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Abstract
Cellular mechanotransduction, the process of converting mechanical signals into biochemical
responses within cells, is a critical aspect of bone health. While the effects of mechanical loading
on bone are well recognized, elucidating the specific molecular pathways involved in the
processing of mechanical signals by bone cells represents a challenge and an opportunity to
identify therapeutic strategies to combat bone loss. In this study we have for the first time
examined the relationship between the nucleocytoplasmic shuttling transcription factor nuclear
matrix protein-4/cas interacting zinc finger protein (Nmp4/CIZ) and β-catenin signaling in
response to a physiologic mechanical stimulation (oscillatory fluid shear stress, OFSS) in
osteoblasts. Using calvaria-derived osteoblasts from Nmp4-deficient and wild-type mice, we
found that the normal translocation of β-catenin to the nucleus in osteoblasts that is induced by
OFSS is enhanced when Nmp4/CIZ is absent. Furthermore, we found that other aspects of OFSS-
induced mechanotransduction generally associated with the β-catenin signaling pathway,
including ERK, Akt and GSK3β activity, as well as expression of the β-catenin-responsive protein
cyclin D1 are also enhanced in cells lacking Nmp4/CIZ. Finally, we found that in the absence of
Nmp4/CIZ, OFSS-induced cytoskeletal reorganization and the formation of focal adhesions
between osteoblasts and the extracellular substrate is qualitatively enhanced, suggesting that
Nmp4/CIZ may reduce the sensitivity of bone cells to mechanical stimuli. Together these results
provide experimental support for the concept that Nmp4/CIZ plays an inhibitory role in the
response of bone cells to mechanical stimulation induced by OFSS.
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Introduction
Mechanical loading of the skeleton plays a vital role in bone health. Mechanical stimulation
is necessary to properly coordinate the activity of bone osteoclasts and osteoblasts that is
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critical for normal bone turnover and remodeling. Cells within bone, including osteocytes,
bone lining cells, and osteoblasts are capable of detecting and responding to the mechanical
strain-induced movement of fluid through the spaces surrounding bone cells (Rubin et al.,
2006; Santos et al., 2009a; You et al., 2008). Significant progress has been made in recent
years in elucidating the molecular pathways involved in the cellular processing of
mechanical signals induced by fluid shear stress that ultimately result in vital biochemical
changes inside cells, a process referred to as cellular mechanotransduction (Papachristou et
al., 2009; Wang et al., 2009). For example, mechanotransduction at sites of physical
interaction between bone cells and the extracellular matrix that are mediated by integrin cell
adhesion molecules are generally viewed as necessary for proper processing of mechanical
signaling (Pavalko et al., 1998; Ponik and Pavalko, 2004; Young et al., 2009). Because
integrins lack intrinsic catalytic activity, signaling molecules like focal adhesion kinase
(FAK) that associate with the cytoplasmic domains of integrin β subunits, appear to play a
key role in coupling mechanical signals detected via integrins into biochemical responses in
bone cells (Young et al., 2009). Despite good progress, important aspects of
mechanotransduction in bone remain poorly understood. We have suggested previously that
mechanical signaling in bone involves the activity of mechanically sensitive
“mechanosomes” which are nucleocytoplasmic shuttling protein complexes that transduce
mechanical signals detected by integrins at the cell surface into conformational changes in
the promoters of target genes in the nucleus (Pavalko et al., 2003b). Among the proteins
proposed to comprise these mechanosome signaling complexes are integrins, focal adhesion
kinase (FAK), vinculin, α-actinin, p130Cas, zyxin, β-catenin, and the transcription factors
Lef1 (lymphoid enhancer binding factor 1) and Nmp4/CIZ (nuclear matrix protein 4/cas
interacting zinc finger protein; reviewed in (Childress et al., 2009; Pavalko et al., 2003b).

Fluid shear stress and parathyroid hormone (PTH) both promote anabolic bone formation.
Interestingly, both fluid shear and PTH also promote translocation of β-catenin from the
cytoplasm to the nucleus, a critical aspect of mechanosome activity (Kulkarni et al., 2005;
Norvell et al., 2004a; Robinson et al., 2006; Santos et al., 2009b; Tobimatsu et al., 2006).
Because β-catenin plays a role in some load-induced changes in osteoblast gene expression
(Case et al., 2008) and is sensitive to mechanical load and PTH (Wang et al., 2008), it may
play a key role in mechanically-induced bone formation, reviewed in (Williams and
Insogna, 2009) and, along with Nmp4CIZ, is a focus of the current study.

