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Simulated Microgravity Decreases DNA Repair Capacity and
Induces DNA Damage in Human Lymphocytes
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ABSTRACT

The effect of simulated microgravity on DNA damage and apoptosis is still controversial. The objective of this study was to test whether
simulated microgravity conditions affect the expression of genes for DNA repair and apoptosis. To achieve this objective, human lymphocyte
cells were grown in a NASA-developed rotating wall vessel (RWV) bioreactor that simulates microgravity. The same cell line was grown in
parallel under normal gravitational conditions in culture flasks. The effect of microgravity on the expression of genes was measured by
quantitative real-time PCR while DNA damage was examined by comet assay. The result of this study revealed that exposure to simulated
microgravity condition decreases the expression of DNA repair genes. Mismatch repair (MMR) class of DNA repair pathway were more
susceptible to microgravity condition-induced gene expression changes than base excision repair (BER) and nucleotide excision repair (NER)
class of DNA repair genes. Downregulation of genes involved in cell proliferation (CyclinD1 and PCNA) and apoptosis (Bax) was also observed.
Microgravity-induced changes in the expression of some of these genes were further verified at the protein level by Western blot analysis. The
findings of this study suggest that microgravity may induce alterations in the expression of these DNA repair genes resulting in accumulation
of DNA damage. Reduced expression of cell-cycle genes suggests that microgravity may cause a reduction in cell growth. Downregulation of
pro-apoptotic genes further suggests that extended exposure to microgravity may result in a reduction in the cells’ ability to undergo
apoptosis. Any resistance to apoptosis seen in cells with damaged DNA may eventually lead to malignant transformation of those cells. J. Cell.
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E vidence from studies utilizing ground-based simulated
microgravity conditions as compared to real space flight
suggest that microgravity conditions result in several physiological
changes that mimic those seen in space flight. Those changes include
decline in cellular immune function [Leach et al., 1990; Wu et al.,
1993], cardiovascular changes [Baevsky et al., 2007], bone loss [Vico
et al., 2000], muscular atrophy [Hayes et al., 1992], and renal stones
[Pietrzyk et al., 2007]. The physiological effects of microgravity may
increase the risk for human diseases including cancer [Barr et al.,
2007]. However, the molecular mechanisms which produce the
adverse effects of microgravity on living cells have not been
elucidated.

Recent studies have shown that exposure to microgravity
conditions induce change in the expression of genes that control
important cellular functions [Ward et al., 2006; Clement et al., 2007].
The aberrant expression of DNA repair genes resulting in genomic
instability is characteristic of various human diseases. Previous
reports suggest that both real space flight and simulated micro-

gravity conditions result in gene expression changes and genomic
instability at both the chromosome and DNA level. For example,
chromosomal aberrations have been observed in the lymphocytes of
space crews after space flight [Obe et al., 1997; Yang et al., 1997;
George et al., 2001]. A high frequency of mutations was detected
inDrosophila melanogaster after space flight as compared to the
ground control group [Ikenaga et al., 1997]. Changes in the
expression of several genes associated with cell proliferation and
growth factor cascades have been reported in male rats after 17 days
on the NASA-STS-90 Neurolab space flight [Taylor et al., 2002]. In
this study, gene expression analysis at mRNAs level was performed
by using DNA microarray and the result revealed 12 genes were
upregulated by over twofold, and 38 were downregulated in rats
group from 17 days space flight as compared to control group of
rats. Cell-cycle genes and signal transduction proteins, such as p21
Cip1, retinoblastoma (Rb), Cyclins G1/S, -E, and -D3, MAP kinase 3,
MAD3, and ras-related protein RAB2 were among the genes that
were inhibited in the muscle of the rat from space flight as compared
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to the control group of rat on ground [Taylor et al., 2002]. Changes in
mitochondrial genes have also been reported in space-flown rats
[Nikawa et al., 2004]. DNA damage as detected by comet assay has
been reported in mice exposed to irradiation and simulating high-
altitude flight conditions [Sirota et al., 2007]. These studies clearly
indicate that exposure to microgravity causes gene expression
changes and genetic aberrations. However, the effect of micro-
gravity on the expression of DNA repair genes is not well
understood. Therefore, one of our objectives in this study was to
determine whether prolonged exposure to simulated microgravity
affects the cellular DNA repair capacity that may lead to DNA
damage and genetic aberrations and consequently the risk of
patho-physiological changes including neoplastic transformation
of cells.

