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Simulated microgravity inhibits cell

focal adhesions leading to reduced

“melanoma cell proliferation and
ey metastasis via FAK/RhoA-regulated
et mTORC1 and AMPK pathways
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. Simulated microgravity (SMG) was reported to affect tumor cell proliferation and metastasis. However,

. the underlying mechanism is elusive. In this study, we demonstrate that clinostat-modelled SMG

© reduces BL6-10 melanoma cell proliferation, adhesion and invasiveness in vitro and decreases tumor
lung metastasis in vivo. It down-regulates metastasis-related integrin o634, MMP9 and Met72
molecules. SMG significantly reduces formation of focal adhesions and activation of focal adhesion

. kinase (FAK) and Rho family proteins (RhoA, Racl and Cdc42) and of mTORC1 kinase, but activates

- AMPK and ULK1 kinases. We demonstrate that SMG inhibits NADH induction and glycolysis, but

. induces mitochondrial biogenesis. Interestingly, administration of a RhoA activator, the cytotoxic
necrotizing factor-1 (CNF1) effectively converts SMG-triggered alterations and effects on mitochondria
biogenesis or glycolysis. CNF1 also converts the SMG-altered cell proliferation and tumor metastasis. In
contrast, mTORC inhibitor, rapamycin, produces opposite responses and mimics SMG-induced effects
in cells at normal gravity. Taken together, our observations indicate that SMG inhibits focal adhesions,
leading to inhibition of signaling FAK and RhoA, and the mTORC1 pathway, which results in activation
of the AMPK pathway and reduced melanoma cell proliferation and metastasis. Overall, our findings
shed a new light on effects of microgravity on cell biology and human health.

The cytoskeleton is a cellular structural scaffold that determines cell shape, provides an intracellular transport
. system, drives cell migration and actively controls cell survival and proliferation'. The cytoskeleton of eukar-
: yotic cells is composed of three basic types of filaments (actin filaments, microtubules and intermediate fila-
ments). The extracellular matrix, integrin receptors and cytoskeleton interact at sites called focal adhesions?®.
The integrin-binding proteins paxillin, vinculin and talin recruit focal adhesion kinase (FAK) to focal adhesions
composed of dynamic groups of structural and catalytic proteins, that transduces external integrin-mediated
signals into cells, leading to the activation of multiple cytoplasmic signaling molecules, including small GTPases®.
The ras homolog gene-family member (Rho) GTPases are important components of the signaling network
represented by RhoA, ras-related C3 botulinum-toxin substrate-1 (Racl) and cell division-control protein-42
(Cdc42) molecules, that regulate activities of actin-binding proteins to control actin crosslinking and stress fiber
formation. This allow Rho family GTPases to regulate cytoskeleton-mediated cell shape, motility and division®.
- Rho family members also control multiple intracellular signaling pathways®~, including signaling initiated by the
: mammalian target of rapamycin complex-1 (mTORC1)>*'.,
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The mTORCI kinase and another evolutionary conserved signaling molecule, the AMP-activated pro-
tein kinase (AMPK), have important functions in the regulation of cellular metabolism for maintenance of
energy homeostasis'!. mTORC1 is a serine/threonine protein kinase, which functions as a central regulator of
cell proliferation and growth through the activation of the S6 kinase (S6K), and the eukaryotic initiation fac-
tor 4E (EIF4E)2 It acts as a sensor of cellular energy status and triggers glycolysis utilization by activation of
hypoxia-inducible factor-1a transcription factor'>. AMPK also acts as a sensor of cellular energy status and acti-
vates mitochondrial biogenesis and fatty acid oxidation for energy production via activation of the Une-51-like
kinase-1 (ULK1)".

The simulated microgravity (SMG) has been reported to alter cytoskeleton and extracellular matrix pro-
teins'®"17. SMG was also found to affect tumor cell adhesion, proliferation, aggressiveness and metastasis'®!#-20,
and to induce cell autophagy?!?2. Recently, SMG has been demonstrated to inhibit the mTORC1 pathway?>%*.
However, the molecular mechanism underlying the above SMG-induced changes in cell biology and cellular
pathways is still elusive. We previously established a three-dimensional clinostat modeling SMG environment to
investigate molecular mechanisms regulating SMG-induced cellular apoptosis, and found that SMG promotes
apoptosis of B16 melanoma BL6-10 cells by suppressing NF-«B-mediated anti-apoptotic events and by inhibiting
DNA-damage response pathways?. We have recently discovered that SMG reduced formation of cellular focal
adhesions, which was associated with the SMG-induced down-regulation of Rho family proteins®.

In this study, we further investigated SMG effects on BL6-10 melanoma cell proliferation, invasiveness and
metastasis by using the clinostat-modelled SMG**. More importantly, we also analyzed the potential molecular
mechanism regulating the SMG-induced cellular responses by monitoring cell focal adhesions and associated sig-
naling molecules, such as the FAK kinase and Rho family proteins (RhoA, Racl and Cdc42), as well as molecules
involved in the FAK/RhoA-controlled mMTORC1 pathway-related molecules (AKT, S6K, EIF4E) and AMPK'?"*in
cells under SMG. We found that SMG reduced formation of cell focal adhesions, leading to decreased melanoma
cell growth and metastasis. This was achieved through the FAK/RhoA-mediated inhibition of the mTORCI path-
way and the FAK/RhoA-induced activation of the AMPK pathway.

Results

Simulated microgravity inhibits both proliferation of melanoma cells and their metastatic
activity. To assess the effect of SMG on cell growth, we performed a cell proliferation assay, and found that in
vitro growth of BL6-10 cells was greatly inhibited under SMG (ug) compared to cells under normal gravity (1g)
(Fig. 1A). Our cell adhesion assay also revealed that adhesion of BL6-10 cells was significantly reduced under
SMG in comparison to cells maintained under 1g (Fig. 1B). To analyze the ability of melanoma cells to degrade
and invade surrounding extracellular matrix, we performed an invasion assay using Boyden chambers pre-coated
with basement membrane components provided with the CytoSelect™ 24-Well Cell Adhesion Assay kit. We
found that invasiveness of BL6-10 tumor cells under SMG conditions was significantly reduced compared to con-
trol BL6-10 tumor cells analyzed at normal gravity (Fig. 1C). To assess the effect of SMG on the metastatic activity,
we i.v. injected the highly lung metastatic BL6-10 cells grown under 1g or SMG condition into C57BL/6 mice,
and quantified mouse lung tumor colonies in lungs 21 days later. This experiment demonstrated that numbers of
metastatic BL6-10 melanoma lung colonies were significantly reduced in mice injected with BL6-10 cells grown
under SMG, compared to their numbers in mice injected with BL6-10 cells that were grown under 1g condition
(Fig. 1D). In addition, sizes of metastatic colonies in mice injected with BL6-10 cells subjected to SMG were much
smaller than those in mice injected with control BL6-10 cells (Fig. 1E). Overall, these data indicate that SMG
inhibits aggressiveness of melanoma cells.

