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Tumor cell–intrinsic Piezo2 drives radioresistance by
impairing CD8+ T cell stemness maintenance
Naijun Miao1,2*, Dongqing Cao2*, Jingsi Jin2*, Guizhi Ma1,2, Haihui Yu3, Junwen Qu4, Guiping Li5, Caixia Gao1, Dong Dong6,
Fan Xia7, and Wenwen Li1,2

Changes in mechanosensitive ion channels following radiation have seldom been linked to therapeutic sensitivity or specific
factors involved in antitumor immunity. Here, in this study, we found that the mechanical force sensor, Piezo2, was
significantly upregulated in tumor cells after radiation, and Piezo2 knockout in tumor cells enhanced tumor growth
suppression by radiotherapy. Specifically, loss of Piezo2 in tumor cells induced their IL-15 expression via unleashing JAK2/
STAT1/IRF-1 axis after radiation. This increase in IL-15 activates IL-15Rα on tumor-infiltrating CD8+ T cells, thereby leading to
their augmented effector and stem cell–like properties, along with reduced terminal exhausted feature. Importantly, Piezo2
expression was negatively correlated with CD8 infiltration, as well as with radiosensitivity of patients with rectum
adenocarcinoma receiving radiotherapy treatment. Together, our findings reveal that tumor cell–intrinsic Piezo2 induces
radioresistance by dampening the IRF-1/IL-15 axis, thus leading to impaired CD8+ T cell–dependent antitumor responses,
providing insights into the further development of combination strategies to treat radioresistant cancers.

Introduction
Radiotherapy is a widely used and often effective treatment for a
variety of cancers. Radiation stimulates antitumor immunity by
promoting the release of tumor antigens, chemokines, and cyto-
kines, subsequently increasing the capacity for cross-presentation in
antigen-presenting cells (APCs) and enhancing the function of cy-
totoxic CD8+ T cells (Gajewski et al., 2013; Herrera et al., 2017;
McLaughlin et al., 2020). However, many patients show poor re-
sponse to radiotherapy and frequently experience tumor recurrence
due to the immunosuppressive effects of some tumor-intrinsic or
tumor-extrinsic factors that drive tumor immune evasion (Liang
et al., 2017; Kalbasi et al., 2017; Mondini et al., 2019). Reliable
strategies for augmenting radiation-mediated antitumor immunity
are therefore essential to improving response in these patients.

Mechanosensitive ion channels play an important role in
converting mechanical stimuli into electrical or chemical signals
(Coste et al., 2010). Among the well-studied mechanosensitive
ion channels, Piezo2 has been implicated in a range of physio-
logical processes, including blood pressure regulation, lung
stretch sensing, and urination, among others (Coste et al., 2010;
Szczot et al., 2021). Increasing evidence supports a strong link
between Piezo2 function and tumor development, progression,

and invasion (Lou et al., 2019; Liu et al., 2022; Chen et al., 2023).
However, whether changes in such membrane-associated me-
chanical stress sensors after radiation could also affect antitu-
mor response remains largely unknown.

Radiation-induced cytokine release plays a major role in
antitumor efficacy and is associated with tissue damage and
inflammation resulting from radiotherapy (Christensen et al.,
2009; Palata et al., 2019). Interleukin 15 (IL-15), the cognate
ligand of IL-15 receptor-α (IL-15Rα), promotes IgG secretion
from B cells and participates in regulating self-renewal, expan-
sion, and multipotency in stem cell–like CD8+ T cells. Further-
more, IL-15 is a major cytokine that has been identified to date
as positively correlated with antitumor immune cell infiltration
and progression-free survival in colorectal cancer patients
(Mlecnik et al., 2014). In another study, radiotherapy combined
with IL-15 treatment was found to result in loss of CD8+ T cell
tolerance in response to lymphopenia (Oelert et al., 2010).
However, relatively little is known about whether and how IL-
15 can improve the antitumor efficacy of radiotherapy.

In this work, we found that Piezo2 expression was signifi-
cantly increased in tumor cells after radiation, which subsequently
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suppressed their IL-15 production via phospho-JAK2/STAT1-IRF-
1 pathway inhibition, consequently resulting in loss of stemness in
tumor-infiltrating CD8+ T cells. Findings in the current study il-
lustrate a previously unrecognized radiation-responsive role of
Piezo2 in promoting radioresistance by suppressing IL-15 release
in tumor cells and suggests the further exploration of Piezo2-based
targeting as a supplementary strategy to improve response to
radiotherapy.

Results
Piezo2 knockout (KO) enhances antitumor effects
of radiotherapy
While screening for the effects of radiation on phenotype in the
radio-sensitive MC38 (murine colon adenocarcinoma) cell line,
we observed that cells appeared generally larger following ra-
diation. The quantification by scanning electron microscopy and
immunofluorescence staining of the cytoskeleton verified that
cell size indeed increased following radiation in MC38 (Fig. 1 A
and Fig. S1 A) and radio-resistant B16F1 murine melanoma cells
(Fig. S1 B). In addition, flow cytometry analysis of MC38-
tdTomato+ cells isolated from tumor-bearing WT mice further
confirmed the post-radiation increase in size on days 3 and 6
after radiation (Fig. S1, C and D). Given that mechanical force
sensors may change along with cell size and cytoskeleton stretch
(Satir and Christensen, 2007; Davis et al., 2023; Jin et al., 2020),
we therefore performed RNA sequencing (RNA-seq) in irradi-
ated and non-irradiated MC38 cells to identify related genes.
Gene Ontology (GO) term analysis showed that the genes in-
volved in the regulation of membrane potential were enriched in
irradiated MC38 cells (Fig. 1 B). Moreover, gene set enrichment
analysis (GSEA) further indicated that differentially expressed
genes (DEGs) involved in the cellular response to abiotic stim-
ulus were also enriched in irradiated MC38 cells (Fig. 1 C). We
further analyzed the common mechanosensitive ion channels
(Piezo2, Trpv2, Trpv6, Kcnk2, Kcnk4, Kcnk5, Kcnk6, and Kcnk7).
Based on the obvious upregulation of Piezo2 in response to ra-
diation (Fig. 1 D), we then focused on the possible role of Piezo2
in irradiation-induced tumor response. Consistent with RNA-
seq data, quantitative PCR (Q-PCR) analysis (Fig. 1 E) and
western blots (Fig. S1, E and F) confirmed that Piezo2 was up-
regulated in irradiated MC38 and B16F1 tumor cells compared
with its expression in non-irradiated controls. We also observed
the increase of Piezo2 expression either on the surface or in the
cytosol of sorted tdTomato+ cells from tumors (Fig. 1 F). In addi-
tion, as a sensory transduction channel, Piezo2 permits Ca2+ pas-
sage after the mechanical force on the cell membrane (McHugh
et al., 2010). We next determined the effect of radiation on Ca2+

uptake. The results showed that Ca2+ concentration was increased
inWT tumor cells after radiation treatment compared with that in
non-irradiated WT cells (Fig. S1 G).

To investigate the function of Piezo2 in tumor sensitivity to
irradiation, we used CRISPR-Cas9 genome editing with different
guide RNAs to generate MC38 and B16F1 cell lines with Piezo2
deletion. After confirming that Piezo2 expression was remark-
ably decreased in the Piezo2 KO cell lines compared with that in
the correspondingWT CRISPR-Ctrl lines (Fig. S1 H), we assessed

whether Piezo2 deficiency affects cell growth. The determina-
tion of cell viability illustrated that loss of Piezo2 had no impact
on cell proliferation in MC38 and B16F1 cells (Fig. S1 I). Then,
Piezo2 KO and WT MC38 and B16F1 cell lines were each re-
spectively used to establish subcutaneous tumors in the right
flank of C57BL/6 mice. Monitoring tumor growth after local
radiation treatment indicated that tumor volume was markedly
lower after radiation in Piezo2 KOMC38 tumors compared with
that of WT tumors (Fig. 1 G) and with a similar pronounced
effect in Piezo2 KO B16F1 tumors (Fig. 1 H). These results sug-
gested that loss of Piezo2 could enhance the antitumor effects of
radiation.

Radiation has been shown to confer abscopal effects in sev-
eral types of human cancers and is closely linked to the host
immune response (Herrera et al., 2017). We therefore next in-
vestigated whether Piezo2 in primary tumors contributed to the
abscopal effects of local radiation in untreated secondary tumors.
Comparison of tumor volumes after radiation showed that WT
secondary tumors corresponding to irradiated primary Piezo2
KO tumors showed greater inhibition of growth than WT sec-
ondary tumors related to irradiated primaryWT tumors (Fig. 1 I).
These data implied that Piezo2 in primary tumor cells could
restrict the growth of unirradiated secondary tumors, potentially
via induction of antitumor immune adaptive response.

Piezo2 deficiency in tumor cells enhances the function and
stemness of intratumoral CD8+ T cells after radiation
Previous studies have shown that adaptive immune CD8+ T cells,
which are cytotoxic to tumor cells, are required for post-
radiation tumor control (Herrera et al., 2017; McLaughlin et al.,
2020; Arina et al., 2020). In agreement with previous studies
(Gupta et al., 2012; Rodriguez-Ruiz et al., 2016; Lee et al., 2009),
the antitumor effect of radiation was reduced after the admin-
istration of depletion antibodies against CD8+ T cells in WT tu-
mors (Fig. 2 A). Furthermore, the enhancement of tumor growth
suppression in irradiated Piezo2 KO tumors was also reversed
after CD8+ T cell depletion, which indicated that adaptive im-
mune responses played an essential role in Piezo2 deficiency–
mediated reinforced antitumor effect of radiation (Fig. 2 A). To
assess whether Piezo2 in tumor cells plays a role in recruiting
CD8+ T cells, we analyzed the proportion of CD8+ T cells in the
tumor microenvironment (TME) using flow cytometry on days 7
and 14 after radiation. We found that the percentage of CD8+

T cells was greater in irradiated Piezo2−/− tumors compared with
that in irradiated WT tumors (Fig. 2 B). Moreover, staining for
intracellular cytokines showed that loss of Piezo2 resulted in
enrichment with IFN-γ+TNF-α+CD8+ T cells (Fig. 2 C), which was
further supported by our observation of increased IFN-γ pro-
duction in irradiated cells (Fig. 2 D).