The published reports suggest that base excision repair (BER),
nucleotide excision repair (NER), and post-replicative mismatch
repair (MMR) are three important DNA repair pathways in
mammalian cells and each pathway involves many DNA repair
genes [Kunkel and Erie, 2005; Denver et al., 2006]. In addition to
these DNA repair genes, P53 and proliferating cell nuclear antigen
(PCNA) are other crucial genes that are involved in the important
cellular function associated with DNA repair process [Xu and Morris,
1993]. The P53 pathway has been shown to mediate cellular stress
response and can initiate DNA repair [Vazquez et al., 2008]. In vitro
assay for DNA repair has shown that PCNA participates in both NER
and MMR [Johnson et al., 1996]. It has also been reported that loss of
expression of genes involved in these DNA repair pathways results
in oncogenesis [Buermeyer et al., 1999; Cleaver, 2005]. To gain
an insight about the effect of prolonged exposure to simulated
microgravity on DNA repair capacity that may explain the space
flight associated cancer risk, we measured the expression of
representative genes from BER, NER, and MMR as well as genes such
as P53, Gadd 45 gamma, and PCNA involved in DNA repair process.

There are several studies conducted in space and in simulated
microgravity on ground that suggest that human lymphocytes in
culture are sensitive to gravity changes as evidenced by profound
alterations of several cellular function [Cogoli et al., 1984, 1993;
Cogoli-Greuter et al., 1995; Schmitt et al., 1996; Cooper and Pellis,
1998; Walther et al., 1998; Cooper et al., 2001; Risin and Pellis,
2001]. Moreover, these cells are easy to grow in suspension culture.
These reports suggest that human lymphocyte cell lines are very
sensitive and responsive to microgravity condition and therefore in
this study we used the human lymphocytes as an in vitro cell model
to determine the effects of microgravity on gene expression changes
and cell survival.

Space flight conditions include both microgravity and exposure
to space radiation. Previously reported genetic aberrations seen
under space flight conditions have not been specifically attributed to
microgravity or to space radiation. Moreover, previously reported
studies of gene expression changes induced by ground-based
simulated microgravity were conducted for shorter durations
(in hours) of simulated microgravity exposure. The purpose of this
study was to determine the effect of short-term (4 and 72 h) as well
as extended-duration exposure (7 days) to simulated microgravity
on the expression of DNA repair genes and genes involved in cell
growth in human lymphocytes. The effect of an extended period of

exposure to simulated microgravity on DNA damage was also
investigated.

CHEMICALS AND REAGENTS

Trizol™ reagent for total RNA isolation was purchased from
Invitrogen, Inc. (Carlsbad, CA). One-step RT-PCR kit for real-time
PCR was obtained from BioRad Laboratories, Inc. (Hercules, CA).
Antibodies for Western blot analysis were purchased from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA). The comet assay kit was
purchased from Trevigen (Gaithersburg, MD).

CELL CULTURE AND SIMULATION OF MICROGRAVITY

Human B-lymphocytes (Cat # GM037978, Coriell Cell Repository)
and T-lymphocytes, (Cat # GMO04155, Coriell Cell Repository) cell
cultures were maintained in DMEM F-12 medium supplemented
with 10% fetal bovine serum. For ground-based simulation of
microgravity, a rotary cell culture system (RCCS), also known as a
Clinostat, developed by NASA was used. Rotation in the Clinostat
mimics the microgravity environment by nullifying the gravita-
tional vector through continuous averaging. To investigate the
effect of microgravity, actively growing lymphocyte cells were
maintained in the Clinostat for 4 h, 72 h, and 7 days. In parallel, cells
at similar cell densities were maintained in culture flasks for similar
time points in normal gravity condition on ground as controls. Both
groups of cells were kept under sterile conditions in a cell culture
incubator maintained at 5% CO, and 37°C.

TRYPAN BLUE EXCLUSION METHOD FOR CELL VIABILITY

Cell viability was measured using the trypan blue exclusion method.
Cells were collected by centrifugation at 1,500 rpm for 5 min. The
cell pellets were washed twice with PBS and stained with 0.025%
trypan blue in PBS for 3 min. Blue cells, having incorporated the
dye, were scored as being dead. Cell counts were performed using a
light microscope and a hemocytometer. The number of dead cells
and live cells relative to the total number of cells present was
expressed as a percentage of the total number of cells counted.

RNA ISOLATION

Total RNA from lymphocytes grown in the Clinostat was isolated
using Trizol reagent (Invitrogen, Inc.). Total RNA from the ground
condition control cells was isolated similarly. RNA was quantified
spectrophotometrically, and the purity and integrity was checked by
ethidium bromide staining after resolution on a 1.0% agarose gel.