Simulated microgravity inhibits expression of metastasis-related molecules. Previous reports
demonstrated that integrin a634 and matrix metalloproteinase-9 (MMP9) directly affected tumor cell metas-
tasis?®?, and expression of BL6-10 melanoma cell-surface 72 Kd-glycoprotein, Met72, was associated with high
tumor metastasis to lungs?®. We therefore performed Western blotting and flow cytometry analyses to assess
expression of MMP9 and integrin a6p34, and the presence of Met72 on the cell surface. Interestingly, we found
that the pro-metastatic MMP9 and the integrin a634 protein as well as the metastasis-associated Met72 were both
down-regulated in melanoma cells under SMG (Fig. 1EG), indicating that SMG most likely inhibits melanoma
cell invasiveness and metastasis by suppressing expression of these metastasis-related molecules.

Simulated microgravity alters cytoskeleton organization and dramatically reduces formation
of focal adhesions. BL6-10 cells growing on the surface of culture chamber slides under 1 g condition dis-
played flat and irregular morphology, while under SMG, they remained attachment to the bottom of culture
chamber slides, and acquired a cobblestone-like morphology and aggregated into clusters under SMG (Fig. 2A),
mimicking the behaviour typical for non-invasive epithelial-like cells?*. This behaviour also indicated that their
cytoskeleton structures may have been changed. To assess cytoskeleton alteration triggered by SMG, we stained
cells with fluorescein isothiocyanate (FITC)-labeled phalloidin and FITC-labeled anti-a-tubulin antibodies,
which allowed us to monitor status of microfilaments and microtubules, respectively. Control cells cultured under
1 g spread out evenly over the substrate and displayed abundant lamellipodia (membrane ruffles at the leading
edge), stress fibres (actin/myosin bundles) and filopodia (membrane protrusion)*, while cells exposed to SMG
showed a dramatic decrease in lamellipodia, stress fibres and filopodia (Fig. 2B). These data were consistent
with our previous report*, and indicate that SMG alters cytoskeleton structure. Since integrin-binding proteins
paxillin and vinculin, which are involved in recruiting FAK to focal adhesions, are integral components of these
structures®, we stained cells under SMG with anti-paxillin or vinculin antibodies, and analyzed them by fluores-
cence microscopy to assess formation of cell focal adhesions. We found that focal adhesions (means of paxillin or
vinculin spots per cell)*® were substantially reduced in cells under SMG in comparison with control cells under
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Figure 1. Simulated microgravity inhibits BL6-10 tumor cell proliferation and metastasis. (A) BL6-10

tumor cells were cultured in flasks under normal gravity (1g) or cultured with or without CNF1 under SMG
(ug + CNF1 or pg). Cells under 1g, pg and pg + CNF1 were counted daily for three days to quantify cell
proliferation. (B,C) BL6-10 tumor cells cultured in chamber slides under 1 g, ug and ug+ CNF1 were subjected
to cell adhesion and invasion assays using CytoSelect™ 24-Well Cell Adhesion Assay kit (B) and CytoSelect™
24-Well Cell Invasion Assay kit (C). (D,E) BL6-10 cells subjected to 1 g, ug and ug + CNF1 were i.v. injected into
C57BL/6 mice. Mouse lungs were collected 21 days after injection, and black tumor lung colonies were counted
(D) and confirmed by histological examination of lung tissue sections with H.E staining (E). (F) Lysates
prepared from BL6-10 cells grown at 1g, ug and ug + CNF1 for 3 days were subjected to SDS-PAGE. Proteins
were transferred onto PVDF membranes, blotted with the indicated antibodies. Western blot band signals
were quantified by chemiluminescence. Densitometric values were normalized to matching GAPDH controls.
Data represent the mean &= SD of three independent experiments. (G) BL6-10 tumor cells grown at 1g, ug

and pug + CNF1 for 3 days were stained with anti-Met72 antibody (solid lines) or isotype-matched control
antibody (dotted lines), followed by flow cytometry analysis. *p < 0.05 versus 1 g and pg+ CNF1 groups. One
representative experiment of two is shown.

1 g condition (Fig. 2C,D), indicating that SMG not only affects cell morphology and cytoskeleton, but also dra-
matically reduces formation of cellular focal adhesions.

Simulated microgravity inhibits FAK and RhoA activation. To assess the effect of SMG on FAK, we
performed Western blotting analysis using cell lysates derived from adherent cells in flasks positioned under SMG
or 1g condition and anti-FAK and anti-pFAK (Y397) antibodies. These experiments showed that active form of
FAK, represented by FAK phosphorylated at the tyrosine residue 397 (Y397), was significantly less abundant
in cells under SMG, though overall FAK expression was maintained at the same level in cells under normal 1g
condition (Fig. 3A). To assess if SMG affects expression of Rho family GTPases, we performed Western blotting
analysis with anti-RhoA, anti-Rac1 and anti-Cdc42 antibodies. This revealed that SMG down-regulates expres-
sion of RhoA, Racl and Cdc42 (Fig. 3A). To assess the effect of SMG on RhoA activity, we performed a RhoA
activity assay using G-LISA RhoA Activation Assay Biochem kit. The experiment showed that RhoA activity was
significantly reduced in SMG-treated cells (Fig. 3B). Our observations thus indicate that SMG negatively regulate
activities of the FAK kinase and of the RhoA GTPase.

Simulated microgravity suppresses the mTORC1-S6K-EIF4E but activates the AMPK-ULK1
pathway. Since RhoA regulates the essential MTORCI signaling pathway>®'°, we investigated whether SMG
affects mTORC1 pathway by assessing expression of mMTORCI up- and down-stream partners (AKT, S6K and
EIF4E) in cells under SMG. Interestingly, we found that SMG reduced abundance of activated kinases pAKT
(5473), pS6K (S235) and pEIF4E (S209) (Fig. 4A), indicating that SMG supresses the AKT-mTORC1-S6K-EIF4E
pathway. To assess a potential effect of SMG on another conserved signaling pathway that involves AMPK, we
examined phosphorylation of the AMPK and theULKI1 kinases. Interestingly, we found that levels of pAMPK
(T172) and pULK1 (S375) were upregulated in cells under SMG (Fig. 4A), indicating that SMG effectively acti-
vates the AMPK-ULKI1 pathway.
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Figure 2. Simulated microgravity alters cytoskeleton and inhibits focal adhesions. BL6-10 cells were cultured
in chamber slides for 1 day at 1 g, pg and ug+ CNF1, and cells were analyzed by light microscopy (A). The cells
were also stained with FITC-phalloidin (green) plus PI (red) and FITC-anti-tubulin antibody (green) plus PI
(red), respectively (B) or stained with anti-paxillin (green) and anti-vinculin (red) antibody (C) and analyzed
by fluorescence microscopy. (D) Paxillin and vinculin spots were counted for each cell. Approximately, 20 cells

were analyzed per experimental condition. *p < 0.05 versus indicated groups. One representative experiment of
two is shown.

