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Abstract
Spaceflight, aging, and disuse lead to reduced BMD. This study shows that overexpression of
constitutively active RhoA restores actin cytoskeletal arrangement, enhances the osteoblastic
phenotype, and suppresses the adipocytic phenotype of human mesenchymal stem cells
cultured in modeled microgravity.

Introduction: Reduced BMD during spaceflight is partly caused by reduced bone formation.
However, mechanisms responsible for this bone loss remain unclear. We have previously shown
reduced osteoblastogenesis and enhanced adipogenesis of human mesenchymal stem cells (hMSCs)
cultured in modeled microgravity (MMG). The small GTPase, RhoA, regulates actin stress fiber
formation and has been implicated in the lineage commitment of hMSCs. We examined the effects
of MMG on actin cytoskeletal organization and RhoA activity and the ability of constitutively active
RhoA to reverse these effects.

Materials and Methods: hMSCs were seeded onto plastic microcarrier beads at a density of
106 and allowed to form aggregates in DMEM containing 10% FBS for 7 days. Aggregates were
incubated in DMEM containing 2% FBS for 6 h with or without an adenoviral vector containing
constitutively active RhoA at a multiplicity of infection (moi) of 500 and allowed to recover in 10%
FBS for 24 h. Cells were transferred to the rotary cell culture system to model microgravity or to be
maintained at normal gravity for 7 days in DMEM, 10% FBS, 10 nM dexamethasone, 10 mM β-
glycerol phosphate, and 50 μM ascorbic acid 2-phosphate.

Results: F-actin stress fibers are disrupted in hMSCs within 3 h of initiation of MMG and are
completely absent by 7 days, whereas monomeric G-actin is increased. Because of the association
of G-actin with lipid droplets in fat cells, the observed 310% increase in intracellular lipid
accumulation in hMSCs cultured in MMG was not unexpected. Consistent with these changes in
cellular morphology, 7 days of MMG significantly reduces RhoA activity and subsequent
phosphorylation of cofilin by 88 ± 2% and 77 ± 9%, respectively. Importantly, introduction of an
adenoviral construct expressing constitutively active RhoA reverses the elimination of stress fibers,
significantly increases osteoblastic gene expression of type I collagen, alkaline phosphatase, and
runt-related transcription factor 2, and suppresses adipocytic gene expression of leptin and glucose
transporter 4 in hMSCs cultured in MMG.
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Conclusion: Suppression of RhoA activity during MMG represents a novel mechanism for reduced
osteoblastogenesis and enhanced adipogenesis of hMSCs.
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microgravity; RhoA; osteoblast; cytoskeleton; actin

INTRODUCTION
SPACEFLIGHT, DISUSE, AND other forms of mechanical unloading cause alterations in normal
human bone homeostasis, leading to reduced BMD.(1–4) Several independent studies have
detected decreases in osteoblastic markers of bone formation both in vivo and in vitro, which
likely contribute to the observed bone loss in microgravity.(5–9) However, the mechanisms
underlying this phenomenon have not been clearly defined. We have previously shown a
reduction in osteoblastic and an induction of adipocytic differentiation of multipotent human
mesenchymal stem cells (hMSCs) in modeled microgravity (MMG) that is associated with
reduced integrin signaling.(10,11) Cytoskeletal alterations occur in several cell types, including
lymphocytes, glial cells, and osteoblasts, during spaceflight and under conditions of MMG.
(12–14) In addition, cytoskeletal disruption in vitro reduces the expression of osteoblastic genes,
including alkaline phosphatase and osteopontin.(15,16) One potential mechanism responsible
for cytoskeletal disruption and altered differentiation of hMSCs is reduced activation of the
small GTPase, RhoA.

The Rho subfamily of Ras-related small GTPases is characterized predominantly by its
regulation of the actin cytoskeleton. RhoA primarily mediates stress fiber formation and is
required for full activation of focal adhesion kinase (FAK) and paxillin, proteins involved in
focal adhesion formation.(17,18) Conversely, integrin engagement and activation of FAK or
PYK2 stimulate GTPase-activating proteins.(19–21) In addition, RhoA activation in vascular
smooth muscle cells cooperates with α2β1 integrin ligation to mediate type I collagen matrix
assembly.(22)

