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Abstract: The regulation of the differentiation of the bone-forming cells, the osteoblasts, is complex.
Many signaling pathways converge on the master regulator of osteoblast differentiation Runx2.
The role of molecules that integrate several signaling pathways such as the Rho GTPases need to
be better understood. We, therefore, asked at which stage Racl, one of the Rho GTPase, is needed
for osteoblast differentiation and whether it is involved in two pathways, the anabolic response
to parathyroid hormone and the stimulatory effect of fibronectin isoforms on integrins. Genetic
deletion of Racl in preosteoblasts using the osterix promoter diminished osteoblast differentiation
in vitro. This effect was however similar to the presence of the promoter by itself. We, therefore,
applied a Racl inhibitor and confirmed a decrease in differentiation. In vivo, Racl deletion using
the osterix promoter decreased bone mineral density as well as histomorphometric measures of
osteoblast function. In contrast, deleting Racl in differentiating osteoblasts using the collagen «1(I)
promoter had no effects. We then evaluated whether intermittent parathyroid hormone (PTH) was
able to affect bone mineral density in the absence of Racl in preosteoblasts. The increase in bone
mineral density was similar in control animals and in mice in which Racl was deleted using the
osterix promoter. Furthermore, stimulation of integrin by integrin isoforms was able to enhance
osteoblast differentiation, despite the deletion of Racl. In summary, Racl in preosteoblasts is required
for normal osteoblast function and bone density, but it is neither needed for PTH-mediated anabolic
effects nor for integrin-mediated enhancement of differentiation.

Keywords: preosteoblast; osteoblast; differentiation; Racl; Rho GTPase; PTH; parathyroid hormone;
integrin; ERK; AKT; fibronectin; EDA fibronectin; EDB fibronectin; anabolic

1. Introduction

Bone health is dependent on a balance in its turnover consisting of continuous bone resorption
by osteoclasts to remove microfractures and other defects and formation by osteoblasts to restore
bone. Increasing interest is being paid to the formation of new bone. Several pathways have been
identified and characterized in osteoblast formation and differentiation. Bone morphogenetic proteins
(BMPs) [1], fibroblast growth factors (FGFs) [2], insulin-like growth factor-1 (IGFs) [3], parathyroid
hormone (PTH) [4], wnt-f-catenin [5] and integrin-mediated signaling [6], all converge on a master
regulator of osteoblast differentiation called Runx2 [7,8].

Three signaling pathways seem to dominate in mediating osteoblast differentiation. Parathyroid
hormone, integrin signaling and canonical wnt signaling. Parathyroid hormone (PTH) is a hormone
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that regulates calcium in the bloodstream. It binds to the type I PTH/PTHrP receptor, a G-protein
coupled receptor (GPCR) on the surface of osteoblasts leading to signaling through the PKA and PKC
pathways and activation of differentiation. Unfortunately, this also leads to an indirect activation
of the osteoclasts to enhance resorption by various mechanisms including cytokine release [9-11].
Its intermittent administration, on the other hand, enhances bone formation and has been used
therapeutically [4].

Activating the integrin signaling pathway can also enhance osteoblast differentiation [6,12].
Integrins are receptors consisting of each of dimers of a « and a (3 subunit. They are located on
the cell surface and transmit signals and other cues from the extracellular surrounding to affect cell
behavior [13]. Mesenchymal stromal cells in the bone marrow can differentiate into osteoblasts,
and «4f31 and o531 integrins appear to be involved in mesenchymal cell differentiation [14]. These
integrins bind to different extracellular matrix proteins: «4f1 binds to an isoform of fibronectin
called EDA-fibronectin and «5(31 is the classical fibronectin receptor [13,15]. Furthermore, osteoblast
differentiation is enhanced by engaging av[33 integrin [6,12].

The canonical wnt signaling pathway has also been studied [16], Indeed, studies on the canonical
wnt signaling sclerostin led to the development of a therapeutic agent directed against the inhibitor
sclerostin for the treatment of osteoporosis that was recently approved for use in patients in the US [17].

Crosstalk between these pathways has been proposed by different groups: through the convergence
of PTH and integrin signaling pathways on Runx2 [8], or through indirect interactions in mesenchymal
stromal cells between integrin and wnt pathways [5]. Furthermore, PTH actions may be partially
mediated by effects on the wnt signaling pathway [18], but much remains to be clarified. Molecular
candidates for crosstalk between different signaling pathways are the Rho GTPases, which consist of
several members [19,20]. One of them is Rac1 (ras-related C3 botulinum toxin substrate 1), which is a
small key effector molecule that is ubiquitously expressed. Racl transmits signals originating from the
integrin-signaling pathway [21], and the wnt signaling pathway [22]. It, therefore, is well situated to
integrate signals involved in osteoblast differentiation. Published work suggests that the deletion of
Racl results in diminished osteoblast differentiation, but further characterization lacks [23,24].

The aim of this work, therefore, is to characterize the role of Racl in osteoblasts and in the
integration of signaling pathways involved in osteoblast differentiation.

2. Results

2.1. Racl Is Expressed in Osteoblasts and Can Be Genetically Deleted

A complete knockout of Racl leads to the death of embryos during development, because of its
ubiquitous expression and involvement in several cellular processes [25]. Since we aimed to evaluate
the role of Racl in osteoblasts, we chose to delete it genetically. Mice carrying the promoter osterix to
drive cre recombinase expression (Osx) were mated over two generations with Racl floxed/floxed mice
(Rac1?8) in order to generate mice that carry Cre (under the control of the Osx promoter) with Rac1/fl
(Osx Racl). Osx and hence Cre recombinase expression can be repressed using doxycycline during
pregnancy and postnatally. For the study of newborn calvarial osteoblasts, pregnant mothers did not
receive any doxycycline. Using the osterix promoter to drive Cre recombinase expression in primary
osteoblasts isolated from newborn calvaria, we found that Racl mRNA, as well as protein expression,
was detected in primary osteoblasts in controls (CT Rac1?/) and diminished in cells isolated from Osx
Racl animals (Figure 1A,B and Supplementary Data A).
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Figure 1. Successful deletion of Racl in osteoblasts using osterix to drive Cre recombinase expression.
(A) Racl mRNA expression is diminished in primary newborn calvarial osteoblasts isolated from Osx
Racl animals compared to cells from littermate controls (CT Rac1?/). Racl was genetically deleted
using osterix to drive Cre recombinase expression in mice homozygous for the floxed Racl gene
(Osterix-Cre/+_Rac1: Osx Racl). The mice were not exposed to doxycycline at any time pre- or
postnatally. n = 10/10. Racl mRNA was adjusted to the housekeeping gene HPRT and the values
compared by a t-test. (B) Racl protein is diminished in primary calvarial newborn osteoblasts from
Osx Racl mice compared to controls. # = 15/13. The protein was adjusted to the housekeeping protein
GAPDH. The values were then compared between both groups using a t-test.

