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Abstract Several studies have indicated that microgravity
can influence cellular progression, proliferation, and apoptosis
in tumor cell lines. In this study, we observed that simulated
microgravity inhibited proliferation and induced apoptosis in
U251 malignant glioma (U251MG) cells. Furthermore, ex-
pression of the apoptosis-associated proteins, p21 and
insulin-like growth factor binding protein-2 (IGFBP-2), was
upregulated and downregulated, respectively, following expo-
sure to simulated microgravity. These findings indicate that
simulated microgravity inhibits proliferation while inducing
apoptosis of U251MG cells. The associated effects appear to
be mediated by inhibition of IGFBP-2 expression and stimu-
lation of p21 expression. This suggests that simulated micro-
gravity might represent a promising method to discover new
targets for glioma therapeutic strategy.
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Introduction

Malignant gliomas represent the most common and aggres-
sive type of primary brain tumor in adults. These tumors are
characterized by rapid growth, extensive invasiveness, and
angiogenesis (Wen and Kesari 2008). Malignant gliomas ac-
count for approximately 70% of the 22,500 new cases of ma-
lignant primary brain tumors diagnosed in adults in the USA
each year (Paw et al. 2015). Despite multimodality therapies
including aggressive surgery combined with radiation, che-
motherapy, and biological therapy, median survival for pa-
tients with high-grade gliomas is frequently less than 2 yr
(Komotar et al. 2008). Mounting evidence suggests that resis-
tance to apoptosis leads to the sustained survival of malignant
glioma cells (Li et al. 2009). Thus, more effective pro-
apoptotic interventions are urgently required to improve the
treatment of this malignancy.

Several studies performed on astronauts have shown that
space flight results in profound changes inmultiple organs and
systems, causing detrimental health effects including muscu-
lar atrophy, osteopenia or bone loss, and decreased immune
functions (Petersen et al. 2017; Van Ombergen et al. 2017).
Moreover, a growing number of studies have reported the
significant effect of spaceflight microgravity on cell lines, pri-
mary cell, stem cell, and whole animals (Meloni et al. 2011;
Bailey et al. 2014; Blaber et al. 2014; ). Access to flight is
costly, and the opportunities are scarce, resulting in numerous
experiments simulating the real weightless condition having
been performed, although the biological responses in micro-
gravity simulators are not completely identical to those of real
microgravity experiments (Herranz et al. 2013). In addition to
the physiological effects in spaceflight, an increasing number
of simulated studies have indicated that microgravity has ev-
ident effects on major cellular events, namely cell cycle pro-
gression, proliferation, differentiation, and apoptosis,
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especially in tumor cells such as gastric carcinoma cell and
seminoma cell (Ferranti et al. 2014; Jhala et al. 2014; Zhu et al.
2014). Conversely, relatively little work has been conducted
on the effects of microgravity on glioma cells, although it has
been reported that microgravity induces apoptosis in rat C6

glioma cells (Uva et al. 2002) while inhibiting proliferation
and migration in human glioma cells (Takeda et al. 2009; Shi
et al. 2015). Moreover, the underlying mechanisms pertaining
to the effects of microgravity on glioma cells are still unclear.

The mutation of tumor suppressor gene, p53, occurs fre-
quently in human gliomas (Frankel et al. 1992). Thus, it is
pivotal to find a p53-independent method to treat malignant
gliomas. In this study, a U251MG glioma cell line harboring
mutant p53 was utilized as an experimental model for malig-
nant glioma. We applied a clinostat to generate a microgravity
environment to investigate the effects of simulated micrograv-
ity on the proliferation and apoptosis of U251MG cells and the
possible involved mechanism.

Materials and Methods

Cell cultureU251MG cells were obtained from the American
Type Culture Collection (San Francisco, CA). Cells were cul-
tured in high-glucose DMEM (Gibco; Thornwood, NY) sup-
plemented with 10% fetal bovine serum (Gibco), penicillin
(100 U/mL), and streptomycin (100 μg/mL) at 37°C in an
atmosphere containing 5% CO2.

