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Abstract

We have started a space experiment using an experimental organism, the nematode Caenorhabditis
elegans, in the Japanese Experiment Module, KIBO, of the International Space Station (ISS). The
specimens were boarded by space shuttle Atlantis on mission STS-129 which launched from
NASA Kennedy Space Center on November 16, 2009. The purpose of the experiment was several-
fold: (i) to verify the efficacy of RNA interference (RNAI) in space, (ii) to monitor transcriptional
and post-translational alterations in the entire genome in space, and (iii) to investigate mechanisms
regulating and countermeasures for muscle alterations in response to the space environment. In
particular, this will be the first study to utilize RNAI in space.

Introduction

Caenorhabditis elegans (C. elegans) is a free-living, non-parasitic soil nematode. It can be
easily manipulated, observed and cultivated in the laboratory owing to its small size (an
adult worm is approximately 1 mm in length), transparency and feeding on bacteria. A
wealth of studies over the past few decades have resulted in C. elegans becoming a well-
known model organism. For example, the complete cell-lineage, neuronal networks, muscle
anatomy and genome sequence, make this an excellent in vivo model in which to conduct
biological research both on Earth and in space. The first trials on the effects of the space
environment, including cosmic radiations, upon C. elegans were performed using essentially
standard culturing techniques (Johnson and Nelson, 1991; Nelson et al., 1994a,b; Hartman
et al., 2001). Subsequently, a complete chemical liquid medium (CeMM) for use with C.
elegans was prepared by Szewczyk et. al., (2003, 2006), which allowed study of the effects
of surface tension in flight. During the Dutch Soyuz mission DELTA to the ISS in April
2004, an international collaboration of laboratories carried out the “FIRST International C.
elegans Experiment in space” (ICE FIRST). One of the main goals of this experiment was to
validate the biological response of C. elegans to 10 day spaceflight. Consistent with past
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experiments, animals displayed a normal rate of development in flight and returned in good
apparent health. With the exception of a slight movement defect upon return to Earth, which
appears to be due to altered muscle development in flight (Higashibata et al., 2006), no
significant abnormalities were detected. Apoptosis also proceeded normally (Higashitani et
al., 2005) and the rate of mutation associated with flight was below the experiments limits of
detection (Zhao et al., 2006). These results appear similar to what is observed for humans
and suggest that C. elegans can be used to study responses to spaceflight and may be
developed as a biological sensor (Zhao et al., 2005; Custodia et al., 2001). At the molecular
level, transcriptome and proteome analyses indicated decreased expression of muscle related
genes and proteins, respectively, including altered expression of certain genes regulated by
insulin and transforming growth factor-p (TGF-p) signalling in response to spaceflight
(Higashibata et al., 2006, 2007, Selch et al., 2008).

C. elegans is the first animal in which RNA interference (RNAI) by double stranded RNA
(dsRNA) was observed (Fire et al., 1998). RNA. is an evolutionarily conserved mechanism
for silencing gene expression (Novina and Sharp 2004, Tomari and Zamore 2005). RNAI
protects the genome from viruses and other insertable genetic elements and regulates gene
expression during development. The antisense strand derived from the dsSRNAs incorporates
into an RNA-induced silencing complex that can either direct degradation of target mRNA
or suppress the protein(s) it encodes from being expressed (Novina and Sharp 2004, Tomari
and Zamore 2005). The discovery that RNAi works in mammalian cells has sparked intense
investigation into its role in normal mammalian cell function, its use as a tool to understand
or screen for genes functioning in cellular pathways in healthy and diseased cells and
animals, and its potential for therapeutic gene silencing (Dykxhoorn and Lieberman 2005,
Aigner 2006, Chakraborty 2007, DeVincenzo 2009). The ensuing results suggest RNAi may
provide an important new therapeutic modality for treating infection, cancer,
neurodegenerative disease, and other illnesses.

