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Repurposing of phosphodiesterase-5
inhibitor sildenafil as a therapeutic agent
to prevent gastric cancer growth through
suppressing c-MYC stability for IL-6
transcription
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Zhenzhan Zhang1,5, Wuqing Huang2,5, Donghua Huang3,5, Zhou Xu1, Qingfeng Xie1, Xin Tan1, Wenjun He1,
Weihao Yang1, Guoxin Li 1 , Jianguang Ji 4 & Hao Liu 1

Phosphodiesterase-5 (PDE5) inhibitors have shown promise as anti-cancer agents in malignancies.
However, their specific effects on gastric cancer (GC) and the underlyingmechanisms remain elusive.
Our aim was to investigate this by combining evidence from population-based studies with data
obtained from in vivo and in vitro experiments. By combing a couple of nationwide Swedish registers,
GC patients who received PDE5 inhibitors were compared to matched controls while adjusting for
confounding factors. The anti-tumor effect and mechanism of the PDE5 inhibitor sildenafil were
evaluated via using tumor cells, patient-derived tumor organoids and xenograft animal models in GC.
A total of 161 Swedish GC patients from a nationwide population-based cohort who received post-
diagnostic PDE5 inhibitors demonstrated lower cancer-specific mortality compared to the controls
(HR = 0.66, 95% CI = 0.47-0.92, P = 0.016). Functionally, the PDE5 inhibitor sildenafil exhibited the
suppressive ability to prevent oncogenic growth in GC. Mechanistically, sildenafil restrained GC
growth by directly activating PKG through PDE5 inhibition for regulating c-MYC expression via its
phosphorylation and ubiquitination degradation, thereby suppressing c-MYC stability for IL-6
transcriptionwithin the downstream IL-6/JAK/STAT3 signalling pathway. The PDE5 inhibitor sildenafil
may serve as a promising adjuvant for GC therapy if further randomized clinical trials confirm its
efficacy.

Gastric cancer (GC) is themost frequently diagnosed gastrointestinal cancer
globally, with more than one million new cases and ~783,000 estimated
deaths each year. Consequently, there is an urgent need to enhance our
understanding of the molecular targets associated with GC.

Phosphodiesterase (PDEs) are a common class of metallohydrolases
that catalyze the hydrolysis of cyclic adenosine monophosphate (cAMP)
and cyclic guanosine monophosphate (cGMP). They play a crucial role in
regulating various physiological processes, including visual transduction,

cell proliferation and differentiation, cell cycle regulation, gene expression,
inflammation, cell apoptosis, and metabolic function1,2. Phosphodiesterase
type-5 (PDE5) is a cGMP-specific hydrolytic enzyme that has been reported
to be expressed in smooth muscle, the cerebellum, the brain, the retina,
and platelets3. PDE5 is up-regulated in the bladder, lung, thyroid, cervical
and prostate cancer4–10. PDE5 inhibitors, such as sildenafil, vardenafil, and
tadalafil, are FDA-approved and PDE5-specific targeted therapies com-
monly used to treat patients with erectile dysfunction, pulmonary arterial
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hypertension, and other non-malignant diseases11,12. However, emerging
evidence indicates that PDE5 inhibitors may also suppress tumor growth in
various cancers, including those of the colorectum, breast, prostate, pan-
creas, lung, thyroid, and liver. The anti-tumor mechanisms of PDE5 inhi-
bitors in cancer involve mitotic arrest, induction of tumor apoptosis,
improvement of therapeutic sensitivity, reversal of immune exclusion, and
induction of PD-L1 upregulation13–34. Sildenafil increases intracellular levels
of cGMP by inhibiting PDE5, impacting various cellular processes such as
proliferation, apoptosis, and angiogenesis. This modulation affects cell
signalingpathways associatedwith cancer cell growth and survival, aswell as
enhancing blood flow to tumor by regulating VEGF expression, thereby
improving the delivery of therapeutic agents35–37. Sildenafil enhances the
tumor hypoxia response and stimulates the immune response, thereby
modulating the tumor microenvironment. It alleviates hypoxia by pro-
moting vasodilation and improving oxygen delivery, which can inhibit
cancer progression and potentially enhance the efficacy of concurrent
therapies. Additionally, sildenafil induces the infiltration of immune cells,
potentially strengthening anti-tumor immunity38,39. Sildenafil exhibits
synergistic effects when used in conjunction with chemotherapy and other
targetedor immunotherapeutic agents. Its ability to enhancebloodflowmay
improve the therapeutic efficacy by ensuring adequate delivery and dis-
tribution throughout the tumor.Combining sildenafil with certain therapies
can inhibit signaling pathways involved in oncogenesis, resulting in a
multifaceted treatment approach that can lead to improved outcomes40,41.
Sildenafil has a well-established safety profile, with known side effects that
are generally mild and manageable. This characteristic makes it a suitable
candidate for combination therapies without introducing significant addi-
tional risks. Early-phase clinical trials have started to investigate the safety
and efficacy of sildenafil in conjunction with standard anticancer
treatments42–44. Therefore, the rationale for using sildenafil in cancer therapy
is anchored in its pharmacological effects, whichmodulate key cell signaling
pathways involved in tumor growth, improve the tumor hypoxic response
and immune response within the tumor microenvironment, and enhance
the efficacy of existing therapies, and maintain a favorable safety profile.

Nevertheless, the potential effects of PDE5 inhibitors in GC are still
unknown. Several studies have observed that sildenafil offers protective
effects against gastric damage induced by nonsteroidal anti-inflammatory
drugs, ethanol, or acetic acid45–49. Notably, sildenafil’s inhibition in Helico-
bacter-infected stomachs coincides with the blockage of IFN-α induction of
GTP, SLFN4, and NOS2 in myeloid-derived suppressor cells, reversing
T-cell suppression and mitigating the development of spasmolytic
polypeptide-expressing metaplasia50. Therefore, this study combines evi-
dence from different sources, including a nationwide population-based GC
cohort, GC cell lines, GC patient-derived tumor organoids, and xenograft
animal models both in vitro and in vivo. This finding tremendously sup-
ports further randomized clinical trials (RCT) to assess the clinical feasibility
of sildenafil as a promising adjuvant for the treatment of GC.

