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Abstract: Background: Oral squamous cell carcinoma (OSCC) is the most prevalent form of oral cancer, with metastasis
significantly contributing to its poor prognosis. Emerging research indicates that microgravity may exert anti-tumor effects by
inducing cell death, although the precise mechanisms remain unclear. Methods: The Rotary Cell Culture System (RCCS) was
used to simulate microgravity, enabling observation of its effects on tumor cell proliferation and migration. Key genes and
pathways influenced by simulated microgravity were identified using RNA sequencing (RNA-seq). In the tongue load-bearing
tumor mouse model, we used hindlimb unloading (HU) to simulate microgravity and investigate its impact on tumor growth, and
to validate the involvement of identified key genes and pathways. Results: Simulated microgravity induced significant
morphological changes in OSCC cells, leading to the formation of multicellular spheroids and altering their biological behavior.
RNA sequencing identified PIEZO1 as a key mechanosensitive gene upregulated under microgravity, along with the activation of
autophagy-related pathways. In vivo experiments using a tongue load-bearing mouse model demonstrated that simulated
microgravity suppressed tumor growth, which was associated with enhanced autophagy and disrupted calcium homeostasis.
Piezo1 inhibition partially reversed these effects, confirming its critical role in microgravity-induced OSCC suppression.
Conclusions: Simulated microgravity suppresses OSCC growth through Piezo1-mediated calcium dysregulation and enhanced
mitophagy. Inhibition of Piezo1 reverses these effects, indicating its potential as a therapeutic target. This study highlights
microgravity-based approaches as promising strategies for the treatment of OSCC.
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1 Introduction

Microgravity(Acres et al., 2021), experienced during parabolic flights and in orbital spacecraft and space
stations, has attracted significant scientific interest since the dawn of human space exploration due to its
profound effects on the human body and cellular functions.

Life on Earth has evolved under the constant influence of gravitational forces; however, the microgravity
environment of space disrupts physiological processes at both the organismal and molecular levels (Lewis et al.,
1998; Hughes-Fulford et al., 2015; Prasad et al., 2020b; Grimm, 2021). Studies indicate that the space
environment, especially microgravity, profoundly affects cellular behavior by disrupting the balance between
cellular structures and external mechanical forces, leading to molecular changes in the cytoskeleton, signal
transduction, and membrane permeability(Prasad et al., 2020a). Interestingly, these cellular alterations are
particularly relevant to cancer, where cells driven by genetic mutations and epigenetic changes exhibit
uncontrolled growth and division(Lee and Kim, 2022). The unique conditions of microgravity may further
influence these malignant cells, potentially disrupting the already fragile balance in their biological behaviors.
Investigating how microgravity affects cancer cells offers a novel perspective on the complex interplay between
mechanical forces and tumor progression, shedding light on potential avenues for cancer treatment.

Oral squamous cell carcinoma (OSCC) is the predominant type of head and neck cancer(Ren et al., 2020;
Tan et al., 2023). The Global Cancer Observatory (GCO) project predicts an increase in OSCC incidence of
around 40% by 2040, along with a rise in mortality rates (Tan, et al., 2023). Despite the existence of various
therapeutic interventions for the prevention and treatment of OSCC, including chemotherapy, radiation therapy,
immunotherapy, and nanomedicine, the overall 5-year survival rate for OSCC patients has remained below 50%
over the past two decades (Sasahira and Kirita, 2018; Tan, et al., 2023). Therefore, the development of more
effective treatment strategies is crucial for improving OSCC management and curbing malignant progression.
Our prior research demonstrated that OSCC cells exhibit distinct phenotypes and growth characteristics under
simulated microgravity. Based on these findings, we hypothesize that OSCC cells may possess a "gravity
sensor" that converts microgravity-induced mechanical signals into biological signals, enabling
mechanotransduction. Given the complexity and therapeutic challenges of OSCC, elucidating its molecular
responses to external mechanical stimuli, such as microgravity, is essential for advancing treatment approaches.

Research has demonstrated that Piezo1 plays a crucial role in cellular mechanotransduction (Gudipaty et
al., 2017; Nourse and Pathak, 2017). The Piezo channel family, including the Piezo1 and Piezo2 subtypes, is the
first mechanosensitive cation channel identified and confirmed in mammals(Coste et al., 2010; Coste et al.,
2012). Piezo1 is more broadly expressed across various human tissues, and its specific functions have been
extensively elucidated over the past decade (Zong et al., 2023). Mechanical stimuli can activate Piezo1, which,
when open, facilitates single-channel conductance(Lin et al., 2019). This activation mediates mechanically
sensitive cation currents in diverse cell types, triggering downstream calcium signaling pathways that regulate a
wide range of cellular processes(Atcha et al., 2021; Jiang et al., 2021). The mechanotransduction process
mediated by Piezo1 is essential for sustaining normal cellular function. As mechanosensitive ion channels,
Piezo detects changes in membrane tension. When mechanical forces act on the cell membrane, the resulting
increase in membrane tension induces structural deformation of Piezo channels, thereby activating them (Xu et
al., 2021). Mechanotransduction, the process by which cells sense external mechanical stimuli and convert them
into biochemical signals, is a fundamental biological mechanism(Romani et al., 2021). Cellular responses to
gravity represent an active form of mechanotransduction (Takahashi et al., 2021).

In this study, we demonstrate that simulated microgravity influences the biological behavior of OSCC cells
and tumor regression by activating Piezo1. This activation disrupts intracellular calcium homeostasis, leading to
mitochondrial calcium overload, dysfunction, and subsequent autophagy activation, providing novel insights
into potential therapeutic targets for OSCC.
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2 Results

2.1 Effects of SMG on the morphology and behavior of OSCC cells

To investigate the effects of simulated microgravity on OSCC cells, we conducted ground-based simulated
microgravity experiments using a Rotary Cell Culture System (RCCS) bioreactor (Fig. 1a). After 48 h of
cultivation under simulated microgravity (SMG), HSC-3 and HSC-4 cells in the SMG group detached from
their original monolayer adhesion state. The cells adopted irregular shapes, underwent rearrangement, and
reassembled into three-dimensional multicellular spheroids, exhibiting distinct three-dimensional growth
characteristics (Fig. 1a).

HSC-3 cells cultured under normal gravity (NG) (Figure 1A) and horizontal rotation (HR) (Fig. 1a)
exhibited typical adherent growth. Notably, when HSC-3 cells cultured under SMG were subsequently grown
under normal gravity conditions (SMG-NG), those that had formed three-dimensional multicellular spheroids
exhibited a re-adaptation to gravity, characterized by cell re-spreading and re-adhering to the surface (Fig. 1a;
HSC-4 in Fig. S1). These findings suggest that SMG disrupts the original cell adhesion state, induces
morphological changes in OSCC cells, and triggers cell deformation and reorganization, forming a novel
multicellular spheroid structure.

To further assess the impact of SMG on cell viability, we conducted a CCK-8 assay to evaluate the survival
rates of HSC-3 and HSC-4 cells. The results indicated a significant reduction in cell viability in the SMG group
compared to the NG group at 24, 48, and 72 h (P<0.01, Figs. 1b and 1c). Colony formation assays further
demonstrated that the SMG group exhibited a markedly reduced colony formation rate compared to the NG
group (P<0.01, Figs. 1d and 1e), suggesting that SMG inhibits the proliferation of OSCC cells.Additionally, cell
scratch experiments revealed that the migration ability of cells in the SMG group was significantly reduced
compared with that in the NG group (P<0.01, Figs. 1f and 1g).

