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ABSTRACT

Six days of microgravity (Bionl0 mission) induced dramatic shape changes in ROS 17/2.8
osteoblasts (7). During the Foton 11 and 12 space flights, we studied the kinetics (0—4 days) of
ROS 17/2.8 morphology and adhesion, the relationships between adhesion and cell cycle
progression after 4 days in space, and osteoblastic growth and activity after 6 days in space.
Quantitative analysis of high-resolution adhesion [focal adhesion area imaged by total
interference reflection fluorescent microscopy (TIRFM)] and integrin-dependent adhesion
(imaged on confocal microscope by vinculin and phosphotyrosine staining) as well as cell cycle
phase classification [Ki-67 staining, S-G2, mitotic cells and G1 (postmitotic cells)] were
performed using programs validated in parabolic flight and clinostat. We observed
disorganization of the cytoskeleton associated with disassembling of vinculin spots and
phosphorylated proteins within focal contacts with no major change in TIRFM adhesion after 2
and 4 days of microgravity. Postmitotic cells, alone, accounted for the differences observed in
the whole population. They are characterized by immature peripheral contacts with complete loss
of central spots and decreased spreading. Osteocalcin, PICP and alkaline phosphatase, and
proliferation were similar in flight cells and 1 g centrifuge and ground controls after 6 days. In
conclusion, microgravity substantially affected osteoblastic integrin-mediated cell adhesion.
ROS17/2.8 cells responded differently, whether or not they were cycling by reorganizing
adhesion plaque topography or morphology. In ROS 17/2.8, this reorganization did not impair
osteoblastic phenotype.
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progression by the extracellular matrix has been particularly emphasized in several

adherent cell types such as hepatocytes (1), endothelial cells (2), and fibroblasts (3).
Cytoskeletal reorganization during cell spreading or rounding is driven by mechanical tension
through the actomyosin machinery and transmitted across the cell surface by integrin receptors to
the extracellular matrix. In addition, there is a large body of evidence to suggest that integrins
play a central role in the cell response when cells are submitted to external mechanical forces (4).
The balance between external and internal forces, partly driven by integrin binding and cell
spreading, acts at different points during the cell cycle to direct cells to either live or die (5), to
proliferate or to exit the cell cycle, and to differentiate(6).

The importance of cell shape and cytoskeletal changes in the control of cell cycle

During the Biocosmos 10 mission, we observed that osteoblastic ROS 17/2.8 cells exhibited
dramatic shape changes after 4 days of microgravity: Some cells were rounder and piled up,
whereas others were retracted and presented long cytoplasmic extensions. A third population
remained spread out, with a similar shape to that of ground controls and in-flight 1 g centrifuge
control cells (7). Because these cells were clonal, we hypothesized that this heterogeneous
response to microgravity exposure in terms of cell shape could be related to cell cycle phases. In
addition, we found that cell shape was highly sensitive to gravitational stresses (2 g, 10 g) such
as those exerted by parabolic flights (8). In a subsequent parabolic flight, we began to study the
organization of a known target for mechanical signals: the focal adhesion plaque that constitutes
one signaling pathway for transmission of outside/inside information by linking the extracellular
matrix to the cytoskeleton and triggering signal transduction cascades (9). We developed an
approach for quantitation of focal contacts, based on multimodal confocal microscopy and
analysis of immunocytochemistry images (10). We chose vinculin as the molecule representative
of focal contact, because it is one of the last proteins that colocalize in the integrin cluster only
when integrins have bound to the extracellular matrix (11). Vinculin is responsible for the
stiffness of the transmembrane integrin linkages to the cytoskeleton (12, 13) and activates protein
tyrosine kinases that play a central role in integrin-mediated signaling (14). We thus found
significant parabolic flight-induced cell shape changes, including decreased cell area associated
with focal contact plaque reorganization (15). This reorganization comprised a reduction of both
the number of vinculin-positive focal contacts and physical adhesion of cells to the substratum as
assessed by total interference reflection fluorescent microscopy (TIRFM) imaging. Therefore, as
a first step, we demonstrated that the adhesion pattern of ROS 17/2.8 cells was sensitive to g
variations induced by parabolic flights.

In these cells, we also observed that, at the time of mitosis, they progressively lost stress fibers
and peripheral adhesion plaques as well as became rounder and less adherent in order to divide
(data not shown). Daughter cells then spread and developed thick and regularly oriented
microfilament bundles of stress fibers ending at vinculin-rich areas of focal contact. Our
expectation during microgravity exposure is that the critical step for cell adhesion would be on
completion of mitosis, when new cells start to spread.

Based on all these results, and those of Papaseit et al. (16) demonstrating that microtubule
assembly was found to be dependent on the g vector in vitro, our working hypothesis is that
microgravity is able to modify the dynamic organization of cytoskeletal structures. Indeed, they
polymerized/depolymerized continuously, requiring low energy, but through amplifications, they



generated high tension forces to the substratum. Thus, in the present study, we focused on
cytoskeletal focal adhesion structures with high-resolution image analysis procedures. Before
capsule propulsion into orbit and exposure to microgravity, cells were maintained in low
metabolic state by means of low serum (Foton 12) or low temperature (Foton 11) to avoid the
potential effects of transportation, prelaunch, and launch (17). Several hours after exposure to
microgravity, cells were metabolically activated and kinetics of adhesion changes was quantified
at different time points during flights.

