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Abstract

The extracellular matrix protein Fibulin-1 (FbInl) has been shown to be involved in humerous
processes including cardiovascular and lung development. Here we have examined the role of
Fbinl in bone formation. Alizarin red staining of skulls from FbIn1 deficient mice showed reduced
mineralization of both membranous and endochondral bones. Micro CT (UCT) analysis of the
calvarial bones (i.e., frontal, parietal and interparietal bones collectively) indicated that bone
volume in Fbinl nulls at neonatal stage PO were reduced by 22% (p = 0.015). Similarly, Fbinl null
frontal bones showed a 16% (p = 0.035) decrease in bone volume, with a reduction in the
interfrontal bone, and a discontinuity in the leading edge of the frontal bone. To determine
whether Fbinl played a role in osteoblast differentiation during bone formation, gPCR was used to
measure the effects of Fbinl deficiency on the expression of Osterix (Osx), a transcription factor
essential for osteoblast differentiation. This analysis demonstrated that Osx mRNA was
significantly reduced in Fbinl1-deficient calvarial bones at developmental stages E16.5 (p = 0.049)
and E17.5 (p = 0.022). Furthermore, the ability of BMP-2 to induce Osx expression was
significantly diminished in FbIn1-deficient mouse embryo fibroblasts. Together, these findings
indicate that Fbin1 is a new positive modulator of the formation of membranous bone and
endochondral bone in the skull, acting as a positive regulator of BMP signaling.
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Introduction

Methods

Bone formation is a complex process that involves the mineralization of extracellular matrix
(ECM) by osteoblasts to form bone [1] and the erosion of bone by osteoclasts to allow for
growth and remodeling [2]. The formation and erosion of the mineralized matrix must be
carefully coordinated and an imbalance in osteoblast and/or osteoclast activity has been
shown to occur in several pathological conditions (e.g., osteoporosis, osteopetrosis) [3,4].
The balance between osteoblast and osteoclast formation is controlled in part by ECM
proteins. Bone morphogenetic protein-2 (Bmp-2) is an ECM growth factor in the TGFp
super-family [5] that stimulates mesenchymal cells to differentiate into osteoblasts [6,7] and
promotes differentiation of osteoclast precursors into mature osteoclasts [8,9]. A relatively
large number of ECM proteins negatively regulate Bmp-2-mediated osteoblast
differentiation including Noggin (Nog) [10,11], Twisted gastrulation (Twsg1) [10,12],
Connective tissue growth factor (CCN2/Ctgf) [13], Nephroblastoma overexpressed (CCN3/
Nov) [14], and Fibrillin-2 (Fbn2) [15]. By contrast, a small number of ECM proteins have
been defined as positive modulators of Bmp-2 signaling in bone formation (e.g., CCN4/
Wispl) [16]. Bmp-2 controls osteoblast differentiation by upregulating the osteogenic
transcription factor Osterix (Osx) [7]. The importance of Osterix in osteoblast differentiation
is evidenced by the absence of bone synthesis in Osterix deficient mice [17].

Fibulin-1 (FbInl) is an ECM protein [18,19] known to be expressed in adult bone marrow
[20] and osteoblasts derived from adult bone [21]. In FbInl deficient mice, which die
perinatally, bone size and ossification is reduced in the skull, indicating a role for FbInl in
bone formation [22]. Here we have performed a more detailed characterization of the
consequence of Fbinl deficiency on skull bones, investigating mechanisms whereby Fbinl
could impact the process of bone formation.

Fbin1 deficient mice

The studies employed two FbInl-deficient mouse strains that have overlapping phenotypes
including 1) a Fbinl gene trap mutant [22], and 2) a strain containing targeted deletion of
Fbinl exon 1 [23]. All procedures and protocols were done in accordance with a Medical
University of South Carolina IACUC approved protocol.

Histology and immunohistochemistry

PO neonate skulls were fixed in 1x phosphate buffered saline (PBS) containing 4%
paraformaldehyde for 2 h. After fixation, skulls were embedded in Optimal Cutting
Temperature (OCT) compound and sectioned at 10 pm thickness. Immunohistochemical
staining was performed on cryosections with rabbit anti-fibulin-1 [24]. Primary antibody
was detected with Alexa-Flour Dye conjugated secondary antibodies (Life Technologies,
Carlsbad, CA). Nuclei were stained using either propidium iodide (Life Technologies) or
DRAQS5 (Cell Signaling, Danvers, MA) using the manufacturer’s instructions. To detect
FbInl in whole mount tissue segments of PO, were permeabilized in PBS containing 1%
Triton X-100 for 15 min. Skull segments were washed in PBS and then blocked in 1% fatty
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acid free BSA (Sigma) for 1 h. After blocking, skull segments were incubated overnight
with rabbit anti-fibulin-1 antiserum at 4 °C [24] and then washed in PBS containing 0.5%
Triton X-100 for 4 h at room temperature. Primary antibody was detected by incubating
samples for 2 h with Alexa-Flour Dye conjugated secondary antibody at room temperature.
Samples were then washed for 2 h in PBS containing 0.5% Triton X-100, equilibrated in
100% glycerol, and subjected to confocal microscopic optical sectioning on a Leica SP2.
Specificity of the FbInl antibody was confirmed by incubating Fbin1 null sections with anti-
Fbinl IgG, demonstrating the absence of immunoreactivity (Supplemental Fig. 2).