Stem cell–like T cells are critical for a durable antitumor
response. These subpopulations characteristically exhibit self-
renewal, expansion, and pluripotency, and are identified by
the expression of TCF-1 (encoded by Tcf7 gene) and Ki-67
(Siddiqui et al., 2019; Li et al., 2020; Prokhnevska et al., 2023).
To determine whether the enhanced accumulation of CD8+

T cells was due to increased proliferative potential after radia-
tion, we analyzed Ki-67+, TCF-1+, and CD62L+ cells within the
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intratumoral PD-1+CD44+TIM3lowCD8+ T cell subpopulation by
flow cytometry. We observed that the proportions of cells ex-
pressing the Ki-67, TCF-1, or CD62L stemness markers all in-
creased among tumor-infiltrating PD-1+CD44+TIM3lowCD8+ T
cells in Piezo2 KO tumors compared with that in WT MC38 tu-
mors on days 7 (Fig. 2, E–G) and 14 (Fig. S2, A–C) after radiation
treatment. Moreover, examination of the T cell exhaustion

marker, TOX, revealed that the proportion of TOX+ in PD-
1+CD44+TIM3lowCD8+ T cells was reduced in irradiated Piezo2
KO tumors compared with that in WT tumors on days 7 and 14
after radiation (Fig. 2 H and Fig. S2 D). In addition, flow cy-
tometry quantification of CD8+ T cells revealed that Piezo2−/−

tumors receiving radiation had a lower proportion of PD-1+CD8+

T cells (Fig. 2 I and Fig. S2 E), but increased Slamf6 expression

Figure 1. Effects of Piezo2 KO on tumor response to radiation. (A) Scanning electronmicroscope (SEM) showing the size of MC38 cells with one fraction of
30 Gy IR or without IR (left; scale bar = 10 µm), and the quantification of cell size (right). (B–D)MC38 cells were irradiated at a single fraction of 30 Gy. At 60 h
after radiation, total RNA was extracted and further analyzed by RNA-seq. GO enrichment analysis of membrane potential signaling pathway (B), GSEA of
cellular response to abiotic stimulus (C), and volcano plot exhibiting the DEGs of mechanosensitive ion channels from RNA-seq data (D). (E) The Piezo2mRNA
expression in MC38 and B16F1 cells after IR treatment was shown from three independent experiments. (F) Piezo2 expression was determined on the surface
or in the cytosol of CD45−tdTomato+ tumor cells sorted from WT MC38 tumors on day 5 after IR treatment. Representative data were shown from one
independent experiment using pooled tdTomato+ tumor cells from tumors (n = 6 mice per group). (G)Mice were subcutaneously inoculated withWTMC38 and
Piezo2−/− MC38 tumor cells, and then established tumors were treated locally with one fraction of 18-Gy IR. The tumor growth curve was represented from
three independent experiments (n = 6–8 mice per group). (H)Mice were subcutaneously inoculated with WT B16F1 and Piezo2−/− B16F1 tumor cells, and then
established tumors were treated locally with one fraction of 18-Gy IR. The tumor growth curve was represented from two independent experiments (n = 3–4
mice per group). (I) The tumor growth curve of unirradiated secondary tumors (WT MC38, left flank) and irradiated primary tumors (WT MC38 or Piezo2−/−

MC38, right flank) in C57BL/6 mice was represented from two independent experiments (n = 5–6 mice per group). Data were represented as means ± SEM. The
comparisons of two nonparametric datasets in A and E were calculated by the Mann–Whitney U test. G–I were analyzed by one-way ANOVA with multiple
comparison tests. *P < 0.05; **P < 0.01; ***P < 0.001; ****P <0.0001. Source data are available for this figure: SourceData F1.
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Figure 2. Effects of Piezo2 KO on intratumoral CD8+ T cell function and stemness after radiation. (A–I)Mice were transplanted subcutaneously with 2 ×
106 MC38 cells and then established tumors were treated locally with one fraction of 18-Gy IR. (A) To deplete CD8+ T cells, mice were injected with anti-CD8
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(T cell stemness surface marker) on CD8+ T cells compared with
WT control tumors on days 7 and 14 following radiation (Fig. S2,
F and G).

Further examination of subpopulations within draining
lymph nodes (DLNs) of Piezo2−/− tumor–bearing mice showed
that CD8+ T cells weremore abundant than in DLNs of mice with
WT tumors following irradiation (Fig. S2 H). Moreover, CD8+

T cells in DLNs of Piezo2 KO tumor–bearing mice exhibited
greater enrichment of subsets expressing function markers than
those in WT tumor–bearing mice (Fig. S2, I and J). By contrast,
CD8+ T cells fromDLNs of Piezo2−/− tumor–bearingmice showed
no obvious increase in Ki-67 expression levels or percentage of
TCF-1+ cells (Fig. S2, K and L).

We next investigated the effects of Piezo2 deficiency on
antigen-specific CD8+ T cells within irradiated tumors. We ap-
plied CRISPR-Cas9 genome editing with guide RNAs to generate
Piezo2−/− MC38-OVA cell line and determined the knockdown
efficiency of Piezo2 expression bywestern blot (Fig. S2M). After
the establishment of tumors, we adoptively transferred OVA-
specific CD45.1+ OT-I T cells to MC38-OVA–bearing mice on
the next day of receiving radiation treatment. Our result indi-
cated that the infiltration of OT-I CD8+ T cells was greater in
irradiated Piezo2−/− tumors compared with that in irradiated
WT tumors (Fig. 2 J). Moreover, the results of staining for in-
tracellular cytokines suggested that loss of Piezo2 contributed to
the enrichment of IFN-γ+TNF-α+ OT-I CD8+ T cells (Fig. 2 K).
Furthermore, the proportions of cells expressing TCF-1 in-
creased among tumor-infiltrating OT-I CD8+ T cells in Piezo2
KO tumors compared with that in WT MC38 tumors after
radiation treatment (Fig. 2 L). We next explored whether the
re-expression of Piezo2 in Piezo2 KO cells could reverse the
augmented tumor growth suppression in irradiated Piezo2−/−

tumors. Piezo2 expression was determined in Piezo2−/− and re-
expressed (Piezo2−/−-RE) cells by western blot (Fig. S2 N). In
addition, Ca2+ concentration was increased in CD45− cells from
irradiated Piezo2−/−-RE tumors compared with that in Piezo2−/−

tumors after radiation (Fig. S2 O). By monitoring tumor growth,
we observed that the enhanced antitumor effect of Piezo2 KO in
irradiated tumors was diminished in Piezo2-re-expressed tumors

receiving radiation treatment (Fig. 2 M). Through further
analysis, we assessed the effects of Piezo2 re-expression on the
regulation of tumor-infiltrating CD8+ T cells within Piezo2−/−

tumors. In agreement with our former results, the infiltration of
CD8+ T cells and the frequency of IFN-γ+ cells detected among
CD8+ T cells was higher in irradiated Piezo2 KO tumors but de-
creased after re-expressing Piezo2 (Fig. S2, P and Q). Further-
more, the frequency of TOX+ in exhausted CD8+ T cells was
higher in irradiated Piezo2−/−-RE tumors compared with that in
Piezo2-deficient tumors (Fig. S2 R).

These data collectively indicated that increased production of
cytotoxic cytokines and higher stem cell–like CD8+ T cell pop-
ulations both likely contributed to enhancing the antitumor effects
of Piezo2 after KO following ionizing radiation (IR) treatment.

Tumor cell–derived IL-15 is required for improved CD8+

T cell–mediated antitumor immunity in irradiated Piezo2
KO tumors
Several types of cytokines are known to play an essential role in
T cell differentiation in the TME (Raeber et al., 2018; Propper
and Balkwill, 2022). To investigate whether the enhanced anti-
tumor immune response associated with Piezo2 deficiency was
related to cytokine production, we performed RNA-seq using
Piezo2 KO and WT MC38 tumor cells with or without radiation
treatment. Analysis of DEGs indicated that several cytokines
commonly released by tumor cells, such as Il1a, Il1b, Il2, Il4, Il5,
Il6, Il7, Il11, Il12b, Il13, Il15, Il17a, Il17c, Il17d, Il17f, Il18, Il20, and Il21,
tumor cell–derived Il-15 expression showed the greatest increase
in irradiated Piezo2 KO cells compared with that in WT tumor
cells receiving IR treatment (Fig. 3 A). IL-15 is well-known to
stimulate proliferation in CD8+ T cells, which benefits tumor
control (Raeber et al., 2018). Further evaluation of Il-15 mRNA
expression by Q-PCR in cultured MC38 or B16F1 cells treated
with or without radiation confirmed that Il-15mRNA expression
was strikingly higher after radiation in Piezo2−/− cells compared
with that in WT cells (Fig. 3 B).

To further investigate the effects of Piezo2 on IL-15 produc-
tion in vivo, we assessed IL-15 expression in different cell types
from irradiated or non-irradiated tumors. The data showed that

antibody (200 µg per mouse, intraperitoneally (i.p.) starting on the day receiving IR treatment, every 2 days for a total of three times), RIgG, rat IgG. The tumor
growth curve of WT and Piezo2−/− MC38 tumors in C57BL/6 mice with or without anti-CD8 treatment after IR was represented from two independent
experiments (n = 4–6mice per group). (B) Representative data and quantification of the percentage of CD8+ T cells in CD45+ cells fromWT and Piezo2−/−MC38
tumors on days 7 and 14 after IR treatment were shown from three independent experiments (n = 3–8 mice per group). (C) Representative data and
quantification of the percentage of IFN-γ+TNF-α+CD8+ T cells from WT and Piezo2−/− MC38 tumors on day 7 after IR were shown from three independent
experiments (n = 3–6 mice per group). (D) Quantitation of the percentage of IFN-γ+CD8+ T cells fromWT and Piezo2−/− MC38 tumors on days 7 and 14 after IR
was shown from three independent experiments (n = 3–6 mice per group). (E–H) Representative data and quantification of the percentage of Ki-67+ (E), TCF-1+