Due to space constraints and limited sampling, the experimental design was organized as
follows. Changes in the pattern of TIRFM-defined focal contact and vinculin-positive adhesion
plaques after 12 h and 4 days of microgravity were quantitatively analyzed in ROS 17/2.8 cells.
Actin stress fibers and tyrosine-phosphorylated proteins were also visualized at various time
points. We then analyzed the relationships between cell cycle and adhesion pattern on day 4 of
the space mission to ensure that several cell generations had occurred in space. Finally, we
checked that ROS 17/2.8 cells retained similar growth ability in flight and in control groups, as
previously found in these cell types (7) and in other osteoblastic cells (18-21). We also showed
that ROS 17/2.8 retained their main osteoblastic features (synthesis of alkaline phosphatase,
collagen type I, and osteocalcin) after a 6-day microgravity exposure.

Two space missions were required to achieve our objectives. Shorter exposures to microgravity
(Foton 12, 2 days; Foton 11, 4 days) were used to study cell adhesion and its related cell cycle
dependency. Samples harvested during the Foton 11 mission (day 4 and 6) were devoted to
confirming the osteoblastic phenotype.

MATERIALS AND METHODS
Space flights

Both the Foton 11 and Foton 12 space flight experiments were carried out on the Russian Foton
unmanned recoverable capsules. Capsules were launched into polar orbits by Soyuz vehicles
from the Plesetsk base (650 km north of Moscow). Capsules flew through space for 12 days for
Foton 11 and 15 days for Foton 12. They then left microgravity to return to Earth and landed in
Kazakhstan, south of Samara. Two different incubator instruments were used in these missions:
the European Space Agency Biobox instrument for Foton 11 and the Centre National d’Etudes
Spatiales (French Space Agency) Ibis instrument for Foton 12. Both incubators (Biobox and Ibis)
provide identical automated culture conditions, absence of CO, exchange, possibility to inject
products into the medium during the flight, sample fixation, and in-flight centrifuge (C)
generating 1 g and acting as a control with in-flight static culture (flight #g, F). Centrifuge and
flight cultures experienced the same vibrations mainly due to take-off. The 1 g centrifuge was
used as the in-flight unit-gravity reference. Static ground cultures at 1 g (G) were also performed
to test the effects of space flight conditions. After capsule landing, the fixed or lysed cell cultures
were kept at 4°C during transportation and were directly processed for immunohistochemistry or
biochemical measurements on their arrival at the laboratory. We have previously established, in
ground experiments, that antigenic sites were not altered by storing fixed samples at 20°C for 10
days. The feasibility of biochemical measurements was previously studied during the Foton 10
mission (7).



Characteristics for Foton 11 mission (Biobox3)

Before launch, material required for our experiment was transported from Saint-Etienne (France)
to the ESA laboratory in Noordwijk (The Netherlands), where our experiment was prepared and
installed in the Biobox® Instrument. ROS 17/2.8 cells were plated 2 days before launch at 5 10°
cells/cm® on glass coverslips (Nunc, Life Technologies) and were transferred after 24 h to
“Plunger box experiment units” (CCM, Leiden, The Netherlands). These units contain a single 2-
ml culture chamber with a culture area of 2 cm”. The culture chamber is connected to six
compartments, each containing a soft plastic bag in which medium, fixative, or lysis buffer is
stored. These liquids are forced into the culture chamber by releasing a spring-loaded plunger by
sequential electrical activation, allowing medium and fixative buffer changes according to the
preprogrammed activation timeline.

A total of 11 experimental units were used for flight conditions, 8 of which were integrated into a
static rack (cell in space box) and 3 on a 1g centrifuge in the Biobox incubator. Ground
conditions consisted of 8 experimental units integrated into the cell in space box within an
identical Biobox. During the 24 h between integration and launch, cells were maintained
quiescent by lowering the temperature to 20°C, after which the temperature in the Biobox was
increased to 37°C. Medium was changed and collected daily, and cells were lysed on day 4 or 6.
The ground control experiment started after a delay of 3 h and exactly followed the same
protocol and temperature profile.

Characteristics for Foton 12 mission (IBIS2)

The Ibis® instrument is divided into three distinct zones: a cold chamber (4°C), where cells
cultured in cassettes are stored; a transfer zone between the cold and hot chambers; and a hot
chamber (37°C), where cells are cultured under microgravity conditions. The instrument also
comprised a continually rotating centrifuge that subjects control samples to acceleration
simulating Earth’s gravitational forces (1 g control).

The experiment was prepared at the Plessetsk launch base (Russia). Osteoblastic ROS 17/2.8
cells were plated as described for the Foton 11 mission. The culture chamber consisted of a
single bag (2 ml) containing the glass coverslip (2 cm?) and two compartments, one containing
serum (cell cycling induction) and the other containing fixative (4% paraformaldehyde solution).
These liquids can be delivered into the culture compartment according to the preprogrammed
activation timeline.