2.2. Inhibition of Racl Suppresses Osteoblast Differentiation

Since we aimed to evaluate the role of Racl in preosteoblasts we decided to use Osx to drive Cre
expression in order to delete Racl. At first, we examined whether Osx-Cre expression by itself without
deleting any gene (Osx*/*) has any effect on osteoblast differentiation in vitro. Newborn calvarial
osteoblasts were isolated and cultured for 2-3 weeks in mineralizing condition to perform what is known
as the nodule formation assay in the absence of doxycycline-mediated cre-recombinase expression
prenatally. Wells were then stained with von Kossa and the mineralized area was photographed
and quantified. We found that expression of Cre under the control of the osterix promoter (Osx*/*)
diminished nodule formation compared to littermate controls (CT*/*) that do not express Osx-Cre.
Furthermore, alkaline phosphatase in the conditioned media at the end of the experiment was
diminished as was osteocalcin mRNA expression in Osx*/* newborn osteoblasts compared to littermate
CT*/* (Figure 2A). Since Cre recombinase was knocked into the mouse genome next to the osterix
promoter, the effect on osteoblasts could be either due to a decrease in endogenous osterix expression
or to Cre expression by the osterix promoter. Evaluation of osterix mRNA expression by another group,
however, failed to show a difference [26].
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Figure 2. Inhibition of Rac1 affects osteoblasts. (A) The expression of osterix to drive Cre recombinase
without deletion of Racl (Osx™*) in newborn calvarial osteoblasts suppresses their differentiation
in vitro compared to littermate controls not carrying any gene (CT*/*). Newborn calvarial osteoblasts
were isolated and cultured for 2-3 weeks in the mineralizing condition in the presence of vitamin C,
B-glycerophosphate, and dexamethasone added fresh with each medium change (3 times/week). At the
end, the wells are stained with von Kossa, the media evaluated for alkaline phosphatase, and mRNA
from the cells evaluated for osteocalcin mRNA expression adjusted to HPRT. The mice were not
exposed to doxycycline at any time pre- or postnatally. n = 19/16, 20/20, and 17/20. (B) Deletion of
Racl using osterix-driven Cre recombinase (Osx Rac1) leads to diminished mineralization, alkaline
phosphatase and osteocalcin/HPRT compared to littermate controls (CT Rac1¥/f). The mice were
not exposed to doxycycline at any time pre- or postnatally. n = 12/19, 32/32, and 3/5. (C) Using a
chemical inhibitor of Racl (EHT1864) added with each medium change at a final concentration of
5 uM suppressed differentiation of newborn calvarial osteoblasts as evidenced by suppressed nodule
formation in cultures stained with von Kossa, suppressed alkaline phosphatase in the conditioned
media and lower levels of osteocalcin/HPRT mRNA expression compared to control cells treated with
phosphate-buffered saline (PBS) containing dimethylsulfoxide (DMSO) at the same concentration as the
inhibitor. n = 10/15, 19/19, 12/12. The values were compared between every two groups in all subpanels
using t-tests.
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Similarly, the deletion of Racl using Osx-Cre (Osx Rac1) also showed a decrease in differentiation
compared to littermate control mice carrying Rac1?! without Osx and labeled CT Rac1¥f (nodule
formation, alkaline phosphatase and osteocalcin: Figure 2B). The degree of reduction in Osx Racl
seemed larger than in Osx*/* (Nodule formation was reduced by 95% in Osx Rac1 vs. 82% in Osx*/*
when each was compared to its control). These findings, therefore, suggest an important role for Racl
in osteoblasts.

To validate the finding that Racl affects osteoblast differentiation in vitro irrespective of the
presence or absence of Osx, we used a pharmacological inhibitor of Racl. We first tested the effect of
adding the inhibitor at increasing concentrations at every medium change to osteoblasts in mineralizing
conditions. We found a dose-dependent decrease in nodule formation with higher concentrations of
the inhibitor as evaluated by ANOVA. We used the lowest dose that seemed to affect nodule formation,
albeit not significantly (Supplementary Figure S1) and found using a larger number of replicates a
decrease in the three differentiation measures: nodule formation, alkaline phosphatase in the media,
and osteocalcin mRNA expression (Figure 2C).

Taken together, these data show that osteoblast differentiation diminishes in the absence of Racl.

2.3. Deletion of Racl Affects Bone Mineral Density and Osteoblast Function In Vivo

Despite the more pronounced decrease in osteoblast differentiation in Osx Racl vs. Osx*/*

compared to their controls, the decrease in osteoblast differentiation in vitro using Osx-Cre by itself
raised the possibility that Osx-Cre cannot be used to evaluate effects of loss of Rac1 in vivo on bones or
that Osx Racl conditional knockout (cKO) mice need to be compared to Osx** and not to Rac1/f!
mice. We, therefore, evaluated bone mineral density of the femur in Osx™/* mice compared to their
littermate controls in the absence of postnatal cre repression (no doxycycline was given). No effect
of Osx expression attached to cre in wildtype mice on bone density could be detected. In contrast,
the deletion of Racl in preosteoblast (Osx Racl) led to a significant decrease in bone mineral density
compared to their littermate controls (CT*/*). This decrease, however, was small (Figure 3A). Based on
the lack of difference between Osx*/* and CT */*, it seemed that the use of Osx*/* mice as a control for
Osx Racl was not required. We then sought to determine whether deletion of Rac1 for one week only
is enough to affect bone mineral density, we treated the pregnant mice as well as the mothers during
nursing with doxycycline to repress osterix expression for a total of two weeks postnatally, and stopped
doxycycline for 1 week before killing the mice. No change in bone mineral density could be detected
(Supplementary Figure S2). This repression of osterix and hence Cre recombinase expression cannot be
used to study the effect of Racl in preosteoblasts on bone mineral density.

To find out whether the decrease in bone mineral density in Osx Racl is limited to the deletion
of Racl in preosteoblasts or whether it also takes place in differentiating osteoblasts, we used the
collagen a1(I) promoter to drive Cre recombinase expression (Col). By itself, the expression of collagen
«1(I)-Cre in wildtype mice (Col*/*) did not affect bone mineral density, as was the case using Osx-Cre
by itself. Deletion of Racl using the collagen x1(I) promoter to drive cre expression did not result in
any change in bone mineral density (Figure 3B). Thus, Racl expression in preosteoblasts, but not in
differentiating osteoblasts, is required for maintenance of bone health.
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Figure 3. Bone mineral density and osteoblast differentiation are decreased in the absence of Racl in
preosteoblasts. (A) Bone mineral density (BMD) in the presence of osterix-Cre in wildtype mice (Osx™/*)
was not affected compared to wildtype littermate control mice (CT*/*), but deletion of Racl using
osterix to drive Cre expression (Osx Racl) diminished bone mineral density compared to littermate
controls with the genotype Rac1¥ (CT Rac1M). # = 27/37 and 20/19. (B) Bone mineral density in
the presence of collagen «1(I)-Cre in wildtype mice (col*/*) was not affected compared to wildtype
littermate control mice (CT*/*). Similarly, the deletion of Racl using collagen «1(I) to drive Cre
expression (Col Rac1) did not affect bone mineral density compared to littermate controls with the
genotype Rac1/ (CT Rac1/). n = 18/18 and 18/23. (C) Deletion of Racl using Osx-Cre did not affect
the number of osteoblasts (Ob.N) or osteoclasts (Oc.N) when adjusted to bone surface (BS). Data were
obtained using static histomorphometry of tibia sections after excluding the primary spongiosa for
a width of 150 pm. The bone was evaluated along the longitudinal axis for a total length of 1.5 mm
starting from the exclusion line distally. #n = 10/5. (D) Osteoblast function was diminished in Osx Racl
mice compared to littermate controls. The adjusted apposition rate (AjAR) reflects the function of a
group of osteoblasts, which is diminished, while mineralization lag time (MLT) represents the time
needed for the osteoblasts to mineralize the matrix. The function is diminished if MLT is prolonged.
n =10/5. All studies were performed without doxycycline treatment and repression of Cre recombinase
expression. Bone mineral density was measured in 3 weeks old mice. The values were compared
between every two groups in all subpanels using t-tests.

