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Abstract

Due to excessive proliferation and metastasis, glioma is the most common primary tumor in the central nervous system. Previous
reports show simulated microgravity (SMG) has the ability to inhibit the proliferation and migration of cancer. The aim of this
study was to evaluate the viability and migration of U251 cells in SMG environment. SMG induced apoptosis of U251 cells. The
FAK/RhoA/Rock and FAK/Nek?2 signaling events were attenuated by SMG to destabilize actin cytoskeleton and centrosome
disjunction, which caused G2/M arrest and inhibition of cell viability and migration. Overexpressed FAK reversed SMG-induced
inhibition of viability and migration in U251 cells, which increased downstream RhoA/Rock signaling and Nek2. These findings
reveal novel pathways of FAK/RhoA/Rock and FAK/Nek2 are affected by SMG, and highlight an opportunity to expand

therapeutic options in a variety of settings.
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Introduction

Glioma is an aggressive cancer of the central nervous system
with a 15-mo mean survival time and a dismal 5-yr survival

Banglian Deng, Rongrong Liu, and Xin Tian are the co-first authors to
this article and contribute equally to this research project.

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s11626-019-00334-7) contains supplementary
material, which is available to authorized users.

>4 Zucheng Han
zywyh199211@163.com

<1 Jun Chen
¢hj2002819@163.com

Department of Oral Implant, Stat Key Laboratory of Military
Stomatology & National Clinical Research Center for Oral Diseases
& Shaanxi Key Laboratory of Stomatology, School of Stomatology,
Fourth Military Medical University, Xi’an 710032, Shaanxi, China

Lian Bang Dental Hospital of Xin Cheng District,
Xi’an 710032, Shaanxi, China

Department of Microbiology, School of Basic Medicine, Fourth
Military Medical University, Xi’an 710032, Shaanxi, China

Department of Cardiology, Traditional Chinese Medicine Hospital of
Shaanxi Province, Xi Huamen #2, Xi’an 710000, Shaanxi, China

Department of Encephalopathy, Traditional Chinese Medicine
Hospital of Shaanxi Province, Xi Huamen #2,
Xi’an 710000, Shaanxi, China

Published online: 28 February 2019

rate of 5% (Ostrom et al. 2015). Despite standard care thera-
pies, nearly all patients relapse. Due to genetic mutations and
activation of pathophysiological signaling, glioma is exces-
sive proliferation and metastasis (Dong et al. 2017). Thus, it
is important to explore and understand the molecular mecha-
nisms to improve therapeutic strategies.

As the most recognized member of the Rho GTPase family,
RhoA activity drives the leading-edge polymerization of actin
to form filamentous protuberances that regulate cell junctions,
cytoskeleton formation, and cellular migration (Hetmanski
et al. 2016). RhoA/Rock acts as an upstream regulator that
activates the MAPK family, including p38, MAPK, and
ERK cascades (Ghasemi et al. 2017). RhoA/Rock is a driver
of tumor metastasis and invasion through MAPK, P53, or
TGFf3 signaling (Ghasemi et al. 2017). Nek2 is one of multi-
ple cell cycle-regulated protein kinases that localize to the
centrosome; it is required for mitotic progression and correct
formation of the bipolar spindle (Bayliss et al. 2012). Nek2
has been reported to play a role in tumor progression, drug
resistance, and tumorigenesis, and Nek2 overexpression is
negatively correlated with survival of various malignancies
(Liu et al. 2017). Several reports suggest RhoA/Rock and
Nek?2 are ideal therapeutic targets to fight metastasis and in-
vasion of glioma (Yin et al. 2016; Liu et al. 2017).