Cell culture

The cells used in this study were rat osteosarcoma cells (ROS 17/2.8). They were chosen because
they possess a well-defined, mature osteoblastic phenotype and because their focal contacts were
large and well delimited, allowing image analysis (see below). Products were provided by Sigma
Chemical (St. Quentin Fallavier, France). The culture medium was Dulbucco’s modified Eagle’s
medium supplemented with 10% fetal calf serum, 2 mM L-glutamine, and 1% penicillin—
streptomycin solution. Because no gas exchange occurs in our culture device, medium was



buffered with 3.7 mg/l of NaHCO3 and 20 mM HEPES. Under these conditions, cell growth and
alkaline phosphatase activity are similar to those under normal O,/CO, culture conditions (1).

Fluorescence staining

Cells were washed in phosphate-buffered saline (PBS) and permeabilized with 0.1% Triton
X100 for 5 min. Nonspecific binding was blocked by incubation at 37°C in PBS/1% bovine
serum albumin. Antivinculin primary antibody (h-vinl diluted to 1/100) [or anti-phosphotyrosine
PY20 (Tebu, France)] and conjugated FITC (1/64) were purchased from Sigma. Ki-67 primary
antibody was purchased from Tebu and conjugated TRITC was purchased from Sigma. Antibody
incubations were performed at 37°C for 45 min. Cells were washed extensively in PBS between
antibody incubations and were mounted in PBS/glycerol (20%) before confocal scanning laser
examination. F-actin was stained using BODIPY-FL phallacidin (B-607 Molecular Probes,
Leiden, The Netherlands). In brief, cells were rinsed with PBS (pH 7.4) and incubated for 20 min
at room temperature before confocal scanning examination.

Image analysis
Adhesion

Cell shape was analyzed with a semiautomatic image analyzer (SAMBA-Alcatel®) on 100 cells
per condition. The confocal scanning laser microscope was used to visualize vinculin or
phosphotyrosine immunostaining (called spots). TIRFM was used to visualize close contacts
between cells and substratum (called plaques). Quantification was based both on thresholding of
vinculin or phosphotyrosine adhesion spots and on mathematical processing of TIRFM images.
Regions of interest (cell contours) were defined manually. Image processing allowed the
calculation of 24 parameters describing morphologic parameters of adhesion plaques and spots,
topographic parameters, and interactions between fluorescent spots and TIRFM images by
extracting data on overlap areas of spots and plaques (14). The 12 most important parameters
among these 24 are described in Figure 1.

Cell cycle phases

Ki-67 proliferation-associated antigen was revealed by immunostaining simultaneously with
vinculin staining. This combination allowed the cell cycle phase to be correlated with adhesion
pattern cell by cell. The image analysis program used for specific adhesion quantification was
also applied for quantification of nuclear parameters (Fig. 1). The number of cells quantified was
determined to obtain a minimum of 40 cells per cell cycle phase. The Ki-67 antigen content
increases during the cell cycle progression from G1 to M phases. Cell cycle phases could be
discriminated according to the particular Ki-67 spot topography (22, 23). Our image analysis
software therefore calculated nucleus area, Ki-67 relative area (Ki-67 area divided by nucleus
area), and topographic parameters describing the location of Ki-67 staining according to the
distance from nucleus edge. The following phases were studied. Mitotic cells were defined as
cells with the smallest nucleus area (NA<150 um?), associated with the highest Ki-67 relative
area (RS>30% of the nucleus area). Postmitotic (Post-M) cells, corresponding to the GO/G1
phases of the cell cycle, presented the lowest Ki-67 relative area (RS<10%) and central punctate



staining, characterized by an elevated average distance of Ki-67 spots from nucleus edge
(DS>66%). Furthermore, premitotic (pre-M) cells, corresponding to the S/G2 phases of the cell
cycle, were selected by default and represented all other cells. Unstained Ki-67 cells (5% of the
cell population) were obviously not taken into account in this part of our study.

Cell counting

Cell proliferation was assessed by direct counting of Ki-67 stained cells per images (day 0, 1, 2,
and 4 of the FOTON 12 mission). We also measured the protein content of lysed cells with
Bradford method (day 0, 4, and 6 of the FOTON 11 mission)

Biochemical measurements

Alkaline phosphatase activity was measured using p-nitrophenylphosphate as substrate according
to the Lowry method (24). Cells were washed in PBS and disrupted in TRIS HCI buffer
containing 0.1% Triton X100 during the flight. The enzymatic activity was assessed for 30 min
at 37°C. Absorbance was read at 405 nm. Results are expressed in nM/l/min/mg of protein. C-
terminal type I procollagen propeptide (P1CP, ug/mg protein) was determined by an enzyme-
linked immunoassay (Orion Diagnostica, Espoo, Finland). Osteocalcin was assayed in duplicate
by a radioimmunoassay (RIA) using an anti-osteocalcin polyclonal immune serum, depending on
the epitopes recognized by antibodies to the intact molecule and the fragments (OSTEO-KPR )
(CIS bio International). P1CP and Osteocalcin were determined in recovered media collected in
individual bags after each medium renewal.