(F), CD62L+ (G), and TOX+ (H) in PD-1+CD44+TIM3low CD8+ T cells from WT and Piezo2−/− MC38 tumors on day 7 after IR are shown from three independent
experiments (n = 3–6 mice per group). (I) Quantification of the percentage of PD-1+ in CD8+ T cells fromWT and Piezo2−/− MC38 tumors on day 7 after IR was
shown from three independent experiments (n = 4–6 mice per group). (J and K)Mice were transplanted subcutaneously with 2 × 106 MC38-OVA cells, and then
established tumors were treated locally with one fraction of 18-Gy IR. On the next day of receiving radiation treatment, 2 × 106 activated OT-I CD8+ T cells were
adoptively transferred into mice via retroorbital intravenous injection. Representative data and quantification of the percentage of OT-I CD8+ T cells (J), and
IFN-γ+TNF-α+ (K) in OT-I CD8+ T cells fromWT and Piezo2−/− MC38 tumors on day 11 after IR were shown from two independent experiments (J, n = 5–7 mice
per group; K, n = 4–6 mice per group). (L) Quantification of the percentage of TCF-1+ in OT-I CD8+ T cells fromWT and Piezo2−/− MC38 tumors on day 11 after
IR was shown from two independent experiments (n = 4–5 mice per group). (M)Mice were transplanted subcutaneously with 1 × 106 cells WT, Piezo2−/−, and
Piezo2−/−-RE B16F1 cells, and then established tumors were treated locally with one fraction of 18-Gy IR. The tumor growth curve was represented from two
independent experiments (n = 4–6 mice per group). Data were represented as means ± SEM. A and M were analyzed by two-way ANOVA with multiple
comparison tests; B–L were performed by one-way ANOVA with multiple comparison tests. *P < 0.05; **P < 0.01, ***P < 0.001, ns, no significant difference.
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Figure 3. Increase of tumor cell–derived IL-15 is responsible for the enhanced antitumor immunity after radiation by Piezo2 deficiency. (A and B)WT
and Piezo2−/− MC38 cells were irradiated at a single fraction of 30 Gy. At 60 h after radiation, total RNA was extracted and further analyzed. (A) RNA-seq
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IL-15 was expressed in both CD45+ and CD45− cells, with obvi-
ously higher IL-15 levels in irradiated tumors (Fig. S3 A). These
results suggested that after radiation, IL-15 release from CD45−

cells could potentially play a role in enhancing the response to
radiation in Piezo2 KO MC38 tumors. Moreover, we analyzed
the IL-15 expression in CD4+ T cells, CD8+ T cells, neutrophils,
monocytes, macrophages, and dendritic cells (DCs). The data
showed that IL-15 levels in indicated immune cells were similar
in WT and Piezo2 KO tumors with or without radiation treat-
ment (Fig. S3 B). On the basis of these results above, we next
focused on the effects of Piezo2 deficiency on tumor cell–derived
IL-15 expression following radiation.

To further confirm that the increase of IL-15 was induced by
irradiated Piezo2−/− tumor cells, we generated an MC38 cell line
stably expressing tdTomato to label KO andWT tumor cells inmice.
We then isolated tdTomato-labeled cells from tumors and quanti-
fied IL-15 using flow cytometry. The flow cytometric analysis in-
dicated that IL-15 expression was higher in tdTomato-expressing
cells obtained from Piezo2−/− tumors compared with that in WT
tumors on days 7 and 14 following radiation treatment (Fig. 3 C).

In addition, we also assessed whether tumor cell–derived IL-
15 was essential for the enhanced antitumor effects of Piezo2 KO
in irradiated tumors by blocking IL-15 through intratumoral in-
jection of neutralizing antibodies in vivo. We found that blocking
IL-15 reversed the suppression of tumor growth associated with
Piezo2 KO in radiation-treated mice but had no effect on irradi-
ated WT tumor growth (Fig. 3 D). Furthermore, we determined
the effects of IL-15 blockade on the expression of other functional
and differentiation markers in tumor-infiltrating CD8+ T cells.
The results demonstrated that the percentage of IFN-γ+ cells
detected among CD8+ T cells was higher in irradiated Piezo2 KO
tumors but decreased after IL-15 blockade (Fig. 3 E), while the
frequency of TOX+ in exhausted CD8+ T cells was higher after
anti-IL-15 treatment in irradiated Piezo2−/− tumors compared
with that in Piezo2-deficient tumors without IL-15 blockade
(Fig. 3 F). Moreover, the elevated proportions of the CD8+ T cell
stemness markers expressing TCF-1 and Ki-67 could be attenu-
ated by IL-15 blockade in irradiated Piezo2−/− tumors but not in
WT tumors with radiation treatment (Fig. 3, G and H).

To further verify that the increased IL-15 by tumor cells was
required for the enhanced antitumor response of irradiated Piezo2
KO tumors, we next generated IL-15−/− and Piezo2−/−IL-15−/− cell
lines by CRISPR-Cas9 genome editing. The knockdown efficiency
of IL-15 was determined by western blot (Fig. S3 C). Consistent
with the data shown in the irradiated Piezo2−/− tumors treated
with anti-IL-15, the KO of IL-15 in Piezo2 KO cells could rescue the
strengthened tumor growth suppression in Piezo2−/− tumor upon
radiation treatment (Fig. 3 I). In addition, the frequency of IFN-
γ+TNF-α+ observed in CD8+ T cells was higher in irradiated Piezo2
KO tumors but decreased in Piezo2−/−IL-15−/− tumors (Fig. 3 J).
Moreover, TCF-1+ proportion among exhausted CD8+ T cells from
irradiated Piezo2−/− tumors was increased compared with that in
WT tumors after radiation but decreased in Piezo2 KO tumors due
to lack of IL-15 (Fig. S3 D). These results suggested that IL-15 in-
crease in tumor cells after radiation was critical for the enhanced
tumor suppression in irradiated Piezo2 KO tumors.

IL-15 binds to the transmembrane domain of IL-15Rα and is
subsequently presented in trans to IL-2/IL-15Rβγ heterodimer to
activate neighboring CD8+ T cells and natural killer (NK) cells
(Fiore et al., 2020; Ma et al., 2022).We next determinedwhether
the Piezo2 KO–induced production of IL-15 could affect IL-
15Rα+CD8+ T cell expansion in irradiated tumors. Using flow
cytometry, we observed that irradiated Piezo2−/− tumors had a
greater increase in IL-15Rα+CD8+ T cells than that in irradiated
WT tumors (Fig. S3 E), although the percentage of IL-15Rα+CD8+

T cells from DLNs did not obviously change after radiation (Fig.
S3 F). Correlation analysis between IL-15Rα expression on
tumor-infiltrating CD8+ T cells and IFN-γ, TCF-1, and Ki-67 ex-
pression showed that IL-15Rα shared a strong positive rela-
tionship with these stemness and differentiation markers (Fig.
S3, G–I). These results further supported that tumor cell–derived
IL-15 production in irradiated Piezo2 KO cells strongly promotes
CD8+ T cell differentiation. We also analyzed IL-15Rα expression
on CD4+ T cells, CD8+ T cells, neutrophils, monocytes, macro-
phages, and DCs in tumors, which contribute to the trafficking of
IL-15 to the cell surface. The measurement showed that IL-15Rα
expression was remarkably changed on CD8+ T cells after radi-
ation in Piezo2 KO tumors, whereas other major immune cells

analysis of indicated cytokine mRNA expression. Bar plots from RNA-seq reveal the genes coding T cell–related cytokines. (B) Il-15mRNA expression inWT and
Piezo2−/− MC38 or WT and Piezo2−/− B16F1 with or without radiation was shown from two independent experiments. (C) C57BL/6 were transplanted
subcutaneously with 2 × 106 WT MC38-tdTomato and Piezo2−/− MC38-tdTomato cells. Tumors were treated locally with one fraction of 18-Gy IR. On days 7
and 14 after radiation, IL-15 expression in MC38-tdTomato+ cells was represented from three independent experiments (n = 5–9 mice per group). (D) C57BL/6
were transplanted subcutaneously with 2 × 106 WT MC38 and Piezo2−/− MC38 cells. Tumors were treated locally with one fraction of 18-Gy IR. Anti-IL-15 was
administered intratumor at 100 µg per mouse to mice every 2 days for a total of four times from the day receiving radiotherapy. Tumor growth was measured
twice a week. The tumor growth curve was represented from two independent experiments (n = 6 mice per group). (E) Representative data and quantification
of the percentage of IFN-γ+ in CD8+ T cells from irradiated WT and Piezo2−/−MC38 tumors with or without anti-IL-15 treatment on day 11 after IR were shown
from two independent experiments (n = 4–5 mice per group). (F and G) Representative data and quantification of the percentage of TOX+ (F) and TCF-1+ (G) in
PD-1+CD44+TIM3lowCD8+ T cells from tumors with or without anti-IL-15 treatment on day 11 after IR were shown from two independent experiments (n = 4–6
mice per group). (H) Representative data and quantification of the percentage of Ki-67+ in CD8+ T cells from irradiated WT and Piezo2−/−MC38 tumors with or
without anti-IL-15 treatment on day 11 after IR were shown from two independent experiments (n = 4–5 mice per group). (I) C57BL/6 were transplanted
subcutaneously with 2 × 106 WT, IL-15−/−, Piezo2−/−, and Piezo2−/−IL-15−/− MC38 cells. Tumors were treated locally with one fraction of 18-Gy IR. The tumor
growth curve was represented from two independent experiments (n = 4–6mice per group). (J) Representative data and quantification of the frequency of IFN-
γ+TNF-α+CD8+ T cells from irradiated WT, IL-15–/–, Piezo2−/−, and Piezo2–/–IL-15−/− MC38 tumors on day 16 after IR were shown from two independent
experiments (n = 4–6 mice per group). Data were represented as means ± SEM. B, C, E–H, and J were calculated by one-way ANOVA with multiple comparison
tests. D and I were analyzed by two-way ANOVA with multiple comparison tests. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, no significant
difference.
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showed no obvious alterations in IL-15Rα expression within
tumors (Fig. S3 J). Furthermore, staining of p-STAT5 to evaluate
the activation of IL-15Rα downstream signaling in tumor-
infiltrating CD8+ T cells showed that p-STAT5 expression was
higher in CD8+ T cells from irradiated Piezo2−/− tumors com-
pared with that in WT tumors upon radiation treatment (Fig.
S3 K). These cumulative results thus indicated that the IL-15/IL-
15Rα axis was critical for the enhanced radiation-induced an-
titumor immunity accompanying Piezo2 deficiency.

IRF-1 is essential for enhanced IL-15 production in Piezo2-
deficient tumor cells following radiotherapy
Previous studies have shown that the expression of IL-15, required
for NK cell development and virus recognition, is dependent on IFN
regulatory factor-1 (IRF-1) transcriptional regulatory function (Liu
et al., 2019;Ma et al., 2022). Based on this proposed role of IRF-1, we
next sought to determine whether it also participated in Piezo2
KO–associated increase in IL-15 following tumor cell irradiation.
Western blot verified that IRF-1 was expressed mainly in the nu-
cleus and that its expression significantly increased in Piezo2 KO
MC38 or B16F1 cells by 60 h after radiation compared with that in
irradiated WT cells (Fig. 4 A and Fig. S4 A). Subsequent immuno-
fluorescent staining further illustrated that IRF-1 expression could
be induced to higher levels by radiation treatment in Piezo2-
deficient tumor cells than in tumor cells harboring functional
Piezo2 (Fig. S4 B). This increased expression of IRF-1 was also ob-
served by flow cytometry in tdTomato+ Piezo2−/− MC38 tumor cells
isolated from irradiated tumors (Fig. 4 B). These results suggested
that IRF-1 played a role in Piezo2 KO–associated IL-15 upregulation.