Simulated microgravity induces mitochondria biogenesis and reduces NADH induction.  Fast
growing cells use glycolysis metabolism for energy, while quiescent cells often rely on fatty acid oxidation and
induce mitochondrial biogenesis to obtain energy in the form of ATP?!. AMPK acts as a sensor of cellular energy
status and is responsible for the triggering mitochondrial biogenesis and fatty acid oxidation for energy produc-
tion'*. Therefore, we attempted to assess whether SMG induces mitochondria biogenesis in cells under SMG
condition. To achieve this, we stained cells with a mitochondrial dye, MitoTracker Green, and then assessed the
status of mitochondria by flow cytometry and confocal microscopy. We found that compared to cells maintained
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Figure 3. Simulated microgravity inhibits FAK and RhoA activation. (A) Lysates prepared from BL6-10 cells
cultured for 3 days at 1 g or pg or ug + CNF1 were subjected to SDS-PAGE analysis. Proteins were transferred
onto PVDF membranes and blotted with indicated antibodies. Western blot band signals were quantified by
chemiluminescence. Densitometric values were normalized to matching GAPDH controls. Data represent the
mean + SD of three independent experiments. (B) BL6-10 cells exposed for 3 days to 1g, ug and pg+ CNF1
were analyzed for RhoA activity by using the G-LISA RhoA Activation Assay Biochem kit. Data represent

the mean + SD of three independent experiments. **p < 0.05 versus indicated groups. One representative
experiment of two is shown.

under normal gravity, SMG-treated cells showed a higher mitochondrial content (Fig. 4B), and more abundant
cytoplasmic mitochondria (Fig. 4C), indicating that MSG induces mitochondria biogenesis. Since NADH is pro-
duced by tricarboxylic acid cycle critical in mitochondrial oxidative phosphorylation system for production of
aerobic ATP?2, we measured NADH levels using NAD+/NADH Quantification kit to complement the above
finding. We found that cells under SMG had less NAD(H) and higher ratio of NAD/NADH, compared to cells
under 1g condition (Fig. 4D), indicating that SMG inhibits NADH induction, which points towards the suppres-
sion of glycolysis metabolism. We then assessed glycolysis, and demonstrated that SMG-treated cells dramatically
reduced cell glycolysis metabolism (Fig. 4E).

CNF1 enhances activity of FAK and RhoA and restores cytoskeleton, focal adhesions, cell pro-
liferation and metastasis in cells under SMG.  Since bacterial toxin, CNF1, produced from E. coli cells
has been found to increase focal adhesions via the activation of RhoA, Racl and Cdc42 GTPases®**, we exam-
ined whether CNF1 does affect activities of FAK and RhoA, and also assessed whether NCF1 converts alterations
in cytoskeleton and focal adhesions in cells under SMG. These experiments showed that CNF1 up-regulated
levels of pFAK (Y397), RhoA, Racl and Cdc42 molecules (Fig. 3A) and enhanced RhoA activity (Fig. 3B) in
cells under SMG, indicating that CNF1 enhances FAK and RhoA signaling under SMG condition. Our data also
demonstrated that when cells under SMG were treated with CNF1, cytoskeleton organization and focal adhe-
sions (means of paxillin or vinculin spots per cell)*® (Fig. 2A,D) and cell proliferation rates, adhesion efficiency,
invasiveness and metastatic activity (Fig. 1A,E) were comparable to those characteristics of cells cultured under
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Figure 4. Simulated microgravity suppresses the mTORC1 but activates the AMPK pathway. (A) Lysates
prepared from BL6-10 cells cultured for 3 days at 1 g or ug or ug + CNF1 were subjected to SDS-PAGE analysis.
Proteins were transferred onto PVDF membranes and blotted with indicated antibodies. Western blot band
signals were quantified by chemiluminescence. Densitometric values were normalized to matching GAPDH
controls. Data represent the mean & SD of three independent experiments. *p < 0.05 versus different groups.
(B,C) BL6-10 cells cultured for 3 days at 1 g or ug or ug + CNF1 were subjected to mitochondria biogenesis assay
using MiltoTracker Green kit. Cellular mitochondria biogenesis was quantified by flow cytometry (B). MFI:
mean fluorescence intensity. Cellular mitochondria biogenesis was examined by confocal microscopy (C). Scale
bar: 20 um. (D) BL6-10 cells cultured for 3 days under 1 g or ug or ug + CNF1 were subjected to NADH assay
using NAD + /NADH Quantification kit. Data represent the mean =+ SD of three independent experiments.

(E) BL6-10 cells cultured for 3 days at 1 g or pg or pg + CNF1 were subjected to cell glycolysis assay using pH-
Xtra™ Glycolysis Assay kit. *p < 0.05 versus indicated groups. One representative experiment of two is shown.

normal gravity. In addition, CNF1 also up-regulated expression of metastasis-related a634 integrin, MMP9 and
Met72 in cells under SMG (Fig. 1EG). Thus, our data indicate that CNF1 restores cytoskeleton, focal adhesions
and cell proliferation and metastasis in cells under SMG via the activation of FAK and RhoA signaling.

CNF1 activates mTORC1 signaling and increases NADH and glycolysis but suppresses the
AMPK pathway and reduces mitochondria biogenesis in cells subjected to SMG.  Since RhoA
activates the mTORCI pathway>, we then analyzed whether CNF1 affects the mTORC1 or the AMPK pathway
in cells under SMG. Our experiments demonstrated that CNF1-treated cells exposed to SMG up-regulated lev-
els of pAKT (S473), pS6K (S235) and pEIF4E (5209) while down-regulating expression of pAMPK (T172) and
pULKI1 (S375) by Western blotting analysis (Fig. 4A), compared to cells under SMG. In addition, our data also
demonstrated that CNF1 reduced mitochondria biogenesis (Fig. 4B,C), but increased NADH induction (Fig. 4D)
and glycolysis metabolism (Fig. 4E). Taken together, our data suggest that CNF1 activates the mTORCI but
suppresses the AMPK pathway in cells under SMG and mostly achieves this through the activation of FAK and
RhoA signaling.