In summary, SMG induces morphological alterations in OSCC cells and significantly suppresses their
migration and proliferation capabilities.Unedited
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Fig. 1 Effects of simulated microgravity (SMG) on oral squamous cell carcinoma (OSCC) cell morphology and viability. (a)
HSC-3 cells cultured under normal gravity (NG) conditions exhibit typical adherent growth, while cells exposed to SMG
for 48 h adopt irregular shapes and reassemble into three-dimensional multicellular spheroid structures. (b, c) Cell
Counting Kit-8 (CCK-8) assays show that cell viability of HSC-3 and HSC-4 cells in the SMG group was significantly
reduced at 24, 48, and 72 hours compared to the NG group (n=9, P<0.01). (d, e) Colony formation assays indicate a marked
decrease in colony formation rates under SMG conditions (n=4, P<0.01). (f, g) Wound healing assays demonstrate a
significant reduction in the migration capability of HSC-3 and HSC-4 cells in the SMG group(n=4, P<0.01). Data are
expressed as mean±standard deviation (SD). ns, not significant, * P<0.05, ** P<0.01.
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2.2 Transcriptomic changes in OSCC under SMG: autophagy and PIEZO1 upregulation

Next, we performed RNA sequencing (RNA-seq) on HSC-3 cells to investigate changes in gene expression
under SMG conditions. Differential gene expression analysis was conducted; 2638 genes were significantly
upregulated, and 2427 genes were significantly downregulated (Figs. 2a and 2b). Heatmap clustering analysis
revealed significant alterations in autophagy, oxidative stress, and cytoskeletal regulation in OSCC under SMG
(Fig. 2c). On the differential expression gene list, we observed a notable upregulation of mitophagy-related
genes, such as ATG9A and ATG2A, as well as oxidative stress-related genes. We observed a significant
upregulation of PINK1, a canonical initiator of ubiquitin-mediated mitophagy, providing further transcriptomic
evidence of mitophagy activation (Fig. S2 and Table S2).

A Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment bubble plot (Fig. 2d) highlighted
autophagy and mitophagy as the primary biological processes influenced by SMG in OSCC cells. A heatmap of
mitophagy-associated genes revealed that the differentially expressed genes were enriched for mitophagy
functions, with ATG9B as the most significant gene (Fig. 2e).
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Fig. 2 RNA-seq analysis of HSC-3 cells cultured under NG and SMG conditions. (a, b) Bar and volcano plots illustrating
differentially expressed genes. A total of 2638 genes were significantly upregulated, while 2427 genes were significantly
downregulated. Genes with statistically significantly increased expression are highlighted in red, and those with decreased
expression are shown in blue (P<0.05). (c) Heatmap illustrating differentially expressed genes between the NG and SMG
groups, showing significant enrichment in autophagy, oxidative stress, apoptosis, and cytoskeletal regulation pathways.
DESeq2-normalized counts (from three replicates per condition) were visualized using the R package heatmap. The data
are column-clustered (dendrogram at the top) and row-scaled. (d) Kyoto encyclopedia of genes and genomes (KEGG)
bubble plot indicating that differentially expressed genes are primarily clustered in the gene ontology (GO) terms for
“Autophagy” and “Mitophagy.” (e) Heatmap illustrating differentially expressed genes enriched in mitophagy function,
with the most significant gene ATG9B. (P<0.001). ATG:Autophagy-Related Gene, GABARAPL1: GABATypeAReceptor
Associated Protein Like 1, GABARAPL2: GABA Type A Receptor Associated Protein Like 2, MAP1LC3B:
Microtubule-Associated Protein 1 Light Chain 3 Beta, PINK1: PTEN Induced Kinase 1, RB1CC1: RB1 Inducible
Coiled-Coil 1, SQSTM1: Sequestosome 1,WDR45:WDRepeat Domain 45,WIPI1:WD Repeat Domain, Phosphoinositide
Interacting 1, WIPI2: WD Repeat Domain, Phosphoinositide Interacting 2, ATG9B: Autophagy-Related 9B,
SQSTM1(P62): Sequestosome 1 (also known as p62).
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2.3 SMG-induced mitophagy in OSCC cells

A reduction in mitochondrial membrane potential (MMP) is a key indicator of mitochondrial dysfunction
and is closely associated with mitophagy. Under SMG, OSCC cells exhibited decreased MMP, which in turn
activated pathways promoting the selective removal of damaged mitochondria, helping to maintain cellular
homeostasis. To detect changes in MMP, we used Rhodamine 123, a fluorescent probe, to measure the intensity
of the fluorescence signal. Additionally, we employed CCCP, a mitochondrial uncoupler, to disrupt the
electrochemical gradient across the mitochondrial membrane, further confirming the reduction in MMP.

The fluorescence intensity of HSC-3 and HSC-4 cells was analyzed using confocal fluorescence
microscopy (Fig. 3a). The results revealed a significant reduction in fluorescence intensity in the SMG group
compared to the NG group, resembling the effect observed in the CCCP-treated group, indicating MMP
uncoupling and decreasedMMP. Furthermore, cells in the SMG group exhibited abnormal nuclear morphology,
including irregular size and shape, and the presence of fissures, suggesting potential nuclear damage.

Mitophagy-related protein analysis in HSC-3 cells (Fig. 3b) revealed a significant increase in the
mitophagy markers ATG9B and LC3-II/LC3-I (P<0.01) and a significant decrease in P62 (P<0.01).
Additionally, HSC-3 cells were infected with a dual-fluorescence autophagy lentivirus, and autophagy
formation was tracked using the RFP-GFP-LC3 fusion protein under a fluorescence microscope. SMG
treatment resulted in the formation of numerous autophagosomes, which were specifically localized to the
mitochondria (Fig. 3c). These findings indicate that SMG induces mitophagy in OSCC cells. Analysis of
differentially expressed genes (Fig. 3d) revealed a significant and robust upregulation of the mechanosensitive
gene PIEZO1 in the SMG group compared to the NG group (P<0.001). This upregulation was subsequently
validated at the protein level via Western blot in subsequent in vivo experiments (see Fig. 5e and Section 2.5).

To further validate the involvement of the PINK1-PARKIN pathway, we assessed protein expression and
localization. Immunofluorescence analysis revealed that SMG treatment induced significant mitochondrial
recruitment of PARKIN and LC3 (Figs. S6a and S6b). Consistent with this, Western blot analysis confirmed
upregulation of PINK1 and PARKIN protein levels under SMG conditions, a phenotype recapitulated by Piezo1
agonist Yoda1 (Figs. S6c and S6d).
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Fig. 3 SMG-induced mitophagy in OSCC cells. (a)Mitochondrial membrane potential (MMP) was assessed using
Rhodamine-123 staining, with CCCP-treated cells serving as a positive control for MMP reduction. DAPI (blue) stained
the nuclei, and Rhodamine-123 (green) indicated MMP. Fluorescence intensity analysis revealed a significant reduction in
MMP in both OSCC cell types following SMG treatment. (b) Western blot analysis of HSC-3 cells revealed significant
upregulation of mitophagy-related proteins ATG9B and LC3-II/LC3-I (P<0.01), and a marked decrease in P62 expression
(P<0.01) following SMG treatment. n=4. (c) Fluorescence imaging of cells transfected with Mito (blue)-GFP-RFP-LC3
(green and red for LC3-II) via lentivirus. Following SMG stimulation, increased GFP-LC3 expression was observed,
localized to the mitochondria, indicating enhanced mitophagy. (d) Heatmap illustrating key genes within the autophagy
pathway, selected based on fold changes, adjusted P-values, and biological relevance. Notably, PIEZO1 and PIEZO2,
mechanosensitive genes associated with the cytoskeleton, were significantly upregulated in the SMG group compared with
the NG group (P<0.001). Data are expressed as mean±standard deviation (SD). ns, not significant, * P<0.05, ** P<0.01.
SERPINE2: Serpin Family E Member 2, BAG3: BCL2 Associated Athanogene 3, PIEZO1: Piezo Type Mechanosensitive
Ion Channel Component 1, BAIAP2: BAR/IMD Domain Containing Adaptor Protein 2, PIEZO2: Piezo Type
Mechanosensitive Ion Channel Component 2, SCN1A: Sodium Voltage-Gated Channel Alpha Subunit 1, TMC1:
Transmembrane Channel Like 1, COL1A1: Collagen Type I Alpha 1 Chain, ATG9B: Autophagy Related 9B, P62:
Sequestosome 1 (also known as SQSTM1), LC3 I: Microtubule-Associated Protein 1 Light Chain 3 Beta I, LC3 II:
Microtubule-Associated Protein 1 Light Chain 3 Beta II, GAPDH: Glyceraldehyde-3-Phosphate Dehydrogenase.
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2.4 Piezo1-dependent mitophagy in OSCC under SMG

