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Abstract
Bone Morphogenetic Protein 2 (BMP2) is a growth factor that initiates osteoblast differentiation.
Recent studies show that BMP2 signaling regulates bone mineral density (BMD). BMP2 interacts
with BMP receptor type Ia (BMPRIa) and type II receptor leading to the activation of the Smad
signaling pathway. BMPRIa must shuttle between distinct plasma membrane domains, enriched of
Caveolin-1 alpha and Caveolin-1 beta isoforms, and receptor activation occurs in these domains.
Yet it remains unknown whether the molecular mechanism that regulates BMP2 signaling is
driving mineralization and BMD. Therefore the B6.C3H-1-12 congenic mouse model with
increased BMD and osteoblast mineralization was utilized in this study. Using the Family Image
Correlation Spectroscopy, we determined if BMP2 led to a significant re-localization of BMPRIa
to caveolae of the alpha/beta isoforms in bone marrow stromal cells (BMSCs) isolated from
B6.C3H-1-12 mice compared to the C57BL/6J mice, which served as controls. The control,
C57BL/6J mice, was selected due to only 4Mb of Chromosome 1 from the C3H/HeJ mouse was
backcrossed to a C57BL/6J background. Using reporter gene assays, the B6.C3H-1-12 BMSCs
responded to BMP2 with increased Smad activation. Furthermore disrupting caveolae reduced the
BMP2-induced Smad signaling in BMSCs isolated from B6.C3H-1-12 and C57BL/6J. This study
suggests for the first time a regulatory mechanism of BMPRIa signaling at the plasma membrane
of BMSCs that 1) associated with genetic differences in the distal Chromosome 1 segment carried
by the B6.C3H-1-12 congenic and 2) contributes to increase BMD of the B6.C3H-1-12 compared
to the C57BL/6J control mice.
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Introduction
Bone Morphogenetic Protein 2 (BMP2) is a growth factor belonging to the TGF beta
superfamily. BMP2 directs differentiation of bone marrow stromal cells (BMSCs) into
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osteoblasts, adipocytes, and chondrocytes (Bragdon et al., 2011; Chiellini et al., 2008;
Crockett et al., 2011; Hata et al., 2003; Moerman et al., 2004; Ponce et al., 2008; Sottile and
Seuwen, 2000). Mouse models have shown BMP2 and its potent receptor BMPR receptor
type Ia (BMPRIa) regulate bone modeling and remodeling, although the conclusions are
perplexing (Kamiya et al., 2008; Kaps et al., 2004; Mishina et al., 2004; Ovchinnikov et al.,
2006; Yeh et al., 2000). The disruption of BMP signaling through a conditional knockout of
BMPRIa in mature osteoblasts reduced bone mass at 3 months while it was increase at 10
months (Mishina et al., 2004). When the disruption of BMP signaling through BMPRIa was
induced and affected pre-osteoblasts and mature osteoblasts, there was a decrease in bone
formation and mineral apposition rate (Kamiya et al., 2008). Furthermore, conditional
knockouts of BMPRIa in limb bud mesenchyme showed sever limb defects (Ovchinnikov et
al., 2006). Specifically for BMSCs isolated from rat calvaria showed BMPRIa and BMPRII
increased expression with BMP7, no changes were observed with BMPRIb during different
stages of osteoblasts (days3, 6, and 9) (Yeh et al., 2000). Further implanted collogen
sponges with BMP2 into rats formed ectopic bone. During the process of ectopic bone
formation the mRNA and protein expression increased for BMPRIa and BMPRII but again
there was no significant expression detected with mRNA or protein for BMPRIb (Nakamura
et al., 2003). These studies suggest that BMPRIa and not BMPRIb is activating osteoblast
differentiation. The BMP2 signaling response through BMPRIa impacts bone yet the
specific role is unclear.

BMP2 signals through serine threonine kinase receptors of the type-I and type-II (Bragdon
et al., 2011; Chang et al., 2002; Hartung et al., 2006; Mishra and Marshall, 2006). Specific
BMP receptors, BMPRIa and BMPR receptor type II (BMPRII), aggregate dependent on
their association with membrane proteins and their own inherent properties allowing for
signaling to be regulated on the membrane surface (Hartung et al., 2006; Nohe et al., 2004a;
Nohe et al., 2004b). The plasma membrane is heterogeneous consisting of lipids, cholesterol
and proteins. Within the surface are areas of aggregation called membrane domains such as
clathrin coated pits, caveolae and lipid rafts (Lajoie et al., 2009; Semrau and Schmidt, 2009).
BMPRIa is co-localized and activated within caveolae (Bonor et al.,; Bragdon et al., 2009;
Hartung et al., 2006; Nohe et al., 2006; Nohe et al., 2004b). Caveolae are small, flask shaped
invaginations in the cell membrane where Caveolin-1 (Cav1) is a marker. Two isoforms of
Cav1 have been identified, Cav1 alpha (Cav1 α) and Cav1 beta (Cav1 β). Currently only two
caveolae populations have been observed, one enriched in isoforms of Cav1 α and β (Cav1
αβ) and the second enriched in only Cav1 β (Fujimoto et al., 2000). BMPRIa localized to
caveolae preferentially binds to BMP2. BMP2 stimulation causes the BMPRIa co-
localization to change, inferring a movement of BMPRIa from one location to another at the
cell surface also known as receptor shuttling (Nohe et al., 2005). BMPRIa shuttles out of
Cav1 β caveolae into Cav1 αβ caveolae to activate Smad signaling (Nohe et al., 2003; Nohe
et al., 2005). Caveolae are also sites where the activation of BMPRIa occurs (Bonor et al.,
Accepted). BMPRIa is phosphorylated and activated by BMPRII which in turn initiates the
Smad signaling cascade. Activation of RUNX2 (also known as Cbfa1), which is critical for
osteoblast differentiation, is downstream of Smad signaling (Lee et al., 2000; Zhang et al.,
2000).