Rapamycin inhibits the mTORC1 pathway, cell proliferation and metastasis and but activates
the AMPK pathway and mitochondria biogenesis in cells under 1 g condition.  To assess whether
SMG-induced inhibition of the mTORCI pathway is associated with SMG-induced inhibition of cell proliferation

SCIENTIFICREPORTS| (2018) 8:3769 | DOI:10.1038/s41598-018-20459-1 6



www.nature.com/scientificreports/

and metastasis as well as activation of the AMPK pathway and mitochondria biogenesis, we assessed all these
responses in cells under normal gravity in the presence of rapamycin (1g+ rapamycin). This approach demon-
strated that rapamycin dramatically reduced cell proliferation rates (Fig. 5A) and metastatic activity (Fig. 5B).
Interestingly, rapamycin treatment, which inhibited the mTORC1 pathway (Fig. 5C), up-regulated the level of
AMPK phosphorylation (Fig. 5C), and induced mitochondria biogenesis in cells under 1 g condition (Fig. 5D,E).
In contrast, rapamycin treatment dramatically reduced cell glycolysis metabolism (Fig. 5F). Our data indicate
that SMG-induced suppression of cell proliferation and metastasis and activation of the AMPK pathway could
potentially be mediated by the SMG-induced inhibition of the mMTORC1 pathway.

Discussion

Previous studies showed that SMG altered cytoskeleton organization in tumor cells'>~*”. However, its molecular
mechanism is elusive. In this study, we investigated the effect of SMG on cytoskeleton of BL6-10 cells. We demon-
strate that SMG alters cytoskeleton by decreasing stress fibers, lamellipodia and filopodia, which is consistent
with our previously published observations?. To assess the formation of focal adhesions, we stained cells on
chamber slides with antibodies binding focal adhesions-associated proteins, paxillin and vinculin, and analyzed
them by fluorescein microscopy. Interestingly, we find that SMG significantly reduces formation of focal adhe-
sions (multi-protein complexes controlling cytoskeleton via the FAK/RhoA pathway)*, consistent with previous
reports®>*. Furthermore, we demonstrate that SMG dramatically inhibits FAK and RhoA activity, thus clearly
indicating that SMG-induced cytoskeletal alterations are at least in part due to the SMG-triggered inhibition of
FAK and RhoA signaling.

The AMPK kinase acts as an intracellular energy sensor, which is a key regulator of mitochondrial biogenesis
and functions in this regard to maintain energy homeostasis®**. mMTORCI acts as another energy sensor in mam-
malian cells and serves as a central cell-growth regulator by responding to growth factors and nutrient signals.
Since AMPK is activated upon various cellular stresses, such as nutrition depletion, hypoxia and heat shock® -,
we assessed whether SMG affects the AMPK pathway. We demonstrate that BL6-10 cells upregulates production
of pAMPK (T172) and enhances AMPK-regulated ULK1 activity in response to SMG condition, indicating that
SMG activates the AMPK-ULK1 pathway. We also show that SMG induces mitochondrial biogenesis in cells
under SMG. Interestingly, our assessment of the effect of SMG on mTORC1 demonstrates that SMG reduces
levels of pAKT (S473), pS6K (S235) and pELF4E (S209) and inhibits cell glycolysis metabolism in melanoma
cells, indicating that SMG inhibits the AKT-mTORC1-S6K-ELF4E pathway. Therefore, our data suggest that SMG
activates the AMPK but suppresses the mTORC1 pathway via the SMG-induced inhibition of FAK and RhoA
signaling molecules.

To further confirm the above finding, we performed the SMG study using CNF1. CNF1 is a broad spectrum
activator of Rho family proteins that deamidates and thereby activates RhoA, Racl and Cdc42 GTPases®>*. It
has been reported that CNF1 triggered Racl-dependent cell invasion®. In this study, we demonstrate that CNE-1
toxin activates the upstream signaling (FAK and RhoA) of the mTORC1 pathway and is capable of converting
SMG-induced effect on the reduction of cell focal adhesions and inhibition of the mMTORCI pathway and cell gly-
colysis metabolism. Therefore, we conclude that SMG activates the AMPK but suppresses the mTORCI1 pathway
most likely through the SMG-induced inhibition of focal adhesions and FAK and RhoA action (Fig. 6).

It has been shown that mTORC1 inhibits AMPK signaling via the activation of S6K*'. We, therefore, assume
that SMG-induced activation of the AMPK pathway may occur because of SMG-inhibited S6K within the
AKT-mTORCI-S6K-EIF4E pathway, which should result in less S6K-induced inhibition of the AMPK pathway.
To assess this assumption, we repeated experiments using an mTORCI-specific inhibitor, rapamycin. Our experi-
ments show that rapamycin efficiently inhibits S6K and EIF4E, suppresses cell glycolysis metabolism, proliferation
and metastasis into lungs, while activating the AMPK-ULK1 pathway and inducing mitochondria biogenesis.
Taken together, these observations suggest that SMG-induced suppression of the cell proliferation and metastasis
and activation of the AMPK pathway are at least in part triggered by SMG-induced inhibition of S6K activity
(Fig. 6).

Previous studies showed that SMG inhibited tumor cell proliferation, adhesion and migration'®-*. However,
molecular mechanisms underlying SMG-induced alterations in cell biology have not been identified. Here, we
investigated the effect of SMG on the biological characteristics of BL6-10 melanoma cells. We demonstrate that
tumor cells aggressively grew under normal gravity using glycolysis, a carbonic metabolism, as a more efficient
source to fuel biosynthesis required for fast cellular proliferation. Tumor cell growth is dramatically inhibited
under SMG, when tumor cells revert to catabolic metabolic machinery for housekeeping functions, supporting
SMG-induced quiescent tumor cells. Tumor aggressiveness is closely associated with tumor metastasis involving
multiple steps, such as cell adhesion, migration and invasion*>*>. MET is a receptor tyrosine kinase for hepatocyte
growth factor, that cross-talks to other signaling molecules, leading to regulation of oncogenesis, cell migration
and invasion*%. Integrin a6034 associates with MET and acts as supplementary docking platform for binding
of other transducers to enhance MET signaling®. MMP9 is controlled by signaling through FAK and RhoA*®,
and has been found to modulate cell adhesion, migration and invasion®® and to support tumor metastasis?’. We
previously demonstrated that cell surface glycoprotein Met72 is associated with high metastasis of BL6-10 cells
to lungs?. In this investigation, we assessed the effect of SMG on the expression of the above metastasis-related
molecules and also on cell proliferation and metastasis. We demonstrate that SMG inhibits expression of integrin
@634, MMP9 and Met72, leading to significant reduction in cell adhesion and invasiveness in vitro and tumor
metastasis to lungs in vivo. In addition, we also demonstrate that CNF1 is able to convert SMG-induced inhi-
bition of expression of these metastasis-related molecules and SMG-induced alterations in cytoskeleton, focal
adhesions, cell proliferation and metastasis. Louis et al. previously suggested that small GTPases of the Rho family
known to control several aspects of cell dynamics (vesicular transport, traffic and cytoskeleton turnover) might
be the key players in mammalian cell adaptation to microgravity*. Thiel et al. have recently demonstrated that
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Figure 5. mTORCI inhibitor rapamycin inhibits cell proliferation and metastasis, suppresses the mTORC1
pathway and activates the AMPK pathway. (A) BL6-10 tumor cells cultured in flasks at 1 g or 1 g+ rapamycin
were counted daily for three days to measure cell proliferation. (B) BL6-10 tumor cells cultured at 1 g and