Previous research has shown that SMG activates Piezo1. To further explore its effects on cellular functions,
we used small interfering RNA (siRNA) to transfect HSC-3 cells and knock down Piezo1 expression, followed
by assessment of its impact on cell biological behavior.

The CCK-8 assay results showed that, following SMG treatment, the survival rates of Piezo1-knockdown
HSC-3 cells (siRNA-SMG) at 72 and 96 hours were significantly higher than those of the non-knockdown
group (SMG) (Fig. 4a). However, similar colony formation was observed in both Piezo1-knockdown and
control groups (Fig. 4b). These findings were further corroborated in HSC-4 cells (Figs. S3a and S3b). To
further investigate the role of Piezo1 in cell motility, we performed wound healing assays. It was observed that
the reduced migratory capacity induced by SMG was significantly restored following Piezo1 knockdown (Fig.
S7b). Conversely, pharmacological activation of Piezo1 with Yoda1 was sufficient to suppress cell migration
(Fig. S7c), confirming that Piezo1 acts as a negative regulator of OSCC migration under these conditions.

Mitophagy-related protein analysis in HSC-3 cells (Fig. 4c) showed that, prior to Piezo1 knockdown,
SMG significantly upregulated the expression levels of mitophagy-related proteins ATG9B and LC3-II/LC3-I,
while P62 expression was significantly downregulated. After Piezo1 knockdown, these changes in
mitophagy-related proteins were notably attenuated, indicating the critical role of Piezo1 in SMG-induced
mitophagy in OSCC cells. These findings were similarly confirmed in HSC-4 cells (Fig. S3c).

Alterations in Piezo1-mediated ion channels may affect intracellular calcium levels, such as triggering
calcium influx, leading to intracellular calcium overload and further inducing mitochondria-mediated cell death
(Song et al., 2022). Based on this, we hypothesize that SMG-induced mitophagy in OSCC cells may result from
Piezo1-mediated calcium dysregulation. The rapid influx of calcium ions is an early indicator of mitophagy
initiation. To test this hypothesis, we conducted calcium ion fluorescence assays using HSC-3 cells. This
showed that, following Piezo1 knockdown, the increase in calcium ion fluorescence intensity at 30 and 60
minutes in both the SMG (siRNA-SMG) and NG (siRNA-NG) groups was significantly suppressed compared
to the non-knockdown groups (NG, SMG) (Fig. 4d). This result was further validated by calcium ion
fluorescence confocal imaging (Fig. S3d). Additionally, following Piezo1 activation (Yoda1), time-lapse
imaging under confocal microscopy showed that mitochondrial calcium ion fluorescence intensity peaked at
180 seconds (Fig. 4e). To confirm the causal sufficiency of this pathway, cells were treated with the Piezo1
agonist Yoda1 under normal gravity. Yoda1 treatment successfully recapitulated the SMG-induced phenotype,
triggering rapid calcium influx (Fig. 4e), upregulating mitophagy markers (PINK1, PARKIN, LC3-II; Fig. S6d),
and suppressing cell viability and migration (Fig. S7). These gain-of-function data, combined with the
loss-of-function siRNA results, solidify Piezo1 as the central mediator.

In summary, these findings suggest that under SMG, Piezo1 activation leads to calcium dysregulation in
OSCC cells, resulting in mitochondrial calcium overload and subsequent mitophagy induction.
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Fig. 4 SMG-induced mitophagy in OSCC cells via Piezo1 regulation (a) CCK-8 assay shows a significant reduction in cell
viability under SMG conditions, which is partially restored in HSC-3 cells transfected with si-Piezo1 siRNA (n=8, P<0.01).
(b) Colony formation assay reveals that SMG significantly decreases colony formation ability, and this reduction is

Unedited
 



J Zhejiang Univ-Sci B (Biomed & Biotechnol) in press | 11

partially reversed by Piezo1 knockdown (n=4, P<0.01). (c) Western blot analysis of mitophagy-related proteins in HSC-3
cells. Under SMG conditions, Piezo1, ATG9B, and LC3-II/LC3-I levels are significantly upregulated, while P62 expression
is reduced. Piezo1 knockdown reverses these effects (n=4, *P<0.05, **P<0.01). (d) Calcium ion fluorescence assay indicates
that SMG treatment markedly increases intracellular calcium levels at 30 and 60 minutes, and this effect is significantly
suppressed upon Piezo1 knockdown (n=5, P<0.01). (e) Dynamic fluorescence imaging demonstrated a rapid rise in
intracellular calcium concentration within 360 seconds after stimulation with the Piezo1 agonist Yoda1, revealing that
pharmacological activation of Piezo1 with Yoda1 triggered a rapid surge in intracellular calcium, peaking at ~180 seconds.
This confirmed that Piezo1 activation directly leads to calcium influx similar to that observed under SMG (the GIF images
illustrating the dynamics of fluorescence intensity changes are included in the Supplementary Materials). Data are
expressed as mean±standard deviation (SD). ns, not significant, * P<0.05, ** P<0.01. PIEZO1: Piezo Type
Mechanosensitive Ion Channel Component 1, ATG9B: Autophagy Related 9B, P62: Sequestosome 1 (also known as
SQSTM1), LC3 I: Microtubule-Associated Protein 1 Light Chain 3 Beta I, LC3 II: Microtubule-Associated Protein 1
Light Chain 3 Beta II, GAPDH: Glyceraldehyde-3-Phosphate Dehydrogenase.

2.5 SMG-induced mitophagy in OSCC tumors in vivo

We established a mouse model of OSCC by transplanting 4MOSC1 cells into the mouse tongue, and the
model was successfully validated through HE staining (Figs. S4a and S4b). To simulate microgravity in
tumor-bearing C57BL/6 mice, hindlimb unloading (HU) was performed using a specialized tail suspension
system (Fig. 5a). The HU method is a widely recognized model for simulating microgravity, effectively
mimicking the weightlessness experienced during spaceflight and its impact on various physiological
systems(Globus and Morey-Holton, 2016; Grimm, 2022).

On the 10th day of simulated microgravity exposure, mice were sacrificed, and their tongues were
harvested to assess tumor morphology and changes in tumor volume. The results showed a significant reduction
in tumor volume in the SMG group compared with the NG group (P<0.01, Fig. 5b). HE staining further revealed
that tumors exposed to SMG (Tumor-SMG) exhibited smaller volumes, lower tumor cell density, and reduced
tumor stroma compared to tumors in the NG group (Tumor-NG) (Fig. 5c).