In order to determine the reason for the decrease in bone density, we performed static and dynamic
histomorphometry on the tibia after the exclusion of the primary spongiosa with a thickness of 150 um.
The region evaluated included cortical and trabecular bone along the longitudinal axis of the tibia for a
total length of 1.5 mm starting from the exclusion line. The deletion of Rac1l using Osx-Cre did not
affect the total number of osteoblasts or osteoclasts (when corrected to the bone surface) (Figure 3C
and Supplementary Figure S3A). The osteoblasts exhibited poor function as evidenced by a decrease in
osteoid thickness, which represents the matrix laid down by the osteoblasts before it is mineralized
(Supplementary Figure S3B). While mineralization surface (MS) was also diminished in Osx Racl
animals, this was no longer the case when adjusted to bone surface (Supplementary Figure S3C).
Together with the change in osteoid thickness these data suggested a change in osteoblast function
in vivo. Indeed, two calculated values representing osteoblast function: adjusted apposition rate
(AjAR), which reflects the activity of a team of osteoblasts (It takes into account the mineralization speed
of the osteoid expressed a mineral apposition rate (MAR), mineralizing surface (MS) as well as osteoid
surface (OS) and is calculated as follows: AjJAR = MAR x MS/OS, um/day), and mineralization lag time
(MLT), which represents the time required for the osteoblasts to mineralize the newly laid down matrix
(It takes into account osteoid thickness (O.Th) which represents the thickness of the newly laid down,
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not yet mineralized matrix and AjAR and is calculated as follows: MLT = O.Th/AjAR, days). AjAr was
diminished in Osx Racl suggesting impaired osteoblastic activity and MLT was increased, which is
consistent with a delay in the mineralization of the osteoid by osteoblasts (Figure 3D). Thus, depletion
of Racl in preosteoblasts diminishes osteoblast function leading to decreased bone mineral density.

2.4. Deletion of Racl in Preosteoblasts Does Not Prevent the Response to PTH

It was shown during embryonic development that accumulation of 3-catenin in the nucleus
and hence canonical wnt signaling requires Racl activation [22]. Furthermore, in vitro Racl seems to
mediate wnt signal effects [24]. Since intermittent parathyroid hormone stimulates bone formation
and a major pathway for bone formation is driven by wnt signaling we hypothesized that the deletion
of Racl in preosteoblasts will prevent the increase in bone formation in response to PTH [16,27].

We first evaluated the response of osteoblasts to PTH in vitro. Freshly isolated newborn calvarial
osteoblasts were exposed to PTH for 24 h and mRNA was isolated (Figure 4A). We evaluated
wntl-inducible signaling pathway protein-1 (WISP-1), also known as CCN4 and which is a 3-catenin
regulated gene that is activated by wnt-1 [28]. Both in CT and Osx Racl cells, WISP-1 increased with
PTH treatment. This suggested that at least for this gene Racl is not required.

We, therefore, proceeded with in vivo experiments (Figure 4B). Our aim was to evaluate whether
intermittent PTH injections can mount an anabolic response increasing bone mineral density in the
absence of Racl in preosteoblasts (Osx Rac1). Since the deletion of Racl for only 1 week was not enough
to affect bone mineral density, we did not use doxycycline to repress Osx-Cre (Supplementary Figure
S2). As shown above, Osx*/* by itself did not affect bone mineral density compared to CT*/*. Therefore,
it seemed reasonable to use littermate controls of any genotype. Our mating scheme was therefore
performed using Osx Racl with Rac1?/fl. Thus, we only obtained two genotypes: Osx Racl and CT
Rac1/f, We treated both CT Rac1?fl and Osx Rac1 mice at the age of 4 weeks with PTH daily injections
(80 pg/kg/d) for 30 days and evaluated the effect on bone mineral density. As shown in Figure 4, both
CT Rac1® and Osx Racl mice increased their bone density with increasing age (by 31% and 20% for
CT Rac1 and Osx Racl, respectively). Furthermore, and as expected, PTH administration over 30
days increased bone mineral density in CT Rac1f! mice by 54%, while in Osx Racl mice the increase
was limited to 35%. This suggests that even though the absence of Racl diminishes osteoblast activity,
PTH is still able to increase bone density in the absence of Racl in preosteoblasts. While the difference

198 and Osx Racl mice was 17% in untreated animals, this difference

between vehicle-treated CT Rac
remained after PTH treatment between CT Rac1/fl and Osx Racl at 16%. Interestingly, the increase
attributed to PTH in CT Rac1f mice was 21% and in Osx Racl 22%. Taken together, these data show

that Racl is not critical for mediating PTH effects on osteoblasts in vivo.

2.5. Racl in Preosteoblasts Is Involved in Mediating Integrin Stimulation of Osteoblasts

We next sought to evaluate whether Racl is required for integrin-mediated osteoblast
differentiation. We had shown that two isoforms of the extracellular matrix protein fibronectin,
the fibronectin containing EDA (FN-EDA) as well as the fibronectin containing EDB (FN-EDB)
stimulate osteoblast differentiation by binding to a4p1 and av(33 integrins respectively [6]. We,
therefore, transfected these two constructs in wildtype osteoblasts and evaluated whether Racl mRNA
and total Racl protein expression were changed. Interestingly, only FN-EDA affected Racl expression
both at the mRNA and protein levels (Figure 5A and Supplementary Data B). For this reason, we only
evaluated the role of FN-EDA in Racl-deleted osteoblasts.
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Figure 4. Racl is not required for mediating parathyroid hormone (PTH) anabolic effects in bone.
(A) PTH treatment of freshly isolated osteoblasts in vitro increases WISP1 in both CT Rac1f and
Osx Racl. N = 5/4/5/3. Data were analyzed by ANOVA (p < 0.05) followed by unpaired t-tests. (B)
Study design for PTH injection: at the age of 4 weeks, bone mineral density (BMD) was measured in
CT Rac1f and Osx Racl mice. Mice were then divided into two CT Rac1/fl groups and two Osx
Racl groups that had comparable bone mineral density (mean and range). In each genotype, the first
group received daily vehicle injections and the second group daily PTH injections (80 pg/kg/day) for
30 days. At the end of the experiment, mice were killed, and bone mineral density measured. None
of the mice was exposed to doxycycline postnatally. (C) Treatment with daily subcutaneous PTH
injection increased bone mineral density in all mice. Bone mineral density of vehicle-treated mice
increased as they got older in CT Rac1f (31%), but this increase was blunted in Osx Racl mice (20%).
PTH increased bone mineral density in CT Rac1¥f (21%) and Osx Racl mice (22%). Despite starting
at a lower bone mineral density, Osx Racl mice seemed to respond adequately to age progression
and to PTH, because the difference in bone density between CT Rac1?/fl and Osx Racl remained
constant irrespective of whether PTH was administered or not (17 and 16%). N = 9/9, 14/14, 14/13,
22/22. Vehicle or PTH was injected daily subcutaneously in 4 weeks old mice for 30 days. Bone mineral
density was measured before and after therapy. The percentages represent the increase or decrease
in bone mineral density of the second value based on the first value (for the first pair: percentage
change = (treated-baseline)/baseline). For statistical analysis, ANOVA was performed and found to be
statistically significant with a p < 0.0001 allowing further comparisons. Each pair was evaluated either
in paired t-tests (for the paired comparisons of baseline to treated group next to the label: “Increase
with time without and with PTH”) or unpaired f-test (for the comparisons of treated groups together
next to the labels: “Increase with PTH within CT Rac1/fl or Osx Rac1” as well as “Difference between
CT Rac1 and Osx Racl”).
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Figure 5. Conditional deletion of Racl in preosteoblasts interferes with integrin signaling. (A) Only
transfection with fibronectin containing EDA (FN-EDA) increases Racl mRNA and protein expression.
n = 8/7/7 and 10/9/6. Racl mRNA was adjusted to HPRT and Racl protein to GAPDH. (B) Transfection
with FN-EDA enhances mineralization in CT Rac1/f! and in Osx Rac1 osteoblasts. Unlike CT Rac1/
cells, however, alkaline phosphatase in the media and osteocalcin mRNA do not respond in Osx
Racl. Newborn calvarial osteoblasts were isolated, transfected with the FN or FN-EDA construct and
cultured for 2-3 weeks in mineralizing conditions in the presence of vitamin C, 3-glycerophosphate,
and dexamethasone added fresh with each medium change (3 times/week). At the end, the wells were
stained using von Kossa stain and the media evaluated for alkaline phosphatase. Osteocalcin/HPRT
mRNA was evaluated in sister wells that were not stained or in separate experiments and corrected to
the housekeeping gene HPRT. Mice were not exposed to doxycycline at any time. n = 7/6/5/7, 6/5/5/4,
10/3/8/3. (C) ERK and AKT phosphorylation increased upon transfection with FN-EDA in CT Rac1f/fl
cells. In Osx Racl the phosphorylation of both increased with FN and did not increase further with
FN-EDA. Cells were transfected and left two days before collecting the cell lysate for Western blotting.
n =7/6/9/12, 7/7/5/7. ANOVA was performed and whenever significant, the values were compared
between every two groups in all subpanels using t-tests.