In vivo proliferation analysis

Timed pregnant females from Fbin1 heterozygous matings were given an intraperitoneal
(IP) injection of 5-bromo-2’-deoxyuridine (BrdU) (Sigma, St. Louis, MO) at E17.5.
Embryos were isolated 6 h after injection and fixed in 1x PBS containing 4%
paraformaldehyde. BrdU incorporation into DNA was detected by immunohistochemistry
using a BrdU IHC kit (BD Biosciences, San Jose, CA) following the manufacturer’s
recommendations. Specificity of the BrdU immunodetection was confirmed using
appropriate negative controls, including 1) skull sections obtained from timed pregnant
females not injected with BrdU, and 2) skull sections treated without anti-BrdU antibody
(Supplemental Fig. 3). Proliferation indices were determined by counting BrdU positive
cells in the dermis that were located adjacent to and within the osteogenic front of the frontal
bone; this was performed using a series of sections through the supraorbital ridge from wild-
type (n = 3) and Fbinl1 null (n = 3) skulls. BrdU positive cells are reported as a percentage of
the total number of hematoxylin stained nuclei within the dermis or osteogenic front of the
frontal bone in wild-type and Fbinl null skulls. Fisher’s exact test was used to determine the
statistically significant differences between the wild-type and Fbinl null skulls.

RNA purification and RT-QPCR

Calvarial tissue from wild-type and Fbinl null embryos was collected at various stages and
stored in RNAlater RNA Stabilization Reagent (Life Technologies, Carlshad, CA). Total
RNA was isolated from stored tissues using TRIzol (Life Technologies) and a Qiagen
RNeasy Mini Kit (Qiagen, Valencia, CA). cDNA was prepared from total RNA using the
iScript cDNA synthesis kit (Bio-Rad, Hercules, CA) according to the manufacturer’s
specifications. cDNA preparations were diluted to 25-50 pl, and 2 pul was used in 10-pl
quantitative PCR (gPCR) reactions with the SsoFast EvaGreen Supermix reagent (Bio-Rad).
Oligonucleotide primers (Integrated DNA Technologies, Coralville, 1A) used in gPCR
reactions were Osx 5 TGAGGAAGAAGCCCATTCAC 3’ (forward), 5’
ACTTCTTCTCCCGGGTGTG 3’ (reverse) [25], Alkaline phosphatase, (Alpl) &/
AACAACCTGACTGACCCTTCGC 3 (forward), 5 ATTTTCCCGT TCACCGTCC 3
(reverse) [26], Runx2 5 ATGATGACACTGCCACCTCT GAC 3 (forward), 5
AACTGCCTGGGGTCTGAAAAAGG 3’ (reverse) [27], and Osteocalcin 5
GAACAGACTCCGGCGCTA 3’ (forward), 5" AGGG AGGATCAAGTCCCG 3’ (reverse)
[28]. Thermal cycling was performed using a Bio-Rad CFX96 Real-Time PCR Detection
System (Bio-Rad); all samples were amplified in duplicate. Resulting data were analyzed
with the PCR Miner Web tool [29] to calculate reaction efficiencies and cycle thresholds.
Starting fluorescence values (MRNA levels) were calculated using the method of Liu and
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Saint [30]. mRNA levels for genes of interest (Runx2, Osterix, Osteocalcin and Alkaline
phosphatase) were standardized in relation to the reference gene Hprt.

NanoString nCounter gene expression profiling

Expression of 248 genes in E17.5 wild-type and Fbin1 null calvarial total RNA samples was
interrogated using a NanoString nCounter (NanoString Technologies) gene expression
system [31]. Analysis was performed with a custom NanoString nCounter code set
consisting of 248 probes that included 6 housekeeping controls (Eif4a2, GusB, Oaz1, Stk36,
Tcebl, and Tubb4a). RNA samples were hybridized with sequence-specific capture and
reporter probes (50 bp each) for each transcript of interest according to the manufacturer’s
instructions. Resulting counts were normalized and analyzed for statistical significance
using NanoStriDE (http://nanostride.soe.ucsc.edu) [32].

Micro-computed tomography (microCT) analysis

PO neonatal skulls evaluated by microCT (UCT) analysis were scanned at a resolution of 6
pm using a Scanco pCT40 ex vivo scanner in the MUSC Center for Oral Health Research.
Data analysis and 3D bone reconstruction imaging was performed using Scanco 3D analysis
software version V6.1. Skull length measurements were obtained for 3D reconstructions of
PO controls and FbInl null skulls; these measurements represent the combined lengths of the
nasal, frontal and parietal bones.

