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Abstract

Prolongation of cell survival through prevention of apoptosis is considered to be a significant factor
leading to anabolic responses in bone. The current studies were carried out to determine the role of
the small GTPase, RhoA, in osteoblast apoptosis, since RhoA has been found to be critical for cell
survival in other tissues. We investigated the effects of inhibitors and activators of RhoA signaling
on osteoblast apoptosis. In addition, we assessed the relationship of this pathway to parathyroid
hormone (PTH) effects on apoptotic signaling and cell survival. Rho A is activated by
geranylgeranylation, which promotes its membrane anchoring. In serum-starved MC3T3-E1
osteoblastic cells, inhibition of geranylgeranylation with geranylgeranyl transferase | inhibitors
increased activity of caspase-3, a component step in the apoptosis cascade, and increased cell death.
Dominant negative RhoA and Y27632, an inhibitor of the RhoA effector Rho kinase, also increased
caspase-3 activity. A geranylgeranyl group donor, geranylgeraniol, antagonized the effect of the
geranylgeranyl tranferase | inhibitor GGTI-2166, but could not overcome the effect of the Rho kinase
inhibitor. PTH 1-34, a potent antiapoptotic agent, completely antagonized the stimulatory effects of
GGTI-2166, dominant negative RhoA, and Y27632, on caspase-3 activity. The results suggest that
RhoA signaling is essential for osteoblastic cell survival but that the survival effects of PTH 1-34
are independent of this pathway.
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Anti-apototic actions are a mechanism through which a number of stimuli have been proposed
to increase osteoblastic activity, leading to anabolic responses in bone. These anti-apoptotic
factors include parathyroid hormone (PTH) [Jilka, 2007; Jilka et al., 1999; Sowa et al., 2003;
Wang et al., 2007], insulin-like growth factor-I [Grey et al., 2003], endothelin [Van Sant et al.,
2007], mechanical loading, [Bran et al., 2008; Pavalko et al., 2003; Weyts et al., 2003] and
matrix environment [Buxton et al., 2008]. Activation of protein kinase A appears to be a critical
component of the anti-apoptotic response to parathyroid hormone [Chen et al., 2007; Swarthout
et al., 2002]. However, other signaling pathways could contribute to anti-apoptotic actions.
Our previous studies had shown that parathyroid hormone activates the small G protein RhoA
in osteoblastic cells [Radeff et al., 2004]. RhoA signaling promotes survival in other tissues,
[Gallagher, 2004; Kobayashi et al., 2004; Reuveny et al., 2004; Stepan et al., 2004; Zhu et al.,
2008]. RhoA inactivation by statins leads to apoptosis of human osteosarcoma cells [Fromigue
et al., 2006]. However, in some tissues RhoA can induce apoptosis [Del Re et al., 2007; Wu
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et al., 2006]. In view of these diverse findings, we were interested in determining whether the
pathway is important for survival of osteoblastic cells, and whether it plays a role in the effects
of PTH to promote osteoblast survival.

RhoA signaling can be manipulated with genetic and pharmacologic tools. Translocation of
RhoA to the plasma membrane and its activation are dependent upon the lipid modification,
geranylgeranylation. A number of agents have been developed that inhibit
geranylgeranyltransferase | and prevent the geranylgeranylation of RhoA. Exogenous
geranylgeranyl groups can be provided through the donor molecule geranylgeraniol. The
downstream RhoA effector Rho kinase can be inhibited pharmacologically. Actions of RhoA
can also be prevented through the stable expression of a dominant negative RhoA. These tools
were used to assess the importance of the pathway in MC3T3-E1 osteoblastic cells.

The findings demonstrate that RhoA, through its downstream effects, promotes survival of
MC3T3-E1 osteoblastic cells. Interruption of RhoA signaling or interference with the
activation of RhoA increases caspase-3 activity and cell death. The effects of interfering with
the RhoA pathway could be overcome by PTH treatment. However, blocking the pathway in
the MC3T3-E1 cells did not significantly attenuate the effects of PTH, suggesting that these
are independent pathways mediating osteoblast survival.