To determine whether IRF-1 is required for Piezo2 KO–
associated IL-15 release enhancement, we generated an IRF-1 KO
stable cell line by shIRF-1 targeting in Piezo2−/− MC38 and
Piezo2−/− B16F1 tumor cells. After confirming that IRF-1 was
indeed knocked down by western blot (Fig. S4, C and D), we
examined IL-15 production following irradiation in Piezo2−/−IRF-
1−/− B16F1 or MC38 cells. We found that IRF-1 KO could abolish
the Piezo2 KO–associated increase of IL-15 levels after radiation
treatment, displaying comparable levels to that of irradiated WT
controls (Fig. 4, C and D). In addition, IRF-1 KO also reversed the
enhanced IL-15 production by CD45− cells in irradiated Piezo2
KO tumors as well as the therapeutic effects on tumor size
in vivo (Fig. 4, E and F). Furthermore, flow cytometry assess-
ment of the effects of IRF-1 KO on intratumoral CD8+ T cell
differentiation showed that the percentage of PD-1+CD8+ T cells
was higher in irradiated Piezo2−/−IRF-1−/− tumors compared with
that in radiation-treated Piezo2−/− tumors (Fig. 4 G), whereas the
proportions of TCF-1+ and CD62L+ cells decreased among total
tumor-infiltrating CD8+ T cells under IRF-1 deficiency (Fig. 4, H
and I). Taken together, these data demonstrated that IRF-1 was
required for the Piezo2 KO–associated increase in IL-15 pro-
duction and augmented antitumor response to radiotherapy.

Piezo2 deficiency enhances IL-15 production in irradiated
tumor cells through JAK2/STAT1/IRF-1 signaling
Treatment with JAK inhibitors induces immunosuppression by
disrupting IL-15 and IFN-γ cytokine signaling (Frisoli et al., 2020).
To improve our understanding of how JAK/STAT signaling might

contribute to enhancing IL-15 production in the absence of Piezo2,
we detected phosphor (p)-JAK2 and -STAT1 levels after irradiation
in Piezo2 KO and WT MC38 and B16F1 tumor cells. Western blots
showed that p-JAK2 and p-STAT1 levels were markedly higher in
irradiated Piezo2 KO tumor cells compared with that in WT cells
(Fig. 5 A and Fig. S5 A), and a similar trend in p-STAT1 levels was
also observed in tdTomato+-labeled cells isolated from radiation-
treated Piezo2 KO tumors in vivo (Fig. 5 B). To confirm whether
JAK2/STAT1 pathway activation was essential for upregulation of
the IRF-1/IL-15 axis in irradiated Piezo2−/− tumor cells, we ad-
ministered the JAK2 inhibitor, baricitinib, in cultured tumor cells
in vitro. We first validated that p-JAK2 and p-STAT1 levels were
decreased in irradiated Piezo2 KO cells with baricitinib treatment
(Fig. S5 B). Flow cytometry analysis showed that the increased
expression of IL-15 and IRF-1 in irradiated Piezo2−/− MC38 (Fig. 5,
C and E) or B16F1 (Fig. 5, D and F) tumor cells was reversed by
exposure to JAK2 inhibitor. Of note, inhibition of JAK2-STAT1
signaling in irradiated WT tumor cells by baricitinib had no
influence on the induction of IRF-1 and IL-15 compared with
that in WT tumor cells receiving radiation without inhibitor
treatment.

Previous studies have demonstrated that IFN-γ signaling
initiated by IFN-γ binding to IFN-γ receptor, which could induce
robust STAT1 phosphorylation and blockade of IFN-γ signaling
decreased STAT1 activation (Farrar and Schreiber, 1993;
McGillicuddy et al., 2009; Richard and Stephens, 2011; Ivashkiv,
2018; Lang et al., 2019). In view of this, we determined the
expression of IFN-γ in tdTomato+ cells from tumors and tested
the IL-15 expression with or without anti-IFN-γ blockade fol-
lowing radiation. We observed that IFN-γ expression was in-
creased in tdTomato+ cells from irradiated Piezo2−/− tumors
compared with that in the WT tumor upon radiation treatment
(Fig. 5 G). In addition, we found that treatment with anti-IFN-γ
after radiation resulted in the decline of IL-15 expression in
Piezo2−/− cells, in contrast to that in irradiated cells with Piezo2
deficiency in the absence of anti-IFN-γ (Fig. 5 H).

These observations together indicated that the Piezo2 KO–
associated increase in IL-15 expression after radiation was de-
pendent on IFN-γ–triggered JAK2/STAT1 signaling.

Piezo2 expression is related to CD8+ T cell infiltration and
clinical response to radiotherapy
In light of these results in mice and tumor cell lines, we next
explored whether Piezo2 and CD8 expression were correlated
with radiosensitivity in clinical samples by immunohistochem-
istry (IHC) staining.

First, patients with rectum adenocarcinoma (themost common
colorectal cancer) after radiotherapy were stratified according to
treatment response (i.e., “responder” and “non-responder”). The
quantification of IHC showed that responders had significantly
decreased Piezo2 expression and increased CD8+ T cell infiltration
compared with non-responders (Fig. 6, A and B), suggesting that
interrupting Piezo2 signaling could serve as a strategy to over-
come treatment resistance. Furthermore, we analyzed the corre-
lation between Piezo2 expression and CD8+ T cell infiltration, and
the results indicated that Piezo2 expression in tumor tissue in-
versely correlated with the infiltration of CD8+ T cells (Fig. 6 C).
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Figure 4. IRF-1 is essential for IL-15 production after radiation in Piezo2 KO tumors. (A) The expression of IRF-1 from nuclear and cytoplasm of WT and
Piezo2−/− MC38 by 60 h after IR treatment was shown from three independent experiments. (B) C57BL/6 were transplanted subcutaneously with 2 × 106 WT
and Piezo2−/− MC38-tdTomato cells. Tumors were treated locally with one fraction of 18-Gy IR. On day 5 after radiation, IRF-1 expression in MC38-tdTomato+

cells was analyzed by flow cytometry. Representative data of IRF-1 expression (left) and quantification analysis (right) in irradiated WT and Piezo2−/− MC38
tumors were shown from two independent experiments (n = 3–5 mice per group). (C) At 60 h after IR, IL-15 expression in WT, Piezo2−/−, and Piezo2−/−IRF-1−/−

B16F1 tumor cells was shown from three independent experiments. (D) The IL-15 expression in WT, Piezo2−/−, and Piezo2−/−IRF-1−/−MC38 tumor cells by 60 h
upon radiation treatment was shown from three independent experiments. (E) The IL-15 expression in CD45− cells from irradiated WT, Piezo2−/−, and
Piezo2−/−IRF-1−/− MC38 tumors on day 14 after IR was represented from two independent experiments (n = 4–5 mice per group). (F) C57BL/6 were trans-
planted subcutaneously with 2 × 106 WT, Piezo2−/−, and Piezo2−/−IRF-1−/− B16F1 cells. Tumors were treated locally with one fraction of 18-Gy IR. The tumor
growth curve was shown from two independent experiments (n = 4–6 mice per group). (G) Representative data and quantification of the percentage of PD-1+

in CD8+ T cells from irradiated WT or Piezo2−/− MC38 tumors with or without IRF-1 on day 14 after IR were shown from two independent experiments (n = 4
mice per group). (H) Representative data and quantification of the percentage of TCF-1+ in CD8+ T cells from irradiated WT or Piezo2−/− MC38 tumors with or
without IRF-1 on day 14 after IR were shown from two independent experiments (n = 5–6 mice per group). (I) Representative data and quantification of the
percentage of CD62L+ in CD8+ T cells from irradiatedWT or Piezo2−/−MC38 tumors with or without IRF-1 were shown from two independent experiments (n =
3–4 mice per group). Data were represented as means ± SEM. Statistical analysis was performed by one-way ANOVA with multiple comparison tests (A–E and
G–I), and statistical analysis was calculated by two-way ANOVAwith multiple comparison tests (F). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, no
significant difference. Source data are available for this figure: SourceData F4.
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Figure 5. Increase of IRF-1 and IL-15 expression in Piezo2 KO tumor cells upon radiation depended on JAK2/STAT1 pathway. (A) The expression of
p-JAK2 and p-STAT1 shown by western blot (left) and quantification (right) in WT and Piezo2−/− MC38 with or without IR treatment for 15 min after IR were
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In addition, we reanalyzed RNA-seq data of pancreatic ductal
adenocarcinoma (PDAC) tumor tissue samples from patients
following radiotherapy in the Gene Expression Omnibus (GEO)
database (GSE225767) (Piper et al., 2023). We found that although
there were no statistically significant differences between re-
sponder and non-responder, the trend that lower expression of
Piezo2 but higher IL-15 expression was associated with better
response to radiotherapy was observed in patients with PDAC
(Fig. 6, D and E).

Collectively, these analyses of clinical data suggested that
Piezo2 might affect the response to radiation treatment in
humans and may become a potential target for overcoming
radioresistance.

Discussion
In this study, we found that tumor cell size increased after ra-
diation treatment, which was associated with upregulation of
the mechanosensitive ion channel, Piezo2, in RNA-seq data.
Experimental characterization of Piezo2 function by genetic KO
in tumor cells revealed its role in tumor response to radiother-
apy via suppression of IRF-1/IL-15 signaling. More specifically,
Piezo2 deficiency resulted in enhanced expression of IRF-1 and
consequently, IL-15 production, which in turn activated IL-15Rα
in CD8+ T cells, thus promoting an immune response to radiation
treatment in vitro and in vivo. Moreover, we found that JAK2/
STAT1 signaling was required for the upregulation of IRF-1 and
IL-15 in irradiated Piezo2 KO tumor cells, and Piezo2 expression
was also correlated with radiosensitivity in rectal cancer pa-
tients receiving radiotherapy.

As a sensory transduction channel mediating the first step in
a bioelectrical cascade that translates mechanical inputs into
cellular responses, Piezo2 was highly upregulated during radi-
ation by Q-PCR and western blots. These results suggest that
Piezo2 might specifically participate in tumor response to ra-
diation, supported by the lack of difference in MC38 or B16F1
tumor growth between WT and Piezo2−/− tumors without ra-
diation, but obvious tumor suppression following radiation in
Piezo2 KO tumors. Further experiments are required to deter-
mine the mechanism of how radiation stimuli regulate Piezo2
expression.

