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Abstract

Gremlin is an antagonist of bone morphogenetic proteins, and its overexpression causes
suppressed osteoblastogenesis and osteopenia. Inactivation of Grem1 results in severe
developmental defects, but the consequences of the global inactivation of Grem1 on the postnatal
skeleton are not known. To study the function of gremlin, Grem1 was inactivated by homologous
recombination, and mice were maintained in a C57BL/6/FVB mixed genetic background due to
embryonic and neonatal lethality in the uniform C57BL/6 background. Grem1 null mice exhibited
developmental skeletal abnormalities, leading to incomplete formation of metatarsal bones and of
fore limbs and hind limbs. Grem1 null mice exhibited decreased weight and body fat and
shortened femoral length. Bone histomorphometric and microarchitectural analyses of distal
femurs revealed decreased bone volume and increased bone formation in 1 month old Grem1 null
mice. Trabecular femoral bone volume was restored in older Grem1 null female mice, and to a
lesser extent in male mice. Vertebral microarchitecture confirmed the osteopenia observed in 1
month old Grem1 null mice and demonstrated recovery of trabecular bone in older female, but not
in older male Grem1 null mice, which exhibited persistent vertebral osteopenia. In conclusion,
Grem1 is not only necessary for skeletal development, but also for postnatal skeletal homeostasis;
its inactivation causes osteopenia, which is partially reversed in a spatial, temporal and sex-
dependent manner due to an increase in bone formation.
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INTRODUCTION

Bone morphogenetic proteins (BMPSs) play a role in the regulation of osteoblastogenesis and
endochondral bone formation (Canalis et al, 2003). BMPs induce the differentiation of
mesenchymal cells toward the osteoblastic lineage and enhance the pool and function of
mature osteoblasts (Canalis et al, 2003; Ghosh-Choudhury et al, 1994; Thies et al, 1992).
Upon ligand binding, BMPs initiate a signal transduction cascade activating the mothers
against the decapentaplegic (Smad) or the mitogen-activated protein kinase signaling
pathways (Canalis et al, 2003; Miyazono, 1999; Nohe et al, 2002). In osteoblastic cells,
BMPs primarily utilize the Smad signaling pathway (Deregowski et al, 2006; Zanotti et al,
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2008). The activity of BMPs is controlled by a large group of secreted polypeptides that
prevent BMP signaling by binding BMPs and by precluding ligand-receptor interactions
(Canalis et al, 2003; Gazzerro and Canalis, 2006).

Gremlin is a member of the Differentially screening-selected gene aberrative in
neuroblastoma (Dan)/Cerberus family of genes and two Gremlin genes have been
described, namely Gremlinl (Grem1) and Gremlin2 or Protein related to Dan and Cerberus
(Hsu et al, 1998; Sudo et al, 2004; Topol et al, 1997). Grem1 and its rat ortholog, Down
regulated by v-mos, encode secreted glycoproteins with a molecular mass of 20.7 kilo
Daltons (Topol et al, 2000). Gremlinl (subsequently termed gremlin) binds and prevents the
activity of BMP-2, -4 and -7, and similarly to other BMP antagonists, it inhibits Wnt activity
(Canalis et al, 2003; Gazzerro et al, 2005; Winkler et al, 2005). Gremlin is expressed by
stromal cells surrounding certain neoplastic cells, and it is considered to play a role in cell
survival and possibly tumorigenesis (Sneddon et al, 2006; Topol et al, 2000). The patterning
of distal limb skeletal elements is tightly regulated by the reciprocal interactions between
BMPs, fibroblast growth factors (FGFs) 4 and 8 and Sonic hedgehog (SHH) (Khokha et al,
2003). By inhibiting BMP action, gremlin allows for FGF 4/8 expression, which in turn
promotes SHH expression in the posterior limb bud, and SHH is required for proper limb
patterning and development. Homozygous null mutations of Grem1 in mice result in serious
developmental limb, metanephric and lung abnormalities, leading to absent kidneys and
intrauterine or newborn lethality (Khokha et al, 2003; Michos et al, 2004).