Nmp4 was initially characterized as a PTH-responsive nuclear matrix architectural
transcription factor, i.e. a protein that alters gene activity by bending DNA (Alvarez et al.,
1997; Alvarez et al., 1998; Thunyakitpisal et al., 2001). We hypothesized that the PTH- or
load-induced changes in osteoblast adhesion and shape were transduced by Nmp4 into
alterations in target gene DNA conformation and ultimately activity (Bidwell et al., 1998;
Pavalko et al., 2003b). CIZ was independently identified as a nucleocytoplasmic shuttling
Cys2His2 zinc finger transcription factor that interacts with the focal adhesion protein
p130Cas (Nakamoto et al., 2000). The association of NMP4/CIZ with p130Cas, a force
sensor/transducer of the cell (Sawada et al., 2006), supports the hypothesis that this
association mediates communication between integrins and the nucleus (Nakamoto et al.,
2000) and may be particularly relevant to changes in adhesion signaling that occur during
bone cell response to PTH or load (Childress et al., 2009; Pavalko et al., 2003b). Nmp4/CIZ
has been shown to regulate the expression of Mmp-13 in rat bone cells in response to fluid
shear stress (Charoonpatrapong-Panyayong et al., 2007). In fact, the expression of Nmp4/
CIZ itself is sensitive to fluid shear stress, consistent with a role for this protein in bone
mechanotransduction. Nmp4/CIZ is a general repressor of the anabolic bone response. The
independently prepared Nmp4 knockout (KO) and CIZ-KO mice both exhibit a modestly
enhanced skeletal phenotype including elevated bone mineral density and content compared
to wild-type (WT) mice (Morinobu et al., 2005; Robling et al., 2009). The CIZ-KO mice
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show a greater increase in bone formation in response to BMP2 as compared to WT mice
(Morinobu et al., 2005) and the Nmp4-KO mice exhibit an enhanced increase in bone
formation in response to intermittent PTH as compared to their WT counterparts (Robling et
al., 2009). Remarkably Nmp4/CIZ mediates disuse-induced bone loss in mice since the CIZ-
nulls are impervious to hind limb suspension (Hino et al., 2007). Therefore, Nmp4/CIZ may
suppress pathways common to both PTH- and mechanical load-induced anabolic response
(Childress et al., 2009).

The p130Cas/Nmp4/CIZ and β-catenin/Lef1 signaling pathways share several similar
features (reviewed in, (Childress et al., 2009). Both Nmp4/CIZ and Lef1 are
nucleocytoplasmic shuttling high mobility group (HMG) architectural transcription factors
that associate with adhesion complex proteins (p130Cas and β-catenin, respectively) and
appear to translocate between adhesion sites at the membrane and the nucleus. In this study
we have for the first time examined the relationship between Nmp4/CIZ and β-catenin
signaling in response to mechanical stimulation. We found that translocation of β-catenin to
the nucleus in osteoblasts that is normally induced by oscillatory fluid shear stress (OFSS) is
attenuated in the presence of Nmp4/CIZ. Furthermore, we show that other aspects of OFSS-
induced mechanotransduction that are associated with the β-catenin pathway, including
ERK, Akt and GSK3β activity, as well as expression of the β-catenin-responsive protein
cyclin D1 (Tetsu and McCormick, 1999) are enhanced in cells lacking Nmp4/CIZ. Finally,
we found that in the absence of Nmp4/CIZ, OFSS-induced reorganization of the actin
cytoskeleton and formation of focal adhesions, as has been described previously (Ponik and
Pavalko, 2004) is qualitatively enhanced, further suggesting that Nmp4/CIZ may reduce the
sensitivity of bone cells to mechanical stimuli. Together, these results support the concept
that Nmp4 normally plays an inhibitory role in bone cell mechanotransduction.

