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With the rapid development of modern medical technology and the deterioration of living environments, cancer, the most
important disease that threatens human health, has attracted increasing concerns. Although remarkable achievements have been
made in tumor research during the past several decades, a series of problems such as tumor metastasis and drug resistance
still need to be solved. Recently, relevant physiological changes during space exploration have attracted much attention. Thus,
space exploration might provide some inspiration for cancer research. Using on ground different methods in order to simulate
microgravity, structure and function of cancer cells undergo many unique changes, such as cell aggregation to form 3D spheroids,
cell-cycle inhibition, and changes in migration ability and apoptosis. Although numerous better experiments have been conducted
on this subject, the results are not consistent.The reason might be that different methods for simulation have been used, including
clinostats, randompositioningmachine (RPM) and rotatingwall vessel (RWV) and so on.Therefore, we review the relevant research
and try to explain novel mechanisms underlying tumor cell changes under weightlessness.

1. Introduction

With the great strides of the space industry, people are staying
in space for increasing amounts of time. Long flights in space
can cause severe effects on human physiology and health [1,
2]. Now, a great number of evidence have suggested thatmany
human health problems during long space flights may be due
to alterations of the expression of genes and proteins induced
by SMG. It is confirmed that more than 1600 genes expression
have been altered when cells are exposed to SMG [3]. These
alterations in genes result in corresponding alterations in the
cytoskeleton—(microtubule [MT], microfilament [MF] and
intermediate filament [IF]), ECM, growth pattern, migration
abilities, cell cycle, proliferation, and apoptosis. Recently,
researchers have shown that simulated microgravity (SMG)

can induce these alterations not only in normal cells [4–6],
but also in tumor cells [7–9].

Malignant tumors are still the main cause threatening
human life and health. With the developments in molecular
biology, cell biology, immunology and other related disci-
plines, treatment methods involving induction of differen-
tiation and apoptosis have emerged, which have allowed
breakthroughs in the treatment of some tumors. However,
cancermortality remains high due to limitations in diagnosis,
treatment (e.g., surgery, chemotherapy, radiation therapy),
and care. Therefore, it is necessary to find a new way to
overcome these difficulties. Compared to normal gravity
(NG), the morphological function of cancer cells is obviously
altered as a result of the unique microgravity in space,
which provides a new method to study these problems.
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However, real microgravity is rarely achieved by orbital
laboratories [10]. Therefore, SMG is simulated by using the
so called Random Positioning Machine (RPM), “clinostat”
and others; these devices can produce many of the physical
effects of microgravity (𝜇g) by providing a vector averaged
reduction of apparent gravity [11–15]. However, compared
to the one axis clinostat, the amount of shear forces in two
axis RPM modes is higher [16]. The highest shear forces on
the RPM are found along the flask walls; they can reach up
to a few 100 mPa (1 dyn/cm2) depending on the rotational
velocity, whereas in the “abulk volume” they are always
smaller and usually about 10 mPa (0.1 dyn/cm2) [17]. These
shear forces have a strong influence on cell metabolism
and function in general. For instance, doubling the fluid
shear force caused by the simulated microgravity increased
glucose metabolism and reduced cell aggregation in BHK
cells [18]. This shows that higher shear forces are acting
on the cancer cells during the RPM [16], which might lead
to the different results on the two axis RPM and one axis
clinostat.

The adverse effects of various external factors lead to
the body fluids distribution, often accompanied by cell dys-
function and cytoskeletal changes. Cells form complex three-
dimensional (3D) spherical structures of different diameters
under these conditions [20, 39, 46, 49, 52]. Cell cycle
changes were not consistent under simulated microgravity;
for instance, the G2/M was increased or decreased in MCF-
7 and SGC-7901 cells using a MG-6C and MG-3 clinostat
system [42, 44]. Apoptosis induced by apoptosis-related
protein was increased in different cancer types under SMG
using a 2D clinostat and RPM in ML-1, U251 and MDA-MB-
231 cells [25, 41, 45]. However, apoptosis was reduced or no
obvious apoptosis was seen in other cancer cell lines such
as MIP-101 and A549 under SMG using a 2D clinostat and
RPM [19, 24, 53]. The reasons for these two contradictory
results in apoptosis are still not clear. The former may be
related to the increasing apoptosis-related protein [25, 41, 45],
while the later may be related to lower expression of EGF-R,
TGF, and cell proliferation markers [19, 24, 53]. It is clear that
there are differences due to the rotation devices (e.g., clinostat
system and RPM) that might account for the alteration in
cell cycle, apoptosis and proliferation. 2D monolayers could
be formed under normal conditions, which were arranged
regularly. However, under SMG using a RCCS, cells were
inclined to gather and form aggregates in a 3D environment,
interacting on multiple levels [21, 54]. The changes in cell
morphology and motility observed under SMG using a 2-
D clinostat system might lead to morphological disorders
during development [42].

As shown in Table 1, although many experiments on the
effects of real and simulated microgravity on human cancer
cells had been carried out over several years, the biological
effects of microgravity on 3D spheroid and morphological
functions of human cancer cells still need to be explored. In
this review, we summarize the main effects of microgravity
on 3D structure formation and the morphological functions
of human cancer cells and propose some novel views on this
basis.

2. Ground-Based Facilities for
Simulation of Microgravity

Recent years, different kinds of ground-based facilities
(GBFs) have been designed aiming to simulate microgravity
on ground [55]. The SMG should be used only for experi-
ments conducted in GBFs where the direction of the gravity
vector has undergone a constant (2-D clinostat) or random
(RPM) change, with the gravity level averaged to near zero
along with rotation and time [55]. In a sense, the microgravity
analog of SMG created by GBFs has been regarded as
“functionally near weightlessness” and was seldom equal to
the “𝜇g” in space or “weightlessness” [56]. Here, several
frequently used GBFs, including clinostats, RPM and RWV,
are described.

2.1. Clinostats. Aiming to construct a machine to simulate
microgravity, the clinostats were developed. Clinostats with
one axe are called 2-D clinostats, while those with two axes
are called 3-D clinostats and will be described in the RPM
(Section 2.2). The choosing of rotational axes, speed, and
direction of rotation were designed according to different
organisms and experimental requirements. 2-D clinostats
rotate perpendicularly to the direction of the gravity vector,
while the one rotation axis represents a classical and well-
established model to simulate SMG [56]. Although several
studies have shown that the results using 2-D clinostats were
similar to those found under real microgravity conditions, we
can not neglect its shortcoming [57, 58]. If the velocity is too
high, the clinostat turns into a centrifuge. Furthermore, just
cells small enough to fit centered into the rotation axis can be
rotated with the clinostat, because any part of a sample larger
than the rotation axis would experience centrifugal forces
[59], not only this situation in the clinostats, but also in the
RPM under larger samples.

2.2. Random Positioning Machine (RPM) – 3-D Clinostats.
Clinostats with two axes are called 3-D clinostats. Biological
samples in 3-D clinostats are rotated along two independent
axes to change their orientations at constant speeds and
directions relative to the gravity vector, thereby eliminating
the effect of gravity [56, 60]. Specifically, RPMs refer in
particular to these 3-D clinostats that rotate with random
changing speed and direction relative to the gravity vector
[61]. Compared with 2-D clinostats, 3-D clinostats were sup-
posed to be capable of increasing the quality of simulations,
especially for large organisms.

2.3. Rotating Wall Vessel (RWV). The RWVs were first
designed for cell cultures by the National Aeronautics and
Space Administration (NASA) Johnson Space Center (Hous-
ton, TX, USA). The RWV is a vessel that can rotate hori-
zontally with no internal mechanical agitator and thus can
generate low-shear modeled microgravity (LSMMG) [62].
The bottom of vessel is designed a silicone membrane which
can deliver oxygen via diffusion and avoid the production
of bubbles. The hollow disk or cylinder of RWV rotates
perpendicularly to the direction of the gravity vector with
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one rotational axis. The hollow disk or cylinder provides
a culture environment that is characterized by low shear
and low turbulence as a result of the cells suspended under
specific culture conditions. Consequently, cells in the vessel
are in a state of free fall, but it is impossible for them to reach
the bottom of the vessel owing to the constant rotation of the
RWV. Unlike clinostats and RWV, cells in RWV are grown
on microcarrier beads to provide a solid support and the
cells readily attach and cover the surface of the microcarriers.
Other RWVs, like rotating cell culture systems (RCCSs) and
high-aspect rotating vessels (HARVs), were originated from
RWVs basing on similar physical principles using different
configurations and have also been applied to study the effects
of microgravity [63].

3. Different Cell Morphologies in
Microgravity Environment

Cells always maintain their own normal shape through their
inner structure and the tension on their own surface, as well
as through mechanical stress. Because the cytoskeletal was
affected by simulated microgravity [64], some cell compo-
nents are rearranged in order to disperse the tension and
pressure, resulting in cells to be more rounded. Therefore,
changes in mechanical stress can affect the growth and
biochemical properties of the cell through a force balance
in the cell and its cytoskeleton; i.e., when the cell is directly
subjected to mechanical stimulation in vitro, its morphology
and function will change. It has been found that cytoskele-
tal rearrangement can induce cell morphological changes
[65, 66]. The cytoskeleton transmits and distributes the
molecular distortion force on mechanical receptors through
direct contact with the molecules on the cell membrane,
and the mechanical signal is finally displayed on the effect
point through the distortion force of the effector molecules
[67]. Once mechanical stress is perceived, PKC and MAPKs
are activated, resulting in c-fos, and c-jun expression [68,
69]. In addition, mechanical stress can directly activate the
tyrosine kinase pathway and transmit mechanical signals
to guanine nucleoside conjugate protein, and also directly
activate MAPK and RAF-1 kinase [70]. Real and simulated
microgravity activates these signal pathways, resulting in
adaptive changes and abnormal expression of various adhe-
sion molecules, which finally leads to altered 3D structure
formation and morphological functions (e.g., cytoskeleton,
ECM, cycle, migration, proliferation and apoptosis) of cells,
especially cancer cells.