Results
GCpatientswhoadministratedwithPDE5 inhibitorsexhibit lower
cancer-specific mortality
A total of 161 patients from a nationwide Swedish cohort were prescribed
PDE5 inhibitors following a diagnosis of GC (Supplementary Table 1). The
mortality rate was 93.50 per 1000 person–years among patients using PDE5
inhibitors, compared to 179.67 per 1,000 person-years among matched
controls. GC patients who received post-diagnostic PDE5 inhibitors had
significantly lower cancer-specific mortality (adjusted HR = 0.66, 95%
CI = 0.47–0.92, P = 0.016), particularly those treated with combination use
of PDE5 inhibitors (adjusted HR= 0.46, 95% CI = 0.25–0.87, P = 0.016).
Furthermore, the negative association was stronger in GC patients diag-
nosed at an earlier stage (stage I or II) compared to those with advanced
stage (stage III or IV) (adjusted HR: 0.55 vs. 0.83) and in patients diagnosed
after the ageof 66 compared to younger patients (adjustedHR: 0.61 vs. 0.80).
The protective effect of PDE5 inhibitors was also more pronounced in
patients with gastric adenocarcinoma of the cardia compared to other types

(adjusted HR: 0.54 vs. 0.70) (Table 1). The results suggested that PDE5
inhibitors may have anti-cancer potential in GC patients. Additionally, an
analysis of PDE5 expression in public GC datasets indicated that PDE5
levels were significantly elevated in tumor tissues compared to paired nor-
mal tissues, and overall survival was shorter in the PDE5-high group
compared to the PDE5-low group (Supplementary Fig. 1). Moreover,
clinical relevance analysis demonstrated a positive association between high
PDE5 expression levels and both invasive subtype and diffuse classification
subtype, which are defined as more malignant tumor types in GC patients
(Supplementary Table 2).

Sildenafil prevents oncogenic growth of GC depending on the
PDE5 expression level
To explore the effectiveness of various PDE5 inhibitors in inhibiting tumor
growth of GC, we evaluated proliferation and apoptosis in GC cells treated
with sildenafil, tadalafil, and vardenafil respectively. The results indicated
that sildenafil exhibited a lower IC50 value and a higher apoptosis rate
compared to tadalafil and vardenafil in GC cells (Supplementary Fig. 2).
Consequently, we focused on sildenafil for further exploration.

PDE5 is the specific target of sildenafil, we examined the expression
levels of PDE5 in GC cell lines. We found that PDE5 expression was higher
in HGC-27, MKN-45, and NCI-N87 cells, which are classified as relatively
PDE5-high GC cells, whereas AGS cells were identified as relatively PDE5-
low GC cells. Viability analysis indicated that sildenafil exerted a stronger
inhibitory effect on the relatively PDE5-high GC cells compared to the
relatively PDE5-low GC cells (Supplementary Fig. 3). So, the relatively
PDE5-high cells HGC-27 and MKN-45 were selected for further experi-
ments. CCK-8 assays demonstrated that sildenafil inhibited the prolifera-
tion of HGC-27 and MKN-45 cells (Supplementary Fig. 4A). The cell
apoptosis analysis revealed that sildenafil induced an increase in total
apoptosis rates in both HGC-27 and MKN-45 cells in a dose-dependent
manner (Supplementary Fig. 4B). Cell cycle assays also showed that silde-
nafil treatment led to a higher accumulation of cells in theG0/G1 phase and
inhibited the transition from G1 to S phase (Supplementary Fig. 4C).
Western blotting assays indicated that the pro-apoptotic proteinsCaspase-3
and BAX were increased, while the anti-apoptotic protein BCL2 was
reduced in a dose-dependent manner. In addition, the expression levels of
the cell cycle-related proteinsCyclinD3 andCDK4were decreased,whereas
the G1 gatekeeper protein p21 was increased following sildenafil treatment
(Supplementary Figs. 4D-4E). To investigate the effect of sildenafil in
combination with chemotherapy, we observed that sildenafil enhanced the
chemotherapeutic sensitivity of relatively PDE5-high GC cells by compar-
ing their IC50 values and the drug combination index (CI) (Supplementary
Fig. 5).Collectively, these results suggested that sildenafil inhibits the growth
of GC cells in relation to the expression level of PDE5.

Patient-derived tumor organoids (PDTOs) accurately represent the
characteristics of primary cancer in vitro. We successfully cultured and
established human GC patient-derived tumor organoids from primary GC
tissues (Fig. 1A). The viability of PDTOs significantly decreased in a dose-
dependent manner following treatment with sildenafil (Fig. 1B). We eval-
uated PDE5 expression level in primary GC tumor tissues and the corre-
sponding PDTOs, demonstrating a positive correlation between PDE5
expression in primary GC tumor tissues and PDTOs (Pearson R = 0.79,
P = 0.020) (Fig. 1C). Additionally, we explored the relationship between
PDE5 expression in PDTOs and sildenafil concentration, revealing a
negative correlation between PDE5 expression and the corresponding IC50
values of sildenafil in PDTOs (Pearson R =−0.77, P = 0.025) (Fig. 1D).
These findings suggest that sildenafil suppresses the growth of PDTOs
depending on PDE5 expression level, indicating that GC patients with
higher PDE5 expression may benefit more from sildenafil treatment.