Materials and Methods
Isolation, culture and verification of primary mouse calvarial osteoblasts

Calvarial osteoblasts were isolated from WT and Nmp4-KO mice in a 129SvEv and C57BL/
6J F2 (Nmp4-KO-F2) background and have been described previously (Robling et al.,
2009). In addition, the Nmp4-KO-N6 background mice, which were derived via
backcrossing the Nmp4-KO-F2 onto a C57BL/6J background through six generations, were
also used for isolation of primary calvarial osteoblasts and compared to C57BL/6J mice
osteoblasts (Robling et al., 2009). No differences based on background (F2 vs. N6) were
observed except as noted below for β-catenin immunofluorescence nuclear:cytoplasmic ratio
measurements. The isolation of primary mouse calvarial osteoblasts was carried out as
described previously (Pavalko et al., 2003a). Briefly, calvaria from 10 to 12 WT or Nmp4-
KO neonatal mice (day 3–5 after birth) were isolated aseptically and minced, and then
digested consecutively for 5, 15 and 25 minutes at 37°C in digestion media including 0.2%
collagenase P and 0.25% trypsin with shaking. Cells from the second and third digests (15
and 25 minutes digest) were pooled and cultured in minimal essential media alpha (α-MEM,
Gibco) supplemented with 10% fetal calf serum (FCS) and 1% penicillin/streptomycin
(Gibco). Cells were passed at approximately 90% confluence with 0.25% trypsin and the
media were changed every other day. Primary osteoblasts were confirmed by alkaline
phosphatase staining with NBT/BCIP method (images not shown) and comparing to the
osteoblastic cell line MC3T3-E1.

Oscillatory fluid flow
Primary calvarial osteoblasts were used between passages 2–4 for flow experiments. Prior to
OFFS, WT and Nmp4-KO cells were passed onto sterile glass slides at a density of 2×105

cells per slide, grown for 24 hours and serum-starved in α-MEM media supplemented with
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0.5% FCS and 1% penicillin/streptomycin for 24 hours. α-MEM media supplemented with
0.5% FCS and 1% penicillin/streptomycin was used for flow experiments. The slides were
placed in specially designed chambers (described previously, (Pavalko et al., 2003a), which
then were maintained in a 37°C incubator with 5% CO2 and connected to a pump with PVC
tubing (Nalgene 180). The cells were subjected to the oscillatory fluid flow at a frequency of
1Hz using a pump apparatus described previously (Jacobs et al., 1998). Static controls were
held in dish cultures at 37°C with 5% CO2.

Western blotting and quantification
Cells subjected to static and OFSS conditions were harvested in SDS sample buffer, and
protein concentrations were determined using the amido black method. Equal amounts of
protein (20μg) were loaded onto SDS-PAGE gels for separation and transferred to
nitrocellulose. The following primary and secondary antibodies were used: ph-Erk1/2/
Erk1/2 (Santa Cruz), β-catenin (BD, #610153), ph-Akt/Akt (Cell Signaling, #9271 and
#9272), ph-GSK3β/GSK3β (Cell Signaling #9336, BD #610201), COX-2 (Santa Cruz) and
Cyclin D1 (Zymed #13–4500), Vinculin (Sigma), Actin (Sigma). Secondary antibodies:
horseradish peroxidase (HRP) conjugated goat anti-mouse, HRP conjugated goat anti-rabbit
and HRP conjugated donkey anti-goat (Santa Cruz). Densitometry was quantified using the
software Multi Gauge V2.3 (Fuji).