Although BMP2 signaling is dependent on BMPRIa aggregation and shuttling between
distinct plasma membrane domains (Nohe et al., 2003; Nohe et al., 2005; Nohe and
Petersen, 2004a), the importance of receptor aggregation and shuttling on BMD still needs
to be determined. The congenic mouse model, B6.C3H-1-12, which has increased BMD was
utilized to identify molecular dynamic of BMPRIa in the plasma membrane of primary
BMSCs. B6.C3H-1-12 mice strain was developed to study the genetic regulation of BMD
Chromosome 1 (Chr1). The B6.C3H-1-12 congenic carries approximately 4 Mb of C3H/HeJ
(175 – 179 Mb) on a C57BL/6J background strain (genetic haplotype map showing
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chromosomal regions represented in the B6.C3H-1-12 subline) (Beamer et al., 2007). This
allows for an access to the effects of the C3H/HeJ alleles in this segment of Chr1. The
C57BL/6J mice were chosen as a control since only 4Mb of Chr1 from the C3H/HeJ mouse
was backcrossed to a C57BL/6J background. Here we show using the Family Image
Correlation Spectroscopy (FICS) BMP2 stimulation induced an aggregation of caveolae in
BMSCs isolated from the B6.C3H-1-12 compared to C57BL/6J mice. FICS is a family of
tools including image correlation spectroscopy (ICS) and image cross correlation
spectroscopy (ICCS). ICS is used to determine the cluster density of a protein or the number
of protein clusters per unit area while ICCS quantifies the percent co-localization between
two proteins in the plasma membrane (Nohe and Petersen, 2004a; Nohe and Petersen,
2004b). BMPRIa significantly re-localized with caveolae of the Cav1 αβ isoform in BMSCs
isolated from B6.C3H-1-12 mice compared to C57BL/6J (Summarized in Figure 1). Smad
signaling and mineralization was increased with BMP2 stimulation in the B6.C3H-1-12
BMSCs. Finally disrupting caveolae reduced the BMP2-induced Smad signaling in BMSCs
isolated from B6.C3H-1-12 and C57BL/6J mice. Our results demonstrates the shuttling of
BMPRIa at the cell surface enhances BMP2 induced Smad signaling. Furthermore, BMPRIa
co-localization with caveolae is crucial for that signaling. For the first time a regulatory
mechanism of BMPRIa signaling at the plasma membrane of BMSCs is linked to
mineralization and BMD associated with the presence of C3H alleles within the distal Chr 1
region of the B6.C3H-1-12 congenic mice.

Materials and Methods
Materials

Recombinant BMP-2 was obtained from R&D Systems (Minneapolis, MN). The polyclonal
goat anti-sera against the BMP receptor BMPRIa, the Alexa 546 red X conjugated donkey
anti -goat antibody and Alexa 488 goat anti mouse antibody, mouse antisera against
Caveolin alpha and alpha/beta were from Santa Cruz (Santa Cruz, CA). Mice strains
C57BL/6J and B6.C3H-1-12 were both housed at The Jackson Laboratory and the
University of Delaware and protocols were approved by the appropriate Institutional Animal
Care and Use Committee (IACUC).

Isolation of BMSCs
BMSCs were collected from the tibia and femur of 8 week old females of age matched
B6.C3H-1-12 congenic mice and C57BL/6J as controls. The C57BL/6J mice were chosen as
a control since only 4Mb of Chr1 from the C3H/HeJ mouse was backcrossed to a C57BL/6J
background. Mice were sacrificed with use of CO2 and hind limbs were removed. In sterile
conditions, tibia and femur were cleaned of fat and muscle, and the BMSCs were isolated by
removing the epiphyses and flushing the marrow from the bones using a 25 gauge needle
and plating media. Cell suspension was then passed through a 70 μm filter and counted and
plated to 1.0×106 cells on glass cover slips in 60 mm dishes for imaging or 2.0×107 cells in
35 mm dish for reporter gene assays or 24 well plates for von Kossa staining. Cells were
isolated and cultured in minimum essential medium alpha media supplemented with 10%
FBS and 1% Penicillin/Streptomycin.

Reporter Gene Assay
BMSCs were grown in 60 mm dishes for 10 days, then serum starved overnight. Cells were
transfected with 2 μg reporter plasmid encoding pSBE (Smad Binding Element) or Cbfa1,
and 2 μg pRL-luc plasmids for normalization. Cells were transfected with Lipofectamine
2000 from Invitrogen (Carlsbad, CA) according to the manufacturer’s instructions. Four
hours after transfection, cells were stimulated with 40 nM BMP2 or solution vehicle
stimulated. After 12 hours of incubation, cells were washed with PBS, lysed and the
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luciferase activity was measured using a dual luciferase assay system (Promega, Madison,
WI).

