduced marrow osteoclastogenic capacity

To further explore the mechanism underlying the impaired osteoclastogenesis in the k/o
mice and to determine whether the genetic absence of mCSF1 in other cells impacts
osteoclastogenesis in these animals, osteoclast precursors were isolated from wt and k/o
animals and cultured in vitro in the absence of osteoblasts but in the presence of
osteoclastogenic cytokines, as we have previously published [34]. As shown in Fig. 6¢ and
d, not only were there fewer numbers of osteoclasts, but the number of large multinucleated
cells generated was also significantly less when the k/o marrow was cultured. To determine
the impact of adding AICAR to the cytokine mix used to drive osteoclast differentiation in
these experiments, the studies were repeated it its presence and absence. The numbers of
TRAP-positive multinucleated OCLs (per 130 mm? area of culture dish) generated from wt
and k/o osteoclast precursors cultured with AICAR, CSF1, RANKL, and TNF-a, were 12.6
+ 0.8 and 4.9 + 0.4 cells respectively (P < 0.001). Without the addition of AICAR these
numbers were 10.4 £ 0.6 vs. 3.5 + 0.5 cells, respectively (P < 0.001). This suggests an
intrinsic defect in the marrow of these animals. Whether this is a reflection of the long-
standing absence of mMCSF1 that affects osteoclast precursor pools or whether this is a cell
autonomous effect is not yet clear. We have also quantified the number of nuclei in mature
osteoclasts freshly isolated from k/o mice as compared to wt animals (Fig. 6e). Consistent
with our in vitro data, there was a trend toward a fewer number of nuclei per cell in
osteoclasts isolated from the k/o animals (P = 0.06).

Effect of OVX in k/o mice

To examine the impact of the genetic absence of mCSF1 on estrogen-deficiency bone loss,
19-22 week-old k/o and wt female mice underwent OV X or sham-OVX. The results from
two independent experiments are summarized in Fig. 7 in which a total of 47 mice were
studied. One month after surgery, femoral, spinal and total body BMD (determined by
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DXA) were reduced by 7.6, 12.6 and 5.0%, respectively in OV X-wt mice as compared to
sham-OVX wt mice. OV X k/o mice showed very comparable 7.5, 12.3 and 4.4% reductions
in femoral, spinal and total body BMD respectively compared to sham-OVX k/o mice.
There were no significant differences in the extent of bone loss following OV X in k/o and
wt mice.

OVX selectively up-regulates sCSF1 production in vivo

We have recently reported that estrogen-withdrawal selectively increases the expression of
SCSF1 in primary murine osteoblasts isolated only from female neonatal pups while the
level of mCSF1 expression is either unchanged or changed minimally [28]. We wondered if
this might be the explanation for our finding in the OV X k/o animals and in particular
whether estrogen withdrawal led to selective upregulation of SCSF1 in vivo. We therefore
analyzed CSF-1 isoform expression after OVX in wt mice. Tibiae of OVX or sham-OVX 4
month-old wt mice were isolated 4 weeks after surgery, RNA isolated and analyzed by real-
time PCR. Mean data from three separate experiments are shown in Fig. 8. There was
significant and selective up-regulation of SCSF1 but not mCSF1 expression 4 weeks after
estrogen withdrawal.

Discussion

This is the first report of an isoform-selective deletion of any known cytokine with direct
effects on skeletal metabolism. CSF1 has a critically important role in the skeleton but the
role of the two CSF1 isoforms in bone remains poorly understood. Work from our lab has
suggested different functions for these isoforms. In particular, we have reported that while
targeted overexpression of mMCSF1 in osteoblasts completely rescues the skeletal phenotype
of the op/op mouse, the SCSF1 isoform does not [26]. We also reported that the mCSF1
transgenic mice, despite the normal skeletal phenotype, have a defect in reproductive
efficiency [35]. In addition, we have reported that estrogen withdrawal selectively
upregulates the SCSF1 isoform while not affecting the expression of mCSF1 in vitro [28]. In
the aggregate, these data suggest but do not prove a non-redundant role for these two
isoforms. Others have used a similar approach to ours in exploring the roles of the two CSF1
isoforms. Stanley and co-workers engineered op/op mice in which selective expression of
mCSF1 or sCSF1 was controlled by a portion of the 5" regulatory region of the CSF1 gene.
In contrast to our findings, they reported that SCSF1 completely rescues the phenotype of the
op/op mouse while mCSF1 does not [38, 39], although detailed histomorphometric analyses
were not provided.

