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A number of studies have suggested that gravity
changes may influence mammalian cell growth and dif-
ferentiation. To obtain insight in the molecular mecha-
nisms underlying these effects, we have studied immedi-
ate early gene expression in response to activation of
cytoplasmic signal transduction under microgravity
conditions. In this paper we show that epidermal
growth factor (EGF)- and 12-O-tetradecanoyl-phorbol-
13-acetate (TPA)-induced expression of the c-fos and
c-jun protooncogenes is decreased in microgravity,
while no effect of gravity changes was observed on
A23187- and forskolin-induced expression of these
genes. These decrease in c-fos expression was not due to
delayed kinetics under microgravity. These results dem-
onstrate that gravity differentially modulates distinc-
tive signal transduction pathways. e 1991

Press, Inc.
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INTRODUCTION

Since the start of biological experiments in space in
the early 1970s a number of studies have suggested that
microgravity may have profound effects on cell growth
and differentiation of both prokaryotic as well as eukar-
yotic cellular systems (for a review, see Ref. [1]). The
most extensive study of gravity effects on mammalian
cells was performed by Cogoli and co-workers, who have
shown that mitogenic stimulation of human lympho-
cytes by the plant lectin concanavalin A (Con A) is
almost completely abolished under microgravity condi-
tions [2, 3]. Furthermore, they have shown that hyper-
gravity enhances Con A-induced lymphocyte prolifera-
tion [4] as well as the proliferation of other mammalian
cells [5].

Although the mechanism of gravity sensation in plant
cells is relatively well understood [6], the molecular
events underlying the effects of gravity alterations on
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mammalian cells are still largely unknown. However,
recent studies have shown that expression of growth
regulatory genes is modulated by gravity changes. In
Hela cells it was found that hypergravity enhances the
expression of the c-myc protooncogene [7], a gene
whose product is known to play an important role in
cellular proliferation [8]. Moreover, we have shown that
EGF-induced expression of the c-fos and c-jun genes in
human A431 epidermoid carcinoma cells is decreased
under simulated [9] and real [10] microgravity con-
ditions, while enhanced by hypergravity [9]. These re-
sults show that gravity exerts its effect already at the
early stages of the signal transduction cascade evoked
by EGF.

The products of the c-fos and c-jun gene family are
components of transcription factor AP-1 and play an
important role in cell proliferation (for reviews see [11,
12]) and differentiation [13, 14]. The expression of these
genes is rapidly induced by a wide variety of growth fac-
tors and other agents that selectively activate some com-
ponents of signal transduction pathways (reviewed in
[15, 16]). To further investigate the effects of microgra-
vity on the expression of these genes, we performed an
experiment in the CIS-2 module on the MASER-4
sounding rocket. Here we show that c-fos and c-jun in-
duction by EGF and TPA was decreased under micro-
gravity conditions, while no effect was found on c-fos
and c-jun induction by forskolin and the Ca** ionophore
A23817. Furthermore we show that the decrease in
EGF-induced c-fos expression is not due to a delay in
the kinetics of c-fos expression.

METHODS

Cells. Human A431 epidermoid carcinoma cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
7.5% fetal calf serum (FCS). One to four hours prior to stimulation,
the medium was replaced for DMEM-Hepes without serum.

RNA isolation and RNase protection analysis. Total cellular RNA
was isolated by the guanidine isothiocyanate-caesium chloride
method [17]. RNase protection analysis was performed according to
Melton et al. [18]. Total cellular RNA (1-2 ug) was hybridized to
?P.labeled complementary RNA probes derived from the human c-
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FIG. 1. Gravity alterations differentially modulate distinctive
signal transduction pathways. (A) A431 epidermoid carcinoma cells
cultured in the sounding rocket (0G) or in the 1G reference setup (1G)
were treated for 6 min with EGF (100 ng/ml), A23187 (2.5 uM), TPA
(100 ng/ml), forskolin (10 uM), or medium alone (CON 6), after
which the cells were lyzed. As control to determine the effect of high
G levels reached during the launch of the rocket, cells were lyzed
directly after reaching microgravity in the rocket (CON 0). All experi-
ments were performed in duplicate. RNA was isolated and analyzed
for c¢-fos and §-2-microglobulin (32M) expression by RNase protec-
tion. (B) A subset of RNA samples from A were analyzed for c-jun
expression.

fos gene [19]), the human c-jun gene {20], and the human $-2-micro-
globulin gene [21]. After RNase digestion of the single strand tran-
scripts, protected fragments of 110, 155, and 80 nucleotides are indica-
tive for expression of c-fos, ¢-jun, and §8-2-microglobulin, respectively.