Immunofluorescence labeling of cell surface receptors
To measure the distribution of the BMPRIa and Caveolin on the cell surface, we employed
confocal fluorescence imaging measurements. BMSCs were cultured on 22 mm glass cover
slips for 10 days. Cells were serum starved overnight then either stimulated or not with
40nM of BMP2. Cells were fixed by the acetone/methanol method (Brown and Petersen,
1998). Cells were incubated for 30 min with 3% BSA to minimize non-specific binding.
Cells were incubated with polyclonal goat anti-sera recognizing BMPRIa according to
manufacturer’s protocol. After the cells were washed three times with PBS, they were
incubated again with the corresponding secondary donkey anti-goat at a concentration of 20
μg/mL. Cells were labeled again with either anti-mouse Caveolin1 alpha or Caveolin1 alpha/
beta for 20 min and washed three times. Lastly cells were labeled with the secondary anti-
mouse, washed and cover slips were mounted with Airvol (Nohe et al., 2005).

Image Correlation Spectroscopy and Image Cross Correlation Spectroscopy
Image correlation spectroscopy (ICS) was the technique used to study the distribution and
localization of the BMPRs. High resolution and high magnification images were collected
by confocal microscopy. ICS involves autocorrelation analysis of the intensity fluctuations
within these confocal images, in this case from immunoflourescent labelled proteins (Nohe
and Petersen, 2004a; Nohe and Petersen, 2004b; Nohe and Petersen, 2007). From this, the
cluster density (CD) was calculated from equation 1 (Nohe and Petersen, 2007).

(Eq
1)

Image cross-correlation spectroscopy (ICCS) was the tool used to quantify the extent of co-
localization between two proteins. It is based upon the autocorrelation and CD from ICS.
The autocorrelation is calculated for each image separately and then the cross-correlation
function is calculated from the two images. This represents the average density of clusters in
which both proteins localize together. The fraction of one protein co-localizing with the
other can be calculated (Nohe and Petersen, 2004b; Nohe and Petersen, 2007). Figure 2
shows a sample image, autocorrelation, and cross correlation functions for BMSCs isolated
from the C57BL/6J labelled for A) BMPRIa and B) Cav1 α.

It is important to note that there are only two antibodies available for Cav1. There is
antibody for both Cav1 αβ and Cav1 β, known in this paper as Cav1 total. A second
antibody, Cav1 α, labels only Cav1 α. Since Cav1 α is only found in Cav1 αβ caveolae this
antibody is used for labeling Cav1 αβ caveolae (Fujimoto et al., 2000). There is no antibody
specifically available for Cav1 β, therefore we must use calculations based on the labeling of
Cav1 total and Cav1 α to identify the dynamics of Cav1 β. We only use one antibody for the
labeling of total BMPRIa at the cell surface.

Using the calculations of ICCS the amount of total BMPRIa co-localized with labeled Cav1
α is equal to the amount of BMPRIa co-localized with caveolae enriched with Cav1 αβ. And
the total amount of BMPRIa co-localized with Cav1 total is the total amount of BMPRIa co-
localized with total amount of caveolae. Since there is only one antibody for BMPRIa and
labeling is saturated by this antibody, we can assume the total amount of BMPRIa labeled is
the same between Cav1 α and Cav1 total labeling. We can therefore infer that the percentage
of BMPRIa co-localized with caveolae enriched with Cav1 β (BMPRIa Cav1 β) is equal to
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the difference between the percentage of BMPRIa co-localized with Cav1 total
(BMPRIa Cav1 total) and Cav1 α (BMPRIa Cav1α) shown in (Eq2).

Eq2

We cannot determine the percent of Cav1 β co-localized with BMPRIa in the similar
manner. This is due to the fact there are two different antibodies used for caveolae labeling.
The total amount of labeled Cav1 α will not equal the total amount of caveolae and therefore
two populations are labeled. These percentages cannot be used in an additive manner. The
co-localization of labeled Cav1 α with BMPRIa is a true representative for caveolae
enriched with Cav1 αβ. The co-localization of Cav1 total is the average percentage of Cav1
αβ enriched caveolae with BMPRIa (labeled for Cav1 α) and Cav1 β enriched caveolae with
BMPRIa (Eq 3), assuming the number of Cav1 αβ is similar to Cav1 β, as shown in
(Fujimoto et al., 2000). We can then calculate the percentage of Cav1 β enriched domains
co-localized with BMPRIa (Eq 4).

Eq3

Eq4

von Kossa staining for mineral
Isolated BMSCs were cultured in 24 well plates for 10 days and serum starved overnight
prior to stimulation. Von Kossa was performed and quantified as described previously with
the exception that cells were only treated with BMP2 (40nM) for 12 days and 15 random
images per well per treatment was used for the quantification (Bragdon et al.). Non-
stimulated cells served as controls. BMP2 treatments were normalized to corresponding
control.

Statistics
Mean values and standard error of the mean (SEM) were calculated from the raw data at the
95% confidence level. SEM was used as error bars. Experiments were performed three times
for reporter gene assays and von Kossa staining, and twice for FICS. Each experiment
consisted of 3–5 eight week old female mice. For ICS measurements, 40 images of
individual cells were taken per experiment. Outliers that were more than three standard
deviations from the mean were removed and percent of co-localization was set to 100%
when calculations showed over 100%. Student t tests were performed for between
treatments for C57BL/6J or B6.C3H-1-12. ANOVA followed by Tukey’s HSD test was
performed for reporter gene assays for the knockdown of Cav1 with the use of siRNA
against Cav1.

