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ABSTRACT 
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Spaceflight leads to reduced bone mineral density in weight bearing bones that is primarily 

attributed to a reduction in bone formation. We have previously demonstrated severely reduced 

osteoblastogenesis of human mesenchymal stem cells (hMSC) following seven days culture in 

modeled microgravity. One potential mechanism for reduced osteoblastic differentiation is 

disruption of type I collagen-integrin interactions and reduced integrin signaling. lntegrins are 

heterodimeric transmembrane receptors that bind extracellular matrix proteins and produce 

signals essential for proper cellular function, survival, and differentiation. Therefore, we 

investigated the effects of modeled microgravity on integrin expression and function in hMSC. 

We demonstrate that seven days of culture in modeled microgravity leads to reduced 

expression of the extracellular matrix protein, type I collagen (Col I ) .  Conversely, modeled 

microgravity consistently increases Col I-specific a2 and PI integrin protein expression. Despite 

this increase in integrin subunit expression, autophosphorylatior! of adhesion-dependent 

kinases, focal adhesion kinase (FAK) and proline-rich tyrosine kinase 2 (PYU) ,  is significantly 

reduced. Activation of Akt is unaffected by the reduction in FAK activation. However, reduced 

downstream signaling via the Ras-MAPK pathway is evidenced by a reduction in Ras and ERK 

activation. Taken together, our findings indicate that modeled microgravity decreases 

integrin/MAPK signaling, which likely contributes to the observed reduction in 

osteoblastogenesis. 
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Altered human bone homeostasis during spaceflight results in severe decreases in bone 

mineral density, the severity of which directly correlates with flight duration [Bikle and Halloran, 

19991. It has been estimated that 1-2% site-specific bone loss occurs in the human skeleton 

each month during spaceflight [Tilton et al., 19801. Investigations of the potential mechanisms 

underlying this phenomenon will provide insight into the causes of disuse and age-related 

osteoporosis. Several independent studies of humans during spaceflight have detected 

decreased serum levels of bone formation markers, including alkaline phosphatase, osteocalcin, 

and the C-terminal peptide of pro-collagen type I [Caillot-Augusseau et al., 2000; Collet et al., 

19971. Previous in vitro studies of osteosarcoma cells in microgravity have also identified a 

reduction in markers of osteoblast function, including type I collagen, alkaline phosphatase, and 

osteocalcin gene expression [Carmeliet et al., 1998; Landis et al., 20001. 

Due to payload constraints, flight frequency, and cost, spaceflight experiments are 

limited. Therefore, NASA has developed a commercially available rotary cell culture system 

(RCCS) to model microgravity in ground-based experiments. We have previously used and 

described this system in detail [Zayzafoon et al., 20041. 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. Solid body rotation of the vessel, media, 

microcarriers, and cells results in minimal shear stress and mechanical damage to cells. 

Membrane oxygenation allows diffusion of gases to maintain proper growth conditions but 

prevents turbulence-inducing air space/bubbles. 

Although some disagreement exists regarding the validity of ground-based microgravity 

experiments, several cell types have been studied using the RCCS, and many of these studies 

reveal strikingly similar results to those obtained during spaceflight. In addition, this ground- 

based system provides an opportunity to study, and potentially correct, disruptions in normal 

cellular physiology. Studies using osteoblastic cells in the  RCCS indicate a reduction in 

osteoblastic gene markers, including alkaline phosphatase, osteocalcin, and Runt-related 
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transcription factor 2 (Runx2) [Nakamura et al., 2003; Narayanan et al., 20021. It is possible that 

reduced differentiation of precursor cells, in addition to reduced osteoblastic function, 

contributes to the observed reduction in bone formation during spaceflight. Indeed, despite 

osteogenic induction, human mesenchymal stem cells (hMSC) failed to display detectable levels 

of mRNA for major osteoblastic markers, including alkaline phosphatase, procollagen type I ,  

osteonectin, and Runx 2, following 7 days of culture in modeled microgravity [Zayzafoon et al., 

20041. However, the mechanisms underlying reduced differentiation remain unclear. 

Extracellular matrix (ECM) proteins and their heterodimeric transmembrane integrin 

receptors activate signaling cascades that lead, ultimately, to cell survival, proliferation, or 

differentiation. Ligand specificity of integrin receptors is determined by the subunit composition 

of the receptor pair [Hynes, 20021. When integrins bind ECM proteins, they cluster and are 

activated, leading to their association with cytoskeletal and signaling complexes. Following 

integrin ligation, adhesion-dependent tyrosine kinases, including focal adhesion kinase (FAK) 

and proline-rich tyrosine kinase 2 (PYK2), are activated by autophosphorylation [Juliano, 20021. 