Simulation ofmicrogravity conditions The 2D clinostat sys-
tem is an effective, ground-based tool that is used to simulate
microgravity. Details pertaining to the application of this
method have been previously described elsewhere (Wang
et al. 2013). Briefly, U251MG cells were seeded at a density
of 1 × 105 cells on 2.5 cm × 2.5 cm coverslips. After the cells
were allowed to grow for 8 h, the coverslips were inserted into
fixtures in the chambers, which were subsequently filled with
high-glucose DMEM. The chambers were randomized for
stationary control without rotation and clinorotation (1 G
group) or cultured under simulated microgravity conditions
(10−3 G group). The clinostat was positioned in an incubator
at 37°C.

Cell proliferation assay The effect of simulated microgravity
on U251MG cell proliferation was measured using a Cell
Counting Kit-8 (CCK-8) assay kit (Dojindo; Kumamoto,
Japan) with the standard protocol. The absorbance was mea-
sured at an optical density (OD) of 450 nm using a Sunrise
Microplate Reader (Tecan Group Ltd.; Männedorf,
Switzerland).

TUNEL assay Terminal deoxynucleotidyl transferase-
mediated dUTP nick-end labeling (TUNEL) was conducted

using a TUNEL apoptosis detection kit (Roche; Pleasanton,
CA) for DNA fragmentation fluorescence staining according
to the manufacturer’s protocol. The sections were mounted
and viewed using a fluorescence microscope (Olympus;
Tokyo, Japan).

Transmission electronmicroscopy analysisCells were fixed
in ice-cold 2.5% glutaraldehyde in PBS (pH 7.3) for 4 h,
postfixed in 1% osmium tetroxide with 0.1% potassium ferri-
cyanide, and dehydrated in a graded series of ethanol (30–
90%). The cells were subsequently embedded in Epon
(Energy Beam Sciences; Agawam, MA). Ultrathin sections
(65 nm) were examined under a Tecnai G2 Polara Cryo-
TEM (FEI; Hillsboro, OR).

Human Apoptosis Antibody Array The relative levels of 43
apoptosis-related proteins were simultaneously detected in
cell lysates using a RayBio Human Apoptosis Antibody
Array Kit (RayBiotech; Norcross, GA) according to the man-
ufacturer’s instructions. Briefly, U251MG cells from different
groups were lysed, and the total proteins were purified. The
protein concentration was determined using a BCA Protein
Assay Kit (Thermo Fisher Scientific; Waltham, MA). A total
of 35 μg of protein extract was hybridized with human apo-
ptosis glass slide subarrays overnight at 4°C and incubated
with biotin-conjugated primary antibodies for 2 h at room
temperature. Then, the glass slides were washed and incubat-
ed with fluorescence-conjugated streptavidin secondary anti-
bodies. The signals were visualized by an Axon GenePix
4000B Microarray Scanner (Axon Instruments; Union City,
CA), and the densities of the resultant spots were analyzed
using AAH-APO-G1 software (RayBiotech).

Real-time RT-PCR analysis Total RNA was extracted from
U251MG cells using TRIzol reagent (Invitrogen; Carlsbad,
CA). Real-time PCR was performed on an ABI PRISM 7900
Real-Time PCR System (Applied Biosystems; Foster City, CA)
using SYBR Green and ROX (Takara; Shiga, Japan) as refer-
ence dyes. The primer sequences that were utilized were as
follows: p21 , 5 ′-ggcagaccatgtggacctgt-3 ′ and 5 ′-
ggagtttggagtggtagaaa-3′; IGFBP-2, 5′-catcaagtcgggtatgaagg-3′
and 5′-acctggtccagttcctgttg-3′. Human β-actin was used as the
internal controls. Quantitative data were expressed by normal-
izing the densitometric units to β-actin.