To further evaluate the in vivo effects of sildenafil, we conducted GC
cell-derived and patient-derived xenograft models treated with sildenafil
(Fig. 2A, B). The data of H&E, PDE5, Ki-67, and TUNEL staining are
presented as representative images (Fig. 2C). The results indicated that both
tumor weight and volume of xenografts were reduced following sildenafil
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treatment (Fig. 2D, E). Additionally, Ki-67 expression levels in GC xeno-
grafts decreased, while the number of TUNEL-positive cells increased
(Fig. 2F, G). Tumor burdens were lower in GC xenograft models that
received two doses of sildenafil (Fig. 2H). Interestingly, we observed a
positive correlation between PDE5 expression levels and the response to
sildenafil treatment (Fig. 2I). Collectively, these results supported that sil-
denafil inhibits tumor growth of GC depending on PDE5 expression, sug-
gesting that PDE5may serve as a potential therapeutic target for sildenafil in
anti-cancer treatments for GC.

Sildenafil inhibits PDE5 to suppress the growth of GC through
downstream IL-6/JAK/STAT3 signaling pathway
Given that PDE5 is a cellular hydrolytic enzyme expressed in normal gastric
epithelial cells, we investigated whether the PDE5 inhibitor sildenafil has
side effects on normal gastric epithelial cells. GES-1 cells were used as a cell
model for normal gastric epithelial cells in vitro. The results from cell via-
bility and apoptosis assays indicated that no significant differences in cell
proliferation and apoptotic ability were observed inGES-1 cells treatedwith
different concentrations of sildenafil for 24 and 48 h (Fig. 3A, B). Therefore,

sildenafil does not exhibit an inhibitory effect on normal gastric epithelial
cells. We subsequently investigated the relationship between sildenafil and
PDE5 in GC tumor tissues, establishing PDE5-knockdown and PDE5-
overexpressing GC cells (Supplementary Fig. 6). PDE5 exerts its oncogenic
effects by inhibiting apoptosis and promoting cell cycle progression in GC
cells (Supplementary Fig. 7). To elucidate whether sildenafil suppresses
tumor growth through PDE5 inhibition, IC50 analysis demonstrated that
the IC50 value in PDE5-knockdown GC cells treated with sildenafil was
increased, while the IC50 value in PDE5-overexpressing GC cells was
decreased (Fig. 3C). To ensure that sildenafil’s inhibitory effects are due to
PDE5 inhibition rather thangeneral cytotoxicity, different concentrationsof
sildenafil were applied to these cells. The results indicated that sildenafil
suppresses GC cell growth through PDE5 inhibition, with GC cells exhi-
biting higher PDE5 expression showing a better response to sildenafil
treatment (Fig. 3D, E). It is widely known that cGMP serves as an effector in
PDE5 inhibition,with phosphodiesterase-5A1 (PDE5A1) recognized as one
of the isoforms of PDE5. We directly measured the inhibitory activity
against PDE5A1 and the levels of cGMP in both PDE5-knockdown and
PDE5-overexpressing GC cells. The results indicated that sildenafil reduced

Table 1 | Hazard ratios for cancer-specificmortality inGCpatientswho usedPDE5 inhibitors after diagnosis of GCcompared to
those who did not use PDE5 inhibitors

Characteristic No. of patients No. of
person-years

No. of deaths MR/Per 1000
person-years

Adjusted HRa 95%CI P value

Post-diagnostic use of PDE5 inhibitors

No 805 2332 419 179.67 1.00 -

Yes 161 631 59 93.50 0.66 0.47–0.92 0.016

Type of PDE5 inhibitors

Sildenafil 86 284 36 126.80 0.82 0.51–1.30 0.393

Tadalafil 38 168 12 71.36 0.64 0.31–1.31 0.221

Vardenafil 4 20 1 51.06 0.22 0.03–1.57 0.131

Combination use
(two or more)

33 159 10 32.76 0.46 0.25–0.87 0.016

Stage at cancer diagnosis

Stage I or II

Non-users 658 2176 314 144.30 1.00 -

Users 127 581 36 61.97 0.55 0.36–0.84 0.005

Stage III or IV

Non-users 147 156 105 673.44 1.00 -

Users 34 50 23 459.23 0.83 0.47–1.46 0.514

Age at cancer diagnosis

<66

Non-users 409 1402 183 130.55 1.00 -

Users 82 312 28 89.86 0.80 0.47–1.35 0.407

>=66

Non-users 396 930 236 253.70 1.00 -

Users 79 319 31 97.05 0.61 0.39–0.95 0.030

Location of cancer b

Cardia

Non-users 260 572 36 62.92 1.00 -

Users 50 172 14 81.24 0.54 0.24–1.20 0.130

Non-cardia

Non-users 434 1219 285 233.89 1.00 -

Users 84 317 42 132.42 0.70 0.47–1.04 0.074

MR mortality rate, HR hazard ratio, CI confidence interval.
aAdjusted for cancer stage at diagnosis, age at diagnosis, year of diagnosis, highest education, country of birth, residential region, family history of gastric cancer and comorbidities (diabetes, hypertension,
chronic obstructive pulmonary disease, and chronic ischemic heart diseases).
bOnly patients with adenocarcinoma were included.
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Fig. 1 | Sildenafil suppresses the growth of patient-derived tumor organoids
in vitro. A Patient-derived tumor organoids (PDTOs) were successfully cultured
and established from primary GC tissues in vitro, maintaining the characteristics of
the primary tumor as presented by H&E staining. Moreover, IHC staining of PDE5
expression in both primary cancer tissues and corresponding PDTOs, with data
represented from biological replications (n = 8). Scale bar: 20 μm. B The viability of
PDTOs was tested using ATP cell viability assays following sildenafil treatment in