We then induced osteoblast differentiation in vitro by transfecting the control construct of
fibronectin lacking EDA (FN) and the one containing EDA (FN-EDA) in CT Rac1¥ and in Osx Racl
newborn calvarial osteoblasts (Figure 5B). The absence of Racl diminished in vitro mineralization,
alkaline phosphatase, and osteocalcin mRNA expression. The transfection with FN-EDA was able
to enhance mineralization in CT Rac1?f and Osx Racl osteoblasts, but the increase in CT Rac1¥/f!



Int. ]. Mol. Sci. 2020, 21, 385 10 of 16

seen for alkaline phosphatase and osteocalcin could not be replicated in Osx Racl cells. Thus,
while differentiation is improved with activation of EDA-binding integrin in Osx Racl it does not
completely normalize.

Evaluation of phosphorylation of the downstream molecules of integrin activation ERK and AKT
confirmed the increase with FN-EDA transfection in CT Rac1%/4 osteoblasts, but baseline expression
was already increased in FN-transfected Osx Racl cells and did not increase further with FN-EDA
transfection (Figure 5C and Supplementary Data C). This suggests that the deletion of Racl influences
intracellular signaling, but no additional stimulation can be achieved with activation of FN-EDA
binding «41 integrin.

In summary, the absence of Racl in newborn calvarial osteoblasts diminishes their differentiation
but does not prevent the improvement that is mediated by integrin activation, even though alterations
in intracellular signaling can be detected.

3. Discussion

Deletion of Racl in preosteoblasts, but not in differentiating osteoblasts suppresses their
differentiation. This leads to a small decrease in bone mineral density as well as histologic evidence
of impairment in osteoblastic function. Despite this impairment, intermittent parathyroid hormone
administration is still able to mount a robust response and improve bone mineral density. Furthermore,
enhanced differentiation mediated by integrin activation proceeds, despite evidence of perturbed
intracellular signaling. Neither PTH- nor integrin-mediated enhanced differentiation in Osx Racl can
reach the values found in treated control cells or mice (Figure 6).

Preosteoblast

PTH and integrins stimulate
‘ osteoblast differentiation without

Osteoblast differentiation is

enhanced in the presence of Racl )
Racl involvement

PTH

stmultors T Ract @lg

EDA-fibronectin/integrin

Differentiated osteoblast

Figure 6. Summary. Osteoblast differentiation proceeds normally in the presence of Racl. Racl,
however, is not required for intermittent PTH anabolic effects. EDA-fibronectin-mediated enhancement
of differentiation through activation of a41 can also proceed in the absence of Racl. Thus, Racl is a
modulator of differentiation but is not an absolute requirement for differentiation to proceed.

The Rho GTPase Racl is required during development because its deletion is embryonic lethal [25].
It controls the actin cytoskeleton organization and is needed for lamellipodia formation, a structure
that forms on the leading edges of cells to allow for movement and migration [29]. Racl has been
implicated in transmitting signals from the matrix via integrins to prevent cell death (anoikis) [30].
In fibroblasts, the deletion of Rac1 led to the disruption of cell-fibronectin interaction [31]. Since the
extracellular matrix protein fibronectin was shown to stimulate osteoblast differentiation [6,32], it can,
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therefore, be assumed that Racl is involved in osteoblast differentiation. Indeed, it was shown that
Rac1 deletion in an osteoblastic cell line led to decreased proliferation and increased apoptosis and in
mice led to a decrease in bone mineral density [23]. Our work shows that the role of Racl is limited to
preosteoblasts because its deletion in differentiating osteoblasts failed to show any effect (Figure 3A,B).
Furthermore, Racl is needed for new bone formation (Figure 3D).

Osteoblasts respond to parathyroid hormone (PTH) by diminished apoptosis [33] and increased
differentiation [34]. Continuous elevation enhances bone formation and bone resorption leading to
a net loss of bone such as in primary hyperparathyroidism [9,35]. If given intermittently, osteoblast
differentiation is increased more so than osteoclast differentiation. One possibility is that the release of
TGF-p from resorbed bone leads to the recruitment of additional osteoblastic progenitors [34]. PTH
stimulates osteoblast differentiation by acting on Runx2 and possibly activating several pathways. One
of them, PKA, has been implicated in wnt signaling [36]. Based on work showing that Racl controls
-catenin and hence activation of the wnt signaling pathway during embryonic development [22], as
well as in vitro evidence that Racl modulates wnt signaling in osteoblasts [24], we asked whether Racl
might affect the anabolic response to intermittent PTH. Our findings show that PTH increases bone

mineral density similarly between CT Rac1¥/f1

and Osx Racl mice when evaluated relative to the starting
bone mineral density. Thus, despite a lower bone density at baseline, the response to PTH in Osx Racl
seems normal. In conclusion, PTH anabolic effects are independent of Racl-mediated signaling.

Another important osteoblastic differentiation pathway is the one mediated by integrin activation.
We had shown that osteoblast differentiation is stimulated in an autofeedback loop by two isoforms
of fibronectin (FN): the one containing an extra domain A (FN-EDA) and the one containing the
extra domain B (FN-EDB) [6,32]. Since only FN-EDA changes Racl expression, we evaluated the
role of FN-EDA isoform compared to the one lacking any extra domain (FN). In the absence of Racl,
osteoblast differentiation was suppressed, but transfection with the FN-EDA construct stimulated
nodule formation both in CT Rac1?/f cells [6], and in Osx Racl cells (Figure 5B). This suggests that in
the absence of Racl a seemingly robust increase in nodule formation ensues. More interesting are the
changes in pERK and pAKT, which were elevated at baseline in Osx Rac1 cells and could not increase
further with o431 integrin activation (41 is the integrin activated by the presence of the EDA domain
in fibronectin). Since this did not go hand in hand with an increase in differentiation, it is possible
that in the absence of Racl other mechanisms allow the osteoblasts to proceed in their differentiation.
An explanation for the increase in the signaling molecules could be that Racl in osteoblasts normally
suppresses signaling through ERK and AKT and in its absence, an upregulation ensues. Crosstalk
between Racl and ERK or AKT in the opposite direction to what we found has been reported. Racl
induces integrin-mediated ERK activation [37], but ERK also can induce the activation of Racl [38].
Similarly, it was shown that Racl is located upstream of AKT and required for its activation [39], but that
AKT can also act upstream of Racl [40]. However, both Racl and AKT can also act independently [41].
Thus, more work is needed to understand the intricacies of osteoblast differentiation.

