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1. Introduction  

Crewmembers of space flights commonly experience certain health condition changes such 
as immune system dysregulation, musculoskeletal changes (e.g., significant bone and 
muscle loss), and neurological alterations. Since the space exploration of the 1960s and 
1970s, physiological changes in several organ systems due to weightlessness have been 
identified. Some of the adverse effects are a decline in cellular immune responses (Leach et 
al, 1990; Cogoli 1993; Pippia et al; 1996; Borchers et al, 2002;), cardiovascular deconditioning 
(Fritsch-Yelle, et al 1996), bone deterioration (Mack et al 1967; Vose et al 1974; Atkov 1992; 
Schneider et al, 1995; Collet et al, 1997) and muscular atrophy (Thomason and Booth 1990; 
Aubers et al, 2005; Trappe et al, 2009). Human exposure to microgravity has been 
demonstrated to be a major environmental factor during space flight (Cogoli et al 1993; 
Ullrich et al, 2008). Many of the adverse effects of microgravity have much in common with 
earthbound health problems related to low physical activity or less mechanical loading. For 
example, bone and muscle loss as well as immune system dysfunction are some of the main 
consequences common to both extended spaceflight and physical inactivity such as that 
associated with the aging population and people suffering from degenerative disorders. In a 
recent review article, mechanotransduction is attributed as the possible convergence point 
for all the “abnormalities” associated with aging and microgravity because human 
adaptation to microgravity has all the features of accelerated aging (reviewed by Vernikos & 
Schneider 2010). More recently, similarities between the clinical presentation (such as 
atrophy in muscle and bone, cardiovascular disturbances, and alterations in renal, immune 
and sensory motor systems) of individuals living with spinal cord injury (SCI) and those 
who experience prolonged gravity unloading (especially astronauts) are reviewed (Scott et 
al, 2011). It is evident that continued effort in microgravity research will deeper our 
understanding of space adaptation response and improve many of our health-related 
problems on earth. Thus, microgravity based research can further our understanding of 
human diseases such as SCI, diabetes, osteoporosis and premature aging that are related to 
physical inactivity. Most effective counter measures can then be formulated to ensure safe 
experience in microgravity and promote healthy beings especially at the senior level. 

Despite over 50 years of manned space flight, there is still much to be learned about the 
consequences of living in space for extended periods of time. Microgravity exposure from 
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spaceflight has global effects on cells in virtually all organ systems in the body. Most cell 
types, ranging from bacteria to mammalian cells, are sensitive to the microgravity 
environment, suggesting that microgravity affects fundamental cellular activities. Studies at 
the cellular and molecular levels have been reported from both space flight and ground-
based microgravity simulations. Ground-based gravity-simulation experiments at the 
cellular and molecular levels have gained much insight into the underlying molecular and 
cellular alterations induced by microgravity stress as well as the mechanisms of the 
microgravity effects (reviewed in Cogoli, 1993, 1996; Sonnenfeld & Shearer 2002; Sonnenfeld 
2005). Environmental change as drastic as sudden gravity change is likely to alter the 
function and transcriptional activities of groups of genes. This is because any change in the 
physiological activity of a cell or an organism is most likely the result of changes in certain 
genes' expressions. Through the 1990s a number of gene expression studies were carried out 
to determine microgravity effect on organisms and these studies tended to focus on a few 
genes at a time. It was only with the advent of high-throughput genomic technology such as 
microarrays that large scale genome-wide studies have been performed. For most genes 
(especially structural genes), gene expression in response to an environmental change is 
mainly controlled at the level of transcription, which provides the base for the successful 
development of mRNA-based high-throughput assays such as DNA microarray technology. 
The integrated application of biotechnologies in microgravity research with high 
throughput microarrays for gene expression analysis and various ground-based simulated 
microgravity models makes it possible for well controlled experimental studies (Hammond 
& Hammond, 2001). In this chapter, I will first give a brief overview of the ground based 
simulated microgravity technology and microarray technology for space lifescience 
research. Then I will review the combined use of these biotechnologies in the study of 
microgravity effect on gene expression of mammalian cells with specific focus on the areas 
where most studies tend to focus on such as cells in the immune system, bone, and muscles. 
In addition, I will make an attempt toward the identification of major space genes by 
combing data from all the retrievable microarray-based microgravity studies for each of the 
specific areas as well as an overall combination of these areas with other less studied areas 
through bioinformatics analysis. Furthermore, I will discuss the initial list of candidate 
major space genes that are most frequently altered by microgravity environments through 
microarray based assays and cross-platform, cross-species bioinformatics analysis. 

1.1 An overview of two relevant biotechnologies in space bioscience research: 
Simulated microgravity and gene expression microarrays 

As we depend on the unit gravity (1g) on earth for our daily lives, most of the cells in our body 
depend on the gravity for proper growth and function. When the cells are placed in reduced 
gravity environment, many of their functions are affected at various degrees. A clear 
understanding of microgravity effects on our genes of cells in our organ systems is essential 
for extraterrestrial health of space travelers. Because of the high-cost and low efficiency of 
space flown experiments, ground-based methods for simulating the microgravity environment 
have been developed. These simulated microgravity studies include head down bed rest for 
humans (LeBlanc et al, 2007), tail suspension for rodents (Sonnenfeld & Shearer 2002; 
Sonnenfeld 2005), cell and microorganism cultures with high aspect ratio wall vessel 
bioreactors (RWV) (Schwarz et al, 1992; Tsao et al 1992; Hammond & Hammond 2001; 
Nickerson et al, 2003) and random positioning machines (RPM) (Hoson et al 1993; Walther et 
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al, 1998; Pardo et al, 2005), denervation (Nikawa et al, 2004), and diamagnetic levitation (Dai et 
al, 2009; Hammer et al, 2009). Bed rest with the head tilted down at ~ 6˚ has been found to 
induce physiological alterations similar to those experienced in the space environment. In a 
similar way, tail suspension for mice and rats presents physiological effects analogous to those 
observed in a microgravity environment. To date, most of the microarray based studies of 
microgravity effects on gene expressions have used the ground-based RWV and RPM 
bioreactors to simulate microgravity environment (Figure 1 & Table 1). The following section in 
the introduction gives a brief overview of the major kinds of simulated microgravity models.  

 

Fig. 1. The pie chart shows the percentage of each kind of microgravity used for the 
microarray studies discussed in this chapter.  

1.1.1 Some ground-based simulated microgravity in bioscience research 

Ground-based gravity-simulation experiments at the cellular and molecular levels have 
gained much insight into the underlying molecular and cellular alterations induced by 
microgravity stress as well as the mechanisms of the microgravity effects. In ground-based 
microgravity bioscience research, most simulation models simulate reduced gravity in the 
range of 10-4 ~ 10-6 g which is very small, close to “micro” (10-6) g level (Klaus 2001). The 
most commonly used devices for simulating a microgravity environment are the RWV 
(Figure 2A) and the RPM (Figure 2B), which are also known as the 3D clinostat (van Loon 
2007). The RWV and RPM bioreactors were developed to simulate microgravity by 
mimicking a functional weightless state. The RWV bioreactor rotates cells in a zero head 
space suspension culture that keeps the cells in a near free fall state (Figure 2A), which we 
have used for our studies (Clement et al 2007; 2008). The RPM is constructed of two 
independently rotating frames; one inside the other (Figure 2B). The frames are computer 
controlled and rotated at random rates (Hoson et al, 1997). This allows samples to 
continuously randomly position resulting in a vector-averaged simulation of near 
weightlessness (van Loon, 2007). Both of these systems have been designed to attempt to 
mimic the weightlessness experienced by objects in orbit around the Earth. Neither system 
eliminates gravity, but they do make a time-averaged g-vector close to zero (Klaus 2001). 
Both devices do not allow the cells to receive gravitational loads in any fixed direction.  
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 (a)     (b)    (c)  

Fig. 2. A Simplified Schematic View of How the Three Ground-Based Simulated 
Microgravity Bioreactor Models Work. a). Rotating Wall Vessel bioreactor, rotating along 
horizontal axis. b) Random Positioning Machine: The blue arrow shows the direction of 
rotation of the outer frame and red arrows shows the rotation of the inner frame. c) 
Diamagnetic levitation model: A simple schematic of a variable magnetic force apparatus, a 
superconducting solenoid encased in a liquid nitrogen shielded liquid helium dewar with a 
room temperature bore passing through the center. 