QUANTITATIVE REAL-TIME PCR

Gene expression was measured by quantitative real-time PCR
(QPCR) method and by using the one-step RT-PCR kit with SYBR
green (BioRad Laboratories, Inc.). Single-step RT-PCR amplifica-
tions starting with total RNA (200 ng) were performed in 96-well
optical reaction plates using an iCycler (BioRad Laboratories, Inc.)
programmed for reverse transcription at 50°C for 15 min,
denaturation and RT enzyme inactivation at 95°C for 5 min,
followed by 40 cycles of 10 s denaturation at 95°C and 30 s primer
annealing and strand extension at 60°C. The oligonucleotide primers
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for real-time PCR were designed by using OligoPerfect™ Designer, a
free software from Invitrogen, Inc. The specificity of PCR products
was verified by melting curve analysis between 55 and 95°C at 0.5°C
temperature increments, and the size specificity of the PCR product
was further confirmed on agarose gel. The single peak in melt curve
analysis and expected size of PCR product on agarose gel confirmed
the specificity of the primers. Threshold cycle number (C, value)
was analyzed using iCycler IQ optical system software (BioRad
Laboratories, Inc., version 3.0a). QPCR results were normalized to
the C; value of GAPDH from the same sample and the fold change
in the expression of each gene was calculated by using the AAC,
method [Livak and Schmittgen, 2001]. Amplification reactions for
each sample were performed in triplicate. A non-template control
was included in each experiment. The primer sequences used for the
quantitative PCR experiments are given in Table I.

WESTERN BLOT ANALYSIS

Control and bioreactor grown cells were harvested and total cellular
protein was extracted by lysis in extraction buffer (50 mM Tris-HCI
(pH 8), 150 mM NaCl, 1% NP-40, 0.1% sodium dodecyl sulfate
(SDS), 1 mM phenylmethylsulfonyl fluoride). The samples were
then centrifuged and the protein content of the supernatant was
determined by Bradford assay [Bradford, 1976]. Thirty micrograms
of total cell lysate from each group sample was electrophoretically
separated on a 10% SDS-PAGE gel, followed by protein transfer
onto nitrocellulose. The membranes were blocked with 5% non-fat
dried milk in 1x PBS containing 0.05% Tween-20, overnight at 4°C.
The blots were then reacted with a 1:100 dilution of primary
antibody against GADD 45 gamma, P53, PCNA, XPC, or GAPDH
(Santa Cruz Biotechnology, Inc.) for 1 h at room temperature. After
three washes of 5 min each with PBST, the membranes were
incubated in the appropriate horseradish peroxidase-conjugated
secondary antibody (Sigma, St. Louis, MO) at a dilution of 1:1,000
for 1 h at room temperature. Membranes were again given three
washes of 5 min each with PBST. The specific protein bands
were then visualized by using an enhanced chemiluminescence
system according to the manufacturer’s instructions (Amersham,
Piscataway, NJ).

COMET ASSAY

The comet assay was performed (comet assay kit; Trevigen) under
alkaline conditions following the method as originally described
earlier [Singh et al., 1988] with slight modifications. Briefly,
harvested lymphocytes were centrifuged at 700g, and the cell pellets
were washed twice in 1x PBS. The cell pellet was resuspended in 1x
PBS at 10° cells/ml. An aliquot of 50 wl (5,000 cells) of cell
suspension was mixed with 500 pl of 1% (w/v) low melting point
(LMP) agarose dissolved in 1x PBS. Seventy-five microliters of the
cell suspension in agarose was then quickly pipetted into each of
three wells of a comet slide (Trevigen) and allowed to set at 4°C for
10 min in the dark. The slides were then immersed in prechilled lysis
solution (2.5 M NaCl, 100 mM sodium-EDTA, 10 mM Tris, pH 10) for
60 min at 4°C to remove cellular proteins. Following lysis, the slides
were placed in a horizontal gel electrophoresis unit, incubated
in freshly prepared alkaline electrophoresis buffer (300 mM NaOH,
1 mM EDTA, pH 13) then electrophoresed (1 V/cm tank length) for
45 min at room temperature. Following electrophoresis, the slides
were immersed in neutralization buffer (0.4 M Tris-HCI, pH 7.5) and
then gently washed three times for 5 min at 4°C to remove alkalis
and detergents. Finally, the slides were fixed in 70% ethanol for
5 min and stored in the dark to dry completely. Immediately before
image analysis, the gels on each slide were stained with 50 pl of
diluted SYBR green (1:10,000 dilutions in Tris-EDTA buffer) in the
dark for 5 min at 4°C. A coverslip was placed over the moist gel, and
the slides were examined using 100x and 200x magnifications on
an epifluorescence microscope (Nikon) at 460 nm. Images were
captured using a digital camera and saved as TIFF/JPEG files to
compact disk. To minimize the DNA damage from ambient
ultraviolet radiation, all steps were performed with reduced light
conditions.