3.1. 3D Spheroid Structure Formation. Cells form a 2Dmono-
layer structure in the medium under normal conditions. The
structure surface is smooth and regular without complex
structure formation andwith limited interaction.However, in
the microgravity environment, the adverse effects of various
factors acting on cells lead to the body fluids distribution,
along with cell dysfunction, cytoskeletal changes, and genetic
abnormalities. These cancer cells form complex 3D spheroid
structures in real and simulated microgravity [20, 25, 27,
28, 31, 34–36, 39, 46, 48]. Studies have found that these
3D spheroids range from 0.3 mm to 0.5 mm in diameter

[20, 25, 36, 39, 46]. The reason why the diameter of 3D
spheroids is maintained at 0.3-0.5 mm is probably because
cells in the spheremight be in a relatively anoxic environment
and induce high expression of hypoxia-inducible factor-1
(HIF-1), which acts on the cytoskeleton, reduces prolifera-
tion, and induces apoptosis; on the other hand, abnormal
expression of adhesion molecules (e.g., CD4, CD28, CTLA-
4, ICOS) on the cell surface leads to cell aggregation and
reduces their migration ability. Physical restrictions not only
induce alterations in the cell microenvironment, but also
affect cellular nutrition and metabolism, which results in 3D
spheroid structure formation. Besides, inGBFs for simulation
of microgravity such as clinostat and RPM, cancer cells are
affected by the shear forces [16], which also might lead to the
formation of spheroids.

Previous studies have demonstrated that cytoskeletal
proteins are the preferred target upon exposure to real or
simulated microgravity [26, 28, 71, 72]. It is observed that
the cytoskeletal structures undergo several changes besides
structural rearrangement: (1) shortened and disordered; (2)
obvious changes in IF content, showing ring aggregation
around the nucleus; (3) loosely arranged keratin network
with ‘alveolar’ structure; (4) increased vimentin content
and number of positive cells; (5) decreased number of MF
and a tendency to aggregate the cytoplasm at the edge of
cells. MT, MF, and keratin are associated with cell move-
ment, which could reduce cell migration and increase the
chances of cell aggregation and sphere formation under
the constraints of adhesion molecules, ECM and physical
restrictions. Due to the circular aggregation of the IF around
the nucleus, destruction of nuclear function might lead to
barriers in transcription and translation and activate the
apoptotic pathway, resulting in the reduced cell viability
and 3D spheroid formation. In addition, such a change
in the IF could also cause the cells to become more
rounded, resulting in the cells coming into contact with
each other and not being easily separated, thereby forming a
sphere.

Real and simulated microgravity induces 3D growth in
many cells [73, 74] as a result of neutralization of sedimen-
tation. SMG on the RPM alters the physiological function of
cell, such as the cytoskeleton, gene expression and ECM, all of
which can promote 3D growth [54, 75]. VEGFA and VEGFD
were both significantly upregulated under SMG using a RPM
[30]. Both of genes showed coinstantaneous upregulation
when observed in human ovarian carcinomas [76]. 𝛼 and 𝛽
actin are key cytoskeletal factors, which are downregulated by
VEGF. Downregulation of 𝛼 and 𝛽 actins increases the ability
of cells adhering to each other and forming a sphere with 3D
growth. Upregulation of VEGFA indicates neoangiogenesis,
low-differentiation and progression in cancer cells, whereas
VEGFD plays a key role in neovascularization and formation
of lymphatic vessels in cancer tissues [77, 78]. Both of
them can mimic the microenvironment of tumor growth
in vitro, indicating that VEGFA and VEGFD can affect 3D
growth. Plasminogen activator inhibitor-1 (PAI-1) was down-
regulated upon VEGF upregulation. Plasminogen accumu-
lation inhibits sphere formation. Therefore, the inhibitory
effect of plasminogen activator is weakened due to the
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down-regulation of PAI-1 and upregulation of VEGF, thus
contributing to sphere formation.

The cytoskeleton transports mechanical signals to cells,
and thus affects both biochemical pathways [79, 80] and
gene expression [81, 82]. Table 4 shows that some studies
have examined changes in the expression of genes, pre-
dominantly those involved in apoptosis, cytoskeleton, ECM,
proliferation, migration and the cell cycle [31, 35, 48, 50, 51].
The effect of real and simulated microgravity on genes was
evaluated in FTC-133 human follicular thyroid cancer cells
on the RPM, 2D clinostat, Shenzhou-8 Space mission and
TEXUS 52 sounding rocket flight mission [31, 33–35, 48].
These genes can be grouped into the following categories:
transcription factors—AKNA, E2F2, IRX3, and SOX9; factors
related to cell adhesion—PCDH𝛽5, PCDH7, EPAC1, ITGB8,
and ITGA3; factors involved in angiogenesis—tumor necro-
sis factor receptor superfamily member 12A (TNFRSF12A),
CAV1, PRKCA, VEGFA, and IL8; factors related to cytoskele-
ton organization—actin-binding LIM protein 1 (ABLIM1),
KRT7, KRT80, TUBB2B, and TUBG1; factors involved in
apoptosis—CAV1, PRKCA, BIRC3, BIRC5, BIRC7, BCL2,
BCL3, TNFRSF12A, and Bcl-2-like protein 12 (BCL2L12); fac-
tors related to ECM organization—SERPINH1, ITGB8; fac-
tors involved in cell proliferation—FOSL1, TGFBR3,ANXA3;
and factors related to cell cycle—CCND2, CCNE2, CCNE1,
and CCNA1. These genes are associated with all aspects of
the cell. PRKCA and CAV1 are involved in angiogenesis
and apoptosis. On one hand, by promoting angiogenesis to
increase the invasion of tumor cells, these genes promote
distant metastasis; on the other hand, apoptosis is promoted
and the physiological activity of cells is weakened through
the up-regulation of these genes. In addition, at the molec-
ular level, SMG affects the expression of various genes in
cells, resulting in phenomena such as spheroid formation,
increased apoptosis, reduced migration, and cell cycle arrest,
but the intrinsic link between these genes still remains to be
discovered.

To date, the detailed reasons for 3D spheroid formation
are still unknown. Well-known mechanisms of 3D spheroid
formation on thyroid cancer cells were presented by Albi and
collaborators under real and simulated microgravity, such
as changes of gene expression for extracellular matrix and
cytoskeleton proteins, thyrocyte phenotype, and the expres-
sion and movement of cancer molecules from thyrocytes to
colloids [5]. Based on the evidence available, we can infer
that the 3D growth patterns [73], GBFs for simulation of
microgravity [16], cytoskeletal rearrangement [26, 38, 83, 84],
gene alteration [31, 35, 48], and apoptosis [35, 85] might
also participate in the 3D spheroid structure formation.
In general, these factors interact and intertwine together
to promote the formation of 3D spheroids under real and
simulated microgravity.

3.2. Alteration of the Cytoskeleton under Microgravity. A
common result in most cells under real and simulated
microgravity is the change in cytoskeletal components: actin,
MF, and MT [26, 29, 33]. Riwaldt and collaborators [30]
performed an experiment to examine MT organization in
vitro and hypothesized that simulated microgravity affects

the self-organization of MT networks; they observed that
some shorter, no preferential MTs existed in UCLA RO82-
W-1 follicular thyroid cancer cells after 24 h of RPM. Vassy
and collaborators [37] also observed the same result in
MCF-7 breast cancer cells after 48 h of spaceflight. Their
studies proposed that MT networks are gravity-dependent
reaction–diffusion processes, which are characterized by
dynamic growth and shortening ofMTs.Thus, SMGcan drive
this process to produce shorter, no preferential MTs. MTs
provide architectural support for cellular organization, shape,
motility, and replication. It is tempting to speculate that the
disorders caused by exposure to SMG have the potential
to substantially affect cell metastatic capacity, migration,
adhesion and invasion. Furthermore, microtubule associated
protein (MAP) is attached to MT polymers and participates
in the assembly of MTs and increases the stability of MTs.
Dysfunction of MAP in different cells affects both MT
and MF networks, which also leads to the phenomenon
mentioned above.

The IF content ranged differently in the total cell protein
and is the main component of the cell system structure [86,
87]. Thus, IFs play an important role in nuclear morphology,
migration, distribution and signal transduction [88–98]. IFs
consist of a variety of proteins, among which cytokeratin
and vimentin are the core proteins. Normally, the cytokeratin
network surrounding the nucleus and substrate exhibits
an immobilization model whereas the meshes are regular
in size, formerly described as “alveolar” [38, 99]. MCF-7
breast cancer and ML-1 thyroid cancer cells subjected to
real microgravity exhibited a loosely organized perinuclear
cytokeratin network in conjunction with prolonged time
spent in mitosis, compared to NG control [26, 38]. Similar
results in MCF-7 breast cancer cells were also shown by
J. Vassy et al. [37, 38], which were both studied in real
microgravity. The cell is a relatively closed environment,
where any change in one of its components can affect
local tension. The endoplasmic reticulum, Golgi apparatus
and nucleus as some cell components could be attacked by
caspases [87, 99], resulting in the destruction of cytokeratin
and local tension. Consequently, local tension or forces could
be used to explain the loose cytokeratin network. These
findings were consistent with the basic prediction of cell
tension [100, 101]. In ML-1 and ONCO-DG1 thyroid follic-
ular carcinoma cells, vimentin content was increased and
exhibited an irregular arrangement on the RPM and clinostat
[25, 36]. Impaired function (membrane potential reduction)
plays an important role in some cell physiological activities
because thyroid cancer cells are rich in mitochondria. Under
specific interaction between a subdomain of vimentin's non-
helical domain and mitochondria, the binding of the mito-
chondria to vimentin can significantly increase its mem-
brane potential. Most functions of mitochondria depend on
the membrane potential produced and maintained by its
intima. The increased content and structural rearrangement
of vimentin can inhibit binding to mitochondria. Decrease
in membrane potential is accompanied by the release of
apoptotic factors in the membrane space, which leads to
activation of caspases and apoptosis. In MDA-MB-231 breast
cancer cells, the structural disorder of vimentin networks
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occurs in the form of compact aggregation closely related
to the nucleus on the RPM [41]. Vimentin has nucleophilic
properties and shows loss of polarity in microgravity and
aggregation of nucleated-vimentin polymers; besides, the IFs
of vimentin can move towards the nucleus, suggesting that it
may be immobilized on the nuclear membrane.