The most significant observations in the current study are that the selective deletion of
mCSF1 does not affect hematopoiesis as judged by peripheral blood counts, but does
significantly alter bone mass. Animals had higher total as well as spinal BMD. Total BMD
is largely a cortical measurement, while spine BMD is primarily a trabecular determination,
suggesting that there is a global effect on the skeleton in these animals. Although there was a
trend towards higher femur BMD in both 2- and 3-month-old animals, this did not reach
statistical significance. Our histomorphometric data do not provide significant insights into
the mechanism by which this increase in bone mass occurs. However, the findings of our in
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vitro osteoclastogenesis assays support the conclusion that in the absence of mCSF1, there is
a reduced efficiency of osteoclastogenesis. In particular, both the co-culture and osteoclast
progenitor experiments demonstrated significantly less osteoclastogenic potential in the
marrow of mCSF1 k/o mice compared to wt animals. It may be that in the resting state in
vivo, this defect is less apparent, but under circumstances where osteoclastogenesis is
augmented (such as in vitro conditions where osteoclastogenesis is driven by exogenous
stimulators like 1,25(0OH),vitamin D and PGEy), this defect is more evident. It would be of
interest to determine whether in vivo stimulation of osteoclastogenesis with hormones such
as PTH or RANK ligand would uncover defects in osteoclastogenesis in these animals.

The finding of hypertriglyceridemia in the k/o mice is surprising. It is known that mCSF1 is
highly expressed in vascular endothelial cells. This suggests that one of the important
mechanisms by which macrophages home to the vascular tree may be through expression of
mCSF1 in these cells. Whether the genetic absence of mCSF1 leads to altered lipid
metabolism in the vascular tree and/or affects lipid metabolism in the liver is not clear from
our data, but it is of interest that these animals had selective elevations in triglycerides with
normal serum cholesterol measurements. This clearly warrants further study and may
suggest mCSF1 as a target for treatment of atherosclerosis.

Previous studies have highlighted an important role for CSF1 in mediating estrogen-
deficiency bone loss. Cenci et al. [40] reported that a neutralizing antibody to CSF1
markedly attenuated ovariectomy-induced bone loss in mice. This same group of
investigators reported that estrogen withdrawal resulted in increased expression of SCSF1 in
marrow stromal cells [40]. In contrast, Lea et al. [41, 42] have reported that the mCSF1 was
selectively upregulated in the marrow of rats following ovariectomy. We have recently
reported that estrogen withdrawal selectively upregulates SCSF1 in cultured primary mouse
calvarial cells as well as in a murine osteoblast cell line [28].

The availability of the k/o mice has provided us with an opportunity to directly examine the
contribution of this isoform to estrogen-deficiency bone loss. The data summarized in Fig. 7
clearly indicate that the genetic absence of mCSF1 does not attenuate estrogen-deficiency
bone loss. When we examined the expression of SCSF1 in the bones of wt mice, we found
that there was upregulation of SCSF1 following OVX. We have also recently reported that
targeted transgenic over-expression of SCSF1 in op/op mice leads to exaggerated rates of
bone loss following ovariectomy [28]. In the aggregate our findings and those of the Pacifici
group cited above, support the hypothesis that SCSF1 is principally involved in estrogen-
deficiency bone loss. The absolute importance of SCSF1 to estrogen-deficiency bone loss vis
& vis other pro-resorptive cytokines, remains uncertain and will be best addressed by
selective isoform deletion of SCSF1 in vivo.

In summary, we have found that selective deletion of mMCSF1 in vivo leads to increased bone
mass and reduced osteoclastogenic potential of marrow precursors. A surprising and as yet
not well-understood finding is hypertriglyceridemia in these animals. The fact that our
animals evidenced a skeletal phenotype despite normal levels of SCSF1 expression indicates
that there are functions for mCSF1 that cannot be fully compensated for by the soluble
isoform. It was recently reported that IL-34 is an endogenous ligand for c-fms [17]. Since
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levels of 1L-34 are presumably unaffected in our k/o mice, given the unchanged transcript
levels, one can conclude that IL-34 also cannot compensate for the genetic absence of
mCSF1. These data together with our prior reports on differences in op/op mice engineered
to selectively overexpress SCSF1 and mCSF1 in osteoblasts, demonstrate that there are non-
redundant functions for these two isoforms in vivo.