DNA damage was analyzed by visual scoring of comet tail
morphology (intact nuclei with no tails indicate no DNA damage vs.
nuclei with tails which indicate DNA damage), and comet tail length.
The percentage of comet tail DNA was chosen as the parameter for
expression of DNA damage because it has been shown to have
minimum variation between experimental trials and has also been
recommended for DNA damage analysis by comet assay [Halliwell,
1994; Sohal and Weindruch, 1996; Marlin et al., 2004].

TABLE I. A List of Genes and Their Forward and Reverse Primer Sequences Used for Gene Expression Analysis by Quantitative Real-Time PCR

Gene Forward Primer (5'-3') Reverse primer (5'-3') PCR product size (bp)
GAPDH GGTGGTCTCCTCTGACTTCAACA GTTGCTGTAGCCAAATTCGTTGT 116
CyclinD1 AACTACCTGGACCGCTTCCT CCACTTGAGCTTGTTCACCA 204
PCNA TGCGGCCGGGTTCAGGAGTCA CAGGCAGGCGGGAAGGAGGAAAGT 348
P53 GGCCCACTTCACCGTACTAA GTGGTTTCAAGGCCAGATGT 156
Bcl2 GGATGCCTTTGTGGAACTGT AGCCTGCAGCTTTGTTTCAT 236
Bax TITGCTTCAGGGTTTCATCC CAGTTGAAGTTGCCGTCAGA 246
ERCC1 CCCTGGGAATTTGGCGACGTAA CTCCAGGTACCGCCCAGCTTCC 273
ERCC3 CCAGGAAGCGGCACTATGAGG GGTCGTCCTTCAGCGGCATTIT 171
ERCC5 AATCGAAGGCAGGCCCGTGGG ATTCGGGAGCCCAGGTGCGTC 462
ERCC6 TTGAGCTGCAGGGTTTGGGTG TGCATCCTCCTCCAGACTGGC 383
MSH2 GCCATTTTGGAGAAAGGACA CTCACATGGCACAAAACACC 228
MSH4 TGGTGCAAGCTCATCTTCTG TCACCTCTGGCAAGTCCTCT 204
MSH6 CCCCACCAGTTGTGACTTCT CACGTTGCATTGCTCTCAGT 284
PMS2 CAGGACATGTCAGCCTCTCA GGCTGCTTGATTTTCTCCAG 189
MLH1 TGGGACGAAGAAAAGGAATG GATCAGGCAGGTTAGCAAGC 250
XPC CCAGAGCAGGCGAAGACAAGA AAGCGGGCTGGGATGATGGAC 215
0GG1 GCGTGCGCAAGTACTTCCAGC GCATCACATGACCAATTACTG 584
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STATISTICAL ANALYSIS

Two-tailed t-tests (paired samples for the means)
hypothesized difference of 0 were used to analyze the cell counts
and gene expression data. An ANOVA was completed on all data to
confirm that the source of variation of the data was between and not
within treatment groups. The criterion for significance [alpha ()]
was set at 0.05 for all statistical tests. Thus, data with a P < 0.05 were
determined to be significantly different.

with a

ABERRANT EXPRESSION OF GENES IN RESPONSE TO

SIMULATED MICROGRAVITY CONDITIONS

DNA REPAIR GENES. The effect of both, the short durations (4 and
72 h) and an extended (7 days) period of exposures to a simulated
microgravity environment on the expression of DNA repair genes in
human lymphocytes was measured by quantitative real-time PCR.
Twelve DNA repair genes tested were representatives from BER,
NER, and MMR class of DNA repair pathways. Among the 12 DNA
repair genes analyzed, three genes at 4 h and four genes at 72 h were
significantly downregulated in lymphocytes grown in simulated
microgravity condition as compared to the lymphocytes grown in
normal gravity condition on ground as control (Fig. 1). 0GG1 was
the only gene that was significantly upregulated at 72 h simulated
microgravity condition. Exposure to simulated microgravity
condition for 7 days resulted in significant downregulation of
eight genes and significant upregulation of one gene (Fig. 1). As
compared to BER and NER, the genes from MMR class of DNA repair
pathway were more susceptible to microgravity condition. For
example, two out of three genes downregulated at 4 h were from

MMR. Similarly, three out of four genes at 72 h and four out of
eight genes at 7 days that were significantly downregulated in
microgravity condition were from MMR class of DNA repair
pathway. In terms of fold change also the MMR genes had higher
fold changes as compared to the BER and NER genes at all the
three time points of simulated microgravity exposure (Fig. 1). A
time-dependent decrease in the expression of MMR genes (MSH2,
MSH4, MSH6, and MLH1) was observed in lymphocytes grown on
simulated microgravity condition (Fig. 1).