48 h. The IC50 values for PDTOs treated with sildenafil were calculated. Results are
presented as the mean ± SD from three independent experiments (n = 3). C,D The
association between PDE5 expression in PDTOs and corresponding primary GC
tumor tissues, along with the IC50 values of sildenafil, was analyzed based on IHC
staining results for PDE5 levels. Statistical significance is indicated as follows: ns,
P value > 0.05; *, P-value < 0.05; **, P-value < 0.01; ***, P-value < 0.001.
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Fig. 2 | Sildenafil inhibits tumor growth of GC xenograft models in vivo.
A Representative photographs illustrated the establishment of cancer cell-derived
xenograft (CDX) and patient-derived xenograft (PDX) models treated with silde-
nafil in GC. This image and every element of this image were originally created and
draw by using the BioRender online drawing website (https://biorender.com) after
obtaining published permissions. B Tumor sizes in the CDX models (n = 8) and
PDX models (n = 6) following sildenafil treatment at doses of 5 mg/kg and 15 mg/
kg, respectively, with DMSO serving as a vehicle control. CH&E, PDE5, Ki-67, and

TUNEL staining of xenograft sections. Scale bar: 20 μm.D, E Tumor weights of the
xenografts were recorded after sildenafil treatment, and tumor volumes were
measured on the indicated days. F Analysis of Ki-67 expression levels in the
xenograft sections. G Analysis of TUNEL-positive cells in the xenograft sections.
H Evaluation of tumor burden in CDX and PDX models treated with sildenafil.
I Analysis of PDE5 expression in the xenograft sections. Statistical significance is
indicated as follows: ns, P-value > 0.05; *, P-value < 0.05; **, P-value < 0.01; ***, P-
value < 0.001.
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PDE5A1 activity while increasing cGMP levels through PDE5 inhibition
(Fig. 3F, G). 8-Bromo-cGMP, an exogenous and cell-permeable analog of
cGMP,directly inhibitsPDE5andactivatesPKG.Weevaluated the effects of
both sildenafil and 8-bromo-cGMP on cell proliferation and apoptosis in
the indicated cells. The results indicated that 8-bromo-cGMP exerted
inhibitory effects onGC cells, like those observedwith sildenafil (Fig. 3H, I),

suggesting that sildenafil preventsGC cell growth through PDE5 inhibition.
In vivo studies using subcutaneous xenograft models further examined the
function of sildenafil. The results revealed that GC cells with PDE5 over-
expressionpromoted tumorgrowthcompared to control cells, and sildenafil
significantly inhibited tumor growth in xenografts derived from PDE5-
overexpressing cells, leading to a significant reduction in tumor burden
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(Fig. 3J–M). Collectively, these observations supported that sildenafil sup-
presses tumor growth of GC through inhibiting PDE5.

To investigate the potential mechanisms of sildenafil in GC cells, tran-
scriptomic sequencing (RNA-seq) was performed on PDE5-overexpressing
cells treatedwith sildenafil.Hallmarkgene signatureswereobtained fromThe
Molecular Signatures Database (MSigDB) hallmark gene set collection
(https://www.gsea-msigdb.org/gsea/msigdb/human). These hallmark gene
sets represent well-defined biological states and processes. The results
from the Gene Set Enrichment Analysis (GSEA) revealed that only the
IL-6/JAK/STAT3 signaling pathway was significantly enriched in the PDE5-
overexpressing cells treated with sildenafil (Fig. 4A, B). The results from
GSEA in GC datasets revealed that the IL-6/JAK/STAT3 signaling pathway
was enriched in groups with high PDE5 expression and in GC tumor tissues
(Supplementary Fig. 8).Western blot analysis showed that overexpression of
PDE5 increased the levels of IL-6, phospho-JAK, JAK, phospho-STAT3, and
STAT3. Conversely, sildenafil partially reversed these effects by inhibiting
PDE5 (Fig. 4C). We further investigated whether the inhibitory effect of
sildenafil is dependent on IL-6/JAK/STAT3 signaling pathway through
PDE5. PDE5-overexpressing GC cells were treated with an IL-6 pathway
inhibitor (LMT28) and a recombinant human IL-6 protein (rHuIL-6).
The results demonstrated that the combination of LMT28 and sildenafil
reduced cell viability and increased apoptosis rates in PDE5-overexpressing
cells compared to control cells (Fig. 4D, E). However, rHuIL-6 partially
reversed the proliferative and apoptotic effects of sildenafil (Fig. 4F, G).
Thus, sildenafil regulates the IL-6/JAK/STAT3 signaling pathway to
inhibit GC cell growth. Together, these findings confirm that sildenafil
suppresses GC growth by inhibiting PDE5 and affecting downstream
IL-6/JAK/STAT3 signaling pathway.

Sildenafil inhibits PDE5 to directly activate PKG for regulating
c-MYC expression to suppress its stability for IL-6 transcription
Previous findings have verified the PDE5-mediated effects of sildenafil
via the suppression of IL-6/JAK/STAT3 signaling pathway, we further
explored the pathway-enriched genes in PDE5-overexpressing GC cells
treated with sildenafil. The results indicated that IL-6 was the most sig-
nificantly downregulated gene within the IL-6 /JAK /STAT3 signaling
pathway (Fig. 5A). We then analyzed the correlation between IL-6
expression and the prognosis of GC patients. The findings showed that
high levels of IL-6 mRNA were present in GC tumor tissues and were
associated with poorer overall survival in GC patients (Supplementary
Fig. 9). Consequently, we focused on the IL-6 gene and performed a
knockdown of IL-6 expression in PDE5-overexpressing GC cells treated
with sildenafil. As a result, the inhibition of IL-6 partially restored the
proliferative ability of GC cells with PDE5 overexpression. However, cell
viability was significantly suppressed following the combination of IL-6
knockdown and sildenafil treatment (Fig. 5B and Supplementary Fig. 10).
Collectively, these results revealed that the PDE5-mediated inhibitory
effects of sildenafil are dependent on IL-6 in GC.