Western blot analysis Control and simulated microgravity-
grown cells were harvested and lysed with RIPA buffer for
30 min on ice. Then, the cell lysis buffers were centrifuged,
and the protein concentrations (from resultant supernatants)
were determined using a BCA protein assay (Thermo Fisher
Scientific). Proteins of a total content of 25 μg were separated
by NuPAGE Bis-Tris gel electrophoresis and transferred onto
a PVDF membrane. The membrane was incubated with
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primary antibodies against IGFBP-2, p21, and β-actin (CST;
Danvers, MA), respectively, and with horseradish peroxidase-
conjugated secondary antibody (Santa Cruz Biotechnology;
Santa Cruz, CA). Specific protein bands were subsequently
visualized using an enhanced chemiluminescence system ac-
cording to the manufacturer’s instructions.

Statistical analysisResults are expressed as the mean ± SD of
three or more independent biological samples. Statistical anal-
yses to assess significant differences were performed using
one-way ANOVA (using GraphPad Prism 5 software,
GraphPad Prism Software Inc.; San Diego, CA). p < 0.05
was considered statistically significant. In all graphs, the as-
terisk indicates significant difference.

Results

Effect of simulated microgravity on U251MG cell prolif-
eration The CCK-8 method was applied to detect cell prolif-
eration. Figure 1 shows that compared to the control group,
the OD value was significantly decreased in microgravity-
treated groups (p < 0.05). Moreover, following treatment with
microgravity (10−3 G) for 12, 24, 48, and 72 h, the inhibitory
rates were 83.6 ± 0.37, 33.3 ± 0.4, 21.4 ± 0.28, and
16.62 ± 0.35%, respectively. These results suggest that the

extent of the simulated microgravity effect was time-
dependent.

Effect of simulated microgravity on apoptosis of U251MG
cells A TUNEL assay and a flow cytometry analysis were
conducted to examine the effect of simulated microgravity
on U251MG cellular apoptosis. TUNEL staining revealed in-
tensely green fluorescent nuclei, which predominantly oc-
curred in the simulated microgravity groups. Limited staining
was observed in the standard gravity group. DAPI staining
(blue fluorescence) was also utilized to eliminate the possibil-
ity that a reduction in TUNEL staining may have been caused
by the absence of nuclei (Fig. 2A). Data pertaining to the
cellular apoptotic rate was measured for each group using
flow cytometry (Fig. 2B). The apoptotic rates of U251MG
cells were 28.9 ± 1.2, 40 ± 0.98, 39.2 ± 1.46, and
71.2 ± 1.33% after simulated microgravity (10−3 G) treatment
for 12, 24, 48, and 72 h, respectively. These values were sig-
nificantly higher than those for the control group
(8.8 ± 0.74%) (p < 0.05).

Alterations in cell ultrastructure following transmission
electron microscopy analysis To determine further the pro-
apoptotic effects of simulated microgravity on U251MG cells,
TEM was used to monitor changes in cellular ultrastructure in
clinorotation and control cells. The electron microscope im-
ages reveal the presence of edge-clustered nuclear membranes
(arrows) with swollen or disrupted organelles (asterisks) fol-
lowing 72 h of treatment (Fig. 2C1, C2). However, the control
group contained regular nuclei and evenly distributed chroma-
tin (Fig. 2C3, C4).

Apoptosis array analysis To explore the molecular mecha-
nisms that underpin apoptosis in clinorotation cells, we used a
Human Apoptosis AntibodyArray Kit to investigate the effect
of simulated microgravity on 44 apoptosis-related proteins.
Our results indicated that six (caspase-8, IGFBP-4, IGFBP-
2, p21, p53, and TRAILR-2) of the 44 proteins included in the
array exhibited changes. Following a combinatorial analysis
that assessed signal value size, fold change, and t test, p21 and
IGFBP-2 were shown to be the two most differentially
expressed proteins, while the expression changes for the other
four proteins were not statistically significant. Array data
pertaining to p21 and IGFBP-2 are indicated by a red and
yellow box, respectively (Fig. 3).