Biological research of how space conditions, particularly zero
gravity, impact the human body is becoming more common
(Hughson et al. 2018). Given that spaceflight opportunities are
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rare and quite expensive, simulated microgravity (SMQG) is a
reliable and practical substitute (Aleshcheva et al. 2016).
Increasing evidences indicate that the generation of ROS and
oxidative stress is shown under SMG conditions and contributes
to apoptosis initiation (Claro et al. 2014). According to Arun RP
etal., PTEN/FOXO3/AKT axis is a main regulator of the cell fate
under SMG conditions (Arun et al. 2017). Recently, SMG has
been demonstrated to inhibit FAK, and FAK/RhoA-regulated
mTORC1 and AMPK pathways reduce melanoma cell prolifer-
ation and metastasis (Tan et al. 2018). The development of ma-
lignancy is often concerned with abnormal FAK activity, such as
oral squamous cell carcinoma and colon cancer cells (Li et al.
2018; Zhang et al. 2018). Moreover, class II histone deacetylase
inhibitor suppresses cell migration and invasion in monomorphic
malignant human glioma cells by inhibiting FAK/STAT3 signal-
ing (Nam et al. 2017). However, the molecular mechanism of
FAK pathways in SMG-induced changes of cell biology is still
elusive, especially in glioma.

In this study, we investigated the effect of SMG on the via-
bility and migration of U251 cells. We analyzed the potential
molecular mechanism regulating the SMG-induced cellular re-
sponses by monitoring cell focal adhesions and associated sig-
naling molecules, such as the FAK and RhoA/Rock signaling
molecules, and Nek2 in cells under SMG. We found SMG
inhibited FAK, reduced RhoA/Rock signaling and Nek2 expres-
sion, and attenuated glioma viability and migration. In addition,
overexpressed FAK reversed SMG-induced inhibition of viabil-
ity and migration in U251 cells, which increased downstream
RhoA/Rock signaling and Nek2. Thus, FAK pathway is a cru-
cial modulator in SMG-induced cell suppression in glioma.

Materials and Methods

Cell culture U251 cells were obtained from the Cell Source
Center of the Institute of Basic Medical Sciences, Chinese
Academy of Medical Sciences, and cultured in DMEM medi-
um (Gibco, Grand Island, NY) with 10% FBS (Gibco) at
37°C, 5% CO,.

Clinostat of SMG Procedures were conducted according to
previously described methods. Briefly, we followed Zhao
et al. using SM-31 random locator (the Center for Space
Science and Applied Research, Chinese Academy of
Sciences; Beijing, China) (Zhao et al. 2016); cells were seeded
in T25 culture flasks and cultured underground (1 g) overnight
and flasks were placed at the center of the inner frame and
rotated under SMG (10> g) at 37°C in a CO, incubator with
30°/s angular velocity. The normal gravity control group was
cultured without rotation.

Transient transfection U251 cells were transfected with RhoA
siRNA (Santa Cruz Biotechnology, Santa Cruz, CA; sc-

29471), FAK siRNA (Santa, sc-29310), or FAK activation
(Santa, sc-400,089) with Lipofectamine® 3000 (Invitrogen,
Carlsbad, CA) following the manufacturer’s protocol.

CCK8 assay U251 cells were seeded at 3 x 10° cells per 96-
well plate. Cell viability was assessed by CCK8 (Dojindo,
Kumamoto, Japan). Briefly, after treatment, the 10 pul CCK8
solution was added to the culture medium, and the cultures
were incubated for 1 h at 37°C, 5% CO,. The absorbance was
measured at 450 nm using a microplate reader (Thermo
Scientific, Carlsbad, CA).

Apoptosis analysis Apoptosis of U251 cells was detected by
Annexin-V-FITC Apoptosis Detection Kit (BD Biosciences,
Franklin, NJ). The cells (1.0 x 10° cells/well) were seeded into
six-well plates. Treated cells were washed twice with cold
PBS and resuspended in buffer. The cells were treated accord-
ing to the manufacturer’s instructions and measured with a
flow cytometer (BD Accuri C6 Plus, BD Biosciences). After
different treatments, the apoptotic cells were determined by
the DeadEnd™ Colorimetric TUNEL System (Promega,
Madison, WI) according to the manufacturer’s protocols.
DAPI was used to stain cell nuclei. The stained sections were
visualized with a fluorescence microscope (Nikon, Tokyo,
Japan), and the TUNEL-positive cells were counted and ana-
lyzed using MetaMorph software.

Cell cycle analysis For analysis of the cell cycle, the fixed cells
were resuspended in PI/Triton-X staining solution containing
0.1% Triton-X, 50 pg/ml RNase A, and 50 pg/ml PI (Sigma,
St. Louis, MO) for 30 min at 37°C in the dark, and subse-
quently analyzed by a flow cytometer, and the data were an-
alyzed using the CellQuestk and ModFitk software.