To determine the relationship between sildenafil and IL-6, we inves-
tigated the upstream transcription factors of IL-6 and identified c-MYC as a
potential transcription factor based on prediction and co-expression ana-
lysis (Supplementary Fig. 11).We analyzed the correlations among the gene
expressions of PDE5, IL-6, and c-MYC in the stomach adenocarcinoma

patients using data from the TCGAdatabase. The results revealed a positive
correlation between the mRNA levels of PDE5 and IL-6 (r = 0.162,
P = 7.37e-04), as well as a positive correlation between the mRNA levels of
IL-6 and c-MYC (r = 0.202, P = 3.38e-05) (Fig. 5C). Western blotting ana-
lysis showed that sildenafil inhibitedPDE5, leading todownregulationof the
expression levels of IL-6 and MYC. Furthermore, inhibition of c-MYC
partially reversed the increase in IL-6 expression observed in the PDE5-
overexpressing GC cells (Fig. 5D, E). We constructed three mutant frag-
ments of the IL-6 promoter reporter vector to analyze the effect of c-MYC
on IL-6 transcription. By using the luciferase reporter assays, we found that
c-MYC expression significantly enhanced the luciferase activity driven by
the full-length IL-6 promoter. In contrast, sildenafil decreased c-MYC-
driven luciferase activity of IL-6. Targetedmutations in the promoter region
revealed that the -845 and -843 bp sub-regions were critical for c-MYC-
enhanced IL-6 promoter activity (Fig. 5F–H). Furthermore, we performed
chromatin immunoprecipitation (ChIP) assays, which indicated that
c-MYC binds to the IL-6 promoter region, while sildenafil inhibits this
binding (Fig. 5I). Thus, c-MYC acts as a transcription factor that directly
activates IL-6 gene transcription by binding to a specific region of the IL-6
promoter in cells treated with sildenafil.

Previous studies reported that sildenafil inhibits PDE5 to activate PKG
directly. Activated PKG phosphorylates the transcription factor c-MYC,
leading to a decrease in c-MYC expression through ubiquitination
degradation51,52. To further investigate whether sildenafil inhibits PDE5 to
reduce the stability of c-MYC and the expression levels of c-MYC and IL-6
via PKG, PDE5-overexpressing GC cells were treated with the PDE5 inhi-
bitor sildenafil, the PKG inhibitor KT5823, and the proteasome inhibitor
MG132. The results indicated that the protein levels of c-MYC, phospho-c-
MYC (p-Thr58), and IL-6 were significantly reduced, while the levels of
phospho-c-MYC (p-Ser62) showed no significant changes. Besides, inhi-
bition of PKG partially restored the expression levels of c-MYC and IL-6 in
the cells treated with sildenafil. However, the proteasome inhibitor MG132
eliminated the differences in c-MYC and IL-6 protein levels observed in
PDE5-overexpressing GC cells treated with sildenafil and KT5823 (Fig. 5J).
Sildenafil inhibited PDE5 to restrain c-MYC stability for IL-6 transcription.
These findings demonstrated that sildenafil inhibits PDE5 to directly acti-
vate PKG for reducing c-MYC expression through phosphorylation and
ubiquitination degradation, thereby suppressing c-MYC stability for IL-6
transcription within the downstream IL-6/JAK/STAT3 signaling pathway.
Thus, sildenafil prevents oncogenic growth of GC by suppressing c-MYC
stability for IL-6 transcription.

Clinically,weevaluated thecorrelationsamong theexpressionsofPDE5,
c-MYC, and IL-6 in human GC tumor specimens (n= 30) by using IHC
staining. Correlation analysis revealed positive relationships between PDE5
and c-MYC expression (Pearson R = 0.375; P= 0.041) as well as between
PDE5 and IL-6 expression (Pearson R = 0.389; P= 0.034). Additionally, a
positive correlation was observed between c-MYC and IL-6 expression
(Pearson R = 0.498; P = 0.0051) (Fig. 5K, L). Collectively, these findings
highlighted the mechanism by which sildenafil suppresses the oncogenic
growth of GC by inhibiting PDE5 to directly activate PKG for the regulation
of c-MYC and IL-6 in the downstream IL-6/JAK/STAT3 signaling pathway
(Fig. 5M). Therefore, PDE5 inhibitor sildenafil might be used as a promising
adjuvant for GC therapy in the future.

Fig. 3 | Sildenafil restrains tumor growth of GC through inhibiting PDE5. A Cell
viability of GES-1 cells was analyzed after sildenafil treatment for 24 h and 48 h, with
data represented from technical replicates (n = 3). B Total apoptosis rates of GES-1
cells treated with sildenafil for 24 h and 48 h were assessed, with data represented
from technical replicates (n = 3). C IC50 analysis of PDE5-knockdown and PDE5-
overexpressing GC cells treated with sildenafil was performed after 48 h, with results
presented as the mean ± SD from three independent experiments.DCell viability of
PDE5-knockdown and PDE5-overexpressing GC cells was analyzed following 48 h
of sildenafil treatment. E Total apoptosis rates of the indicated cells treated with
sildenafil for 48 h were assessed. F Inhibitory activity against PDE5A1 in the indi-
cated cells wasmeasured by using PDE5A1 assay kit.G cGMP level wasmeasured by

using cGMP ELISA kit. H Cell viability of PDE5-overexpressing GC cells was
analyzed following treatment with either sildenafil (150 μM) or 8-Bromo-cGMP
(150 μM) for 48 h. ITotal apoptosis rates of the indicated cells treated with sildenafil
or 8-Bromo-cGMP for 48 h were assessed. J Tumor sizes of xenografts derived from
PDE5-overexpressing GC cells treated with sildenafil (15 mg/kg), with DMSO used
as the vehicle control. Data are presented from biological replicates (n = 5).
K, L Tumor volumes of xenografts were measured on indicated days, and tumor
weights were calculated after sildenafil treatment (15 mg/kg). M Tumor burden of
xenografts was evaluated. Statistical significance is indicated as follows: ns, P-
value > 0.05; *, P-value < 0.05; **, P-value < 0.01; ***, P-value < 0.001.
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Discussion
PDE5 inhibitors are commonly used in clinical therapy to treat erectile
dysfunction, pulmonary arterial hypertension, and other non-malignant
urological disorders. They primarily target intracellular cGMP levels by the
nitric oxide (NO)-driven activation of soluble guanylyl cyclase. Recently,
there has been growing interest in the role of PDE5 inhibitors in oncology.