In ML-1 thyroid cancer, MCF-7 and MDA-MB-231 breast
cancer cells under real and simulated microgravity, actin
stress fibers were decreased and showed disappearance of
complex cytoplasmic networks mainly distributed at the edge
of the cells [29, 38, 41].The same result was observed by Vassy
et al. and Kopp et al. [37, 75]. Stress fibers are composed
of a large number of parallelly arranged actin, myosin,
promyosin, and 𝛼-comyosin; MF is skeletal fibers with an
actin diameter of about 7 nm, also known as actin fibers.The
MF, its binding protein, andmyosin forma chemomechanical
system that can produce mechanical motion and have the
function of contraction in the cytoplasm. Stress fibers are
in a state of equal length contraction (increased tension
without length shortening) in cells, which is important for cell
movement, protein synthesis, and gene expression. Due to
decreased quantity and abnormal distribution of stress fibers
in SMG, the stress fibers change from isometric shrinkage
to isotensional contraction or show a mixture of the two
and have a profound effect on several activities, such as
increasing apoptosis and 3D spheroid formation. Suitable
assembly of MT and filamentous actin can be influenced by
real microgravity according to previous space studies [33,
102]. Actin monomers can form actin polymers under the
action of ATP, and cell movement is related to the polymer.
ATP is affected bymicrogravity, which hinders the formation
polymer and changes inMF structure. Association of proteins
is also involved in the polymer formation, which is one of
the possible reasons for the change in MF structure. The
movement of cancer cells in the matrix comprises four cyclic
reciprocating steps: (1) formation and extension of the head
pseudopod; (2) establishment of new attachment sites; (3)
contraction of the cells; and (4) retraction of the tail. Rho
GTP enzymes, especially RhoA, Rac1, and Cdc42 play an
important role in the activation of focal adhesion kinase
(FAK), regulation and migration of cellular morphology,
phosphorylation of the myosin light chain, and enhancement
of cell contraction [103–105]. SMG significantly reduces the
activation of FAK and Rho family proteins (e.g., RhoA, Rac1
and Cdc42), resulting in decreased tumor migration and 3D
spheroid formation.

4. Extracellular Proteins

The ECM was increased in ML-1, ONCO-DG1 thyroid
cancer cells and endothelial cells under real and simulated
microgravity [5, 20, 25, 27, 32, 36, 39, 46, 52]. Increased ECM
and a large amount of Cav1, which is associated with several
proteins such as PKC or KDR in the cell membrane, can lead
to firm anchoring of the cells in ECM and inhibit 3D spheroid
formation [30, 32, 106]. This appears to contradict the
conclusion that microgravity promotes the formation of 3D
spheroids. However, the formation of 3D spheres is affected
by several factors such as cytoskeletal arrangement, gene

alteration, apoptosis, and the ECM. Therefore, we can infer
that 3D sphere formation is a complex regulatory process,
and a single factor can not change the whole trend. ECM
is an important tissue barrier to prevent tumor metastasis.
Matrix metalloproteinases (MMPs) can degrade all kinds of
protein in ECM, destroy the histological barrier of tumor cell
invasion, and play a key role in tumor invasion andmetastasis
[107]. In general, decrease in MMPs at the gene and protein
level in microgravity is beneficial to inhibit cell proliferation,
cell migration, and invasion, which are all important pro-
cesses of tumormetastasis [22, 24, 38, 42]. In addition, MMP-
2 and MMP-9 are aggressive pseudopods, which contribute
to the degradation of ECM in vivo and in vitro. MMP-2 and
MMP-9 may be involved in the regulation of angiogenesis in
tumor invasion and metastasis and may promote the release
and migration of vascular endothelial cells from basement
membrane (BM) by degradation of BM and ECM. MMP-2
can upregulate angiogenic cytokines through the following
processes: (1) degradation of collagen IV, which exposes the
binding sites of integrin 𝛼 V 𝛽 3 and promotes the migration
of endothelial cells [108]; (2) promoting the synthesis of
VEGF and activating the inactive TGF-𝛽; (3) degradation
of matrix components, release of basic FGF and VEGF
combined with matrix components [109]; and (4) release of
membrane-bound TNF-𝛼 and other cytokines that promote
angiogenesis by the degradation of vascular BM. MMPs may
also have adverse effects on tumor angiogenesis. It has been
found that MT1-MMP regulates endothelial factor exfoliation
and inhibits tumor angiogenesis [110]. It is speculated that the
role of MMPs in tumor angiogenesis is dual. When exposed
to real and simulated microgravity, the microenvironment
required for tumor cell growth changes dramatically, and
the role of MMPs in promoting angiogenesis may dominate.
TIMP inhibits and inactivates MMPs by non-covalent bind-
ing with MMPs, which protects the ECM from degradation
and remodeling by MMPs. Increasing the expression of
TIMP by inhibiting MMPs, and the enzymes and pathways
related to its mechanism may downregulate MMPs and
reduce their activity, thereby inhibiting the invasion and
metastasis of tumor cells. SMG using a 3D clinostat system
increases the expression of TIMP genes [22], resulting in
MMP down-regulation, which can reduce ECM degradation
and decreased invasiveness. These results are consistent with
the later description of tumor cell proliferation andmigration
ability under microgravity.

5. Cell Cycle

It is widely recognized that exposure to real and simulated
microgravity leads to impressive modification in the cell cycle
[23, 111]. Table 2 lists the cell cycle changes in some tumor
cell lines under real and simulated microgravity. In MCF-7
breast cancer cells, although G2/M or G2+M was increased,
the time that starts to increase is not the same. The earliest
increase in G2/M can be seen after 24 h of SMG followed by
72 h. Similarly, after 24 h and 48 h under SMG, an increase
in the G2+M phase is observed. For the MDA-MBB-231 cell
line, the G2/M began to increase after 72 h of exposure,
which shows no temporal consistency with the MCF-7 cell
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Table 2: Publications (1997-2018) describing cell cycle alterations in human cancer cells under simulated microgravity.

Samples (cell line) Exposure Devices Speed (RPM1) Exposure time Result Ref.
Breast cancer
MDA-MB-231,MCF-7 s-𝜇g / RCCS 20-25 5 d S phase and G2/M phase increased [40]
MCF-7 s-𝜇g / RPM2 — 48 h slightly accumulate in G2/M [43]

MDA-MB-231 s-𝜇g / RPM2 10 72 h S phase increased after 24 h; while after 72 h
S phase decline, [41]

G2/M phase increased

MCF-7 s-𝜇g / MG-6C clinostat
system 30 72 h G2+M phase increased after 24 and 48 h [42]

Other tumor

SGC-7901 gastric cancer s-𝜇g / MG-3 clinostat
system 30 72 h G0+G1 Phases increased significantly, while

the S+G2+M phase [44]

decreased at 48, 72 h

H460 lung adenocarcinoma s-𝜇g / RPM2 — 48 h S phase increased, while G0/G1 phase
decreased [23]

Table 2. d, day; h, hour; RPM1 , rounds per minute; s-𝜇g, simulated microgravity; RCCS: Rotational Cell Culture System; RPM2 : Random Positioning Machine.

line. For the G0/G1 or G0+G1 phase, contrasting results were
observed: G0+G1 increased in the SGC-7901 human gastric
cancer cells after 48 and 72 h of SMG exposure, but G0/G1
decreased in H460 lung cancer cells after 24 h. It was thus
observed that the cell cycle changes were not exactly the
same. There are differences on rotating devices aiming to
simulate microgravity (e.g. clinostat system and RPM) that
might account for the alteration in cell cycle. Compared to
the RPM, the amount of shear forces in clinostat is lower [16].
This shows that higher shear forces are acting on the cancer
cells during the RPM [16] might lead to different results.
From the point of cell characteristic, this is because both
of cells have their unique characteristics, which ultimately
lead to differences in the cell cycle; furthermore, microgravity
– at least SMG – might have a greater effect on different
phenotypes of the same cell line, whichmagnifies some of the
occult features of normal gravity.

Cyclin has a significant effect on tumor progression and
metastasis by inducing cell proliferation or apoptosis. Cyclin
dependent kinase (CDK) plays an important role in G1/S
and G2/M transition, which can affect the cell cycle progress.
In a previous study, it was observed that the mRNA levels
of CDK1, CDK2, CDK4, CCNB1 and CCNE1 in DLD-1
colorectal cancer cells were decreased under SMG using a
RCCS-HARVandRPM[21, 43].The levels of cyclinD1, which
is a protein encoded by CCND1 and is necessary to regulate
the cell cycle from G1 to S and promote cell differentiation
and apoptosis [112, 113], decreased in H460 lung cancer cells
under SMG using a RPM [23], MDA-MB-231 and MCF-7
[40, 41] breast cancer cells using a RPM and RCCS-HARV,
leading to cell aggregation in the S and G2/M phase. Cyclin
D1 could not bind and activate CDK4 specific to the G1
phase at present, which blocked the phosphorylation of the
G1 cycle inhibitor protein (Rb), resulting in the dissociation
of unphosphorylated RB protein from the E2F transcription
factor. Thus, upon G1 blockage, the S phase was reduced,
and G2/M was increased. Increase in S phase may be due

to short exposure to SMG with no change in cyclinD1 and
CDK4, resulting in no cell cycle arrest. Synthesis of CDK-
cyclin protein complexes, which phosphorylate specific target
proteins and promote cell cycle development, is hindered as
a result of the decreasing CDK. SMG affects CyclinA-CDK1
and CyclinB-CDK1 complexes and blocks cell transformation
inG2/M, resulting in increased G2/M or G2+M.TheCyclinE-
CDK2 complex is not formed due to the CDKs disability
of phosphorylation/dephosphorylation, resulting in cell cycle
arrest at G1/S under SMG. DOC-1R specifically binds to
CDK2, inhibits the nuclear transport of CDK2 protein, thus
preventing CDK2 protein from forming a complex with
cyclin, and also results in a G1/S block.