Real-time PCR and western blot analysis of p21 and
IGFBP-2 expression in response to simulated microgravi-
ty The expression profiles for p21 and IGFBP-2 messenger
RNA (mRNA) are shown in Fig. 4A. It is evident that p21
mRNA expression increased, whereas IGFBP-2 mRNA de-
creased in the simulated microgravity (10−3 G) group com-
pared with that in the control group (p < 0.05). Following

Figure 1. Cell proliferation in simulated microgravity and standard
culture groups. U251MG cells were examined by the CCK-8 assay fol-
lowing 12 to 72 h of culture. The data were presented asmeans ± SD from
three independent experiments. *p < 0.05 vs. standard gravity group.
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exposure to the longest simulated microgravity treatment
time, p21 mRNA expression was observed to increase gradu-
ally, whereas IGFBP-2 mRNA expression gradually

decreased (p < 0.05). Figure 4B, C shows that p21 protein
expression was increased in the clinorotation group compared
to the control group, whereas IGFBP-2 protein expression was
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relatively lower in the clinorotation group (p < 0.05). p21
protein expression gradually increased following exposure to
increased treatment times, whereas IGFBP-2 protein expres-
sion gradually decreased (p < 0.05). Western blot analyses
further confirmed a time-dependent expression effect follow-
ing exposure to simulated microgravity. These results were
compatible with the results of the mRNA expression analysis.

Discussion

Several reports have shown that microgravity can affect cell
proliferation and apoptosis in various tumor cell lines includ-
ing glioma cells (Uva et al. 2002; Jhala et al. 2014). However,
the underlyingmechanisms that underpin the proliferation and
apoptosis effects pertaining to simulated microgravity in glio-
ma are still unclear. In this study, we observed that simulated
microgravity inhibited proliferation while inducing apoptosis
in U251MG cells. Moreover, we demonstrated for the first
time the potential molecular mechanisms that underpin the
effects mediated by simulated microgravity on U251MG
cells. These effects occurred concomitantly with the upregu-
lation of p21 and the downregulation of IGFBP-2. It is likely
that alterations in the expression of p21 and IGFBP-2 could
contribute to apoptosis and proliferation inhibition following
exposure to microgravity.

However, microgravity-specific effects pertaining to cell
proliferation have been shown to depend on the cell type an-
alyzed (Lin et al. 2016). Multiple studies have shown that
microgravity suppresses cell proliferation in tumor cells in-
cluding mammalian osteosarcoma cells (Wei et al. 2013) and
human breast cancer cells (Vassy et al. 2003). In this study, we
observed a significant time-dependent reduction in the OD
value of U251MG cells compared to the control group. This
suggests that simulated microgravity inhibits the proliferation
of U251MG cells. Our results are consistent with a previous
study, which reported that simulated microgravity inhibited
cell proliferation in malignant glioma cell lines (Takeda et al.
2009). Cell cycle arrest induced by microgravity is partially
caused by the inhibition of cell proliferation. Nevertheless, the
results of studies pertaining to cell cycle arrest under micro-
gravity are still contentious. Coinu et al. observed that
modeled microgravity induced partial arrest in the G2/M
phase in vascular smooth muscle cells and neoplastic human
breast cancer cells (Coinu et al. 2006). However, in U251MG,
Takeda et al. observed that simulated microgravity did not
precipitate any significant changes in the cell cycle. What is
more, they also reported a reduction in mitochondrial activity
and speculated that this occurrence might stall cell cycle pro-
gression, thereby inhibiting cell proliferation instead of affect-
ing specific cell cycle check points (Takeda et al. 2009).

Recent studies have reported that microgravity induces apo-
ptosis in most cell lines and tissues (Pietsch et al. 2011). As part
of this analysis, we performed a TUNEL assay and found that
the apoptotic rates of U251MG cells were significantly in-
creased following exposure to simulated microgravity. In addi-
tion, a series of ultrastructure events including edge-clustered
nuclear membranes and swollen or disrupted organelles were
observed by TEM. Similarly, Uva et al. also observed transient
apoptosis in rat C6 glioma cells following conventional
epifluorescence microscopy and TUNEL staining (Uva et al.
2002). A recent report by Wang et al. demonstrated that the
morphology and cell cytoskeleton system of human glioma
cells were significantly modified by simulated microgravity.
They also reported an elevated cellular apoptosis rate and hy-
pothesized that the rearrangement of the cytoskeleton caused
human glioma cellular apoptosis (Wang et al. 2016).