Later in skeletal development, after the pattern of skeletal elements has been established,
Grem1 is expressed by osteoblasts, where its transcription is induced by BMPs (Pereira et al,
2000). Transgenics overexpressing gremlin under the control of the osteocalcin promoter
exhibit decreased bone formation leading to osteopenia and long bone fractures (Gazzerro et
al, 2005). Overexpression of gremlin in bone marrow stromal cells decreases BMP/Smad
signaling and opposes the effect of BMP-2 on osteoblastogenesis, confirming that gremlin is
a BMP antagonist in skeletal tissue (Gazzerro et al, 2005). Inactivation of Grem1 in a
homogeneous C57BL/6 genetic background is lethal (Khokha et al, 2003; Michos et al,
2004); and the conditional inactivation of Grem1l in mature osteoblasts causes a transient
increase in bone volume secondary to an increase in bone formation (Gazzerro et al, 2007).
Recently, we observed survival of mice carrying the global deletion of Grem1 in a mixed
C57BL/6/Friend virus B type (FVB) genetic background. These mice would allow a study
of the postnatal and adult phenotype caused by the global inactivation of Grem1. The intent
of the present study was to define the function of gremlin in skeletal tissue in vivo. For this
purpose, we determined the general characteristics, the body composition and the
histomorphometric and skeletal microarchitectural properties of Grem1 null mice from 10
days through 6 months of age.

MATERIALS AND METHODS
Grem1 Null Mice

Heterozygous Grem1*/LacZ (subsequently termed Grem1*/~) null mice in a C57BL/6
genetic background were obtained from R. Harland (Berkley, CA) and were crossed with
FVB wild type mice (Khokha et al, 2003). Heterozygous mice carrying the deleted Grem1
gene were intercrossed to obtain homozygous null mice and wild type littermate controls.
Grem1 null mice were genotyped by polymerase chain reaction (PCR) using 5'-
CTTATTGTCTGTGTCCCCCTC-3’ (forward) and 5-AGGGGACGACGACAGTATCG-3’
(reverse) primers. The Grem1 null state was confirmed by documenting absence of gremlin
mMRNA in calvarial extracts by real time reverse transcription (RT)-PCR (Nazarenko et al,
2002a; Nazarenko et al, 2002b). Grem1 null mice were compared to wild type littermate
controls following the intermating of Grem1 heterozygous mice. All animal experiments
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were approved by the Animal Care and Use Committee of Saint Francis Hospital and
Medical Center.

X-ray Analysis, Bone Mineral Density (BMD), Body Composition and Femoral Length

X-rays were performed on eviscerated mice at an intensity of 30 kV for 20 seconds on a
Faxitron X-ray system (model MX 20, Faxitron X-Ray Corp., Wheeling, IL). Total BMD (g/
cm?) and total body fat (g) were measured on anesthetized mice using the PIXImus small
animal DEXA system (GE Medical System/LUNAR, Madison, WI) (Nagy et al, 2001).
Femoral images were used to determine femoral length in mm. Calibrations were performed
with a phantom of defined value, and quality assurance measurements were performed
before each use. The coefficient of variation for total BMD was less than 1% (n = 9).

Bone Histomorphometric Analysis

Static and dynamic histomorphometry were carried out on Grem1 null and control mice after
they were injected with calcein, 20 mg/kg, and demeclocycline, 50 mg/kg, at an interval of 2
days for 1 month old animals and 7 days for 3 and 6 month old animals. Mice were
sacrificed by CO, inhalation 2 days after the demeclocycline injection. In 10 day old mice
only static histomorphometry was performed. Femurs and vertebrae were dissected and
fixed in 70% ethanol, dehydrated and embedded undecalcified in methyl methacrylate.
Longitudinal femoral sections, 5 um thick, were cut on a microtome (Microm, Richards-
Allan Scientific, Kalamazoo, MI) and stained with 0.1% toluidine blue or von Kossa. Static
parameters of bone formation and resorption were measured in a defined area between 360
um and 2160 um from the growth plate, encompassing 2.59 mm? of area, using an
OsteoMeasure morphometry system (Osteometrics, Atlanta, GA) (Gazzerro et al, 2005). For
10 day old mice, the femoral area measured was between 180 um and 1660 pm from the
growth plate, encompassing an area of 1.27 mm2. For vertebral histomorphometry, 5 um
thick Lumbar 3 (L3) cross sections were obtained and a 2.59 mm? area was measured. For
dynamic histomorphometry, mineralizing surface per bone surface and mineral apposition
rate were measured on unstained sections under ultraviolet light, using a diamidino-2-
phenylindole, fluorescein isothiocyanate, Texas red filter, and bone formation rate was
calculated. The terminology and units used are those recommended by the
Histomorphometry Nomenclature Committee of the American Society for Bone and Mineral
Research (Parfitt et al, 1987).