In addition to the RWV and RPM models, another ground-based simulated microgravity 

model that has been used less frequently is the diamagnetic levitation model (Figure 2C). 

Diamagnetic levitation is a method that uses magnetic force to create a near weightless state 

for ground based gravity studies. Such a variable magnetic force apparatus (VMF) is used to 

simulate a gravity environment from 0g to 2g (Valles & Guevorkian 2002; Coleman et al, 2007; 

Hammer et al, 2009). The device is essentially a superconducting solenoid encased in a liquid 

nitrogen shielded liquid helium dewar with a room temperature bore passing through the 

center (Figure 2C). Samples placed in the bore experience different gravitational force 

depending on the vertical position in the bore (Valles & Guevorkian 2002; Coleman et al, 2007).  

1.1.2 Genomic technology of gene expression microarrays 

Since the first microarray studies were published over 15 years ago, DNA microarrays have 
been used in many areas of biomedical sciences. Gene expression DNA microarrays have 
the potential to become key tools in space bioscience research because gene activity 
regulation is mostly controlled at the RNA level which is mainly determined by 
transcription initiation step. There are essentially four main manufacturing techniques for 
DNA microarrays: photolithography, contact printed, non-contact printed (inkjet), and bead 
arrays. Photolithography is a form of photochemical synthesis. A main advantage is the 
ability to put millions of features on one chip (Dalma-Weizhausz et al, 2006). Contact 
printing involves using robotically controlled print heads that spot or “print” the cDNA or 
oligonucleotides on a glass slide. Contact printed microarrays are what are commonly used 
for creating in-house microarrays. Non-contact printed works in a similar fashion to an 
inkjet printer. This technology does not have the capacity of arrays manufactured through 
photolithography, but it is improving every year. In 2006, around 180,000 features could be 
printed on one glass slide (Wolber et al, 2006). Today that has risen to close to 500,000 
(Agilent website). With bead arrays the oligonucleotides are attached to 3μm silicon beads 
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which are randomly deposited on a substrate such as a glass slide. The technology allows 
for hundreds of thousands of features to be attached to one slide (Fan et al, 2006). Both the 
photolithography and bead array are proprietary process of Affymetrix and Illumina, 
respectively. Adoption of these kinds of arrays, means adopting a complete system 
including the microarray scanner. In contrast, the contact and non-contact printed arrays are 
printed on glass microscope slides and can be used in a wide variety of microarray scanners 
and with a wide variety of software packages. 

Although the high throughput gene expression microarray analysis is tremendously time 
efficient in that genes from the entire genome can be analyzed simultaneously in one 
experiment, there have been a number of concerns that have called into question the validity 
of microarray technology. With spotted (contact printed) microarrays there is evidence that 
cross-hybridization can happen (Handley et al, 2004), which reduces the specificity of the 
detection power. There have also been major concerns about the reproducibility of 
microarray data (Tan et al, 2003) as well as the bias and lack of interpretation that is present 
in many microarray studies (Richard, 2010). However, high fidelity tends to occur from 
experiments or studies performed using the same platform within a research laboratory. Tan 
et al reported a study that used the same samples and conditions, but three different 
microarray platforms. They found there was a high correlation (>0.9) between the data 
using the same platform, but when the data was compared between platforms it was as low 
as 0.47 and only reached 0.59 at best (Tan et al, 2003). Despite the justified concerns over the 
repeatability of results and cross-platform correlations, microarrays still hold tremendous 
potential for application to research into areas involving changes in environmental 
conditions such as microgravity research. In recent years, the MicroArray Quality Control 
(MAQC) consortium has shown that if standards are met and maintained, microarrays can 
yield a wealth of reliable data. They were able to show that if proper standards are set and 
followed inter-platform and intra-platform results are reproducible (MAQC Consortium, 
2006). In addition to standardization of protocols, it is important to perform biochemical 
assays (such as Northern blotting, RT-PCR, etc.) to validate some of the microarray data 
obtained in individual research labs (Clement, 2010). Most microarrays that are currently 
being used are high-density, whole genome and multiplexed microarrays. Regardless of 
microarray platforms, the general procedure for a gene expression microarray assay is more 
or less the same towards evaluating mRNA abundance. 

Once an experimental design has been decided upon, the procedure can be divided into 
bench work (wet lab) and desk work (computer analysis). A more detailed discussion of 
gene expression microarray and experimental design can be found from recent publications 
(Stekel et al 2003; Clement 2010).  

1.1.3 Combined use of microarrays and simulated microgravity biotechnologies in the 
search for gravity sensitive genes 

With the advent of high-throughput genomic technology such as gene expression 
microarrays, large scale genome-wide search for gravity sensitive genes have been carried 
out using mRNAs from a variety of organisms such as human, rat, mouse, xenopus, yeast, 
C. elegans, Drosophila, and several types of plants and microorganisms. The majority (about 
two thirds) of these studies have been on gene expression in cells grown in some form of 
simulated microgravity (Table 1). 
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Table 1. Publications on Microarray Based Analysis of Microgravity Effects on Cells and 
Organisms 
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To create the table of published microarray based microgravity studies, I started by doing 
two searches in PubMed using the search terms “microgravity and microarray” and 
“spaceflown and microarray”. This yielded 47 and 36 citations respectively. I then analyzed 
the lists to remove redundancies, review articles, and articles that did not directly relate to 
analyzing the microgravity environment. This yielded a list of 49 published articles. After 
reviewing the literature, I was able to identify 7 more published microarray studies that did 
not appear in the PubMed searches. I added these to create the final list of 56 microarray 
based microgravity studies. Microarray data from these microgravity studies will be 
subjected to bioinformatics analysis towards the identification of major space genes.  

The main aim of this chapter is therefore to review the current status of gene expression 
microarray technology in space bioscience research.  

2. Microarray analysis of microgravity exposed cells of the immune system 

The complex immune system evolved on earth has many windows of opportunity for a 
sudden switch to the space environment to dysregulate it. Hopefully, with dedicated 
research efforts of the space life sciences, especially with the application of advanced 
biotechnologies, a better understanding of immunology in the space environment will lead 
to effective countermeasures. 