Our study has some limitations. The deletion of Racl in the Osx Racl mice was limited as
evidenced by the presence of a signal for Racl in Western blots of newborn calvarial osteoblasts. This
suggests that osterix is only expressed in a limited number of the cells isolated from the calvaria and
traditionally used for osteoblast assays. Therefore, other cells that express Rac1 are still present in
the bone microenvironment possibly diluting the effect that Racl deletion in all preosteoblasts might
have. One further limitation was that we used Rac1?/f as controls for Osx Racl after establishing that
Osx*/* had no effect on bone mineral density. The reason for choosing Rac1?/f! was that, in our opinion,
littermate controls need to be used. The mating scheme providing 50% Osx Racl and 50% Rac1/f!
was therefore appropriate. In contrast, a scheme in which Osx*/* would be generated in the same
mating would include Osx Rac1?/* in both parents with a relatively low chance of getting the correct
genotype and a littermate control in the same litter (Rac1? 12.5%, Osx Rac1 12.5%, and Osx*/* 12.5%).
Finally, it is possible that other members of the Rho GTPase family can take over some but not all of
the functions of Racl in osteoblasts. For this reason, all our conclusions are limited to Racl deletion.
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In summary, we have shown that the absence of Racl in preosteoblasts diminishes their
differentiation in vitro and function in vivo leading to lower bone mineral density. However, Racl is
not required for PTH-mediated anabolic effects or for a4f1-integrin-mediated enhancement of
osteoblast differentiation.

4. Methods

4.1. Mice

Homozygous Racl floxed mice were mated with mice carrying the osterix-1 promoter attached
to Cre recombinase over two generations (Jackson Laboratory, Bar Harbor, Maine, USA) [42,43].
The osterix promoter contains a tetracycline responsive element and treatment with doxycycline of
pregnant mice and after delivery leads to repression of Cre recombinase expression. Doxycycline was
administered in drinking water (200 pg/mL in 5% sucrose solution). Drinking water was changed twice
weekly. Studies in which doxycycline was stopped at the age of 2 weeks and bone mineral density
measured at 3 weeks failed to show any changes in bone mineral density (Supplementary Figure S2).
We, therefore, present only in vivo data from mice that did not receive any doxycycline after birth.
For the isolation of newborn osteoblasts, the pregnant mice were not exposed to doxycycline. Mice
were analyzed at the age of three weeks after calcein injections, which is laid down in the matrix and
allows us to perform dynamic histomorphometry. Calcein in 0.9% NaCl was administered at 30 mg/kg
4 and 1 day prior to euthanasia [32]. For the study of the effect of PTH injection, bone mineral density
(BMD) was measured at the age of 4 weeks in CT Rac1¥ and Osx Racl mice under anesthesia with
ketamine/xylazine. Mice were then divided into two CT Rac1! groups and two Osx Racl groups
based on the mean and the range of BMD measurements. One group in CT Rac1¥f and one group
in Osx Racl received daily vehicle injections and the other groups daily PTH injections at a dose
of 80 pg/kg/day for 30 days. At the end of the experiment, mice were killed, and BMD measured.
The changes in BMD are presented as percentages that represent the increase or decrease in bone mineral
density of the second value based on the first value (for the first pair shown in Figure 4B: percentage
change = (treated-baseline)/baseline). Human 1-34 PTH was used (Sigma-Aldrich, Taufkirchen,
Germany). All animal studies were performed in accordance with regulations for animal welfare and
approved by the responsible agency (Regierungspraesidium Karlsruhe, Land Baden-Wuerttemberg,
Karlsruhe, Germany) under the following numbers: G-264/12, G-75/13, G-29/15, G-179/16 (The last two
digits represent the year of approval).

4.2. Measurement of Bone Mineral Density

Bone mineral density was measured in the femur in vivo under anesthesia and ex vivo after
fixation using peripheral quantitative computer tomography of the distal femur (Stratec, Pforzheim,
Germany), with the reference line set at the growth plate and at a site located at 7.5% of the total length
below the reference line. Total bone mineral density is shown in the figures. Data were analyzed
as described using peel mode 20, and with the threshold set at 400 [44]. Bone mineral density was
measured in 3-week old mice, except for the experiments using PTH, where the bone mineral density
was measured at 4 weeks and 30 days later.

4.3. Bone Histomorphometry

Bones were fixed in 4% paraformaldehyde and embedded in polymethylmethacrylate, sections
made and stained using Masson-Goldner. Photographs were obtained before and after Masson-Goldner
staining for histomorphometry, which was performed as described [44]. Briefly, unstained 3-pm
sections of the proximal tibia were used for dynamic histomorphometry and Masson-Goldner—stained
sections for static histomorphometry. Histomorphometric analysis was performed according to the
standards set forth by the ASBMR and used worldwide [45,46]. The primary spongiosa with a thickness
of 150 um was excluded and the cortical and trabecular bone in the area along the longitudinal axis of the
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tibia for a total length from the exclusion line of 1.5 mm was evaluated. The following parameters were
examined: single and double-labeled surface (sLS, dLS), distance between labels, mineralizing surface
(MS =dLS + %SLS, mm), mineral apposition rate (MAR = distance between labels/4 days, um/d), bone
formation rate (BFR = [MS x MAR]/BS x 365/1000, mm/yr), bone surface (BS, mm), osteoid surface (OS,
mm), osteoblast number (Ob.N.), osteoclast surface (Oc.S., mm), osteoclast number (Oc.N.), and osteoid
thickness (O.Th., pm). Secondary parameters were BV/TV (%), OS/BS (%), MS/BS (%), Ob.N./BS
(number/mm), Oc.N./BS (number/mm), Ob.S./Ob.N. (um), Oc.S./Oc.N. (um), Oc.S./BS (%), adjusted
apposition rate (Aj.AR = MAR x MS/OS, um/d), and mineralization lag time (Mt = O.Th./Aj.AR, days).

4.4. Isolation and Mineralization of Osteoblasts, Inhibition, Stimulation, and Transfection

Newborn calvarial osteoblasts were isolated at the age of P1-3. Isolated calvariae were incubated
with collagenase NB4 (Serva) and dispase (Gibco) and cultured in «-MEM + 10% FCS. Osteoblast
mineralization was induced by adding medium containing 3-glycerophosphate, vitamin C and
dexamethasone thrice per week as described [12]. At the end of mineralization, wells were stained
using the von Kossa stain and area quantified using Image] (Wayne Rasband, National Institutes of
Health, Maryland, USA). An alkaline phosphatase activity assay was performed using a colorimetric
method as described by Bessey, Lowry, and Brock except for the use of ZnCl, in the substrate
solution [47], and osteocalcin mRNA expression was determined using qPCR and adjusted to HPRT [6].
Parathyroid hormone was purchased (Human PTH 1-34, Sigma-Aldrich, Taufkirchen, Germany) and
dissolved in 10 mM acetic acid and 0.1% BSA and added once to the medium at a final concentration of 5
nM. mRNA was collected 24 h later. Constructs for FN, FN-EDA and FN-EDB were based on the human
plasma fibronectin cDNA clone (DKFZp686M04163) and a cDNA fibronectin clone containing the EDA
and the EDB domain (DKFZp69601166) which were prepared as described [12]. For expression in
osteoblasts, the fibronectin cDNAs were cloned into the pmax cloning vector. Transfected osteoblasts
were differentiated for 2-3 weeks and stained with von Kossa stain, used for mRNA expression analysis
or for an alkaline phosphatase activity assay in the medium. The inhibitor used was EHT1864 (Tocris,
Wiesbaden, Germany) at a final concentration of 5 uM added with each medium change.