SA-B-Gal staining For analysis of the cell senescence, U251
cells with different treatments were trypsinized, fixed with 1%
of formaldehyde for 15 min, and washed twice in PBS. Then,
cells were stained with 3-Gal Staining Kit (Sigma) and incu-
bated at 37°C overnight in a dry incubator. Blue-stained cells
and total cells were counted microscopically. [3-Galactosidase
expression = blue cells/total cells x 100%.

Wound healing assay Cells were initially seeded on coverslips
at a density of 5 x 10% /well. After the cells adhering to the
coverslips for 6 h, a line was scratched with a sterile 200-pl
pipette tip across the coverslips and the coverslips were
inverted into the chamber. The wounded areas were
photographed at the predicted times by inverted phase-
contrast microscope (Nikon). The dot lines in pictures repre-
sent the healing of bilateral cells after scratch, the black lines
represent the initial states, and the red lines represent the final
states. At the initial states, the average width of an initial
scratch is about 300 um.
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Figure 1. SMG induced U251
cell death. @ CCKS assay was
used to analyze U251 cell
proliferation in control vs. SMG
conditions at differing time. After
SMG treated for 72 h, cell
apoptosis was detected by
Annexin-V-FITC Apoptosis
Detection Kit () and TUNEL
staining (c), and metabolic activi-
ty was measured by (3-Gal stain-
ing (d). e After SMG treated for
24 h, the fixed cells were resus-
pended in PI/Triton-X staining
solution for 30 min at 37°C in the
dark, and subsequently analyzed
by a flow cytometer, and the data
were analyzed using the
CellQuestk and ModFitk soft-
ware. f After SMG treated for

24 h, expressions of Bcl-2, Bnip3,
and cleaved-caspase 3/9 were
measured in U251 cells. Scale
bars: 20 um. Data are shown as
the mean+ SEM, n=5. *p <0.05,
*#%p <0.001, vs. control.
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Figure 2. SMG suppressed U251 cell motor abilities. @ In wound healing
assay, the recovery of empty areas was used to assess the ability of cell
migration after scratched with a sterile 200-pl pipette tip. Scale bars:
50 um. b In Transwell assay, the non-invading cells on the top chamber
were removed, the chambers were fixed and stained with 0.5% Crystal

Transwell assay Transwell assay was conducted with Transwell
chamber (8 mm; Millipore, Billerica, MA). Matrigel Matrix
(BD Biosciences) was diluted with DMEM at the ratio of 1:8
on ice, and 100 pl mixture was added into each chamber. Then,
the chambers were kept at 37°C overnight. On the second day,
750 ul DMEM containing 10% FBS was added to the bottom
of the chambers in the well and 250 pl cell suspension at the
density of 1 x 103/ml was seeded into the top chamber. After a
culture of 24 h, the non-invading cells on the top chamber were
removed with cotton swab. Then, the chambers were washed
twice with PBS, fixed with 75% alcohol for 10 min, stained
with 0.5% Crystal Violet for 5 min at RT, and photographed in
four independents x 10 fields/well. Cell invasion data was
shown as the ratio of invasion cell number in each group com-
pared with that in the control group.

Rho activation assay RhoA activity was determined with a
RhoA activation assay kit according to the manufacturer’s in-
structions (NewEast Biosciences, Malvern, PA). Briefly, cells
were lysed in 500 pl of ice-cold 1x lysis buffer. Then, added
1 ul anti-active RhoA monoclonal antibody (NewEast
Biosciences, 26904), thoroughly resuspend the protein A/G
Agarose bead slurry by vortexing, quickly added 20 pL of
resuspended bead slurry to each tube, incubated the tubes at
4°C for 1 h with gentle agitation, beads were washed, and
proteins eluted in 20 pl of 2x reducing SDS-PAGE sample
buffer by boiling for 5 min. Rho-GTP was measured by
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Violet, and then photographed in four independents x 10 fields/well. Cell
invasion data was shown as the ratio of invasion cell number in each
group compared with that in the control group. Scale bars: 20 pm. Data
are shown as the mean + SEM, n=5. **¥p <0.001, vs. control.

immunoblot analysis using anti-activated RhoA antibody
(NewEast Biosciences, 21017).