Furthermore, compared with the NG group, the SMG group exhibited a significant reduction in
proliferating tumor cells and a marked increase in the proportion of apoptotic cells (P<0.01, Fig. 5d). Western
blot analysis further confirmed that SMG treatment led to significant upregulation of Piezo1 expression in the
SMG group (P<0.05), accompanied by increased levels of mitophagy-related proteins ATG9B and
LC3-II/LC3-I (P<0.01), along with a decrease in P62 expression (P<0.05) (Fig. 5e). These results suggest that
SMG modulates Piezo1 expression and induces mitophagy in the tumor-bearing mouse model.
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Fig. 5 SMG-induced tumor suppression and mitophagy in OSCC-bearing mice. (a) Hindlimb unloading (HU) model used
to simulate microgravity in tumor-bearing mice. Tumors were induced in the tongue by cell injection, and tumor
formation was validated after 7 days. Mice were then randomly assigned to NG and SMG groups, with tumor samples
collected on day 10 for volume measurement. (b) Representative images of tongue tumors in the NG and SMG groups,
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with tumors outlined by red dashed lines. Tumor volume was significantly smaller in the SMG group compared to the NG
group (n=6, P<0.01). (c, d) Hematoxylin and eosin (HE) staining (c) and immunohistochemistry (IHC) (d) of tumor
sections. The SMG group exhibited reduced Ki-67 expression (P<0.01), indicating lower proliferation, and increased
Caspase-3 expression (P<0.01), suggesting higher apoptosis than in the NG group. n=5. (e) Western blot analysis of tumor
samples revealed higher Piezo1 expression levels (n=5, P<0.05), P62 (n=7, P<0.05), ATG9B (n=5, P<0.01), and
LC3-II/LC3-I (n=4, P<0.01) in the SMG group. Data are expressed as mean±standard deviation (SD). ns, not significant,
* P<0.05, ** P<0.01. PIEZO1: Piezo Type Mechanosensitive Ion Channel Component 1, ATG9B: Autophagy Related 9B,
P62: Sequestosome 1 (also known as SQSTM1), LC3 I: Microtubule-Associated Protein 1 Light Chain 3 Beta I, LC3 II:
Microtubule-Associated Protein 1 Light Chain 3 Beta II, GAPDH: Glyceraldehyde-3-Phosphate Dehydrogenase, Ki-67:
Kiel 67, Caspase-3: Cysteine-Aspartic Acid Protease 3.

2.6 Reversal of SMG effects by Piezo1 inhibition in tumor-bearing mice

Dooku1, a potent and selective antagonist of the mechanosensitive Piezo1 channel, was administered
intraperitoneally at a dose of 10 mg/kg. Injections were administered to tumor-bearing mice one day before tail
suspension, followed by doses on days 2, 4, 6, 8, and 10 post-suspension. Tongue tissues were harvested on day
10 (Fig. 6a).

Following Dooku1 treatment, no significant difference in tumor volume was observed between the SMG
and NG control groups (ns, P>0.05, Fig. 6b). HE staining revealed that, after 10 days of SMG, the
SMG-Dooku1 group showed no significant changes in tumor size, tumor cell density, or stromal composition
compared to the NG-Dooku1 group (Fig. 6c). Likewise, assessments of cell proliferation and apoptosis revealed
no significant differences between the two groups (ns, Fig. 6d). This contrasts sharply with the significant
alterations seen in the absence of Dooku1 treatment (P<0.01, Figs. 5b-5d).

Additionally, following inhibitor administration, no significant differences in the expression levels of
Piezo1, ATG9B, and P62 were observed between the SMG and NG groups (P>0.05). In contrast, LC3-II/LC3-I
expression was significantly reduced (P<0.01). These results differ markedly from those observed without
inhibitor treatment (P<0.01, Fig. 6e).

Furthermore, calcium content analysis (Fig. 6f) revealed a significant increase in calcium levels in tumor
tissue in the SMG group compared with the NG group (P<0.01). Following treatment with Dooku1, there was
no significant change in calcium ion content (ns, P>0.05, Fig. 6f).

In summary, inhibiting Piezo1 partially counteracted the tumor-suppressive effects of SMG in vivo.
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Fig. 6 Reversal of SMG-mediated tumor suppression by Piezo1 inhibitor in an OSCC mouse model. (a) Experimental
timeline: Tumors were induced in the tongues of mice via cell injection. After 7 days, tumor formation was confirmed, and
mice were randomly assigned to the NG and SMG groups. The HU model was used to simulate microgravity, and the
Piezo1 inhibitor Dooku1 (10 mg/kg, IP) was administered on days 0, 2, 4, 6, and 8. Tumor samples were collected on day 10
to measure volume. (b) Tumor volume in the NG and SMG groups treated with Dooku1, indicated with red dashed lines.
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Tumor volumes in the SMG group treated with Dooku1 were similar to those in the NG group, indicating the inhibitor's
mitigating effect. n=9. (c, d) HE (c) and IHC (d) staining of tumor sections from NG and SMG groups treated with Dooku1.
The IHC results showed no significant differences in Ki-67 and Caspase-3 expression between the SMG with Dooku1 and
the NG groups. n=5. (e)Western blot analysis of tumor samples showed no significant differences in the expression levels of
Piezo1 (n=8), ATG9B (n=5), and P62 (n=6) between the SMG and NG groups treated with Dooku1 (P>0.05). However,
LC3-II/LC3-I (n=6) expression was significantly reduced (P<0.01), contrasting with the results observed without inhibitor
treatment. Data are expressed as mean±standard deviation (SD). ns, not significant, * P<0.05, ** P<0.01. PIEZO1: Piezo
Type Mechanosensitive Ion Channel Component 1, ATG9B: Autophagy Related 9B, P62: Sequestosome 1 (also known as
SQSTM1), LC3 I: Microtubule-Associated Protein 1 Light Chain 3 Beta I, LC3 II: Microtubule-Associated Protein 1
Light Chain 3 Beta II, GAPDH: Glyceraldehyde-3-Phosphate Dehydrogenase, Ki-67: Kiel 67, Caspase-3:
Cysteine-Aspartic Acid Protease 3.

3 Discussion

All life forms have evolved under the constant influence of Earth's gravity; consequently, microgravity
exerts markedly different effects on cellular behavior than those experienced under the gravity conditions on
Earth (Adamopoulos et al., 2021). Among these differences, the potential benefits of microgravity-induced
changes in cellular behaviors for organisms remain an important area for further investigation. In this study, we
demonstrated that, first, SMG alters the morphology of OSCC cells and inhibits their activity. Second, it
disrupts calcium homeostasis in OSCC cells via Piezo1-mediated mechanotransduction, leading to
mitochondrial calcium overload, which damages mitochondria and triggers autophagy, ultimately contributing
to OSCC regression. Additionally, animal experiments further confirmed that SMG promotes OSCC regression
by modulating calcium homeostasis through Piezo1-mediated pathways (Fig. 7).
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Fig. 7 Schematic diagram of the mechanism by which simulated microgravity (SMG) promotes OSCC regression. SMG
acts as a mechanical stimulus to activate PIEZO1 channels, disrupting intracellular calcium homeostasis and inducing
mitochondrial calcium overload. This causes mitochondrial damage, triggers autophagy (marked by LC3, ATG9B and
p62), and ultimately inhibits OSCC cell activity and tumor growth. Animal experiments further validate that head-down
tilt (simulated microgravity) may serve as a novel anti-tumor strategy. PIEZO1: Piezo Type Mechanosensitive Ion
Channel Component 1, ATG9B: Autophagy Related 9B, P62: Sequestosome 1 (also known as SQSTM1), LC3:
Microtubule-Associated Protein 1 Light Chain 3 Beta.