Stress fiber formation, induced by RhoA, is believed to be mediated through several
downstream effector proteins. Activation of RhoA leads to the activation of Rhokinase
(ROCK). ROCK is then able to phosphorylate LIM-kinase (LIMK).(23) LIMK, in turn,
phosphorylates cofilin, a small actin-binding protein that promotes F-actin depolymerization.
On phosphorylation, the actin-binding ability of cofilin is reduced, and actin polymerization
is stabilized.(23)

Cell shape, cytoskeletal tension, and activation of RhoA have recently been described as
regulators of the lineage decision of hMSCs in normal gravity culture conditions.(24,25)

Expression of a constitutively active RhoA adenoviral construct (RhoA-V14) leads to
osteoblastic differentiation of hMSCs in the absence of osteogenic induction. Conversely,
expression of a dominant negative RhoA adenoviral construct (RhoA-N19) leads to adipocytic
differentiation.(24) Thus, we examined the potential of RhoA-V14 to restore stress fibers,
integrin signaling, and the expression of osteoblastic markers in hMSCs cultured in MMG.

For these experiments, we used the commercially available rotary cell culture system (RCCS)
developed by NASA to model microgravity. The high aspect ratio vessels (HARVs) used in
the RCCS provide two essential components of optimized suspension culture: (1) solid body
rotation and (2) diffusion-mediated oxygenation. We have previously described this system in
detail.(10) The RCCS provides an opportunity to study, and potentially correct, disruptions of
normal cellular physiology. The aim of this study was to characterize cytoskeletal organization
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and RhoA activity in hMSCs cultured in MMG and to determine the effects of overexpression
of constitutively active RhoA on the osteoblastic differentiation of hMSCs in MMG.

MATERIALS AND METHODS
Isolation of hMSCs

hMSCs were prepared from rib bone obtained at surgery from a healthy, 29-year-old white
male subject by the Center for Metabolic Bone Disease Human Stem Cell Production Core
Facility in accordance with guidelines approved by the Institutional Review Board for Human
Use at the University of Alabama at Birmingham, as previously described.(10,11) Briefly, cells
were flushed from the rib bone and purified by Histopaque-1077 (Sigma) gradient density
centrifugation. After 7 days of undisturbed culture in T-175 flasks, adherent stromal cells were
maintained and fed every 3–4 days thereafter. The cells were maintained as frozen stocks in
liquid nitrogen and plating efficiency, growth characteristics, and the multipotent potential of
these cells were previously assessed.(10) All cells used in this study were split every 3 days at
a 1:3 ratio during subculture and were used between passages 7 and 9.

Cell culture and differentiation
hMSCs were maintained as previously described.(10,11) Briefly, 106 cells were seeded onto 50-
mg polystyrene microcarrier beads (Solohill Engineering Laboratories, Ann Arbor, MI, USA)
in 6-well ultra-low-adhesion tissue culture plates in normal gravity for 7 days in proliferation
medium, consisting of DMEM (Gibco), 10% FBS (Atlanta Biologicals), 100 U/ml penicillin
G, and 100 μg/ml streptomycin (Gibco). The medium was changed twice during this period.
Cells were transferred to either 10-ml HARVs in the RCCS to model microgravity or to ultra
low adhesion 100-mm plates for gravity controls. Osteoblastogenesis was induced by
supplementing proliferation medium with 10 nM dexamethasone, 10 mM β-glycerol
phosphate, and 50 μM ascorbic acid 2-phosphate (Sigma). The medium was changed every 2
days in both MMG and normal gravity cultures. Cells were harvested after 7 days in osteogenic
medium unless otherwise indicated.

RCCS
The RCCS is a commercially available (Synthecon, Houston, TX, USA) system that produces
low-shear, low-turbulence conditions similar to those encountered during spaceflight.(26) The
rotational motion of this system prevents sedimentation by randomization of the gravity vector,
creating an optimized suspension culture capable of supporting 3-D cell growth on microcarrier
bead scaffolds.(27) The HARVs used in the RCCS provide two essential components of
optimized suspension culture: (1) solid body rotation and (2) diffusion-mediated oxygenation.
Solid body rotation is accomplished by matching the densities of the microcarrier beads and
the medium as closely as possible and results in minimal shear stress and mechanical damage
to cells. The 10-ml HARVs used by the system are fitted with a gas permeable membrane to
allow passive gas exchange. Diffusion-mediated membrane oxygenation allows diffusion of
gases to maintain proper growth conditions but prevents turbulence-inducing air space/
bubbles.(26) During the 7-day exposure to MMG, rotation was increased as needed to
compensate for the increasing mass of the cell/bead aggregates.