Microcomputed Tomography (uCT)

Bone microarchitecture of vertebrae and femurs from Grem1 null and control mice was
determined using a Microcomputed Tomographic Instrument (uCT 40; Scanco Medical AG,
Bassersdorf, Switzerland) calibrated weekly using a phantom provided by the manufacturer.
The vertebral body of L3 and femurs were scanned in 70% ethanol at high resolution,
energy level of 55 kVp, intensity of 145 pA and integration time of 200 ms. Trabecular bone
volume fraction and microarchitecture were evaluated starting approximately 1.0 mm from
the cranial side of the vertebral body, or 1.0 mm proximal from the femoral condyles. For
L3 and femurs, a total of 100 and 160 consecutive slices, respectively, were acquired at an
isotropic voxel size of 6 um3 and a slice thickness of 6 um, and chosen for analysis.
Contours were manually drawn every 10 slices a few voxels away from the endocortical
boundary to define the region of interest for analysis. The remaining slice contours were
iterated automatically. Trabecular regions were assessed for total volume, bone volume,
bone volume fraction (bone volume/total volume), trabecular thickness, trabecular number,
trabecular separation, connectivity density and structural model index using a Gaussian filter
(o = 0.8, support = 1) and user defined threshold (Bouxsein et al, 2010; Glatt et al, 2007).
For analysis of femoral cortical bone, contours were iterated across 100 slices along the
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cortical shell, excluding the marrow cavity. Analysis of cortical thickness was performed
using a Gaussian filter (c = 0.8, support = 1) and user defined threshold.

Real Time RT-PCR

Total RNA was extracted from calvariae and mRNA levels determined by real time RT-PCR
(Nazarenko et al, 2002a; Nazarenko et al, 2002b). RNA was reverse-transcribed using
SuperScript 111 Platinum Two-Step qRT-PCR kit (Invitrogen), according to manufacturer’s
instructions, and amplified in the presence of 5’-
CGGTTAGCCGCACTATCATCAAC[FAM]G-3'and 5'-
GTGAACTTCTTGGGCTTGCAGA-3' primers for Grem1; and 5'-
CGAACCGGATAATGTGAAGTTCAAGGTT[FAM]G-3' and 5'-
CTGCTTCAGCTTCTCTGCCTTT-3' primers for ribosomal protein L38 (RPL38), and
Platinum Quantitative PCR SuperMix-UDG (Invitrogen) at 60 °C for 45 cycles. Transcript
copy number was estimated by comparison with a standard curve constructed using Grem1
(Regeneron Pharmaceuticals, Tarrytown, NY) and Rpl38 (American Type Culture
Collection, Manassas, VA) cDNAs. Reactions were conducted in a 96-well
spectrofluorometric thermal iCycler (Bio-Rad), and fluorescence was monitored during
every PCR cycle at the annealing step. Data are expressed as copy number corrected for
Rpl38.

Statistical analysis

RESULTS

Data are expressed as means + SEM. Statistical differences were determined by unpaired
Student’s t test or ANOVA.

General Characteristics of Grem1 Null Mice

To study Grem1 null mice, Grem1*/~mice, in a C57BL/6/FVB genetic background, were
intermated to obtain Grem1 7~ mice and wild type littermate controls. The Grem1 null
genotype was documented by PCR of tail extracts, and the Grem1 null state was confirmed
by determining gremlin mRNA levels in calvarial extracts. Gremlin transcripts were
detectable in calvariae from wild type controls, but were undetectable in calvariae from
Grem1 null mice from 1 to 6 months of age (Figure 1). Grem1 heterozygous intermatings
yielded the expected Mendelian ratio of 27% Grem1 7, 48% Grem1*/~and 25% wild type
mice at birth (n = 241). However, homozygous Grem1 null mice suffered 51% lethality in
the first 24 h after birth. Visual examination of 10 day to 1 month old surviving Grem1
homozygous null mice revealed that 65% had a single kidney, whereas 35% had two
kidneys although in one-third of them one of the kidneys appeared visually small (n = 25).
Histological examination of kidneys from 10 day and 1 month old Grem1 null mice did not
reveal any obvious abnormalities, except for occasionally dilated tubules and occasional
decreased tubular cellularity (Histoserv, Inc, Germantown, MD). Lung histopathology
revealed no abnormalities.