3.1 Piezo1 Mediates Mechanotransduction in Simulated Microgravity OSCC

A critical question remains regarding how cells convert external mechanical stimuli, such as microgravity,
into intracellular biochemical signals through Piezo1-dependent mechanosensitive pathways. This study
advances previous findings by elucidating a novel mechanism whereby SMG drives OSCC regression. It
highlights a regulatory cascade of “mechanical force–mechanotransduction–cell fate–tumor regression” and
underscores the central role of Piezo1 as a “mechanical gravity sensor”.

Piezo1 has been shown to regulate the aggressive behavior of various tumors, exhibiting either promotive or
inhibitory effects depending on the cancer type and stage (Kalluri andWeinberg, 2009; Banyard and Bielenberg,
2015; Li et al., 2015; Chen et al., 2018; Suzuki et al., 2018; Friedrich et al., 2019; Han et al., 2019; Huang et al.,
2019; Caulier et al., 2020; Kuntze et al., 2020; Sun et al., 2020). Our TCGA analysis (Supplementary Figure 5)
revealed that Piezo1 is significantly overexpressed in tumor tissues, especially in head and neck squamous cell
carcinoma (HNSCC), compared to normal tissues. Consistent with these findings, previous studies have also
reported elevated Piezo1 expression in OSCC tissues and cell lines, notably in HSC-3 and HSC-4, relative to
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adjacent non-cancerous tissues (Hasegawa et al., 2021). The marked overexpression of Piezo1 in OSCC, along
with its increased sensitivity to microgravity-induced mechanotransduction, suggests that OSCC may respond
more effectively to Piezo1-targeted therapeutic strategies than other tumors.

Microgravity significantly influences key biological behaviors of cancer cells (Kimlin et al., 2013;
Vidyasekar et al., 2015; Arun et al., 2017; Deng et al., 2019; Grimm et al., 2020; Hybel et al., 2020), with
substantial evidence supporting its inhibitory effects on cancer cell proliferation (Jeong et al., 2018; Bonfiglio et
al., 2019; Dietz et al., 2019; Singh et al., 2021). Our study demonstrated that SMG influences OSCC
progression by regulating Piezo1, suggesting that targeting Piezo1 under microgravity conditions may represent
a promising therapeutic strategy.

Our study addresses this gap by investigating the effects of SMG on OSCC, proposing it as a holistic
mechanobiological model. This approach offers new insights into the interplay between mechanical forces and
tumor progression. Piezo1 activation by membrane deformation enables calcium influx, which regulates key
tumor progression pathways, including angiogenesis, migration, and proliferation (De Stefani et al., 2012;
Bootman and Bultynck, 2020; Dombroski et al., 2021). Studies show that Piezo1 activation disrupts cellular
homeostasis and increases apoptosis in prostate and breast cancer cells (Hope et al., 2019; Tijore et al., 2021),
suggesting it as a potential therapeutic target. In our study, SMG disrupted intracellular calcium homeostasis via
Piezo1, leading to mitochondrial calcium overload and inducing mitophagy in OSCC, ultimately inhibiting
tumor growth.

Amelink et al. observed significantly reduced vascular oxygenation compared with normal oral mucosa in
OSCC (Amelink et al., 2008). Microgravity-induced blood redistribution may enhance oxygen levels in the
maxillofacial region, potentially improving tumor oxygenation and inhibiting growth. Similarly, in the HU
model, blood flow shifts towards the head, creating a hyperemic state that could alter the tumor
microenvironment and synergize with SMG to affect OSCC outcomes.

In this study, it is hypothesized that microgravity-induced blood redistribution may alter the tumor
microenvironment. Microvessel density (MVD) is widely recognized as a prognostic marker in cancer, with
higher MVD levels often associated with poorer outcomes due to accelerated tumor growth and an increased
risk of metastasis (De Palma and Hanahan, 2024) (Den Uil et al., 2019). Targeting angiogenesis has shown
promise as a combination therapy strategy(Jiang and Chen, 2022), potentially reducing vascular density to limit
metastatic spread(Liu et al., 2023) and reshaping the tumor microenvironment to enhance immune responses
(Binnewies et al., 2018). Additionally, changes in MVD following treatment can serve as a reliable indicator of
therapeutic efficacy, particularly in anti-angiogenic therapies, where reductions in MVD often reflect a
favorable treatment response (Jiang, et al., 2021; Lopes-Coelho et al., 2021). In line with these concepts, we
observed a reduction in MVD in OSCC, accompanied by an increase in vessel diameter. This suggests that
microgravity may alter the tumor microenvironment by inhibiting angiogenesis while promoting compensatory
dilation of pre-existing vessels. Although direct measurement of MVD was not the primary focus of this study,
previous literature suggests that it plays a significant role in the tumor microenvironment. We propose that this
vascular modulation warrants further investigation.

3.2 Advances and future directions in microgravity research for OSCC treatment

Earlier research on the effects of microgravity on biological systems focused on how gravitational changes
impact physiological processes, including bone metabolism, muscle atrophy, immune function, decompression
sickness, and fluid redistribution. However, the influence of microgravity on cancer remains relatively
underexplored. Existing in vitro studies have demonstrated that microgravity can markedly alter tumor cell
behavior, including proliferation, migration, and gene expression. Recent studies, primarily focusing on
intrinsic or chemically induced signaling, have established a functional link between Piezo1 and autophagy in
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other contexts; for example, Fang et al. (Fang et al., 2025), Yu et al. (Yu et al., 2025), and Hasegawa et al.(Hasegawa, et al.,
2021) confirmed Piezo1's role in calcium regulation in OSCC. Current research on Piezo1 in tumors remains
constrained by the absence of a comprehensive mechanobiological model. Our study advances this field by
identifying 'microgravity-induced mechanical unloading' as a novel upstream stimulus. We demonstrated that
SMG disrupts intracellular calcium homeostasis via Piezo1, leading to mitochondrial calcium overload and
inducing mitophagy in OSCC, ultimately inhibiting tumor growth.

Looking ahead, gaining deeper insights into the molecular mechanisms modulated by microgravity could
pave the way for innovative cancer therapies. In our study, the HU model in mice not only alters posture and
gravity perception but also affects mechanical stress and fluid dynamics within the tumor microenvironment.
These changes can reshape tumor cell morphology and function(Alvarado-Estrada et al., 2021), with postural
shifts potentially leading to variations in tissue tension, thereby influencing tumor cell behavior(Massey et al.,
2024). However, to fully explore whether microgravity can be harnessed for cancer treatment or prevention,
further in vivo studies using microgravity models—in both animal experiments and early-phase clinical
trials—are needed to establish a clearer link between rotating cell culture systems and in vivo microgravity
conditions. Furthermore, the formation of multicellular spheroids observed in our SMG model suggests
potential alterations in cancer cell stemness. As reviewed by Visvader and Lindeman (Visvader and Lindeman,
2012), the maintenance of cancer stemness is closely associated with therapeutic resistance and tumor
metastasis.While our current RNA-seq data focused on autophagy pathways, future studies will specifically
investigate stemness markers (e.g., CD44, SOX2) to determine whether microgravity-induced Piezo1 activation
also regulates the cancer stem cell population.