CELL CYCLE AND APOPTOSIS-RELATED GENES

To determine the effects of extended exposure (7 days) to simulated
microgravity on cell growth and apoptosis, the expression of cell-
cycle genes, CyclinD1, PCNA, and P53, an anti-apoptotic gene,
Bcl-2, and a pro-apoptotic gene, Bax, was measured by quantitative
real-time PCR. Expression of CyclinD1 and PCNA was decreased by
15- and 32-fold, respectively, in lymphocytes grown in simulated
microgravity as compared to the ground-based control group
(Fig. 2). The expression of Bcl-2, Bax, and P53 was also decreased by
7-, 4-, and 5-fold, respectively (Fig. 2).

CONFIRMATION OF GENE EXPRESSION CHANGES WITH
ADDITIONAL LYMPHOCYTE CELL LINE AND ANTI-ORTHOSTATIC
(HIND-LIMB) SUSPENSION ANIMAL MICE MODEL

In addition to B-lymphocytes (Cat # GMO037978, Coriell Cell
Repository), gene expression analysis was also performed with
human T-lymphocyte (Cat # GMO04155, Coriell Cell Repository).
In our previous study, we have also used testicular tissue from well-
accepted anti-orthostatic (hind limb) suspension animal mice model
for microgravity simulation [DuMond et al., 2006]. The findings of
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Fig. 1.

Effect of modeled microgravity on the expression of DNA repair genes determined by quantitative real-time PCR (qRT-PCR). Lymphocytes were grown in a rotary cell

culture system for 4 h, 72 h, and 7 days, and the expression of genes at transcript level was measured by qRT-PCR as mentioned in the Materials and Methods Section. Threshold

cycle number (C; value) for each gene obtained by qRT-PCR was normalized to the C; value of GAPDH from the same sample and the fold change in expression for each gene was
obtained by using the AAC; method. The graph shows the means of triplicate values. *Statistically significant differences relative to the control (P< 0.05).
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Fig. 2. Effect of modeled microgravity on the expression of genes for cell
cycle and apoptosis determined by quantitative real-time PCR (qRT-PCR).
Lymphocytes were grown in a rotary cell culture system for 7 days, and the
expression of the gene transcripts was measured by qRT-PCR. Threshold
cycle number (C, value) for each gene obtained by qRT-PCR was normalized
to the C; value of GAPDH from the same sample and the fold change in
expression of each gene was obtained by using the AAC; method. The graph
shows the means of triplicate values. *Statistically significant differences
relative to the control (P< 0.05).

gene expression changes were very similar in all the three
independent experiments except some differences in the degree
of fold changes. For example, at 7 days simulated microgravity
exposure, the downregulation of P53 was observed in both T- and
B-lymphocyte cell lines as well as in mice model; however, the
degree of fold changes was —5-fold in T-lymphocyte, —7.5-fold in
B-lymphocyte and —3-fold in mice model of simulated micro-
gravity. The similar pattern of downregulation of ERCC1, ERCC5,
ERCC6, XPC, 0GG1, PCNA, CyclinD1, and Bax was commonly
observed in all the three independent studies with cell lines and
animal model.

CONFIRMATION OF GENE EXPRESSION CHANGES AT THE
PROTEIN LEVEL BY WESTERN BLOT ANALYSIS

Changes observed at the transcript level for XPC, P53, and PCNA
were further confirmed at the protein level by Western blot analysis
(Fig. 3). GADD 45 gamma was also included in gene expression
analysis done by Western blot. The result of Western blot
experiments largely confirm the changes in gene expression seen
by quantitative real-time PCR and revealed reductions in the
expression of GADD45 gamma, XPC, P53, and PCNA (Fig. 3). The
expression of GAPDH (housekeeping gene) was similar in
lymphocytes grown under simulated microgravity conditions and
the time-matched control lymphocytes grown under ground-based
conditions.