Immunofluorescence and quantification
Following 24 hr of serum starvation (0.5% FCS), cells subjected to static culture conditions
were fixed immediately (static) or fixed after 1 hr or 2 hr of OFSS with 4%
paraformaldehyde solution and processed for immunofluorescence by permeabilization with
0.2% triton followed by rinsing in Tris-buffered saline (TBS). Slides were then treated with
1% BSA solution in TBS for 30 minutes at 37°C to block non-specific antibody binding.
The following primary and secondary antibodies were used: vinculin (Sigma) or β-catenin
(BD), followed by FITC-conjugated goat anti-mouse (Santa Cruz). Hoechst 33342 and
Texas-Red phalloidin were used for visualizing the nucleus and F-actin, respectively.
Images were captured using a Nikon inverted immunofluorescence microscope equipped
with a CCD camera. Random image fields (10–15 fields/slide) were captured from 3
separate slides per experimental trial. No distinction was made between cells on the 3
separate slides within each treatment group. Fluorescence intensities of β-catenin labeling
were measured in nuclei that were outlined manually based on the Hoechst 33342 stained
image. Nuclear outlines were then duplicated and used to measure fluorescence intensities in
the cytoplasm adjacent to the nucleus. A minimum of n=100 cells were analyzed per
treatment condition (static, 1 hr or 2 hr OFSS) in each experimental trial. Results shown in
Figure 1 are for cells isolated from mice with the N6 genetic background. Comparable
results were obtained when the experiment was repeated using cells from the F2 genetic
background with the exception that all treatment groups of the F2-KO cells exhibited a
significantly greater nuclear:cytoplasmic ratio of β-catenin than that observed in the F2-WT
cells. Image J software (NIH) was used for quantification.

Statistical evaluation
Statistical significance of immunoblots was assessed by one-tailed t-tests with a p value of
<0.05 interpreted as statistically significant. A two-factor ANOVA was employed to
determine if genotype (WT vs KO) or treatment (STATIC vs. 1HR OFSS vs 2HR OFSS)
had an effect on the β-catenin nuclear:cytoplasmic ratio and to evaluate whether an
interaction occurred between genotype × treatment. If the two-factor ANOVA indicated a
significant interaction the data were then analyzed using a Tukey’s HSD post hoc test to
determine significant differences between the experimental groups.
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Results
OFSS-induced nuclear translocation of β-catenin is enhanced in Nmp4 KO osteoblasts
compared to WT controls

To evaluate β-catenin signaling in bone cells from Nmp4−/− (KO) mice in response to
OFSS, primary calvarial osteoblasts were isolated from Nmp4 KO or WT mice and
subjected to OFSS for either 1 or 2 hours. Cells were fixed immediately after cessation of
OFSS and processed for immunofluorescence microscopy. As expected, both 1 hr and 2 hr
of OFSS resulted in nuclear translocation of β-catenin compared to cells maintained in static
culture. However, it appeared that OFSS-induced nuclear translocation of β-catenin in
osteoblasts isolated from Nmp4 KO mice was consistently greater than that observed in
osteoblasts isolated from WT mice (Fig. 1). This was confirmed by quantitative assessment
of nuclear vs. cytoplasmic staining for β-catenin (Fig. 1). Interestingly, there was no
significant difference in the basal nuclear/cytoplasmic ratio of β-catenin in Nmp4 KO and
WT osteoblasts maintained under static culture conditions suggesting that the absence of
Nmp4 from KO cells affected only the mechanically-induced change in β-catenin
distribution and not basal β-catenin activity. Total cellular levels of β-catenin as measured
by western blot analysis were not different between Nmp4 KO and WT cells (Fig. 1).

OFSS-induced activation of Erk, Akt and GSK3βin Nmp4 KO osteoblasts
To further evaluate the role of Nmp4/CIZ in mediating the response of osteoblasts to
mechanical loading, we subjected cells from WT and Nmp4 KO animals to OFSS for 5, 15,
30 or 60 min and analyzed activation of Erk1/2, Akt and GSK3β. As seen previously,
activation of Erk1/2 increased and peaked within 15 min of OFSS (Fig. 2). A similar time
course of Erk1/2 activation was observed in both WT and Nmp4 KO cells (Fig. 2). Erk1/2
activation in Nmp4-KO cells trended higher than levels seen in WT cells at all time points
examined, but was significantly higher only at the peak time of 15 min after onset of OFSS
(Fig. 2). Activation of Akt and GSK3β increased in response to OFSS in WT osteoblasts
(Fig. 3). This increase was significantly greater in Nmp4 KO cells at 30 and 60 min for Akt
and GSK3β, respectively (Fig. 3).