Results
No change in aggregation of BMPRIa on the cell surface of BMSCs isolated from
B6.C3H-1-12 mice in response to BMP2

BMP2 signaling regulates osteoblast differentiation and drives BMD. Critical for BMP2
signaling is BMPRIa aggregation on the plasma membrane (Nohe et al., 2003; Nohe et al.,
2005; Nohe and Petersen, 2004a). Yet it is unknown whether BMPRIa aggregation on the
plasma membrane of BMSCs regulates BMP2 signaling and affects mineralization and
BMD. Therefore the cluster density was first determined using the B6.C3H-1-12 mouse
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model, which has increased number of osteoprogenitors and BMD. Aggregation is
determined by using confocal images of fluorescently labeling proteins and applying ICS to
quantify the cluster density (CD) of the protein. ICS is unique tool to study the aggregation
and clustering of proteins in the plasma membrane (Nohe and Petersen, 2004b). CD is the
number of protein clusters per unit area at the cell surface (μm2). A decrease in CD suggests
there is an aggregation of clusters reducing the number of clusters present. An increase in
CD demonstrates there is a possible dispersion of the clusters. These conclusions hold true if
there is no change in the intensity of the protein at the plasma membrane showing the
decrease or increase in CD is not due to a change in the number of proteins present. For
BMPRIa signaling in A431 cells it was shown that the BMPRIa CD must decrease resulting
in aggregation for Smad activation to occur.

The CD of BMPRIa was determined for B6.C3H-1-12 compared to C57BL/6J BMSCs as
control. The C57BL/6J mice were chosen as a control since only 4Mb of Chr1 from the
C3H/HeJ mouse was backcrossed to a C57BL/6J background. After isolation of BMSCs
from B6.C3H-1-12 and C57BL/6J mice the cells were fixed and labelled for BMPRIa. High
magnification images of flat regions of the cell membrane were collected and analyzed by
ICS. As Figure 3A shows BMP2 stimulation led to a significant decrease in the CD in
BMSCs isolated from C57BL/6J. The cluster density of BMPRIa in BMSCs isolated from
B6.C3H-1-12 did not respond to BMP2 stimulation, it already showed aggregation of
receptor clusters. The results are summarized if figure 3B. The C57BL/6J results are similar
to the previous ICS results (Nohe et al., 2003) while in the 1-12 the data suggest BMPRIa is
already aggregated.

BMP2 stimulation led to a decrease in aggregation of Caveolin-1 α domains in BMSCs
isolated from B6.C3H-1-12 mice

In the C57BL/6J BMSCs, the number of CD for BMPRIa significantly decreased with
BMP2 stimulation showing aggregation at the cell surface, while receptors in B6.C3H-1-12
were already aggregated. Recent data showed that BMP2 binds with high affinity to
receptors localized in caveolae (Bonor et al., Accepted). Additionally BMP receptors shuttle
between caveolae isoforms on the plasma membrane (Nohe et al., 2003; Nohe et al., 2005).
Therefore we determined the aggregation or CD of caveolae at the plasma membrane
surface of BMSCs isolated from C57BL/6J and B6.C3H-1-12 mice in response to BMP2
with the use of ICS. The CD for Cav1 shows the number of Cav1 clusters per μm2. It allows
for a description of the dynamics for caveolae.

Figure 4A shows there is a trend of increased CD of Cav1 α on the cell surface of BMSCs
isolated from C57BL/6J and a significant decrease for the B6.C3H-1-12 mice (p<0.05) in
response to BMP2. Furthermore, the CD of Cav1 total did not change at the cell surface of
BMSCs of the C57BL/6J with BMP2 stimulation (Figure 4C). Labelled Cav1 total, which
includes Cav1 αβ and Cav1 β, showed CD of the B6.C3H-1-12 significantly increased from
a normalized CD of 1.07 to 1.3 with BMP2 stimulation. The cell surfaces of BMSCs from
C57BL/6J did not significantly change while the B6.C3H-1-12 did respond to BMP2
stimulation. This data indicates that the number of caveolae enriched with Cav1 α isoforms
slightly increased and a few of the Cav1 β disappears in the C57BL/6J while in
B6.C3H-1-12 cells the caveolae of Cav1 α are reduced at the cell surface and Cav1 β appear
in response to BMP2 stimulation. The results are summarized in a diagram in figure 4B.

Increased BMPRIa shuttling to Cav1 α enriched caveolae in the B6.C3H-1-12
We previously found that BMP2 bound to receptors in caveolae and using Image Cross
Correlation Spectroscopy (ICCS) shuttles between caveolae isoforms for signaling (Bonor et
al., Accepted; Nohe et al., 2004b; Nohe et al., 2003; Nohe et al., 2005). ICCS is novel tool to
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study the co-localization of two proteins in the plasma membrane (Nohe and Petersen,
2004a). Since during BMP2 stimulation, the aggregation of BMPRIa is altered in
B6.C3H-1-12 while the aggregation of caveolae is changed we next investigated whether
BMPRIa shuttles between caveolae isoforms.

Figure 5 shows that 53% of BMPRIa co-localized with labelled Cav1 α and 49% co-
localized with labelled Cav1 total in the BMSCs isolated from C57BL/6J mice. This
indicates a non-significant amount of BMPRIa is co-localized with Cav1 β (Figure 5).
BMP-2 stimulation caused no significant change for the co-localization of BMPRIa with
labelled Cav1 total or Cav1 α. On the other hand, the response to BMP2 was determined by
BMSCs isolated from B6.C3H-1-12 (Figure 5). 44% of BMPRIa co-localized with labelled
Cav1 α and 59% co-localized with labelled Cav1 total in the B6.C3H-1-12 this is increased
compared to the C57BL/6J. There was approximately 15% of BMPRIa co-localized with
Cav1 β (Figure 5). BMP2 stimulation led to a significant increase to 52% of BMPRIa co-
localizing to label Cav1 α and only a trend of decreasing amount of BMPRIa co-localizing
with labelled Cav1 total. This indicates the 15% co-localized to Cav1 β shuttled to Cav1 α.
This migration of BMPRIa out of Cav1 β was only observed in B6.C3H-1-12 cells and there
was increased BMPRIa co-localized with caveolae.