EXPOSURE TO SIMULATED MICROGRAVITY CONDITIONS CAUSES
DNA DAMAGE IN HUMAN LYMPHOCYTES

The comet assay was performed to elucidate the effect of simulated
microgravity on DNA damage. After electrophoresis, the damaged
DNA migrates out of the nucleus and forms a comet tail-like
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Fig. 3. Representative Western blots showing the effect of modeled micro-
gravity on the expression of specific cell cycle and DNA repair genes. Lym-
phocytes were grown in a rotary cell culture system for 72 h and 7 days, and the
expression of the genes at the protein level was measured in whole cell lysates
by Western blot analysis. (C, control group grown under normal gravitational
conditions; B, test group grown under simulated microgravity conditions in a
bioreactor.)

structure. The tailed DNA in the comet assay is an indicator for DNA
damage. The results of the comet assay revealed very few cells with
tailed DNA in lymphocytes grown under ground-based conditions
(Fig. 4A), whereas a higher number of cells with tailed DNA were
observed in lymphocytes grown under simulated microgravity for
7 days (Fig. 4B). Visual scoring revealed that the length of tail DNA
was greater in lymphocytes grown in simulated microgravity as
compared to the control cells (Fig. 4).

EFFECT OF SIMULATED MICROGRAVITY ON CELL VIABILITY

The effect of extended exposure to simulated microgravity on cell
viability was determined by trypan blue staining. The cell viability
data revealed no significant difference in the number of dead cells
when a comparison was made between the bioreactor and ground
conditions at day 7 (Fig. 5). An approximate 20% increase in non-
viable cells was seen at day 7 as compared to 72 h (Fig. 5) under the
control conditions and in cells grown under simulated microgravity.

The most novel and important finding of this study is that ground-
based simulated microgravity alone, in the absence of space
radiation, can impair DNA repair capacity and induce apoptotic
resistance of cells with damaged DNA.

Genetic aberrations in space-flown animal models as well as in
astronauts have been reported [George et al., 2001]. However,
whether the observed DNA damage in these previously reported
studies is due to microgravity or to space radiation is not clear.
Decreased repair of radiation-induced DNA damage under micro-
gravity conditions has also been reported [Sirota et al., 2007].
Moreover, whether microgravity alone can impair DNA repair
capacity in a cellular system with normal, constitutively expressing
DNA repair genes is not clear from these previous studies. It is in this
context that the present study was designed to investigate whether
simulated microgravity alone in the absence of space radiation
could alter the expression of DNA repair genes and induce
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A:Control (Ground)

Fig. 4.

B:Bioreactor (simulated microgravity)

Representative photographs of the comet assay results showing DNA damage in lymphocytes grown under ground conditions (A) and simulated microgravity

conditions (B). Lymphocytes were grown in a rotary cell culture system for 7 days and the DNA damage in individual cells was measured by single cell gel electrophoresis

(comet assay). Magnification scale bar (---)=10x.

DNA damage. The results of this study show decreased expression of
DNA repair genes and increased DNA damage under simulated
microgravity, in the absence of space radiation, suggesting that
microgravity alone can induce DNA damage.

Besides DNA repair genes, P53 signaling pathways also mediate
DNA repair via activation of GADD 45 [Smith et al., 1996; Wang
et al., 1999]. P53 also controls DNA repair by modulating the levels
of PCNA [Xu and Morris, 1993; Johnson et al., 1996]. The results of
Western blot analysis revealed that genes involved in P53-mediated
DNA repair pathways, such as, P53, GADD 45 gamma, and PCNA,
are also downregulated under simulated microgravity conditions.
Decreased expression of GADD 45 [Ward et al., 2006] and PCNA
[Hughes-Fulford, 2001] in microgravity has also been reported
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Fig. 5.
Lymphocytes were grown in a rotary cell culture system for 72 h and 7 days,
followed by trypan blue staining to detect non-viable cells. Live and dead cells
were counted after staining and cell count data was converted to percentage of
dead/live cells. The data shown are the means of triplicate samples.

Effect of simulated microgravity on the cell viability of lymphocytes.

previously. Therefore, the previous report and the present findings
showing decreased expression of GADD45 gamma and PCNA
suggest that DNA damage under simulated microgravity conditions
as observed in this study by comet assay could be the cumulative
effect of loss of DNA repair genes and inhibition of a P53-mediated
DNA repair pathway.