Clinostat experiments. For clinostat experiments, a portable fast
rotating clinostat developed in cooperation with CCM (Centre for
Construction and Mechanization, Nuenen, The Netherlands) was
used. All experiments were performed at 60 rotations per minute at
37°C (see also Refs. [9, 10, 32]).

MASER-4 sounding rocket experiment. A431 epidermoid carci-
noma cells were cultured on coverslips and mounted into the CIS-2
(Cells In Space) plunger box experiment units (CCM, Nuenen) as
described previously [10]. The experiment units were assembled in
boxes and loaded in the CIS-2 module (Fokker Space and Systems,
Amsterdam, The Netherlands) in the payload of the rocket. The tem-
perature of the experiment units remained 37°C during the whole
experiment due to active temperature control of the experiment
boxes. After microgravity was reached in the rocket, the cells were
stimulated with EGF (100 ng/ml), A23187 (2.5 uM), TPA (100 ng/
ml), forskolin (10 uM), or medium alone by activation of a plunger
(see Ref. [10]). After 6 min, the cells were lyzed in guanidine isothio-
cyanate by activation of another plunger. After recovery of the pay-
load, RNA was isolated as described above. RNA recovery from the
different treatment groups randomly varied between 7 and 9 ug.

RESULTS

We have previously shown that EGF-induced expres-
sion of the c-fos and c-jun protooncogenes was de-
creased under simulated and real microgravity condi-

tions [9, 10]. To examine whether other signaling path-
ways leading to the expression of these genes were also
sensitive to gravity changes, we performed an experi-
ment on the MASER-4 sounding rocket. A431 epider-
moid carcinoma cells were cultured on thermanox cover-
slips in “plunger box units” [10]. After microgravity was
reached in the rocket, cells were automatically stimu-
lated with EGF, TPA, the Ca?* ionophore A23187, fors-
kolin, or medium alone for 6 min, after which the cells
were lyzed. RNA was isolated after recovery of the
rocket and analyzed for the expression of c-fos and c-
Jjun. A 1G reference experiment was performed in paral-
lel on the ground using identical hardware. Figure 1A
shows that EGF- and TPA-induced c-fos expression was
decreased under microgravity conditions (47 and 26%,
respectively; Table 1), while no effects of microgravity
were observed on c-fos expression induced by A23187 or
forskolin. No c-fos expression was detected in untreated
cells (Con 0 and 6). The expression of the 3-2-micro-
globulin gene, that is not influenced by signal transduc-
tion, was not significantly modulated by microgravity
(Fig. 1A and Table 1), indicating that the observed ef-
fects of gravity changes on c-fos expression result from
specific modulations of the signal transduction pro-
cesses induced by EGF and TPA. Although these exper-
iments were only performed in duplicate due to space
limitations in the rocket, they are in agreement with
previous results from experiments under simulated mi-
crogravity conditions reached in a fast rotating clinostat
[9, 10] as well as under real microgravity [10]. When the
expression of c-jun was studied, similar results were ob-
tained. Figure 1B shows that EGF- and TPA-induced
c-jun expression was decreased by microgravity (56 and
51%, respectively; Table 1), while A23187-induced c-jun
expression was not altered significantly (forskolin was

TABLE 1

Microgravity Effects on c-fos and c-jun Expression

1G/0G Ratio

c-fos c-jun 82M
Stimulus I-11 I-1I -1
Con 0 NC NC 0.98-1.12
Con 6 NC NC 1.04-1.26
EGF 2.01-1.79 2.06-2.44 1.01-0.89
A23187 1.08-1.02 0.89-1.01 1.08-1.02
TPA 1.38-1.32 1.94-2.16 1.04-0.86
Forskolin 0.99-0.91 ND 1.03-1.07

Note. Protected fragments from Fig. 1 were cut out of the gel and
counted in a liquid scintillation counter. The ratio of gene expression
in 1G and 0G was calculated by dividing the 1G samples (I and II) by
the 0G samples (I and II), respectively. 82M, 8-2-microglobulin; NC,
not calculated, since no expression of these genes was observed under
these conditions; ND, not done; Con 0 and 6, untreated cells lyzed 0
and 6 min after the start of microgravity, respectively.
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FIG. 2. Simulated microgravity does not influence the kinetics of
c-fos expression. A431 epidermoid carcinoma cells cultured in a fast-
rotating clinostat (0G) or in the 1G reference setup were treated for
the indicated times with EGF. RNA was isolated and analyzed for
c-fos expression. Protected fragments were cut out of the gel and
counted in a liquid scintillation counter. Bars represent the 1G/0G
ratio of c-fos expression at the indicated time points after EGF addi-
tion and are the mean of six independent experiments. Error bars
represent the standard deviation.

not tested, since it does not induce c-jun expression in
these cells). These results indicate that the effects of
gravity on immediate-early gene expression do not re-
sult from a general cellular stress response, but are
more likely caused by specific modulations of distinctive
signal transduction pathways.