The 14-3-3 protein, which is important for such vital
regulatory processes as mitogenic signal transduction and
cell cycle control, was evaluated in MCF-7 cells subjected to
SMG [43, 114]. 14-3-3 protein can form a positive feedback
loop by directly increasing the transcriptional activity of
P53 and inhibiting progress to G1/S. In mammalian cells,
activation of CDC2 is a necessary step to enter the M phase
[115], whereas CDC25C dephosphorylation activates CDC2,
thus enabling cells to enter the M phase [116]. Therefore,
activation of CDC25C is necessary to promote the cell cycle
process [117]. Under SMG, CHK1 is activated because of DNA
damage, which phosphorylates the Ser216 site of CDC25C
and binds 14-3-3 protein; CDC25C is thus trapped in the
cytoplasm, resulting in cell cycle arrest at G2 phase [118].
14-3-3 protein binds and negatively regulates the CDC25
phosphatase. CDC25A is a central modulator that enters the
S phase, and dephosphorylates and activates CDK2, whereas
the 14-3-3 protein binds to CDC25A and forms a cytoplasmic
block, resulting in S blockage. Vimentin has been shown to
interact with the regulatory 14-3-3 protein [119–121]. During
the S/G2/M phase of the cell cycle, 14-3-3 protein binds
to phosphorylated keratin 18 (K18), which strongly reduces
the interaction between 14-3-3 and other proteins. Vimentin
and keratin 17 (K17) can also bind to 14-3-3 protein; thus
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phosphorylated keratin and vimentin can bind 14-3-3 protein
during the cell cycle process, affecting the interaction of 14-3-
3 with other molecules, such as CDC2 or CDC25C, which in
turn leads to cell cycle arrest.

6. Proliferation

Table 3 describes the alteration of cell proliferation under real
and simulated microgravity. Proliferation capacity is found to
be reduced in different cancer cells as a result of the reduced
expression of proliferation markers using a clinostat system
(e.g., IGFBP-2, PCNA,MKI67) [24, 44, 45]. In addition, cycle
arrest and low expression of TGF-R, TGF-a, and TGF-𝛽 also
lead to the reduction in proliferation [19].

IGFBP-2, PCNA, and MKI67 are necessary proteins for
cell growth and the cell cycle. The function of PCNA-CDK-
cyclin protein complexes is decreased due to the low expres-
sion of PCNA under SMG, resulting in phosphorylation
blockage and G1 arrest. P21, a strong CDK inhibitor, can
completely inhibit almost all the activity of CDK/cyclin com-
plexes and play an important role inmany cell pathways. SMG
induces the expression of P21 protein, which in turn inhibits
cell cycle and DNA replication. The PCNA-P21 complex can
form tetramers with multiple CDK/cyclin complexes, which
inhibits CDK activity, thus affecting the phosphorylation of
RB protein and the release of transcription factors that bind
to it, resulting in cells failing to pass the G1 phase check point.
The effects of IGFBP-2 and MKI67 on proliferation under
SMGmight include inhibition of microtubule assembly, thus
hindering the process of spindle pulling sister chromatid
separation andmoving toward the cell poles, which keeps the
spindle assembly test points active and then hinders the cell
cycle progress from themiddle to the later stage, and cell cycle
arrest at the mitotic stage (M phase). This allows cyclin B1
and CDC2 protein kinase to remain active, resulting in Bcl-
2 phosphorylation and activation of c-Jun amino terminal
kinase, which induces a reduction proliferation [122].

SMG can reduce the activity of the Cyclin B/Cdc2
complex by decreasing the level of cell cycle dependent kinase
CDK7 protein, downregulating the Thr161 phosphorylation
of Cdc2 protein mediated by CDK7, increasing the phospho-
rylation of Cdc2 protein Thr161/Tyr15 , and upregulating the
expression of P53, P21, and P27 proteins, resulting in G2/M
arrest [123]. CyclinB1, as amember of the cell cycle family, is a
key factor to control cell entry into the G2/M detection point.
Overexpression of Cyclin B1 accelerates G2 phase cells into
the M phase, resulting in excessive cell proliferation. SMG
inhibits the expression of Cyclin B1 protein and blocks the
formation of heterodimer Cyclin B1/CDK1, which also results
in G2/M phase arrest. Under these factors, cell proliferation
is inhibited because of G2/M phase arrest, which prevents the
cell from completing mitosis.

TGF-𝛽 regulates cell proliferation through its receptors.
For example, TGF-𝛽1 activates Smad2/3 through a het-
eropolymer (two sets of TGFBR2/TGFBR1 dimer) composed
of TGFBR2/TGFBR1, which activates the Smad-dependent
signaling pathway. Smad signaling can inhibit the expression
of c-myc and promote the expression of cell cycle inhibitory
proteins P21, P15, and so on, which leads to stagnation

of the cell cycle. This pathway results in inhibition of
cell proliferation by TGF-𝛽1 [124, 125]. Besides, TGFBR2
/ TGFBR1, TGFBR2 or TGFBR1 can activate non-Smad
signaling pathways, such as MAPK, Rho-like GTPases, and
PI3K. Among these pathways, MAPK and PI3K can promote
cell proliferation [126–128]. However, only a decrease in cell
proliferation was observed under SMG, so it was speculated
that Smad signaling plays a major role in cell proliferation.
EGF can bind epidermal growth factor receptor (EGF-R)
protein with tyrosine kinase activity, activate the downstream
PI3K/AKT signaling pathway, and maintain normal cell
growth, proliferation, and development [129, 130]. SMG
reduces the expression of EGF-R, causing AKT phospho-
rylation in the signaling pathway and thus decreasing cell
proliferation.

7. Apoptosis

Table 3 shows most tumor cell lines (thyroid carcinoma cells
ML-1 and ONCO-DG1, gastric carcinoma cells SGC-7901,
U251 glioma cells, MDA-MB-231 breast cancer cells and BL6-
10 melanoma cells) under SMG present the phenomenon of
increased apoptosis [25, 36, 41, 44, 45, 47], but decreased
apoptosis in MIP-101 poorly differentiated colorectal carci-
noma ceils [19] and absence of obvious apoptosis in squamous
cell carcinoma of the cervix (SCC) and ML-1 thyroid cancer
are also observed [26, 109]. Cell cycle arrest, abnormal
expression of apoptosis-related proteins (increased P21, P53,
Fas and Bax; decreased the Bcl-2), tumor suppressor genes
(PTEN and P53 up-regulation) is often found in cancer cell
lines [20, 25, 36, 41, 43, 45] (MDA-MB-231 and MCF-7 breast
cancer cells, ML-1 and ONCO-DG1 thyroid carcinoma cells,
DLD-1 colorectal cancer cells and U251 glioma cells) with
increased apoptosis. Cell cycle arrest is affected by many
factors, of which PTEN and P53 are important. Upregulation
of PTEN significantly increases the number of G1 phase
cells and significantly reduces the number of S phase cells.
The S phase is a key stage of DNA synthesis, which inhibits
the malignant proliferation of cancer cells. P53 induces cell
cycle arrest by regulating the transcription of P21, 14-3-3𝜎,
GADD45, and Cyclin B1, then monitoring the checkpoint of
the G1 and (or) G2/M phase. Moreover, P53 transcription
activates apoptotic genes such as Bax, Noxa, Puma, and Perp,
and induces apoptosis. Apoptosis is an active process that
involves the activation, expression and regulation of a series
of proteins. Among them, Caspase family proteins, Bcl-2
family proteins and P53 proteins are the most involved in
the signal transduction of apoptosis. Caspase-8 triggers the
cascade reaction to activate Caspase-3 under the action of
the apoptotic signal, and then activation of the activated
caspase lysis specific substrate leads to apoptosis. Caspase
activation depends on the cleavage or self-activation of
other caspase at its aspartic acid site. Cells enter apoptosis
under SMG through activation of Caspase-3 via endogenous
or exogenous routes. Direct degradation of intracellular
structural and functional proteins by Caspase-3 can induce
apoptosis. Bax allows some ions and small molecules such
as cytochrome C (CYC), to pass through the mitochondrial
membrane and enter the cytoplasm, thus causing apoptosis;
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Table 4: The basic experimental conditions of human cancer cells involved genes changes under real or simulated microgravity.