Grem1 null mice were small, and their weight and femoral length were decreased when
compared to wild type controls (Figure 1). Percent body fat was not affected at 1 month of
age, but it was decreased by 30 to 50% at 3 and 6 months of age (Figure 1). Grem1 null
mice had short fore limbs and hind limbs and incompletely developed feet; and confirming
prior observations, contact radiography revealed absent fibula and metatarsal bones in
Grem1 null mice (Figure 2) (Khokha et al, 2003; Michos et al, 2004). Femoral bone mineral
density (BMD) was decreased in 1 month old Grem1 null mice, but not in older mice. At 1
month of age, femoral BMD (means + SEM; n= 4 to 14) of male control mice was 377 £+ 10
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and of Grem1 null mice was 306 + 14 g/cm? x 10* (p<0.05); femoral BMD of control
female mice was 402 + 13 and of Grem1 null mice was 302 + 11 g/cm? x 10* (p<0.05).

Femoral Histomorphometry of Grem1 Null Mice

Static bone histomorphometric analysis of femurs from GremZ1 null mice at 10 days of age
revealed that they were not different from control mice. However, the amount of trabecular
bone present in 10 day old wild type and experimental mice is minimal when compared to
older mice, creating potential difficulties in the assessment of a phenotype (Table 1, Figure
3). At 1 month of age, male and female Grem1 null mice had decreased bone volume/tissue
volume secondary to a decrease in trabecular number (Table 1, Figure 3). There was no
change in osteoblast number/perimeter or osteoclast number/perimeter, but mineralizing
surface was increased causing a 55% increase in bone formation, which was statistically
significant in male mice. There were no changes in eroded surface indicating normal bone
resorption.

Femoral histomorphometry of male Grem1 null mice at 3 and 6 months of age revealed a
recovery of the osteopenic phenotype, and trabecular bone volume was not significantly
different from wild type controls. At 3 months of age, a modest increase in osteoblast
number was noted; at 6 months of age a 35%, not statistically significant, decrease in bone
volume due to a significant decrease in trabecular number was noted in male Grem1 null
mice (Table 1). Femoral histomorphometry of female Grem1 null mice revealed an increase
in trabecular bone volume/tissue volume at 3 months of age due to an increase in trabecular
thickness, followed by a normalization of the trabecular bone volume at 6 months of age
(Table 1; Figure 3). There was a tendency toward higher bone formation rates in femurs
from 3 month old Grem1 null male mice and a significant 2.5 fold increase in Grem1 null
female mice possibly explaining the increased trabecular thickness and the recovery of bone
volume at 3 and 6 months of age. The increase in bone formation was secondary to
increased mineralizing surface, and mineral apposition rate was not different between
Grem1 null mice and controls (Table 1, Figure 3).

Femoral Microarchitecture of Grem1 Null Mice

In accordance with the bone histomorphometric findings, trabecular femoral
microarchitecture assessed by pCT revealed that male and female Grem1 null mice were
osteopenic at 1 month of age due to a decreased number of trabeculae (Table 2). The
osteopenia was associated with decreased connectivity and a tendency toward rod-like
trabeculae. Cortical thickness was decreased in 1 month old Grem1 null mice. In male
Grem1 null mice, the trabecular microarchitectural changes appeared to be more evident and
persistent than in female mice. Although they were not observed at 3 months of age, they
recurred at 6 months of age when Grem1 null male mice exhibited osteopenia. In contrast,
the loss of trabecular and cortical bone observed in 1 month old Grem1 female null mice
was transient and not present at 3 and 6 months of age. This is in accordance with the
recovery of trabecular bone volume observed by histomorphometry.

Vertebral Microarchitecture and Histomorphometry of Grem1 Null Mice

Skeletal microarchitecture was examined in L3 vertebrae from Grem1 null and control mice.
Analysis of L3 was performed to assess whether the osteopenic phenotype observed in
Grem1 null mice was secondary to the limb abnormalities described. Confirming the
femoral histomorphometric analysis, both male and female GremZ1 null mice exhibited
vertebral osteopenia at 1 month of age (Table 3, Figure 4). In accordance with the femoral
phenotype, the vertebral osteopenia was transient in female Grem1 null mice. In contrast,
the vertebral osteopenia was sustained in male mice, which exhibited decreased trabecular
number and connectivity from 1 to 6 months of age. Trabecular structure was more rod-like
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in Grem1 null male mice than in wild type controls, confirming changes in bone
microarchitecture.