1 g+ Rapa for three days were i.v. injected into C57BL/6 mice. Mouse lungs were collected 21 days after
tumor cell injection, and black tumor lung colonies were counted. (C) Lysates prepared from BL6-10 cells
cultured for 3 days at 1 g or 1 g+ rapamycin were subjected to SDS-PAGE analysis. Proteins were transferred
onto PVDF membranes and blotted with indicated antibodies. Western blot band signals were quantified by
chemiluminescence. Densitometric values were normalized to matching GAPDH control. Data represent the
mean = SD of three independent experiments. *p < 0.05 versus indicated groups. (D,E) BL6-10 cells cultured
for 3 days under 1 g or 1 g+ rapamycin were subjected to mitochondria biogenesis assay using MiltoTracker
Green kit. Cellular mitochondria biogenesis was quantified by flow cytometry (D). MFI: mean fluorescence
intensity. Cellular mitochondria biogenesis was measured by confocal microscopy (E). Scale bar: 20 um. (F)
BL6-10 cells cultured for 3 days under 1g or 1 g+ Rapa were subjected to cell glycolysis assay using pH-Xtra™
Glycolysis Assay kit. One representative experiment of two is shown.
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Figure 6. Schematic diagram presenting pathways where SMG-induced inhibition of focal adhesions
suppresses FAK/RhoA activation and consequently the mTORCI signaling and cell glycolysis while activating
the AMPK pathway and inducing mitochondria biogenesis, leading to the inhibition of tumor cell proliferation
and metastasis.

mammalian cells are equipped with a highly efficient adaptation potential to microgravity environment, and indi-
cated that RhoGTPases are interesting candidates to explain the mammalian cell adaptation to microgravity?’. In
this study, we for the first time, reveal that SMG dramatically reduces formation of focal adhesions and inhibits
cell proliferation and metastasis through FAK/RhoA-mediated inhibition of the mMTORCI pathway and activation
of the AMPK pathway (Fig. 6). Although ground-based simulators of microgravity are valuable tools to study
micro-gravitational effect on mammalian cells, they still have their own problems or limitations*®. Therefore,
more explorations have to be performed in the future such as those under the conditions of real microgravity in
space to confirm the above observation.

Activation or over-expression of FAK and RhoA in cancer cells has been found to be associated with cancer
aggressiveness and metastasis as well as poor patient survival>*>*. Therefore, our observations in this study are
consistent with the current FAK/RhoA-targeting cancer therapies that use specific pathway inhibitors®**°. It
was previously demonstrated that SMG inhibits osteogenesis caused by mesenchemal stem cells, but stimulates
osteoclastogenesis, leading to bone loss®~°. However, molecular mechanisms responsible for these responses are
unknown yet. We are currently conducting experiments to assess a hypothetic mechanism, where SMG inhibits
formation of focal adhesions of mesenchemal stem cells and osteoblasts, leading to up- and down-regulation of
osteoclastogenesis and osteogenesis, respectively, by modulating FAK/RhoA-controlled mTORC1 and AMPK
pathways.

Taken together, our observations determine that SMG inhibits focal adhesions, leading to reduced melanoma
cell proliferation and metastasis via the modulation of the FAK/RhoA-regulated mTORC1 and AMPK pathways.
Therefore, our findings may thus have a great impact on our understanding of the effect of SMG on human cell
biology and human health.

Methods
Ethics statement. All animal experiments were performed in accordance with guidelines and protocols
approved by the Animal Use and Care Committee of the University of Saskatchewan (Protocol# 20130020).

Cells, antibodies and reagents. A highly lung metastatic BL6-10 melanoma cell line was maintained
in a-MEM medium with 10% fetal calf serum (FCS)*. Rabbit antibodies against ras homolog gene-family
member-A (RhoA), ras-related C3 botulinum-toxin substrate-1 (Racl) were purchased from Santa Cruz
Biotechnology (Dallas, TX). Rabbit antibodies against cell division-control protein-42 (Cdc42), focal adhesion
kinase (FAK), phosphor-FAK (pFAK, Y397), AKT, phosphor-AKT (pAKT, S473), phosphor-S6K (pS6K, S235)
and phosphor-EIF4E (pEIF4E, S209), AMPK, phosphor-AMPK (pAMPK, T172), phosphor-ULK1 (pULKI,
$375) and integrin o634 were obtained from Cell Signaling Technology (Boston, MA). Rabbit antibodies against
paxillin and vinculin were obtained from Abcam Inc (Cambridge, MA). Rat anti-Met72 antibody recognizes BL6-
10 melanoma cell-surface 72-Kd glycoprotein associated with high tumor metastasis to lung?. Monoclonal flu-
orescein isothiocyanate (FITC)-labeled anti-beta-tubulin antibody and FITC-labeled phalloidin were purchased
from Sigma-Aldrich (St. Louis, MO). The cytotoxic necrotizing factor-1 (CNF1), which catalyzes the deamida-
tion of a glutamine residue within the switch-II domain of Rho proteins®® leading to activation of Rho proteins
RhoA, Racl and Cdc42 GTPases**>*, was obtained from Dr. Harald Genth, Hannover Medical School, Hannover,
Germany®’. A mTORC inhibitor, rapamycin, was purchased from Selleckchem Inc (Houston, TX).

Clinostat of simulated microgravity (SMG). The SM-31 random positional machine (RPM) is a
three-dimensional clinostat manufactured by the Center for Space Science and Applied Research, Chinese
Academy of Sciences (Beijing, China), which was used to model SMG environment?**’->°, The RPM consists
of two independent rotating frames, an inner frame and an outer frame. Both frames can rotate randomly at
3-dimension with changes in the acceleration and direction of the samples over time, resulting in randomization
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of the gravitational vector, low fluid shear stress and three-dimensional spatial freedom. To investigate the grav-
itational effect, BL6-10 tumor cells were plated into T25 culture flasks or Chamber Culture slides (Nalgene Nunc
International Inc, Rochester, NY), and grown for 24 hours to allow cell attachment. The flasks were then filled
up with warm culture medium to avoid the presence of any air bubbles, which could lead to shear force-induced
damage of cells. The flasks were placed at the center of the inner frame in the RPM, and rotated under simulated
microgravity (about 10-*g) at 37 °C in CO, incubator, with 30°/s angular velocity of the rotation. The control cells
under ground condition (1 g) were treated as those in the RPM, but placed close to the RPM in the same incu-
bator. Cells were then grown for one to three days at 37°C in CO, incubator under normal gravity (1g) or in the
clinostat under the SMG condition (pg)*. To assess the effect of CNF1 and rapamycin on cells under SMG and
1g, we applied CNF1 (30 ng/ml)**** to BL6-10 cells under SMG, and applied rapamycin (5uM) to BL6-10 cells
under 1g condition, respectively.