PYK2 is best characterized in osteoclasts [Xiong and Feng, 20031, however, its function in 

osteoblasts remains unclear. Activation of PYK2 has been linked to the anabolic action of 

fluoride [Jeschke et al., 19981, and a recent study demonstrated an increase in PYK2 activation 

following mechanical stretching of ROS 1712.8 osteoblastic cells [Boutahar et al., 20041. 

Activation of FAK contributes to the survival and differentiation of osteoblastic cells pakeuchi et 

al., 1997; Tamura et al., 20011. Indeed, altered attachment and spreading, in addition to 

reduced FAK activation, has been described in osteoblasts isolated from patients suffering from 

osteoporosis or osteoarthritis [Perinpanayagam et al., 20011. FAK has been implicated in P13K 

activation, leading to survival signaling through activation of Akt [Hanks et al., 20031. Akt 

activation is reduced in a mouse unloading model [Sakata et al., 20041. However, the role of 

P13K signaling in osteoblastic differentiation is controversial [Ghosh-Choudhury et al., 2002; 

Takeuchi et al., 1997; Vinals et al., 20021. Another potential role for FAK in osteoblastic 
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differentiation is through activation of the Ras-MAPK pathway [Suzawa et al., 20021. This leads 

to activation of extracellular signal-regulated kinase (ERK), which is essential for osteoblastic 

differentiation [Lai et al., 20011. ERK mediates osteoblastic differentiation through its activation 

of Runx2, an essential osteoblastic transcription factor [Xiao et al., 20001. 

Type I collagen is the most abundant protein in the extracellular matrix of bone, and is 

required for osteoblastic differentiation. It has been shown that type I collagen expression in 

decreased in hMSC isolated from osteoporosis patients [Rodriguez et al., 20001. Additionally, 

blocking either collagen fibril formation or Col I interaction with its integrin receptor, a$,, in vitro 

reduces alkaline phosphatase expression rakeuchi et al., 19971. It has also been shown that 

collagen/integrin signaling cooperates with bone morphogenetic protein (BMP) signaling to fully 

induce osteoblastic differentiation, and it is likely that these two pathways converge on the 

MAPK pathway [Xiao et al., 20021. 

Here, we demonstrate that expression of Col I is dramatically reduced in hMSC following 

7 days of culture in modeled microgravity. lntegrin expression and function are likewise a!tered 

in modeled microgravity. Despite elevated Col I-specific integrin subunit expression, activation 

of adhesion-dependent tyrosine kinases, FAK and PYK2, is significantly reduced. Survival 

signaling through Akt remains intact. However, activation of Ras and MAPK is significantly 

reduced. 
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MATERIALS AND METHODS 

Isolation of Human Mesenchymal Stem Celk 

Human mesenchymal stem cells were isolated by the UAB Bone Cell Production Core 

Facility, with approval from the Institutional Review Board at the University of Alabama at 

Birmingham, as previously described [Zayzafoon et al., 20041. Briefly, cells were flushed from 

surgical waste ribs or femoral heads and purified by Histopaque-I077 (Sigma, St. Louis, MO) 

gradient density centrifugation. Stromal cells that remained attached after 7 days of undisturbed 

culture in 1-175 flasks were maintained and fed every 3-4 days thereafter. The pluripotent 

potential of these cells has been described previously [Pittenger et al., 19991. All cells used in 

this study were between passage 5 and 7. Donors vary in age, race, and gender. However, our 

results were consistent regardless of the source of the cells. 