Tartrate-resistant acid phosphatase (TRAP) staining and TUNEL analysis

TRAP staining was performed in tissue sections of E17.5 wild-type (n = 3) and FbIn1 null (n
= 3) skulls using a leukocyte acid phosphatase kit (Sigma). After TRAP staining, slides were
counterstained with hematoxylin. Osteoclasts were defined as multinucleated TRAP-positive
cells in contact with bone surfaces. Bone area was calculated using the threshold color
function in Image J (NIH software) [33]. Apoptotic cells in the skulls of E17.5 wild-type (n
= 3) and FbiInl null (n = 3) embryos were identified using a TUNEL detection kit (Millipore,
Billerica, MA). Nicked DNA in apoptotic cells was detected by biotin-16-dUTP labeling
using terminal deoxynucleotidyl transferase according to the manufacturer’s instructions
(Millipore). Negative control sections from E17.5 wild-type and FbIn1 null embryos were
processed as recommended with the exception that the terminal deoxynucleotidyl transferase
step was omitted.

Alizarin red staining of bone

PO mouse skulls were fixed in 4% paraformaldehyde for 12 h. After fixation the skulls were
placed in 1% potassium hydroxide for 2 h and then transferred to a solution of 0.03%
alizarin red and 1% potassium hydroxide for 24 h. Skulls were subsequently placed in a
solution of 2% potassium hydroxide and 10% glycerol for 48 h.

Generation of Fbinl depleted serum

An anti-FbIn1 IgG column was generated by coupling the monoclonal antibody 3A11 to
Sepharose [19]. Fbinl was depleted from fetal bovine serum (FBS) by passing the serum
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over the monoclonal anti-Fbinl 3A11 IgG Sepharose column six times. Depletion of Fbinl
protein was verified by ELISA or immunoblotting.

Generation of mouse embryonic fibroblasts (MEFs) and treatment with Bmp-2

Embryos (E12.5) were isolated from timed pregnant FbInl heterozygous females. A
segment of embryonic tissue was collected for genotyping and the remaining tissue was
dispersed by trituration using 0.05% trypsin and a glass Pasteur pipette. Isolated wild-type
and Fbinl null MEFs were separately plated on fibronectin-coated plates in serum free
DMEM-H. After 2 h, the serum free media was removed and replaced with DMEM-H
media containing 10% FBS depleted of FbInl. Cells were allowed to adhere for 12 h then
treated with 300 ng/ml Bmp-2 (R&D Systems) or vehicle. Following 18 h of treatment,
RNA was isolated from the MEF cultures and used for gPCR analysis as described above.
Bmp-2 experiments were repeated three times using two independent batches of wild-type
and Fbinl null MEFs.

Fbinl-Sepharose binding assay

Fibulin-1 was purified from extracts of human placenta by immunoaffinity chromatography
using mouse monoclonal 3A11 anti-fibulin-1 1gG-Sepharose as previously described
[18,24]. Purified FbIn1 was cross-linked to CNBr-activated Sepharose 4B (GE Healthcare
Life Sciences, Piscataway, NJ) according to the manufacturer’s instructions. Binding of
Fbinl to Bmp-2 was assessed by an in vitro pull down binding assay. Briefly, Bmp-2 (200
ng/ml, R&D Systems, Minneapolis, MN) and BSA (500 ng/ml fatty acid-free, Sigma) were
added to 300 pl of binding buffer (20 mM Tris, pH 7.0, 137 mM NaCl, 1% IGEPAL
detergent, 10% glycerol) [34] in 1.5 ml microcentrifuge tubes. Samples were pre-cleared by
incubation with Sepharose 4B beads resuspended in binding buffer. After pre-clearing,
Fbinl Sepharose 4B beads or plain Sepharose 4B beads were added to each sample. Total
bead volume was normalized in the Fbin1 Sepharose 4B samples by adding additional plain
Sepharose 4B beads. Samples were rocked end over end for 8 h at 4 °C. Beads were then
washed 4 times with 500 ul of 20 mM Tris, pH 7.0, 137 mM NaCl, 1% IGEPAL detergent,
10% glycerol followed by two 500 pl washes with PBS. Bound proteins were eluted from
the beads by boiling in reducing sample buffer and analyzed by Western blotting [35] using
antibodies to Bmp-2 (R&D Systems) or Ccn3 (Abcam, Cambridge, MA). As a positive
control, the in vitro pull-down binding assay was performed with Fbin1 Sepharose 4B beads
and Ccn3 (200 ng/ml, Abcam), which has been shown to bind to Fbinl [36].