MC3T3-E1 pre-osteoblastic cells were obtained from RIKEN Cell Bank (Tsukuba, Japan), and
maintained in a-MEM (Invitrogen, Carlshad, CA) supplemented with 10% fetal bovine serum
(Hyclone, Logan, UT) and 1% penicillin-streptomycin (Invitrogen, Carlshad, CA) at 37°C, 5%
CO»,. Media were replaced every three days, and the cells were subcultured weekly for use in
experiments within 20 passages. For serum starvation, 0.1% bovine serum albumin
(Calbiochem, fraction V) was substituted for the bovine serum. For the caspase-3 assay, cells
were seeded at 250,000 cells/well on a 6-well plate. For the LIVE/DEAD assay, cells were
seeded at 55,000 cells/well on a 24-well plate.

Stable transfection of MC3T3-E1 cells

Treatments

MC3T3-EL1 cells were transfected with constitutive active RhoA63L, dominant negative
RhoA19N, or pcDNA (empty vector) using a CalPhos mammalian transfection kit (Clontech,
Palo Alto, CA). The RhoA construct and pcDNA were generously provided by Dr. Said Sebti,
Moffitt Cancer Center. Briefly, 5 ug of plasmid DNA was added to 12.4 ul of 2M calcium
solution to make 100 pl solution A. Solution A was then added dropwise into 100-pl 2x HEPES-
buffered saline (Solution B) with slow vortexing to make the transfection solution. After
incubation at room temperature for 20 min, the transfection solution was added dropwise to
cell culture plates. After 3 hr at 37°C, calcium phosphate-containing medium was removed
and replaced with 2 ml fresh medium for 24 hr. The stable transfectants were selected and
maintained with culture medium containing 400 pg/ml G418 (SIGMA, St. Louis, MO).

Toinhibit geranylgeranylation, a process by which RhoA is modified to permit its translocation
to the plasma membrane, a geranylgeranyl transferase | inhibitor, GGTI-2166, was used. This
reagent was kindly provided by Dr. Said Sebti, Moffitt Cancer Center and Dr. Andrew
Hamilton, Yale University. To inhibit the activity of the downstream target of RhoA, Rho
kinase, the inhibitor Y-27632 (Calbiochem, San Diego, CA) was used. Geranylgeraniol
(BIOMOL, Plymouth Meeting, PA) was used as a precursor to increase cellular
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geranylgeranylpyrophosphate. bPTH 1-34 peptide (PTH 1-34) was from Bachem
(Philadelphia, PA).

Protein assay and Caspase-3 assay

Caspase-3 activity was measured using a caspase-3 colorimetric assay (R&D systems,
Minneapolis, MN) according to the manufacturer’s instructions. At the end of the experiments,
MC3T3-EL1 cells and the culture media were harvested and centrifuged at 300 x g for 10 min.
The supernatant was removed and the cell pellet was lysed by the addition of lysis buffer that
was provided in the kit. The lysate was incubated on ice for 10 min. During the incubation the
lysate was voltexed for 10 sec twice to homogenize. At the end of the incubation, the lysate
was centrifuged at 10,000 x g for 1 min, and the supernatant was saved for the further
experiments. The enzymatic reaction was carried out on a 96-well plate. 40 ul of lysate, 40
ul of reaction buffer 3 and 5 pl of substrate (DEVD-pNA) were mixed, incubated at 37°C for
2 hr, and the absorbance was read at 410 nm. After subtraction of the absorbance of reaction
mix in which water was substituted for the cell lysate, the value was adjusted by the protein
concentration determined with a BCA protein assay kit (Pierce, Rockford, IL).

LIVE/DEAD assay

Statistics

RESULTS

For assay of cell survival, MC3T3-EL1 cells grown on 96-well plates were rinsed with phosphate
buffered saline (PBS), and stained with a LIVE/DEAD Viability/Cytotoxicity Kit (Invitrogen,
Carlsbad, CA) according to the manufacturer’s instruction. Briefly, 0.4 uM ethidium
homodimer and 0.4 pM Calcein-AM dissolved in PBS were added to the wells, and the mixture
was incubated for 45 min at room temperature. Microscope images were recorded and
quantification of cell numbers was achieved with a “cell counter” plug-in of Image J software.

Significance was determined by analysis of variance and Tukey’s post-hoc test.