Study of the immune system is very important since it is known that astronauts have a 
much higher rate of infection during and after spaceflight (Sonnenfeld 1988; Sonnefeld 2005; 
Klaus and Howard 2006). It has been shown that inhibition of T cell activation in 
microgravity was a result of microgravity itself; factors other than microgravity can be 
excluded from the depressed activation of lymphocytes during spaceflight (Cogoli et al 
1983; Ullrich et al, 2008). To understand the molecular mechanisms for the reduced 
activation of T cells during microgravity, many experiments have been documented from 
various laboratories using a variety of cell lines or animal models exposed to spaceflight 
and different simulated microgravity models (reviewed by Cogoli 1997; Sonnefeld 2005; 
Aponte et al, 2006). Although variable and contradictory results are common, overall 
evidence indicates that many functions such as signal transduction, cell-cell contact, 
cytoskeleton, and cell migration tend to be altered in microgravity. Experiments with 
human and mouse lymphocytes demonstrated a significant decrease in cell proliferation 
and in IL-2 and IL-Ra synthesis (Cogoli, 1997; Walther et al, 1998). An increase in urinary 
IL-6 excretion was observed on space flight and after landing (Stein and Schluter, 1994). 
IL-2 production decreased after space flight for three different T cell subsets (CD3+, CD4+ 
and CD8+) and IFN-┛ production decreased in the CD4+ subset (Crucian et al, 2000). 
Spaceflight studies performed with rodents have found that microgravity caused rodents 
to be more susceptible to infection (Sonnenfeld et al, 1988), inhibited NK cell activity 
(Rykova et al, 1992), reduced capability for wound healing (Davidson et al., 1999), inhibited 
INF-┛ production (Gould et al., 1987) and a reduction in lymphoid organ size (Congdon et 
al, 1996). A study using rhesus monkeys, microgravity inhibited IL-1 production and 
decreased response to colony stimulating factor (CSF) on bone marrow cells (Sonnenfeld et 
al, 1996). Similar to the in flight experiments, antiorthostatic suspension experiments on 
rodents have shown a increased levels of corticosterone, a reduced ability to clear bacteria 
from organs and a increased rate of mortality (Aviles et al, 2003). The important function 
of cytoskeleton in sensing of microgravity during spaceflight is reviewed (Hughes-
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Fulford, 2003). Over the past three decades, many more (thousands) publications have 
documented various results toward elucidation of microgravity mediated immune 
dysfunction. The most consistently observed effects of microgravity on the immune 
system have been a reduction in T cell and NK cell populations and functions, especially a 
reduction in cell-mediated immunity, altered cytokine production, as well as an increased 
susceptibility to infection under space flight conditions. Decreases in the reactivity of T 
cells, T cell cytotoxicity, and T cell helper activities have been documented for both 
spaceflight and ground based simulated microgravity studies. 

Towards deciphering why T-cell activation is inhibited in microgravity, genome-wide 
microarray based analysis has become increasingly used within the last decade. Cell 
response to microgravity has been studied in relatively well-controlled clinostats and 
bioreactor cell cultures which are particularly convenient for time-course or multiplexed 
microarray analysis. The first report on cDNA microarray analysis of space flown T cells 
was documented in 2001(Lewis et al, 2001). In this study, human T cells (Jurkat, human 
acute leukemic T cell line, E6-1) were space-flown for 24h and 48h. cDNA microarray 
(GeneFilterTM) analysis was performed to evaluate gene expression of 4,324 human genes at 
the 24h time point and 20,000 genes at the 48h time point. They identified differentially 
expressed genes that encode proteins for cytoskeletal organization, growth and metabolism, 
adhesion and signal transduction, transcription, apoptosis and tumor suppression (Lewis et 
al, 2001). The cDNA microarray (GeneFilterTM) analysis of Jurkat cells flown on STS-95 in 
1998 found that around 98% the genes examined had similar expression patterns when the 
space-flown cells were compared to ground control cells. They were the first to report that 
cytoskeletal genes were differentially regulated: calponin, dynamin, tropomodulin, 
keratin8, myosins, ankyrin, an actinlike protein, plectin, and C-NAP-1 were upregulated; 
gelsolin was downregulated. Their data indicated that the expression of genes functioning 
in interconnect cytoskeletal elements to each other and to cell membrane, regulate 
filament polymerization and microtubule organization centers were altered by spaceflight 
(Lewis et al, 2001).  

Another earlier microarray based analysis of microgravity effects on T cell activation was 
reported by Meloni et al (2002). They intended to discriminate between effects of 
microgravity and cosmic radiations on the influence of microgravity on mitogenic 
activation of T cells and studied the effects of high cosmic radiations on the gene 
expression in human T cells boarded in a stratospheric balloon (22 hours flight). They 
used cDNA microarray hybridization technology for the gene expression analysis and 
found that activated cells react to the ionizing stress by activating genes involved in cell 
cycle check-point, oxidative stress response, heat shock protein production or by 
repressing genes involved in antigen recognition.  

Aiming to examine the roles of early genes in initiating and maintaining T cell activity, 
Hughes-Fulford’s lab performed a microarray analysis of simulated microgravity (4h RPM) 
effect on human peripheral lymphocytes and found that PKA was a key player in the loss of 
T cell activation in microgravity (Boonyaratanakornkit, et al. 2005). For this study they used 
Human Genome Focus Arrays (Affymetrix) and identified 91 down-regulated genes as a 
result of exposure to simulated microgravity. The expression of early genes regulated 

primarily by transcription factors NF-κB, CREB, ELK, AP-1, and STAT were impaired in 
microgravity, suggesting that microgravity either slows, impedes, or fully blocks key 
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signaling pathways in early T cell activation (Boonyaratanakornkit et al, 2005). They showed 
that IL-2 was among the down-regulated genes, which correlates well with previous non-
array based reports (Cogoli et al, 1993; Pippia et al, 1996; Walther et al, 1998; Hughes-
Fulford et al, 2005). Interestingly, IL-2 was also significantly decreased (and IL-10 expression 
was increased) in a recent real time PCR based analysis of gene expression in T-cells of mice 
after being flown in space aboard STS-118 for 13 days (Gridley et al, 2009).  

Ward et al used Affymetrix Human U133A arrays to study activated human peripheral 
lymphocytes exposed to simulated microgravity in RWV (22 rpm) for 24h (Ward et al, 2006). 
From their triplicate experiments they identified 89 (10 up, 79 down) genes that were 
statistically significant (P≤ 0.01) and at least 1.5 fold up or down-regulated in an all of the 
arrays. A larger proportion of these affected genes are found to be players in fundamental 
cellular processes such as immune responses, signal transduction, DNA repair and 
apoptosis, and metabolic pathways (Ward et al, 2006).  

A microarray based study of mRNA expression in murine thymus tissue extracted from 
C57BL/6NTac female mice that had been flown aboard the space shuttle Endeavour 
(STS118) for thirteen days was reported recently by Lebsack et al (2010). They used 
Affymetrix gene chips for this study and found 970 genes significantly differentially 
regulated (644 up and 326 down). Among the identified genes in stress response, RNA 
binding motif 3(RBM3) and cold inducible binding protein (CIRBP) were up regulated, 
while HSP90, HSP110, STIp1, FKBP4 were down regulated. More importantly, genes that 
regulate immune response were affected by space flight: CD44 and CXCL10 that promote T 
cell development were down regulated; whereas CTLA-4 (negative regulator of T cell 
activation) mRNA was upregulated. Overall, the genes identified in this study were 
involved in stress regulation, glucocorticoid receptor metabolism, and T cell signaling and 
activity (Lebsack et al, 2010).  