Fluorescent microscopy. For the immunofluorescence staining of microtubules, BL6-10 cells were washed
twice with PBS and fixed in 4% paraformaldehyde at room temperature for 15 min. After washing twice with
PBS, the cells were permeabilized in PBS containing 0.5% Triton X-100 for 10 min and blocking was done in 1%
BSA in PBS at room temperature for 30 min. The cells were incubated with monoclonal anti-beta-tubulin-FITC
diluted 1:25 in PBS containing 1% BSA for 1 hour in dark at room temperature. For microfilament fluorescence
staining, the permeabilized cells were incubated with FITC-labeled phalloidin diluted 1:20 in PBS for 30 min in
dark at room temperature. Propidium iodide (PI, 10 ug/ml) was added 10 min before the ending of the incuba-
tion?*. For measurement of cell focal adhesions, chamber slides were used to grow BL6-10 cells (Nalgene Nunc
International Inc), and the permeabilized cells were incubated with anti-paxillin antibody (1:100 diluted in PBS)
or anti-vinculin antibody (diluted 1:200 in PBS) containing 1% BSA for 24 hr at 4 °C overnight, followed by the
staining with secondary FITC- and PE-labeled anti-rabbit antibody, respectively. After rinsing three times with
PBS, plastic chambers were removed, and slides covered with cover slips for fluorescence microscopy?®*. Paxillin
and vinculin spots were counted for each cell under fluorescence microscope®.

Western blotting analysis. Cells were harvested and washed twice in ice-cold PBS, then lysed in lysis
buffer containing 1% NP40, 0.5% sodium deoxycholate, 0.1% SDS in PBS, supplemented with protease and phos-
phatase inhibitors, for 30 min on ice with gentle stirring. The lysates were centrifuged and the supernatant was
collected. For Western blot, 30-50 g total protein samples were loaded into each well of the 10% SDS-PAGE
gel. After electrophoresis, samples were transferred onto a 0.22 pm polyninylidene fluoride (PVDF) membrane
(Millipore, Middlesex County, MA). 5% nonfat milk powder in 1% Tris-buffered saline-tween buffer was used to
block membranes. Then, membranes were incubated with required primary antibodies overnight at 4 °C, followed
by the incubation with matching horseradish peroxidase-conjugated secondary antibodies. Signals obtained on
the membranes with the horse radish peroxidase developer solution were quantified using chemiluminescence.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal reference.

In vitro tumor cell proliferation assay. BL6-10 tumor cells (1 x 10%) were plated into T25 culture flasks,
and grown for 24 hr to allow full cell attachment. The flasks were placed at the center of the inner frame, and cli-
norotated under SMG at 37 °C in CO, incubator after flasks were filled up with culture medium with or without
CNF-1 (30 ng/ml)**. Cells in flasks without rotation were served as normal gravity (1g) controls*. To assess in
vitro tumor cell proliferation, cells were harvested daily for three days, and live cell numbers were counted using
trypin blue exclusion.

In vitro special assays. To measure biochemical characteristics of analyzed cells, such as NAD(H), glyco-
lysis and mitochondria biogenesis, we performed in vitro experiments using NAD+/NADH Quantification kit
(BioVision, Milpitas, CA), pH-Xtra™ Glycolysis Assay kit (Luxcell Biosciences, Little Island, Cork, Ireland) and
MiltoTracker Green (Life Technologies, Carlsbad, CA), respectively, according to the manufacturers’ manuals®.
Cellular mitochondria stained with MiltoTracker Green were assessed by flow cytometry and confocal micros-
copy; respectively?. To measure RhoA activity, cell adhesion and invasiveness, we performed in vitro experiments
using G-LISA RhoA Activation Assay Biochem kit (Cytoskeleton Inc, Denver, CO), CytoSelect™ 24-Well Cell
Adhesion Assay kit and CytoSelect™ 24-Well Cell Invasion Assay kit (Cell Biolabs, San Diego, CA), respectively,
according to the manufacturers’ manuals.

In vivo tumor cell lung metastasis assay. BL6-10 tumor cells (0.5 x 10° cells/each mouse) were i.v.
injected into C57BL/6 mice, and mouse lungs were collected 21 days after tumor cell injection. Black lung meta-
static tumor colonies were counted and their nature confirmed by histological examination?.

Statistical analysis. Statistical analysis was conducted using Graphpad Prism-3.0, and statistical signifi-
cance among groups was analyzed using Student ¢ test. A p-value <0.05 was considered as significant.

References

1. Wickstead, B. & Gull, K. The evolution of the cytoskeleton. The Journal of cell biology 194, 513-525 (2011).

2. Geiger, B., Spatz, J. P. & Bershadsky, A. D. Environmental sensing through focal adhesions. Nature reviews Molecular cell biology 10,
21 (2009).

3. Sulzmaier, E. J., Jean, C. & Schlaepfer, D. D. FAK in cancer: mechanistic findings and clinical applications. Nature reviews cancer 14,
598-610 (2014).

4. Hall, A. Rho GTPases and the actin cytoskeleton. Science 279, 509-514 (1998).

5. Gangoiti, P. et al. Activation of mTOR and RhoA is a major mechanism by which Ceramide 1-phosphate stimulates macrophage
proliferation. Cellular signalling 23, 27-34 (2011).

SCIENTIFICREPORTS | (2018) 8:3769 | DOI:10.1038/s41598-018-20459-1 10



www.nature.com/scientificreports/

10.
11.
. Chi, H. Regulation and function of mTOR signalling in T cell fate decisions. Nature Reviews Immunology 12, 325-338 (2012).
13.
14.
15.
16.
17.

18.

19.
20.

21

22.

23.

24.

25.

26.

27.
. Hao, S. et al. Epigenetic transfer of metastatic activity by uptake of highly metastatic B16 melanoma cell-released exosomes. Exp

29.
30.
31
. Saraste, M. Oxidative phosphorylation at the fin-de-siecle. Science 283, 1488-1493 (1999).
33.
34.
35.
36.
37.

38.

39.
40.
41.

42.
43.

44,
45.
46.

47.

. Gordon, B. S. et al. RhoA modulates signaling through the mechanistic target of rapamycin complex 1 (mTORC1) in mammalian

cells. Cellular signalling 26, 461-467 (2014).