Here we introduce our current space experiment termed CERISE (C. elegans RNA
interference Space Experiment) in the Japanese Experiment Module (JEM), called KIBO, on
the International Space Station (ISS) beginning November 2009. A proposal for CERISE
was reviewed and accepted by the International Space Life Sciences Working Group in
2004; the CERISE decal is shown in Fig. 1. The experimental aims are to verify the efficacy
of RNA. in space and to analyze changes in the transcriptome and proteome in response to
the space environment. We further aim to investigate mechanisms of and countermeasures
for musclular alterations in response to spaceflight.

Experimental Design

Nematode eggs were prepared using the alkaline bleach method with 0.5N KOH and 1.0%
NaClO. After overnight incubation in M9 buffer containing 5mg/ L cholesterol at 20° C, the
hatched L1 larvae were used for the space experiment. For most experiments, approximately
9,000 L1 were used for samples to be collected 4 days post-acitvation and 30 to 50 L1 were
used for samples to be collected 8 days post-activation. For the muscle protein degradation
studies, approximately 1,000 dauers, prepared according to the protocol of Hartman et al.,
(2001) with the exception that animals were cultured on 8X peptone NGM agar plates, were
used with sample collection on day 4 post-activation. All larvae were maintained in the left
compartment of the culturing bags in 2 ml S basal medium (Fig. 2). The right compartment
of the culturing bag system, separated by a U-pin, contained bacterial feeds in 12 ml S basal
medium at an OD600 of approximately 3.5. Bags were then stored in the Meas Exp. Unit A
(15 bags per unit, Fig. 2). On 16! November 2009, Shuttle Atlantis (STS-129, ULF-3)
launched from Kennedy Space Center, Florida. Upon reaching microgravity at KIBO on the
ISS, flight crews activated the experiments by removing the U-pin (19" November), at
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which time four Meas Exp. Unit A were transferred into the Cell Biology Experiment
Facility (CBEF) with or without 1 G rotation for either 4 or 8 days. After observation of the
nematodes by microscopy, experiments were stopped by freezing and subsequent storage at
—80° C in MELFI. For the 4 day culture experiments, the L1 or dauer larva grew to
adulthood as the first generation, and for the 8 day experiments the L1 larvae’s second
generations grew to adulthood under exposure to space environment from fertilization.

RNA interferences (RNAI)

To evaluate the efficacy of RNAI in the space environment, we used two target genes, Ce-
rbx-1 (Sasagawa et al., 2003) and recombinant green fluorescent protein (GFP) genes.
Strains AZ212 (ruls32; unc-119 (ed3), Praitis et al., 2001), whose integrated array is
pAZ132 (pie-1:-GFP “histone H2B fusion and unc-119 subclone), and PD4251 (ccls4251;
dpy-20 (e1282), Fire et al., 1998), whose integrated array contains three plasmids: pSAK?2
(myo-3 promoter driving a nuclear-targeted DFP-LacZ fusion), pSAK4 (myo-3 promoter
driving mitochondrial-targeted GFP), and a dpy-20 subclone were used in this experiment.
AZ212 GFP signals in the nuclei of oocytes and eggs, and PD4251 fluoresces in the nuclei
and mitochondria of body wall muscles (Fig. 3). Double stranded RNA of Cerbx-1 and gfp
genes were synthesized in Escherichia coli HT115 (DE3) with Litmus 28 plasmid vector in
vivo system (Sasagawa et al., 2003). Following experiment activation and thus introduction
of the nematodes to the bacteria, animals fed on the bacteria (termed feeding RNAI, Kamath
et al., 2000) in the space environment. In addition, we have performed feeding RNAI against
both asp-4 and asp-6, genes that encode aspartyl proteases, in order to study the effects of
depletion of aspartyl protease on muscle protein degradation in response to microgravity.