Cell Culture and Differentiation 

Human mesenchymal stem cells were maintained as described previously [Zayzafoon et 

al., 20041. Briefly, lo6 cells were seeded onto 50 mg polystyrene microcarrier beads (Solohill 

Engineering Labs, Ann Arbor, MI) in ultra low adhesion tissue culture plates in normal gravity for 

7 days in proliferation medium, consisting of DMEM and 10% FBS. The medium was changed 

twice during this period. Cells were then transferred to either 10 mL high aspect ratio vessels 

(HARVs) in the rotary cell culture system (RCCS) to model microgravity or ultra low adhesion 

100 mm plates for gravity controls. The proliferation medium was supplemented with 10 nM 

dexamethasone, 10 mM p-glycerol phosphate, and 50 pM ascorbic acid 2-phosphate to induce 

osteoblastogenesis. The medium was changed every 2 days in both modeled microgravity and 

normal gravity cell cultures. Cells were harvested 7 days after the initiation of modeled 

microg ravity . 
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Rotary Cell Culture System 

The Rotary Cell Culture System (Model HARV, size 10 mL) was purchased from 

Synthecon, Houston, TX. The high aspect ratio vessels (HARVs) used by the system are fitted 

with a gas permeable membrane to allow passive gas exchange. The system achieves 

optimized suspension culture conditions by rotational randomization of the gravity vector. 

During the 7-day exposure to modeled microgravity, rotation was increased as needed to 

compensate for the increasing mass of cell/bead aggregates [Zayzafoon et at., 20041. 

RNA Extraction and RT-PCR 

Total RNA was extracted, using the TRlzol method as recommended by the 

manufacturer (Invitrogen, Carlsbad, CA). RNA was reverse transcribed and processed for PCR 

reactions as described previously [Zayzafoon et al., 20041. TaqMan real-time semi-quantitative 

RT-PCR analysis was performed using the relative-standard curve method with SYBRGreen on 

an AB1 Prism@ 7900HT Sequence Detection System (Applied Biosystems, Foster City, CA). 

Expression of the 18s rRNA subunit served as a control. The primers used were identical to 

those described previously [Zayzafoon et al., 20041. 

Whole Cell Protein Extraction 

Whole cell protein extraction was carried out as described previously [Zayzafoon et al., 

20041. Briefly, cells were washed with chilled PBS and flash frozen in liquid nitrogen. Cells 

were then resuspended in lysis buffer containing 50 mM Tris (pH 7.4), 150 mfvl NaCI, 1 mM 

EDTA, and 1% Triton X-1 00. Protease and phosphatase inhibitor cocktails (Sigma, St. Louis, 

MO) were added to the lysis buffer immediately prior to cell lysis. Cells were lysed for 30 

minutes at 4OC, and samples were centrifuged at 14,OOOxg for 30 minutes at 4OC. The protein 

content of the supernatant was determined by the Bio-Rad DC protein assay. 
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Western Blot Analysis 

Whole cell protein extracts (20 pg/lane) were separated by SDS-PAGE and transferred 

to a polyvinylidene difluoride (PVDF) Immobilon-P membrane (Millipore Co., Billerica, MA) using 

a Bio-Rad wet transfer system. Protein transfer efficiency and size determination were verified 

using prestained protein markers (Bio-Rad, Hercules, CA). Membranes were blocked with 

Blotto B (Santa Cruz Biotechnology, Santa Cruz, CA) for 1 hour at room temperature followed 

by overnight incubation at 4OC with primary antibodies directed against integrin PI, 

phosphorylated and total FAK and ERK (Santa Cruz Biotechnology, Santa Cruz, CA), integrin 

a2 (BD Transduction Laboratories, San Diego, CA), and phosphorylated and total Akt (Cell 

Signaling Technology, Inc., Beverly, MA). Primary antibody binding was detected using an 

HRP-conjugated secondary antibody and an enhanced chemiluminescence detection system 

(Amersham Bioscience, Piscataway, NJ). 