For the current investigation, two assays were used to determine the importance of RhoA for
MC3T3-E1 osteoblastic cell survival. All treatments were assessed for their effects on the
activity of caspase-3, a downstream effector caspase that reflects activity of both the
mitochondrial and death receptor apoptotic mechanisms. However, recent work demonstrates
that caspases are involved in processes in addition to apoptosis [Nhan et al., 2006] including
osteoclast differentiation [Szymczyk et al., 2006], and therefore for most treatments, effects
were also evaluated with a fluorescence-based LIVE/DEAD (InVitrogen) assay which is
dependent on the esterase activity of live cells and the increased permeability of dead and dying
cells. The assay identifies living cells based on their esterase activity, which allows them to
release green fluorescent calcein from the nonfluorescent cell-permeant calcein
acetoxymethylester (calcein-AM). Dead cells and dying cells are identified with the compound
ethidium homodimer, which enters cells that have damaged membranes and undergoes a
marked increase in red fluorescence when bound to nucleic acids. To demonstrate the effects
of cell death in these assays, control experiments were carried out in which cells were subjected
to serum starvation (24 hr culture in medium containing 0.1% bovine serum albumin (BSA))
in place of culture in 10% fetal bovine serum (FBS). Figure 1 shows that serum starvation of
MC3T3-E1 cells resulted in increased caspase-3 activity (Figure 1A) and increased cell death
(Figure 1B).

The Rho GTPases requires geranylgeranylation for membrane translocation and activation.
This geranylgeranylation is catalyzed by the enzyme geranylgeranyl transferase I. The
geranylgeranyl transferase | inhibitor GGTI-2166 increased caspase-3 activity (Figure 2A) and
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cell death (Figure 2B) in the serum-starved cells. Two other geranylgeranyl transferase |
inhibitors, GGTI-2133 and GGTI 298 also increased the percent of dead cells, although they
were less potent than GGTI-2166 (Figure 2B). GGTI-2166 did not increase caspase-3 activity
or cell death in the cells cultured in 10% FBS (data not shown).

Geranylgeraniol (GGOH), a precursor of geranylgerany| pyrophosphate, increases the amount
of substrate available to geranylgeranylate Rho GTPases. GGOH was able to overcome the
effect of the geranylgeranyl transferase | inhibitor GGTI-2166 in both the caspase-3 assay
(Figure 3A) and the live/dead assay (Figure 3B). GGOH alone did not have significant effects
in either assay.

The effect of GGTI-2166 to increase caspase-3 activity in the serum-starved MC3T3-EL1 cells
was prevented by PTH (Figure 4A). PTH also prevented the increase in the number of dead
cells resulting from treatment with GGTI-2166 (Figure 4B).

To directly test the role of the RhoA GTPase on survival of the MC3T3-E1 cells, the cells were
stably transfected with either adominant negative RhoA construct (Rho A19N) or empty vector
(EV). Stable expression of the dominant negative RhoA increased caspase-3 activity and the
effect was antagonized by PTH (Figure 5).

One of the effectors of RhoA is the downstream kinase, Rho kinase. A Rho kinase inhibitor,
Y27632, increased caspase-3 activity. PTH prevented the effect of the Rho kinase inhibitor
(Figure 6A), whereas GGOH did not prevent the effect of the downstream inhibitor Y27632
on caspase-3 activity (Figure 6B).

DISCUSSION

The current studies reveal that RhoA signaling plays an important role in osteoblast survival
by inhibiting osteoblast apoptosis. Apoptosis, or programmed cell death, appears to function
as a limiting factor in bone formation. A number of bone anabolic agents and conditions are
able to prevent osteoblast apoptosis, including parathyroid hormone (PTH) [Jilka, 2007; Jilka
et al., 1999; Sowa et al., 2003; Wang et al., 2007], insulin-like growth factor-I [Grey et al.,
2003], endothelin [Van Sant et al., 2007], mechanical loading, [Bran et al., 2008; Pavalko et
al., 2003; Weyts et al., 2003] and matrix environment [Buxton et al., 2008]. Thus it is important
to understand the mechanisms responsible for osteoblast apoptosis. Apoptosis can be initiated
through membrane receptor-associated and mitochondrial-initiated pathways that converge
and mediate their downstream effects to degrade cellular proteins and organelles through the
cysteine protease caspase 3 [Hengartner, 2000]. A family of proteins, the Bcl-2 family, which
contains both pro-apoptotic (e.g. Bad, Bax, Bim) and anti-apoptotic members (Bcl-2, Bcl-xl),
facilitates or inhibits the process [Hengartner, 2000]. Multiple signaling intermediates,
including phosphatidylinositol 3-kinase, p42/p44 MAP kinase and protein kinase A interact
with various Bcl-2 familymembers to regulate the pathway in response to stimuli [Danilkovitch
et al., 2000; Sastry et al., 2006; van de Donk et al., 2005].