Samples(cell line) Exposure Devices Exposure time Ref.
FTC-133 thyroid cancer cells s-𝜇g/RPM 24 h [35]

FTC-133 thyroid cancer cells r-𝜇g / Shenzhou 8 space mission and
s-𝜇g / RPM 10 d [48]

FTC-133 thyroid cancer cells r-𝜇g / Shenzhou 10 space mission and
s-𝜇g / RPM 10 d [31]

MCF-7 breast cancer cells s-𝜇g/RPM 5 d [50]
L-540 and HDLM-2 Hodgkin’s
lymphoma cancer cells s-𝜇g / 3D Clinostat 3 d [51]

Table 4. d, day; RPM, rounds per minute. r-𝜇g, real microgravity; s-𝜇g, simulated microgravity; RPM: Random Positioning Machine.

in contrast, Bcl-2 can block the activity of Bax to form pores
and prevent some small molecules from permeating freely,
thus protecting cells from apoptosis. In a SMG environment,
the apoptosis-promoting protein Bax was increased, while
the anti-apoptotic protein Bcl-2 was decreased, and thus
the ratio of the two proteins, resulting in morphological
changes related to apoptosis, such as chromatin conden-
sation, membrane blebbing, loss of nuclear envelope, and
cellular fragmentation into apoptotic bodies. P53 responds
to SMG as a transcription factor and induces the expression
of downstream proteins such as P21, Mdm2 and Bax, which
regulate the cell cycle and apoptosis. The mechanism of P53
mediated apoptosis may be as follows: (1) the mitochondrial
membrane loses integrity during apoptosis, and CYC is
released into the cytoplasm, leading to activation of caspase
fragmentation. The anti-apoptotic protein Bcl-2 and pro-
apoptotic protein Bax regulate CYC release. (2) Reactive
oxygen species (ROS) are potent activators of mitochondrial
damage and apoptosis. Many proteins increase the Ros
production, so oxidative stress can be induced byP53. P53 can
up-regulate Fas and induce Fas-mediated death. The tumor
suppressors PTEN and FOXO3were upregulated under SMG
using a RCCS in DLD1 colorectal cancer cells [20]; on one
hand, PTEN inhibited the transformation of PIP2 to PIP3
and inhibited the activation of AKT, whereas on the other
hand, upregulation of the CDK inhibitor CDKN2D and
CDKN2B induced downregulation of AKT and apoptosis. It
is believed that the decrease in the S and G2/M phase and
cell death were closely associated with G1 phase arrest. These
results suggest that cell death under simulated microgravity
is through activation of cell cycle inhibition pathways.

It is observed that after SMG exposure, the time of
apoptosis began to increase and was not the same. Apoptosis
of ML-1 and ONCO-DG1 thyroid cancer cells was increased
after 24 h exposure of RPM and 3D clinostat [25, 36],
whereas MDA-MB-231 breast cancer and SGC-7901 gastric
adenocarcinoma cells showed increased apoptosis after 72 h
exposure of RPM and a rotating clinostat respectively [41,
44]. The possible reason might be that different methods for
simulation have been used, including 3D clinostat and RPM.
Furthermore, we speculate that, in addition to apoptosis
related proteins, autophagy is also an important factor affect-
ing this differential expression. Autophagy has the function of
inducing cell death by promoting apoptosis. During the early

stage of cancer progression, autophagy in ML-1 and ONCO-
DG1 thyroid cancer cells showed a significantly increased
trend compared to other cell lines, resulting in a marked
advance in the apoptosis time of these two cell lines. miRNA
is a small molecule which can regulate gene expression and
plays an important role in autophagy of tumor cells. After
exposure to SMG, the expression of miRNAs was increased
resulting in increased autophagy. The specific mechanism
underlying this observation remains to be found.

Survivin, involved in cell division and apoptosis suppres-
sion, is an inhibitor of apoptosis proteins and is influenced by
SMG [41, 131, 132]. Although the exactmechanism of Survivin
function needs further studies, evidences have exhibited that
Survivin may inhibit apoptosis in two main ways: first, by
directly interacting with effector Caspase-3 and Caspase-7
[124], and preventing their activation and interfering with
the caspase-independent AIF pathway of cell death [133];
second, by interacting with cyclin kinase CDK4, p34cdc2 and
promoting apoptosis signal transduction. This is the reason
why apoptosis is reduced under SMG.

The demonstration that the different rotation devices
achieved in SMG is associated with a decrease in proliferation
and increase in apoptosis suggests that even relatively low
levels of shear stress are associated with changes in the
expression of molecules that regulate cell proliferation and
apoptosis. However, further work is necessary to demonstrate
whether this postulate is correct.

8. Cell Migration

Cell migration is a multi-step coordinated process that can
be reflected by a wound healing scratch test. In MCF-
7 breast cancer [42] and A549 lung adenocarcinoma [24]
cells, the wound healing rate was decreased after 24 h of
clinostat whereas in DLD-1 colorectal cancer and A549 lung
adenocarcinoma cells, it was increased after 12 and 24 h of
RCCS and 3D clinostat, respectively [20, 22]. As can be seen
from these results, migration ability between cell lines is not
the same, which is consistent with previous studies [21, 30,
40–42]. Even in the case of human lung adenocarcinoma
A549 cells, significantly different results were observed. One
study [22] showed that SMG increases the migration ability
after 24 h of 3-D clinostat, whereas other [24] studies showed
the opposite. The dynamic changes in MF and MT provide
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the main driving force for cell movement. Although it is the
same cell line,migration capacity is affected by the differential
expression in MF and MT as a result of the appearance of
cell phenotypes with different functions and physiological
characteristics. In addition, the cell growth environment,
treatment level, exposure factors, results analysis and statisti-
calmethods also can affect the results.Thedifferent principles
of the simulation devices (e.g. clinostat system and RCCS)
may also account for the alteration in cell migration. These
need to be studied in future experiments.

It has been demonstrated that vimentin is necessary for
wound healing both in cultured cells and in animal models
[125, 126] and is associated with invasive behavior in prostate
and breast cancer [128, 129, 134]. Epithelial mesenchymal
transition (EMT) is an important event in the process of
cancer metastasis. Vimentin is an important marker of
EMT and a necessary regulatory factor for the migration
of mesenchymal cells, whose activity is interrelated with
E-cadherin expression. Previous studies have shown that
decreased function of E-cadherin could result in aggressive-
ness, de-differentiation, and metastasis in many carcinomas
[135–137]. The available evidence suggests that SMG can
rearrange vimentin and form nucleo-vimentin polymers.
This alteration can reduce the number of vimentin molecules
that exert physiological effects, leading to altered migration
ability of cancer cells. Furthermore, EMT is also involved
in other steps in the cancer process. Under SMG, the TGF-
𝛽 signal pathway simultaneously inhibits the expression of
two EMT-induced genes snail1 and snail2 and promotes
apoptosis.

Actin is the main protein controlling cell movement.
Inspired by the research of Block et al. [138] who found cell
contraction under realmicrogravity and SMG, it is speculated
that the rearrangement of actin under SMG shortens theMFs,
which might lead to obstruction of cell tail contraction and
affect migration. There is a functional correlation between
the microtubule network and the microfilament network,
which interact with each other to control the process of
cell migration. Furthermore, it is also postulated that the
destruction of themicrotubule network under SMGcan affect
the formation of pseudopodia and hinder the movement of
cells. Cells turn on their own internal switch and initiate
the migration process under SMG. Cdc42 is known as an
important switch through the continuous activation and
inactivation of GEF and GAP. However, the intracellular and
extracellular signal transduction disturbance due to SMGand
the decrease in Cdc42 enzyme activity lead to corresponding
changes in migration.

9. Conclusion

Compared with normal gravity, tumor cells change under
altered gravity conditions, as shown in SMG and in some
cases in realmicrogravity.These changes include cell aggrega-
tion, cytoskeleton rearrangement, cell cycle arrest, migration
and apoptosis.The 3D growth pattern, GBFs for simulation of
microgravity, cytoskeletal rearrangement, gene alteration and
apoptosis might also participate in the 3D spheroid structure
formation. Recently, a large number of GBFs designed by

different concepts have been constructed to SMG on the
ground. It is known that the one-axis clinostat and two-
axis RPM modes are subjected to the shear forces. However,
compared to the one-axis clinostat, the amount of shear forces
in two-axis RPMmodes are higher. These shear forces have a
strong influence on function in cancer cells. This shows that
higher shear forces are acting on the cancer cells during the
RPM,whichmight lead to the different results on the two-axis
RPM and one-axis clinostat.

Spaceflight missions are very rare and costly. Therefore,
the development of GBFs like the RPM or clinostat gave new
ideas in study of microgravity. The direction of the gravity
vector in theseGBFs has undergone a constant (2-D clinostat)
or random (RPM) change, with the gravity level averaged
to near zero along with rotation and time. Therefore, they
appeared suitable for studying on earth and can be used for
exploring the alterations in cancer cells under SMG. Over
the last several years, many experiments have shown that
exposure to SMG alters biological processes. We hope to find
the effects of SMG on cancer cells biological functions using
the GBFs, to further study the mechanism using this model
and to deeply understand the growth behavior and function
of human cancer cells. However, for exploring cancer in
microgravity, it is destined to be a winding road.
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[5] E. Albi, M. Krüger, R. Hemmersbach et al., “Impact of gravity
on thyroid cells,” International Journal ofMolecular Sciences, vol.
18, no. 5, article E972, 2017.

[6] L. Martinelli, T. Russomano, M. dos Santos et al., “Effect of
microgravity on immune cell viability and proliferation,” IEEE
Engineering inMedicine and BiologyMagazine, vol. 28, no. 4, pp.
85–90, 2009.

[7] D. Jhala, R. Kale, and R. Singh, “Microgravity alters cancer
growth and progression,” Current Cancer Drug Targets, vol. 14,
no. 4, pp. 394–406, 2014.

[8] J. Bauer,M.Wehland,M. Infanger, D. Grimm, and E. Gombocz,
“Semantic analysis of posttranslational modification of proteins
accumulated in thyroid cancer cells exposed to simulated
microgravity,” International Journal of Molecular Sciences, vol.
19, no. 8, article E2257, 2018.



BioMed Research International 13
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[12] D. Grimm, M. Egli, M. Krüger et al., “Tissue engineering under
microgravity conditions–use of stem cells and specialized cells,”
Stem Cells and Development, vol. 27, no. 12, pp. 787–804, 2018.

[13] M. A. Valbuena, A. Manzano, J. P. Vandenbrink et al., “The
combined effects of real or simulatedmicrogravity and red-light
photoactivation on plant root meristematic cells,” Planta, vol.
248, no. 3, pp. 691–704, 2018.