For the detailed mechanism of how tumor cell–extrinsic or
–intrinsic factors affect antitumor response by radiotherapy,
some extrinsic factors have been identified with the role in
influencing radiation-mediated antitumor immunity. A previous

study has shown that the cross-priming capacity of DCs, induced
by radiotherapy, requires cytosolic DNA sensing and subse-
quently promotes tumor-specific effector CD8+ T cell function
(Deng et al., 2014). Another study reported that low-dose irra-
diation programs macrophage differentiation to an iNOS+/M1
phenotype that orchestrates T cell function (Klug et al., 2013).
For tumor cell–intrinsic factors, several investigations have re-
vealed that caspase 9 signaling and ZBP1-MLKL signaling–
induced type I IFN responses, both involved in the process of
radiation-mediated antitumor immunity (Han et al., 2020; Yang
et al., 2021).

In our study, we found that the mechanical force sensor,
Piezo2, acts as an endogenous factor in tumor cells to impede
CD8+ T cell–mediated antitumor immune responses by suppress-
ing IL-15 production after radiation. Notably, previous studies have
reported that IL-15 is mainly produced by activated myeloid cells,
such as monocytes, macrophages, and DCs, and that this signal is
critical for NK cell development and memory CD8+ T cell ho-
meostasis (Waldmann and Tagaya, 1999; Xue et al., 2021).

Herein, we observed that IL-15 production was remarkably
induced after radiation treatment in cells lacking Piezo2, both
in vitro and in vivo. Previous work has shown that radiotherapy
resulted in a loss of tolerant status in lymphopenic recipient
mice due to CD8+ T cells acquiring effector functions and re-
jecting tumors in an IL-15–dependent fashion (Oelert et al.,
2010), which was consistent with findings in our current
study. These results suggest that IL-15 combined with radio-
therapy might suppress tumors more effectively than either
treatment alone. Another interesting study demonstrated that
redirecting IL-15 to intratumoral CD8+ T effector cells contrib-
utes to better tumor control (Shen et al., 2022). However, al-
though IL-15 appears to be an attractive candidate treatment for
cancer, its therapeutic application remains problematic and
should be considered with caution (Ma et al., 2022). Therefore, a
comprehensive, mechanistic understanding of IL-15 upregula-
tion in irradiated tumor cells could uncover a safer means of
triggering IL-15 production to activate tumor immune response.
It is possible that suppressing tumor cell–intrinsic Piezo2, as
reported here, could potentially enhance IL-15 release after ra-
diotherapy, subsequently augmenting CD8+ T cell function in
human cancer patients.

We also examined how IL-15 was upregulated after radiation
in the absence of Piezo2 and found that IL-15 upregulation in
response to radiation required IRF-1 in tumor cells, which aligned
well with previous reports of IL-15 transcriptional regulation.

represented from three independent experiments. (B) C57BL/6 were transplanted subcutaneously with 2 × 106 WT and Piezo2−/− MC38-tdTomato+ cells.
Tumors were treated locally with one fraction of 18-Gy IR. On day 5 after radiation, p-STAT1 expression in MC38-tdTomato+ cells was analyzed by flow
cytometry. Representative data and quantification of p-STAT1 expression in MC38-tdTomato+ cells from irradiated tumors were shown from two independent
experiments (n = 5–6 mice per group). (C and D) Representative data and quantification of IL-15 expression in WT and Piezo2−/− MC38 (C) and B16F1 (D) cells
at 15 min after radiation with or without JAK inhibitor (1 µM) 1 h ahead of IR were shown from three independent experiments. (E and F) Representative data
and quantification of IRF-1 expression in WT and Piezo2−/− MC38 (E) and B16F1 (F) cells at 15 min after radiation with or without JAK inhibitor (1 µM) 1 h ahead
of IR were shown from three independent experiments. (G) Representative data and quantification of IFN-γ expression in WT and Piezo2−/− MC38-tdTomato+

cells from tumors on day 5 upon radiation were shown from two independent experiments (n = 4–6 mice per groups). (H) Representative data and quan-
tification of IL-15 expression in irradiated MC38 cells with or without anti-IFN-γ treatment at 100 µg/ml for 60 h are shown from two independent ex-
periments. Data were represented as means ± SEM. Statistical analysis was performed by one-way ANOVA with multiple comparison tests (A–H). *P < 0.05;
**P < 0.01; ***P < 0.001; ****P <0.0001; ns, no significant difference. Source data are available for this figure: SourceData F5.

Miao et al. Journal of Experimental Medicine 11 of 18

Tumor cell–intrinsic Piezo2 drives radioresistance https://doi.org/10.1084/jem.20231486

D
ow

nloaded from
 http://rupress.org/jem

/article-pdf/221/10/e20231486/1931837/jem
_20231486.pdf by guest on 01 D

ecem
ber 2025

https://doi.org/10.1084/jem.20231486


One seminal study reported that IRF-1−/− bone marrow cells
treatedwith exogenous IL-15 can generate functional NK cells and
that IL-15 is transcriptionally regulated by IRF-1 (Ogasawara et al.,
1998). Another more recent report showed that the cytosolic viral
RNA-sensing receptor RIG-I in APCs can maintain intestinal
intraepithelial lymphocytes via a MAVS-IRF-1-IL-15 axis–
dependent manner (Liu et al., 2019), thus supporting the positive
regulation of IL-15 by IRF-1. In addition, IRF-1 was shown to play
a critical role in response to liver injury via regulation of IL-15/
IL-15Rα (Yokota et al., 2015).

The JAK2/STAT1 pathway was previously identified as a
major regulator of IRF-1 expression (Horiuchi et al., 2000). Our
data also showed that p-JAK2 and p-STAT1 levels were higher in
irradiated Piezo2 KO cells, along with upregulation of IRF-1,
compared with that in cells expressing WT Piezo2. This positive

regulatory role of JAK2/STAT1 was further supported by the loss
of radiation-induced IRF-1/IL-15 expression by treatment with
the JAK2 inhibitor.

It is noticeable that IL-15 and IRF-1 expression in WT tumor
cells was remarkably increased after radiation treatment, but
there was no impact on their induction in the presence of the
JAK inhibitor. Unlike the observation in the WT tumor cell, the
enhanced induction of IL-15 and IRF-1 in irradiated Piezo2−/−

cells could be abrogated after the treatment of JAK inhibitor.
These data demonstrated that the IRF-1/IL-15 expression was
partially mediated by JAK2-STAT1 signaling in WT tumor
cells upon radiation treatment, but in contrast to irradiated
WT cells, the increased expression of IRF-1 and IL-15 in irra-
diated Piezo2−/− cells was completely dependent on the JAK2-
STAT1 pathway. We next sought to find whether the IFN-γ

Figure 6. Correlation analysis between Piezo2 expression and radiosensitivity in the clinic. (A) The expression of Piezo2 in tumor samples from patients
with rectum adenocarcinoma (READ) post-radiotherapy stratified by responders (n = 15) and non-responders (n = 20). Scale bar = 50 µm. The blue and red
arrows show the expression of Piezo2 detected by immunohistochemistry in non-responder and responder, respectively. (B) The infiltration of CD8+ T cells in
tumor samples from patients with READ after radiotherapy grouped by responders (n = 15) and non-responders (n = 18). Scale bar = 50 µm. The blue and red
arrows show the expression of CD8 detected by immunohistochemistry in non-responder and responder, respectively. (C) The correlation between Piezo2
expression and CD8+ T cell infiltration in READ tumor tissue samples following radiotherapy (n = 28). (D and E) Normalized Piezo2 (D) and IL-15 (E) expression
in PDAC tumor tissue samples collected after radiotherapy stratified by responders (n = 24) and non-responders (n = 7) in the public database. Data were
represented as means ± SEM. Statistical analysis was performed by unpaired Student’s t test (A, B, and E). The correlation between Piezo2 and CD8 infiltration
was analyzed by Linear regression of Correlation built in GraphPad Prism 8.0 (C). The comparisons of two nonparametric datasets were calculated by the
Mann–Whitney U test (D). *P < 0.05.
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signaling, an upstream process to initiate JAK2-STAT1 cascade
(Ivashkiv, 2018), was involved in Piezo2 KO–associated IL-15
upregulation. We discovered that treatment with anti-IFN-γ abol-
ished the effect of Piezo2 deficiency on IL-15 increase following
radiation treatment. However, further study is needed to determine
the mechanism by which Piezo2 modulates IFN-γ production.

In summary, our study defines a new tumor cell–intrinsic
factor, Piezo2, as a suppressor of radiation-induced antitumor
immune responses by inhibition of their IL-15 production. By
contrast, Piezo2 ablation in tumor cells promotes their produc-
tion of IL-15 via p-JAK2/p-STAT1/IRF-1 activation to trigger stem
cell–like features of tumor-infiltrating CD8+ T cell and enhance
their effector function after radiation treatment.

In the end, our observations in mouse models were further
validated by the clinical results demonstrating that Piezo2 ex-
pression was inversely correlated with radiosensitivity. In the
future, we believe studies in additional cancer types prior to or
post radiotherapy are warranted to assess whether Piezo2 could
be a useful biomarker for predicting radiotherapy efficacy.
Based on our results, we also propose that targeting the Piezo2
pathway in combination with radiotherapy could provide a
potentially effective strategy to further improve radiation-
induced antitumor immunity and increase tumor sensitivity
to radiotherapy.

Materials and methods
Study design
This study was designed to determine whether the mechanical
force sensor Piezo2 contributes to antitumor effects in MC38
and B16F1 tumors with radiation treatment, to assess whether
Piezo2 affects CD8+ T cell–mediated antitumor immune re-
sponse induced by radiotherapy, and to characterize the role of
Piezo2 on IL-15 production. Tumor size and stretch of cell skel-
eton were evaluated using scanning electron microscopy, flow
cytometry, and immunofluorescence staining in mouse tumor
cells. To investigate the direct role of Piezo2, IL-15, and IRF-1 in
tumor cells, Piezo2−/−, IL-15−/−, IRF-1−/−, and Piezo2−/−IL-15−/−,
Piezo2−/−IRF-1−/− cell lines were generated using CRISPR-Cas9
technology and shRNA. We monitored tumor growth and ana-
lyzed the infiltration, function, and differentiation of CD8+

T cells in the tumor and DLNs. To further determine the effects
of tumor cell–derived IL-15 on CD8+ T cells, IL-15–neutralizing
antibody injection and IL-15 knockdown in Piezo2 KO cells were
applied in tumor treatment. Last, to determine how Piezo2 af-
fects tumor cell–intrinsic IL-15 expression, the activation of the
JAK2/STAT1/IRF-1 pathway was detected by western blot and
flow cytometry. Furthermore, we also performed IHC staining
on clinical samples and reanalyzed bulk RNA-seq data from a
public database to confirm whether Piezo2 was involved in the
antitumor response in human cancer with radiation treatment.