Determining if there are differences in the cell signaling cascades entrained by mCSF1 and
SCSF1 is an area that warrants further investigation and may help to explain the in vivo
differences we have observed.
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Fig. 1.
Strategy for generating conditional mCSF1 knock out mice. The targeting construct for

deletion of mCSF1 introduces a stop codon followed by a lox-p site into exon 6 at a position
5’ to the splice acceptor site for mCSF1. The stop codon is designed to include all three
reading frames. A Neo cassette with flanking frt sites (frt-Neo-frt-lox-p) is introduced into
intron 6 (a). Excision of the Neo cassette with flp recombinase leads to a CSF1 allele that
contains two lox-p sites, one in intron 6 and one, which is upstream of the splice acceptor
site for mCSF1 (d). In animals bearing two of these floxed alleles (i.e. before cre-mediated
recombination) both isoforms of CSF1 will be generated. Splicing to the mCSF1 acceptor
site will yield a normal mCSF1 transcript (d). Splicing to the SCSF1 acceptor site will lead
to generation of an mMRNA that includes the sequences for the proteolyitc cleavage sites for
SCSF1 followed by a stop codon. The protein product of this MRNA will yield normal
mature SCSF1 since it contains the appropriate signals for proteolytic cleavage with the
surrounding sequences (€). Recombination with cre leads to selective deletion of the splice
acceptor site for the mCSF1 isoform as well as removal of the transmembrane domain (e).
This leaves a modified exon 6 that includes the splice acceptor site for SCSF1 followed by
the proteolytic sites for SCSF1, followed by a stop codon. Thus a mature functional SCSF-1
will be generated but no mCSF1 (€). b The wt allele. ¢ The engineered allele before removal
of the Neo cassette in vitro
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Fig. 2.
Isoform specific RT-PCR of bone mRNA demonstrates the absence of mMCSF1 transcripts in

mCSF1 k/o mice. A 2% agarose gel was used for this analysis. MW markers are shown in
the far right lane
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Fig. 3.
Western blot for sSCSF1 using media conditioned by osteoblasts from either wt or k/o mice.

Media conditioned for 24 h by MC3T3EL1 cells (left lane), primary osteoblasts prepared
from neonatal k/o mice (middle lane) or from wt littermates (right lane) was concentrated,
desalted, and analyzed by Western blot using a polyclonal antibody to CSF1
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Fig. 4.
Flow cytometric analysis demonstrating the absence of mCSF1 protein expression in
macrophages isolated from the k/o mice. Macrophages prepared from k/o mice (tinted) or

from wt littermates (black) were analyzed by flow cytometry using a polyclonal antibody to
CSFL1. There is no staining of the k/o cells
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Fig. 5.

Fegmur spine and total body BMD determined by DXA (P1XImus) in 22 wt (12 male and 10
female) and 22 k/o (11 male and 11 female) mice. Mean values at the three sites were 734 £
27 versus 784 = 20; 552 + 15 versus 641 + 12 and 489 + 12 versus 523 + 6, g/cm? x 103; wt
versus ko for femur, spine and total body respectively; *P < 0.05, **P < 0.01 compared to
wt. Results are expressed as M + SEM
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Fig. 6.

a '?'RAP stain of co-cultures prepared using wt marrow and osteoblasts isolated from k/o
(plates on the left) or wt (plates on the right) mice. b Numbers of TRAP-positive
multinucleated OCLs formed in the co-cultures. The mean values were 95 + 20 versus 32 +
4 per well; wt vs. k/o, respectively. The results shown are the M £ SEM of three
independent experiments with each determination performed in duplicate. **P < 0.01. ¢
Numbers of TRAP-positive multinucleated OCLs generated for each genotype from
osteoclast precursors cultured under osteoclastogenic conditions. d Mean values for the
experiment shown panel C were 12.6 + 0.8 versus 4.9 + 0.4 cells per 130 mm?; n = 25 for
both genotypes; ***P < 0.001. e Number of nuclei per cell; 8.3 + 1.1 versus 5.8 + 0.6, wt
versus k/o; n = 18 for both genotypes; *P = 0.06
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Percent change in BMD in k/o and wt mice 1 month following OVX. BMD was reduced to
similar extent in k/o and wt mice after OV X. The changes in femur, spine and total body
BMD in wt mice compared so sham OVX wt mice were: =7.6, —12.6 and -5, respectively.
Similar changes were observed in the OVX k/o mice compared to their sham OV X controls
with declines of —7.5, —=12.3 and —-4.4% at the femur, spine and total body (P = NS for the
difference by genotype at each site.)
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Fig. 8.

Ef?‘ect of OVX on expression of the two CSF-1 isoforms in bone. Tibiae and femurs were
isolated 1 month after surgery, the marrow was flushed, the bone snap frozen and pulverized
while frozen, and RNA extracted. RNA was analyzed by isoform-specific real-time PCR.
Mean fold induction in the sSCSF1 isoform and the mCSF1 isoform were 4.0 + 1.2 (*P <
0.05), and 1.4 £ 0.3 (P = NS)
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