This study also determined the effect of exposure to microgravity
for an extended period on cell survival or apoptotic capacity. The
cell viability data revealed similar percentages of dead cells under
both simulated microgravity conditions and ground conditions. This
indicates that simulated microgravity has no effect on cell apoptosis.
This is further supported by an observed decrease in expression of
P53 that may result in a decrease in cell-cycle arrest needed for
apoptosis, and a decrease in the expression of pro-apoptotic gene
Bax that would help the cells to adapt under simulated microgravity
conditions. A recent report also suggests that microgravity does not
induce apoptosis [Bucaro et al., 2007]. Yet another study suggests
the inhibition of radiation- and activation-induced apoptosis in
blood lymphocytes under simulated microgravity conditions [Risin
and Pellis, 2001]. These previous reports and the findings of the
present study together suggest that microgravity does not induce
apoptosis and that prolonged exposure to microgravity results in
acquisition of apoptotic resistance. This also suggests that the
DNA damage seen in cells grown under simulated microgravity
conditions as observed in this study through the comet assay is not
due to increased apoptosis or cell senescence.

In general, the P53 is upregulated as a response to cellular DNA
damage and the upregulation of P53 is needed to arrest the cell-
cycle progression either to repair the DNA damage [Vazquez et al.,
2008], or to induce apoptosis [Polyak et al., 1997] if the damage
cannot be fixed. In our study, the comet assay revealed that
simulated microgravity induces DNA damage. In this condition the
general expectation is that the P53 expression should increase to
arrest the cell-cycle progression or to induce apoptosis. Surprisingly,
a downregulation of P53 expression was observed in microgravity
grown cells having damaged DNA. The similar number of live cells
in simulated microgravity and ground conditions further suggests
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that cells neither went under apoptosis nor the cell cycle was
arrested in microgravity condition, as expected in cells with
downregulated P53. Therefore, this study suggests that in
microgravity condition the cells evade the apoptosis and cell-cycle
arrest by downregulating P53 and its downstream target gene
Gadd45 gamma. It is possible that to adapt in microgravity
condition the cells downregulate its P53 by epigenetic mechanism
of promoter DNA methylation as observed in many tumor cells
[Kang et al., 2001]. However, it remains to determine the exact
mechanism for downregulation of wild-type P53 in microgravity
condition.

Among the three different classes of DNA repair genes (MMR,
NER, and BER) examined in this study, the influence of simulated
microgravity on gene expression changes was relatively higher in
MMR genes (downregulation of MSH2 by 15.6-fold, and MLH1 by
17.2-fold) and BER gene (downregulation by 10-fold) as compared
to the NER genes (Fig. 1). This particular trend of higher impact on
MMR and BER than NER systems by simulated microgravity may
have some implications on cell survival and cell cycle as has been
reported previously [Hawn et al., 1995; Meyers et al., 1997]. There
are reports that suggest that MMR system influences the cell cycle.
For example, hMLH1 plays a regulatory role in G2-M arrest
following exposure to ionizing radiation [Meyers et al., 1997]. An
enhanced G2 arrest was observed after introduction of hMLH]I in
HCT116 cells exposed to 6-thioguanine, a DNA base analog that
mimics a mismatch upon incorporation into DNA [Hawn et al., 1995;
Berry et al., 1999]. Similarly, an attenuated G2 arrest after treatment
with DNA alkylating agent N-methyl-N'-nitro-N-nitrosoguanidine
in wild-type hMSH2-deficient human colon adenocarcinoma cell
line LoVo, but not in wild-type hMSH2 containing human colon
adenocarcinoma cell line SW480 was observed [Carethers et al.,
1996]. These previously reported studies suggest that MMR genes
not only participate in the repair of damaged DNA but also may
signal cell-cycle arrest in the presence of extensive DNA damage.
Given this dual role of MMR and the finding of this study showing
reduced expression of MMR in cells with damaged DNA in simulated
microgravity suggest that reduced expression of MMR genes
could be one of the pathways and mechanistic basis for evading
the apoptosis and cell-cycle arrest in microgravity condition as
observed in this study.

The PCNA is a multifunctional protein involved in the cell cycle
and in DNA repair by interacting with DNA polymerase 8 and cyclin/
cyclin-dependent kinase complexes [Umar et al., 1996]. PCNA has
also been found to interact with MMR proteins MSH2 and MLH1
[Umar et al., 1996]. The reduced expression of MMR genes and its
interacting partner PCNA in cells grown in simulated microgravity
condition further supports the view that downregulation of
MMR pathway may be one of the mechanisms for cell survival
in microgravity condition. MMR gene MLHI has P53-response
elements within its first intron and has been suggested as a target
gene of P53 [Chen and Sadowski, 2005]. Therefore, it is possible that
the reduced expression of MLHI may be because of the reduced
expression of its regulator P53 in microgravity environment,
however, it needs to be experimentally verified. The downregulation
of P53 pathway as observed in this study could be another
mechanism for cells to evade apoptosis in microgravity condition.