Ras Activity Assay 

The Ras activity assay was performed according to the manufacturer's 

recommendations (Upstate Biotechnology, Inc., Waltham, MA). Lysates were collected and 

adjusted to a total protein concentration of 150 pg/sample. Positive and negative controls were 

established by incubating normal gravity control samples with 0.5 M EDTA and either GTP (1X) 

or GDP (lX), respectively, for 30 minutes at 32°C. Activated (GTP-bound) Ras was precipitated 

with Raf-1 conjugated agarose beads for 45 minutes at 4OC. The beads were collected by 

centrifugation and washed three times with lysis buffer. Activated Ras was then detached from 

the beads by boiling for 5 minutes in Laemmli reducing buffer (1X) immediately prior to 

separation by 12.5% SDS-PAGE and transfer to PVDF membrane. After blocking, the 

membranes were incubated with a primary antibody directed against Ras overnight at 4OC. 
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Signals were detected using an HRP-conjugated anti-mouse IgG2a secondary antibody and an 

enhanced chemiluminescence detection system (Amersham Bioscience, Piscataway, NJ). 

Hydroxyproline Assay 

To determine collagen matrix deposition, hydroxyproline analysis was performed by the 

Biomolecular Resource Facility at the University of Texas Medical Branch in Galveston, TX. 

Briefly, aggregates were hydrolyzed in 6N HCI at 107OC. Samples were allowed to dry 

completely and were then reconstituted in 500 pL 0.02N HCI. Protein hydrolysates (1 0 pL) were 

then analyzed by ion exchange chromatography on a Hitachi L-8800 amino acid analyzer as 

described by the manufacturer after Spackman et. al. [Moore et al., 19581. Sample 

concentrations were derived by comparison to an external standard. 

Statistical Analysis 

Statistical analyses were performed using the Student t-test on pixel htemity data 

generated from scanning autoradiographs. Significance was accepted at a P value of ~0.05. 

All experiments were repeated at least three times. Values are expressed as mean 5 SE. 
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RESULTS 

First, we confirmed that modeled microgravity inhibits osteoblastic differentiation of 

human mesenchymal stem cells (hMSC). HMSC were allowed to form aggregates on 

polystyrene beads. The aggregates were then cultured under osteogenic conditions in normal 

gravity or modeled microgravity for 7 days. Semi-quantitative RT-PCR analyses of early 

markers of osteoblastogenesis, revealed significant reductions in alkaline phosphatase and 

Runx2 gene expression (figure 1). Reduced gene expression of type I procollagen (Colla2), an 

essential extracellular matrix component of bone, was also detected (figure 2). Hydroxyproline 

analysis confirmed a dramatic reduction in collagen matrix accumulation in samples cultured in 

modeled microgravity. Average hydroxyproline content in normal gravity was 26.3 2 2.9 

nmoVaggregate (n=2 in duplicate), whereas the hydroxyproline content of samples cultured in 

modeled microgravity was below detectable limits (figure 2B). 

It has been shown that Col 1 and interaction with its specific integrin receptcr, as$,, are 

required for osteoblastic differentiation. To examine the effect of modeled microgravity on Col I- 

specific integrin receptor expression, we analyzed the protein expression of both ct2 and p, 

integrin subunits by Western blot. Densitometric analysis revealed a 136 5 21% increase in a2 

and a 145 f 17% increase in PI expression by cells cultured in modeled microgravity relative to 

gravity controls (figure 3). However, this effect appears to be subunit specific as protein 

expression of the ct5 integrin subunit was slightly reduced by 26 4 10% in modeled microgravity 

(data not shown). Post-transfer coomassie blue protein staining of the polyacrylamide gel was 

used to ensure loading standardization. 

To evaluate integrin function, we examined the activation of adhesion-dependent 

kinases downstream of integrin binding. Western blot analysis revealed no change in total FAK 

or PYK2 protein expression between cells cultured in modeled microgravity and cells cultured in 
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normal gravity. However, autophosphorylation of FAK and PYK2 was significantly reduced by 

65 5 11 Yo and 50 2 9% in cells cultured in modeled microgravity, as determined by densitometry 

(figure 4). Downstream activation of the small GTP-protein, Ras, was significantly reduced by 

79 5 10% under modeled microgravity conditions (figure 5A). Subsequent phosphorylation of 

the MAPK, ERK, was similarly reduced by 73 2 7%. However, activation of cellular survival 

signaling through AKT was unaffected by modeled microgravity (figure 6). 
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DISCUSSION 

Reduced osteoblastogenesis of hMSC following 7 days of modeled microgravity was 

confirmed by reduced gene expression of two osteoblastic markers, alkaline phosphatase and 

Runx2. This is consistent with previous data [Nakamura et al., 2003; Zayzafoon et al., 20041. 