. Jin, X. et al. Vincristine promotes migration and invasion of colorectal cancer HCT116 cells through RhoA/ROCK/Myosin light

chain pathway. Cellular and molecular biology (Noisy-le-Grand, France) 62, 91-96 (2016).

. Ghasemi, A., Hashemy, S. 1., Aghaei, M. & Panjehpour, M. RhoA/ROCK pathway mediates leptin-induced uPA expression to

promote cell invasion in ovarian cancer cells. Cellular signalling 32, 104-114 (2017).

. Niu, Y, Xia, Y., Wang, J. & Shi, X. O-GlcNAcylation promotes migration and invasion in human ovarian cancer cells via the RhoA/

ROCK/MLC pathway. Molecular Medicine Reports 15, 2083-2089 (2017).

Del, R. D. P, Miyamoto, S. & Brown, J. H. Focal adhesion kinase as a RhoA-activable signaling scaffold mediating Akt activation and
cardiomyocyte protection. Journal of Biological Chemistry 283, 35622-35629 (2008).

Ma, Y, Galluzzi, L., Zitvogel, L. & Kroemer, G. Autophagy and cellular immune responses. Immunity 39, 211-227 (2013).

Cheng, S. C. et al. nTOR-and HIF-1a-mediated aerobic glycolysis as metabolic basis for trained immunity. Science 345, 1250684
(2014).

Hardie, D. G., Ross, F. A. & Hawley, S. A. AMPK: a nutrient and energy sensor that maintains energy homeostasis. Nature reviews
Molecular cell biology 13, 251 (2012).

Vassy, . et al. The effect of weightlessness on cytoskeleton architecture and proliferation of human breast cancer cell line MCF-7. The
FASEB Journal 15, 1104-1106 (2001).

Hughes-Fulford, M. Function of the cytoskeleton in gravisensing during spaceflight. Advances in Space Research 32, 1585-1593
(2003).

Infanger, M. et al. Simulated weightlessness changes the cytoskeleton and extracellular matrix proteins in papillary thyroid
carcinoma cells. Cell and Tissue Research 324, 267 (2006).

Guignandon, A. et al. Effects of intermittent or continuous gravitational stresses on cell-matrix adhesion: quantitative analysis of
focal contacts in osteoblastic ROS 17/2.8 cells. Experimental Cell Research 236, 66-75 (1997).

Vassy, J. et al. Weightlessness acts on human breast cancer cell line MCF-7. Advances in Space Research 32, 1595-1603 (2003).
Chang, D. et al. Simulated microgravity alters the metastatic potential of a human lung adenocarcinoma cell line. In Vitro Cellular &
Developmental Biology-Animal 49, 170-177 (2013).

. Ryu, H. W. et al. Simulated microgravity contributes to autophagy induction by regulating AMP-activated protein kinase. DNA and

Cell Biology 33, 128-135 (2014).

Yoo, Y.-M., Han, T.-Y. & Kim, H. S. Melatonin suppresses autophagy induced by clinostat in preosteoblast MC3T3-E1 cells.
International Journal of Molecular Sciences 17, 526 (2016).

Mirzoev, T., Tyganov, S., Vilchinskaya, N., Lomonosova, Y. & Shenkman, B. Key markers of mTORC1-dependent and mTORC1-
independent signaling pathways regulating protein synthesis in rat soleus muscle during early stages of hindlimb unloading. Cellular
Physiology and Biochemistry 39, 1011-1020 (2016).

Zhao, T. et al. Simulated Microgravity Promotes Cell Apoptosis Through Suppressing UevlA/TICAM/TRAF/NF-xB-Regulated
Anti-Apoptosis and p53/PCNA- and ATM/ATR-Chk1/2-Controlled DNA-Damage Response Pathways. Journal of cellular
biochemistry 117, 2138-2148 (2016).

Zhao, T. Microgravity-induced alteration of cytoskeleton and focal adhesions is associated with decreased FAK and RohA pathway.
Beijing Institute of Technology PhD Thesis entitled “The research of several crucial biological effects induced by irradiation and
microgravity”, PP64-68 (2016).

Desgrosellier, J. S. & Cheresh, D. A. Integrins in cancer: biological implications and therapeutic opportunities. Nature Reviews
Cancer 10, 9-22 (2010).

Hsia, D. A. et al. Differential regulation of cell motility and invasion by FAK. The Journal of cell biology 160, 753-767 (2003).

Oncol 28, 126-131 (2006).

Santisteban, M. et al. Immune-induced epithelial to mesenchymal transition in vivo generates breast cancer stem cells. Cancer
Research 69, 2887-2895 (2009).

Li, J. et al. Modeled microgravity causes changes in the cytoskeleton and focal adhesions and deceases in migration in malignant
human MCEF-7 cells. Protoplasma 238, 23-33 (2009).

Gerriets, V. A. & Rathmell, J. C. Metabolic pathways in T cell fate and function. Trends in immunology 31, 168-173 (2012).

May, M., Kolbe, T., Wang, T., Schmidt, G. & Genth, H. Increased cell-matrix adhesion upon constitutive activation of Rho proteins
by cytotoxic necrotizing factors from E. coli and Y. pseudotuberculosis. Journal of Signal Transduction 2012, 570183 (2012).
Fabbri, A., Travaglione, S. & Fiorentini, C. Escherichia coli cytotoxic necrotizing factor 1 (CNF1): toxin biology, in vivo applications
and therapeutic potential. Toxins 2, 283-296 (2010).

Nabavi, N., Khandani, A., Camirand, A. & Harrison, R. E. Effects of migravity on osteoclast bone resorption and osteoblast
cytoskeletal organization and adhesion. Bone 49, 965-974 (2011).

Kim, J., Kundu, M., Viollet, B. & Guan, K. L. AMPK and mTOR regulate autophagy through direct phosphorylation of Ulk1. Nature
Cell Biology 13, 132 (2011).

Corton, J. M., Gillespie, J. G. & Hardie, D. G. Role of the AMP-activated protein kinase in the cellular stress response. Current Biology
4,315-324 (1994).

Kudo, N., Barr, A. J., Barr, R. L., Desai, S. & Lopaschuk, G. D. High rates of fatty acid oxidation during reperfusion of ischemic hearts
are associated with a decrease in malonyl-CoA levels due to an increase in 5-AMP-activated protein Kinase inhibition of acetyl-CoA
carboxylase. Journal of Biological Chemistry 270, 17513-17520 (1995).

Mihaylova, M. M. & Shaw, R. J. The AMP-activated protein kinase (AMPK) signaling pathway coordinates cell growth, autophagy,
& metabolism. Nature Cell Biology 13, 1016 (2011).

Visvikis, O. et al. Escherichia coli Producing CNF1 Toxin Hijacks Tollip to Trigger Racl-Dependent Cell Invasion. Traffic 12,
579-590 (2011).