Timeline of the experiment

The timeline of the experiments is described in Figure 2. In the Foton 12 mission, cells were
maintained dormant by low serum (1%) culture conditions and proliferation was initiated after
12 h of flight by serum induction (10%). Cells fixed on day 1 were devoted to vinculin staining,
and cells fixed on day 2 were devoted to vinculin and phosphotyrosine stainings. In the Foton 11
mission, cell cultures switched from 20 to 37°C after 3 h of flight and they were fixed on day 4
for vinculin, Ki-67, and actin stainings. Biochemical markers were measured in cell lysates after
6 days of microgravity and in medium collected during medium changes on days 0, 2,4, and 6.

Statistical analysis

For image analysis, 100-150 cells were analyzed at each time point and for each condition.
Multivariate analysis tools were used to discriminate groups and to assess the significance of
measurements (or variables). Initially, all data were pooled and the correlation matrix was
calculated. Factorial discriminant analysis is a multivariate statistical analysis designed to
emphasize the difference between experimental groups, based on measurements of several
parameters (25). Comparisons between F, C, and G groups were based on the most discriminant
parameters, using the Friedman test. When the Friedman test was significant, the Mann-Whitney
test was used to compared C versus G and either F versus C or F versus G (with an a-level =
[nominal a] x [number of comparisons made]. Nonparametric tests were also used to compare
biochemical parameters between groups.



RESULTS
Proliferation and differentiation indices

Both protein content and direct counting of cells were identical between controls, centrifuge, and
flight cells all over the culture periods in both missions (Table 1). Osteoblastic differentiation
parameters, that is, alkaline phosphatase activity, P1CP, and osteocalcin production were similar
between the three conditions, their level being rather constant during the different time points of
the mission (Table 1). No normalization has been attempted for P1CP and osteocalcin because
conditions between media collections and cell fixation or protein content evaluation did not
correspond for each time point.

Morphologic and topographic parameters
Qualitative examination of cell morphology, cytoskeleton and adhesion pattern

Observation of cells by phase contrast microscopy (immediately after retrieval of culture units)
did not reveal any differences in cell morphology between ground controls, centrifuge controls,
and flight groups after a 1- or 2-day period. However, after 4 days of microgravity, the flight
group exhibited morphologic differences, characterized by rounder and smaller cells, compared
with centrifuge and ground controls (Fig. 3A, B). In addition, F-actin staining showed a cortical
pattern of actin network and disappearance of large bundles of stress fibers in microgravity
conditions (Fig. 3C, D). Lastly, confocal images showed more diffuse vinculin spots in flight
cells (Fig. 3E, F). No obvious differences were visible between ground and centrifuge controls in
the apparent diffusion of vinculin out of the focal contact plane noted in flight groups. Ki-67
staining was seen in each group (Fig. 3G, H) and showed that ROS cells were dividing.

Quantitative cell adhesion parameters

Discriminant analysis of cell adhesion parameters Table 2A summarizes the stepwise factorial
discriminant analysis, indicating the discriminant power of each parameter in all the groups at
every time point. Restricted factorial discriminant analysis to the ground groups (GO, G1, G2,
and G4) on the one hand or to the centrifuge groups (CO, C1, C2, and C4) on the other hand
showed that MS (mean area of vinculin spots) was the most discriminant parameter factorial
discriminant analysis applied to the flight groups alone (FO, F1, F2, and F4) and showed that RS
(relative area of vinculin spots) was the most one. Table 2B shows the a posteriori classification
of cells using discriminant parameters to re-affect cells in their defined groups. This
classification indicated cell percentage correctly affected in the proper group. The best result was
found for cells cultivated 4 days in flight, centrifuge, or ground conditions and to a lesser extent
for 2-day cultures as compared with earlier cultures (day O and 1). This classification showed
that effects of microgravity conditions were modulated by time of exposure. Cultures without
serum (TO, GO, CO, and FO) were indistinguishable from each other. This result indicated that
cells maintained in a slow metabolic state are not responsive to gravitational alterations.

Differences between groups As early as 24 h of flight, mean area of vinculin spots (MS) was
significantly decreased compared with centrifuge or ground controls (Fig. 4A). After 2 days in



space, similar results were seen for vinculin relative area (RS), overlap of vinculin spots with
TIRFM focal contact plaques (OSP), and average distance of vinculin spots from the cell edge
(DS) that constituted the following discriminant parameters by decreasing order (Fig. 4B-D).
The decrease in OSP, which followed the kinetics of RS (i.e., vinculin spots), reflected an
uncoupling between vinculin spots and plaques occupancy in microgravity. Furthermore, after 2
days of flight, PY-20 staining indicated that phosphotyrosine-positive spot number (data not
shown) and phosphotyrosine-related area were also significantly decreased (-50%) (Fig. 5)
compared with both C and G groups. The ratio of phosphotyrosine/vinculin spots was
dramatically reduced in microgravity (1.52 versus 2 on ground), suggesting that vinculin left the
focal contacts and that transduction activity of this signaling molecule was reduced. After 4 days
of flight (Fig. 4), all morphologic and topographic adhesion parameters remained low.
Distribution of vinculin spots was now located at the cell periphery as shown by reduced average
distance from cell edge to spots (DS -25%). The longer the flight, the greater the differences.