The above five studies made good use of the biotechnologies in their respective 
microgravity studies. Although impressive findings are documented in each individual 
report, widely varied results in terms of the type of genes or trends in expressions are noted 
among these microgravity studies using microarrays in the immune system. For a 
systematic view of these studies, I attempted to compile the data into a tabulated form and 
was hampered by obstacles, mainly due to a lack of overlap in the identified gravity 
sensitive genes. The only “overlap” was two genes (STAT1 and XCL1) found to be 
differentially regulated in two studies: in one study they were both down-regulated 
(Boonyarantankornkit et al, 2005), while in the other they were both up-regulated (Ward et 
al, 2006). The large variation in the resulting gravity sensitive genes may in part be due to 
numerous variables and the overall complexity of the immune system itself (Gridley et al, 
2003). In addition, variations of the types of microgravity, different cell lines or cell types, 
various microarray platforms, etc., could also contribute to the differences in the results. 
Furthermore, how the data was documented and reported can also contribute to the lack of 
consistency in resulting sensitive genes. Another contributing factor is the fact that these few 
studies span a large time frame (2001 ~ 2010) for the relatively young microarray 
biotechnology, the time period the technology itself undergoes development and is still in 
the process of standardization. With more standardization in the genome wide assays, 
meaningful compilation of data can be applied efficiently in a statistical analysis toward the 
identification of major space genes.  
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Nonetheless, it is still of interest to see which pathways or molecular functions the gravity 
sensitive genes from afore mentioned studies. To generate the KEGG Pathways for 
immune system related cells, I needed to prepare the data for analysis in DAVID 
(Database for Annotation, Visualization, and Integrated Discovery)(Huang et al, 2009a; 
Huang et al, 2009b). Out of the five microarray studies, four had gene tables, or lists of 
genes that were relatively easy to use. Three of these lists used human cells (Lewis et al, 
2001; Boonyarantankornkit et al, 2005; Ward et al, 2006), one used mouse tissue (Lebsack 
et al, 2010). Since the majority of the studies were done with human cells, I chose those 
three gene lists to compile a master gene list by manually combining the genes from the 
three microarray studies and using the DAVID conversion tool to convert them all into 
the same format. This conversion is necessary because of inconsistency in the way gene 
tables are presented: some of the gene lists included gene bank accession numbers and 
gene symbols, some included gene symbols but no accession numbers, and others 
included accession numbers but no symbols, still others with no gene list at all. To limit 
confusion and for ease of references, both accession numbers and gene symbols should be 
included in gene lists whenever possible. The converted gene list resulted in 142 genes 
after redundant, unknown, or unable to define genes were eliminated. This combined 
gene list was uploaded to the DAVID Functional Annotation tool to identify the 
statistically significant KEGG Pathways (Table 2). Interestingly but not surprisingly, most 
of the functional pathways identified using the combined gravity sensitive genes are key 
pathways for innate and adaptive immunity (Table 2). This is indeed significant, despite 
the fact that such a large variation in the type and trends of gene expressions were found 
among these studies. 

 

Table 2. Pathway Identification of Microarray Identified Gravity Sensitive Genes in Immune 
System. Legend: red means up regulated; green means downregulated; purple means 
opposite trends between studies; underlined means it appears in more than one study. 

Does the cell use “many roads lead to Rome” approach to adapt to microgravity 
environment? It may be possible that major space pathways rather than specific major space 
genes are key determinants for adaptation to microgravity. More studies would be needed 
for statistically based cross-laboratory and cross-platform analysis of microarray based data, 
which will provide key insight into the molecular mechanism of microgravity mediated 
immune dysfunction. An altered immune response to microgravity is attributed to be a key 
factor for bone loss because the altered production and action of cytokines in the immune 
system could affect bone remolding (Zayzafoon et al, 2005).  
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3. Microarray analysis of microgravity exposed bone cells 

Physical inactivity or mechanical unloading to the skeletal system is an underlying cause 
for bone density loss in clinical disorders such as spinal cord injury, stroke, prolonged 
bed-rest, aging and osteoporosis as well as in spaceflight microgravity environments 
(LeBlanc et al, 2005; Beller et al, 2011). Therefore, continued effort in deciphering the 
mechanism and finding a remedy for bone density loss is beneficial to human health both 
in space and on earth. Spaceflight caused bone density reduction specifically involves 
weight-bearing bones (Mack et al, 1967; Vose et al, 1974; Schneider et al, 1995; Collet et al, 
1997; Lang et al, 2006; Keyak et al., 2009). In the space environment, bone density in the 
lower extremities and spine of crew member is lost at a rate of 1% to 2% per month 
(LeBlanc et al, 2007; Amin, 2010). Microgravity disturbs the balance between bone 
formation and resorption in bone remolding process: it tends to increase bone resorption 
functions of osteoclast and decrease bone formation functions of osteoblast. A net loss of 
calcium in-flight of similar magnitude to that observed in earlier studies from Skylab as 
well as an increase in bone resorption markers (Smith et al, 2005). Studies of spaceflights 
showed decreased serum levels of bone formation markers such as alkaline phosphatase 
(ALP), osteocalcin (OCN), and the C-terminal peptide of pro-collagen I (Collet et al, 1997; 
Caillot-Augusseau et al, 2000). Increased resorption with little change in formation is the 
main finding in space flight caused uncoupled bone remodeling (reviewed by LeBlanc et 
al, 2005). The unbalanced bone resorption and formation resulted in increased 
Ca2+secretion. Ground-based simulated microgravity studies showed decreased bone 
formation (Nakamura et al, 2003; Zayzafoon et al, 2004; Pardo et al, 2005; Patel et al, 2007; 
2009). Although a gene-specific approach has identified several key genes involved in 
bone cell growth and development that are affected in microgravity, a comprehensive 
genome-wide search allows for the identification of more genes as well as possible 
pathways through which the bone loss occurs.  

A number of microarray based analysis of microgravity effect on bone cells have been 
published relatively recently. Pardo et al showed that gene expression of 140 genes (88 
down and 52 up) were significantly altered after exposure of 2T3 murine preosteoblast to 
3 days simulated microgravity in RPM (Pardo et al, 2005). They used CodeLink Uniset 
Mouse 1 Bioarrays (Amersham Biosciences) and the median intensity of all the probes to 
normalize the intensity of the individual probes. In agreement with spaceflight data and 
simulated microgravity studies, their microarray data showed genes important for bone 
density such as alkaline phosphatase (ALP), runt-related transcription factor 2 (Runx2), 
osteomodulin, parathyroid hormone-related protein(PTHrP), parathyroid receptor 1 
(PthR1), and platelet derived growth factor (PDGF) were significantly down-regulated. In 
contrast, cathepsin K (responsible for bone resorption in osteoclasts) is upregulated in the 
2T3 cells in response to simulated microgravity. ALP is a known marker for bone 
formation, and Runx2 is involved in osteoblastic differentiation and skeletal 
morphogenesis. Both interact with secreted bone morphogenic proteins and with insulin 
like growth factor 1 (IGF1), which has been shown to regulate Runx2 in endothelial cells 
(Qiao et al 2004). In their data, IGF1 was shown to be slightly down-regulated although it 
did not pass the significance test (Pardo et al 2005). PthR1 promotes the release of Ca2+ 
and it has already been shown to be gravity sensitive in bone cells (Torday 2003). Overall, 
this study shed much light on the mechanism of microgravity mediated bone loss through 
the use of microarray analysis. Patel et al (2007), the same research group as the 
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aforementioned study by Pardo et al, published a further study on 2T3 murine 
preosteoblast cells grown in RWV for 3 days. The cells were seeded on microcarrier beads 
and rotated on the RWV at 22 rpm. Microarray analysis of the simulated microgravity 
treated preosteoblasts showed that the microgravity downregulated 61 and upregulated 
45 genes by more than twofold compared to static 1 g controls. Comparison of the 
RWV/microarray data with the data from previous RPM/microarray analysis they found 
14 mechanosensitive genes that were changed in the same direction. Once again ALP, 
runx2, PthR1, and PDGF were shown to be significantly down-regulated. Thus, the two 
different simulators of microgravity on the same cell line assayed by microarray kits from 
two different vendors produce similar results with regard to bone cell differentiation and 
osteoblast function. In a further non-microarray based study (Patel et al, 2009), they 
cultured 2T3 cells in SMG using RPM and PCR-based analysis. They again found that 
ALP, Runx2, PthR1 were down-regulated in simulated microgravity. They also found that 
low magnitude and high frequency (LMHF) mechanical loading (0.1 ~ 0.4 g at 30 Hz for 
10 ~ 60 min/day) prevented a decrease in ALP, Runx2, PthR1, but static conditions had no 
effect (Patel et al, 2009). 