This study focuses on the potential of PDE5 inhibitors and their significant
roles in GC. As previously mentioned, our study, which comprehensively
combines evidence from a nationwide population-based GC cohort with
in vivo and in vitro experiments, supports the hypothesis that PDE5 inhi-
bitors may be repurposed as therapeutic agents in oncology and could
effectively suppress tumor growth in GC. Using a nationwide Swedish
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population-based cohort, we found that post-diagnostic use of PDE5
inhibitors was significantly associated with a decreased risk of cancer-
specific mortality in Swedish patients with GC, suggesting that these inhi-
bitors may have protective and anti-cancer potentials in GC patients. In
vitro and in vivo assays indicated that sildenafil inhibited tumor growth in
GC, with effectiveness contingent upon PDE5 expression levels. Func-
tionally, sildenafil suppressed tumor growth in GC cells by acting on PDE5.
Mechanistically,wedemonstrated that sildenafil restrained tumor growthof
GC by directly activating PKG through PDE5 inhibition for regulating
c-MYC expression via its phosphorylation and ubiquitination degradation,
thereby suppressing c-MYC stability for IL-6 transcription within the
downstream IL-6/JAK/ STAT3 signaling pathway. These findings provided
the possibility of sildenafil may serve as a potential anti-tumor drug for GC.

Currently, the potential anti-cancer effects of PDE5 inhibitors in
oncology are under investigation; however, most findings are still in the
preclinical study phase15,16,18–20,22,30,31,53–55. The therapeutic potential of PDE5
inhibitors in GC remains limited. Consistent with previous in vitro and
in vivo experiments conducted on other types of cancer, our study supports
that the anti-cancer effects of PDE5 inhibitorsmight be related to their ability
to inhibit tumorgrowthbyreducingcell proliferation, inducingcell apoptosis,
and inducing cell cycle arrest in tumor cells18,21,56. In addition to their universal
potential anti-cancer effects on solid tumor, GC patients may experience
additional benefits from PDE5 inhibitor treatment. This is because the nitric
oxide (NO)/cGMP-dependent signaling pathway activated by PDE5 inhi-
bitors plays a crucial role in regulating gastric blood flow, mucus secretion,
andgastric sensorimotor function13,32,45–49.Additionally, previous studieshave
reported that key pathways, including the NO/cGMP/PDE5, JNK/c-JUN,
Hippo/TAZ, and WNT/β-catenin signaling pathways, are modulated by
PDE5 inhibitors to exert anti-tumor effects in various cancers32,57–60. In the
present study, our findings demonstrated that sildenafil mediates the inhi-
bition of downstream IL-6/JAK/STAT3 signaling pathway activation, sup-
pressing tumor growth of GC. The IL-6/JAK/STAT3 signaling pathway is
significantly enriched andaberrantly hyperactivated inmany cancers, driving
the tumor proliferation, survival, invasiveness, and metastasis, while also
suppressing the immune response in the tumor microenvironment61. Tar-
geting IL-6/JAK/STAT3 signaling pathway in GC patients treated with sil-
denafil is likely to provide therapeutic benefits by directly inhibiting tumor
cell growth. IL-6 is an indispensablemolecule that mediates the regulation of
downstream IL-6/JAK/STAT3 signaling by sildenafil. The expression level of
IL-6 is associated with prognosis in GC patients. Based on a single-center
population-based cohort from the CLASS-01 study in China, our previous
research reported that elevated plasma IL-6 levels in GC patients were sig-
nificantly associated with poor prognosis following surgical radical
resection62. In this study, Swedish patients with GC who administrated with
PDE5 inhibitors exhibited lower risk of cancer-specific death, potentially
linked to the reduction of IL-6 expression level in the body after using these
inhibitors.

To the best of our knowledge, this is a novel and prospective study
exploring the potential therapeutic effect of the PDE5 inhibitor sildenafil in
GC. The primary strength of this study lies in its innovative design, which
combines findings from a nationwide population-based cohort with
molecular experimental evidence to investigate the potential anti-cancer
effects of sildenafil. Evidence from the population-based cohort further
corroborated preclinical data, demonstrating that male patients who