Statistical analysis

Fisher’s exact test, Student’s t-test (unpaired, two tailed variants) or one-way ANOVA with
Tukey’s post hoc test was used to determine the statistical significance of experimental
results using Prism version 6.01 software (GraphPad, La Jolla, CA). Differences were
considered significant at p < 0.05.
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Results

Fibulin-1-deficient skulls display reduced alizarin red staining and bone

Previous studies of mice homozygous for a gene trap insertion in the fibulin-1 gene
(designated hereafter as Fbinl nulls) have shown that Fbin1 plays a role in skull bone
formation [22]. To extend on those initial findings we examined skulls from PO wild-type
and FbInl null neonates (PO neonates represent the latest developmental stage that Fbinl
null mice can be obtained before lethality) using alizarin red to stain mineralized
extracellular matrix. FbIn1 null mice had less alizarin red stain incorporated into the
membranous bones of the calvarium (i.e., frontal (F), parietal (P) and interparietal bones
(Ip)) (Fig. 1). Fbin1 null skulls also displayed decreased alizarin red staining along the
midline and showed little to no interfrontal bone (Ib) at PO (Fig. 1). Examination of Fbinl
null bones of the calvarium revealed increased bone porosity and a pronounced irregular
edge as compared to wild-type (Fig. 1B).

The consequence of FbInl deficiency on skull bones was evident in both membranous and
endochondral bones. FbInl nulls at PO showed reduced alizarin red staining in both bone
types at the cranial base (i.e., alisphenoid bone (As), tympanic ring (T), and the bones that
form the otic capsule (Oc)) (Fig. 1). Reduced levels of alizarin red staining were also
observed in the frontal, parietal and interparietal bones of an alternate model of Fbinl
deficiency designated as the Fbinl exon 1 null model (Supplemental Fig. 1).

MCT was used to quantify the size and amount of bone (i.e., frontal, parietal and interparietal
bones) in FbInl null and control skulls at PO (Fig. 2) (See Table 1). This analysis showed
that FbIn1 deficient skulls were smaller in size overall with a 14% decrease in the combined
length of the nasal, frontal and parietal bones as compared to controls (mean length of Fbinl
null skulls = 668 mm (n = 4); mean length of control skulls = 764 mm (n = 3), p = 0.046).
UCT analysis also revealed that bone volume (BV) was reduced by 22% in Fbinl null
calvariae and 16% in FbIn1 null frontal bones compared to controls (p = 0.035; n =3
controls; n = 4 Fbinl nulls).

Together, these results suggest that Fbinl is critical for regulating cranial bone BV, a
measure of ossification. Similar to what was observed in the Fbin1 nulls, the frontal, parietal
and interparietal bone areas were reduced in Fblnl exon 1 nulls (Supplemental Fig. 1).

Fibulin-1 is deposited around condensed mesenchymal cells, osteoblasts and osteocytes
in the ECM of the frontal bone, with prominent detection in blood vessels

To establish the spatial expression pattern of Fbinl in the frontal bone we performed Fbinl
immunolabeling on wild-type frontal bone from PO neonates. The frontal bone segments
were scanned en face using a Leica SP2 confocal microscope, and the collected z-series
images were collapsed to generate a single optical section for analysis (Fig. 3A). In this
imaging study, Fbinl immunolabeling was most prominent in the ECM around clusters of
condensed mesenchymal cells (Cmc) within the frontal bone (Fig. 3A). Fbinl
immunolabeling was also observed around osteoblasts (defined as cells adjacent to
mineralized regions) in the frontal bone at PO. Less prominent Fbin1 immunolabeling was

Bone. Author manuscript; available in PMC 2015 December 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cooley et al.

Page 7

observed around bone-encased osteocytes in the frontal bone (Fig. 3A). Finally, Fbinl
immunolabeling was present around blood vessels (V) in the frontal bone at PO (Fig. 3A).

We also performed H&E staining (Fig. 3B) and anti-Fbinl immunolabeling (Fig. 3C) on a
series of sections made through the supraorbital ridge from a PO wild-type skull. H&E
staining showed trabecular bone (TB) formation within the frontal bone. Fbinl
immunolabeling of the PO wild-type skull (Fig. 3C) revealed that FbInl is deposited in the
ECM 1) of the dermis (D) that covers the frontal bone (FB), 2) around cells adjacent to the
trabecular bone (TC) within the frontal bone, 3) around cells of the osteogenic front (OF),
and 4) around blood vessels (V) within the frontal bone.

Fibulin-1 deficient mice display discontinuous frontal bone formation

The effect of FbInl deficiency on frontal bone morphology was examined using
hematoxylin staining of wild-type and Fbin1 null E17.5 skulls. These studies revealed that
the leading edge of the frontal bone in the Fbin1 nulls was discontinuous as compared to
frontal bones in wild-type E17.5 skulls (Figs. 4A and B, compare arrows in the frontal bone
regions).