Caveolin-1 isoforms show an increased co-localization with BMPRIa in BMSCs isolated
B6.C3H-1-12 mice

BMPRIa at the cell surface of BMSCs localized to caveolae for both the C57BL/6J and
B6.C3H-1-12 mice, with more co-localization in the B6.C3H-1-12. BMP2 response in the
B6.C3H-1-12 resulted in the shuttling of BMPRIa from the Cav1 β to Cav1 α while there
was no movement of BMPRIa in the BMSCs isolated from the C57BL/6J mice. Yet with
BMP2 stimulation there are more caveolae domains present at the cell surface for the
B6.C3H-1-12 cells. Therefore the percent of caveolae containing BMPRIa was determined
for C57BL/6J and B6.C3H-1-12 cells either non-stimulated or stimulated with BMP2. The
analyses of labelled BMSCs for BMPRIa and Cav1 α or Cav1 total showed 66% of labelled
Cav1 α and 69% of labelled Cav1 total co-localized with BMPRIa, showing about 72% of
Cav1 β contain BMPRIa (Figure 6). BMP2 stimulation did not lead to a significant increase
of labelled Cav1 α and labelled Cav1 total co-localizing with BMPRIa.

In the B6.C3H-1-12 mice, 60% of labelled Cav1 α and 80% of labelled Cav1 total co-
localized with BMPRIa (Figure 6). It indicates approximately all (100%) of Cav1 β co-
localized with BMPRIa (Figure 6). The addition of BMP2 did not yield significant change
for labelled Cav1 α co-localizing with BMPRIa, but there was a significant decrease in the
co-localization between labelled Cav1 total and BMPRIa. This indicates a decrease in the
co-localization of Cav1 β with BMPRIa (Figure 6).

Smad signaling is regulated by caveolae
Cultured BMSCs isolated from C57BL/6J and B6.C3H-1-12 were transfected with a
reporter plasmid encoding pSBE (Smad Binding Element) and pRL-uc for normalization;
cells were either stimulated or not. As figure 7A shows BMP2 stimulation significantly
increased Smad signaling for both C57BL/6J and B6.C3H-1-12 BMSCs. In theB6.C3H-1-12
isolated BMSCs the BMP2 induced Smad signaling increase was 3 fold compared to the 1.6
fold increase in the C57BL/6J BMSCs.

We also quantified Smad signaling with the knockdown of Cav1 by siRNA to determine a
relationship between caveolae and Smad signal. Knockdown of Cav1 in the absence of
BMP2 did not alter Smad signaling from C57BL/6J. The addition of BMP2 did not increase
Smad signaling that was observed with endogenous Cav1 (Figure 7B). The knockdown of
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Cav1 in B6.C3H-1-12 induced a significant increase in Smad signaling in the absence of
exogenous BMP2. The addition of BMP2 with the knockdown of Cav1 did not induce a
Smad signal similar as to what was observed in C57BL/6J.

Downstream of BMP2-Smad signaling is Cbfa1 and it is involved with osteoblast
differentiation. Since osteoblasts isolated from B6.C3H-1-12 are more active than C57BL/
6J, we used a reporter plasmid for Cbfa1 to determine whether BMSCs from B6.C3H-1-12
are more reactive to BMP2 compared to C57BL/6J mice. In the absence of BMP2, there was
a significant 1.4 fold increase of Cbfa1 activity in the B6.C3H-1-12 BMSCs compared to
C57BL/6J (Figure 7C). Interestingly BMP2 stimulation showed a slight but non-significant
decrease in Cbfa1 activity for C57BL/6J (1 to 0.7) and a significant decreased for
B6.C3H-1-12 (1.4 to 0.5).

BMP2 induced increased mineralization in the B6.C3H-1-12 cells
The BMP2-induced Smad pathway can drive osteoblast differentiation and mineralization.
BMP2 induced Smad signaling in BMSCs isolated from the C57BL/6J and B6.C3H-1-12
mice with the response in the B6.C3H-1-12 being robust. Therefore we quantified the BMP2
induced mineralization of BMSCs in vitro by von Kossa staining. Images of stained cells
were taken of the mineralization and quantified using ImageJ.

The area of mineralization was significantly increased with BMP2 treatment for both
BMSCs isolated from the C57BL/6J and B6.C3H-1-12 mice (Figure 8). The response
observed with the B6.C3H-1-12 mice was increased compared to the C57BL/6J. This is
similar to the activation of the Smad pathway measured by SBE reporter. The BMSCs
isolated from the B6.C3H-1-12 cells have increased receptor shuttling at the cell surface,
Smad signaling, and mineralization compared to the C57BL/6J.

Discussion
The plasma membrane is a very heterogeneous environment consisting of lipids, cholesterol
and proteins. Within the surface are areas of aggregation called membrane domains such as
clathrin coated pits, caveolae and lipid rafts (Lajoie et al., 2009; Semrau and Schmidt, 2009).
BMP receptors co-localize to these domains for various functions including signaling,
endocytosis, and receptor turn over (Di Guglielmo et al., 2003; Nohe et al., 2005; Razani et
al., 2001; Sieczkarski and Whittaker, 2002; Thomas and Smart, 2008). In this paper the
membrane dynamics and activation of signaling pathways of BMSCs isolated from two
mouse strains, C57BL/6J and the congenic B6.C3H-1-12 (results are summarized in Figure
1) were probed. The C57BL/6J mouse was used as the control since the B6.C3H-1-12
congenic was developed by back crossing 4Mb of Chr1 from the C3H/HeJ mice onto the
C57BL/6J background. The BMD of the C57BL/6J mice has been shown to be low
compared to other mouse strains (Judex et al., 2002).