We further examined the expression of another osteoblastic marker, Col I .  Col I is the major 

extracellular matrix component in bone and is secreted by osteoblasts during differentiation 

[Owen et al., 1990; Siggelkow et al., 19991. Alterations in Col 1 are implicated in post- 

menopausal osteoporosis, as disruption of collagen fibrils in the bone matrix occurs in mice 

following ovariectomy [Kafantari et al., 20001. In vitro, inhibition of collagen synthesis blocks 

ascorbic acid-induced osteocalcin promoter activity in MC3T3-El cells [Xiao et al., 19971. 

Additionally, treatment of either the rat osteosarcoma UMR-106-01 cell line or human bone 

marrow stromal cells with antibodies directed against the collagen integrin receptor, a2Pl, leads 

to a dramatic reduction in mineralization [Gronthos et al., 2001; Schneider et a!., 20011. This 

reduction in osteoblastic gene expression and mineralization appears to be mediated by 

reduced Col 1 induction of Runx2 binding and OSE2 transcriptional activation [Xiao et al., 19981. 

Consistent with reduced osteoblastic differentiation, we detected reduced gene expression of 

Coll a2 in modeled microgravity. Further confirmation of impaired collagen matrix accumulation 

is evidenced by the reduction in hydroxyproline levels from aggregates of hMSC cultured in 

modeled microgravity. Conversely, a previous study using hypergravity, induced by 

centrifugation, detected an increase rather than a decrease in Col I gene expression [Gebken et 

al., 19991. 

Interestingly, protein expression of the collagen-binding a2 and PI integrin subunits was 

increased in modeled microgravity. This is in contrast to a recent report of reduced expression 

of a, and P3 integrin subunits after 14 days in a mouse hindlimb suspension model of unloading 
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[Sakata et al., 20041. One possible explanation for the discrepancy is subunit specific 

regulation, as expression of other integrin subunits, such as a5, was slightly reduced in our 

system (data not shown). Differences in integrin trafficking may provide an additional 

explanation for the discrepancy. Several integrin subunits, including a,, are recycled through 

the endocytic pathway, whereas activated a$, induces caveolae-mediated endocytosis [Upla et 

ai., 20041. These pathways may be differentially regulated in modeled microgravity. Another 

plausible explanation for differential regulation of integrin subunits is ligand availability. The a& 

receptor binds vitronectin and other RGD-containing peptides v o n g  et al., 19961. In contrast to 

the severe reduction in Col I expression we have observed, spaceflight studies have revealed 

no change in mRNA expression, protein expression, or matrix accumulation of the RGD- 

containing extracellular matrix protein, fibronectin [Hughes-Fulford and Gilbertson, 19991. 

Therefore, it is possible that the difference in ligand availability contributes to the differential 

regulation of distinct integrin subunits. 

To address the effects of reduced Col I and altered integrin subunit expression on 

integrin function, we analyzed the autophosphorylation of two adhesion-dependent tyrosine 

kinases, FAK and PYK2. We observed a significant reduction in FAK and PYK2 

autophosphorylation in hMSC after 7 days culture in modeled microgravity. This is consistent 

with integrin regulation of osteoblastic differentiation. Activation of FAK [Freitas et al., 20021 and 

PYK2 [Jeschke et al., 19981 has been linked to the anabolic action of fluoride treatment in the 

embryonic mouse MC3T3-El cell line. Mechanical strain has also been shown to enhance FAK 

and PYK2 autophosphorylation in ROS 17/2.8 osteoblast-like cells [Boutahar et al., 20041. 

Given the reduced mechanical load on our cells in modeled microgravity, the reduction in FAK 

and PYK2 activation are consistent with these data. The role of FAK alone in osteoblastic 

differentiation has been studied more extensively. Transfection of MC3T3-El cells with 

antisense FAK leads to suppressed alkaline phosphatase activity and osteocalcin gene 
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expression in response to BMP-2 treatment ramura et al., 20011. In addition, disruption of 

focal contacts by cytochalasin D blocks Col I-stimulated increases in alkaline phosphatase 

activity [Takeuchi et al., 19971. Interestingly, osteoblasts isolated from patients suffering from 

osteoporosis or osteoarthritis exhibit reduced attachment and spreading, less defined focal 

adhesions and stress fibers, and reduced FAK phosphorylation [Perinpanayagam et al., 20011. 