We sought to determine whether the observed discontinuity in Fbinl null frontal bones was
due to deficient cell proliferation. BrdU labeling of wild-type and Fbinl null embryos
(E17.5) revealed no significant difference in cell proliferation in the osteogenic front of the
frontal bone through the supraorbital ridge for Fbinl nulls versus wild-types (Fig. 4C).
Moreover, the incorporation of BrdU in the mesenchyme of the adjacent dermis was not
significantly different between these genotypes (Fig. 4D).

To evaluate whether the reduced bone formation in the Fbinl null frontal bones resulted
from increased cell death we performed TUNEL analysis. Examination of wild-type and
Fbinl null E17.5 frontal bone sections through the supraorbital ridge region showed only
scattered TUNEL positive cells in the osteogenic front and the trabecular bone (Figs. 4E and
F). Quantification of TUNEL positive cells within these regions showed no significant
difference in the number of apoptotic cells between these genotypes (Fig. 41). Taken
together, these data suggest that it is unlikely that the reduced BV seen in FbIn1 null
calvariae results from decreased osteoblast proliferation or reduced osteoblast survival.

The observations of multiple perforations within the calvariae of PO Fbin1 nulls suggested a
possible increase in osteocytic activity (Fig. 1B). To determine if the reduced bone volume
seen in Fbinl null skulls resulted from increased osteoclast numbers we performed TRAP
staining on E17.5 wild-type and FbInl null skull sections. The patterns of TRAP staining
observed in both genotypes were overtly similar (Figs. 4G and H). Quantification of TRAP
positive osteoclasts within the trabecular bone region of the frontal bone revealed no
significant difference between E17.5 wild-type and FbInl nulls (Fig. 4J). We also performed
gene expression analysis on RNA isolated from E17.5 wild-type and FbInl null calvariae
using the NanoString nCounter system to measure expression of Dcstamp and Ocstamp, two
genes involved in osteoclast differentiation, and Cathepsin K, which is expressed by mature
osteoclasts. Dcstamp, Ocstamp and Cathepsin K expression was not significantly different
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between these genotypes, suggesting that the changes in BV in Fbinl nulls was not due to an
increase in osteoclasts.

We then considered the possibility that reduced bone formation in Fbinl null skulls was the
result of defective vascularization of bone. This possibility was suggested in part by the
prior finding that Fbinl deficient mice display blood vessel abnormalities [22,23].
Immunohistological analysis of sections from the cranial base of E17.5 wild-type and Fbinl
nulls using a PECAM antibody to detect endothelial cells, showed that both genotypes had
endothelial cells in the bone marrow cavities of endochondral bones. However, the PECAM
staining pattern in FbInl nulls was less well defined compared to wild-type (Supplemental
Fig. 4).

Fibulin-1 deficient calvariae displayed reduced osterix expression

We next examined whether the reduced bone volume and bone discontinuity seen in Fbinl
null frontal bones were related to reduced osteoblast differentiation. The transcription
factors Runx2 and Osterix (Osx) are essential for bone formation [17,37]. Runx2 is required
to differentiate mesenchymal cells along an osteoblast lineage [38]. To determine if Fbinl
deficiency impacted osteoblast differentiation we measured Runx2 expression in E17.5
calvariae from wild-type and FbIn1 null embryos. However, gPCR analysis of Runx2
MRNA expression in this bone tissue detected no significant difference between wild-type
and Fbinl nulls (Fig. 5A).

We next examined the expression of Osx mMRNA in Fbinl null embryos. gPCR analysis of
RNA from E16.5 and E17.5 calvariae showed that Fbin1 nulls exhibited a significant
decrease in Osx mMRNA levels compared to wild-type embryos (p = 0.049, E16.5 FbInl null
calvariae; p = 0.022, E17.5 FbIn1 null calvariae) (Figs. 5B and C). We also examined the
MRNA expression of Osteocalcin and Osteopontin, two proteins synthesized by mature
osteoblasts. Surprisingly, neither gene was detected as differentially expressed in the Fbinl
null samples (Supplemental Fig. 5). However, on the whole, these results indicate that Fbinl
influences Osx expression during calvarial bone formation.

Fibulin-1 binds Bmp-2 to promote induction of Osterix and Alkaline phosphatase

To gain further insights into the relationship between FbInl and Osx, we examined whether
Fbinl augmented Osx via a mechanism involving Bmp-2, which is a known upstream
regulator of Osx. Using mouse embryo fibroblasts (MEFs) isolated from wild-type and
FbiInl null embryos, we evaluated how Bmp-2 treatment affected Osx mRNA expression.
gPCR analysis of Bmp-2 treated cultures revealed that the induction of Osx MRNA
expression by Bmp-2 was significantly reduced in Fbinl null MEFs compared to wildtype
MEFs (p < 0.001; n = 6) (Fig. 6B). Similarly, the expression of Alkaline phosphatase (Alpl)
mMRNA in response to Bmp-2 treatment was significantly reduced in Fbinl null MEFs
compared to wild-type MEFs (p < 0.001; n = 6) (Fig. 6C). These findings indicate that Fbinl
is required to mediate Bmp-2-induced expression of Osx and Alpl.