Fluorescent cell staining
Filamentous and globular actin were labeled as described previously, with minor
modifications.(28) Cell/bead aggregates were washed with PBS, fixed with 4% formaldehyde
for 20 minutes, and permeabilized with 0.1% Triton X-100 for 5 minutes. Cells were blocked
with 1% BSA for 30 minutes followed by labeling with Alexa Fluor 594-conjugated phalloidin
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alone or in combination with Alexa Fluor 488-conjugated deoxyribonuclease I (Molecular
Probes) at a final concentration of 0.1 and 0.3 μM, respectively, in the dark for 20 minutes.
Cells were again washed with PBS and incubated with 10 μg/ml Hoechst stain (Sigma) for 1
minute to label nuclei, followed by a final wash with PBS.

Intracellular lipids were fluorescently labeled with Nile Red (Molecular Probes). Cell/bead
aggregates were washed with PBS and incubated with 1 μg/ml Nile Red for 1 h. Cells were
again washed with PBS immediately before imaging. Endogenous alkaline phosphatase was
detected using the commercially available ELF 97 kit (Molecular Probes). Cell/bead aggregates
were washed with PBS, fixed with 4% formaldehyde for 15 minutes, and permeabilized with
0.1% Triton X-100 for 5 minutes. The enzyme-labeled fluorescence (ELF) phosphatase
substrate was diluted 20-fold in detection buffer and filtered through a 0.2-μm filter. The
substrate solution (100 μl) was incubated with each cell/bead aggregate for 60 s. The reaction
was stopped by the addition of a PBS buffer containing 24 mM EDTA and 5 mM phenylalanine.
Cells were washed with PBS immediately before imaging. All fluorescent staining was
visualized using the a ×63 oil immersion objective on a Leica TCS NT confocal microscope.
Pixel intensity of the images was quantitated using BioQuant Imaging software analysis.

Whole cell protein extraction
Whole cell protein extraction was carried out as previously described.(10,11) Briefly, cells were
washed with chilled PBS and flash frozen in liquid nitrogen. Cells were resuspended in lysis
buffer containing 50 mM Tris (pH 7.4), 150 mM NaCl, 1 mM EDTA, and 1% Triton X-100.
Protease and phosphatase inhibitor cocktails, containing 2 mM phenylmethylsulfonyl fluoride,
5 μg/ml aprotinin, 1 mM EGTA, 10 mM NaF, 1 mM sodium pyrophosphate, and 0.1 mM β-
glycerophosphate (Sigma) were added immediately before cell lysis. Cells were lysed for 30
minutes at 4°C, followed by centrifugation at 14,000g for 30 minutes at 4°C. The protein
content of the supernatant was determined by the Bio-Rad DC protein assay.

Western blot analysis
Whole cell lysates (20 μg/lane) were separated by SDS-PAGE and transferred to a
polyvinylidene difluoride (PVDF) Immobilon-P membrane (Millipore) using a Bio-Rad wet
transfer system. Transfer efficiency and size determination were made by comparison with
prestained protein markers (Bio-Rad). Membranes were blocked with Blotto B (Santa Cruz
Biotechnology) for 1 h at room temperature. Membranes were incubated overnight at 4°C with
primary antibodies directed against phosphorylated or total cofilin (Cell Signaling
Technology), phosphorylated FAK (Santa Cruz Biotechnology), or total Rho (Cytoskeleton).
Appropriate horseradish-peroxidase (HRP)-conjugated secondary antibodies and an enhanced
chemiluminescence detection system (Amersham Bioscience) were used for detection. The
pixel intensity of scanned autoradiographs was quantitated using Kodak imaging software.