prescribed PDE5 inhibitors following diagnosis of GC faced lower risk of
cancer-specific death compared tomatched patients without a prescription.
The protective effect appeared to be more pronounced in cancer patients
diagnosed at an earlier stage compared to those diagnosed at an advanced
stage55. It is worthwhile to further explore this association as well as the
optimal dosage and usage in RCTs. Moreover, the nationwide coverage of
the population-based cohort study allowed us to investigate the dose-
response relationship, strongly supporting theobservednegative association
by excluding indication bias and providing a reference for the potential
effective dose related to its anti-cancer effects. The population-based data
were sourced from multiple databases, including TCGA, GEO, Nanfang
Hospital cohorts, and Swedish registers, significantly enhancing the feasi-
bility of generalizing our findings from this study. Additionally, novel
experimental models, including patient-derived tumor organoids (PDTOs)
and patient-derived tumor xenograft (PDX) models, were used to further
evaluate the anti-cancer effects of sildenafil in vivo and in vitro. Several
limitations should be acknowledged in this study. The Swedish national
population-based cohort was limited to male patients, as few females were
prescribedPDE5 inhibitors. Itwould be valuable to conduct RCTs involving
female patients, as they may exhibit better tolerance to these drugs. Fur-
thermore, our study focused solely on the drug effects of sildenafil on GC
cells, leaving the potential role of sildenafil in stromal immune cells unclear.
Notably, PDE5 is highly expressed in cancer-associated fibroblasts (CAFs)
and promotes breast tumor progression10. Sildenafil decreased the accu-
mulation andARG1 expression of PMN-MDSCs after irradiation to abolish
the MDSC-mediated immunosuppression caused by PDE563. Sildenafil
elicited an effective cellular immune response by increasing levels of gran-
zyme B and IFN-γ, elevating the proportion of splenic cytotoxic T cells and
Thelper cells,while decreasing theproportionof splenic regulatoryT-cells64.
The combination of sildenafil and curcumin enhanced the efficacy of 5-FU
and anti-PD1 immunotherapy in vivo against CT26 colorectal tumor in
mice65. PDE5 is expressed in both tumor cells and stromal immune cells.
PDE5 inhibitors impact tumor cells and stromal immune cells within the
tumor microenvironment by inhibiting PDE5. Since tumor cells are the
most abundant cellular components in this tumor microenvironment, they
are more susceptible to the effects of PDE5 inhibitors. In this study, we
observedno significant differences in theproliferative andapoptotic abilities
of normal gastric epithelial cells after treating with different concentrations
of sildenafil. To effectively explain the observation that sildenafil does not
affect normal gastric epithelial cells, we propose three possible reasons.
Firstly, our findings indicate that the effectiveness of the PDE5 inhibitor
sildenafil in preventing oncogenic growth inGC is dependent on the level of
PDE5 expression. While both normal gastric epithelial cells and GC cell
lines express PDE5, the expression levels in most GC cell lines are higher
than those in normal gastric epithelial cells. In the analysis of diverse public
GC datasets, GC tumor tissues exhibited significantly higher PDE5
expressions compared to normal gastric epithelial tissues. Additionally, GC
cell lines with elevated PDE5 expression levels demonstrated stronger
inhibitory effects than those with lower PDE5 expression levels. These
results suggest that GC cells have more targets of PDE5 for sildenafil than
normal gastric epithelial cells, indicating that most GC cells with higher
PDE5 expression show better inhibitory responses and aremore susceptible
to the effects of sildenafil, while normal gastric epithelial cells are less
affected. Secondly, our results demonstrated that sildenafil inhibits tumor

Fig. 4 | Sildenafil regulates the IL-6/JAK/STAT3 signalling pathway to inhibit GC
cell growth. A, B GSEA was performed on PDE5-overexpressing GC cells after
treatment with sildenafil (150 μM) for 48 h, based on results from RNA-Seq data
(GSEA: gene set enrichment analysis; NES: normalized enrichment score; NOM:
nominal). C Western blotting analysis was conducted to evaluate the levels of
pathway-associated proteins involved in the IL-6/JAK/STAT3 signaling pathway in
PDE5-overexpressingGCcells following treatmentwith sildenafil (150 μM) for 48 h.
DCell viability of PDE5-overexpressing GC cells was evaluated after treatment with
sildenafil (150 μM) and the IL-6 pathway inhibitor LMT28 (30 μM) for 48 h. Data
are presented from technical replicates (n = 3). E Total apoptosis rates of the

indicated cells treated with sildenafil (150 μM) and LMT28 (30 μM) for 48 h were
analyzed, with data presented from technical replicates (n = 3). F Cell viability of
PDE5-overexpressing GC cells was assessed after sildenafil treatment (150 μM) and
recombinant human IL-6 protein (rHuIL-6) (10 ng/mL) for 48 h, with data pre-
sented from technical replicates (n = 3).GTotal apoptosis rates of the indicated cells
treated with sildenafil (150 μM) and rHuIL-6 (10 ng/mL) for 48 h were analyzed,
with results presented asmean ± SD from three independent experiments. Statistical
significance is indicated as follows: ns, P-value > 0.05; *, P-value < 0.05; **,
P-value < 0.01; ***, P-value < 0.001.
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growth of GC through the downstream IL-6/JAK/STAT3 signaling path-
way. This signaling pathway was significantly enriched in GC tumor tissues
compared to normal gastric epithelial tissues. IL-6 was identified as a key
immune modulator by sildenafil in its role in inhibiting tumor growth in
GC. IL-6was a key target for sildenafil to exert anti-tumor effects inGC.Our
findings indicate that the anti-cancer effect of sildenafil is dependent on IL-

6. Notably, IL-6 was significantly upregulated in GC tumor tissues in
comparison to paired normal gastric epithelial tissues. IL-6 is rarely
expressed in normal gastric epithelial cells and its levels are extremely low in
healthy stomach tissues66. Due to the increased signaling pathway enrich-
ment and higher expression levels of IL-6, sildenafil is more likely to impact
the biological functions of GC cells rather than those of normal gastric
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epithelial cells. The PDE5 inhibitor sildenafil does not affect normal gastric
epithelial cells without IL-6 expression, even though it expresses PDE5.
Thirdly, previously published studies have reported a protective effect of the
PDE5 inhibitor sildenafil against gastric damage induced by nonsteroidal
anti-inflammatory drugs (NSAIDs), ethanol, or acetic acid45–47,67–69. Silde-
nafil may have beneficial effects on normal gastric epithelial cells and does
not impair or suppress their biological activity, despite their expression of
PDE5. Therefore, within the same GC patient, sildenafil may selectively
affectGCcellswhile sparingnormal gastric epithelial cells, even thoughboth
cells express PDE5. Therefore, our study focuses primarily on the roles of
sildenafil in GC tumor cells. In clinical practice, it remains unclear whether
the PDE5 inhibitor sildenafil interacts with existing immune checkpoint
blockade-based tumor immunotherapy strategies, which requires further
investigation. Additional evidence is necessary to fully elucidate the
underlying molecular mechanisms of sildenafil, which may serve as a
potential anti-cancer therapeutic agent for inhibiting growth of GC within
the complex tumor immune microenvironment.