Given the positive effect of Fbinl on Bmp-2 signaling, we investigated the possibility that
Fbinl interacted physically with Bmp-2. Using Sepharose beads conjugated to purified
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Fbinl (FbIn1-Sepharose), pull-down assays were conducted in vitro with CCN3 (as a
positive control) and Bmp-2 protein. Western blot analysis of eluates from Fbin1-Sepharose
and CCN3 pull-downs confirmed that Fbinl interacted with CCN3, as has been previously
shown [36] (Fig. 6D). Importantly, western analysis of eluates from Fbin1-Sepharose pull-
downs with Bmp-2 revealed that Fbinl interacted with Bmp-2 (Fig. 6E). Densitometric
analysis of immunodetected bands showed that Fbin1-Sepharose pulled down Bmp-2 at a
substantially higher level (9.5-fold increase) than a Sepharose negative control (Fig. 6E).
These findings illustrate that Fbin1 can interact with Bmp-2 in vitro, supporting the
possibility that this interaction may also occur in vivo. Such an interaction offers a potential
mechanistic basis for how Fbinl modulates Bmp-2 induction of osteogenic gene.

Discussion

ECM proteins in bone have been shown to promote osteoprogenitor survival, proliferation
and differentiation, yet these processes are poorly understood. Here we have investigated
how the ECM protein Fbinl influences bone formation, focusing on the developing skull,
which displays reduced bone size and BV in Fbinl deficient mice. The results presented
here show that Fbinl promotes formation of both the membranous and endochondral bones
in the skull. Furthermore, during development, Fbinl was present in the ECM at sites of
bone formation, in proximity to osteoprogenitors and osteoblasts, therefore suggesting
several possible mechanisms as to how Fbinl may influence the bone formation process.

One possible mechanistic explanation for reduced skull bone volume in Fbinl nulls was that
Fbinl is necessary for proliferation of osteogenic progenitors. Fbinl null skulls display a
discontinuity in the leading edge of the frontal bones at E17.5. Similar discontinuities have
been reported in other mouse genetic deficiency models, e.g., Engrailed 1, Msh homeobox 2,
and Distal-less homeobox 5. In these other models, the discontinuity has been linked to
disruption of osteoprogenitor proliferation [39,40]. However in vivo BrdU analysis of Fbinl
nulls detected no abnormality in osteoprogenitor proliferation in the osteogenic front of
frontal bones at E17.5. Thus the discontinuity in the leading edge of Fbinl null frontal bones
is not apparently due to abnormal osteoprogenitor proliferation. Additionally, we did not
observe a reduction in osteoblast survival in FbInl nulls indicating that apoptosis is unlikely
the cause of reduced bone volume. The porous nature of the membranous calvariae of Fbinl
nulls suggested the possibility of increased osteoclast activity as seen in Engrailed deficient
mice [39]. However, TRAP staining and mRNA analysis of genes involved in
osteoclastogenesis did not indicate an increase in osteoclast activity.

Vascularization is important for normal bone formation, and is especially important for the
formation of endochondral bones [41-43]. Previous studies have shown that Fbinl deficient
mice exhibit vascular defects characterized by disruptions in the capillary endothelial layer
[23] and leakage of red blood cells from the vasculature into surrounding tissues [22,23].
Deficient vascularization could potentially contribute to the reductions in skull bone volume
we report here. Our analysis of endothelial cells in endochondral bones revealed that the
bones did contain blood vessels, and thus vascular invasion does occur in Fbinl deficient
skull bone. However, the staining pattern of PECAM, used to detect the endothelial cells,
appeared to be more diffuse in Fbinl deficient bones. Therefore, despite the observed
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vascularization of FbInl null bone marrow, we cannot rule out the possibility that the
vascular integrity or structure is compromised, causing the bone marrow to be
undersupplied. It is interesting to note that Osx has been reported to positively regulate
VEGF expression during bone formation [44] and that mice deficient in VEGF expression
display defects in bone formation attributed to defects in vascular formation [41]. Therefore
the reduced Osx expression that we observed in FbInl null calvariae may have a dual effect
in the FbInl nulls, causing reductions in osteoblast differentiation as well as blood vessel
formation.