Rho small G proteins, molecular switches that function through binding and hydrolyzing GTP
can promote cell survival and survival-related signaling [Gallagher, 2004; Kobayashi et al.,
2004; Reuveny et al., 2004; Stepan et al., 2004; Zhu et al., 2008], likely through increased
Bcl-2 expression [Gomez et al., 1997; Zhu et al., 2008]. Conditional knockout of RhoA or the
Rho effector Rho kinase results in apoptosis of motor neurons in the spinal cord [Kobayashi
etal., 2004]. The signaling pathway through which RhoA prevents apoptosis varies in different
tissues. RhoA binds to the regulatory domain of mitogen-activated protein kinase kinase kinase
[Gallagher, 2004]. The Mek/Erk pathway has been found to be crucial for anti-apoptotic effects
during zebrafish embryogenesis [Zhu et al., 2008], but does not appear to be the critical pathway
in AR4-2J pancreatic acinar cells [Stepan et al., 2004]. In the acinar cells and in myoblasts,
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survival involves the PI-3-kinase/Akt pathway [Reuveny et al., 2004; Stepan et al., 2004].
Interestingly, in some in vitro models Rho signaling promotes apoptosis [Aznar and Lacal,
2001; Del Re et al., 2007; Wu et al., 2006]. In cardiac myocytes this involves upregulation of
Bax [Del Re et al., 2007].

The use of PTH as a therapeutic agent in the treatment of osteoporosis reflects its impressive
effects on bone density and fracture prevention in clinical studies [Finkelstein et al., 1998;
Hodsman et al., 1997; Lane et al., 1998; Lindsay et al., 1997; Neer et al., 2001] and responses
in animal models [Dempster et al., 1993; Hock et al., 1989; Hodsman and Steer, 1993; Lane
et al., 1996]. One of the mechanisms that is likely to be crucial to this anabolic effect is the
ability of PTH to inhibit osteoblast apoptosis, resulting in increased bone formation. Signaling
pathways considered to have a role in this response are p42/p44 MAP kinase [Chen et al.,
2004; Gentili et al., 2001; Kaiser and Chandrasekhar, 2003; Swarthout et al., 2001] and PI-3-
kinase/Akt [Gentili et al., 2002; Gentili et al., 2003] activation. At the level of G proteins,
receptor association with Gas containing heterotrimeric G proteins, leading to increased cyclic
AMP and activation of protein kinase A have been strongly implicated as initiation events in
the signaling [Chen et al., 2007; Swarthout et al., 2002]. Our previous studies showed that PTH
treatment of osteoblastic cells could promote RhoA translocation to a cell membrane fraction
and increase GTP-bound (activated) RhoA [Radeff et al., 2004]. Since both PTH and RhoA
promote cell survival through MAP kinase and P1-3-kinase/Akt signaling, it was of interest to
determine the interactions of PTH and agents that interfered with RhoA signaling, first to
determine whether PTH could overcome the effects of inhibition of RhoA signaling, and
second, whether RhoA signaling could contribute partially to the anti-apoptotic effects of PTH,
i.e. whether attenuation of RhoA signaling decreased the antiapoptotic effect of PTH. The
studies reported here show that PTH signaling is able to bypass or overcome the inhibitory
effects of GGTI-2166, Y-27632 and dominant negative RhoA. However, the effects of PTH
were not antagonized by the inhibitors of the pathway. This finding differed from what we
observed in earlier studies (2007 ASBMR meeting abstract # 1192), in which there was a small
but significant inhibition by GGTI-2166 of the effect of PTH on caspase-3 in the MC3T3-E1
cells. The reason for this is unclear. PTH itself did not have a significant antiapoptotic effect
under basal conditions (i.e., serum starvation), except in transfected cells. The transfection
procedure itself resulted in a higher basal caspase-3 activity. The role of conditions that can
affect basal caspase activity on PTH-stimulated survival signaling merits further study. Also,
the role of Rho signaling in the antiapoptotic effects of other treatments affecting bone, such
as endothelin, other growth factors, and mechanical stimuli, needs to be investigated. In future
studies we will examine the role of the pathway in primary osteoblasts. In preliminary studies
using trypan blue uptake as an indicator of cell apoptosis, as previously applied by Jilka et al.
[Jilka et al., 1998] we found that GGTI-2166 increased the percentage of neonatal mouse
osteoblasts taking up trypan blue, and that this was antagonized by PTH, findings consistent
with the current observations.
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Figure 1.
Serum starvation (0.1% BSA for 24 hr) increases caspase-3 activity in MC3T3-E1 cells (Figure
1A) and decreases the number of live cells and increases the number of dead cells in a LIVE/
DEAD assay (Figure 1B, graphs and images). Values are means +/— SE of 3 replicates for the
caspase assay and 6 replicates for the Live/Dead assay. * p < 0.05; ** p <0.01; *** p < 0.001
vs. FBS.
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Figure 2.