Ben-Sahra, I, Howell, J. ., Asara, J. M. & Manning, B. D. Stimulation of de novo pyrimidine synthesis by growth signaling through
mTOR and S6K1. Science 339, 1323-1326 (2013).

Zhao, J. & Guan, J. L. Signal transduction by focal adhesion kinase in cancer. Cancer and Metastasis Reviews 28, 35-49 (2009).
Costa, P, Scales, T. M.,, Ivaska, ]. & Parsons, M. Integrin-specific control of focal adhesion kinase and RhoA regulates membrane
protrusion and invasion. PLoS One 8, €74659 (2013).

Trusolino, L., Bertotti, A. & Comoglio, O. M. MET signalling: principle and functions in development, organ regeneration and
cancer. Nat Rev. Mol Biol. 11, 834-848 (2010).

Meng, X. et al. Characterisation of fibronectin-mediated FAK signalling pathways in lung cancer cell migration and invasion. British
Journal of Cancer 101, 327-334 (2009).

Louis, F, Deroanne, C., Nusgens, B., Vico, L. & Guignandon, A. RhoGTPases as key players in mammalian cell adaptation to
microgravity. BioMed Research International 2015, 747693 (2015).

Thiel, C. S. et al. Rapid adaptation to microgravity in mammalian macrophage cells. Scientific Reports 7,43 (2017).

SCIENTIFICREPORTS | (2018) 8:3769 | DOI:10.1038/s41598-018-20459-1 11



www.nature.com/scientificreports/

48. Herranz, R. et al. Ground-based facilities for simulation of microgravity: organism-specific recommendations for their use and
recommended terminology. Astrobiology 13, 1-17 (2013).

49. Lee, B. Y., Timpson, P., Horvath, L. G. & Daly, R. J. FAK signaling in human cancer as a target for therapeutics. Pharmacology &
Therapeutics 146, 132-149 (2015).

50. Wei, L., Surma, M., Shi, S., Lambert-Cheatham, N. & Shi, J. Novel insights into the roles of Rho kinase in cancer. Archivum
Immunologiae et Therapiae Experimentalis 64, 259-278 (2016).

51. Zayzafoon, M., Gathings, W. E. & McDonald, J. M. Modeled microgravity inhibits osteogenic differentiation of human mesenchymal
stem cells and increases adipogenesis. Endocrinology 145, 2421-2432 (2004).

52. Dai, Z.-Q., Wang, R, Ling, S., Wan, Y. & Li, Y. Simulated microgravity inhibits the proliferation and osteogenesis of rat bone marrow
mesenchymal stem cells. Cell Proliferation 40, 671-684 (2007).

53. Makihira, S., Kawahara, Y., Yuge, L., Mine, Y. & Nikawa, H. Impact of the microgravity environment in a 3-dimensional clinostat on
osteoblast-and osteoclast-like cells. Cell Biology International 32, 1176-1181 (2008).

54. Saxena, R., Pan, G., Dohm, E. D. & McDonald, J. M. Modeled microgravity and hindlimb unloading sensitize osteoclast precursors
to RANKL-mediated osteoclastogenesis. Journal of Bone and Mineral Metabolism 29, 111-122 (2011).

55. Sambandam, Y. et al. Microgravity control of autophagy modulates osteoclastogenesis. Bone 61, 125-131 (2014).

56. Flatau, G. et al. Toxin-induced activation of the G protein p21 Rho by deamidation of glutamine. Nature 387, 729-733 (1997).

57. Wang, Y., An, L., Jiang, Y. & Hang, H. Effects of simulated microgravity on embryonic stem cells. PLoS ONE 6, €29214 (2011).

58. Li, N, An, L. & Hang, H. Increased sensitivity of DNA damage response-deficient cells to stimulated microgravity-induced DNA
lesions. PLoS ONE 10, e0125236 (2015).

59. Shi, W. et al. Microgravity induces inhibition of osteoblastic differentiation and mineralization through abrogating primary cilia.
Sientific Reports 7, 1866 (2017).

Acknowledgements
This research work was supported by grants from Beijing Nature Science Foundation (45121002), National
Nature Science Foundation of China (30970687) and Canadian Institute of Health Research (OCH126276).

Author Contributions

J.X. conceived and designed the experiments and revised the manuscript; X.T., A.X. and T.Z. performed the
experiments, analyzed the data and prepared the manuscript; Q.Z. joined in performing some experiments;
J.Z., C.E, Y.D., A.F. helped in discussing and editing the manuscript; H.G. provided CNF1. All authors read and
approved the final manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:3769 | DOI:10.1038/s41598-018-20459-1 12


http://creativecommons.org/licenses/by/4.0/

	Simulated microgravity inhibits cell focal adhesions leading to reduced melanoma cell proliferation and metastasis via FAK/ ...
	Results

	Simulated microgravity inhibits both proliferation of melanoma cells and their metastatic activity. 
	Simulated microgravity inhibits expression of metastasis-related molecules. 
	Simulated microgravity alters cytoskeleton organization and dramatically reduces formation of focal adhesions. 
	Simulated microgravity inhibits FAK and RhoA activation. 
	Simulated microgravity suppresses the mTORC1-S6K-EIF4E but activates the AMPK-ULK1 pathway. 
	Simulated microgravity induces mitochondria biogenesis and reduces NADH induction. 
	CNF1 enhances activity of FAK and RhoA and restores cytoskeleton, focal adhesions, cell proliferation and metastasis in cel ...
	CNF1 activates mTORC1 signaling and increases NADH and glycolysis but suppresses the AMPK pathway and reduces mitochondria  ...
	Rapamycin inhibits the mTORC1 pathway, cell proliferation and metastasis and but activates the AMPK pathway and mitochondri ...

	Discussion

	Methods

	Ethics statement. 
	Cells, antibodies and reagents. 
	Clinostat of simulated microgravity (SMG). 
	Fluorescent microscopy. 
	Western blotting analysis. 
	In vitro tumor cell proliferation assay. 
	In vitro special assays. 
	In vivo tumor cell lung metastasis assay. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Simulated microgravity inhibits BL6-10 tumor cell proliferation and metastasis.
	Figure 2 Simulated microgravity alters cytoskeleton and inhibits focal adhesions.
	Figure 3 Simulated microgravity inhibits FAK and RhoA activation.
	Figure 4 Simulated microgravity suppresses the mTORC1 but activates the AMPK pathway.
	Figure 5 mTORC1 inhibitor rapamycin inhibits cell proliferation and metastasis, suppresses the mTORC1 pathway and activates the AMPK pathway.
	Figure 6 Schematic diagram presenting pathways where SMG-induced inhibition of focal adhesions suppresses FAK/RhoA activation and consequently the mTORC1 signaling and cell glycolysis while activating the AMPK pathway and inducing mitochondria biogenesis,