Transcriptome and Proteome analyses

To study the molecules and signals that are affected in response to the space environment,
we have carried out transcriptome analyses using full genome DNA microarrays and
proteome analyses, including post transcriptional modification. We have previously shown
that both expression of the transcription factors for myosin heavy chains (MHC) and MHC
genes themselves are down-regulated in response to spaceflight (Higashibata et al., 2006).
Insulin and TGF-p regulated genes also displayed alterations (Selch et al., 2008).
Additionally, proteomic analysis using 2-dimensional gel electrophoresis indicated that
approximately 10-15% of spots (i.e. detectable proteins in the proteome) significantly
increased or decreased in the flight samples compared with the ground control (Higashibata
et al., 2007). While much information on the transcriptional and translational adaptations to
spaceflight was gained from ICE FIRST, there were some experimental limitations such as
mixed stage samples (non-synchronized culture) and late fixation (freezing after return to
Earth). In the present experiments we, therefore, aim to confirm reproducibility of the above
results by using a synchronized culturing system with on orbit fixation. We shall also
perform comparative analysis of phosphorylated proteins between culturing at microgravity
versus a 1 G control using defective mutants of stress activated MAPK p38 and
JNK1(strains KU25: pmk-1 (km25) and VC8: jnk-1 (gk7)).

Muscle synthesis and degradation in space

It is well-known that the neuromuscular system is one of the physiologic systems most
affected by spaceflight (Fitts et al., 2001). Muscles developed on Earth alter in morphology,
contractile function and MHC gene expression during spaceflight, or unloading on Earth
(Caiozzo et al., 1994; 1996; Criswell et al., 1996; Day et al., 1995; Harrison et al., 2003). In
addition to depressed de novo synthesis, specific protein degradation systems, such as
ubiquitin ligase(s)-mediated proteasomal degradation have been shown to be involved in
skeletal muscle atrophy (Bodine et al., 2001; Gomes et al., 2001). For example, in
denervated muscle of rats, mRNA levels of MHC | are decreased and mRNA levels of
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atrogin-1 (a ubiquitin ligase gene) are significantly increased (Horinouchi et al., 2005).
However, the relative contributions of specific molecular changes within muscle to more
global changes in muscle remains an area of active research. In C. elegans, we are studying
the signal-transduction networks regulating muscle protein degradation (Szewczyk and
Jacobson 2005, Szewczyk et al., 2007). At present we have demonstrated the existence of
three distinct regulatory networks in C. elegans muscle. First, proteasome based degradation
appears to be regulated by a molecular network tied to muscle cell depolarization. Second,
autophagic based degradation appears to be regulated by a molecular network tied to growth
factor signaling. Third, an unknown protease is regulated by a molecular network tied to
muscle attachment to the extracellular matrix. In this flight experiment, investigations of
both muscle development and atrophy in C. elegans are performed. We will utilize our
standard methods to assess cytosolic muscle protein degradation in wild-type animals and in
animals with blocked proteasomal degradation (MG132 inhibited) or blocked autophagic
degradation (asp-4 and asp-6 RNAI). Additionally, as caspases are well known proteases
and mutants for ced-3 are readily available, we will also examine cytosolic protein
degradation in ced-3 mutant animals. Lastly, we have also included experiments that applied
methyl-cellulose to the culture media to increase viscosity to understand whether increasing
viscosity upregulates de novo muscle synthesis and / or represses muscle degradation in C.
elegans.

Conclusion

We anticipate that the analyses of CERISE flight samples will provide us information on the
physiological and molecular biological effects of microgravity / spaceflight on the
experimental model C. elegans. In addition, it is essential to verify the efficacy of RNAI for
its subsequent application in both future basic science and applied clinical use in the space
environment. These samples have already been successfully launched, cultured and stored in
MELFI Deep Freezer of ISS, and will be returned by Space Shuttle Endeavor (STS-130) in
February, 2009.
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Fig. 1.
Decal for the CERISE experiment
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15 bags + thermo logger and dosimeter

Fig. 2.

Experimental equipments and culture bags. The bags were made of polyethylene with heat
shielding. Two compartments were separated with U-pin. Crew member removes the U-pin
in space, and cultures are started in CBEF.
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Fig. 3.

GFP recombinant strains used in this study to monitor RNAi activity and muscle structures.
Nuclei of Oocytes and embryos are visualized in AZ212 (left panel). Nuclei and
mitochondria of muscles are visualized in PD4251 (Right panel).
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