Histomorphometric analysis of L3 vertebrae from 3 month old Grem1 null mice confirmed
the osteopenic phenotype in male mice despite an increase in osteoblast number and bone
formation rate (Table 4). In accordance with the uCT findings, 3 month old Grem1 null
female mice were not osteopenic. An insufficient number of 3 month old female mice had
calcein and demeclocycline dual labels so that dynamic vertebral histomorphometry could
not be analyzed in female mice.

DISCUSSION

Our findings confirm that Grem1 null mice exhibit abnormal limb and renal development.
We demonstrate that when in a mixed genetic composition (C57BL/6/FVB) ~50% of Grem1
null mice survive, although they are small and have decreased femoral length possibly due
to limb developmental abnormalities. Gremlin is expressed by the metanephric
mesenchyme, is essential for metanephric kidney development and its antagonism of BMPs
promote survival of mesenchymal cells (Khokha et al, 2003; Michos et al, 2004). In the
absence of gremlin, mesenchymal cell death occurs, explaining the absence of one kidney in
65% of surviving Grem1 null mice.

Grem1 null male and female mice exhibited impaired growth and femoral osteopenia at 1
month of age. It is possible that the femoral osteopenia was in part related to an incomplete
limb development. However, additional factors seemed to have played a role in their skeletal
phenotype since 10 day old Grem1 null mice were not osteopenic, and the osteopenia was
also present in L3 vertebrae. This would suggest a generalized impact of the Grem1
inactivation on the skeleton. It is of interest that the osteopenia observed was of a transient
nature, particularly in female Grem1 null mice, which exhibited recovery of trabecular bone
both at femoral and vertebral sites at 3 and 6 months of age. A temporally and spatially
dependent limited recovery was observed in male Grem1 null mice since the bone volume
transiently normalized in the femur, but not at vertebral sites. The reason for the greater
recovery of trabecular bone at femoral sites and in female GremZ1 null mice is not
immediately apparent. At femoral sites, the sexual dimorphism might be attributed to a more
rapid age-dependent decline in trabecular bone volume in wild type female than in male
mice, but this does not explain the sexual dimorphism observed at vertebral sites (Glatt et al,
2007). The reversal of the osteopenic phenotype can be explained by an increase in bone
formation in Grem1 null mice. In female mice, this increase may have been sufficient to
prevent the normal decline of femoral trabecular bone observed in wild type controls and
even to cause a transient increase in femoral trabecular bone volume at 3 months of age. The
increase in bone formation was not sufficient to normalize vertebral trabecular bone volume
in male mice, suggesting that gremlin impacts other aspects of skeletal homeostasis.

The enhanced bone formation in Grem1 null mice was secondary to an increase in
mineralizing surface and not in mineral apposition rate. This indicates an increase in areas
actively forming bone and not in the function of individual osteoblasts, and may be related
to the increase in osteoblast number observed in 3 month old male mice. Changes in
mineralizing surface responsible for changes in bone formation are not unusual, and were
found in Cebp homologous protein null mice and in female Sost null mice (Pereira et al,
2006; Li et al, 2008). They were also reported in Cynomolgus monkeys treated with
sclerostin antibodies, which exhibited a pronounced enhancement in mineralizing surface
and a modest change in mineral apposition rate (Ominsky et al, 2010). The increased bone
formation observed in Grem1 null mice confirms results observed following the conditional
deletion of Grem1 in osteoblasts, and is in agreement with the suppression of bone
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formation observed in transgenic mice overexpressing gremlin in osteoblasts (Gazzerro et al,
2005; Gazzerro et al, 2007). It is also in accordance with previous studies from this
laboratory demonstrating that down regulation of Grem1 by RNA interference sensitizes
osteoblastic cells to the actions of BMP-2 (Gazzerro et al, 2007). Stabilization of femoral
trabecular bone volume instead of an increase in bone volume in older male and female
Grem1 null mice may have been the result of a limited amount of trabecular bone present in
femurs, and the preponderance of cortical bone. However, it is also possible that the activity
of BMP-2 is not sufficiently or permanently enhanced in the context of the Grem1
inactivation to cause a more permanent phenotype or that BMP-2 does not have an effect on
skeletal homeostasis of older mice.