Yamada et al studied osteoblasts (NOS-1 cells derived from a human osteosarcoma) that 

were exposed to 3 days of simulated microgravity in RPM. They used AtlasTM Human 3.8K 

microarray for the mRNA analysis. As with the previous studies, ALP activity was 

significantly reduced in the cells exposed to simulated microgravity. However, there is not a 

gene list for the microarray analysis. It is significant to find that the addition of chitosan (a 

natural polyaminosaccharide) significantly increased ALP activity in the cells exposed to 

simulated microgravity (Yamada et al 2007).  

A recent study by Capulli et al (2009) used primary mouse calvarial osteoblasts grown in 

simulated microgravity (RWV) for 5 days and used Agilent microarrays for the analysis of 

simulated microgravity exposed bone cells. The cells were seeded to microcarrier beads and 

grown in RWV at 16 rpm to simulate microgravity. They found that 133 genes were 

differentially regulated, 45 genes were significantly up-regulated and 88 were down-

regulated. The significantly differentially regulated genes were presented in tables of 

clusters and molecular function classifications. Among the differentially regulated genes are 

genes involved in osteoblast differentiation, function, and osteoblast–osteoclast cross-talk, 

genes of extracellular matrix, glycosaminoglycan/heparin-binding activity, and growth 

factor activity. The findings concerning FN1 are consistent with other studies in different 

cell lines (Dapp et al, 2004, Nikawa et al, 2004, Sheyn et al, 2010). The finding with CTGF is 

also consistent with other findings (Sheyn et al, 2010).  

Qian et al (2009) examined gene expression profile changes of human osteoblast-like cell 
line MG-63 in response to 24 h simulated microgravity, highmagneto-gravitational 
environment (HMGE). They used 35 mm cell culture plates seeded with cells and placed 
them into the HMGE at special positions to achieve the gravity effects of 0, 1, and 2 g by 
the object stage. They used a self-made circulating water-bath as a control for temperature 
of 37±0.5oC. High-density human genome (HG) U133 Plus 2.0 Arrays (Affymetrix) were 
used for the gene expression analysis. Among the total of 54,613 gene probes examined 
with the microarray, they found 53 genes were statistically down-regulated and 55 genes 
were statistically up-regulated compared with the 0 g with the temperature control. They 
presented the identified genes in tables according to cellular functions. They specifically 
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noted that cytoskeleton-related genes such as WASF2 and WIPF1 genes were the most 
mechanosensitive.  

Hammer et al used diamagnetic levitation to conduct experiments of how gravity affects 
MC3T3-E1 osteoblastic cell line. In the experiment, they exposed cells to 0g, 1g, and 2g 
gravity. The cells were exposed to the magnetic field for two days after which RNA was 
extracted and microarrays were run. They used Affymetrix Mouse genome arrays and the 
intensity of housekeeping genes for normalization, Robust Multichip Average (RMA) for 
normalization. The data was then scaled to a median of 100; genes below 50 were filtered 
out. They used a 3 fold cut-off to determine the gene list for further bioinformatics analysis. 
Based on this criterion they identified 2270 genes that were upregulated and 135 genes that 
were down-regulated when 1g samples were compared to 0g samples. The focus of the 
paper is more on testing the diamagnetic levitation biotechnology rather than on the genes 
that are differentially regulated (Hammer et al, 2009). . 

Sambandam et al (2010) published a recent study of osteoclast grown in RWV SMG (16 rpm 
to simulate 0.0008g environment) for 24 hours. For the study they used Agilent whole 
genome arrays. They followed standard statistical procedures to identify their list of 
differentially regulated genes. They identified 3,404 differentially expressed genes. They 
have followed MIAME standards by depositing the microarray profile data in the GEO 
database. Some genes of interest that were up-regulated include CTSK, CTSL, and CTSB, as 
well as several MMPs, bone matrix degrading proteases. Their microarray data agrees with 
previous finding that stimulation of osteoclastogenesis in microgravity environment.  

All seven studies also made good use of the biotechnologies in their respective studies. To 
further examine all the microarray-identified genes from bone cells exposed to 
microgravity, I performed pathway analysis using DAVID. As in the immune system 
section, the use of gene bank accession numbers and gene symbols are not standardized 
here also. In order to find out which pathways the altered genes are involved, I first used 
the DAVID conversion tool to convert them all into the same format. Out of the seven 
microarray studies involving bone cells, five studies have the gene lists published in the 
paper or supplemental tables. Since the majority (four out of five) were studies done in 
mice (Pardo et al, 2005; Patel et al, 2007; Capulli et al, 2009; Sambandam et al 2010) and 
one was in human (Qian et al, 2007), I chose to use those four gene lists to compile into 
one master list in the same format, and uploaded them to the DAVID Functional 
Annotation tool for pathway analysis. The list was run as species Mouse and Identified 
the statistically significant KEGG Pathways (data not shown).  

Within the seven microarray analysis of microgravity exposed bone cells discussed above, 
there are certain consistency or overlap in the identified gravity sensitive genes among these 
different studies. Are there potential major space genes or bone-specific space genes among 
these studies? To this end, I performed further cross-laboratory, cross-species, cross-
microgravity-platform, and cross-microarray-platform comparative analysis here. In order 
to identify the major gravity sensitive genes from these microarray/microgravity studies, I 
manually examined and picked out the genes that appeared to be significant in more than 
one of the five studies (two out of the seven studies do not have a gene list with the 
publications nor available in supplement). Essentially, any gene that was identified in two 
or more of the five studies were compiled into a table along with the data values (fold 
changes) from each specific source of origin for direct comparison (Table 3).  
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Table 3. Microgravity Sensitive Genes Identified by Microarray analysis of Bone Cells 
It is more apparent now with this table that the data from the same research group tends to 
be more consistent (compare Pardo et al 2005 and Patel et al 2007). The highest overlapped 
(in three of the five studies) genes were osteoglycin(OGN), osteomodulin (OMD), and 
secreted Frizzle-Related Protein 2 (SFRP2) and all three genes were down-regulated in all 
the microarray/microgravity studies that identified them (Pardo et al, 2005; Patel et al, 2007; 
Capulli et al, 2009). Osteoglycin(OGN) encodes a protein (a small proteoglycan) which 
induces bone formation in conjunction with transforming growth factor beta. Osteomodulin 
(OMD) is implicated in biomineralization processes. In addition to the reduction of 
expression of the two genes important in bone formation, the majority of the gravity 
sensitive genes shown in Table 3 are genes encode proteins in pathways involving ECM-
receptor interaction and focal adhesion: Integrin ┚5 (ITGB5), thrombospondins (THBS1, 
THBS2), collagen (COL11A1), and fibronectin (FN1). In addition, four components in the 
TGF-┚ signaling pathway were also found in this table: bone morphogenic protein (BMP4), 
decorin (DCN), and the thrombospondins (THBS1, THBS2). Furthermore, the two cytokines, 
interleukin-1(IL-1) and interleukin-6(IL-6), that coordinate and regulate many cellular 
activities of the innate immunity were among the more frequently identified microgravity 
sensitive genes in bone (Table 3).  
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4. Microarray analysis of microgravity exposed muscle cells 

Muscle atrophy as a result of spaceflight has been a condition that was identified early on in 
the space program. As with bone cells and cells in the immune system, spaceflight also has a 
major effect on muscle cells. A study of an exercise program showed that crewmembers 
while aboard the International Space Station (ISS) for 6 months calf muscle volume and peak 
power decreased significantly, and there was a redistribution among the faster phenotypes, 
despite the fact that the crewmembers exercised regularly (Trappe et al, 2009). Microgravity 
effect on muscle has been one of the most studied areas in space life science research. 
Ground based analogs such as bed rest or unilateral leg suspension (ULLS) have been used 
in humans and HLS has been used in rats. Bed rest and ULLS have shown results that seem 
to be similar to spaceflight (Narici & deBoer, 2011). However, it has been cautioned that the 
HLS using rodent models may not be the best choice when extrapolating results to humans; 
the processes involved in muscle atrophy and disuse in rodent and humans are very 
different (Rennie et al, 2010). Currently, little is even known about mechanisms of muscle 
atrophy and disuse in general (Rennie et al, 2010). In studying microgravity effect on muscle 
cells, most commonly used model systems are rodents and space flight experiments have 
been performed extensively using both mice and rats flown in space. The most commonly 
used ground based simulated microgravity models are hind limb-suspension of rodents. 
These have been combined with microarray biotechnology for genome wide gene 
expression analysis of the microgravity effect. Here I will focus my discussion on the 
microarray based studies and apply DAVID bioinformatics tools to examine the genes that 
have been identified in these studies.  