RhoA activity assay
The RhoA activity assay was performed according to the manufacturer’s recommendations
(Cytoskeleton). Activated (GTP-bound) RhoA was pulled-down from whole cell lysates (300
μg protein/sample) with Rhotekin-conjugated agarose beads for 1 h at 4°C. The beads were
collected by centrifugation and washed with lysis buffer, followed by wash buffer. Activated
RhoA was detached from the beads by boiling for 5 minutes in Laemmli reducing buffer (1×)
immediately before separation by 12.5% SDS-PAGE and transfer to PVDF membrane. After
blocking for 1 h at room temperature in Blotto B, the membranes were incubated with a primary
antibody directed against RhoA overnight at 4°C. Signals were detected using an HRP-
conjugated anti-mouse IgG1 secondary antibody and an enhanced chemiluminescence
detection system (Amersham Bioscience).
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Adenoviral vector
The recombinant adenoviral vector, RhoA-V14, was generously provided by Dr Christopher
Chen at Johns Hopkins University. The vector was propagated in 911 cells and purified by two
rounds of cesium chloride density gradient centrifugation. To determine the viral particle
concentration, the virus was diluted in a 10 mM Tris solution (pH 8.0), containing 1 mM EDTA
and 0.1% SDS, incubated at 56°C for 10 minutes, and the absorbance at 260 nm was measured.
Under these conditions, an absorbance of 1 corresponds to 1.1 × 1012 particles/ml.(29) All virus
aliquots were stored at −80°C until use.

Transduction of hMSCs by adenoviral vector
hMSCs were cultured on plastic microcarrier beads for 7 days in proliferation medium. Cells
were incubated with the adenoviral vector at a moi of 500 in DMEM containing 2% FBS for
6 h at 32°C. After incubation, the medium was replaced with DMEM containing 10% FBS,
and the cells were allowed to recover for 24 h. Infection with an adenoviral vector containing
GFP confirmed that this regimen effectively transduced nearly 100% of the cells. Cells were
transferred to MMG or remained in normal gravity as described previously.

RNA extraction and RT-PCR
Total RNA was extracted using the TRIzol method as recommended by the manufacturer
(Invitrogen, Carlsbad, CA, USA). One microgram of RNA was reverse transcribed using
Maloney murine leukemia virus reverse transcriptase (M-MLV RT) as previously described.
(10,11) Conventional PCR reactions were carried out in a final volume of 25 μl containing 0.2
mM deoxynucleotide triphosphates, 120 nM of each primer, and 1 U Taq-DNA polymerase.
TaqMan real-time semiquantitative RT-PCR analysis was performed using the relative-
standard curve method with SYBRGreen on an ABI Prism 7900HT Sequence Detection
System (Applied Biosystems). Expression of the 18S rRNA subunit served as a control. The
primers used were previously described.(10)

Statistical analysis
Statistical analyses were performed using the Student’s t-test on pixel intensity data generated
from scanning autoradiographs. Significance was accepted at p < 0.05. All experiments were
repeated at least three times. Values are expressed as mean ± SE.

RESULTS
Studies of cells cultured during spaceflight and in ground-based models of microgravity have
shown disorganization of the actin cytoskeleton.(12,14) To determine whether the actin
cytoskeleton is disrupted in hMSCs cultured in MMG, we first examined filamentous F-actin,
using Alexa 594-conjugated phalloidin. Within 3 h of initiation of MMG, disruption of stress
fibers (red) and cortical actin ring formation is evident compared with gravity control samples.
After 7 days of culture in MMG, stress fibers are completely absent. In addition, cellular
morphology changes dramatically. Cells cultured in MMG are much more rounded than cells
cultured in normal gravity. Viable nuclei (blue) are visible in each condition by Hoechst stain
(Fig. 1). Dual staining with Alexa-488–conjugated deoxyribonuclease I shows small, isolated
pools of G-actin (green) distributed throughout control cells cultured under normal gravity
conditions. In contrast, hMSCs cultured in MMG for 7 days lack stress fibers and
predominantly express monomeric G-actin (Fig. 2).

Previously, we showed that MMG suppresses gene expression of osteoblastic markers and
induces expression of adipocytic markers.(10) Consistent with these data, fluorescent detection
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of alkaline phosphatase activity, using the ELF 97 endogenous phosphatase detection kit,
indicated that hMSCs cultured for 7 days in MMG exhibit little, if any, alkaline phosphatase
activity, whereas the majority of cells cultured in normal gravity display widespread activity
(data not shown). Because of the previously observed increase in adipocytic gene expression
and a study indicating that globular G-actin associates with intracellular lipid droplets in
adipocytes,(30) we next examined the intracellular lipid content of hMSCs using Nile red
fluorescent dye (red). Minimal staining of the lipid membrane is detectable in cells cultured in
normal gravity. However, there is a substantial increase in intracellular lipid staining of cells
cultured in MMG. White arrows indicate cell nuclei, which are devoid of lipid (Fig. 3A). Also
consistent with our previous data, cells cultured for 7 days in MMG display a 310% increase
in lipid staining intensity compared with control cells cultured in normal gravity (Fig. 3B).