[14] S. Dinarelli, G. Longo, G. Dietler et al., “Erythrocyte’s aging in
microgravity highlights how environmental stimuli shape
metabolism and morphology,” Scientific Reports, vol. 8, no. 1,
article 5277, 2018.

[15] F. Ebnerasuly, Z. Hajebrahimi, S. M. Tabaie, and M. Darbouy,
“Effect of simulated microgravity conditions on differentiation
of adipose derived stem cells towards fibroblasts using connec-
tive tissue growth factor,” Iranian Journal of Biotechnology, vol.
15, no. 4, pp. 241–251, 2017.

[16] J. Hauslage, V. Cevik, and R. Hemmersbach, “Pyrocystis noc-
tiluca represents an excellent bioassay for shear forces induced
in ground-based microgravity simulators (Clinostat and ran-
dom positioning machine),” NPJ Microgravity, vol. 3, no. 1,
article 12, 2017.

[17] S. L. Wuest, P. Stern, E. Casartelli, andM. Egli, “Fluid dynamics
appearing during simulated microgravity using Random Posi-
tioningMachines,”PLoSONE, vol. 12, no. 1, Article ID e0170826,
2017.

[18] T. J. Goodwin, T. L. Prewett, D. A. Wolf, and G. F. Spaulding,
“Reduced shear stress: a major component in the ability of
mammalian tissues to form three-dimensional assemblies in
simulated microgravity,” Journal of Cellular Biochemistry, vol.
51, no. 3, pp. 301–311, 1993.

[19] J. M. Jessup, M. Frantz, E. Sonmez-Alpan et al., “Microgravity
culture reduces apoptosis and increases the differentiation of a
human colorectal carcinoma cell line,” In Vitro Cellular &
Developmental Biology - Animal, vol. 36, no. 6, pp. 367–373,
2000.

[20] R. P. Arun, D. Sivanesan, P. Vidyasekar, and R. S. Verma,
“PTEN/FOXO3/AKT pathway regulates cell death and medi-
ates morphogenetic differentiation of Colorectal Cancer Cells
under Simulated Microgravity,” Scientific Reports, vol. 7, no. 1,
article 5952, 2017.

[21] P. Vidyasekar, P. Shyamsunder, R. Arun et al., “Genome wide
expression profiling of cancer cell lines cultured inmicrogravity
reveals significant dysregulation of cell cycle and MicroRNA
gene networks,” PLoS ONE, vol. 10, no. 8, Article ID e0135958,
2015.

[22] J. H. Chung, C. B. Ahn, K.H. Son et al., “Simulatedmicrogravity
effects on nonsmall cell lung cancer cell proliferation and

migration,” Aerospace Medicine and Human Performance, vol.
88, no. 2, pp. 82–89, 2017.

[23] M. E. Pisanu, A. Noto, C. De Vitis et al., “Lung cancer stem cell
lose their stemness default state after exposure tomicrogravity,”
BioMed Research International, vol. 2014, Article ID 470253,
2014.

[24] D. Chang, H. Xu, Y. Guo et al., “Simulated microgravity alters
the metastatic potential of a human lung adenocarcinoma cell
line,” In Vitro Cellular & Developmental Biology - Animal, vol.
49, no. 3, pp. 170–177, 2013.

[25] D. Grimm, J. Bauer, P. Kossmehl et al., “Simulatedmicrogravity
alters differentiation and increases apoptosis in human follicu-
lar thyroid carcinoma cells,” The FASEB Journal, vol. 16, no. 6,
pp. 604–606, 2002.

[26] C. Ulbrich, J. Pietsch, J. Grosse et al., “Differential gene reg-
ulation under altered gravity conditions in follicular thyroid
cancer cells: relationship between the extracellular matrix and
the cytoskeleton,” Cellular Physiology and Biochemistry, vol. 28,
no. 2, pp. 185–198, 2011.

[27] D. Grimm, P. Kossmehl, M. Shakibaei et al., “Effects of sim-
ulated microgravity on thyroid carcinoma cells,” Journal of
Gravitational Physiology, vol. 9, no. 1, pp. P253–P256, 2002.

[28] B. Svejgaard, M. Wehland, X. Ma et al., “Common effects on
cancer cells exerted by a random positioning machine and a 2D
clinostat,” PLoS One, vol. 10, no. 8, Article ID e0135157, 2015.

[29] J. Pietsch, J. Bauer, G.Weber et al., “Proteome analysis of thyroid
cancer cells after long-term exposure to a random positioning
machine,” Microgravity Science and Technology, vol. 23, no. 4,
pp. 381–390, 2011.

[30] S. Riwaldt, J. Bauer, M. Wehland et al., “Pathways regulating
spheroid formation of human follicular thyroid cancer cells
under simulated microgravity conditions: a genetic approach,”
International Journal of Molecular Sciences, vol. 17, no. 4, article
528, 2016.

[31] J. Pietsch, X. Ma, M. Wehland et al., “Spheroid formation of
human thyroid cancer cells in an automated culturing system
during the Shenzhou-8 Spacemission,”Biomaterials, vol. 34, no.
31, pp. 7694–7705, 2013.

[32] S. Riwaldt, J. Pietsch, A. Sickmann et al., “Identification of
proteins involved in inhibition of spheroid formation under
microgravity,” Proteomics, vol. 15, no. 17, pp. 2945–2952, 2015.

[33] T. J. Corydon, S. Kopp, M. Wehland et al., “Alterations of
the cytoskeleton in human cells in space proved by life-cell
imaging,” Scientific Reports, vol. 6, article 20043, 2016.

[34] E. Warnke, J. Pietsch, M. Wehland et al., “Spheroid formation
of human thyroid cancer cells under simulated microgravity:
A possible role of CTGF and CAV1,” Cell Communication and
Signaling, vol. 12, no. 1, article 32, 2014.

[35] J. Grosse, M. Wehland, J. Pietsch et al., “Gravity-sensitive sig-
naling drives 3-dimensional formation of multicellular thyroid
cancer spheroids,”The FASEB Journal, vol. 26, no. 12, pp. 5124–
5140, 2012.

[36] P. Kossmehl, M. Shakibaei, A. Cogoli et al., “Weightlessness
induced apoptosis in normal thyroid cells and papillary thy-
roid carcinoma cells via extrinsic and intrinsic pathways,”
Endocrinology, vol. 144, no. 9, pp. 4172–4179, 2003.

[37] J. Vassy, S. Portet, M. Beil et al., “Weightlessness acts on human
breast cancer cell line MCF-7,” Advances in Space Research, vol.
32, no. 8, pp. 1595–1603, 2003.

[38] J. Vassy, S. Portet, M. Beil et al., “The effect of weightlessness
on cytoskeleton architecture and proliferation of human breast



14 BioMed Research International

cancer cell line MCF-7,” The FASEB Journal, vol. 15, no. 6, pp.
1104–1106, 2001.

[39] S. Kopp, J. Sahana, T. Islam et al., “The role of NF𝜅b in spheroid
formation of human breast cancer cells cultured on the random
positioning machine,” Scientific Reports, vol. 8, no. 1, article 921,
2018.

[40] L. Chen, X. Yang, X. Cui et al., “Adrenomedullin is a key
protein mediating rotary cell culture system that induces the
effects of simulated microgravity on human breast cancer cells,”
Microgravity Science and Technology, vol. 27, no. 6, pp. 417–426,
2015.

[41] M. G. Masiello, A. Cucina, S. Proietti et al., “Phenotypic switch
induced by simulated microgravity on MDA-MB-231 breast
cancer cells,” BioMed Research International, vol. 2014, Article
ID 652434, 2014.

[42] A. Qian,W. Zhang, L. Xie et al., “Simulatedweightlessness alters
biological characteristics of human breast cancer cell lineMCF-
7,” Acta Astronautica, vol. 63, no. 7–10, pp. 947–958, 2008.

[43] R. Coinu, A. Chiaviello, G. Galleri, F. Franconi, E. Crescenzi,
and G. Palumbo, “Exposure to modeled microgravity induces
metabolic idleness in malignant human MCF-7 and normal
murine VSMC cells,” FEBS Letters, vol. 580, no. 10, pp. 2465–
2470, 2006.

[44] M. Zhu, X. Jin, B. Wu, J. Nie, and Y. Li, “Effects of simulated
weightlessness on cellular morphology and biological charac-
teristics of cell lines SGC-7901 and HFE-145,” Genetics and
Molecular Research, vol. 13, no. 3, pp. 6060–6069, 2014.

[45] J. Zhao, H. Ma, L. Wu et al., “The influence of simulated
microgravity on proliferation and apoptosis in U251 glioma
cells,” In Vitro Cellular & Developmental Biology, vol. 53, no. 8,
pp. 744–751, 2017.

[46] A. Dittrich, D. Grimm, J. Sahana et al., “Key proteins involved
in spheroid formation and angiogenesis in endothelial cells after
long-term exposure to simulated microgravity,” Cellular Physi-
ology and Biochemistry, vol. 45, no. 2, pp. 429–445, 2018.

[47] T. Zhao, X. Tang, C. S. Umeshappa et al., “Simulated
microgravity promotes cell apoptosis through suppressing
Uev1A/TICAM/TRAF/NF-𝜅B-Regulated Anti-Apoptosis and
p53/PCNA- and ATM/ATR-Chk1/2-controlled DNA-damage
response pathways,” Journal of Cellular Biochemistry, vol. 117, no.
9, pp. 2138–2148, 2016.

[48] X. Ma, J. Pietsch, M. Wehland et al., “Differential gene expres-
sionprofile andaltered cytokine secretion of thyroid cancer cells
in space,”The FASEB Journal, vol. 28, no. 2, pp. 813–835, 2014.