BMP2 is a key growth factor driving osteoblast differentiation of BMSCs to osteoblasts and
in vivo studies have linked BMP2 to BMD. A limb site specific inactivation of BMP2 (using
the Prx1 Cre) in mice led to bilateral fractures at sites with decreased BMD. It was
suggested the fractures were due to low BMD and architecture, due to the heterozygous
mice demonstrated an intermediate expression of BMP2 and BMD although there were no
fractures present (Tsuji et al., 2006). Disruption of BMP signaling through BMPRIa in
mature mouse osteoblasts showed decreased bone mass (BV/TV) at 3 months, yet increased
bone mass at 10 months, suggesting aging also influences BMPRIa signaling (Mishina et al.,
2004). When the disruption of BMP signaling through BMPRIa was inducible and under a
type I collagen promoter affecting pre-osteoblasts and mature osteoblasts, there was an
increase in bone mass and BMD at 22 weeks while there was a decrease in bone formation
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(BFR/BS) and mineral apposition rate (Kamiya et al., 2008). These results suggest BMPRIa
regulates BMD specifically within the osteoblast lineage and is dependent upon age and the
stage of differentiation of the osteoblast. Our study utilizes eight week old female mice
before they reach their peak bone mass (Beamer et al., 1996). BMPRIa is used because it is
thought to be responsible for the initiation of osteogeneic development in cell lines and
BMSCs (Kaps et al., 2004; Nakamura et al., 2003; Wang et al., 2010; Yeh et al., 2000),
there is a possibility that BMPRIb contributes to Smad signaling (Skillington et al., 2002).

Using ICS we were able to calculate the CD for the two caveolae populations and BMPRIa
on BMSCs from C57BL/6J and B6.C3H-1-12. The data suggests that for the B6.C3H-1-12
BMSC surface the caveolae enriched with Cav1 β disperse creating more caveolae while
there is an aggregation of Cav1 αβ enriched caveolae. The non-significant change in CD for
caveolae in the C57BL/6J was surprising since an aggregation of Cav1 β enriched caveolae
was observed in the A431 cell line (Nohe et al., 2004b). The BMPRIa clusters did aggregate
in the C57BL/6J cells, as was predicted by previous results (Nohe et al., 2004b; Nohe et al.,
2003; Nohe et al., 2005).

BMPRIa and BMPRII localize to caveolae enriched with Cav1 αβ (here termed Cav1 α)and
Cav1 β. BMPRIa shuttle from Cav1 β enriched caveolae upon BMP2 stimulation to Cav1 αβ
caveolae and clathrin coated pits at the cell surface (Bragdon et al., 2009; Nohe et al.,
2004b; Nohe et al., 2005), though it is the BMPRIa localized to caveolae that interact with
BMP2 and become activated for Smad signaling (Bonor et al., Accepted). Shuttling between
caveolae of the isoforms was crucial for the activation of Smad signaling by BMP2 (Nohe et
al., 2004b; Nohe et al., 2003; Nohe et al., 2005; Nohe and Petersen, 2004b). The amount of
BMPRIa co-localized to Cav1 β caveolae was non-significant and the majority of BMPRIa
(55%) co-localized with Cav1 α enriched caveolae. Furthermore, BMP2 stimulation did not
lead to a significant change in the co-localization of BMPRIa with caveoale. In the
B6.C3H-1-12 cells there was an increased amount of BMPRIa localized to Cav1 α enriched
caveolae as well as Cav1 β enriched caveolae. BMP2 initiated BMPRIa to shuttle from Cav1
β caveolae to Cav1 α caveolae, which is similar to A431 cells. The shuttling of BMPRIa
from Cav1 β caveolae to Cav1 α caveolae may be key for increased BMP2 signaling and
BMD.

BMP2 activation of the Smad pathway is dependent upon the shuttling of BMPRIa from
Cav1 β to Cav1 α caveolae due to Cav1 β being inhibitory to signaling (Nohe et al., 2003;
Nohe et al., 2005). We investigated whether the B6.C3H-1-12 cells respond differently with
BMP2 compared to C57BL/6J due to the shuttling of BMPRIa at the cell surface of the
B6.C3H-1-12. BMP2 activated the Smad pathway in C57BL/6J and B6.C3H-1-12 cells,
although the increase in Smad signaling of B6.C3H-1-12 was increased compared to the
C57BL/6J response. The B6.C3H-1-12 BMSCs are more reactive to BMP2 and could
increase the osteoblastic activity and number of progenitors. The mineralization stained by
von Kosssa showed similar results where the B6.C3H-1-12 cells showed increased
mineralization in response to BMP2 compared to the C57BL/6J reaction to BMP2. This
increase in activity in the B6.C3H-1-12 cells could be due to BMPRIa utilization of caveolae
compared to C57BL/6J where BMPRIa is stagnant at the cell surface.