4.5. RNA Analysis

RNA analysis was performed as described [48,49] and probes for osteocalcin #32, Racl #77, WISP-1
#76, HPRT #95 with primers as suggested by Roche universal probe library were used.

4.6. Western Blotting

SDS-PAGE (10%) was performed and Racl was detected using a rabbit polyclonal antibody
#2465 (Cell Signaling Technology, Leiden, The Netherlands). GAPDH was used as a loading control
#G9545 (Sigma-Aldrich, Taufkirchen, Germany). For analysis of ERK and AKT phosphorylation,
cells were transfected using the TurboFect kit (Thermo Fisher Scientific, Rockford, Illinois, USA),
left for 2 days in medium containing fibronectin-depleted FCS and harvested. The antibodies used
were: pERK 1/2 (detecting phosphorylation at Thr202/Tyr185) #4376, ERK 1/2 #9102, pAKT (detecting
phosphorylation at Ser473) #9271, AKT #9272 (All four antibodies from Cell Signaling Technology,
Leiden, The Netherlands).

4.7. Statistical Analysis

Analyses were performed using SPSS (V24). Most data were compared using paired, unpaired
t-tests or nonparametric tests. Analysis of variance (ANOVA) and repeated measures analysis of
variance tests were used as appropriate. Whenever global probability was smaller than 5%, comparisons
between pairs were performed as appropriate. Results are expressed as mean + SEM.

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/21/2/385/s1,
Supplementary Data: Uncropped Western blots and cropped Western blots shown side by side, Supplementary
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Figure S1: Dose response to a chemical inhibitor of Racl in osteoblasts, Supplementary Figure S2: Bone mineral
density after one week repression of Osx-cre, Supplementary Figure S3: Bone histomorphometry changes in Osx
Racl mice compared to CT Rac1/fl,

Author Contributions: Conceptualization, .A.N.; methodology, K.H., C.S., CW.,, C.Z,; formal analysis, K.H.,
C.S., C.W, ILANN,; investigation, K.H., C.S., CW., C.Z,; resources, .A.N.; writing—original draft preparation,
L.AN.; writing—review and editing, K.H., C.S., I.A.N.; visualization, K.H., C.S., I.A.N.; supervision, project

administration, and funding acquisition, . A.N. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by Max-Planck Society (M.KF.A.BIOC0001), German Research Council (DFG:
NA 400/5; NA 400/7; NA 400/9; NA 400/10).

Acknowledgments: We acknowledge the help of Christine Hoffmann and the advice of Karl Insogna.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Blair, H.C.; Larrouture, Q.C.; Li, Y.; Lin, H.; Beer-Stoltz, D.; Liu, L.; Tuan, R.S.; Robinson, L.J.; Schlesinger, PH.;
Nelson, D.J. Osteoblast differentiation and bone matrix formation in vivo and in vitro. Tissue Eng. Part B Rev.
2017, 23, 268-280. [CrossRef] [PubMed]

2. Lin,G.L.;Hankenson, K.D. Integration of BMP, Wnt, and notch signaling pathways in osteoblast differentiation.
J. Cell. Biochem. 2011, 112, 3491-3501. [CrossRef] [PubMed]

3. Ochiai, H.; Okada, S.; Saito, A.; Hoshi, K.; Yamashita, H.; Takato, T.; Azuma, T. Inhibition of insulin-like growth
factor-1 (IGF-1) expression by prolonged transforming growth factor-betal (TGF-betal) administration
suppresses osteoblast differentiation. J. Biol. Chem. 2012, 287, 22654-22661. [CrossRef] [PubMed]

4. Masiukiewicz, U.S.; Insogna, K.L. The role of parathyroid hormone in the pathogenesis, prevention and
treatment of postmenopausal osteoporosis. Aging Clin. Exp. Res. 1998, 10, 232-239. [CrossRef] [PubMed]

5. Saidak, Z.; Le Henaff, C.; Azzi, S.; Marty, C.; Da Nascimento, S.; Sonnet, P.; Marie, P.J. Wnt/beta-catenin
signaling mediates osteoblast differentiation triggered by peptide-induced alpha5betal integrin priming in
mesenchymal skeletal cells. . Biol. Chem. 2015, 290, 6903-6912. [CrossRef]

6.  Sens,C.;Huck, K, Pettera, S.; Uebel, S.; Wabnitz, G.; Moser, M.; Nakchbandi, I A. Fibronectins containing extradomain
A or B enhance osteoblast differentiation via distinct integrins. J. Biol. Chem. 2017, 292, 7745-7760. [CrossRef]

7. Gaur, T,; Lengner, C.J.; Hovhannisyan, H.; Bhat, R.A; Bodine, P.V.; Komm, B.S.; Javed, A.; van Wijnen, A.J.;
Stein, J.L.; Stein, G.S.; et al. Canonical WNT signaling promotes osteogenesis by directly stimulating Runx2
gene expression. J. Biol. Chem. 2005, 280, 33132-33140. [CrossRef]

8.  Franceschi, R.T; Xiao, G.; Jiang, D.; Gopalakrishnan, R.; Yang, S.; Reith, E. Multiple signaling pathways
converge on the Cbfal/Runx2 transcription factor to regulate osteoblast differentiation. Connect. Tissue Res.
2003, 44, 109-116. [CrossRef]

9.  Nakchbandi, L.A,; Lang, R.; Kinder, B.; Insogna, K.L. The role of the receptor activator of nuclear factor-kappaB
ligand/osteoprotegerin cytokine system in primary hyperparathyroidism. J. Clin. Endocrinol. Metab. 2008, 93, 967-973.
[CrossRef]

10. Nakchbandi, I.A.; Mitnick, M.A.; Lang, R.; Gundberg, C.; Kinder, B.; Insogna, K. Circulating levels of
interleukin-6 soluble receptor predict rates of bone loss in patients with primary hyperparathyroidism. J.
Clin. Endocrinol. Metab. 2002, 87, 4946-4951. [CrossRef]

11.  Nakchbandi, I.A.; Mitnick, M.A.; Masiukiewicz, U.S.; Sun, B.H.; Insogna, K.L. IL-6 negatively regulates IL-11
production in vitro and in vivo. Endocrinology 2001, 142, 3850-3856. [CrossRef] [PubMed]

12.  Sens, C.; Altrock, E.; Rau, K ; Klemis, V,; von Au, A.; Pettera, S.; Uebel, S.; Damm, T.; Tiwari, S.; Moser, M.; et al. An
O-Glycosylation of Fibronectin Mediates Hepatic Osteodystrophy Through alphadbetal Integrin. J. Bone Miner.
Res. 2017, 32, 70-81. [CrossRef] [PubMed]

13.  Hynes, R.O. Integrins: Bidirectional, allosteric signaling machines. Cell 2002, 110, 673-687. [CrossRef]

14. Marie, PJ. Targeting integrins to promote bone formation and repair. Nat. Rev. Endocrinol. 2013, 9, 288-295.
[CrossRef]