The phenotype of the Grem1 global inactivation resembles that observed following the
inactivation of Connective tissue growth factor (Ctgf), a member of the Cyr61, CTGF, Nov,
(CCN) family of proteins known to bind and antagonize BMP action (Abreu et al, 2002;
Brigstock, 2003; Canalis et al, 2010). It is of interest that, like in the case of gremlin,
transgenic overexpression of CTGF causes osteopenia, whereas its inactivation reveals that
it is necessary for skeletal homeostasis (Canalis et al, 2010; Smerdel-Ramoya et al, 2008).
These observations suggest that when in excess BMP antagonists inhibit BMP actions and
bone formation, but basal levels of BMP antagonists are required to maintain bone
homeostasis, possibly by tempering selected BMP actions.

The in vivo phenotype described indicates that gremlin is not only required for normal
skeletal development, but also for normal postnatal bone remodeling since Grem1
inactivation leads to osteopenia in adult male mice, particularly at vertebral sites. It is
possible that the osteopenia observed in Grem1 null mice represents sensitization of BMP
signaling and an increase in bone resorption caused by BMP-2 (Mandal et al, 2009;
Okamoto et al, 2006; Sotillo Rodriguez et al, 2009). However, if the phenotype observed
was secondary to increased bone resorption, this would have been modest and transient
because bone histomorphometry did not reveal changes in osteoclast number or eroded
surface. It is possible that enhanced BMP activity due to decreased levels of gremlin results
in increased expression of the Wnt antagonists dickkopf and sclerostin and suppressed Wnt
signaling, which may explain the transient osteopenic phenotype observed (Kamiya et al,
2008; Kamiya et al, 2010). However, gremlin, like other BMP antagonists, suppresses Wnt
signaling and one would expect sensitization of Wnt signaling in the absence of gremlin
(Gazzerro et al, 2005; Gazzerro et al, 2007; Westendorf et al, 2004). Another possible
explanation of the osteopenic phenotype is the induction of noggin expression, another BMP
antagonist, following enhanced BMP signaling in the absence of gremlin since noggin in
excess causes osteopenia (Devlin et al, 2003; Gazzerro et al, 1998). Although most of the
activities of gremlin are explained by its capacity to bind and block BMP activity, effects
independent of BMP interactions have not been completely excluded (Canalis et al, 2003).
For example, gremlin is expressed by tumor cells and may favor tumor cell survival
(Sneddon et al, 2006). Consequently, the osteopenic phenotype observed following the
inactivation of Grem1 may be explained by direct effects of gremlin in skeletal cell function.

The results observed in Grem1 null mice differ from those reported following the global
inactivation of genes encoding the Wnt antagonists, sclerostin and dickkopf 1 (Li et al,

2008; Morvan et al, 2006). The deletion of Sost, encoding for sclerostin, or the
haploinsufficiency of Dickkopfl cause increased bone formation and bone mass, indicating
that these antagonists could be targeted to enhance Whnt activity as possible therapeutic
approaches in the management of osteoporosis. The results we describe in Grem1 null mice
suggest that neutralization of gremlin to enhance BMP activity may cause osteopenia, and
not yield a sustained increase in bone formation and bone mass. Consequently, data derived
from the mouse models described suggest that the suppression of Wnt antagonists may result
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in a skeletal anabolic effect, whereas the suppression of gremlin may not. Recent
investigations have demonstrated that the administration of either anti-sclerostin or anti-
dickkopf 1 antibodies increase bone formation and bone mass in experimental murine and
non-human primate models (Glantschnig et al, 2010; Li et al, 2009; Ominsky et al, 2010).

In conclusion, our studies reveal that gremlin is required for skeletal development and adult
skeletal homeostasis; Grem1 inactivation causes osteopenia, and increased bone formation
that reverses the osteopenia, preferentially at femoral sites and in female mice.
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ABBREVIATIONS
BMD bone mineral density
BMP bone morphogenetic protein
CCN Cyr6l, CTGF, Nov
CTGF connective tissue growth factor
Dan Differentially screening-selected gene aberrative in neuroblastoma
FGF fibroblast growth factor
FVB Friend virus B type
Greml Gremlinl
pCT microcomputed tomography
PCR polymerase chain reaction
RPL38 ribosomal protein L38
RT-PCR reverse transcription PCR
Smad Signaling mothers against decapentaplegic
SHH Sonic hedgehog
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Figure 1.