OFSS-induced expression of the β-catenin responsive gene cyclin D1 is increased in
Nmp4 KO osteoblasts compared to WT controls

To evaluate the functional significance of enhanced OFSS-induced nuclear translocation of
β-catenin, we measured expression of the β-catenin responsive gene cyclin D1 (Fig. 4). As
expected, OFSS for 2 hr resulted in increased expression of cyclin D1, consistent with
previously published reports. We observed no significant difference in the basal levels of
cyclin D1 protein between Nmp4 KO and WT osteoblasts maintained in static culture (Fig.
4). However, following 2 hr of OFSS, the protein levels of cyclin D1 was significantly
higher in Nmp4 KO cells compared to WT cells suggesting that Nmp4 may normally
function to inhibit OFSS-induced expression of these proteins in osteoblasts. Although
cyclin D1 was elevated in response to OFSS and was higher in Nmp4 KO cells, there was no
measureable difference in the rate of proliferation between WT and KO cells (not shown).
We also examined the expression of another mechanically responsive protein,
cyclooxygenase-2 (Cox-2), in response to OFSS. No significant difference in the expression
of Cox-2 was detected in response to 1 or 2 hr of OFSS between WT and KO cells (not
shown).
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Nmp4 deficiency enhances the OFSS-induced formation of stress fiber and focal
adhesions

We and others have previously reported a dramatic reorganization of actin filaments (F-
actin) into large bundles (stress fibers) and an increase in recruitment of integrins to focal
adhesions in response to both unidirectional and oscillatory fluid shear (Pavalko et al., 1998;
Ponik et al., 2007). Therefore, we also evaluated the effect of OFSS on the formation of
actin stress fibers and focal adhesions in WT and Nmp4 KO osteoblasts.
Immunofluorescence microscopy for F-actin and for the focal adhesion protein vinculin
showed that 4 hours of OFSS enhanced the formation of stress fibers and promoted the
formation of focal adhesions as observed previously (Fig. 5). However, the extent of both
stress fiber and focal adhesion formation appeared to be more robust in Nmp4 KO cells than
in the WT cells (Fig. 5). Although the absence of Nmp4/CIZ appeared to enhance OFSS-
induced reorganization of F-actin and formation of focal adhesions, western blot analysis
showed that the total levels of actin and vinculin did not differ between WT and Nmp4 KO
cells (Fig. 5).

Discussion
Our results suggest a potentially important regulatory mechanism to explain the high bone
mass phenotype of mice that lack expression of the nucleocytoplasmic shuttling
transcription factor Nmp4/CIZ. Previous work has suggested that Nmp4/CIZ functions as a
transcriptional repressor of genes that are crucial to normal regulation of osteoblast
differentiation and of genes that are activated by anabolic stimuli such as PTH and BMP-2
(Morinobu et al., 2005; Robling et al., 2009). However, the molecular mechanisms that
mediate this effect remain to be determined. Our identification of the β-catenin signaling
pathway as a target of Nmp4/CIZ-mediated action in primary osteoblasts from Nmp4 KO
mice represents a potential point of convergence between mechanical load- and PTH-
induced regulation of bone formation (Childress et al., 2009).

To investigate the role of Nmp4/CIZ in mechanotransduction, we used oscillatory fluid
shear stress (OFSS), arguably the most physiologically relevant type of mechanical stimulus
for bone cells. We found that OFSS-induced signals in osteoblasts that are triggered both
upstream (ERK, Akt and GSK-3β activation) and downstream (cyclin D1 expression) of β-
catenin are more robust when Nmp4/CIZ is absent. Our findings do not yet allow us to
identify a specific molecular role for Nmp4/CIZ in load-induced β-catenin signaling.
However, our data build on several existing lines of experimental support in favor of a role
for Nmp4/CIZ in regulating the anabolic effects of mechanical loading in bone cells. First,
Nmp4/CIZ interacts with two important focal adhesion-associated proteins: p130Cas, via the
p130Cas SH3 domain (Nakamoto et al., 2000), or indirectly via an association with zyxin,
which also interacts directly with ZNF384, the human ortholog of Nmp4/CIZ (Janssen and
Marynen, 2006). Nmp4/CIZ has also been shown to regulate the fluid shear-induced
expression of Mmp-13 in bone cells and is itself regulated by fluid shear stress
(Charoonpatrapong-Panyayong et al., 2007).