15. Pankov, R.; Yamada, K.M. Fibronectin at a glance. J. Cell Sci. 2002, 115, 3861-3863. [CrossRef]


http://dx.doi.org/10.1089/ten.teb.2016.0454
http://www.ncbi.nlm.nih.gov/pubmed/27846781
http://dx.doi.org/10.1002/jcb.23287
http://www.ncbi.nlm.nih.gov/pubmed/21793042
http://dx.doi.org/10.1074/jbc.M111.279091
http://www.ncbi.nlm.nih.gov/pubmed/22573330
http://dx.doi.org/10.1007/BF03339657
http://www.ncbi.nlm.nih.gov/pubmed/9801733
http://dx.doi.org/10.1074/jbc.M114.621219
http://dx.doi.org/10.1074/jbc.M116.739987
http://dx.doi.org/10.1074/jbc.M500608200
http://dx.doi.org/10.1080/03008200390152188
http://dx.doi.org/10.1210/jc.2007-1645
http://dx.doi.org/10.1210/jc.2001-011814
http://dx.doi.org/10.1210/endo.142.9.8368
http://www.ncbi.nlm.nih.gov/pubmed/11517162
http://dx.doi.org/10.1002/jbmr.2916
http://www.ncbi.nlm.nih.gov/pubmed/27427791
http://dx.doi.org/10.1016/S0092-8674(02)00971-6
http://dx.doi.org/10.1038/nrendo.2013.4
http://dx.doi.org/10.1242/jcs.00059

Int. ]. Mol. Sci. 2020, 21, 385 150f 16

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Wang, F.; Tarkkonen, K.; Nieminen-Pihala, V.; Nagano, K.; Majidi, R.A.; Puolakkainen, T.; Rummukainen, P;
Lehto, J.; Roivainen, A.; Zhang, F.-P; et al. Mesenchymal Cell-Derived Juxtacrine Wnt1 Signaling Regulates
Osteoblast Activity and Osteoclast Differentiation. J. Bone Miner. Res. 2019, 34, 1129-1142. [CrossRef]

FDA News Release. 2019. Available online: https;//www.fda.gov/news-events/press-announcements/fda-approves-
new-treatment-osteoporosis-postmenopausal-women-high-risk-fracture (accessed on 5 October 2019).

O’Brien, C.A.; Plotkin, L.I; Galli, C.; Goellner, J.J.; Gortazar, A.R.; Allen, M.R.; Robling, A.G.; Bouxsein, M.;
Schipani, E.; Turner, C.H.; et al. Control of bone mass and remodeling by PTH receptor signaling in osteocytes.
PLoS ONE 2008, 3, €2942. [CrossRef]

Denhardt, D.T. Signal-transducing protein phosphorylation cascades mediated by Ras/Rho proteins in the
mammalian cell: The potential for multiplex signalling. Biochem. J. 1996, 318, 729-747. [CrossRef]
Schwartz, M. Rho signalling at a glance. J. Cell Sci. 2004, 117, 5457-5458. [CrossRef]

Price, L.S.; Leng, J.; Schwartz, M.A.; Bokoch, G.M. Activation of Rac and Cdc42 by integrins mediates cell
spreading. Mol. Biol. Cell 1998, 9, 1863-1871. [CrossRef]

Wu, X; Tu, X; Joeng, K.S.; Hilton, M.].; Williams, D.A.; Long, F. Racl activation controls nuclear localization
of beta-catenin during canonical Wnt signaling. Cell 2008, 133, 340-353. [CrossRef] [PubMed]

Lane, S.W.; De Vita, S.; Alexander, K.A.; Karaman, R.; Milsom, M.D.; Dorrance, A.M.; Purdon, A.; Louis, L.;
Bouxsein, M.L.; Williams, D.A. Rac signaling in osteoblastic cells is required for normal bone development
but is dispensable for hematopoietic development. Blood 2012, 119, 736-744. [CrossRef] [PubMed]

Wan, Q.; Cho, E.; Yokota, H.; Na, S. Racl and Cdc42 GTPases regulate shear stress-driven beta-catenin
signaling in osteoblasts. Biochem. Biophys. Res. Commun. 2013, 433, 502-507. [CrossRef] [PubMed]
Sugihara, K.; Nakatsuji, N.; Nakamura, K.; Nakao, K.; Hashimoto, R.; Otani, H.; Sakagami, H.; Kondo, H.;
Nozawa, S.; Aiba, A,; et al. Racl is required for the formation of three germ layers during gastrulation.
Oncogene 1998, 17, 3427-3433. [CrossRef] [PubMed]

Wang, L.; Mishina, Y.; Liu, F. Osterix-Cre transgene causes craniofacial bone development defect. Calcif.
Tissue Int. 2015, 96, 129-137. [CrossRef]

Kim, S.W.; Pajevic, P.D.; Selig, M.; Barry, K.J.; Yang, J.Y.; Shin, C.S.; Baek, W.-Y.; Kim, ].-E.; Kronenberg, H.M.
Intermittent parathyroid hormone administration converts quiescent lining cells to active osteoblasts. ]. Bone
Miner. Res. 2012, 27, 2075-2084. [CrossRef]

Xu, L.; Corcoran, R.B.; Welsh, ].W.; Pennica, D.; Levine, A.]. WISP-1 is a Wnt-1- and beta-catenin-responsive
oncogene. Genes Dev. 2000, 14, 585-595.

Lamarche, N.; Tapon, N.; Stowers, L.; Burbelo, P.D.; Aspenstrom, P.; Bridges, T.; Chant, J.; Hall, A. Rac
and Cdc42 induce actin polymerization and G1 cell cycle progression independently of p65PAK and the
JNK/SAPK MAP kinase cascade. Cell 1996, 87, 519-529. [CrossRef]

Cheng, T.L.; Symons, M.; Jou, T.S. Regulation of anoikis by Cdc42 and Racl. Exp. Cell Res. 2004, 295, 497-511.
[CrossRef]

Guo, F; Debidda, M.; Yang, L.; Williams, D.A.; Zheng, Y. Genetic deletion of Racl GTPase reveals its critical
role in actin stress fiber formation and focal adhesion complex assembly. J. Biol. Chem. 2006, 281, 18652-18659.
[CrossRef]

Bentmann, A.; Kawelke, N.; Moss, D.; Zentgraf, H.; Bala, Y.; Berger, I.; Gasser, ].A.; Nakchbandi, L.A.
Circulating fibronectin affects bone matrix, whereas osteoblast fibronectin modulates osteoblast function.
J. Bone Miner. Res. 2010, 25, 706-715. [PubMed]

Jilka, R.L.; Weinstein, R.S.; Bellido, T.; Roberson, P; Parfitt, A.M.; Manolagas, S5.C. Increased bone formation
by prevention of osteoblast apoptosis with parathyroid hormone. ]. Clin. Investig. 1999, 104, 439—446.
[CrossRef] [PubMed]

Rutkovskiy, A.; Stenslokken, K.O.; Vaage, 1.]. Osteoblast Differentiation at a Glance. Med. Sci. Monit. Basic Res.
2016, 22, 95-106. [CrossRef] [PubMed]

Nakchbandi, I.; Mitnick, M.-A.; Lang, R.; Kinder, B.; Insogna, K. Circulating levels of IL-6 soluble receptor
predict bone loss in patients with primary hyperparathyroidism. J. Bone Miner. Res. 2000, 15, S210.