Since these experiments did not address the question
of whether under microgravity conditions the induction
of c-fos and c-jun was decreased or was delayed com-
pared to the 1G reference, we performed time-course
experiments under simulated microgravity in the fast
rotating clinostat [32]. Our previous studies have shown
that the effects of simulated microgravity c-fos and c-
jun induction is qualitatively comparable to the effects
of real microgravity obtained in a rocket experiment [9,
10]. Therefore, A431 epidermoid carcinoma cells cul-
tured on thermanox coverslips were prerotated for 2 h
in a fast rotating clinostat at 60 rpm, after which EGF
was added for 10 to 90 min (maximum levels of c¢-fos
expression are reached after 30 min, while after 90 min
c-fos expression is decreased to about 20% of its maxi-
mal value), after which RNA was isolated and analyzed
for c-fos expression by RNase protection analysis. As
shown in Fig. 2, the ratio of c-fos expression under 1G
conditions and under simulated microgravity (0G) con-
ditions was significantly larger than 1 for all the time
points tested, indicating that simulated microgravity
does not delay the kinetics of EGF-induced c-fos expres-
sion, but decreases the level of expression of this gene.

DISCUSSION

EGF exerts its effect through binding to its plasma-
membrane-located receptor, followed by a rapid activa-

tion of an intracellular signal transduction cascade (re-
viewed in [22]). Since activation of protein kinase C
(PKC), the natural receptor for TPA, is one of the key
events in this signal transduction cascade, our results
suggest that PKC or a PKC-modulated protein may be
one of the cell targets for gravity alterations. By con-
trast, the rise in intracellular Ca2* concentration in-
duced by both EGF and A23187 is not likely to be modu-
lated by gravity changes. Forskolin-induced changes in
gene expression are mediated by protein kinase A
(PKA), which does not share common second messen-
gers with PKC in its signal transduction cascade. Inter-
estingly, recent experiments by Limouse et al. (33) show
that the production of interleukins (IL--1 and IL-2) by T
lymphocytes and monocytes in response to TPA is al-
most completely decreased under long-duration micro-
gravity conditions (12 h), while IL production induced
by cell-to-cell contacts was not gravity-dependent (ac-
companying paper). Combined with our data, these re-
sults strongly suggest PKC or one of its down-stream
targets in gravity-dependent modulations of mamma-
lian signal transduction, although we did not observe a
complete inhibition of TPA-induced gene expression,
probably due to the short exposure to microgravity
(6 min).

At present, we can only speculate about the gravity-
sensitive component in the PKC signaling pathway.
However, we have previously shown that the activity of
the c-fos serum-response element (SRE) is decreased
under simulated microgravity conditions [10]. Interest-
ingly, this element mediates c¢-fos induction by EGF as
well as by TPA [23-26]. By contrast, A23187 and fors-
kolin induce c-fos expression through regulatory se-
quences distinct from the SRE [27-28]. The SRE binds
at least three different proteins, of which p67-SRF
seems to be responsible for activating c-fos expression
in response to EGF [29]. Treatment of cells with EGF or
serum leads to a rapid phosphorylation of SRF, which is
suggested to be of major importance for transcriptional
activation of c-fos [30]. Since our results clearly demon-
strate that SRE-dependent c-fos induction is sensitive
to gravity alterations, it seems likely that PKC-acti-
vated events leading to phosphorylation of SRF might
be one of the processes influenced by altered gravity
conditions.

The products of the c-fos and c-jun genes are impli-
cated in the regulation of mammalian cell proliferation
and differentiation [11-14]. A number of previous stud-
ies have demonstrated effects of gravity changes on cel-
lular proliferation and differentiation [2-4, 31]. It is
therefore tempting to speculate that gravity-dependent
modulations of c-fos and c¢-jun expression may play a
role in these processes. In this respect it is noteworthy
to mention that stimulation of lymphocyte proliferation
by Con A, a process that is highly sensitive to gravity
changes [2-4], is preceded by the induction of c-fos and
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c-myc (R. P. de Groot, unpublished results). More ex-
periments are, however, needed to further elucidate the
mechanism by which gravity influences early gene ex-
pression responses to signal transduction and to deter-
mine whether these changes are critical for the cellular
response to gravitational stress.

The authors thank all persons involved in the CIS-2 experiment on
the MASER-4 sounding rocket. This work was supported by grants
from the Space Research Organization Netherlands (SRON).