Third, it is important to acknowledge the methodological limitations inherent in comparing 2D adherent
cultures (NG) with 3D multicellular spheroids formed under simulated microgravity (SMG). As noted in recent
reviews, SMG promotes the formation of scaffold-free 3D aggregates, which is a distinct phenotype of
gravitational unloading [43]. However, the transition from 2D to 3D culture itself introduces variables such as
altered cell–cell interactions and nutrient gradients (Breslin and O'driscoll, 2013). These structural changes may
contribute to the observed omics variations independent of gravitational unloading. Future studies utilizing
ground-based 3D static controls (e.g., non-adherent cultures) will be essential to further decouple the effects of
dimensionality from those of microgravity.

An alternative approach to simulating microgravity in humans is the head-down tilt (HDT) bed rest model,
where individuals are inclined at angles ranging from 4° to 15°, with 6° being the most commonly used in
experimental settings. HDT has been employed in clinical research to study various conditions, such as acute
ischemic stroke and immune responses (Ploutz-Snyder, 2016; Culliton et al., 2021), due to its effects on blood
flow distribution, particularly in the head region. However, its use in cancer therapy remains limited, primarily
focusing on postoperative management rather than on leveraging the therapeutic potential of HDT itself (Li et
al., 2018). Exploring HDT as a non-invasive treatment strategy for head and neck tumors could represent the
harnessing of gravitational principles to improve clinical outcomes.

Our study offers valuable insights into tumor progression under SMG, with findings validated using HU
mouse models that closely replicate HDT conditions in humans. These results highlight Piezo1 as a promising
therapeutic target. Future research will investigate the effects of true microgravity on OSCC and other head and
neck tumors, and assess the potential of HDT as a treatment modality. This work aims to drive the development
of innovative cancer therapies and clinical strategies that capitalize on the unique physiological responses
triggered by altered gravitational conditions.

4 Conclusions

Our findings demonstrate that SMG exerts anti-tumor effects on OSCC by modulating Piezo1-mediated
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calcium signaling and inducing autophagy. Piezo1 emerges as a promising target for novel therapeutic strategies
that harness the unique properties of microgravity. In the future, microgravity-based approaches could pave the
way for innovative cancer treatments, potentially transforming the landscape of cancer therapy and patient care.
Further investigation in real microgravity environments and clinical trials will be essential for translating these
insights into practical applications..
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Supplementary information:

Material and methods

Cell Culture, Transfection

The human OSCC cell lines Cal-27, HSC-3 (high metastatic potential), and HSC-4(low metastatic
potential) were obtained from the American Type Culture Collection (ATCC) and maintained in Dulbecco's
Modified Eagle's Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin, in a humidified atmosphere at 37°C with 5% CO2. Cells were cultured in T-75 flasks
and passaged using trypsin-EDTA solution when they reached 80% confluence. The culture medium was
changed every 2 – 3 days, and cell morphology was regularly monitored under an inverted phase-contrast
microscope. The mouse OSCC cell line 4MOSC1 was derived as previously described and cultured in Defined
Keratinocyte SFM (ThermoFisher, 10744019) supplemented with 5 ng/mL EGF Recombinant Mouse Protein
(ThermoFisher, #PMG8041), 0.0001 nM/mL Cholera Toxin (Sigma-Aldrich, C8052), and 1%
penicillin/streptomycin (Sigma-Aldrich, A5955).

The siRNA sequences used in this study were designed to target Piezo1 and synthesized by Transsheep
according to the following sequences: F-CCAAGTACTGGATCTATGT and
R-GCAAGTTCGTGCGCGGATT. siRNA transfection was performed using Lipofectamine 3000
(ThermoFisher) for 12 or 24 hours, following the manufacturer's instructions.

The Rotary Cell Culture System (RCCS, Synthecon, RCCS-4D)

Cells were divided into SMG and NG groups. Cells in the NG group were cultured using the standard
method described above. For the SMG group, cells were passaged at an appropriate concentration into
disposable vessels and cultured in the RCCS following the manufacturer's instructions. During the first five
minutes of culture, the RCCS speed was set to 8 RPM; after 5 minutes, the rotation speed was increased to 14
RPM. Cells were continuously cultured in disposable vessels for 48 hours before sampling for subsequent
analysis.

Cell scratch assay

Cells were seeded in 6-well plates and allowed to reach confluence. A standardized wound was created in
the cell monolayer using a sterile 200 μL pipette tip. The cells were then washed with phosphate-buffered saline
(PBS) to remove debris and floating cells. For the scratch and cell viability assays and colony formation assay
following microgravity simulation, cells (3D spheroids from SMG and monolayers from NG) were harvested
and dissociated into single-cell suspensions using 0.25% Trypsin-EDTA. The cells were immediately reseeded
into 6- or 96-well plates under NG conditions. The assays commenced once the cells had successfully adhered
to the plate surface, allowing us to evaluate the sustained effects of the prior microgravity exposure. The cells
were then treated under the appropriate experimental conditions. Images of the scratch were captured at 24
hours to assess cell migration into the wound area. The scratch width was measured at each time point using
image analysis software (ImageJ).

Colony formation assay

Cells were trypsinized and resuspended in complete growth medium to obtain a single-cell suspension. The
suspension was then seeded into 6-well plates (500 cells per well) to allow colony formation. The plates were
gently rocked to ensure even cell distribution. The cells were incubated in a humidified atmosphere at 37°C with
5% CO2 for 7 – 14 days to facilitate colony formation, with medium changes every 2 – 3 days during the
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incubation period. Following incubation, the cells were fixed with 4% paraformaldehyde (PFA) and stained
with crystal violet to visualize the colonies. The number of colonies in each well was counted manually or using
ImageJ.

Cell viability assay

Cells were first cultured (in RCCS vessels) under NG or SMG conditions for the indicated durations.
Subsequently, cells were harvested, dissociated, and seeded in 96-well plates at 5000 cells per well in complete
growth medium and incubated at 37 ° C with 5% CO2. Following incubation, the cells were subjected to
rotational stimulation using a rotational device at a specified duration and speed. Control wells were left
unstimulated. Following stimulation, Cell Counting Kit-8 (CCK-8) reagent (Beyotime, China) was added to
each well according to the manufacturer's instructions.

Western blotting

The knockdown of the target gene by Piezo1 siRNA transfection and the expression of autophagy markers
were analyzed using Western blotting. Transfected cells were lysed in RIPA buffer (Sigma-Aldrich) containing
Halt™ protease inhibitor (ThermoFisher). The lysates were centrifuged at 12,000× g for 10 minutes at 4°C. The
total protein concentration was determined using a BSA protein standard kit (ThermoFisher). Protein samples
were electrophoresed on a 10% PAGE gel (120 V for 1.5 hours) and transferred to nitrocellulose membranes
(Pall Corp) for 1.5 hours at 300 mA. Protein blots were detected using SuperSignal®West Pico (ThermoFisher)
and the following antibodies: Piezo1 (Proteintech, 82625-4-RR, 1:1000), LC3A (Proteintech, 18722-1-AP,
1:1000), LC3B (Proteintech, 18725-1-AP, 1:1000), P62 (Proteintech, 31403-1-AP, 1:1000), ATG9B
(ThermoFisher, PA5-20998, 2 μ g/ml), PARKIN(Proteintech, 14060-1-AP, 1:2000), PINK1(Proteintech,
23274-1-AP, 1:2000), GAPDH (Proteintech, 10494-1-AP, 1:5000), and secondary antibodies goat anti-mouse
IgG (ThermoFisher, 31430) or goat anti-mouse IgG (ThermoFisher, 31460).