Taken together, our study suggests that multiple pathways may be
involved in inhibition of apoptosis of cells with damaged DNA as a
result of longer exposure to simulated microgravity. Further study
with more representative DNA repair genes from each class of DNA
repair pathway is needed for better understanding of survival of cells
with damaged DNA in microgravity condition.

Interestingly, of the 18 genes analyzed in this study, all except
two were downregulated. A similar trend whereby more down-
regulated genes are seen and fewer upregulated in simulated
microgravity conditions has also been found in previous studies
[Ward et al., 2006]. Thus, it appears that simulated microgravity
exerts its effects largely through downregulation of critical genes.
To investigate whether the pattern of gene expression changes is cell
line-specific or microgravity condition-specific, the gene expression
analysis was also performed with additional lymphocyte cell line.
Furthermore, in our previous study, the gene expression analysis
in microgravity condition has also been performed with testicular
tissue from well-accepted anti-orthostatic (hind-limb) suspension
animal mice model for microgravity simulation [DuMond et al.,
2006]. Similar pattern of gene expression changes in three
independent studies (two cell lines in the present study and our
previous study with animal model) suggests that observed effects of
simulated microgravity on gene expression changes are not cell
line specific, rather it is simulated microgravity condition-specific
changes.

In this study, we observed large reduction in the expression
of BER and MMR genes as a result of exposure to simulated
microgravity. The DNA MMR is an important repair mechanism and
is essential for maintaining genomic stability. It plays key roles in
the repair of base-base mismatches and insertion/deletion mispairs
generated during DNA replication and recombination. MMR also
prevents homologous recombination (HR) and in DNA damage
signaling in eukaryotic cells [Kunkel and Erie, 2005; Jiricny, 2006;
Modrich, 2006; Li, 2008]. MSH2 and MLH 1 are two important genes
among the MMR system. For example, germline mutations in MSH2
and MLH]1 together account for nearly half of all hereditary non-
polyposis colorectal cancer (HNPCC) patients [Raevaara et al., 2005].
MSH2-deficient cells may be more susceptible to DNA cross-link-
inducing agents than normal, whereas MLH 1-deficient cells have a
greater potential to survive cross-linking treatment and that may
lead to tumor initiation [Wu and Vasquez, 2008]. OGG1 is another
important gene that encodes the enzyme responsible for the excision
of 8-oxoguanine, a mutagenic base byproduct which occurs as a
result of exposure to reactive oxygen. Therefore, the deficiency in
DNA repair enzyme OGG1 would have functional consequences,
such as, compromising the ability of cells to repair DNA [Boiteux
and Radicella, 2000], resulting in oxidative DNA damage. The
published studies have shown the involvement of oxidative DNA
damage in carcinogenesis, aging, and several age-related degen-
erative diseases [Fortini et al., 2003; Nishigori et al., 2004]. The large
changes in BER and MMR observed in this study may explain the
mechanistic basis for previously reported genomic instability and
chromosomal aberrations in cells exposed to microgravity. Further
study is needed to screen the genetic changes, particularly the point
mutations that may have accumulated in these cells as a con-
sequence of reduced expression of MMR and BER genes in simulated
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microgravity conditions. Taken together, the observations of loss of
DNA repair capacity, DNA damage, and increased cell survival will
provide the opportunity for accumulation of mutations. Some of
these mutations may potentially lead to mutator phenotype that
could eventually contribute in tumorigenesis. Therefore, this study
has significant implications not only in understanding the
molecular basis for space-flight-associated patho-physiological
changes but also in its countermeasures.

In summary, the findings of this study suggest that simulated
microgravity conditions can induce DNA damage and genomic
instability directly by impairing DNA repair capacity, and indirectly
by impairing P53-mediated cell-cycle control. The increased
adaptability of those cells with genomic instability to grow further
in a cellular environment that has reduced expression of genes for
DNA repair and tumor suppressor, such as P53, may provide the
opportunity to move unchecked on the path of oncogenesis in
microgravity environment. The next logical question that remains to
be addressed is how the expression of these genes is aberrantly
regulated in microgravity condition. Recent reports suggest that
in addition to gene mutations, the epigenetic changes of DNA
methylation and histone modifications play important role in
regulation of gene expression [Kang et al., 2001; Roh et al., 2006].
Whether these epigenetic changes have any role in gene expression
changes in microgravity condition is another question that remains
to be addressed. This study, therefore, provides the future directions
for space life science research.
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