In our study, for cell-based experiments, at least biological
triplicates were performed in each single experiment, unless
otherwise stated. Animals were randomized into different
groups after tumor cell inoculation and at least three to nine
mice were used for each group, unless otherwise indicated.
Animals that failed to develop tumors from the beginning were

excluded from the analysis. Analytical studies were typically
performed two to three times in independent experiments,
implementing fixed time points of analysis for all experimental
groups, unless indicated.

Mice
6- to 8-wk-old female C57BL/6 (WT) mice were purchased from
Shanghai Slac Laboratory Animal Co. Ltd. OT-I transgenic mice
(CD45.1+) were kind gifts from Dr. Q. Zou (Shanghai Institute of
Immunology, Shanghai, China). All the mice were maintained
under specific pathogen–free conditions at the animal facility of
Shanghai Jiao Tong University School of Medicine. All the ani-
mal studies were conducted in compliance with the protocol
approved by the Institution Animal Care and Use Committee of
Shanghai Jiao Tong University School of Medicine (no. A-2022-
019).

Cell lines and culture conditions
MC38, MC38-OVA, and B16F1 were contributed by the labora-
tory of L.-F. Deng (Shanghai Jiao Tong University, Shanghai,
China); 293T and Phoenix were gifts from F.-B. Li (Shanghai
Institute of Immunology, Shanghai, China). These cell lines were
cultured at 37°C with 5% CO2 in Dulbecco’s modified Eagle’s
medium-high glucose medium (Corning) containing 10% fetal
bovine medium (FBS) (ExCell Bio.), penicillin (100 U/ml),
streptomycin (100 µg/ml), and 10 mM Hepes (Thermo Fisher
Scientific). All cell lines were tested to be mycoplasma-free.
Piezo2−/− MC38, Piezo2−/− MC38-OVA, Piezo2−/− B16F1, IL-15−/−,
and Piezo2−/−IL-15−/− MC38 were generated using CRISPR-Cas9
plasmid lenti-crispr-V2 (from the laboratory of L.-F. Deng). The
annealed single-guide RNA oligos (see Table S1) were cloned into
pLenti-CRISPR-V2 and packaged in 293T cells. Supernatants
containing virus particles were collected 24 and 48 h after
transfection and then added to preplated cells with polybrene
(2 µg/ml, Genomeditech). The transduced cells were selected by
puromycin (Beyotime Biotechnology) at 2 µg/ml to acquire the
gene-deleted stable cell lines. The efficiency of gene knockdown
was determined by western blot. Also of note, we applied two
pairs of gRNAs mix to silence IL-15 expression and generated
polyclonal IL-15−/− and Piezo2−/−IL-15−/− MC38 cell lines. In ad-
dition, tdTomato-expressingWTMC38 and tdTomato-expressing
Piezo2−/− MC38 were generated using pLenti-CMV-tdTomato
(from the laboratory of L.-F. Deng). For the generation of the
Piezo2-RE cell line, we acquired the plasmids (81073-mPiezo2-
CMV-Sport6 and 25426-pCMVSport6/mPax3) from ADDGENE.
We transfected B16F1 with these two plasmids separately by
Lipofectamine 3000 Reagent (Thermo Fisher Scientific) followed
by the monoclonal screening. For the generation of Piezo2−/−IRF-
1−/− MC38 and B16F1 cell lines, we applied Phoenix to package
retrovirus. First, Phoenix cells preplated in 100-mm dishes were
transfected with pSIREN-RetroQ-ShRNA-scramble or pSIREN-
RetroQ-ShRNA-irf-1 (see Table S1) using 10 μl Neofect DNA
transfection reagents (MayinTech). On days 2 and 3, retroviral
supernatants were harvested and filtered. Piezo2−/− MC38 cells
cultured in 6-well plates were infected with 1 ml supernatants
mixed with 1 ml complete medium in the presence of polybrene
for the first time. 24 h later, cells were reinfected with the
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retroviral supernatants again as described above. The transfec-
tion and knockdown were confirmed by western blot.

In vivo tumor models and treatments
To investigate the effects of radiation on tumor growth, WT mice
were subcutaneously inoculated with 2 × 106 WT and Piezo2−/−

MC38 orWT and Piezo2−/− B16F1 cells, whichwere resuspended in
the phosphate-buffered saline (PBS, 100 μl). Tumors were mea-
sured, randomly grouped, and locally irradiated at a single fraction
of 18 Gy on the indicated day, and then tumors were monitored
twice a week afterward. Briefly, the established tumors
(80–150 mm3 in size) were locally irradiated using RS-2000 Bio-
logical Irradiator (Rad Source Technologies), while the rest of the
mouse body was protected from radiation by a lead shield. For the
detection of abscopal effects of radiation, WT mice were inocu-
lated with 2 × 106 WT MC38 or Piezo2−/− MC38 cells resuspended
in PBS on the right flank and with 1×106 WT MC38 cells re-
suspended in 100 μl PBS on the corresponding opposite flank of
the same mice. Tumors on the right flank were subjected to local
radiation at a single fraction of 18 Gy, while tumors on the left
flank were shielded from radiation. Subsequently, tumors on both
flanks were monitored twice a week. To deplete CD8+ T cells, mice
were intraperitoneally treated with anti-CD8 antibody at 200 µg/
mouse (A2102, clone 2.43; Selleck, RRID: AB_3099521) every
2 days for three times. For the IL-15 blockade experiments, anti-IL-
15 (BE0315, clone AIO.3; Bio X Cell, RRID: AB_2754553) was ad-
ministered intratumor at 100 µg per mouse to mice every 2 days
for a total of four times. For the anti-IFN-γ blockade experiments,
cells were treated with anti-IFN-γ (BE0055, XMG1.2; Bio X Cell,
RRID: AB_1107694) at 100 µg/ml for 60 h.

For the adoptive transfer of OT-I CD8+ T cell transfer, cells
obtained from lymph nodes of OT-I transgenic mice were stim-
ulated with 250 ng/ml OVA peptide (S7951; Sigma-Aldrich) for
24 h in the U-bottom 96-well plates. After 24 h, cells were har-
vested and replated in 24-well plates withmIL-7 (10 ng/ml; 217-17;
Peprotech) and mIL-15 (10 ng/ml; 210-15; Peprotech) for another
3 days. MC38-OVA tumor-bearing mice were irradiated with a
dosage of 18-Gy. The next day, OT-I CD8+ T cells (2 × 106 cells/
mouse) were intravenously transferred into mice. On day 11 after
radiation, further analysis of flow cytometry was performed.

Immunofluorescence
Cells were seeded onto poly-d-lysine-coated confocal dishes at a
density of 3 × 104 in 150 μl complete medium. Cells were irra-
diated at a single fraction of 30 Gy. After 60 h, cells were stained
with Phallodin (40736ES75; Yeason) for 15 min at 37°C. Then the
cells were fixed by 4% paraformaldehyde in PBS for 15 min at
37°C. After washing with PBS twice, cells were added with
0.05% Triton-X for 15 min at 4°C. Then the cells were blocked
with 3% bovine serum albumin (BSA) and 3% normal goat serum
in PBS for 60 min at 4°C. For the cell skeleton staining, the cells
were then incubated with anti-pan Cytokeratin antibody (ab7753;
Abcam, RRID: AB_306047) overnight at 4°C. After washing with
PBS twice, the cells were incubated with a 1:200 dilution sec-
ondary antibodies (A0453; Beyotime, RRID: AB_2890132) for 2 h.
Hoechst (H1399; Thermo Fisher Scientific) was diluted in 1:500
and stained for 15 min in the dark.

For the IRF-1 staining, the cells were then incubated with
anti-IRF-1 antibody (8478; Cell Signaling Technology, RRID:
AB_10949108) overnight at 4°C. After washing with PBS for
twice, the cells were incubated with a 1:200 dilution secondary
antibodies (A0453; Beyotime) for 2 h. Hoechst was diluted in
1:500 and stained for 15 min in the dark. Images were captured
with FV3000 confocal system (Olympus), and data were ana-
lyzed with Imaris (Bitplane, V9.5) and ImageJ (National In-
stitutes of Health, V2.0.0).

Cell membrane and cytosol protein extraction
Cell membrane and cytoplasmic fractions in tumor cells were
extracted using the Membrane and Cytosol Protein Extraction
Kit (P0033; Beyotime), according to the manufacturer’s in-
structions. Briefly, sorted tdTomato+ MC38 tumor cells from tu-
mors were collected and lysed in 1 mM PMSF-containing buffer A
for 15min and freeze-thawed three timeswith liquid nitrogen. The
supernatant was collected to remove the nuclei and unbroken cells
by spinning at 700 g for 10 min at 4°C. The supernatant was then
collected as cytoplasm after spinning at 14,000 g for 30min at 4°C.
The cell membrane fractions were re-suspended in buffer B and
incubated on ice for 15 min, followed by vortexing for 5 s at ul-
trahigh speed three times. Then membrane proteins containing
supernatantswere collected by centrifugation at 14,000 g for 5min
at 4°C. Proteins were separated on SDS/PAGE and immunoblotted.

Nuclear and cytoplasmic protein extraction
MC38 and B16F1 cells were collected for nuclear and cytoplasmic
protein extraction according to the kit (P0028; Beyotime). In
detail, the cells were first digested with 0.25% pancreatic enzyme.
Adherent cells were scraped and the cell pellet was obtained by
centrifugation at room temperature for 5 min 500 μl cytoplasmic
protein extraction reagent A containing PMSF (1 mM) was added
for 50 μl cell pellet. The cell pellet was completely dispersed by
vertexing for 5 s. Then the sample was placed in an ice bath for
15 min 25 μl of cytoplasmic protein extraction reagent B was
added to the cell pellet. The mixture was then vortexed at the
highest speed for 5 s followed by placing it in an ice bath for 1min.
The sample was centrifuged at 14,000 g at 4°C for 5 min. The
supernatant was the cytoplasmic protein fraction. Afterward,
125 μl of nuclear protein extraction reagent containing PMSF
(1 mM) was added to the cell pellet. The mixture was subjected to
an ice bath and vortexed for 10 s every 2 min for 30 min. Finally,
the cell pellet was centrifuged at 14,000 g at 4°C for 5 min. The
supernatant was the nuclear protein. The nuclear and cytoplas-
mic proteins were immediately stored at −80°C.