Activation of the small GTPase, RhoA, is required for both stress fiber formation and integrin-
mediated signaling.(17,31) It has also been implicated in the lineage decision of hMSCs.(24,
25) Therefore, we examined the activation status of RhoA in cells cultured in MMG. We
detected an 88 ± 2% reduction in the activated, GTP-bound form of RhoA (Figs. 4A and 4B).
This is consistent with reduced stress fiber formation and our previous data, indicating reduced
integrin-mediated signaling in response to MMG.(11) Likewise, downstream phosphorylation
of the actin-severing protein, cofilin, is reduced by 77 ± 9% (Figs. 4C and 4D). Reduced
phosphorylation of this protein corresponds to increased activity and is therefore also consistent
with reduced stress fiber formation.

To determine the importance of RhoA activation in stress fiber formation, integrin signaling,
and osteoblastic gene expression in hMSCs cultured in MMG, we used the adenoviral
construct, RhoA-V14, to introduce constitutively active RhoA. Because of the low expression
of the coxsackievirus-adenovirus receptor in hMSCs, showed by others,(32) we performed a
dose–response curve, using an adenoviral vector containing GFP, to determine optimal
transduction efficiency. We confirmed that hMSCs infected at a moi of 500 for 6 h at 32°C
effectively transduced nearly 100% of the cells (data not shown).

Total RhoA protein expression was confirmed by Western blot analysis. There is no significant
change in total RhoA protein expression between control cells cultured in normal gravity or in
MMG (Figs. 5A and 5B). However, a decrease in cofilin and FAK phosphorylation in control
cells cultured in MMG compared with normal gravity control cells (Figs. 5A and C) is
consistent with the reduced activity of RhoA shown in Figs. 4A and 4B. In contrast, total RhoA
protein expression is significantly increased by ~150% in RhoA-V14–infected cells, compared
with control cells, indicating successful infection of the cells (Fig. 5B). Western blot analysis
of total cofilin confirms equal protein loading (Fig. 5A).

Consistent with the assertion that the RhoA introduced into the hMSCs is constitutively active,
cells infected with RhoA-V14 and cultured in MMG display significant increases in
phosphorylated FAK and phosphorylated cofilin protein expression compared with control
cells cultured in MMG (Figs. 5A and 5C). In addition, the expression of these proteins reaches
the levels of untreated gravity control cells (Figs. 5A and 5C). RhoA-V14 also prevented the
elimination of stress fibers in hMSCs cultured in MMG for 7 days (Fig. 6). Importantly, RhoA-
V14 led to significant increases in the gene expression of the osteoblastic markers alkaline
phosphatase, collagen type I, and runt-related transcription factor 2 in hMSCs cultured in MMG
(Fig. 7A). However, the expression of these genes did not reach gravity control levels. RhoA-
V14 also reduced the gene expression of the adipocytic genes, leptin (Fig. 7B), and GLUT4
(Fig. 7C). Expression of an adenoviral vector containing GFP did not alter the phenotype or
gene expression of the hMSCs (data not shown).
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In summary, MMG leads to alterations in the actin cytoskeleton, culminating in complete
absence of stress fibers and a concomitant increase in monomeric G-actin after 7 days. These
cytoskeletal alterations are mediated by severe reduction in RhoA activation and decreased
phosphorylation of the actin-severing protein, cofilin. Importantly, introduction of RhoA-V14
led to recovery of stress fibers, activation of integrin signaling, and induction of markers of
osteoblastic differentiation. Taken together, our results suggest that inactivation of RhoA and
cytoskeletal disruption contribute to a change in the lineage decision of hMSCs in favor of
adipogenesis in MMG.