Taylor et al (2002) used Clontech Atlas DNA expression array to study the alteration of gene 

expression profiles in skeletal muscles (tibialis anterior and gastrocnemius) of male rats 

flown on the STS 90 Neurolab for 17 days. They found that 50 genes showed differential 

regulation: 38 genes were downregulated and 12 were upregulated. Genes related to cell 

proliferation and growth factor cascades (such as p21cip1, Rb, cyclins G1/S, -E, -D3, MAP 

kinase 3, MDA3, and ras related protein RAB2) were down-regulated during spaceflight. The 

microarray data indicates that genes involved in regulation of muscle satellite cell 

replication are down regulated by microgravity (Taylor et al 2002). Thus, this experiment 

gives further insight into the mechanisms underlying muscle atrophy and diminished 

muscle repair capability associated with the space environment.  

Another 2002 study (Wittwer et al 2002) using Clontech Atlas 1.2K Rat arrays identified 105 
genes out of 1200 tested that were significantly differentially regulated after 35 days hind-
limb suspension. Much of their microarray data agreed with similar studies reported 
previously. Data suggested a coordinated increase in the expression of genes (PFKM, 
ALDOA, and GAPDH) in the glycolic pathway involved in the cytoplasmic conversion of 
glucose to pyruvate in 35-day HS m. solei. In addition, the mRNA of an enzyme that controls 
glycolytic flux, adenylate kinase 1 (AK1), was also increased. mRNA of proteins (LDL 
receptor, SR-BI, FATP, and H-FABP) involved in the uptake and transport of fatty acids 
from the blood into the muscle fibers decreased. mRNAs of vesicle transport proteins (IRAP, 
M6P/IGFR2, and VAMP3) involving mitrochondrial energy conversion were increased. 
These genes have been implicated in glucose uptake, mediated by the major insulin-
mediated glucose transporter of skeletal muscle, glut-4. Data suggests the decreased fatty 
acid import proteins as a regulation towards reduced fatty acid uptake and transport 
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concomitant with adaptation toward greater glycogen utilization and a generally reduced 
energy demand in the atrophied muscle. The gene activities for intracellular protein 
degradation such as lysosomal protease mRNAs (cathepsin C, L, and D) and some enzymes 
involved in cytosolic protein degradation by proteasomes (i.e., TPPII, UBE2B, rP28 alpha, 
and carboxypeptidase D) were increased. Extracellular proteases (MMP-2, u-PA) as well as 
protease inhibitors (TIMP-2 and -3) were also increased at mRNA level. The findings gave 
much insight towards the understanding of skeletal muscle atrophy. 

Stein et al (2002) studied soleus muscle isolated from 5 control and 5 hindlimb suspended 
rats (21 days) with the Affymetrix microarray system for assessing gene expression on fuel 
pathways within the muscle. Similar to the Wittwer et al report, they observed a consistent 
decrease in expression of genes involved in fatty acid oxidation and an increase in 
expression of genes in the glycolytic activity in the suspended group. Their microarray data 
further confirms that disuse atrophy is associated with a change in mRNA levels of enzymes 
involved in energy metabolism, a shift away from use of fat to use of glucose.  

Dapp et al (2004) applied the mouse hindlimb suspension (HS) model for gene expressional 
alterations underlying loaddependent muscular adaptations. Gene expression was assessed 
from total RNA by a muscle-specific low-density cDNA microarray (custom designed Atlas 
cDNA arrays with 222 double spots on each nylon array). Immediate early genes such as 
FRA1, JUND, and JUN were induced as were IGFs, while myosin heavy chain was reduced 
in mouse soleus muscle after 7 days hind-limb suspension.  

Nikawa et al (2004) published a study comparing gene expression patterns in gastrocnemius 
muscle (the largest muscle of the calf of the leg that acts by extending the foot and bending 
the knee) cells from rats flown in space, rats exposed to hind-limb suspension, and 
denervated rats. Using Affymetrix Rat Genome U34 GeneChips, they found that most gene 
expression changes were unique to spaceflight (Nikawa et al 2004). The DNA microarray 
data indicated that spaceflight specifically caused altered expression of some mitochondrial 
genes and cytosleletal genes (such as A-kinase anchoring protein and cytoplasmic dynein) 
as well as up-regulated ubiquitin ligase genes (MuRF-1, Cbl-b, and Siah-1A ). Several 
oxidative stress-inducible genes were also upregulated and hightly expressed in the muscle 
of the spaceflown rats (Nikawa et al 2004). They proposed that mitochondrial dislocation 
during spaceflight may have caused atrophy in the form of insufficient energy supply and 
leakage of reactive oxygen species from the mitochondria. Although only a fraction of the 
genes are discussed in limited space of the original publication, comprehensive tables of 
microarray data are presented in the paper, which provides a very valuable source of 
reference information. The same research group published another research paper using 
human 20 day bed rest to study muscle disuse atrophy mechanism and used DNA 
microarray for their genome wide gene expression analysis (Ogawa et al, 2006). Their data 
suggested that Cbl-b or atrogin-1 mediated ubiquitination pathway could be important in 
unloading induced muscle atrophy in humans. 

Mazzatti et al 2008 reported a study using gene arrays (Agilent Mouse Oligo Arrays) to 
determine the acute effects of short-term HLS on metabolic consequences of unloading. 
They used Agilent whole-genome arrays to examine mRNA expression in mouse soleus and 
gastronemius muscle cells after 24 hours hind-limb suspension and identified 600 genes 
with a FDR of 0.05 and at least 1.5 fold differential regulation in both cell types. Several 

proteins (PPARδ, UCP-3, AMPK, and CPT1/2) that have putative roles in the maintenance 
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of metabolic flexibility were upregulated. They also concluded that there was increased 
reliance on glucose as an energy source or a loss of metabolic flexibility. Muscle unloading 
appears to result in reduced fatty acid oxidation, decreased transcription of genes involved 
in lipid metabolism and increased expression of genes involved in glycogen synthesis 
(Mazzatti et al 2008). The findings that increased reliance on glucose fit with previous 
studies that have shown that atrophied muscle rely more on glucose for energy (Fitts et al, 
2000; Henriksen and Tishler 1988; Stein et al, 2002; Martin et al, 1988). 