Suzuki, A.; Ozono, K.; Kubota, T.; Kondou, H.; Tachikawa, K.; Michigami, T. PTH/cAMP/PKA signaling
facilitates canonical Wnt signaling via inactivation of glycogen synthase kinase-3beta in osteoblastic Saos-2
cells. J. Cell. Biochem. 2008, 104, 304-317. [CrossRef]


http://dx.doi.org/10.1002/jbmr.3680
https://www.fda.gov/news-events/press-announcements/fda-approves-new-treatment-osteoporosis-postmenopausal-women-high-risk-fracture
https://www.fda.gov/news-events/press-announcements/fda-approves-new-treatment-osteoporosis-postmenopausal-women-high-risk-fracture
http://dx.doi.org/10.1371/journal.pone.0002942
http://dx.doi.org/10.1042/bj3180729
http://dx.doi.org/10.1242/jcs.01582
http://dx.doi.org/10.1091/mbc.9.7.1863
http://dx.doi.org/10.1016/j.cell.2008.01.052
http://www.ncbi.nlm.nih.gov/pubmed/18423204
http://dx.doi.org/10.1182/blood-2011-07-368753
http://www.ncbi.nlm.nih.gov/pubmed/22123845
http://dx.doi.org/10.1016/j.bbrc.2013.03.020
http://www.ncbi.nlm.nih.gov/pubmed/23524265
http://dx.doi.org/10.1038/sj.onc.1202595
http://www.ncbi.nlm.nih.gov/pubmed/10030666
http://dx.doi.org/10.1007/s00223-014-9945-5
http://dx.doi.org/10.1002/jbmr.1665
http://dx.doi.org/10.1016/S0092-8674(00)81371-9
http://dx.doi.org/10.1016/j.yexcr.2004.02.002
http://dx.doi.org/10.1074/jbc.M603508200
http://www.ncbi.nlm.nih.gov/pubmed/19821765
http://dx.doi.org/10.1172/JCI6610
http://www.ncbi.nlm.nih.gov/pubmed/10449436
http://dx.doi.org/10.12659/MSMBR.901142
http://www.ncbi.nlm.nih.gov/pubmed/27667570
http://dx.doi.org/10.1002/jcb.21626

Int. ]. Mol. Sci. 2020, 21, 385 16 of 16

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.

48.

49.

Flevaris, P; Li, Z.; Zhang, G.; Zheng, Y.; Liu, J.; Du, X. Two distinct roles of mitogen-activated protein kinases
in platelets and a novel Racl-MAPK-dependent integrin outside-in retractile signaling pathway. Blood 2009,
113, 893-901. [CrossRef]

Du, J.; Xu, R.; Hu, Z.; Tian, Y.; Zhu, Y.; Gu, L.; Zhou, L. PI3K and ERK-induced Racl activation mediates
hypoxia-induced HIF-1alpha expression in MCF-7 breast cancer cells. PLoS ONE 2011, 6, €25213. [CrossRef]
Yang, Y.; Du, J.; Hu, Z,; Liu, J.; Tian, Y.; Zhu, Y.; Wang, L.; Gu, L. Activation of Rac1-PI3K/Akt is required for
epidermal growth factor-induced PAKI1 activation and cell migration in MDA-MB-231 breast cancer cells.
J. Biomed. Res. 2011, 25, 237-245. [CrossRef]

Henderson, V.; Smith, B.; Burton, L.J.; Randle, D.; Morris, M.; Odero-Marah, V.A. Snail promotes cell
migration through PI3K/AKT-dependent Rac1 activation as well as PI3K/AKT-independent pathways during
prostate cancer progression. Cell Adh. Migr. 2015, 9, 255-264. [CrossRef]

Sylow, L.; Kleinert, M.; Pehmeoller, C.; Prats, C.; Chiu, T.T.; Klip, A ; Richter, E.A.; Jensen, T.E. Akt and Racl
signaling are jointly required for insulin-stimulated glucose uptake in skeletal muscle and downregulated in
insulin resistance. Cell. Signal. 2014, 26, 323-331. [CrossRef]

Glogauer, M.; Marchal, C.C.; Zhu, E; Worku, A.; Clausen, B.E.; Foerster, I.; Marks, P.; Downey, G.P;
Dinauer, M.; Kwiatkowski, D.J. Racl deletion in mouse neutrophils has selective effects on neutrophil
functions. J. Immunol. 2003, 170, 5652-5657. [CrossRef] [PubMed]

Rodda, S.J.; McMahon, A.P. Distinct roles for Hedgehog and canonical Wnt signaling in specification,
differentiation and maintenance of osteoblast progenitors. Development 2006, 133, 3231-3244. [CrossRef]
[PubMed]

Kawelke, N.; Bentmann, A.; Hackl, N.; Hager, H.D.; Feick, P.; Geursen, A.; Singer, M.V.; Nakchbandi, L. A.
Isoform of fibronectin mediates bone loss in patients with primary biliary cirrhosis by suppressing bone
formation. J. Bone Miner. Res. 2008, 23, 1278-1286. [CrossRef] [PubMed]

Dempster, D.W.; Compston, J.E.; Drezner, M.K,; Glorieux, EH.; Kanis, ]J.A.; Malluche, H.; Meunier, PJ.;
Ott, SM.; Recker, RR.; Parfitt, A.M. Standardized nomenclature, symbols, and units for bone
histomorphometry: A 2012 update of the report of the ASBMR Histomorphometry Nomenclature Committee.
J. Bone Miner. Res. 2013, 28, 2-17. [CrossRef] [PubMed]

Erben, R.G.; Glosmann, M. Histomorphometry in Rodents. Methods Mol. Biol. 2019, 1914, 411-435. [PubMed]
Bessey, O.A.; Lowry, O.H.; Brock, M.]. A method for the rapid determination of alkaline phosphates with
five cubic millimeters of serum. J. Biol. Chem. 1946, 164, 321-329.

Rossnagl, S.; Ghura, H.; Groth, C.; Altrock, E.; Jakob, F; Schott, S.; Wimberger, P.; Link, T.; Kuhlmann, ].D.;
Stenzl, A.; et al. A Subpopulation of Stromal Cells Controls Cancer Cell Homing to the Bone Marrow.
Cancer Res. 2018, 78, 129-142. [CrossRef]

Von Au, A.; Vasel, M.; Kraft, S.; Sens, C.; Hackl, N.; Marx, A.; Stroebel, P.; Hennenlotter, J.; Todenhofer, T.;
Stenzl, A.; et al. Circulating fibronectin controls tumor growth. Neoplasia 2013, 15, 925-938. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1182/blood-2008-05-155978
http://dx.doi.org/10.1371/journal.pone.0025213
http://dx.doi.org/10.1016/S1674-8301(11)60032-8
http://dx.doi.org/10.1080/19336918.2015.1013383
http://dx.doi.org/10.1016/j.cellsig.2013.11.007
http://dx.doi.org/10.4049/jimmunol.170.11.5652
http://www.ncbi.nlm.nih.gov/pubmed/12759446
http://dx.doi.org/10.1242/dev.02480
http://www.ncbi.nlm.nih.gov/pubmed/16854976
http://dx.doi.org/10.1359/jbmr.080313
http://www.ncbi.nlm.nih.gov/pubmed/18348696
http://dx.doi.org/10.1002/jbmr.1805
http://www.ncbi.nlm.nih.gov/pubmed/23197339
http://www.ncbi.nlm.nih.gov/pubmed/30729480
http://dx.doi.org/10.1158/0008-5472.CAN-16-3507
http://dx.doi.org/10.1593/neo.13762
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Rac1 Is Expressed in Osteoblasts and Can Be Genetically Deleted 
	Inhibition of Rac1 Suppresses Osteoblast Differentiation 
	Deletion of Rac1 Affects Bone Mineral Density and Osteoblast Function In Vivo 
	Deletion of Rac1 in Preosteoblasts Does Not Prevent the Response to PTH 
	Rac1 in Preosteoblasts Is Involved in Mediating Integrin Stimulation of Osteoblasts 

	Discussion 
	Methods 
	Mice 
	Measurement of Bone Mineral Density 
	Bone Histomorphometry 
	Isolation and Mineralization of Osteoblasts, Inhibition, Stimulation, and Transfection 
	RNA Analysis 
	Western Blotting 
	Statistical Analysis 

	References