Adbhesion cell cycle dependency

Discrimination of adhesion according to cell cycle phases was done after 4 days in microgravity
to ensure that we analyzed the second or third generation of ROS 17/2.8 grown is space. To test
whether microgravity was able to modify adhesion according to cell cycle phase, factorial
discriminant analysis was applied to premitotic, mitotic, and postmitotic cells. Table 3A shows
the most discriminant parameters in the cell cycle study. The matrix of classification (Table 3B)
indicated that Pre-M and M cells were poorly correctly re-affected (from 12-46%) compared
with the better classification of Post-M groups (62-64%). It indicated that microgravity
conditions are more discriminant in Post-M cells than in Pre-M or M cells. The variation of
discriminant parameters according to cell cycle phases is shown in Table 4. In mitotic cells, no
difference between C, G, and F was observed for any of the parameters. In G and C postmitotic
cells, the events that followed mitosis were characterized by the formation of new focal contacts
(N +100%) associated with a very marked increase in cell area (CA +300%), whereas the
topography of focal contacts (DS) was reorganized to remain distributed as in the other phases,
suggesting a high turnover of contact formation. Post-M cells of the flight group exhibited a
significantly lower vinculin spot number (N -60%); the remaining vinculin spots were smaller
(MS -50%) and more peripheral (lower DS). More detailed topographic analysis revealed that
flight cells maintained their central (under the nucleus) and peripheral spots, but no spots were
observed between these two sites (Fig. 6). In addition to this alteration of adhesion, cell
spreading was also reduced [CA x 2 (CA x 3 in controls)]. The main difference in terms of cell
cycle progression in the flight group compared with control groups was the reduced amplitude of
cell area changes from one phase to another. As for G1 to G2 progression, we found that only
mean contact area (MS) normalized during flight, whereas the other parameters remained lower
than in control groups. These results indicated that mitotic cells were not affected by
microgravity, whereas postmitotic cells appeared to be the most sensitive to microgravity.
Typical examples of changes of adhesion pattern according to cell cycle phase in centrifuge and
flight samples are presented in Figure 6.

DISCUSSION

Consistent with most of the results reported by other authors (18-21, 26), our results suggest that
cell proliferation was not affected by space conditions. We also found that levels of osteoblastic



markers, that is, alkaline phosphatase activity, P1CP, and osteocalcin, were maintained under
space flight conditions. These levels were fairly constant with time and conditions (microgravity,
1 xg in-flight and ground controls) despite increased protein content and cell number. Despite
the use of buffered media, the culture conditions, mainly characterized by the absence of CO,
exchange, accounted for the relative decrease of cellular activities during the 6 days of culture.
The lack of difference in protein synthesis and P1CP, fibronectin, or alkaline phosphatase
activity (18,27, 38) in microgravity has already been reported. However, at the gene level, lower
expressions for alkaline phosphatase, osteocalcin, and collagen type I mRNAs were detected in
some studies (20, 28, 39), but not all (19). From these results, we can assume that despite
nonstandard culture conditions, microgravity does not markedly affect cell viability and
osteoblastic phenotype, suggesting that the cells used in these studies remain healthy regardless
of the conditions.

Cell shape changes and cytoskeletal alterations have been reported by several investigators under
microgravity conditions in both adherent and nonadherent cells (7, 16, 29, 30). Adhesion plaques
that link the intracellular cytoskeleton to the extracellular matrix and trigger a myriad of
intracellular signals have a recognized role in mechanotransduction both in mechanical stress
models (31, for review) and in the case of gravitational stresses such as those exerted by
parabolic flights (15). The present study is the first to provide quantitative data on cell adhesion
after microgravity exposure. We collected two types of cell adhesion information. The first type
was specifically related to integrin-mediated adhesion and was based on the detection of vinculin
and phosphotyrosine at focal adhesion sites by immunostaining. The second type was not
specific and represented physical contact zones at cell/substratum interface as imaged by
TRIFM. The image analysis software provided 18 morphometric features describing cellular
area, shape, and proportions of vinculin (and phosphotyrosine) spots as well as 6 topographic
features describing the distribution of vinculin and the relative overlap of vinculin and focal
contacts.

The parameters mostly affected by space exposure were related to vinculin and phosphotyrosine
spots, suggesting that integrin-dependent adhesion was an effector of microgravity-related
changes. The kinetics of vinculin-related changes included a decrease in the mean area of
vinculin spots, followed by a more peripheral relocation of spots (Fig. 6). We can assume that
these peripheral spots allowed anchorage of F-actin that effectively appeared to be exclusively
cortical (Fig. 3). The mechanical environment is known to be crucial for the maintenance of cell
integrity, because the cytoskeleton-generated tension forces that equilibrate external tension are
mainly provided by cell-matrix and cell-cell interactions, pressures, and fluid shear stresses. This
concept, called tensegrity (32), has led us to the assumption that the alteration of external forces
(reduced g level, shear stress, and pressure) leads to unbalanced cytoskeletal tension at the
beginning of the flight and that longer exposures will lead to a reduction of cytoskeleton-
generated tensions.