[49] E. Warnke, J. Pietsch, S. Kopp et al., “Cytokine release and
focal adhesion proteins in normal thyroid cells cultured on
the random positioning machine,” Cellular Physiology and
Biochemistry, vol. 43, no. 1, pp. 257–270, 2017.

[50] S. Kopp, L. Slumstrup, T. J. Corydon et al., “Identifications of
novel mechanisms in breast cancer cells involving duct-like
multicellular spheroid formation after exposure to the Random
Positioning Machine,” Scientific Reports, vol. 6, article 26887,
2016.

[51] Y. J. Kim, A. J. Jeong, M. Kim, C. Lee, S.-K. Ye, and S. Kim,
“Time-averaged simulated microgravity (taSMG) inhibits pro-
liferation of lymphoma cells, L-540 and HDLM-2, using a 3D
clinostat,” Biomedical Engineering Online, vol. 16, no. 1, article
48, 2017.

[52] J. Bauer, S. Kopp, E. M. Schlagberger et al., “Proteome analysis
of human follicular thyroid cancer cells exposed to the ran-
dom positioning machine,” International Journal of Molecular
Sciences, vol. 18, no. 3, article E546, 2017.

[53] R. Jha, Q. Wu, M. Singh et al., “Simulated microgravity and
3D culture enhance induction, viability, proliferation anddiffer-
entiation of cardiac progenitors from human pluripotent stem
cells,” Scientific Reports, vol. 6, article 30956, 2016.

[54] J. L. Becker and G. R. Souza, “Using space-based investigations
to informcancer research onEarth,”Nature ReviewsCancer, vol.
13, no. 5, pp. 315–327, 2013.

[55] R. Herranz, R. Anken, J. Boonstra et al., “Ground-based
facilities for simulation of microgravity: organism-specific rec-
ommendations for their use, and recommended terminology,”
Astrobiology, vol. 13, no. 1, pp. 1–17, 2013.

[56] B. Huang, D. G. Li, Y. Huang, and C. T. Liu, “Effects of
spaceflight and simulated microgravity on microbial growth
and secondary metabolism,” Military Medical Research, vol. 5,
no. 1, article 18, 2018.

[57] S. Brungs, J. Hauslage, R. Hilbig, R. Hemmersbach, and R.
Anken, “Effects of simulated weightlessness on fish otolith
growth: clinostat versus Rotating-Wall Vessel,” Advances in
Space Research, vol. 48, no. 5, pp. 792–798, 2011.

[58] P. Eiermann, S. Kopp, J. Hauslage, R. Hemmersbach, R. Gerzer,
and K. Ivanova, “Adaptation of a 2-D clinostat for simulated
microgravity experiments with adherent cells,” Microgravity
Science and Technology, vol. 25, pp. 153–159, 2013.

[59] W. Briegleb, “Some qualitative and quantitative aspects of the
fast-rotating clinostat as a research tool,”ASGSB Bulletin, vol. 5,
no. 2, pp. 23–30, 1992.

[60] D. Grimm, J. Bauer, M. Infanger, and A. Cogoli, “The use of
the random positioning machine for the study of gravitational
effects on signal transduction in mammalian cells,” Signal
Transduction, vol. 6, no. 6, pp. 388–396, 2006.

[61] A. G. Borst and J. J. W. A. van Loon, “Technology and
developments for the random positioning machine, RPM,”
Microgravity Science and Technology, vol. 21, no. 4, pp. 287–292,
2009.

[62] T. G. Hammond and J. M. Hammond, “Optimized suspen-
sion culture: the rotating-wall vessel,” American Journal of
Physiology-Renal Physiology, vol. 281, no. 1, pp. F12–F25, 2001.

[63] C. A. Nickerson, C. Ott, J.W.Wilson et al., “Low-shearmodeled
microgravity: a global environmental regulatory signal affecting
bacterial gene expression, physiology, and pathogenesis,” Jour-
nal of Microbiological Methods, vol. 54, no. 1, pp. 1–11, 2003.

[64] H. Xu, F. Wu, H. Zhang et al., “Actin cytoskeleton mediates
BMP2-Smad signaling via calponin 1 in preosteoblast under
simulated microgravity,” Biochimie, vol. 138, pp. 184–193, 2017.

[65] F. Shi, Y. Wang, Z. Hu et al., “Simulated microgravity promotes
angiogenesis through RhoA-dependent rearrangement of the
actin cytoskeleton,” Cellular Physiology and Biochemistry, vol.
41, no. 1, pp. 227–238, 2017.

[66] X.Wang, J. Du, D.Wang et al., “Effects of simulated micrograv-
ity on human brain nervous tissue,” Neuroscience Letters, vol.
627, pp. 199–204, 2016.

[67] D. E. Ingber, “Mechanical signaling and the cellular response
to extracellular matrix in angiogenesis and cardiovascular
physiology,” Circulation Research, vol. 91, no. 10, pp. 877–887,
2002.

[68] T. Juhász, C. Matta, C. Somogyi et al., “Mechanical loading
stimulates chondrogenesis via the PKA/CREB-Sox9 and PP2A
pathways in chicken micromass cultures,” Cellular Signalling,
vol. 26, no. 3, pp. 468–482, 2014.

[69] A. Papadopoulou, A. Iliadi, T. Eliades, and D. Kletsas, “Early
responses of human periodontal ligament fibroblasts to



BioMed Research International 15

cyclic and static mechanical stretching,” European Journal of
Orthodontics, vol. 39, no. 3, pp. 258–263, 2017.

[70] Q. Zhang, H. Matsui, H. Horiuchi, X. Liang, and K. Sasaki,
“A-Raf and C-Raf differentially regulate mechanobiological
response of osteoblasts to guide mechanical stress-induced
differentiation,” Biochemical and Biophysical Research Commu-
nications, vol. 476, no. 4, pp. 438–444, 2016.

[71] D. Grimm, J. Pietsch, M. Wehland et al., “The impact of
microgravity-based proteomics research,” Expert Review of
Proteomics, vol. 11, no. 4, pp. 465–476, 2014.

[72] D. Grimm, P. Wise, M. Lebert, P. Richter, and S. Baatout, “How
and why does the proteome respond to microgravity,” Expert
Review of Proteomics, vol. 8, no. 1, pp. 13–27, 2011.

[73] D. Grimm, M. Wehland, J. Pietsch et al., “Growing tissues
in real and simulated microgravity: new methods for tissue
engineering,” Tissue Engineering - Part B: Reviews, vol. 20, no.
6, pp. 555–566, 2014.

[74] C. Ulbrich, M. Wehland, J. Pietsch et al., “The impact of
simulated and realmicrogravity on bone cells andmesenchymal
stem cells,” BioMed Research International, vol. 2014, Article ID
928507, 2014.

[75] S. Kopp, E. Warnke, M. Wehland et al., “Mechanisms of three-
dimensional growth of thyroid cells during long-term simulated
microgravity,” Scientific Reports, vol. 5, Article ID 16691, 2015.

[76] K. Jang, M. Kim, C. A. Gilbert, F. Simpkins, T. A. Ince, and
J. M. Slingerland, “VEGFA activates an epigenetic pathway
upregulating ovarian cancer-initiating cells,” EMBO Molecular
Medicine, vol. 9, no. 3, pp. 304–318, 2017.

[77] D. Grimm, J. Bauer, and J. Schoenberger, “Blockade of neoan-
giogenesis, a new and promising technique to control the
growth of malignant tumors and their metastases,” Current
Vascular Pharmacology, vol. 7, no. 3, pp. 347–357, 2009.

[78] M. B. Bass, S. I. Sherman, M. J. Schlumberger, M. T. Davis, L.
Kivman, andH.M.Khoo, “Biomarkers as predictors of response
to treatment with motesanib in patients with progressive
advanced thyroid cancer,”The Journal of Clinical Endocrinology
& Metabolism, vol. 95, no. 11, pp. 5018–5027, 2010.

[79] S. Tauber, S. Hauschild, K. Paulsen et al., “Signal transduction
in primary human T lymphocytes in altered gravity during
parabolic flight and clinostat experiments,” Cellular Physiology
and Biochemistry, vol. 35, no. 3, pp. 1034–1051, 2015.

[80] S. Tauber, S. Christoffel, C. S. Thiel, and O. Ullrich, “Tran-
scriptional homeostasis of oxidative stress-related pathways in
altered gravity,” International Journal of Molecular Sciences, vol.
9, no. 9, article E2814, 2018.

[81] Y. Zhang, T. Lu, M.Wong et al., “Transient gene andmicroRNA
expression profile changes of confluent human fibroblast cells
in spaceflight,”The FASEB Journal, vol. 30, no. 6, pp. 2211–2224,
2016.

[82] T. Hammond, P. Allen, and H. Birdsall, “Effects of space
flight on mouse liver versus kidney: gene pathway analyses,”
International Journal of Molecular Sciences, vol. 19, no. 12, p.
4106, 2018.

[83] G. Aleshcheva, M. Wehland, J. Sahana et al., “Moderate alter-
ations of the cytoskeleton in human chondrocytes after short-
term microgravity produced by parabolic flight maneuvers
could be prevented by up-regulation of BMP-2 and SOX-9,”The
FASEB Journal, vol. 29, no. 6, pp. 2303–2314, 2015.

[84] G. Aleshcheva, J. Sahana, X.Ma et al., “Changes inmorphology,
gene expression and protein content in chondrocytes cultured
on a random positioning machine,” PLoS ONE, vol. 8, no. 11,
Article ID e79057, 2013.

[85] N. Battista, M. A. Meloni, M. Bari et al., “5-Lipoxygenase-
dependent apoptosis of human lymphocytes in the Interna-
tional Space Station: Data from the ROALD experiment,” The
FASEB Journal, vol. 26, no. 5, pp. 1791–1798, 2012.