Membrane potential damage assessment

Cells were incubated for 20 mins at 37°C with Rhodamine 123 Kits (Beyotime, C2008S) loaded with dyes
using Carbonyl Cyanide m-Chlorophenylhydrazone (CCCP) as a positive control. The results were detected
using a confocal microscope and fluorescence quantification by Zen Lite 3.4.

Measurement of mitochondrial calcium

Cells were incubated for 30 minutes at 37°C in DMEM with 10% FBS, supplemented with MitoTracker
GFP (ThermoFisher, 50 nM) and Rhod-2 AM (ThermoFisher, 0.4 mM, incubated overnight), according to the
manufacturer's instructions. This experimental setup enables real-time visualization and dynamic monitoring of
immunofluorescence-labeled structures or proteins in live cells using the Zeiss LSM980 confocal microscope,
which offers live-cell imaging capabilities.

Mitochondrial autophagy fluorescence

After packaging the pTSBX-StubRFP-SensGFP-LC3B-IRES-puro-EFS-Mito-BFP-TSB vector into
lentivirus (Transheep, China) and infecting cells at an MOI of 10, the cells were subjected to puromycin
selection at 2 μ g/ml for three generations. The expression of the three fluorescent proteins (blue for
mitochondria, red and green for LC3B dual-color) was then confirmed using a fluorescence microscope.
Fluorescence imaging was performed using a confocal microscope, and fluorescence intensity was quantified
using Zen Lite 3.4. The following antibodies were used for IF: PARKIN (Proteintech, 14060-1-AP, 1:200),
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PINK1 (Proteintech, 23274-1-AP, 1:200), TOM20 (Proteintech, 66777-1-1g, 1:500).

RNA-seq

Total RNA from HSC-3 cells was extracted using the TRIzol reagent (Invitrogen, CA, USA) according to
the manufacturer ’ s protocol. RNA purity and quantification were evaluated using the NanoDrop 2000
spectrophotometer (Thermo Scientific, USA). RNA integrity was assessed using the Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA, USA).

The libraries were then constructed using the VAHTS Universal V6 RNA-seq Library Prep Kit according
to the manufacturer’s instructions. The transcriptome sequencing and analysis were conducted by OE Biotech
Co., Ltd. (Shanghai, China). The libraries were sequenced on the Illumina Novaseq 6000 platform, and 150 bp
paired-end reads were generated.

The sequencing-generated FASTQ files were evaluated for read quality and mapping rate using FastQC
(version 0.11.9). Clean reads were aligned to the hg38 reference genome using Hisat2 (version 2.1.0). FPKM of
each gene was calculated, and the read count of each gene was obtained by HTSeq-count (Version0.11.2). PCA
analysis was performed using R (Version 3.2.0) to evaluate the biological duplication of samples. Differential
expression analysis was performed using DESeq2. Q value < 0.05 and foldchange > 2 or foldchange < 0.5 were
set as the thresholds for significantly differentially expressed genes (DEGs). Hierarchical cluster analysis of
DEGs was performed in R (Version 3.2.0) to visualize gene expression patterns across groups and samples.

Based on the hypergeometric distribution, GO, KEGG pathway, Reactome, andWikiPathways enrichment
analyses of DEGs were performed in R (Version 3.2.0) to identify significantly enriched terms. R was used to
draw the column diagram, the chord diagram, and the bubble diagram of the significant enrichment term.

4MOSC1 tumor formation in vivo

All animal studies related to oral carcinogenesis were approved by the Institutional Animal Care and Use
Committee (IACUC) of Zhejiang University, Hangzhou. Mice were housed in micro-isolators and individually
ventilated cages at the Animal Center, with access to acidified water and a standard lab diet. The temperature in
the animal facility was maintained between 65°F and 75°F (~18–23°C) with 40%–60% humidity. All animal
handling procedures were performed in laminar flow hoods. Personnel were required to wear scrubs, lab coats,
masks, hairnets, dedicated shoes, and disposable gloves when entering the animal rooms. 4MOSC1 cells (0.5
million per mouse) were transplanted into the tongues of female C57Bl/6 mice (4–6 weeks old, weighing 16–
18 g). The mice were randomly assigned to experimental groups once tumors had formed (on days 5–6).

Simulating microgravity in hindlimb unloading mice

To simulate microgravity, the HU model was established following standard protocols. Mice were
individually housed in specialized suspension cages. Briefly, a traction loop was applied to the tail and
connected to the suspension system. The suspension height was carefully adjusted to elevate the hindlimbs,
maintaining a head-down tilt of approximately 30 degrees. This specific angle ensured that the forelimbs
remained in firm contact with the cage grid, allowing the mice to access food and water and groom normally,
while the hindlimbs remained non-weight bearing. The mice were monitored daily to ensure the suspension
angle was maintained.

Drug treatment for mice

For drug treatment, the mice were given either an intraperitoneal (IP) injection of saline as a control or
Dooku1 (MedChemExpress # HY-126010, 10 μM per mouse, three times a week) for 10 days. The mice were
then euthanized following treatment completion (or when control-treated mice succumbed to tumor burdens, as
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determined by the ASP guidelines), and tumors were dissected for histologic and immunohistochemical
evaluation.

Histological analyses

The tongue samples were fixed in 4% Paraformaldehyde Fix Solution (Servicebio, China) for 24 hours at
room temperature, dehydrated in graded ethanol, and embedded in paraffin. The tissue was then sectioned into 5
μm slices using a microtome (Leica) and stained with HE.

For immunohistochemistry, the tumor section slides confirmed by HE staining were deparaffinized in
xylene for 30 minutes and rehydrated using graded ethanol. Epitope retrieval was performed using a pressure
cooker for 2.5 minutes. After blocking endogenous peroxidase activity with hydrogen peroxide (Beyotime),
sections were incubated overnight at 4°C with Ki-67 antibody (Proteintech, 27309-1-AP, 1:200) and CD34
antibody (Proteintech, 31120-1-AP, 1:150). After washing, the sections were incubated with goat anti-mouse
IgG antibody (ThermoFisher, 31430, 1:1500) for 30 minutes at room temperature. Following immunostaining,
the slides were counterstained with hematoxylin for 20 seconds to visualize the nuclei and differentiated in acid
alcohol or tap water to remove any excess. DAB (Beyotime, P0203) was used for color development according
to the manufacturer’s instructions.

Data collection and processing of TCGA

Survival Genie includes 53 datasets across 27 distinct malignancies from 11 different cancer programs,
covering both adult and pediatric cancers. All clinical and genomic data were downloaded from the GDC data
portal using the Genomic Data Commons Bioconductor R package. TCGAplot (Version 8.0.0) was used for
Pan-cancer expression analysis.

Survival Genie performs statistical analysis of overall survival (OS) and disease-free survival (DFS) using
the R package ‘survival’. Kaplan–Meier survival curves are generated to estimate OS/DFS using the survfit
function, and a log-rank test is performed to compare OS/DFS between defined high- and low-risk groups.
Univariate analysis using the Cox proportional hazards regression model is conducted on patient data with the
Coxph function in R/Bioconductor. A survival association is considered significant if the P-values for both the
log-rank and Wald tests are less than 0.05.