CIZ-KO mice do not lose bone during hind limb unloading providing strong evidence of a
role for Nmp4/CIZ on load-regulated bone formation in vivo (Hino et al., 2007). Thus, at
both the cellular and tissue level there is evidence that Nmp4/CIZ may suppress load-
induced mechanical signals that promote new bone formation. The present data suggest that
while in the cytoplasm, Nmp4/CIZ inhibits β-catenin nuclear translocation as well as other
signaling pathways thus reinforcing its repressive action on the transcription of target genes
(Charoonpatrapong-Panyayong et al., 2007; Shah et al., 2004; Shen et al., 2002;
Thunyakitpisal et al., 2001).
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Reorganization of the actin cytoskeleton into contractile bundles (stress fibers) and enhanced
formation of focal adhesions in osteoblasts in response to both unidirectional and oscillatory
fluid shear stress has been previously reported (Pavalko et al., 1998; Ponik et al., 2007).
Although our group has shown that cytoskeletal reorganization is not required for all
mechanically-induced gene expression (Norvell et al., 2004b), other studies suggest that
inhibiting actin assembly inhibits osteoblast gene expression in response to pulsating fluid
flow (Ajubi et al., 1996; Toma et al., 1997). Less controversial is the requirement for focal
adhesion formation in mechanotransduction. When the ability of cells to form focal
adhesions in response to mechanical load (Ponik and Pavalko, 2004; Wozniak et al., 2000)
or the activity of the focal adhesion-associated tyrosine kinase FAK (Young et al., 2009) are
blocked, load-induced signaling, including prostaglandin production and gene expression are
severely inhibited. We found that in the absence of Nmp4/CIZ OFSS-induced stress fiber
formation and focal adhesion formation are qualitatively enhanced. These results provides
additional support for the notion that Nmp4CIZ functions to render cells less responsive to
mechanical stimulation by fluid shear stress. Future studies aimed at evaluating the effect of
Nmp4/CIZ directly on integrin-mediated (focal adhesion) signaling activity should be able
to more directly evaluate the mechanistic role of this protein in mechanotransduction.