Parameters derived from TIRFM (plaques) were not significantly altered by space conditions.
Lack of overlap between plaques and vinculin spots (OSP) appeared early and continued to
deteriorate until day 4 of flight. These results indicated that the dynamic disassembly of vinculin
was not associated with parallel changes in plaque area. This was unexpected, because close
contacts and focal adhesions are usually related structures formed from a common hierarchy of



molecular interactions (11, 12,). In particular, in parabolic flights, we found concomitant changes
in vinculin spots and plaques (15). We therefore concluded that gravitational stresses and
prolonged microgravity led to different adaptations. In microgravity, maintenance of plaques
suggested an assembly of spots devoid of vinculin. Such a situation has been recently described
in stretched osteoblasts, where integrin ayf; clusters did not colocalize with vinculin (33).
Further studies are needed to fully characterize these new structures. The ability to change
cellular tensegrity could modify adhesion throughout the ventral face of cells. For example,
increasing cell membrane tension (or contractility) through myosin phosphorylation activated the
formation of stress fibers and focal complexes assembly (34). However, when myosin
phosphorylation was inhibited, integrins and vinculin dispersed from focal contacts as stress
fibers and focal adhesions disassembled. In regard to these studies, our results showing
disappearance of stress fibers as well as disassembly of focal complexes fit well with the
assumption of a reduction in membrane contractility when cells are exposed to microgravity.

ROS 17/2.8 cell cycling appeared to occur in microgravity at a similar rate to controls,
generating the same proportion of cells classified as Pre-M, M, and Post-M groups of cells.
Microgravity exerted significant effects on adhesion parameters mainly in Post-M cells. In these
cells, we demonstrated a relocation of vinculin spots at the cell periphery, whereas spots located
between the nucleus level and cell edge disappeared. In addition, vinculin-dependent adhesion is
reduced through a decreased spot number, the remaining ones being smaller. Lastly, cell
spreading was reduced at this stage. However, the mean area of spots became normal during G1
to G2 transition, but this compensatory phenomenon has still to be elucidated.

In 1 g centrifuge and ground controls, homogeneous spot distribution was indicative of normal
spreading and stability of cell focal adhesions. Peripheral vinculin relocation has already been
described in exoenzyme C3 (inhibitor of Rho activity)-treated fibroblasts adherent to fibronectin.
Such peripheral spots were considered to be precursors of focal adhesion plaques (35, 36). We
can therefore speculate that focal adhesion spots generated in microgravity are less mature than
those established in controls. Maturation of focal contacts is a complex process depending on the
dynamics and stability of actin cables and is under the control of Rho members of GTPases (37,
38). Loss of F-actin fibers observed under flight conditions could be explained by loss of
adhesion spots required for the formation of stress actin fibers. Adhesion to extracellular matrix
triggers phosphorylation of a large number of signaling proteins at the focal contact, such as
focal adhesion kinase, p60src, or paxillin, which, in turn, activate protein kinase C (PKC) and
GTPases pathways. It has been shown that turnover of focal adhesions was found to be
negatively correlated with Rho activity,and that focal adhesion kinase down-regulates Rho (39,
40). Based on the marked decrease of tyrosine phosphorylation at focal adhesion sites we
observed in flight cells, we assumed that these signaling proteins could be altered in
microgravity conditions

One of the most extensively studied mediators of intracellular signal transduction in eukaryotic
cells is PKC. It has been shown repeatedly that gravity changes modulate PKC signaling in A431
cells (41) and various types of leukocytes (Jurkat, U937) (42—44), and there is a close correlation
between PKC isoforms and the cytoskeleton, mainly actin (45) but also microtubules (46).
Changes in PKC isoform distribution may therefore be associated with cellular morphologic
changes. Mahler et al. (47) recently demonstrated that c-src was specifically activated by



disruption of focal contacts and that loss of adhesion was not a passive process but could activate
signaling pathways that may have significant effects on cell function.

In conclusion, ROS 17/2.8 cells retained their capacity to proliferate and their osteoblastic
phenotype after a 6-day microgravity exposure. Quantification of focal adhesion parameters
demonstrated that microgravity acts on ROS17/2.8 cells by disorganizing cytoskeletal actin and
vinculin. The kinetics of the dynamic changes affecting the area and relocation of focal contacts
suggested that these structures are not only mechanoreceptors, but also mechanoeffectors. This
disorganization was maximal on postmitotic cells compared with mitotic and premitotic cells and
could be explained by the immaturity of the contacts established in flight. Rho-GTPase activity
or downstream Rho effectors could be affected by changes in the mechanical environment
experienced under microgravity conditions and might explain our results. Further experiments
will be needed to precisely study GTPase activities under microgravity conditions. This
experiment suggested that space-related conditions drive cytoskeletal restructuring that might
control signaling cascades and thereby govern the cellular response to other stimuli such as
hormones or growth factors.
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Table 1