Western blotting analysis
Samples were acquired from nuclear and cytoplasmic proteins.
An equal amount (30 μg per sample) of total protein was loaded
and separated by SDS-PAGE and then electrophoretically trans-
blotted onto a polyvinylidene difluoride (PVDF) membrane. The
PVDF membrane was blocked in 5% BSA in 1× TBST for 1 h to
remove the non-specific binding and then incubated with primary
antibodies overnight at 4°C and secondary antibodies at room
temperature for 2 h. Finally, the target protein was then imaged
with the ImageQuant LAS4000 mini system (GE Healthcare).
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The primary antibodies used were anti-Piezo2 (NBP1-78624;
NOVUS, RRID: AB_11005294), anti-IL-15 (ab273625; Abcam,
RRID: AB_3099515), anti-IRF-1 (8478; Cell Signaling Technol-
ogy, RRID: AB_10949108), anti-Lamin B1 (12987-1-AP; Pro-
teintech, RRID: AB_2136290), anti-GAPDH (60004-1-lg; Proteintech,
RRID: AB_2107436), anti-β-actin (23660-1-AP; Proteintech, RRID:
AB_2879307), anti-p-JAK2 (4406; Cell Signaling Technology, RRID:
AB_10706164), anti-JAK2 (3230; Cell Signaling Technology,
RRID: AB_2128522), anti-p-STAT1(9167; Cell Signaling Tech-
nology, RRID: AB_561284), and anti-STAT1 (9172; Cell Signal-
ing Technology, RRID: AB_2198300) antibodies. The secondary
antibodies used were HRP-labeled goat anti-rabbit antibodies
(A0208; Beyotime, RRID: AB_2892644). The band intensities
were quantified using ImageJ software (National Institutes of
Health, V2.0.0).

Scanning electron microscope
MC38 cells were seeded on poly-d-lysine–coated coverslips in 6-
well plates at a density of 1.5 × 105/ml. Cells were irradiated at 30
Gy. After 60 h, cells were fixed with 2.5% glutaraldehyde (dis-
solved in phosphate buffer) at 4°C for 2 h. After washing with
phosphate buffer two times, cells were fixed with 1% osmic acid at
4°C for 2 h. Then the cells were washed with distilled water twice.
30%–50%–70%–80%–95%–100% ethanol was added to the dehy-
drated sample step by step, 10 min each time. Epoxypropane was
added to substitute ethanol. Then the sample was added with
Epon812 and epoxypropane at a ratio of 1:1 for 2 h, Epon812 and
epoxypropane at a ratio of 2:1 overnight, and subsequently pure
epoxypropane 37°C for 6 h. The sample was put in the dryer for
48 h and cut by ultramicrotome (LEICA EM UC7). Lead citrate was
added to the sample for electronic staining. The images were taken
by scanning electron microscope (FEI QUANTA 200).

Q-PCR
Total RNA for real-time PCR assay was extracted and purified
using the TRIzol Reagent (Thermo Fisher Scientific). Reverse
transcription reactions were performedwith ReverTra Ace qPCR
RT Master Mix with gDNA Remover (FSQ-301; Toyobo) follow-
ing the standard protocol. Quantitative reverse transcription
PCR was performed with SYBR Green Realtime PCR Master Mix
(QPK-201; Toyobo) in the ViiA 7 Real-Time PCR System with
384-well block (Applied Biosystems). The expression of mRNA
was normalized) against glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) by the change in cycling threshold (ΔCt)
method. Primers used in this study are shown in Table S1.

Flow cytometry
To obtain single-cell suspensions, tumor tissues were cut into
small pieces and digested by 1 mg/ml collagenase I (LS004186;
Worthington Biochemical) and 0.2 mg/ml DNase I (DN25; Sigma-
Aldrich) for 30 min at 37°C. For staining, single-cell suspensions
were blockedwith anti-FcR (BE0307; Bio X Cell, clone 2.4G2, RRID:
AB_2736987) and stained with antibodies against CD45.2 (109839;
Biolegend, RRID: AB_2562604), CD8 (100742; Biolegend, RRID:
AB_2563056), PD-1(135224; Biolegend, RRID: AB_2563523), CD44
(103044; Biolegend, RRID: AB_2561391), TIM3 (119716; Biolegend,
RRID: AB_2571932), CD62L (104432; Biolegend, RRID: AB_2285839),

IL-15Rα (153505; Biolegend, RRID: AB_2734220), Ki-67 (652413;
Biolegend, RRID: AB_2562664), IFN-γ (505836; Biolegend, RRID:
AB_2650928), TNF-α (506304; Biolegend, RRID: AB_315425),
Slamf6 (740823; BD, RRID: AB_2740481) and TOX (50-6502-82;
eBioscience, RRID: AB_2574265), TCF-1 (566692; BD, RRID:
AB_2869822). Dead cells were excluded with Live/Dead Dye
(Fixable Viability Stain 700, 564997; BD Bioscience, RRID:
AB_2869637). For intracellular staining of transcription factors,
TOX, Ki-67, and cytokines, cells were fixed with the Foxp3/
Transcription Factor Staining Buffer Set (eBioscience) in accor-
dance with the manufacturer’s instructions. Before intracellular
staining of cytokines, cells were stimulated with Cell Stimulation
Cocktail (plus protein transport inhibitors) for 4 h. For p-STAT5
and p-STAT1 staining, cells were fixed with PhosflowTM Fix
Buffer I (BD) according to BD Phosflow protocol. The first anti-
body, rabbit anti-mouse p-STAT5 (4322; Cell Signaling Tech-
nology, RRID: AB_10544692) or rabbit anti-mouse p-STAT1
antibody (9167; Cell Signaling Technology, RRID: AB_561284),
was added at a dilution of 1:200 separately. After the incubation
of the first antibody, the second antibody, donkey anti-rabbit IgG
Alexa Flour 488 (Poly4064; Biolegend, RRID: AB_2563203), was
added at a dilution of 1:2,000. Cells were washed twice with
Phosflow Perm/Wash buffer I (BD) and subjected to flow cy-
tometry. Samples were acquired on an LSRII flow cytometer
using FACSDiva software (BD Biosciences) and further analyzed
with FlowJo software (Tree Star).

For in vivo IL-15 intracellular staining of tumors, cells were
fixed with the Foxp3/Transcription Factor Staining Buffer Set
(eBioscience) in accordance with themanufacturer’s instructions.
The first antibody, rabbit anti-mouse anti-IL-15 (ab273625; Ab-
cam, RRID: AB_3099515), was added at a dilution of 1:200. After
the incubation of the first antibody, the second antibody, donkey
anti-rabbit IgG Alexa Flour 488 (406416; Biolegend, RRID:
AB_2563203) was added at a dilution of 1:2,000. It should be
noted that for in vivo IL-15 intracellular staining of MC38-
tdTomato cells in tumor, due to the influence of fixation buffer
on fluorescence quenching of tdTomato, tdTomato needs to be
stained first with rat anti-tdTomato antibody (5f8; Chromo Tek,
RRID: AB_2336064) followed by the second antibody, goat anti-
Rat IgG Alexa Flour 594 (405422; Biolegend, RRID: AB_2563301)
before the staining of IL-15 with rabbit anti-IL-15 antibody.

For in vitro IL-15 intracellular staining, to retain IL-15 in the
cytoplasm, cells were added to the protein transport inhibitor
(555029; BD, RRID: AB_2869014) at a dilution of 1:1,000 ahead of
4 h before we harvested the cells, and cells were fixed with the
Foxp3/Transcription Factor Staining Buffer Set (eBioscience) in
accordance with the manufacturer’s instructions. The first an-
tibody, rabbit anti-mouse anti-IL-15 (ab273625; Abcam, RRID:
AB_3099515), was added at a dilution of 1:200. After the incu-
bation of the first antibody, the second antibody, donkey anti-rabbit
IgG Alexa Flour 488 (406416; Biolegend, RRID: AB_2563203), was
added at a dilution of 1:2,000. Cells were washed twice with Perm/
Wash buffer (eBioscience) and subjected to flow cytometry.

Ca2+ measurement
Cytosolic Ca2+ concentration in tumors was measured using
Fluo-4 (40704ES50; Yeasen Biotech Co.). In brief, single-cell
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suspension from tumors was firstly washed twice with Hank’s
balanced Salt Solution (HBSS) followed by the treatment with
Fluo-4 (final concentration, 5 µM) in HBSS at 37°C for 30 min.
Then cells were washed twice with HBSS to remove Ca2+ de-
tection probes and cultured with HBSS again at 37°C for another
30 min. Changes in fluorescence intensity were monitored on
the BD flow cytometer.

Patients and samples
First, the study protocol of human samples was approved by the
central ethics committee of Fudan University Shanghai Cancer
Center and the institutional review board (IRB1508151-1) of the
Fudan University Shanghai Cancer Center. All participants
provided written informed consent.

In brief, tumor samples prospectively collected from patients
with rectum adenocarcinoma (the most common colorectal can-
cer) after radiotherapy were used for the assessment of Piezo2
expression (%-Piezo2 positive tissue area/tumor tissue area) and
CD8 infiltration (CD8+ cell number/total cell number) using anti-
Human Piezo2 (NBP1-78624; Novus, RRID: AB_11005294) and
anti-human CD8 (ab237709; Abcam, RRID: AB_2892677) by IHC.
Images of slides were captured using Olympus Slide View VS200,
and data were analyzed with HALO Quantitative Image Analysis
for Pathology.

For the detailed procedures of treatment for cancer, patients
were eligible if they were aged 18–75 years and had histopath-
ologically confirmed rectal adenocarcinoma located ≤10 cm
above the anal verge and clinical stage T3–4 and/or N+ disease
on pelvic magnetic resonance images. Patients received pelvic
radiation at a dose of 50 Gy/25 fractions via intensity-modulated
radiation therapy with concurrent capecitabine 825 mg/m2

twice daily for 5 days/wk (neoadjuvant chemoradiotherapy, or
nCRT). Total mesorectal excision was scheduled for 8 wk after
completion of nCRT.

To group patients based on response to radiotherapy, re-
sected tumors were examined in their entirety, and tumor re-
gression was assessed as identified on routine hematoxylin and
eosin staining. We used the American Joint Committee on
Cancer (eighth edition) four-tier tumor regression grade (TRG)
system to evaluate the response to nCRT and accordingly divided
patients into two groups. Among the 35 patients with locally
advanced rectal cancer, 15 patients with TRG scores of 0–1 were
grouped as responders, and 20 patients with TRG scores of 2−3
were grouped as non-responders.

Statistical analyses
No statistical method was used to predetermine the sample size.
Mice were assigned at random to treatment groups for all mouse
studies (n = 3–9 mice/group). Experiments were repeated two to
three times. Statistical analysis was performed using GraphPad
Prism8 software (GraphPad Software, Inc.) and presented as
stated in individual figure legends. For comparisons between
two groups in animal and cell experiments, P values were cal-
culated using Student’s t tests. The comparisons of two non-
parametric datasets were calculated by the Mann–Whitney U
test. For comparisons between three or more groups, P values
were calculated using analysis of variance (ANOVA). Data are

presented as mean values ± SEM. We indicated significance
corresponding to the following: *P < 0.05; **P < 0.01; ***P <
0.001; ****P < 0.0001; ns, no significant difference.