When caveolae were disrupted by knocking down Cav1 there was a loss of BMP2 response
in C57BL/6J and B6.C3H-1-12 cells. In the absence of BMP2 the knockdown of Cav1
actually induced a Smad response in only the B6.C3H-1-12 cells. The loss of BMP2
response in both C57BL/6J and B6.C3H-1-12 indicate caveolae may be needed for Smad
signaling to occur with BMP2 stimulation, since BMPRIa is localized to Cav1 α caveolae
for both C57BL/6J and B6.C3H-1-12 cells. Interestingly the loss of caveolae in
B6.C3H-1-12 induced Smad signaling independent of exogenous BMP2. This could be due
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to Cav1 β interacting with BMPRII and inhibiting the activation of BMPRIa, thus the loss of
Cav1 would no longer negatively regulate BMP receptor activation and Smad signaling.
Also the dynamics and distribution of BMPRII are unknown for these cell types, since
BMPRII is the BMP receptor that directly interacts with Cav1 β.

Downstream of Smad signaling is Cbfa1 which is needed for osteoblast differentiation (Lee
et al., 2000). The activation levels of Cbfa1 activity was increased in B6.C3H-1-12
compared to C57BL/6J cells at basal levels. This could be contributing to the increase
osteoblastic progenitors and activity, but it is independent of Smad signaling, since the basal
levels of Smad signaling for C57BL/6J and B6.C3H-1-12 were similar. The addition of
BMP2 did not increase the activation of Cbfa1. The response time to see an increase in
Cbfa1 by BMP2 could take longer than the 18 hours required for the reporter gene assays
performance. This is supported by the increased mineralization of the BMSCs by BMP2.
Although 18 hours of BMP2 stimulation reduced the activity of a crucial factor for
osteoblast differentiation, Cbfa1, in BMSCs isolated from the C57BL/6J and B6.C3H-1-12
mice these cells when stimulated with BMP2 for 12 days significantly increased
mineralization.