DISCUSSION
Cytoskeletal disruption occurs in several cell types both during spaceflight and in MMG.
Disorganization of actin stress fibers is evident in human umbilical vein endothelial cells within
1–4 h of exposure to MMG. Complete loss of stress fibers and increased cell motility are
observed in these cells after 16–144 h.(33,34) Glial cells, which are normally triangular in shape
when attached to a substrate, begin to round and exhibit disruption of the typical cortical actin
bundles as early as 30 minutes after exposure to MMG. These cells are completely rounded,
although still attached to the substrate, after 20 h of MMG.(12) The osteoblastic cell line, ROS
17/2.8, becomes less spread and loses vinculin-positive focal contacts within 12–24 h of
spaceflight.(35) A marked reduction in the numbers of stress fibers and loss of focal adhesions
are also evident in MC3T3-E1 cells after a 4-day spaceflight.(13,36) Here, we describe
disruption of the actin cytoskeleton in hMSCs cultured in MMG that increases in severity with
increasing time. An even distribution of robust stress fibers, resembling those of fibroblastic
cells, is observed at all time-points in cells cultured in normal gravity, whereas cells cultured
in MMG exhibit cortical actin ring formation as early as 3 h after initiation of MMG. After 7
days of culture in MMG, stress fibers are completely absent.

Dual staining with Alexa-494–conjugated phalloidin and Alexa-594–conjugated
deoxyribonuclease I reveals that cells cultured in normal gravity exhibit prominent stress fibers
punctuated by small pools of monomeric G-actin. However, after 7 days of culture in MMG,
the actin content of hMSCs is almost exclusively monomeric G-actin. In rat adipocytes, G-
actin associates with lipid droplets.(30) Therefore, we examined the lipid content of hMSCs
cultured for 7 days in MMG and observed a substantial increase in intracellular lipid staining
compared with control cells cultured in normal gravity. This is consistent with the reduced
RhoA activity described here and the increased gene expression of adipsin, leptin, and GLUT4,
described previously.(10)

The small GTPase, RhoA, has been characterized by its ability to initiate stress fiber formation
in fibroblastic cells.(17) Inactivation of RhoA has been shown to alter cell shape by reducing
focal adhesions and stress fibers, and it also inhibits the expression of markers of
differentiation, including MyoD and myogenin, in myocytes.(37) Inhibition of Rho GTPases,
using the GDP dissociation inhibitor RhoGDI, and inhibition of RhoA in particular, using a
dominant-negative interfering mutant, also inhibits myocytic differentiation of C2C12
fibroblasts.(38) We anticipated reduced activity of RhoA, caused by the absence of stress fibers
we observed in MMG. Indeed, we detected an 88 ± 2% reduction in RhoA activity in hMSCs
cultured for 7 days in MMG. We are the first to show reduced RhoA activation in hMSCs
cultured in MMG. RhoA exerts its effect on the cytoskeleton through effector proteins, such
as cofilin. Cofilin is a small molecular weight actin-binding protein. When it is active, cofilin
acts as an actin-severing protein. Phosphorylation of cofilin by ROCK inactivates its actin-
severing ability.(23) Therefore, reduced phosphorylation leads to increased activity. Stretch of
the vascular wall leads to an increase in RhoA activity, cofilin phosphorylation, and F-actin
content and maintains the contractile phenotype of smooth muscle cells.(39) Consistent with
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both reduced RhoA activation and loss of stress fibers, we show a 77 ± 9% reduction in cofilin
phosphorylation in hMSCs cultured for 7 days in MMG.

Cell senescence can also alter cell shape and responsiveness to stimuli(40,41) and has been
shown to occur in long-term cultures of human osteoblasts.(42) For this reason, we used cells
at a low passage that were obtained from a young donor, which have been shown by others to
exhibit enhanced life span, growth characteristics, and osteoblastic potential compared with
cells obtained from elderly donors.(43,44) The cells used in these experiments maintained a
spindle-shaped appearance, and their growth did not slow before seeding the cells onto
microcarrier beads. In addition, cells were pooled each time they were split to avoid selection
of cells with any differential phenotype. Proliferation assays performed by our group
previously show that the rate of proliferation is not altered by culture in MMG.(10) Taken
together, we believe that cell senescence does not contribute to the cytoskeletal changes
observed in MMG.

Reduced activation of RhoA is also consistent with our previous study that indicates reduced
integrin signaling in hMSCs cultured in MMG.(11) RhoA is required for tyrosine
phosphorylation and full activation of FAK. Inhibition of RhoA also prevents integrin-
mediated ERK activation.(17,18) Conversely, integrin engagement and activation of FAK or
Pyk2 stimulate Rho-activating proteins.(19–21) Here, we show that introduction of
constitutively active RhoA leads to recovery of FAK activation in hMSCs cultured for 7 days
in MMG. Interestingly, RhoA activation cooperates with α2β1 integrin ligation to mediate type
I collagen matrix assembly by vascular smooth muscle cells.(22) It is therefore likely that the
negative effects of MMG on integrin signaling we reported previously are mediated by
inactivation of RhoA and changes in the actin cytoskeleton.