Figure 3. Screening of apoptosis
factors associated with simulated
microgravity treatment in
U251MG cells. Cells were
cultured under simulated
microgravity (10−3 G) or standard
gravity (1 G) for 72 h and
subjected to apoptosis factor
antibody array analysis. p21-
specific and IGFBP-2-specific
data are indicated.

�Figure 2. Induction of apoptosis in U251MG cells by simulated
microgravity. (A) Cells were exposed to simulated microgravity
(10−3 G) or standard gravity (1 G) for different time periods. TUNEL-
positive cells appear green, while DAPI staining (blue fluorescence) in-
dicates the position of nuclei (overall magnification of ~×200). (B)
Apoptosis was analyzed by FACS using the Annexin V-FITC detection
kit. The apoptosis rates were statistically evaluated. The data were pre-
sented as means ± SD from three independent experiments. *p < 0.05 vs.
standard gravity group. (C) Changes in the ultrastructure of U251MG
cells following simulated microgravity treatment. Cells cultured under
simulated microgravity (10−3 G) for 72 h (C1), enlarged cellular image
corresponding to the area indicated by the white square in C1 (C2),
control cells (C3), and enlarged cellular image corresponding to the area
indicated by the white square in C3 (C4). Compared with control cells,
clinorotation cells exhibited morphological features of apoptosis, includ-
ing edge-clustered nuclear membranes (arrows), swollen or disrupted
organelles (asterisks), and loss of plasma membranes.
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To investigate the mechanisms that underlie the prolifera-
tion inhibition and apoptosis effects pertaining to U251MG
following exposure to simulated microgravity, we conducted a
human apoptosis antibody array analysis. This analysis indi-
cated that p21 and IGFBP-2 were the two most differentially
expressed proteins, while the changes in expression of other
apoptosis-associated proteins including caspase-8, p53, and
TRAILR-2 were not significant. This suggests that p21 and
IGFBP-2 are involved in simulated gravity-induced U251MG
cellular apoptosis. The cyclin-dependent kinase (CDK) inhib-
itor, p21, has multiple roles including cell cycle regulation,
differentiation, apoptosis, and transcriptional regulation after
DNA damage (Karimian et al. 2016). In addition, several
studies have shown that p21 plays a key role in carcinogenesis
and tumor growth promotion (Prives and Gottifredi 2008).
Indeed, the role of p21 might be regulated by the status of
p21 itself and/or the differences in the histological types of
cancers that have been analyzed (Xia et al. 2011). We exam-
ined the expression of p21 using real-time PCR and western
blot analysis and confirmed that simulated microgravity

stimulated the expression of p21 in U251MG cells. Dong
et al. reported that small double-stranded RNA (dsRNA) me-
diated overexpression of p21 in human glioma SHG-44 cells
promotes cell cycle arrest and enhances apoptosis (Dong et al.
2014). In addition, Dai et al. reported that the downregulation
of p21 promoted by the overexpression of lysine-specific
demethylase 5B (KDM5B) stimulates glioma cell growth
(Dai et al. 2014). Thus, p21 is likely to act as a tumor sup-
pressor in human glioma cell lines, and in our study, apoptosis
of U251MG cells may have been induced by the upregulation
of p21. Simulated microgravity did not affect specific cell
cycle check points in U251MG (Takeda et al. 2009); there-
fore, we deduce that p21 upregulation leads to apoptosis rath-
er than cell cycle arrest in this cell line. p53 is considered the
main transcriptional regulator of p21. However, p21 can also
be induced independently of p53 by other transcription fac-
tors including breast cancer susceptibility gene 1 (BRCA1),
TGF-β, and double homeobox 4 (Dux4) (Mullan et al. 2006;
Meng et al. 2013; Xu et al. 2014). Indeed, p53-independent
regulation of p21 has been reported in several human tumor