It is unclear how Nmp4/CIZ inhibits nuclear translocation of β-catenin. One potential
convergence point between the p130Cas/Nmp4/CIZ and Lef1/β-catenin pathways may be the
SMAD proteins (Childress et al., 2009). R-SMAD activity is upregulated by both PTH and
load and these proteins are important components of the anabolic pathways in bone (Li,
2008; Ogita et al., 2008; Sowa et al., 2003; Tobimatsu et al., 2006). The R-SMADs
physically interact with the Lef1/β-catenin proteins and together synergistically enhance
osteoblast gene expression (Guo et al., 2008; Labbe et al., 2000; Sato et al., 2009). Nmp4/
CIZ attenuates R-SMAD activity (Shen et al., 2002) but it is not yet clear whether this
occurs in the cytoplasm, the nucleus or both. Additionally, p130Cas, a major binding partner
of Nmp4/CIZ, suppresses R-SMAD activation (Kim et al., 2008). Elucidating the
components and interactions comprising this putative mechanosome network is necessary
for understanding the cellular and molecular basis of the skeleton’s response to PTH and
loading.
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Figure 1.
Nuclear translocation of β-catenin in response to OFSS is enhanced in Nmp4 KO primary
calvarial osteoblasts compared to osteoblasts isolated from WT mice. (A)
Immunofluorescence microscopy of primary calvarial osteoblasts subjected to static culture
conditions or OFSS for 1 hour or 2 hour (12 dynes/cm2). Slides were fixed immediatelyand
processed for immunofluorescence using an antibody against β-catenin followed by FITC-
conjugated secondary antibody. Results shown are using cells isolated from N6 mice.
Hoechst 33342 was used to label and identify the outline of nuclei (not shown). (B)
Quantification of the nuclear/cytoplasmic ratio of β-catenin in cells isolated from N6 mice.
A minimum of 100 cells in each treatment condition were selected randomly and the
fluorescent grey value was calculated in the nucleus and in an identically sized area near the
nucleus in the cytoplasm. Hoechst labeling was used to define the nuclear outline. The 2-
way ANOVA indicated a strong genotype effect (p<0.0001), a strong treatment effect
(p<0.0001) and a genotype × treatment interaction (p<0.0001). The Tukey’s HSD post hoc
analysis determined that WT STATIC=KO STATIC<WT 1HR FLOW=WT 2HR
FLOW<KO 1HR FLOW=KO 2HR FLOW. *p<0.0001 1h OFSS vs. static; #p<0.0001 2h
OFSS vs. static; @ p<0.0001 1 hr OFSS KO vs. 1hr OFSS WT and 2 hr OFSS KO vs. 2 hr
OFSS WT. NOTE: all treatment groups of the F2-KO cells exhibited a significantly greater
nuclear:cytoplasmic ratio of β-catenin than that observed in the F2-WT cells (not shown).
(C) Immunoblot analysis for total cellular β-catenin (normalized to total cellular vinculin)
from cells maintained in static culture or subjected to OFSS for 1 hr (not shown) or 2 hr. No
change in total β-catenin levels were detected as a consequence of OFSS.
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Figure 2.
Activation of ERK 1/2 in response to 15 min OFSS is enhanced in Nmp4 KO osteoblasts
compared to WT controls. (A) Representative immunoblot of total cellular protein from
Nmp4 and WT osteoblasts maintained in static culture or subjected to OFSS for 15 min.
Blots were probed either with antibody specific for phosphorylated ERK 1/2 or for total
ERK 1/2 protein. (B) Quantification of immunoblots illustrated in (A), n=3. The static vs. 15
min OFSS experiment was repeated three times with comparable results. *p<0.05 vs static;
#p<0.05 vs WT flow. (C) Representative time course of ERK 1/2 phosphorylation at 5, 15,
30 and 60 min of OFSS. Although phosphorylation of ERK 1/2 in Nmp4 KO osteoblasts
was consistently elevated above WT osteoblasts in response to OFSS at all time points, and
was significantly higher at 15 min, statistically significant differences could not be measured
at 5, 30 or 60 min (not shown).
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Figure 3.
Activation of AKT and GSK3β in response to 30 and 60 min of OFSS, respectively, was
enhanced in Nmp4 KO osteoblasts compared to WT controls. (A) Representative
immunoblot of total cellular protein from Nmp4 and WT osteoblasts maintained in static
culture or subjected to OFSS for 30 min and probed either with antibody specific for
phosphorylated Akt or for total Akt. (B) Quantification of immunoblots illustrated in (A),
n=3. The static vs. 30 min OFSS experiment was repeated three times with comparable
results. *p<0.05 vs. static; #p<0.05 vs. WT flow. (C) Representative immunoblot of total
cellular protein from Nmp4 and WT osteoblasts maintained in static culture or subjected to
OFSS for 60 min and probed either with antibody specific for phosphorylated GSK3β or for
total GSK3β. (D) Quantification of immunoblots illustrated in (C), n=3. The static vs. 60
min OFSS experiment was repeated three times with comparable results. *p<0.05 vs. static;
#p<0.05 vs. WT flow.
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Figure 4.
Induction of the β-catenin responsive protein cyclin D1 is enhanced in Nmp4 KO osteoblasts
following 2 h r of OFSS compared to WT controls. (A) Representative immunoblot for
cyclin D1 in osteoblasts from Nmp4 KO or WT osteoblasts maintained in static culture or
subjected to OFSS for 2 hr. (B) Quantification of immunoblots illustrated in (A), n=3. The
static vs. 2 hr OFSS experiment was repeated twice times with comparable results. *p<0.05
vs. static; #p<0.05 vs. WT flow.
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Figure 5.
OFSS-induced reorganization of actin filaments into stress fibers, and formation of focal
adhesions is qualitatively more extensive in Nmp4 KO osteoblasts compared to osteoblasts
from WT mice. (A) Vinculin immunofluorescence to detect focal adhesions. (B) Texas-red-
phalloidin labeling of F-actin. (C) Merged image of staining in (A) and (B). Cells were
subjected to OFSS for 4 hr. (D) Immunoblot analysis to measure total levels of vinculin and
actin in Nmp4 KO and WT osteoblasts maintained in static culture or subjected to 4 hr
OFSS.
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