Western blot assay Western blot (WB) was conducted as de-
scribed previously (Liu et al. 2018). Briefly, cells were lysed
in lysis buffer containing proteinase inhibitor. Samples (30 pg
protein per lane) were loaded on SDS-PAGE gels. After elec-
trophoresis, the proteins were transferred to nitrocellulose
membranes. Then, the membranes were blocked with 5%
BSA and incubated at 4°C overnight with the appropriate
primary antibodies. Immunoreactivity was detected by incu-
bation with secondary antibodies (Abgent, Soochow,
China; 1:20,000) followed by chemiluminescent substrate de-
velopment (Thermo Scientific). Optical densities of the bands
were calculated using a MiVnt image analysis system (Bio-
Rad, Hercules, CA). The target proteins are normalized by the
GAPDH, and the phosphorylation level is normalized by the
total protein in the quantification of western blotting result.
Primary antibodies are shown in Supplementary Table S1.

Immunofluorescence staining Lamellar cells were fixed with
4% paraformaldehyde for 30 min and permeabilized with
0.1% Triton-X for 10 min. They were blocked and incubated
with primary antibody: Rock (1:100), p-LIMK2 (1:100),
Nek2 (1:200), p-FAK (1:100), o-tubulin (1:200), and y-
tubulin (1:200), incubated with fluorescence-conjugated sec-
ondary antibodies for 1 h, at RT. Actin-Trakcer Green (C1033;



SIMULATED MICROGRAVITY INHIBITS THE VIABILITY AND MIGRATION OF GLIOMA VIA FAK/RHOA/ROCK AND FAK/NEK2...

a
RhoA

p-RhoA S188 |wwmms =

Rock 2

Ctrl SMG

Protein relevant change

1.5

W

Ctrl
SMG

p-Rock 2 Y722 |* i . .
* T NN
LIMK 2 = em—— 0.5 H §i T& ﬁ = NS
p-LIMK 2 T505 |- s
Cofilin e Smmees 0.0 s - .
P-Cofilin S3 | s @\%%\ 6'\17) 6‘:“9\.\ S ¥
—| e e
Nek 2 Q’ Q, Q'\) Q
GAPDH | " S
b p-Rock2
Ctrl
SMG
c Ctrl SMG g
) = SMG
Integrin-p1 |- — E
ave | = N
Integrin-p4 § §
FAK s - = § S s
p-FAK Y397 [wr £ §
\‘\‘Qv QXN$\\

Figure 3. SMG alleviates RhoA/Rock signaling and FAK in glioma cells.
U251 cells were cultured in SMG for 24 h, protein levels of RhoA/Rock
signaling molecules and Nek2 were examined by WB (a), and immuno-
fluorescence was used to detect phosphorylation levels of Rock2 and

LIMK?2, and Nek2 expression (b). ¢ Integrin-f31, Integrin-f34, p-FAK,
and FAK levels were detected after SMG treated for 24 h. Scale bars:
20 pum. Data are shown as the mean + SEM, n=5. *p < 0.05, vs. control.
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Beyotime, Shanghai, China) was added at 1:100 dilution.
Hoechest 33258 was used to stain cell nuclei. Images were
captured on an inverted fluorescence microscope (IX71;
Leica, Vitzla, Germany).

Statistical analysis All data are presented as the mean + SEM.
Two-tailed Student’s # test or one-way ANOVA with Fisher’s
post hoc test was used to determine significance. p < 0.05 was
defined as statistically significant.
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Results

SMG inhibited viability and migration of glioma cells After
SMG treatment, cell viability and migration of U251 cells were
measured. We found SMG inhibited U251 cell viability in a
time-dependent manner (Fig. 1a). In particular, the 48-96 h time
points showed cell death with 45% decrease. Flow cytometry
and TUNEL staining showed the SMG group had higher rate of
death compared with control, at 72 h (Fig. 16 and c). More
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Figure 4. RhoA/Rock signaling in glioma cells. After treated with RhoA
inhibitor Y-39983 (1 uM) and RhoA siRNA, then viability and motor
ability of U251 cells were analyzed by CCKS assay (a, at 72 h), wound
healing assay (b, at 24 h) and Transwell assay (c, at 24 h), and WB assay