FAK activation is therefore important for osteoblastic differentiation and likely contributes to the 

reduced differentiation we observed previously [Zayzafoon et al., 20041. 

Due to the observed reduction in FAK autophosphorylation, we anticipated a 

concomitant reduction in activation of the Ras-MAPK pathway. As expected, we detected a 

significant decline in Ras and ERK activation in hMSC cultured in modeled microgravity. These 

results are supported by a study in which overexpression of antisense FAK in MC3T3-El cells, 

prevents collagen-induced Ras-MAPK activation [Takeuchi et al., 19971. Conversely, 

overexpression of FAK in human 293 epithelial cells leads to enhanced Ras-dependent 

activation of ERK [Schlaepfer and Hunter, 19971. !nterestingly, centrifugation-induced 

hypergravity leads to an induction of ERK phosphorylation in human osteoblastic cells [Gebken 

et al., 19991. Sustained activation of ERK is required for activation of Runx2, an essential 

transcription factor for osteoblastic differentiation [Xiao et al., 20001. It is therefore likely that 

reduced ERK activation in modeled microgravity contributes to the subsequent reduction in 

osteoblastic differentiation of hMSC. 

Autophosphorylation of FAK has also been implicated in direct activation of P13K [Chen 

et al., 19961, and overexpression of FAK leads to a PI3K-dependent increase in cell proliferation 

[Yamamoto et al., 20031. Despite a reduction in FAK autophosphorylation, we detected no 

change in the activation of Akt, a downstream target of P13K. Unaltered activation of Akt is 

consistent with our previous data showing no change in hMSC proliferation during culture in 

modeled microgravity compared to normal gravity [Zayzafoon et al., 20041. One interesting 

candidate for maintenance of PI3WAkt activation in our system is leptin. We have previously 
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demonstrated an increase in leptin expression by hMSC cultured for 7 days in modeled 

microgravity [Zayzafoon et al., 20041. Leptin has been shown to activate P13K in human 

peripheral blood mononuclear cells [Martin-Romero and Sanchez-Margalet, 20011, and leptin 

administration in vivo leads to a significant increase in Akt phosphorylation [Maroni et al., 20031. 

It is also likely that growth factors and cytokines present in the serum contribute to PI3WAkt 

activation as well. 

This work provides new insights into potential mechanisms leading to reduced bone 

mass in humans during spaceflight. Using the RCCS, we show that 7 days culture in modeled 

microgravity inhibits osteoblastic gene expression in hMSC, including expression of Col I .  

Despite upregulation of the Col-l specific integrin subunits, a2 and PI, integrin signaling through 

FAK, Ras, and ERK is significantly reduced and likely contributes to reduced osteoblastic 

differentiation. It may be possible, then, to develop anabolic bone therapeutic agents aimed at 

triggering integrin signaling to prevent bone loss associated with spaceflight, disuse, and aging 

osteopenia. 
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Figure 1. Modeled microgravity reduces osteoblastic gene expression. hMSC were seeded 

onto plastic microcarrier beads and cultured for 7 days in DMEM + 10% FBS under normal 

gravity conditions. Aggregates were then maintained in osteogenic medium for 7 days in 

normal gravity or modeled microgravity. Total RNA was extracted at 0, 7 ,  and 14 days, and 

semi-quantitative RT-PCR reactions were performed using primers for alkaline phosphatase 

(ALP) and Runx2. Relative gene expression (mean 2 SEM) from 4 separate experiments was 

normalized to 18s expression and plotted on a log scale. 

Figure 2. Collagen I expression is reduced in modeled microgravity. hMSC were seeded onto 

plastic microcarrier beads and cultured for 7 days in DMEM + 10% FBS under normal gravity 

conditions. Aggregates were then maintained in osteogenic medium for 7 days in normal 

gravity or modeled microgravity. A) Total RNA was extracted at days 0, 7 ,  and 14, and semi- 

quantitative RT-PCR reactions were performed using primers to type I procollagen (Col 1~x2). 