RhoA and cytoskeletal tension have recently been shown to mediate the lineage decision of
hMSCs.(24,25) hMSCs treated with the actin-disrupting agent, cytochalasin D, or the selective
ROCK inhibitor, Y-27632, exhibit increased adipocytic differentiation compared with
untreated control cells. Cells infected with an adenoviral vector containing constitutively active
RhoA showed enhanced alkaline phosphatase activity in the absence of osteoblastic induction.
Conversely, cells infected with dominant negative RhoA showed enhanced lipid staining,
indicative of enhanced adipogenesis. Inhibition of ROCK or disruption of the actin
cytoskeleton blocks osteoblastic differentiation of cells infected with constitutively active
RhoA, which provides further evidence that RhoA exerts its effect on the lineage decision of
hMSCs through cytoskeletal changes.(24) Consistent with these data, introduction of an
adenoviral vector containing constitutively active RhoA, RhoA-V14, led to partial recovery of
stress fibers, activation of integrin signaling, and induction of markers of osteoblastic
differentiation in hMSCs cultured in MMG.

It is important to note that, although stress fiber formation and integrin signaling were restored
to control levels in hMSCs cultured in MMG by the introduction of RhoA-V14, osteoblastic
gene expression did not fully recover. It is therefore likely that, whereas the cytoskeleton and
integrin signaling are important mediators of the lineage decision of hMSC in MMG, other
mechanisms contribute as well. A recent study has shown that inhibition of COX-2, leading
to reduced prostaglandin E2 (PGE2) in hMSCs, reduces BMP-2 expression in these cells, which
is important for commitment and osteoblastic differentiation.(45) In addition, average urinary
PGE2 levels were reduced by one-half in nine humans exposed to 9–15 days of spaceflight.
(46) Therefore, it is possible that this mechanism contributes to the reduced osteoblastogenesis
we observed in vitro and may be applicable during spaceflight in vivo as well.
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In contrast to the data obtained in hMSCs, activation of RhoA by Pasteurella multocida toxin
(PMT) results in increased proliferation but decreased differentiation of primary mouse
calvarial cells. Reduced differentiation was determined by reduced gene expression of
osteoblastic markers, including Runx2, alkaline phosphatase, type I collagen, and osteocalcin
and by reduced bone nodule formation. Conversely, chemical inhibition of Rho kinase
prevented the effects of PMT and enhanced bone nodule formation in the absence of PMT.
(47) Therefore, it is possible that the role of RhoA activity differs depending on the stage of
osteoblastic differentiation.