Biochemical markers of ROS17/2.8 phenotype®

Markers Days Groups N
Ground Centrifuge Flight
Images
Number of cells per image 0 3.68 (1.2) 30
1 4.78 (1.3) 5.67 (1.6) 526 (1.5 25
2 64524 7.62(1.2) 6.12 (2.3) 28
4 113234 1225 (2.7) 11.95(3.1) 24
Cultures
0 150 (35) 4
Protein content (yg/well) 4 442 (81) 473 (54) 461 (75) 4
6 458 (78) 483 (117) 495 (101) 4
Cultures
Alkaline phosphatase 4 212 (59) 190 (n=1) 225 (112) 3
Activity 6 260 (81) 240 (n=1) 161 (65) 3
(nM/mg/min)
Cultures
Osteocalcin 0 30 (5) 32 (6) 27 (12) 6
production 2 28.5 (10) 29 (8) 30.5(7) 6
(ng/ml) 4 28 (9) 27.5(7) 26 (8) 6
6 255 () 24.5(9) 24 (10) 6
Cultures
Carboxyterminal type I collagen 0 14 (3) 155(5) 15 (8.6) 6
Collagen propeptide (P1CP) 2 16 (7.2) 17 (3.4) 14.5(6.3) 6
Production (ng/ml) 4 17 (6.2) 14 (4.6) 15(5.3) 6
6 16 (3.3) 12 (3.1) 17 (6.8) 6

*All data are presented as mean (SD). No significant difference were found between ground,

centrifuge, and flight groups.




Table 2

A. Factorial discriminant analysis of cells as a function of time spent in microgravity

Stepwise factorial discriminant analysis (14 groups)

Parameters Step  |Discriminant power
Mean area of vinculine and phosphotyrosine (PY?20) spots 1 91.1
MS)*
Relative (/CA) area of spots (RS)b 2 45
Overlap of spots areas with plaques areas (OSP 3 36
Average distance of spots from cell edge (DS) 4 20
Relative (/CA) area of plaques (RP) 5 114
Cell area (CA) 6 10.8
Mean number of spots per cell (N) 7 9.8
Average distance of plaques from cell edge (DP) 8 7.1

“MS is the most dicriminant parameter in ground groups comparison (GO, G1, G2, and G4) and is the most
dicriminant parameter in centrifuge groups comparison (CO, C1, C2, and C4).
’RS is the most dicriminant parameter in flight groups comparison (FO, F1, F2, and F4).

B. Matrix classification of cells as a function of time spent in microgravity

Matrix of classification

Groups | BC | TO | GO | CO | FO | G1 | Cl1 | F1 | G2 | C2 | F2 |G4 | C4 | H4

Total
correct |649|18.1| 94 |164 (3671622 | 82 | 378 333|587 (144274 47 |62.2
(%)




Table 3

A. Factorial discriminant analysis of cells according to cell cycle phases

Stepwise discriminant analysis (Premitotic [Pre-M], mitotic [M], and postmitotic groups [Post-M]—nine

groups)
Parameters Step  |Discriminant power

Number of spots per cell (N)* 1 68.2
Mean area of spots (MS)” 2 44.6
Average distance of spots from cell edge (DS)* 3 293
Cell area (CA) 4 26.1
Relative (/CA) area of spots (RS) 5 8.4
Relative (/CA) area of plaques (RP) 6 6.3
Overlap of spots areas with plaques areas (OSP) 7 59
Average distance of plaques from cell edge (DP) 8 5.8

“N is the most dicriminant parameter in Post-M groups comparaison (Post-M G4, Post-M C4, Post-M F4).
’MS is the most dicriminant parameter in M groups comparison (M G4, M C4, M F4).
‘DS is the most dicriminant parameter in Pre-M groups comparaison (Pre-M G4, Pre-M C4, Pre-M F4).

B. Matrix classification of cells according to cell cycle phases

Matrix of classification

G4 Cc4 F4 G4 Cc4 F4 G4 Cc4 F4
Groups | Pre-M Pre-M Pre-M M M M Post-M | Post-M | Post-M
Total
correct 14.9 11.2 284 39.1 37.6 464 64.3 61.6 60.8
(%)




Table 4

Evolution of discriminant parameters as a function of cell cycle phases after a 4-day space flight conditions

exposure
Discriminant
parameters N MS (um?) DS (%) CA (um?)
Conditions” | Ground |Centrif | Flight | Ground | Centri | Flight | Ground | Centri [Flight |Ground | Centri | Flight
Premitotic cells” 61 65 46 072 | 0.75 | 0.74 34 32 25 920 | 1006 | 676
(19) a1 | 8" | (0.15) | (0.2) | (0.3) 4) (5) | 3| (124) | (121) | (182)"¢
Mitotic cells” 28 24 19 1.1 0.71 0.9 36 34 29 340 365 334
(15) (10) ©)] (0.5) | (0.2) | (0.16) ©6) 4 5) (84) | (108) | (64)
Postmitotic 53 52 41 0.82 | 0.83 | 0.32 34 31 21 962 994 618
cells” ©) (1) | (8)” | (0.22) [(0.15) | (0.2)*“ | (6) (3) | @ | (131) | (153) | (101)"*
“Mean (SD)