10.

11.

REFERENCES

Gmunder, F. K., and Cogoli, A. (1988) Appl. Microgravity Tech. I
3, 115-124.

Cogoli, A., Tschopp, A., and Fuchs-Bislin, P. (1984) Science
225, 228-230.

Bechler, B., Cogoli, A., and Mesland, D. (1986) Naturwissens-
chaften 73, 400-403.

Lorenzi, G., Fuchs-Bislin, P., and Cogoli, A. (1986) Aviat. Space
Environ. Med. 57, 1131-1135.

Tschopp, A., and Cogoli, A. (1983) Experientia 39, 1323-1329.
Halstead, T. W., and Dutcher, F. R. (1987) Annu. Rev. Plant
Physiol. 38, 317-345.

Kumei, Y., Nakajima, T., Sato, A., Kamata, N., and Enomoto, S.
(1989) oJ. Cell Sci. 93, 221-226.

Kelly, K., and Siebenlist, U. (1986) Annu. Rev. Immunol. 4,317-
338.

de Groot, R. P., Rijken, P. J., Boonstra, J., Verkleij, A. J., de
Laat, S. W., and Kruijer, W. (1990) Aviat. Space Environ. Med.
62, 37-40.

de Groot, R. P., Rijken, P. J,, de Hertog, J., Boonstra, J., Verk-
leij, A. J., de Laat, S. W, and Kruijer, W. (1990) J. Cell Sci. 97,
33-38.

Imler, J-L., and Wasylyk, B. (1989) Prog. Growth Factor Res. 1,
69-77.

Received February 22, 1991
Revised version received June 24, 1991

12.
13.
14.

15.
16.
17.

18,

19.

20.

21.

22.
23.

24,
25.

26.

27.

28.
29.
30.

31.
32.
33.

Vogt, P. K., and Bos, T. J. (1989) Trends Biosci. 14, 172-174.
Muiiller, R., and Wagner, E. F. (1984) Nature 311, 438-442.

de Groot, R. P., Kruyt, F. A. E., van der Saag, P. T., and Kruijer,
W. (1990) EMBO J. 9, 1831-18317.

Verma, 1. M., and Sassone-Corsi, P. (1987) Cell 51, 513-514.
Abate, C., and Curran, T. (1990) Sem. Cancer Bicl. 1, 19-26.

Chirgwin, J. M., Przybyla, A. E., MacDonald, R. J., and Rutter,
W. J. (1979) Biochemistry 18, 5294-5299.

Melton, D. A., Krieg, P. A., Rebagliatie, M. R., Maniatis, T.,
Zinn, K., and Green, M. R. (1984) Nucleic Acids Res. 12, 7025~
7056.

Van Straaten, F., Miller, R., Curran, T., Van Beveren, C., and
Verma, 1. M. (1983) Proc. Natl. Acad. Sci. USA 80, 3183-3187.

Angel, P., Allegretto, E. A., Okino, S. T., Hattori, K., Boyle,
W. J., Hunter, T, and Karin, M. (1988) Nature 332, 166-171.

Suggs, S. V., Wallace, R. B,, Hirose, T., Kawashima, E. H., and
Itakura, K. (1981) Proc. Natl. Acad. Sci. USA 78, 6613-6617.
Carpenter, G. (1987) Annu. Rev. Biochem. 56, 881-914.

Gilman, M. Z., Wilson, R. N., and Weinberg, R. A. (1986) Mol.
Cell. Biol. 6, 4305-4315.

Treisman, R. (1986) Cell 46, 567-574.

Greenberg, M. E., Siegfried, Z., and Ziff, E. B. (1987) Mol. Cell.
Biol. 7, 1217-1225.

Stumpo, D. J., Stewart, T. N., Gilman, M. Z., and Blackshear,
P. J. (1988) J. Biol. Chem. 263, 1611-1614.

Fisch, 1'. M., Prywes, R., and Roeder, R. G. (1987) Mol. Cell. Biol.
7, 3490-3502.

Gilman, M. Z. (1988) Genes Dev. 2, 394-402.

Treisman, R. (1987) EMBO J. 6, 2711-27117.

Prywes, R., Dutta, A., Cromlish, J. A., and Roeder, R. G. (1988)
Proc. Natl. Acad. Sci. USA 85, 7206-7210.

Duke, J. C. (1983) Teratology 27, 427-436.

Block, 1. and Briegleb, W. (1986) Eur. J. Cell Biol. 41, 44-50.

Limouse, M., Manié, S., Konstantinova, 1., Ferrua, B., and
Shaffer, L. (1991) Exp. Cell Res. 197, 82-86.