Statistical analysis

For in vitro assays, experiments were performed in biological triplicates and technical duplicates. All
experiments were pooled for statistical analysis. For in vivo experiments, each independent experiment
included 10 mice per group. Data are presented as means, with error bars representing standard deviation (SD).
Statistical differences between groups were analyzed using Student’s t-test or one-way analysis of variance
(ANOVA), followed by Tukey’s or Dunnett’s multiple comparison tests. P < 0.05 was considered statistically
significant. All statistical analyses were conducted using GraphPad Prism software.
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Figs. S1‒S7
Table S1‒S2

Fig. S1 Effects of simulated microgravity on OSCC cell morphology. HSC-4 cells cultured under normal
gravity (NG) conditions exhibit typical adherent growth, while cells exposed to simulated microgravity
(SMG) for 48 hours adopt irregular shapes and reassemble into three-dimensional multicellular spheroid
structures.
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Fig. S2 Hierarchical clustering heatmap of differentially expressed genes in HSC-3 cells under normal
gravity (NG) and simulated microgravity (SMG) conditions. The heatmap illustrates the differential
expression profiles of HSC-3 cells following 48 hours of culture. Columns represent independent
biological replicates (n=3) for the NG (left) and SMG (right) groups, while rows represent individual
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genes. The color scale indicates the relative expression levels (Z-score normalized): red indicates
upregulation (high expression) and blue indicates downregulation (low expression). Both samples and
genes are organized based on hierarchical clustering (dendrograms on the top and left). Notably, a
cluster of genes associated with autophagy and mitophagy (e.g., ATG9B, PINK1, MAP1LC3B, SQSTM1)
exhibits significant upregulation in the SMG group compared to the NG group.

Fig. S3 SMG-induced mitophagy in HSC-4 cells via Piezo1 regulation. (a-c) the recovery of cell viability
(n=8) (a) colony formation ability (n=4) (b) of si-Piezo1 siRNA in the SMG stimulated HSC-4. (c)
Autophagy-related key genes ATG9B, LC3, and Piezo1 were recovered by the siRNA knockdown after
SMG. (d): the confocal images show the calcium ion fluorescence in each group. Data are expressed as
mean±standard deviation (SD). ns, not significant, * P<0.05, ** P<0.01.
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Fig. S4 Tumor-bearing model in a tongue in C57b mice. (a) On day 7, after the injection of 4MOSC1, an
obvious tumor formed in the tongue. (b) The tumors are confirmed as OSCC in HE slides. 4MOSC1:
4-Nitroquinoline 1-Oxide InducedMouse Oral Squamous Cell Carcinoma1, OSCC: Oral Squamous Cell
Carcinoma.
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Fig. S5 PIEZO1 expression in Pan-Cancer data from the TCGA project. (a) PIEZO1 expression level in
TCGA tumors, abbreviations of pan-cancer were in Table S1. (b) Box plot data of PIEZO1 expression in
HNSC. (c) Prognostic value of PIEZO1 in HNSC based on Kaplan-Meier analysis. High expression of
PIEZO1 was associated with poor overall survival in patients with HNSC (n=510). HNSC: Head and
Neck Symptom Checklist, PIEZO1: Piezo Type Mechanosensitive Ion Channel Component 1.
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Fig. S6 SMG and Piezo1 activation induce mitophagy via PINK1-Parkin pathway in HSC-3 cells. (a)
Representative immunofluorescence images showing the colocalization of mitochondria (TOM20, red)
and autophagosomes (LC3, green) in HSC-3 cells under NG and SMG conditions. Nuclei were stained
with DAPI (blue). SMG treatment significantly increased the recruitment of LC3 to mitochondria. Scale
bar: 10μm. (b) Representative immunofluorescence images showing the colocalization of mitochondria
(TOM20, red) and the mitophagy regulator PARKIN (green). SMG treatment induced the translocation
of PARKIN to mitochondria compared to the NG group. Scale bar: 10 μm. (c) Western blot analysis and
quantification of PIEZO1, PARKIN, and PINK1 expression levels in HSC-3 cells under NG and SMG
conditions. SMG significantly upregulated the expression of these mitophagy-related proteins. n=3. (d)
Western blot analysis and quantification of PIEZO1 and mitophagy markers (ATG9B, P62, PARKIN,
PINK1, LC3) in HSC-3 cells treated with the Piezo1 agonist Yoda1 (5μM). Yoda1 treatment successfully
mimicked the SMG-induced upregulation of PIEZO1, ATG9B, PINK1, PARKIN, and LC3-II/LC3-I
ratio, and the down-regulation of P62. n=3. Data are expressed as mean±standard deviation (SD). ns, not
significant, * P<0.05, ** P<0.01. TOM20: Translocase of Outer Mitochondrial Membrane 20, PIEZO1:
Piezo Type Mechanosensitive Ion Channel Component 1, PARKIN: Parkin RBR E3 Ubiquitin Protein
Ligase, PINK1: PTEN Induced Kinase 1, GAPDH: Glyceraldehyde-3-Phosphate Dehydrogenase,
ATG9B: Autophagy Related 9B, P62: Sequestosome 1 (also known as SQSTM1), LC3 I:
Microtubule-Associated Protein 1 Light Chain 3 Beta I, LC3 II: Microtubule-Associated Protein 1 Light
Chain 3 Beta II.

Fig. S7 Piezo1 activation mimics SMG-induced proliferation and migration suppression, knockdown
reverses effects. (a) CCK-8 cell viability assay of HSC-3 cells treated with increasing concentrations of
the Piezo1 agonist Yoda1 (5, 10, and 20 μM). Yoda1 treatment significantly inhibited cell proliferation in
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a dose-dependent manner compared to the control group. n=10. (b) Wound healing migration assay and
quantitative analysis of HSC-3 cells transfected with control siRNA (si-CON) or Piezo1 siRNA
(si-PIEZO1) under NG and SMG conditions. SMG treatment significantly inhibited wound closure in the
si-CON group, whereas Piezo1 knockdown (si-PIEZO1) significantly rescued the migratory capability of
cells under SMG conditions. n=4. (c) Wound healing migration assay and quantitative analysis of HSC-3
cells treated with Yoda1 (5μM) compared to the control (CON). Pharmacological activation of Piezo1 by
Yoda1 significantly suppressed cell migration, recapitulating the phenotype observed under SMG
conditions. n=4. Data are expressed as mean±standard deviation (SD). ns, not significant, * P<0.05, **
P<0.01.

Table S1 Abbreviations of pan-cancer

Abbreviations Full names

ACC Adrenocortical carcinoma

BLCA Bladder Urothelial Carcinoma

BRCA Breast invasive carcinoma

CESC Cervical squamous cell carcinoma and endocervical adenocarcinoma

CHOL Cholangiocarcinoma

COAD Colon adenocarcinoma

DLBC Lymphoid Neoplasm Diffuse Large B-cell Lymphoma

ESCA Esophageal carcinoma

GBM Glioblastoma multiforme

HNSC Head and Neck squamous cell carcinoma

KICH Kidney Chromophobe

KIRC Kidney renal clear cell carcinoma

KIRP Kidney renal papillary cell carcinoma

LAML Acute Myeloid Leukemia

LGG Brain Lower Grade Glioma

LIHC Liver hepatocellular carcinoma

LUAD Lung adenocarcinoma

LUSC Lung squamous cell carcinoma

MESO Mesothelioma

OV Ovarian serous cystadenocarcinoma

PAAD Pancreatic adenocarcinoma

PCPG Pheochromocytoma and Paraganglioma

PRAD Prostate adenocarcinoma

READ Rectum adenocarcinoma

SARC Sarcoma

SKCM Skin Cutaneous Melanoma
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STAD Stomach adenocarcinoma

TGCT Testicular Germ Cell Tumors

THCA Thyroid carcinoma

THYM Thymoma

UCEC Uterine Corpus Endometrial Carcinoma

UCS Uterine Carcinosarcoma

UVM Uveal Melanoma

Table S2: DEG list of SMG vs. NG (P<0.05, log2FoldChange>1 or log2FoldChange<-1)
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