for RhoA/Rock pathway-related protein and Nek2 expression in U251
cells (d, at 24 h). Scale bars: b, 50 um; ¢, 20 pm. Data are shown as the
mean + SEM, n=5. **p <0.01, ***p <0.001, vs. control.
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Figure 5. FAK in glioma cells. After treated with FAK inhibitor PF-
573228 (1 uM), FAK siRNA, and SMG, then viability and motor ability
of U251 cells were analyzed by CCKS assay (a, at 72 h), wound healing
assay (b, at 24 h) and Transwell assay (c, at 24 h), and WB assay for FAK
pathway-related protein expression in U251 cells (d, at 24 h). RhoA

senescent cells were under SMG, approximately 30% (Fig. 1d).
After SMG treated for 24 h, cell cycle analysis further showed
SMG treatment significantly blocked the cell cycle in the G2/M
phase (Fig. le). Through WB analysis, cleaved-caspase 3 and 9
were significantly upregulated, while Bel2 and Bnip3 were
downregulated under SMG treatment for 24 h, in U251 cells
(Fig. 1f). In order to avoid the influence of cell motility from cell
death, we evaluated the cell motility at SMG treated for 24 h. In
wound healing assay, the scratched area was completely cov-
ered in the control group, compared with empty space with few
migrated cells in the SMG group (Fig. 2a). Cell invasion data

activity was determined with a RhoA activation assay kit; the Rho-GTP
was measured by immunoblot analysis using anti-activated RhoA anti-
body (e, after treated for 24 h). Scale bars: b, 50 pm; ¢, 20 pm. Data are
shown as the mean + SEM, n=35. **p <0.01, ***p <0.001, vs. control.

showed invasion capacity of the SMG group was reduced by
50% compared with the control group (Fig. 2b).

SMG suppressed RhoA/Rock signaling and Nek2 expression in
glioma cells After SMG treatment, RhoA/Rock signaling mol-
ecules and Nek2 were detected in U251 cells. WB results
showed the levels of pS188-RhoA, pY722-Rock2, pT508-
LIMK2, and pS3-Cofilin, and Nek2 expression was sup-
pressed after SMG treated for 24 h (Fig. 3a). pY722-
Rock2, pT508-LIMK?2, and Nek?2 expressions were further
verified by immunofluorescence staining (Fig. 3b). To
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confirm a role for RhoA/Rock signaling in glioma cells,
we treated U251 cells with RhoA inhibitor Y-39983
(Selleck, S7935) and RhoA siRNA. Results from CCKS8
assay, wound healing assay, and Transwell assay showed
cell proliferation, migration, and invasion were reduced
after RhoA suppression (Fig. 4a—c). In addition, WB re-
sults confirmed Rock/RhoA suppression significantly re-
duced the levels of pY722-Rock2, pT508-LIMKI1, pT505-
LIMK2, pThr18-MLC2, and pS3-Cofilin; Nek2 was not
affected (Fig. 4d).

SMG suppressed cell viability and reorganized cytoskeleton
by FAK inhibition After SMG treatment, FAK signaling mol-
ecules and cytoskeleton were detected. In Fig. 3¢, we found
SMG significantly reduced FAK and pY397-FAK levels in
U251 cells, and there was no significant difference of
Integrin-31 and Integrin-34 in the control and SMG groups.
To further verify the role of FAK, we also treated U251 cells
with FAK inhibitor PF-573228 (Selleck, S2013) and FAK
siRNA. Cell viability, migration, and invasion were decreased
in the PF-573228 group, SMG group, and FAK-knockdown
group (Fig. Sa—c, respectively). WB data showed SMG, PF-
573228, and FAK siRNA suppressed FAK, pY397-FAK,
pS188-RhoA, pY722-Rock, and Nek2 levels (Fig. 5d).

a
Ctrl PF-573228 SMG Y-39983
a-
Tubulin
Ctrl
Actin-
Trakcer
PF-
573228
FAK
SMG
Y-
39983

centrosomes (um)