A more recent study (Allen et al 2009) of murine skeletal muscles(gastrocnemius from mice) 
compared space flown mice (11-day, 19-h on STS-108 shuttle flight) with the ground-based 
unloading model of hindlimb suspension (one group of pure suspension and one of 
suspension followed by 3.5 h of reloading). They found that spaceflight causes differential 
regulation in genes involved in muscle growth and fiber type. Their microarray data 
showed that 272 mRNAs significantly differentially regulated by spaceflight, of which many 
genes were found to belong to pathways involved in muscle growth and adaptation. 
Spaceflight significantly altered the levels of mRNAs involved with the PI3-

kinase/Akt/mTOR pathway: the PI3-kinase regulatory subunit polypeptide 1, pi3kr1/p85α, 
the forkhead box O1 (FoxO1), transcription factor, the muscle-specific ubiquitin ligase F-box 
only protein 32 (MAFbx/atrogin1), and the ubiquitin-conjugating enzyme E2 variant 2 
mRNAs were increased; Insulin receptor substrate-1 (IRS-1) mRNA levels were decreased in 

space flown mouse gastrocnemius muscles. Genes in the TNF-α/NF-κB signaling pathway 
and the calcineurin/nuclear factor of activated T cells (NFAT) pathway were also affected: 

the TNF-α downstream target TNF-α-induced protein 2 mRNA and the NF-kB inhibitor 

nuclear factor B light chain gene enhancer in B cells inhibitor α(Nfkbia/IκBα) mRNA were 
significantly increased, whereas mRNA levels of the NFAT cytoplasmic, calcineurin-
dependent 3 (Nfatc3) transcription factor were significantly decreased in SF gastrocnemius. 
In addition, mRNAs for three members of the CAAT/enhancer binding protein (C/EBP) 

family of transcription factors, C/EBP-α, C/EBP-β, and C/EBP-δ were also increased in SF 
gastrocnemius. They found that space flight increased myostatin (which limits muscle 
growth) mRNA and decrease the mRNA levels of myostatin inhibitor FSTL3. They also 
found that mRNA levels of the slow oxidative fiber-associated transcriptional coactivators, 

peroxisome proliferator activated receptor alpha (PPAR-α) and the PPAR-γ coactivator 1α 

(PGC1-α) decreased in space-flight. They concluded that spaceflight induced significant 
changes in mRNA expression of genes associated with muscle growth and fiber type toward 
a less oxidative phenotype (Allen et al 2009).  

Chopard et al (2009) performed a genome-wide gene expression analysis of female skeletal 
muscles during 60 days of bed rest with and without exercise or dietary protein 
supplementation as countermeasures. They investigated the effects of long-term bed rest on 
the gene expression of soleus (SOL) and vastus lateralis (VL) muscles in healthy women using 
a customized microarray containing 6,681 muscles-relevant genes. They found clusters of 
genes involved in nucleic acid and protein metabolism were upregulated and that encoding 
components involved in energy metabolism were downregulated. Counter measures (exercise 
and nutrition) had some compensatory effects on gene expression profiles. 

Reich et al (2010) examined the global gene expression patterns of the left vastus lateralis 
muscle in seven sedentary men following 48 h unloading via unilateral lower limb 
suspension and 24 h reloading. Microarray analysis of gene expression changes were used 
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for the identification of enriched functions and canonical pathways. They found that the 
highest ranked canonical pathways were related to protein ubiquitination and oxidative 
stress response pathways. Gene functions related to mitochondrial metabolism were the 
most significantly downregulated. The increases in mRNA for ubiquitin proteasome 
pathway-related E3 ligase and stress response gene heme oxygenase-1 as well as 
extracellular matrix (ECM) component COL4A3 were confirmed by qRT-PCR. The 
unloading associated gene expression patterns were not reversed on reloading. 

The ten studies discussed above made good use of microarray biotechnology in their 
respective studies. Out of the ten studies, we found seven that had gene lists of some form 
that could be further analyzed. Among the seven gene lists, a few genes were reported in 
more than one study. Fibronectin (FN1) was identified by several microarray studies in 
muscle. In space-flown rat muscles, FN1 was down-regulated (Nikawa et al, 2004) and it 
was down-regulated in HLS rats as well (Dapp et al, 2004). Interestingly, FN1 was up-
regulated in the recovery time points in Dapp et al. FN1 was also up-regulated in women 
exposed to bed rest (Chopard et al, 2009). ACADVL was found to be down-regulated both 
in rat (Stein et al, 2002) and human muscles (Chopard et al, 2009). Another four genes were 
identified in the same directions between a study in mouse and a study in rat: MT1, MT2, 
and PIM3 were upregulated, whereas MARCKS was down regulated in both studies 
(Nikawa et al, 2004; Allen et al, 2009). In addition, CYR61 gene was identified to be 
upregulated by a study in mouse (Allen et al, 2009) and a study in rat muscles (Nikawa et al, 
2004). I also did DAVID analysis for all the genes pooled from the ten studies and found that 
32 pathways were involved (data not shown). This large variation could at least in part be 
due to the heterogeneity of the study conditions. The factors discussed in the immune and 
bone sections also apply. 

5. Microarray analysis of microgravity exposed other cells 

Exposure of rat bone marrow mesenchymal stems cells (rBMSC) to HMGE simulated 
microgravity study found that BMSC proliferation and osteogenesis decreased and the cells 
were growth arrested in the G0/G1 phase of cell cycle (Dai et al 2007). Data from their 
microarray (CapitalBio Corporation) analysis confirmed that rBMSC proliferation and 
osteogenesis gene activities decreased under simulated microgravity. Insulin-like growth 
factor-I, epidermal growth factor, and basic fibroblastic growth factor that normally 
stimulated rBMSC proliferation had only a marginal effect in the simulated microgravity.. 

Sheyn et al (2010) using Affymetrix microarrays examined simulated microgravity (RWV) 
effect on human mesenchymal stem cells. The cells were seeded on microcarrier beads and 
placed in a RWV bioreactor, which was rotated at 16 rpm to simulate a microgravity 
environment. They identified 882 genes that were down regulated and 505 genes were up-
regulated by 2 fold or above and with a P value of 0.05 or less. They identified a large 
number of gene clusters responded to microgravity. In agreement with previous studies, 
their microarray data showed a general trend of less osteogenesis and more adipogenesis 
when hMSCs cells were cultured in simulated microgravity. Most of the extracellular matrix 
related genes were downregulated. They identified many genes that were involved in the 
actin cytoskeleton such as COL1A1, COL1A2, FN1, SPARC, CTGF, and IGFBP3, were down-
regulated. The mRNA of several growth and differention factors such as fibroblast growth 
factor, vascular endothelial growth factor, insulin-like growth factor-related proteins, and 
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bone morphogenetic protein (BMP)6 were downregulated. Most osteogenic genes (such as 
BMP6, osteonectin, and collagen type I) were downregulated, whereas most adipogenic 
genes were upregulated. 

A recent study using hematopoietic stem cells by Fridley et al (2010) was not a microgravity 
study per se. Instead it was a comparative study of stirred tank bioreactors and RWV 
bioreactors. They studied how these devices would work in the formation of embryoid 
bodies and the generation of hematopoietic progenitor cells. For the RWV study they ran the 
bioreactor samples at speeds ranging from 10 rpm to 40 rpm. They used Roche Nimblegene 
4 plex microarrays (72k) for the study. They did discuss some of the genes that were 
differentially regulated, but they did not publish a full gene list. One gene that was 
significantly down-regulated was E-Cadherin (Fridley et al, 2010). 

Clement et al, using Agilent 22K Human 1A microarrays, examined skin cells (HEK001) for 
their response to simulated microgravity over the course of 3, 4, 9, and 10 days followed by 
recovery from SMG in normal cell culture conditions for 15, 50, and 60 days. A total of 162 
genes (P < 0.05) were differentially regulated by at least 2 fold at some point during the time 
course. They also used Northern blotting to both qualitatively and quantitatively verify their 
data. The genes that were analyzed showed a statistical correlation with the microarray data 
ranging from 0.69 to 0.97. Interestingly, 80% of the differentially expressed genes recovered 
from 4 days SMG exposure after 15 days in normal cell culture conditions. Genes that were 
exposed to 9 days SMG required more than 50 days to recover to pre-exposure levels. Also 
of interest, HLA-G, a key gene in cellular immune response suppression, was found to be 
significantly up-regulated during the recovery phase (Clement et al 2008). This study 
indicates that longer term exposure to microgravity may have long term affects on the body 
even after returning to normal gravity. Further studies on microgravity exposure and 
subsequent recovery should be carried out. 