Online supplemental material
Fig. S1 shows cytoskeleton staining, the increase of Piezo2 ex-
pression upon radiation inMC38 and B16F1 cells, and the change
of Ca2+ density in tdTomato+ cells from irradiated tumors. Fig. S1
also contains the Piezo2 knockdown efficiency by CRISPR-Cas9
and cell viability determination inWT and Piezo2−/− cells. Fig. S2
contains the frequency of Ki-67+, TCF-1+, CD62L+, or TOX+ in PD-
1+CD44+TIM3lowCD8+ T cells, PD-1+, or mean fluorescence in-
tensity (MFI) of Slamf6 in tumor-infiltrating CD8+ T cells. Fig. S2
also includes the percentage of CD8+ in CD45+ cells, IFN-γ+TNF-
α+, IFN-γ+, MFI of Ki-67, and TCF-1+ within CD8+ T cells in DLNs.
Piezo2 knockdown efficiency by CRISPR-Cas9 in MC38-OVA
cells and Piezo2 expression in Piezo2−/−-RE cells is displayed in
Fig. S2. Fig. S2 also contains Ca2+ density, the percentage of CD8+

in CD45+ cells, the frequency of IFN-γ+ and TOX+ in CD8+ T cells
in irradiatedWT, and Piezo2−/− and Piezo2−/−-RE tumors. Fig. S3
shows the analysis of IL-15 expression in indicated populations
within tumors and IL-15 knockdown efficiency by CRISPR-Cas9
in MC38 cells. Fig S3 also contains the percentage of TCF-1+ in
exhausted CD8+ T cells from Piezo2−/−IL-15−/− tumors, IL-15Rα+

on CD8+ T cells from tumors, and DLNs. In addition, Fig. S3
shows the correlation of IFN-γ, Ki-67, or TCF-1 with IL-15Rα
among different groups separately, MFI of IL-15Rα on indicated
subsets of immune cells within tumors, and the expression of
phosphor-STAT5 in CD8+ T cells from irradiated tumors. Fig. S4
shows IRF-1 expression from nuclear and cytoplasm by western
blot and immunofluorescence staining in B16F1 cells, and the
knockdown efficiency of IRF-1 using shRNA silencing in Piezo2−/−

MC38 and B16F cells. Fig. S5 contains the data of JAK2/STAT1
activation in B16F1 cells and the suppression of phosphor-JAK2/
STAT1 expression by JAK inhibitor in MC38 cells. Table S1 pro-
vides the primer information used in this article.

Data availability
Qualified RNA samples were used for RNA-seq and data analysis
(Novogene). Data analysis was performed using R software (R
Foundation for Statistical Computing). RNA-seq data generated
in this paper, underlying Figs. 1 and 3, have been deposited at the
Gene Expression Omnibus (accession numbers GSE236339 and
GSE236345).

In Fig. 6, D and E, we used the GEO2R built in the GEO da-
tabase to compare two groups of samples (GSE225767) to iden-
tify genes that are differentially expressed across responder and
non-responder in PDAC patients.

Other data can be found in the paper or online supplemental
material.
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Figure S1. Cell size was changed after IR accompanied by the increase of Piezo2 expression and Ca2+ uptake. Related to Fig. 1. (A) The cytoskeleton
staining in MC38 cells with or without radiation. Scale bar = 15 µm. (B) The cytoskeleton staining in B16F1 cells with or without radiation. Scale bar = 30 µm.
(C and D) MFI of FSC-A tdTomato+ tumor cells from tumors on day 3 (C) and 6 (D) after IR were represented from three independent experiments (n = 4–6
mice per group). (E and F) The assessments of Piezo2 expression in MC38 (E) and B16F1 (F) tumor cells following radiation treatment were represented from
three independent experiments. (G) Determination of Ca2+ concentration in tdTomato+ cells from irradiated tumors was shown from two independent ex-
periments (n = 8–9 mice per group). (H) Determinations of Piezo2 expression in MC38 (E) and B16F1 (F) cells with or without gRNA were represented from
three independent experiments. (I) Determinations of MC38 (left) and B16F1 (right) cell viability with or without Piezo2 by CCK-8 were shown from two
independent experiments. Data were represented as means ± SEM. The comparisons of two nonparametric datasets were calculated by Mann–Whitney U test
(A and B). C–Gwere analyzed by unpaired Student’s t test. *P < 0.05; **P < 0.01; ****P < 0.0001; ns, no significant difference. Source data are available for this
figure: SourceData FS1.
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Figure S2. Piezo2 deficiency in tumor cells affected CD8+ T cell infiltration and differentiation within irradiated tumors. Related to Fig. 2. (A–D)
Quantifications of the percentage of Ki-67+ (A), TCF-1+ (B), CD62L+ (C), and TOX+ (D) in exhausted CD8+ T cells from irradiated tumors on day 14 after IR were
shown from two independent experiments (n = 3–9 mice per group). (E)Quantifications of PD-1+ in CD8+ T cells from irradiated tumors on day 14 after IR were
shown from two independent experiments (n = 5–6 mice per group). (F and G) Quantifications of expression of Slamf6 on CD8+ T cells from irradiated tumors
on day 7 (F) and 14 (G) after IR were shown from two independent experiments (n = 3–8 mice per group). (H–J) The percentage of CD8+ T cell (H), IFN-γ+TNF-
α+CD8+ T (I), and IFN-γ+ CD8+ T (J) cells in DLNs from tumor-bearing mice was represented from two independent experiments (n = 4–6 mice per group).
(K and L)MFI summary of Ki-67 (K) and the proportion of TCF-1+ (L) in CD8+ T cells in DLNs were shown from two independent experiments (n = 4–7 mice per
group). (M) The determination of Piezo2 expression in MC38-OVA cells with or without gRNAs was represented by two independent experiments. (N) The
assessment of Piezo2 expression in Piezo2−/− B16F1 with or without mPiezo2-CMV-Sport6 plasmid was shown from two independent experiments. (O and P)
Ca2+ concentration measurement in CD45− cells (O) and CD8+ T cell infiltration (P) in CD45+ cells within irradiated WT, Piezo2−/−, and Piezo2−/−-RE tumors
were shown from two independent experiments (n = 3–6 mice per group). (Q and R) The percentage of IFN-γ+CD8+ T cells (Q) and TOX+ among exhausted
CD8+ T cells (R) from irradiated WT, Piezo2−/−, and Piezo2−/−-RE tumors was represented from two independent experiments (n = 3–6 mice per group). Data
were represented as means ± SEM. Statistical analysis was performed by one-way ANOVA with multiple comparison tests. *P < 0.05; **P < 0.01, ns, no
significant difference. Source data are available for this figure: SourceData FS2.
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Figure S3. Tumor cell–derived IL-15 was required for tumor growth suppression enhancement and CD8+ T cell regulation mediated by Piezo2
deficiency after IR treatment. Related to Fig. 3. (A)MFI summary of IL-15 expression in CD45+ or CD45− cells in indicatedMC38 tumors was represented from
three independent experiments (n = 5–6 mice per group). (B) MFI summary of IL-15 expression in indicated immune cells was shown from two independent
experiments (n = 6–9 mice per group). (C) The knockdown efficiency of IL-15 expression in MC38 cells was shown in two independent experiments.
(D) Representative data and quantification of the percentage of TCF-1+ in exhausted CD8+ T cells within irradiated WT, IL-15−/−, Piezo2−/−, and Piezo2−/−IL-
15−/− tumors were shown from two independent experiments (n = 3–5 mice per group). (E) Representative data and quantification of the percentage of IL-
15Rα+ in CD8+ T cells fromWT and Piezo2−/− MC38 tumors on day 7 and 14 after IR treatment were shown from three independent experiments (n = 4–5 mice
per group). (F) Quantification of the percentage of IL-15Rα+ in CD8+ T cells from DLNs of WT and Piezo2−/− MC38 tumor–established mice on day 5 after IR
treatment was shown from two independent experiments (n = 5–6 mice per group). (G–I) The positive relevance of IL-15Rα with IFN-γ (G), Ki-67 (H), and TCF-
1 (I) in tumor-infiltrating CD8+ T cells was shown by two independent experiments (n = 4–6mice per group). (J)MFI summary of IL-15Rα expression in indicated
immune cells within tumors was shown by independent three experiments (n = 5–6 mice per group). (K) The expression of p-STAT5 in CD8+ T cells from
irradiated tumors on days 7 and 14 upon radiation treatment was represented by two independent experiments (n = 3–7 mice per group). Data were rep-
resented as means ± SEM. The comparisons of two datasets were calculated by paired Student’s t test (A and G–I). Statistical analysis was performed by one-
way ANOVA with multiple comparison tests (B, D–F, J, and K). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001, ns, no significant difference. Source data are
available for this figure: SourceData FS3.
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Provided online is Table S1. Table S1 provides the primer information used in this article.

Figure S4. IRF-1 was increased in irradiated cells and the KO efficiency determination for IRF-1 in Piezo2−/− cells. Related to Fig. 4. (A) The assessment
of IRF-1 expression in nuclear and cytoplasm in irradiated B16F1 cells was represented from two independent experiments. (B) The determination of IRF-1
expression by immunofluorescence was shown by two independent experiments. Scale bar = 40 µm. (C and D) The KO efficiency determination of shRNA
silencing for IRF-1 in Piezo2−/− MC38 and Piezo2−/− B16F1 cells was shown by two independent experiments. Data were represented as means ± SEM.
Statistical analysis was performed by one-way ANOVA with multiple comparison tests. *P < 0.05; ****P < 0.0001; ns, no significant difference. Source data are
available for this figure: SourceData FS4.

Figure S5. The measurement of JAK2/STAT1 activation in B16F1 cells and suppression of phosphor-JAK2/STAT1 expression by JAK inhibitor in MC38
cells. Related to Fig. 5. (A) The expression of p-JAK2 and -STAT1 expression in WT and Piezo2−/− B16F1 cells with or without IR treatment was represented by
three independent experiments. (B) The expression of p-JAK2 and -STAT1 in WT and Piezo2−/− MC38 cells with or without JAK inhibitor following IR treatment
was shown from three independent experiments. Data were represented as means ± SEM. Statistical analysis was performed by one-way ANOVA with
multiple comparison tests. *P < 0.05; **P < 0.01; ns, no significant difference. Source data are available for this figure: SourceData FS5.
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