Our results showed: 1) BMP2 stimulation led Cav1 β caveolae to aggregate and Cav1 αβ
caveolae to disperse in the B6.C3H-1-12 BMSCs, while no change was observed with the
C57BL/6J cells, 2) BMPRIa aggregates in the C57BL/6J with BMP2 stimulation, 3)
BMPRIa shuttles out of Cav1 β caveolae and into Cav1 α caveolae in the B6.C3H-1-12
cells, 4) the B6.C3H-1-12 BMSCs are more reactive with Smad signaling by BMP2
stimulation, and 5) BMP2 induced mineralization is increased in the BMSCs of the
B6.C3H-1-12 compared to C57BL/6J. These results suggest BMPRIa shuttling and co-
localization with caveolae is crucial for BMP2 induced Smad signaling and mineralization.
The isolated BMSCs from the B6.C3H-1-12 mice showed increased BMPRIa shuttling
while BMSCs from the low BMD (C57BL/6J) demonstrated decreased receptor shuttling.
Changes in BMPRIa shuttling and co-localization with caveolae of BMSCs can lead to
changes in the response to BMP2-induced Smad pathway and enhanced bone mineralization
associated with C3H alleles in distal Chr1 of the B6.C3H-1-12 congenic mice.
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Figure 1. Summary of BMP2-induced BMPRIa and caveolae dynamics
The left panel is the summary from the BMSCs data isolated from the C57BL/6J. BMPRIa
is localized to caveolae enriched with Cav1 α, while some receptors are not localized to
caveolae (located at the cell surface). The addition of BMP2 decreased CD for BMPRIa. No
change was observed for caveolae. The amount of BMPRIa localized to caveolae enriched
with Cav1 α did not significantly change in the C57BL/6J. These dynamics led to increased
Smad signaling. The right panel shows the summary from the BMSCs isolated from the
B6.C3H-1-12. BMPRIa is localized to the cell surface, Cav1α and Cav1β enriched caveolae.
BMP2 stimulation led to increased CD for caveolae resulting in increased Cav1 β enriched
caveolae and decreased Cav1 α enriched caveolae. There was no change with the CD for
BMPRIa. BMPRIa in Cav1β enriched caveolae domains shuttled to Cav1 α caveolae in
response to BMP2. This led to increased Smad signaling, more so than C57BL/6J.
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Figure 2. Auto and Cross Correlation Functions of BMPRIa and Cav1 α in C57BL/6J
BMSCs were isolated and cultured on glass cover slips. The proteins, BMPRIa and Cav1 α,
were labeled with a primary followed by a fluorescent secondary antibody. Images were
taken at high resolution of the cellular membrane. Following confocal microscopy ICS and
ICCS was performed on the images. A sample image of BMSC isolated from the C57BL/6J
labeled for A) BMPRIa and B) Cav1 α with the corresponding high resolution image and
auto correlation function. The cross correlation function for ICCS is to the right for the
image.
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Figure 3. BMP2 stimulation led to a decrease in the clustering of BMPRIa on the cell surface of
BMSCs isolated from C57BL/6J mice and no change for B6.C3H-1-12 mice
BMSCs were isolated from 8 week old female C57BL/6J and B6.C3H-1-12 mice and
stimulated or not stimulated with BMP2 (40nM). Cells were fixed using acetone/methanol
and labelled for BMPRIa using a polyclonal goat BMPRIa antibody (Santa Cruz) followed
by a secondary donkey anti goat Alexa 546 (molecular probes). High magnification images
of flat regions of the plasma membrane were collected using a confocal microscope and the
CD of BMPRIa was calculated. A) In the C57BL/6J the CD decreased with BMP2
stimulation. There was no change in CD in B6.C3H-1-12 mice with BMP2 stimulation. B)
The summary of the CD results for BMSCs isolated from the C57BL/6J and B6.C3H-1-12.*
Indicates significance as detected by one tailed student t test (p<0.05).
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Figure 4. BMP2 stimulation leads to Caveolin-1 dispersion in BMSCs isolated from B6.C3H-1-12
mice
A and B) BMSCs were isolated from 8 week old female mice. 1×10−5 cells were plated on a
25mm round cover slip. After 10 days cells were stimulated or not stimulated with BMP2
(40nM). After fixation with acetone/methanol, cells were fluorescently labeled for B) Cav1
α or C) Cav1 Total. Forty high magnification images were collected and ICS analysis was
performed. The Cluster Density (CD), which is the average number of clusters per unit area,
was calculated. BMP2 stimulation led to a no significant change in the CD of labeled Cav1
α or Cav1 total of the C57BL/6J. Stimulation of BMP2 led to a significant decrease in
labeled Cav1 α caveolae and an increased in labeled Cav1 total in BMSCs isolated from
B6.C3H-1-12 mice (p<0.05). C) The summary of the CD results for Cav1 total and Cav1 α
in the BMSCs isolated from the C57BL/6J and B6.C3H-1-12. * Indicates significance with
one tail student t test.
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Figure 5. BMPRIa co-localized to a higher extent with caveolae in BMSCS isolated from
B6.C3H-1-12 mice C57BL/6J
BMSCs isolated from B6.C3H-1-12 and C57BL/6J mice were stimulated after 10 days in
culture with BMP2 or not as indicated. Cells were fixed and stained for BMPRIa and Cav1
isoforms as indicated. High magnification images were collected and the percent of co-
localization was calculated using Image Cross Correlation Spectroscopy. The top panel
shows the graphs of ICCS data collected. In BMSCs of the C57BL/6J mice (left side), ~51%
and ~56% of BMPRIa co-localized with labelled Cav1α and Cav1 total respectively. BMP2
stimulation led to a no significant change in co-localization. B6.C3H-1-12 (right side) mice
showed 44% and 52% of BMPRIa co-localized with labelled Cav1α and Cav1 total.
Stimulation with BMP2 led to a significance increase to 52% for labelled Cav1α. There was
no significant change in the co-localization for labelled Cav1total. The middle panel shows
tables of the calculated percentages of co-localization of BMPRIa with Cav1 α or Cav1 β
enriched caveolae. Since the percentage of BMPRIa co-localized with labelled Cav1 α and
Cav1 total were very similar (over lapping error bars) these numbers were averaged for the
table. The lower panel shows the overall trends that were observed for BMPRIa co-
localization with caveolae. * Indicates significance as detected by one tailed student t test
(p<0.05).
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Figure 6. BMP2 led to a decrease of Cav1 co-localization with BMPRIa in BMSCs isolated from
B6.C3H-1-12 mice
BMSCs isolated from 8 week old female C57BL/6J (left) or B6.C3H-1-12 (right) mice were
fixed and stained for BMPRIa and Cav1 isoforms. The top panel illustrates the ICCS graphs.
In BMSCs isolated from C57BL/6J, ~67% of the Cav1α and ~67% of Cav1 total co-
localized with BMPRIa. Upon BMP2 stimulation there was no significant change in the co-
localization for both labelled Cav1α and Cav1 total. In the B6.C3H-1-12, there was no
significant change in the co-localization of labelled Cav1α with BMPRIa. In the absence of
BMP2 80% of labelled Cav1 total co-localized with BMPRIa, with BMP2 stimulation there
was a significant decrease (66%) in co-localization. The middle panel shows a table of
calculated percentages of co-localization between Cav1 and BMPRIa. The lower panel is the
overall trends that were observed from the graph of Cav1 co-localization with BMPRIa. *
Indicates significance as detected by one-tailed student t test (p<0.05).
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Figure 7. Increased Smad and Cbfa1 pathways are activated in the B6.C3H-1-12 mice
BMSCs isolated from C57BL/6J and B6.C3H-1-12 female mice were transfected with A)
pSBE, B) pSBE and siRNA for Cav1, C) CBFA1, and with a plasmid encoding renilla
(pRL-luc) for normalization. After four hours cells were then stimulated or not with BMP2
(40nM). Reporter gene assays were performed 12 hours later. A) In the C57BL/6J and
B6.C3H-1-12 there was an increase in Smad signalling with BMP2 stimulation. B) The
knockdown of Cav1 induced Smad signalling independent of BMP2 in BMSCs from
B6.C3H-1-12. Both C57BL/6J and B6.C3H-1-12, the knockdown of Cav1 blocked BMP2-
induced Smad signalling. C) The basal level of Cbfa1 is increased in cells from
B6.C3H-1-12 compared to C57BL/6J. The addition of BMP2 showed a trend of decreased
signaling in C57BL/6J and significant decrease in B6.C3H-1-12. * Indicates significance as
detected by student t test for A) and C), ANOVA followed by Tukey’s test for B) (p<0.05).
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Figure 8. There is increased mineralization induced by BMP2 in the B6.C3H-1-12 mice
BMSCs isolated from the C57BL/6J and B6.C3H-1-12 female mice were cultured in 24 well
plates for 10 days. Cells were treated with BMP2 (40nM) or left non-stimulated to serve as
controls. After 12 days cells were stained for mineralization with von Kossa. BMP2
stimulation significantly increased mineralization by BMSCs isolated from the C57BL/6J
and B6.C3H-1-12. BMP2 treatments were normalized to corresponding control. * Indicates
significance as detected by student t test (p<0.05).
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