The effect of microgravity on the nervous system and brain at the molecular level is still not 
well understood. Frigeri et al examined gene expression in mouse brain after 2 weeks hind-
limb supesension (Frigeri et al 2008). Using 27K cDNA microarrays, they found 592 
statistically significant genes with 1.5 fold or higher differential regulation. Hind-limb 
suspension also seems to affect the pathways involved in learning and memory as well as 
blood coagulation. They found that hind-limb suspension causes a more hyper-coagulative 
state and an increased risk of venous thrombosis (Frigeri et al 2008). In a recent study PC12 
cells were exposed to 4 days SMG to analyze oxidation sensitive genes in microgravity 
(Kwon et al 2006). They found that 65 genes were up-regulated and 39 were down-regulated 
as a result of exposure to SMG. They found that genes involved in DNA repair and 
replication, cell proliferation, apoptosis, molecular transport, and oxidative phosphorylation 
were affected by exposure to SMG. 

A 2002 study of human fibroblast grown onboard the space shuttle (STS-93) in 1999 identified 
changes in expression of 10 genes in the TNF or IL gene families. For this study, they chose 202 
genes which were then spotted on to a nylon membrane. They did verify their results on some 
genes with semi-quantitative PCR with a correlation of 0.89. The genes identified are involved 
in the regulation of bone density or proinflammatory status (Semova et al 2002).  

Some of the first microarray studies of space flown cells was done using renal cortical cells 
flown on STS-90 (Hammond et al, 1999). They applied a high throughput microarray system 
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to study gravity-induced gene-expression changes in human renal cells and found 1632 out 
of 10,000 genes changed as a result of exposure to microgravity (Hammond et al, 2000).  

Kitamoto et al studied Xenopus A6 cells grown in RPM simulated microgravity 
environment and examined gene expression using customized Agilent 8K Xenopus laevis 
DNA microarrays (Kitamoto et al, 2004, Kitamoto et al, 2005). They found that 52 out of 8091 
genes examined showed differential regulation. Their time course data showed interesting 
gene expression patterns of microgravity effect and cellular adaptation. They also found that 
SPARC was down-regulated Xenopus A8 cell lines (Ikuzawa and Asashima 2008). Their 
data combined with previous observations (Kitamoto et al, 2005) lead them to conclude that 
SPARC might play a key role in response to microgravity (Ikuzawa and Asashima 2008). 
Down-regulation of SPARC and SPARC related genes has also been observed in human 
mesenchymel stem cells grown in SMG (Sheyn et al, 2010). 

Liver cells have also been studied in SMG. Both of the SMG studies on liver cells were 
carried out using HepG2 cells (Clement et al, 2007; Khaoustov 2001). Both studies showed 
that liver cells grown in a RWV caused altered gene expression patterns. The Clement study 
used Agilent 22K human 1A microarrays to study HepG2 cells. They identified 139 genes 
which were differentially regulated with a fold change of >1.5 and P<0.01. Khaoustov et al 
used 6K Human Array containing 6144 genes showed that 95 genes were differentially 
regulated. More systematic studies would be needed in further studying microgravity 
effects on liver cells. 

6. Towards the identification of major space genes 

A main focus of this chapter was to try to identify potential major space genes by reviewing 
gene expression profiles, compare and contrast the expression profiles of cells from different 
lineages of different organisms exposed to various microgravity conditions. My original 
hypothesis was that it could be possible that a common set of key microgravity sensitive 
genes in different cells would be preferentially altered in microgravity conditions. The 
identification of this common set of genes might lead to the identification of "major space 
genes" that together play a major check-and-balance role ultimately determining the 
outcome of a cell, or an organism such as an individual person, in the response to 
microgravity conditions. This is analogous to areas of cancer research resulting in the 
identification of growing numbers of major cancer genes (oncogenes and tumor suppressor 
genes) that are directly involved in the determination the fate of a cell---whether a cell 
becomes cancerous or not. I therefore believed that a systematic examination of molecular 
alterations of cells under microgravity conditions would enhance our knowledge of cellular 
responses to microgravity and the underlying mechanisms. Since cells of different organ or 
tissue systems may be affected by this environmental factor differently, studying and 
comparing the cellular response to such gravity changes using various cell lines of different 
lineage or tissue origin would generate a comprehensive database of cellular activity 
alteration associated with microgravity, and the identification of major space genes. This 
would provide scientific basis for therapeutic intervention aimed to prevent and correct 
abnormalities resulting from space flight. 

Examining high throughput microarray data as well as other gene expression data from 
cells and organisms exposed to microgravity, there were a great many differentially 
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regulated genes that showed little or no commonality across closely related studies. In most 
study areas such as immune, bone, and muscle response to microgravity, there was overall 
very little commonality or overlap among the reports at the individual gene expression 
level. However, when looked at gene pathways through DAVID analysis, relatively focused 
and very insightful pathways were identified for the microarray based analysis of 
microgravity effects on the immune and bone cells. Would it be that major space pathways 
rather than major space genes are playing key roles in microgravity response? Typically, 
there are many gene components in a pathway. It is possible that genes in a pathway can 
have various levels of activity in response to an environmental challenge and the level of 
activity of the pathway is optimized to be able to best adapt to environmental change by 
adjusting component genes activities. Whatever the case, it is too early to conclude from 
such an initial attempt of cross platform and cross species examinations.  

Nonetheless, as part of the identification of space genes, I decided to make a further attempt 
to compare the gene lists from the microarray studies in mammals that were discussed in 
this chapter. I compared gene lists from these studies to determine what genes might be 
common among these studies. There were a large number of differences between the gene 
lists. This has been shown to be the case in other studies examining microarray experiments 
between labs and across platforms. These variations are not surprising considering the 
significant variations between experiments. First, the type of cells used for the studies were 
very different. These cells included rat muscle, mouse muscle, Xenopus renal, and human 
liver, renal, keratinocyte, fibroblasts, etc. The methods for studying microgravity were 
different. These included Random Positioning Machine (RPM), Rotating Wall Vessel (RWV) 
bioreactors, bed rest, hind limb suspension, as well as space flown. Finally, and perhaps 
more importantly, the microarray platforms had major variations. All of these variables 
make it particularly difficult to compare data. For the purpose of this discussion, we decided 
to include any gene on our final list of potential “space genes” if it appeared on two or more 
gene lists of the studies we examined. Using this loosely defined criterion, the initial 
potential candidates for “space genes” were subjected to bioinformatics analysis. 

Using the DAVID Bioinformatics Resources, I processed these genes together to identify 
relevant KEGG pathways (Table 4). The KEGG Pathways and Gene Ontologies were 
included in the tables if they were considered to be statistically significant (P≤0.05).  

The pathway table shows that Extracellular Matrix-Receptor Interaction and Focal Adhesion 

Pathways are two important pathways. Both have been identified as pathways that may be 

affected by Microgravity (Ingber 1998). 

As part of the attempt to identify and create a list of potential space genes from the 

microarray based microgravity studies, I decided to analyze a variety of gene lists from 

these studies. First, I limited the scope of the bioinformatics analysis to mammalian cells. I 

then examined all of these studies to identify the ones that had useable gene lists. Out of a 

total of 36 mammalian studies, I identified 26 studies that could be used for this purpose. If 

a gene appeared as differentially regulated in at least four of these studies, it would be 

included in the candidate gene list. This yielded a list of 8 potential space genes, name 

Putative Space Genes (Table 5).  

The initial candidate major space genes thus identified in Table 5 (for which I briefly 
discussed while reviewing each of the involved studies) will provide a clue for further 
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scrutiny in future more systematic studies. I believe that systematic examination of 
molecular alterations of cells under microgravity conditions will enhance our knowledge of 
cellular responses to gravity changes and the underlying mechanisms.  

 

Table 4. KEGG Pathways identified using the DAVID Bioinformatics Resources. 

 

Table 5. List of putative space genes.  
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