Weight, body composition (% fat), femoral length and real time RT-PCR of calvarial RNA
extracts from 1, 3 and 6 month old male (upper panels) and female (lower panels) Grem1
null mice (filled circles and black bars) and wild type littermate controls (open circles and
white bars). The weight in g, also obtained in 10 day old mice, (A); % body fat (B); femoral
length in mm (C); and Grem1 copy number corrected for Rpl38 (D) are shown. Please note
Grem1 was undetectable in Grem1 null mice so that bars are not depicted. Values are means
+ SEM, n = 4 to 14. *Significantly different from control mice, p < 0.05.
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Wild Type Grem1 null Wild Type Grem1 null

Figure 2.
Representative photographs and skeletal X-rays of 3 month old Grem1 null mice and wild
type (WT) littermate controls. Arrows point to absent fibula and metatarsal bones.
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Figure 3.

Representative histological sections and calcein/demeclocycline labeling of femoral sections
from 10 day and 1, 3 and 6 month old male and female Grem1 null mice and wild type
littermate controls. Sections were stained with von Kossa without counter stain (final
magnification 40x) at all ages or unstained and examined under fluorescence microscopy at
1, 3 and 6 months of age (final magnification 100x).
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Figure 4.
Representative vertebral microarchitecture assessed by uCT scanning of 1, 3 and 6 month
old male and female Grem1 null mice and wild type littermate controls.
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Table 4
Vertebral histomorphometry of 3 month old male and female Grem1 null mice and wild type littermate
controls.

Males Wild Type Grem1 null
Bone Volume/Tissue VVolume (%) 20.7+0.9 107 +03%
Trabecular Separation (um) 157+5 275+ 9*
Trabecular Number (1/mm) 51+0.1 33+01°
Trabecular Thickness (um) 406+1.2 32.7+06"
Osteoblast Surface/Bone Surface (%) 17.7£13 26.2+ 2.5%
Number of Osteoblasts/Bone Perimeter (1/mm) 155+1.1 23.7+23F
Number of Osteoblasts/Tissue Area (1/mm2) 157+9 15312
Osteoclast Surface/Bone Surface (%) 6.7+0.6 72+0.8
Number of Osteoclasts/Bone Perimeter (1/mm) 3.3+0.3 36+04
Number of Osteoclasts/Tissue Area (1/mm?2) 335+28 233+28"
Eroded Surface/Bone Surface (%) 151+14 155+1.8
Mineral Apposition Rate (um/day) 1.11+0.06 1.05+0.03
Mineralizing Surface/Bone Surface (%) 29+03 57+09"
Bone Formation Rate (um3/um?2/day) 0.033£0.004 | 0061 +0.02"
Females Wild Type Grem1 null
Bone Volume/Tissue Volume (%) 154+05 15.0+3.0
Trabecular Separation (um) 218 +11 246 + 67
Trabecular Number (1/mm) 39+0.2 40+0.6
Trabecular Thickness (um) 39.3+0.9 36.7+2.3
Osteoblast Surface/Bone Surface (%) 26.1+15 26.4+45
Number of Osteoblasts/Bone Perimeter (1/mm) 224+14 23.1+4.0
Number of Osteoblasts/Tissue Area (1/mm?) 176 +13 176 £35
Osteoclast Surface/Bone Surface (%) 96+1.1 85+0.7
Number of Osteoclasts/Bone Perimeter (1/mm) 47+05 41+04
Number of Osteoclasts/Tissue Area (1/mm?) 36.5 3.0 33675
Eroded Surface/Bone Surface (%) 21.2+26 179+18
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Bone histomorphometry was performed on Lumbar 3 vertebrae from 3 month old male and female Grem1 null and wild type littermate controls.

Values are means + SEM; n =4 to 6.

*
Significantly different from controls p < 0.05 by unpaired t test. Dual calcein and demeclocycline labels were present only in 2 control vertebrae

from female mice, not allowing proper histomorphometric analysis.
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