’P <0.01 vs. centrifuge.
‘P <0.01 vs. ground.
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Figure 1. Diagram of the image analysis procedures from image acquisition to calculation of morphological and
topographical parameters. A) Three confocal acquisition planes were used for 1) nuclear fluorescence of Ki-67, staining
(green), which was collected by enhancing the pinhole (i.e., the observation plane=value of the confocal microscope to 50;
2) for restricted observation of vinculin, or PY-20 (red), which was made with a pinhole value of 20; focus set inside the
cell was 0.5 ym; and 3) for nterference reflection (TIRFM) imaging. The interface between the cell membrane and the
glass coverslip was found by changing the focus until the maximum reflected light was obtained. B) An isodistance map
is calculated from the binary mask of the cell; each layer corresponds to pixels whose distance from the closest edge pixel
is the same. D) A histogram of the distances is calculated by intersecting the distance map (B) either with the mask of
vinculin or PY-20 spots (C) and the TIRFM binary mask of plaques (E). F) Overlay of binary mask of spots and plaques
led to calculation of overlap of contacts areas (OSP) or calculation of isolated spots of fluorescence (IS).
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BC : Basal Control, 10 : Pre-flight Control, G : Ground, C: Centrifuge, F : Flight

Figure 2. A) Timeline of the protocol; time is indicated in days (T2 = 2 days), indicating actions performed during
missions as well as postflight investigations such as vinculin staining at T1, T2, and T4 (ALP, lkaline phosphatase
activity; P1CP, C-terminal type I collagen propeptide). B) Table summarizing the days of culture and microgravity, serum
induction status, and g level experienced for all the studied groups.



Fig. 3

Figure 3. Observation by phase contrast microscopy of cell morphology after 4 days of culture. A) Centrifuge in-
flight controls and B) flight culture: Note that after 4 days a large proportion of flown cells are retracted or round
compared with the well-spread morphology of centrifuge. Confocal microscopy analysis of the 2-day centrifuged group of
cells (C, E, and G) and microgravity-exposed cells (D, F, and H). C) Centrifuge controls stained for F-actin and D)
centrifuge stained for F-actin: Note that F-actin is restricted to cell edge (filopodia-like extensions) and rarely organized in
stress fibers compared with the centrifuge well-organized cytoskeleton. E and F) Representation of vinculin patterns
indicating an important diffusion of vinculin out of focal contacts in flight cells. G and H) Arrows indicate G1, M, and
S/G2 cell-cycle phases discriminated by Ki-67 staining topography. Note that flight cells are cycling normally. Bars: 50
pm (A and B), 15 ym (C-H).
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Figure 4. Box plots and whiskers of the most discriminant parameters, comparison between ground (G), centrifuge (C),
and flight groups (F) (BC, basal control; TO, control without serum; and 0, 1, 2, and 4 indicating the time of culture in
days. A) Box plots and whiskers of mean area of vinculin spots (MS): Upper and lower lines indicate the 10th and 90th
percentiles, boxes indicate the 25th and 75th percentiles, and the line in the box indicates the median. Significant decrease
in MS (a, b) was observed as early as 1 day in microgravity and remained reduced up to 4 days. B) Evolution of relative
area of vinculin spots (RS). Significant decrease in this parameter was found after 2 and 4 days of microgravity, explained
by a concomitant decrease in MS and in the number of adhesion spots (N; data not shown). C) OSP illustrates overlapping
areas of vinculin spots and plaques and indicates the level of interaction between these two types of focal adhesion. The
kinetics of this parameter followed the spots area one (RS), indicating that plaques were less affected or dynamic in
microgravity compared with vinculin spots. D) Distance from cell edge (DS) is the most discriminant topographic
parameter and illustrates that spots are preferentially distributed to the periphery of the cell after 4 days of flight; DS was
not affected for shorter periods, indicating that redistribution of spots in microgravity is dependent of new cell generation.
(a,P<001 Fvs.G;b,P<001 Fvs.C;c, P<0.01 Cvs.G).
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Figure 5. Comparison of relative area (RS) of vinculin spots (left named h-vin) and phosphotyrosine spots (right
named PY-20) in ground, centrifuge, and flight groups after 2 days of microgravity. The vinculin and PY-20 relative
areas were significantly reduced in microgravity. Note that in ground and centrifuge conditions, focal contacts contained a
high proportion of tyrosine-phosphorylated proteins indicated by the ratio between mean area of PY-20 relative area/mean
area of vinculin relative area (R=1.8-2) compared with the ratio obtained in flight groups (R=1.52), indicating that the
potential signaling of focal contact area was reduced in microgravity as well as the focal contact area itself. (a, P<0.01 F
vs. G; b: P<0.01 F vs. C; c: P<0.01 C vs. G).
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Figure 6. Representative example of binary mask of vinculin spots and normalized distance histogram were
presented for each cell-cycle phase (premitotic, pre-M; mitotic, M; and postmitotic, post-M cells). Note that post-M
cells in flight conditions show a smaller cell area and the absence of central spots. This illustrates that cell-cycle
progression occurred in flight and suggests that spreading of post-M ROS 17/2.8 cells is modified by microgravity. It
appeared that in flight conditions (right column) cells are more irregular in shape (higher shape factor indexes) presented
distance histogram of spots restricted in periphery of the cell (cell edge peak) explained by disappearance of stable, central
contacts leading to disorganization of ROS cytoskeleton characterized by the absence of actin stress fibers.