Treatment of MC3T3-E1 cells for 6 hr with geranygeranyltransferase | inhibitors increases
caspase-3 activity (Figure 2A) and the percentage of dead cells (Figure 2B). Basal caspase-3
activity in the serum-starved cells = .483 +/—.090 A410 absorbance units/mg protein. Values
are means +/— SE of 3 replicates for the caspase assay and 6 replicates for the LIVE/DEAD
assay. ** p < 0.01; p < 0.001 vs. BSA control.
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Figure 3.

Co-treatment of MC3T3-E1 cells for 6 hr with geranylgeraniol (GGOH) protects against the
apoptotic effect of geranylgeranyl transferase | inhibitor GGTI-2166 as shown by effects on
caspase-3 activity (Figure 3A) and the percentage of dead cells (Figure 3B). Basal caspase-3
activity in the serum-starved cells = .525 +/—.018 A410 absorbance units/mg protein. Values
are means +/— SE of 4 replicates for the caspase assay and 6 replicates for the LIVE/DEAD
assay. * p < 0.01 vs. BSA control; *** p < 0.001 vs BSA control; +++ p < 0.001 vs. GGTI
alone.
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Figure 4.

Treatment of MC3T3-E1 cells for 6 hr with PTH 1-34 protects against the apoptotic effect of
the geranylgeranyl transferase I inhibitor GGTI-2166 as shown by effects on caspase-3 activity
(Figure 4A) and the percentage of dead cells (Figure 4B). Basal caspase-3 activity in the serum-
starved cells = .455 +/—.026 A410 absorbance units/mg protein. Values are means +/— SE of
3 replicates for the caspase assay and 6 replicates for the Live/Dead assay. *** p < 0.001 vs.
control; +++ p < 0.001 vs. GGTI alone.
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Figure 5.

Stable expression of dominant negative RhoA in MC3T3-E1lcells increases caspase-3 activity
in serum-starved cells; the effect is antagonized by 6 hr treatment with PTH 1-34. Basal
caspase-3 activity in the serum-starved cells = 2.31 +/— .10 A410 absorbance units/mg protein.
Values are means +/— SE of 3 replicates. *** p < 0.001 vs BSA control; + p <0.05 vs. dn RhoA
without PTH; +++ p < 0.001 vs. dn RhoA without PTH. EV = empty vector.

J Cell Biochem. Author manuscript; available in PMC 2010 April 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yoshida et al.

Page 14

3000 A

*k*%

200

100+

Caspase-3 activity,
% of BSA control

(E——— —
< s <
° o o ° o o
X b ™ R - ™
-~ AN Al
s 8 & 509 08
© © P ©
N ~ = ~
N ~N N
> > > >
PTH, 1 nM
300' *kk
_.E‘ B +++
2 ’—g
=)
O =
® = 200
® 0
o ©
]
%2\1 100+
©
(&)
0-
< <
%, = =
o S o Py
R - R -
b o b o
o
g ° 3
N N
> >
GGOH, 10 uM

Figure 6.

Treatment of MC3T3-E1 cells for 6hr with the Rho kinase inhibitor Y27632 increases
caspase-3 activity in serum starved cells; the effect is antagonized by co-treatment with PTH
1-34 (Figure 6A) but not by co-treatment with geranylgeraniol (GGOH) (Figure 6B). Basal
caspase-3 activity in the serum-starved cells = A: .638 +/—.038 A410 absorbance units/mg
protein; B: 1.40 +/- .28 A410 absorbance units/mg protein. Values are means +/—SE of 2
replicates for A and 3 replicates for B. *** p < 0.001 vs. BSA control; +++ p < 0.001 vs.
Y27632 alone.
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