Relative gene expression (mean 5 SEM) from 4 separate experiments was normalized to 18s 

expression and plotted on a log scale. B) Whole aggregates, harvested at day 14, were used 

for hydroxyproline analysis. Values were obtained from 2 separate experiments in duplicate 

and represent the average hydroxyproline content per aggregate. 

Figure 3. lntegrin subunit protein expression is altered in modeled microgravity. hMSC were 

seeded onto plastic microcarrier beads and cultured for 7 days in proliferation medium. 

Aggregates were then maintained in osteogenic medium for 7 days at either unit gravity (G) or 

modeled microgravity (MMG). Total protein was extracted at the end of the study, and extracts 

(20 pg/lane) were separated by 7.5% SDS-PAGE. A) lmmunoblots were developed using 

specific antibodies to pl or a2 integrin subunits. Images are representative of at least 3 

separate experiments. B) Levels of integrin subunit expression in MMG are graphed relative to 
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gravity controls (G). Values were obtained from at least 3 separate experiments and represent 

the mean 2 SE. *p<0.05. 

Figure 4. Modeled microgravity decreases autophosphorylation of FAK and P YK2. hMSC 

were seeded onto plastic microcarrier beads and cultured for 7 days in proliferation medium. 

Aggregates were then maintained in osteogenic medium for 7 days at either unit gravity (G) or 

modeled microgravity (MMG). Total protein was extracted at the end of the study, and extracts 

(20 pg/lane) were separated by 7.5% SDS-PAGE. A) lmmunoblots were developed using 

specific antibodies to phosphorylated tyrosine residue 397 on FAK or total FAK. Images are 

representative of 4 separate experiments. B) Levels of FAK autophosphorylation in MMG are 

expressed relative to total FAK and graphed as a percentage relative to gravity controls (G). 

Values were obtained from 4 separate experiments and represent the mean 2 SE. *pc0.001. 

Figure 5. Ras activity and ERK phosphor;lation are reduced in modeled inkrogravity. h MSC 

were seeded onto plastic microcarrier beads and cultured for 7 days in proliferation medium. 

Aggregates were then maintained in osteogenic medium for 7 days at either unit gravity (G) or 

modeled microgravity (MMG). Total protein was extracted at the end of the study. A) Activated 

(GTP-bound) Ras was pulled down from total protein (150 pg) using Raf-1 conjugated agarose 

beads and separated by 12.5% SDS-PAGE. lmmunoblots were developed using specific 

antibodies to Ras. The image is representative of 3 separate experiments. Levels of GTP-Ras 

in MMG are expressed as a percentage relative to gravity controls (G). Values were obtained 

from 3 separate experiments and represent the mean + SE *pc0.05. B) Protein extracts were 

separated by 10% SDS-PAGE. lmmunoblots were developed using specific antibodies to 

phosphorylated or total ERK. The image is representative of 6 separate experiments. Levels of 

ERK phosphorylation in MMG are expressed relative to total ERK and graphed as a percentage 
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relative to gravity controls (G). 

represent the mean 2 S.E. *p<0.05 

Values were obtained from 6 separate experiments and 

Figure 6. Modeled microgravity does not alter activation of AM. hMSC were seeded onto 

plastic microcarrier beads and cultured for 7 days in proliferation medium. Aggregates were 

then maintained in osteogenic medium for 7 days at either unit gravity (G) or modeled 

microgravity (MMG). Total protein was extracted at the end of the study and separated by 10% 

SDS-PAGE. lmmunoblots were developed using specific antibodies to phosphorylated or total 

Akt. The image is representative of 2 separate experiments. 

Figure 7. Potential regulation of osteoblastic differentiation through reduced integrin signaling 

in modeled microgravity. Modeled microgravity suppresses expression and matrix accumulation 

of Col I. Expression of Col I-specific integrin subunits a2 and PI, is significantly increased in 

modeled microgravity. However, reduced Col I availability resu!ts in reduced downstream 

signaling through adhesion-dependent kinases FAK and PYK2. There is a subsequent 

reduction in Ras and ERK activation, which contributes to reduced Runx2 activation. This 

results in diminished transcription of osteoblastic genes, including type I collagen. 
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