[86] S. Mahammad, S. P. Murthy, A. Didonna et al., “Giant axonal
neuropathy–associated gigaxonin mutations impair interme-
diate filament protein degradation,” The Journal of Clinical
Investigation, vol. 123, no. 5, pp. 1964–1975, 2013.

[87] J. Lowery, E. R. Kuczmarski, H. Herrmann, and R. D. Goldman,
“Intermediate filaments play a pivotal role in regulating cell
architecture and function,”The Journal of Biological Chemistry,
vol. 290, no. 28, pp. 17145–17153, 2015.

[88] I. S. Chernoivanenko, E. A. Matveeva, V. I. Gelfand, R. D. Gold-
man, and A. A. Minin, “Mitochondrial membrane potential
is regulated by vimentin intermediate filaments,” The FASEB
Journal, vol. 29, no. 3, pp. 820–827, 2015.

[89] M. Guo, A. Ehrlicher, M. Jensen et al., “Probing the stochastic,
motor-driven properties of the cytoplasm using force spectrum
microscopy,” Cell, vol. 158, no. 4, pp. 822–832, 2014.

[90] M. T. Kirkcaldie and S. T. Dwyer, “The third wave: Intermediate
filaments in the maturing nervous system,” Molecular and
Cellular Neuroscience, vol. 84, pp. 68–76, 2017.

[91] O. E. Nekrasova, M. G. Mendez, I. S. Chernoivanenko et al.,
“Vimentin intermediate filaments modulate the motility of
mitochondria,” Molecular Biology of the Cell (MBoC), vol. 22,
no. 13, pp. 2282–2289, 2011.

[92] A. Parlakian, D. Paulin, A. Izmiryan, Z. Xue, and Z. Li,
“Intermediate filaments in peripheral nervous system: their
expression, dysfunction and diseases,” Revue Neurologique, vol.
172, no. 10, pp. 607–613, 2016.

[93] R. E. Leube,M.Moch,R.Windoffer et al., “Intracellularmotility
of intermediate filaments,” Cold Spring Harbor Perspectives in
Biology, vol. 9, no. 6, Article ID a021980, 2017.

[94] B. T. Helfand, M. G. Mendez, S. N. Murthy et al., “Vimentin
organization modulates the formation of lamellipodia,” Molec-
ular Biology of the Cell (MBoC), vol. 22, no. 8, pp. 1274–1289,
2011.

[95] A. Ben-Ze’ev, “Differential control of cytokeratins and vimentin
synthesis by cell- cell contact and cell spreading in cultured
epithelial cells,” The Journal of Cell Biology, vol. 99, no. 4, pp.
1424–1433, 1984.

[96] R. A. Battaglia, S. Delic, H. Herrmann et al., “Vimentin on the
move: new developments in cell migration,” F1000Research, vol.
7, article F1000, 2018.

[97] H. Chiu, W. Huang, T. Liao et al., “Suppression of vimentin
phosphorylation by the avian reovirus p17 through inhibition
of CDK1 and Plk1 impacting the G2/M phase of the cell cycle,”
PLoS ONE, vol. 11, no. 9, p. e0162356, 2016.

[98] H. Inaba, D. Yamakawa, Y. Tomono et al., “Regulation of keratin
5/14 intermediate filaments by CDK1, Aurora-B, and Rho-
kinase,” Biochemical and Biophysical Research Communications,
vol. 498, no. 3, pp. 544–550, 2018.

[99] S. Portet, J. Vassy, M. Beil et al., “Quantitative analysis of
cytokeratin network topology in theMCF7 cell line,”Cytometry,
vol. 35, no. 3, pp. 203–213, 1999.

[100] D. E. Ingber, “Cellular tensegrity: Defining new rules of biolog-
ical design that govern the cytoskeleton,” Journal of Cell Science,
vol. 104, no. 3, pp. 613–627, 1993.

[101] D. Ingber, “How cells (might) sense microgravity,” The FASEB
Journal, vol. 13, no. 8, pp. s3–s15, 1999.



16 BioMed Research International

[102] C.Wu, X. Guo, F.Wang et al., “Simulatedmicrogravity compro-
mises mouse oocyte maturation by disrupting meiotic spindle
organization and inducing cytoplasmic blebbing,” PLoS ONE,
vol. 6, no. 7, Article ID e22214, 2011.

[103] L. Sanchez-Mir, A. Franco, R. Martin-Garcia et al., “Rho2
palmitoylation is required for plasma membrane localization
and proper signaling to the fission yeast cell integrity mitogen-
activated protein kinase pathway,”Molecular and Cellular Biol-
ogy, vol. 34, no. 14, pp. 2745–2759, 2014.

[104] K. Katoh, Y. Kano, and Y. Noda, “Rho-associated kinase-
dependent contraction of stress fibres and the organization of
focal adhesions,” Journal of the Royal Society Interface, vol. 8,
no. 56, pp. 305–311, 2011.

[105] A.Moreno-Domı́nguez,A. F. El-Yazbi,H.Zhu et al., “Cytoskele-
tal reorganization evoked by rho-associatedkinase- and protein
kinase c-catalyzed phosphorylation of cofilin and heat shock
protein 27, respectively, contributes tomyogenic constriction of
rat cerebral arteries,” The Journal of Biological Chemistry, vol.
289, no. 30, pp. 20939–20952, 2014.

[106] S. Riwaldt, J. Bauer, J. Pietsch et al., “The importance of caveolin-
1 as key-regulator of three-dimensional growth in thyroid
cancer cells cultured under real and simulated microgravity
conditions,” International Journal of Molecular Sciences, vol. 16,
no. 12, pp. 28296–28310, 2015.

[107] X. Wang, Z. Wang, J. Wang, Y. Wang, L. Liu, and X. Xu,
“LncRNA MEG3 has anti-activity effects of cervical cancer,”
Biomedicine & Pharmacotherapy, vol. 94, pp. 636–643, 2017.

[108] Y. Jin, I. Park, I. Hong et al., “Fibronectin and vitronectin induce
AP-1-mediated matrix metalloproteinase-9 expression through
integrin 𝛼5𝛽1/𝛼v𝛽3-dependent Akt, ERK and JNK signaling
pathways in human umbilical vein endothelial cells,” Cellular
Signalling, vol. 23, no. 1, pp. 125–134, 2011.

[109] N. I. Solov’eva, O. S. Timoshenko, E. V. Kugaevskaia, I. I.
Andreeva, and L. E. Zavalishina, “Key enzymes of degradation
and angiogenesis as a factors of tumor progression in squamous
cell carcinoma of the cervix,”Bioorganicheskaia Khimiia, vol. 40,
no. 6, pp. 743–751, 2014.

[110] L. J. A. C. Hawinkels, P. Kuiper, E. Wiercinska et al., “Matrix
metalloproteinase-14 (MT1-MMP)-mediated endoglin shed-
ding inhibits tumor angiogenesis,” Cancer Research, vol. 70, no.
10, pp. 4141–4150, 2010.

[111] C. S. Thiel, K. Paulsen, G. Bradacs et al., “Rapid alterations
of cell cycle control proteins in human T lymphocytes in
microgravity,” Cell Communication and Signaling, vol. 10, no. 1,
article 1, 2012.

[112] L. Liu, W. Michowski, H. Inuzuka et al., “G1 cyclins link
proliferation, pluripotency and differentiation of embryonic
stem cells,” Nature Cell Biology, vol. 19, no. 3, pp. 177–188, 2017.

[113] R. G. Pestell, “New roles of cyclin D1,”The American Journal of
Pathology, vol. 183, no. 1, pp. 3–9, 2013.

[114] V. Obsilova, M. Kopecka, D. Kosek et al., “Mechanisms of the
14-3-3 protein function: regulation of protein function through
conformational modulation,” Physiological Research, vol. 63, pp.
S155–S164, 2014.

[115] J. R. Guzman, S. Fukuda, andL.M. Pelus, “Inhibition of caspase-
3 by Survivin prevents Wee1 Kinase degradation and promotes
cell survival bymaintaining phosphorylation of p34Cdc2,”Gene
Therapy & Molecular Biology, vol. 13, no. 2, pp. 264–273, 2009.

[116] J. Gautier, M. J. Solomon, R. N. Booher, J. Bazan, and M. W.
Kirschner, “cdc25 is a specific tyrosine phosphatase that directly
activates p34cdc2,” Cell, vol. 67, no. 1, pp. 197–211, 1991.

[117] S. Sur and D. K. Agrawal, “Phosphatases and kinases regulating
CDC25 activity in the cell cycle: clinical implications of CDC25
overexpression and potential treatment strategies,” Molecular
and Cellular Biochemistry, vol. 416, no. 1-2, pp. 33–46, 2016.

[118] J. Melo and D. Toczyski, “A unified view of the DNA-damage
checkpoint,” Current Opinion in Cell Biology, vol. 14, no. 2, pp.
237–245, 2002.

[119] G. Tzivion, Z. Luo, and J. Avruch, “Calyculin a-induced
vimentin phosphorylation sequesters 14-3-3 and displaces other
14-3-3 partners in vivo,”The Journal of Biological Chemistry, vol.
275, no. 38, pp. 29772–29778, 2000.

[120] H. Li, Y. Guo, J. Teng, M. Ding, A. C. Yu, and J. Chen, “14-
3-3gamma affects dynamics and integrity of glial filaments by
binding to phosphorylated GFAP,” Journal of Cell Science, vol.
119, part 21, pp. 4452–4461, 2006.

[121] N.-O. Ku, S.Michie, E. Z. Resurreccion, R. L. Broome, andM. B.
Omary, “Keratin binding to 14-3-3 proteins modulates keratin
filaments and hepatocyte mitotic progression,” Proceedings of
the National Acadamyof Sciences of the United States of America,
vol. 99, no. 7, pp. 4373–4378, 2002.

[122] S. Povea-Cabello, M. Oropesa-Ávila, P. de la Cruz-Ojeda et al.,
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