Distance between

2.8+
24+ %
2.0

AN SIS
g};\“ﬂn‘ %%,399%

Figure 6. SMG suppresses reorganized cytoskeleton. After treated with
FAK inhibitor PF-573228 (1 uM), RhoA inhibitor Y-39983 (1 uM), and
SMG for 24 h, cytoskeleton was stained with «-tubulin and Actin-Tracer
Green, and FAK (a), and co-stained with Nek2 and y-tubulin (b). Images
were captured on an inverted fluorescence microscope (Leica, IX71). The

Additionally, the analysis of the cellular concentration of
RhoA-GTP in SMG-exposed glioma cells is included in Fig.
Se. RhoA activity was suppressed by SMG, PF-573228, and
FAK siRNA, which was represented by GTP-RhoA expres-
sion in pull-down assay. As shown in IF results, SMG and PF-
573228 suppressed FAK expression, but Y-39983 had no ef-
fect on FAK expression (Fig. 6a). Radial microtubule network
became weak and lost membrane associated microfilament
structures after cells were exposed to PF-573228, SMG,
and Y-39983 (Fig. 6a). Immunofluorescence staining
showed Nek2 and y-tubulin in the PF-573228, SMG, and
Y-39983 groups. PF-573228 and SMG decreased Nek2
expression; adding Y-39983 had no effect on Nek2 expres-
sion (Fig. 6b). PF-573228 and SMG suppressed centriole
activity, shown by higher y-tubulin green fluorescence in-
tensity (Fig. 6b), and the distance between the two centri-
oles was reduced (Fig. 6¢). There was no difference in the
distance between the two centrioles in Y-39983 compared
with the control group (Fig. 6¢).

Overexpressed FAK reversed SMG inhibition To verify the
effect of FAK in SMG-induced U251 cell suppression, cells
were treated with FAK activation and SMG. Results showed
that FAK activation led to induction of pS188-RohA and

distance between two centrosomes is measured through y-tubulin stain-
ing, which shows the centrosomes in cells. Histogram analysis of distance
between two centrosomes in U251 cells (c). Scale bars: 20 um. Data are
shown as the means + SEM, n=35. *p <0.05, vs. control.



SIMULATED MICROGRAVITY INHIBITS THE VIABILITY AND MIGRATION OF GLIOMA VIA FAK/RHOA/ROCK AND FAK/NEK2...

a b SMG
SMG FAK fg’;‘;’( 5 SMG FAK MG
—yem =4 zxSMG+FAK 55

P-FAK Y397 [ e e | S | Tl 40—
s 35 —
RhoA | e w— =
< 2t 25 —
p-RhoA S188| "  w T o — RhoA-GTP
—— g2 15 =
Nek2 E Pull-down
GAPDH |“r S s—— 0 anti-active RhoA antibody
® Input
¢ 300
* :k *
250 -
/
200+ e

Cell viability (%)
[u—,
N
S

Figure 7. Overexpressed FAK reverses SMG inhibition in glioma cells.
U251 cells were transfected with FAK activation (Santa, sc-400089), and
then treated with SMG or not. a Detected the level of FAK, p-FAK, p-
RhoA, and Nek?2 after SMG, FAK activation, and SMG + FAK activation
treated for 24 h in U251 cells. b RhoA activity was determined by using a

higher Nek2 expression. FAK/RhoA and FAK/Nek2 path-
ways were reversed in FAK-activated cells, which suppressed
under SMG (Fig. 7a). Results from pull-down assay showed
RhoA activity was attenuated by SMG, and it was activated in

RhoA activation assay kit. U251 viability was detected by CCKS assay at
72 h (c), the migration and invasion were analyzed by wound healing
assay (d) and Transwell assay (e) at 24 h. Scale bars: d, 50 um; e, 20 pm.
Data are shown as the mean + SEM, n=5. **p <0.01, ***p <0.001, vs.
SMG.

the overexpressed FAK group (Fig. 75). Results from CCKS,
wound healing, and Transwell assays showed overexpressed
FAK reversed SMG inhibition of cell proliferation, migration,
and invasion in U251 cells (Fig. 7c—e, respectively).
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Discussion