Figure 4. mRNA and protein
expression of p21 and IGFBP-2 in
U251MG cells. Real-time RT-
PCR and western blot analysis
were performed after U251MG
cells were cultured under standard
gravity (1 G) or simulated micro-
gravity (10−3 G) conditions for
different time periods. (A) The
bar graph shows the ratios of p21
(left panel) and IGFBP-2 (right
panel) mRNA relative to the
amount of β-actin mRNA. The
western blot images of p21 and
IGFBP-2 are, respectively, shown
in (B, left panel) and (C, left
panel). The right panels represent
the densitometric analysis of the
data. β-Actin was used as a load-
ing control. Data are expressed as
mean ± SD (n = 6). *p < 0.01 vs.
the standard gravity (1 G) group.
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cell lines including human glioma cells (Miyata et al. 2013;
Fang et al. 2016). As the U251MG cell line is a p53 mutant,
our findings also suggest that the expression of p21 is induced
by simulated microgravity through a p53-independent path-
way. Insulin-like growth factor binding protein-2 (IGFBP-2)
is conventionally known to modulate IGF signaling and is
produced by a variety of different tissues via complex regu-
latory processes (Firth and Baxter 2002). Emerging evidence
suggests that IGFBP-2 plays additional roles in tumor biology
via IGF-independent mechanisms, and the role of IGFBP-2 is
dependent on cell type and cellular microenvironments
(Pickard and McCance 2015). In human glioma cells,
IGFBP-2 is one of the most consistently overexpressed fac-
tors, especially in high-grade glioma patients (Lin et al. 2009).
Therefore, IGFBP-2 is considered a valuable biomarker for
glioma patient prognosis (McDonald et al. 2007). Moreover,
the overexpression of IGFBP-2 induces cellular proliferation
and invasion, while also stimulating tumor-grade progression
in glioma (Han et al. 2014). Thus, in this study, we analyzed
IGFBP-2 expression changes using real-time PCR and west-
ern blot analyses and observed that simulated microgravity
inhibited the expression of IGFBP-2. Recent studies have
shown that the downregulation of IGFBP-2 could inhibit pro-
liferation of glioma cells. Phillips et al. found that the contin-
ued expression of IGFBP-2 is required for glioma mainte-
nance as inhibition of IGFBP-2 has been observed to block
progression (Phillips et al. 2016). Patil et al. reported that
IGFBP-2 or its C-terminal domain could lead to glioma
growth (Patil et al. 2016). Taken together, these results show
that simulated microgravity inhibits U251MG cell prolifera-
tion by downregulating IGFBP-2. However, the effect of sim-
ulated microgravity on cells could not be permanent, and the
cells would recover to basal status after return to normal con-
dition (Silvano et al. 2015), which indicates that simulated
microgravity could not be an available therapy at present,
but it might be a method to discover new targets for potential
development into a treatment on glioma. Moreover, it should
be noted that comparing with the typical glioblastoma, long-
term cultures of U251MG displayed variations in genotype
and phenotype and showed an increased growth rate in vitro
(Torsvik et al. 2014). Therefore, results in this study only
represent the proprieties of a U251MG subclone under simu-
lated microgravity, and the whole glioma tissue should be
investigated under simulated microgravity in further studies.
The limitation of this study is that it is still unclear how sim-
ulated microgravity mediates alterations in p21 and IGFBP-2
expression. Further studies are required to elucidate the asso-
ciated mechanisms.

In conclusion, our study demonstrates that simulated mi-
crogravity inhibits proliferation and induces U251MG cellular
apoptosis. These effects are at least partially due to the
microgravity-induced downregulation of IGFBP-2 and upreg-
ulation of p21. Thus, we propose that simulated microgravity

might be an effective method to discover new targets for gli-
oma therapeutic strategy.
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