Our studies did not detect any alterations in osteoprogenitor proliferation or osteoblast
survival in the skulls of FbIn1 nulls. These finding suggest that the activity of two ECM
growth factors fgf 8 (required for osteoprogenitor survival) [45] and fgf 18 (required for
osteoprogenitor proliferation) [46,47] are unlikely responsible for the reduced bone volume
seen if FbInl nulls. However, our observation that Fbinl in wildtype mice was deposited in
the ECM in close association with osteoblasts suggested the possibility that Fbinl supported
osteoblast differentiation. The transcription factor Osx has been shown to be essential for
osteoblast differentiation and subsequent bone formation. Thus our finding that Osx mMRNA
expression was significantly reduced in FbInl null bones supported the idea that Fbinl
contributes to osteoblast differentiation, and further suggested the possibility that Fbinl
influences the signaling pathway that regulates Osx expression. Osx is regulated by Bmp-2
through signaling mechanisms that include the Smad 1/ 5/8 signaling pathway and the p38
MAPK pathway [7,48]. Our analysis of MEFs confirmed that FbInl potentiated the
osteogenic signaling activity of Bmp-2, affecting the induction of Osx as well as the early
marker of osteoblast differentiation, Alpl. Furthermore, our pull-down experimentation with
purified Fbinl and Bmp-2 revealed that these two proteins can interact directly.

It remains to be established how Fbinl potentiates Bmp-2 mediated induction of Osx. An
interaction between FbInl and Bmp-2 may affect how Bmp-2 interacts with the type 1 and 11
Bmp receptors. Alternatively, an interaction between Fbinl and Bmp-2 may influence how
Bmp-2 interacts with other regulatory proteins. CCN2 and CCN3 are two proteins that bind
Bmp-2 and inhibit Bmp-2-mediated osteoblast differentiation [13,16,49]. Interestingly,
CCN2 and CCN3 also bind to Fbinl [36]. Another member of the CCN family, CCN4,
binds Bmp-2 and promotes Bmp-2-mediated bone formation [16]. Thus there is the potential
that FbInl interacts with Bmp-2 in a manner that influences the association of Bmp-2 with
stimulatory CCN4 versus inhibitory CCN2 and CCN3.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Wild-type B Fbin1 null
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Fig. 1.

Fbglnl null neonates have reduced alizarin red staining of membranous bones and
endochondral bones in the cranium. A and B show that alizarin red staining in the
membranous frontal, parietal and interparietal bones from a PO FbInl null neonate (B) is
reduced as compared to PO wild-type (A). Arrow in B points to the interfrontal bone in PO
FbInl null that is reduced compared to PO wild-type. C and D show reduced alizarin red
staining of the otic capsule from PO Fbinl null (D) as compared to PO wild-type (C). Arrow
(black) in C points to a bone in the otic capsule that is absent in the PO Fbinl null (black
arrow in D). Arrow (white) shows alisphenoid bone in PO Fbinl null that has reduced
alizarin red staining. E and F are higher magnification views of the otic region in PO wild-
type and PO Fbinl null skull showing reduced ossification of the otic capsule and tympanic
ring bone (T) in PO Fbinl null. Arrowhead in E points to a bone in PO wild-type otic capsule
that is absent in the PO Fbinl null otic capsule. As, alisphenoid bone; FB, frontal bone; Ib,
interfrontal bone; Ip, interparietal bone; Oc, otic capsule; P, parietal bone; T, tympanic ring
bone.
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Membranous bones in Fbinl nulls have reduced bone volume and bone size. A and B show
UCT reconstructions of wild-type and Fbinl null calvariae from neonates (P0). C and D
show PCT reconstructions of wild-type and Fbin1 null frontal bones from neonates (PO0).
Note that the interfrontal bone (Ib) (arrow) in the Fbinl null (D) is poorly formed compared
to wild-type (C). Graphs in E and F, show bone volumes (BV) of calvariae and frontal bones
from control and Fbinl null neonates (PO). Horizontal lines in the graphs indicate mean
values for each data group. Scale bars in A-D are 1 mm. Indicated p values were determined

using Student’s t-test. Ip, interparietal bone; P, parietal bone; FB, frontal bone; Ib,

interfrontal bone.
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AF 6 Frontal Bone | Po

Fig. 3.
Fibulin-1 is deposited in the extracellular matrix surrounding osteoblasts in the frontal bone.

Confocal microscopy in A, shows FbiInl deposited in the ECM in wild-type mouse frontal
bone (PO) (red). Panel A is derived from a collapsed z-series of multiple optical sections.
Section of wild-type neonate (PO) skull in B, (containing frontal bone) is stained with H&E.
Section of wild-type neonate (PO) skull C, is immunolabeled with antibodies to Fbinl (red).
The inset panel in C shows a higher magnification of the boxed region. Note that FbIn1 is
deposited in the ECM around osteoblasts (arrowheads) located in the frontal bone. Nuclei in
A and C were stained using Drag5 (blue). V, blood vessel; Cmc, condensed mesenchymal
cells; D, dermis; FB, frontal bone; OB, osteoblast; OCy, osteocytes; OF, osteogenic front;
TB, trabecular bone; TC, cell adjacent to trabecular bone.
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Fig. 4.

