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Abstract With the advancement of human space exploration, the effects of the space
environment on living organisms have attracted increasing attention from scientists

and constitute an important component of space biology. This review focuses on the
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impact of microgravity on tumor cells and its potential applications in cancer therapy.
It discusses in detail how microgravity influences tumor cell proliferation, apoptosis,
migration, immune response, and alterations in tumor cell stemness through the
regulation of relevant molecules and signaling pathways. It shows the complex
regulation of microgravity on tumor cells, that is, microgravity does not only promote
or inhibit tumor progression, but also regulates each other at multiple levels, and
ultimately determines the final fate of tumor cells by cell type, microgravity exposure
duration and downstream effects of mechanical signal transduction pathways. The
review also describes the advantage of microgravity in promoting the spontaneous
formation of three-dimensional cell aggregates, which facilitates anticancer drug
screening and research on tumor drug resistance. Furthermore, it explores the
potential impact of microgravity on the efficacy of anticancer drugs and compares the
differences between authentic space microgravity and ground-based simulated
systems. This is helpful to further reveal the drug dependence characteristics and
mechanism of microgravity regulating the efficacy of anticancer drugs. It also
provides an evaluation basis for judging whether the results of ground simulation
experiments can be extended to the real space environment, and lays a theoretical
foundation for future space pharmaceuticals, on-orbit drug screening and the
formulation of astronaut cancer prevention and treatment strategies. In summary,
microgravity has multiple regulatory effects on tumor biological behavior, and related
studies have gradually moved from phenotypic description to mechanism analysis.
Future research needs to further focus on the systematic identification of key
molecular targets and their signaling networks, which will also be an important
direction of translational research.

Key words Microgravity, Tumor progress, Tumor immune microenvironment,

Tumorigenesis
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Figure 1. Schematic diagram of common cell culture microgravity simulators and their
working principles ", (a) 2D clinostat; (b) 3D clinostat when both axes rotate at constant
speed and direction, and random positioning machine (RPM) when speed and direction are
randomized "?; (c) Rotating Cell Culture System (RCCS) "\ Fc: centripetal force; Fd: fluid
drag; Fg: gravity.
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Figure 2. Regulation of tumor cell progression by microgravity. The schematic diagram
summarizes the main biological behavior changes of tumor cells under microgravity
environment, mainly in five aspects: Apoptosis related molecules such as PTEN, BAX and
FAS are up-regulated; Proliferation related molecules such as CDK, Cyclin and mTORCI are
down-regulated; Stemness related transcription factors such as OCT4, NANOG and SOX2
were up-regulated, and the effects of adhesion and migration were different in different cell

types; The tumor immune microenvironment (TIME) is remodeled.
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Figure 3. Pathways of tumor cell proliferation and apoptosis regulated by simulated
microgravity effect. Simulated microgravity (SMG) can regulate the proliferation and
apoptosis of tumor cells at multiple levels. In terms of proliferation, SMG effect inhibits cell
cycle progression by down-regulating cyclins CCND1, CCNE1 and cyclin-dependent kinases

CDK6 and CDK2, and up-regulating miR-22 and its downstream cell cycle inhibitors
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CDKN2D and CDKNI1A, thereby weakening tumor cell proliferation ***!; In the aspect of
apoptosis, the anti-apoptotic protein Bcl-2 was down-regulated and the tumor suppressor
PTEN, transcription factor FOXO3, and pro-apoptotic molecules BAX, FAS, and caspase
CASP were up-regulated to promote apoptosis P, The SMG effect also reduces Focal
adhesions and inhibits the FAK/RhoA pathway, which promotes Mitochondria biogenesis via
AMPK on the one hand and mTORCI1 on the other. And further promote apoptosis through
NF-kB—Bcl-2 axis ¥, In addition, SMG promotes the formation of Multicellular spheroids
(MCs) and upregulates the expression of NF-kB 2],
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Table 1. Regulation of various types of tumor cell stemness by microgravity
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Figure 4. Regulation of microgravity on homeostasis and function of immune system.
Microgravity can significantly inhibit the signaling cascades of RLR, MAPK and JAK/STAT,
hinder the transcriptional activation of their downstream effector genes, and then cause the
imbalance of the number of immune cells and the decline of their effector functions, thus
creating an immunosuppressive microenvironment.
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Table 2. Effect of microgravity on anticancer drug response
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Figure 5. The characteristics of 2D cell culture, 3D cell culture and microgravity cell
culture and the stress on cells. (a) 2D cell cultures are monolayer adherent, simple in
structure, suitable for basic research but less physiologically relevant. The vertical force of the
cells is asymmetric, and the cells are greatly affected by gravity. (b) 3D cell culture relies on
scaffolds to form a three-dimensional structure, which is closer to the morphology in vivo. It
is often used for disease model construction and drug screening, but it is easy to form a
hypoxic necrotic core ¥, Cells are subjected to multi-directional forces, and the forces are
more balanced, but there is still gravitational bias. (c) Microgravity cell culture can
spontaneously form three-dimensional spheres without scaffolds, with uniform structure and
high vascularization potential ™), which has unique advantages in the field of advanced
disease models and space medicine, but the equipment is complex and extremely expensive.
Cells are in a state of mechanical equilibrium with low shear force and low gravity. G:
gravity; N: support force; Fcell-cell: intercellular force.
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Supplementary Table 1 Main technical terms and their abbreviations involved in this

document
HH SRR P A FR PGS
[A] 4% 4% Clinostat _
FEHLELTAX Random Positioning Machine RPM
EEE MR IR R Gt Rotary Cell Culture System RCCS
Jie B 2 . 7 Rotating Wall Vessel RWV

B 2 (8] International Space Station ISS
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