This work provides new insights into potential mechanisms leading to reduced bone mass in
humans during spaceflight. MMG inhibits osteoblastic and enhances adipocytic differentiation
of hMSCs. Here, we show that MMG inhibits stress fiber formation. These changes are
associated with increased intracellular lipid accumulation. Expression of constitutively active
RhoA reverses these alterations in MMG and induces markers of osteoblastic differentiation
in hMSCs, providing further evidence that cytoskeletal integrity and integrin signaling are
essential for osteoblastic differentiation.
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FIG 1.
Actin stress fiber formation is disrupted in MMG. hMSCs aggregated on plastic microcarrier
beads (B) were maintained in osteogenic medium for the indicated times in normal gravity (G)
or MMG. Cells were labeled with Alexa Fluor 594-conjugated phalloidin to visualize
filamentous actin (red) and Hoechst stain to visualize nuclei (blue) at the end of the study.
Images were acquired using laser scanning confocal microscopy under a ×63 objective. Images
are representative of six separate experiments.
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FIG 2.
hMSCs cultured in MMG predominantly express the globular form of actin. hMSCs aggregated
on plastic microcarrier beads (B) were maintained in osteogenic medium for 7 days in normal
gravity (G) or MMG. Cells were double labeled with Alexa Fluor 488–conjugated
deoxyribonuclease I (green) to visualize globular actin and Alexa Fluor 594–conjugated
phalloidin (red) to visualize filamentous actin. Images were acquired using laser scanning
confocal microscopy under a ×63 objective. Images are representative of three separate
experiments.
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FIG 3.
MMG enhances intracellular lipid accumulation. hMSCs aggregated on plastic microcarrier
beads (B) were maintained in osteogenic medium for 7 days in normal gravity (G) or MMG.
Cells were stained with Nile Red to visualize cellular lipid content (red). (A) Images from three
separate experiments were acquired using laser scanning confocal microscopy under a ×63
objective, and representative images are shown. White arrows indicate cell nuclei. (B) Image
pixel intensity was quantified for three separate experiments using BioQuant image analysis
software and are graphed as the mean ± SE; *p ≤ 0.01 compared with G.
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FIG 4.
RhoA activity and cofilin phosphorylation are reduced in MMG. hMSCs aggregated on plastic
microcarrier beads were maintained in osteogenic medium for 7 days in normal gravity (G) or
MMG. Whole cell protein was extracted at the end of the study. (A) Activated (GTP-bound)
RhoA was pulled down from total protein (300 μg) using Rhotekin-conjugated agarose beads
and separated by 12.5% SDS-PAGE. Immunoblots were probed using antibodies directed
against RhoA. The image is representative of two independent experiments each performed in
duplicate. (B) The band intensities of GTP-RhoA in MMG are graphed as a percentage relative
to gravity controls (G). Values were obtained from twoseparate experiments performed in
duplicate and represent the mean ± SE. (C) Total protein was separated by 12.5% SDS-PAGE.
Immunoblots were probed using antibodies directed against cofilin or phosphorylated cofilin.
The image is representative of five separate experiments. (D) The band intensities of
phosphorylated cofilin relative to total cofilin in MMG are graphed as a percentage relative to
gravity controls (G). Values were obtained from five separate experiments and represent the
mean ± SE. *p ≤ 0.05 compared with G.
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FIG 5.
Overexpression of constitutively active RhoA induces cofilin and FAK phosphorylation in
MMG. hMSCs aggregated on plastic microcarrier beads were mock-infected (Control) or
infected with an adenoviral vector containing constitutively active RhoA (RhoA-V14) and
were maintained in osteogenic medium for 7 days in normal gravity (G) or MMG. (A) Total
protein was extracted at the end of the study and separated by SDS-PAGE. Immunoblots were
probed using antibodies directed against RhoA, phosphorylated cofilin, FAK, and total cofilin.
Images are representative of three separate experiments. (B) The band intensities of RhoA are
graphed relative to uninfected gravity controls. Values were obtained from three separate
experiments. *p ≤ 0.05 compared with controls. (C) The band intensities of phosphorylated
protein relative to total protein are graphed as a percentage relative to uninfected gravity
controls. Values were obtained from three separate experiments and represent the mean ± SE.
*p ≤ 0.05 compared with MMG control.
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FIG 6.
Overexpression of constitutively active RhoA prevents loss of stress fibers in MMG. hMSCs
aggregated on plastic microcarrier beads were mock-infected (Control) or infected with an
adenoviral vector containing constitutively active RhoA (RhoA-V14) and were maintained in
osteogenic medium for 7 days in normal gravity (G) or MMG. At the end of the study, cells
were labeled with Alexa Fluor 594-conjugated phalloidin to visualize filamentous actin (red)
and Hoechst stain to visualize nuclei (blue). Images were acquired by laser scanning confocal
microscopy under a ×63 objective. Images are representative of three separate experiments.
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FIG 7.
Constitutively active RhoA induces gene expression of markers of osteoblastic differentiation.
hMSCs aggregated on plastic microcarrier beads were mock infected (Control) or infected with
an adenoviral vector containing constitutively active RhoA (RhoA-V14) and were maintained
in osteogenic medium for 7 days in normal gravity (G) or MMG. Total RNA was extracted at
the end of the study. (A) Semiquantitative RT-PCR reactions were performed using primers
for osteoblastic genes, including alkaline phosphatase (ALP), preprocollagen type I (Col I),
and runt-related transcription factor 2 (Runx2). Relative gene expression from three
experiments was normalized to 18S expression. Values represent the mean ± SE. *p ≤ 0.05
compared with MMG control. (B) Semiquantitative RT-PCR reactions were performed using
primers for the adipocytic gene, leptin (Lep). Relative gene expression from three experiments
was normalized to 18S expression. Values represent the mean ± SE. *p ≤ 0.05 compared with
MMG control. (C) Conventional RT-PCR reactions were performed using primers for the
adipocytic gene, glucose transporter 4 (GLUT4). Images are representative of three separate
experiments.
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