Figbulin—l deficiency does not alter the proliferation or survival of osteoprogenitors or
increase osteoclast activity in the frontal bone of Fbinl nulls. A and B show BrdU
incorporation into DNA by immunohistological analysis of frontal bone sections from wild-
type and Fbinl null E17.5 embryos using an antibody to BrdU. Note that the Fbin1 null
shows a discontinuous frontal bone compared to wild-type. Graphs in C and D, show %
BrdU positive nuclei determined in the osteogenic front (brackets in A and B) and in the
dermis adjacent to the osteogenic front. BrdU positive nuclei were counted in multiple
sections from three E17.5 skulls per genotype. Error bars represent standard deviation of the
mean; significance was determined by Fisher’s Exact test. E and F shows TUNEL analysis
of wild-type and Fbinl null E17.5 frontal bone sections. G and H show histological TRAP
staining for osteoclasts in the trabecular region of frontal bone in wild-type and Fbinl null
E17.5 skulls. Graph in I, shows % TUNEL positive nuclei in the osteogenic front and
trabecular bone region of the frontal bone in wild-type (n = 3) and FbInl null (n = 3) E17.5
skulls. Error bars represent standard deviation of the mean and significance determined by
Fisher Exact test. Graph in J, shows the number of TRAP positive osteoclasts determined
from the trabecular bone region of the frontal bone in wild-type (n = 3) and Fbinl null (n =
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3) E17.5 skulls. Error bars represent standard deviation of the mean and significance
determined by Students t-test. Graphs in K, L, and M, show levels of Ctsk, Dcstamp and
Ocstamp mRNA determined by nanostring analysis of RNA isolated from E17.5 wild-type
(WT) and Fbinl null (KO) calvariae. The graphed values show mean relative amounts of
MRNA based of WT (n = 3) and KO (n = 3). P values were calculated using NanoStriDE. D,
dermis; FB, frontal bone; OF, osteogenic front; Oc, osteoclast; RBC, red blood cells;
Cathepsin K, Ctsk.
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Fibulin-1 null calvariae express reduced levels of Osterix mRNA. A shows Runx2 levels
determined by qPCR analysis of mMRNA isolated from E17.5 wild-type (WT) and Fbinl null
(KO) calvariae. B shows levels of the Osterix (Osx) mMRNA determined by gPCR analysis of
RNA isolated from E16.5 wild-type (WT), Fbinl heterozygous (HT) and Fbinl null (KO)
calvariae. C shows Osx levels determined by qPCR analysis of mRNA isolated from E17.5
wild-type (WT) and Fbinl null (KO) calvariae. The graphed values show mean relative
amounts of mMRNA based on WT (n = 3), HT (n = 6), and KO (n = 3) for E16.5 calvariae and
WT (n=9) and KO (n = 4) for E17.5 calvariae. P value was calculated using one-way
ANOVA with Tukey’s post hoc test for B and a Students t-test for A and C.
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Fig. 6.
Fbinl potentiates Bmp-2 induced expression of Osx and Alpl. Immunoblot analysis in A,

using anti-Fbinl to demonstrate loss of Fbinl expression in Fbinl null MEFs. Anti-actin
immunoblotting was performed to demonstrate equal loading of protein extracts. B and C
show Osterix (Osx) and Alkaline phosphatase (Alpl) mMRNA expression measured by qPCR
analysis of RNA isolated from wild-type (WT) and Fbin1 null MEFs (KO) treated for 18 h
with vehicle or Bmp-2 (300 ng/ml). Plotted values show mean relative amounts of mMRNA
normalized to Hprt mRNA. Statistical significance between WT and Fbinl KO MEFs in
response to Bmp-2 treatment was calculated using one-way ANOVA with Tukey’s post hoc
test. Results of a CCN3 pull-down assay in D, performed with either Fbin1-Sepharose beads
or plain Sepharose beads. Results of a Bmp-2 pull-down assay in E, performed using either
Fbin1-Sepharose beads or plain Sepharose beads in the presence or absence of Bmp-2.

Bone. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Cooley et al. Page 22

Table 1

Measurements obtained from Micro-CT analysis of Control and Fbin1 null PO skulls.

Control®  Fbinlnull©  Pvalued 9% difference ©

Skull length (cm)@ 763.7+125  668+61  0.046 14
Calvarial bone volume (mm3)f 1.5+0.06 1.2+0.13 0.011 22
Frontal bone volume (mm?) 08+0.01 07£0.07 0.035 16

a . . .
Measurements are the combined lengths of the nasal, frontal and parietal PO bones of wild type as compared to Fbinl nulls.
b .
n = 3 (2 wild-type PO neonate skulls and 1 Fbinl heterozygous PO neonate skull).
n=4
d : ,
P value was calculated using Student’s t-test.
e . ]
Percent difference calculated from the mean of wild type measurements and the mean of FbInl null measurements.

f . . .
Includes frontal, parietal and interparietal bones.
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