SMG has been used to investigate the effects of microgravity
and gravitation on various human biological events and spe-
cific functional modifications in ground experiments. SMG
protects STO cells from undergoing apoptosis after exposure
to moderate doses of radiation, possibly by decreasing the
basal levels of caspase-3 activity, but vacuolated STO cells
are induced by SMG alone (Beck et al. 2012). Such decrease
in apoptosis could have dramatic consequences at the organ-
ismal level, by allowing accumulation of cells with persistent
DNA damage and/or mutations (Risin and Pellis 2001). The
cell death and growth arrest of cancer cells in simulated and
actual microgravity are well documented in various cell types
(Zhao et al. 2016). However, the specific mechanism of SMG
on glioma proliferation and metastasis is not clear. In this
work, we demonstrated SMG reduced RhoA/Rock and Nek2
pathways via FAK to suppress malignancy of glioma cells.
Our results showed a shift of the pathways involved in cell
growth and motility when U251 cells were subjected to SMG.
Some reports demonstrate that SMG affects cytoskeleton re-
modeling, as well as in cell cycle regulation and DNA damage
response pathways in mouse fetal fibroblasts (Beck et al.

Figure 8. Schematic diagram of
the signaling pathways affected
by SMG in glioma cell via FAK
activation.

l

centrosome
disjunction

l

Inhibit glioma cell malignancy

2014), FAK signaling in mesenchymal stem cells
(Ratushnyy and Buravkova 2017), and FAK and Rhok signal-
ing in the femoral artery of rat (Wang et al. 2015; Jiang et al.
2018). Recent evidences show FAK/RhoA pathway plays a
crucial role in cancer cell proliferation and metastasis
(McLean et al. 2005). For example, Procaine suppresses
ERK/MAPK/FAK/RhoA pathways to inhibit proliferation
and migration of colon cancer cells (Li et al. 2018). Tan
et al. (2018) also show SMG significantly reduces FAK/
RhoA signaling and mTORCI1 kinase to alter cell proliferation
and tumor metastasis in melanoma cell. In our study, we ob-
served that the overall pathways of FAK/RhoA were altered:
SMG suppresses FAK, GTP-RhoA, Rock, LIMK, MLC, and
Cofilin activities, to recede cell proliferation and metastasis,
but FAK overexpression was able to reverse the malignancy
that inhibited by SMG in U251 cells (Fig. 8).

Currently, the reduction in cell cycle during microgravity is
mainly attributed to the disruption of the cytoskeletal elements
resulting in G1 arrest (Papaseit et al. 2000). SMG arrests at G1
phase via PTEN/FOXO3/AKT pathway at 4 d in colorectal
cancer cells (Arun et al. 2017). However, not all effect of
SMG on blocking cell cycle is just G1 arrest. SMG causes
C2C12 mouse muscle cells to decline muscle mass and retard
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their proliferation through accumulating at G2/M phase after
6-, 12-, and 24-h treatments (Benavides et al. 2013). Under
SMG for 10 h, primary human IVD cells are accumulated in
G2/M, reduced proliferation, and increased senescence
(Franco-Obregon et al. 2018). We showed SMG arrested
G2/M phase after 24-h treatment, this maybe SMG inhibited
Nek2 to alleviate centrosome disjunction to prevent cell from
entering mitosis and arrested G2/M phase. The accumulating
evidences prove that Nek2 suppression regulates cell growth
and proliferation via G2/M arrest (Lai et al. 2017).
Involvement of Nek2 in microgravity is imminent, but less
explored and understood. Additionally, we demonstrated PF-
573228 and SMG suppressed Nek?2 expression and decreased
the distance between two centrioles, while Y-39983 had no
adverse effect on these. Furthermore, FAK overexpression
attenuated SMG-induced suppression of Nek2. These suggest
that Nek2 reduction is independent of the RhoA/Rock path-
way under SMG. Here, we verify SMG reduced FKA phos-
phorylation and downstream RhoA/Rock signaling and Nek2
activity. Thus, SMG reduces cytoskeleton stability and cen-
trosome function via FAK/RhoA/Rock and FAK/Nek2
pathways.

In summary, this study demonstrates that FAK is a novel
target of SMG in glioma. SMG arrests G2/M phase via FAK/
Nek2 pathway and suppresses FAK/RhoA/Rock pathway to
reduce glioma proliferation and migration. The FAK/RhoA/
Rock and FAK/Nek? signaling events are inactivated by SMG
to destabilize actin cytoskeleton and centrosome disjunction.
These data add to research and development of glioma
therapeutics.
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