In summary, our study offered new insights into the underlying
mechanisms of the PDE5-specific inhibitor sildenafil, providing a novel
theoretical foundation for targeted interventions in GC.

Methods
Nationwide Swedish population-based cohort
The nationwide cohort study in Sweden was approved by the Ethics Com-
mittee at Lund University. By using the 10th International Classification of
Disease (ICD-10) code (C16), allmale patients diagnosedwithGCas primary
cancer from July 2005 to December 2015 were totally extracted from the
Swedish Cancer Registry. Information regarding prescriptions for PDE5
inhibitors was retrieved from the Swedish Prescribed Drug Register, utilizing
theAnatomicalTherapeuticChemical (ATC) codesG04BE03,G04BE08, and
G04BE09. The outcome was death due to GC, occurring between July 2005
andMarch 2017, and this data was sourced from the Cause of Death Register
using the ICD-10 code C16.We used amatched cohort design for this study,
randomly selecting five control patients with GC who did not have a pre-
scription for PDE5 inhibitors for each patient who did use PDE5 inhibitors
after post-diagnosis, based on nearest-neighbour propensity score matching.

Tissue specimens
This study received an approval from the Institutional Research Medical
Ethics Committee of Nanfang Hospital in Guangzhou, P.R. China.
Informed consent was obtained from all patients involved in the study.
Tissue samples were collected from GC patients who underwent surgical
resection for subsequent mRNA and protein analysis.

The quantitative real-time PCR, western blotting, immunohis-
tochemistry, and immunofluorescence assays
Quantitative real-time PCR (qRT-PCR), western blotting, immunohis-
tochemistry, and immunofluorescence assays were performed orderly,

following the manufacturer’s instructions for each protocol. The primer
sequences and antibody information are listed in Supplementary Table 3
and Supplementary Table 4.

Culture of patient-derived tumor organoids
Human GC patient-derived tumor organoids were successfully cultured
according to themethodsdescribed in a previous study70. ResectedGC tissues
were washed with phosphate-buffered saline, cut into 1mm3 pieces, and
digested in a mixed medium (DMEM/F12, 2% FBS, Pen/Strep, 100U/mL
collagenase XI, and 125 μg/mL Dispase II) at 37 °C for 40min. After diges-
tion, Tryp-LEExpress andDNase Iwere added for an additional 10min. The
resulting samples were then embedded inMatrigel, cultured, filtered through
a 70 μm cell strainer, centrifuged at 300 × g for 5min, and isolated to obtain
tumor organoids. These organoids exhibited high viability andwere passaged
twice a week at a splitting ratio of 1:2 or 1:3. The viability of the tumor
organoids was assessed after a 48-h incubation with sildenafil.

Establishment of patient-derived tumor xenograft models
Animal experiments were approved by the Institutional Animal Care and
UseCommittee and the InstitutionalResearchMedical EthicsCommitteeof
NanfangHospital inGuangzhou,China.All experimentswere conducted in
accordance with the ARRIVE1 guidelines71. This study used immuno-
compromised male NOD-SCID mice and male athymic nude mice, fol-
lowing methods established in prior in vivo xenograft studies29,58. The mice
were randomly divided into various groups once the tumor reached
approximately 0.3 × 0.32cm3 (length × width2). The control groups received
DMSO mixed with 0.9% saline, whereas the treatment groups were admi-
nistered sildenafil every 2 days for a duration of 22 days. The two perpen-
dicular diameters of the tumorweremeasured to calculate tumorweight and
volume by using the formula: Volume = 0.5 × length × width². Tumor
burden was calculated by tumor volume.

Cell transfection and RNA sequencing
A lentivirus with PDE5 overexpression was successfully constructed
(GeneChem, Shanghai, China). Following the manufacturer’s instructions,
GC cells were transfected with either the PDE5-overexpressing lentivirus
vectors (LV-PDE5) or the negative control lentivirus vectors (LV-NC) to
further establish PDE5-overexpressing cell lines. Additionally, small inter-
feringRNA(siRNA) constructswere prepared and transfected intoGCcells
in accordance with the manufacturer’s instructions (GeneChem, Shanghai,
China). The sequences of the PDE5-siRNA are listed in Supplementary
Table 5. Subsequently, these sequences were used to design short hairpin
RNA (shRNA) for the establishment of PDE5-shRNA cells. Finally, the
efficiencyofPDE5overexpression andknockdown inGCcellswas validated
at both the mRNA and protein levels.

Based on the construction of PDE5-overexpressing (LV-PDE5) GC
cells and negative control (LV-NC) GC cells, RNA sequencing (RNA-seq)
was conducted on these cell lines after treatment with either sildenafil or

Fig. 5 | Sildenafil prevents the oncogenic growth of GC by inhibiting PDE5 to
directly activate PKG for the regulation of c-MYC and IL-6. A A heatmap illu-
strated differentially expressed genes in the IL-6/JAK/STAT3 signaling pathway in
PDE5-overexpressing GC cells after sildenafil treatment (150 μM) compared to
vehicle control for 48 h. Red indicates upregulated expression, while blue indicates
downregulated expression. B Western blotting analysis was performed on the
indicated proteins in PDE5-overexpressing GC cells transfected with IL-6-
knockdown siRNA and treatedwith sildenafil (150 μM) for 48 h. β-actin was used as
a loading control.CThe correlation amongPDE5, IL-6, and c-MYCgene expression
was analyzed by using the TCGA-STAD database. D, EWestern blotting analysis
assessed c-MYC and IL-6 expressions in PDE5-knockdown and PDE5-
overexpressing GC cells treated with c-MYC-knockdown siRNA and sildenafil
(150 μM) for 48 h respectively. F Primer sequences for the canonical c-MYC
binding site. G A schematic representation of the IL-6 promoter shows the trans-
lational start site, with the regions indicated for luciferase reporter assays.
H Luciferase activity analysis was conducted on the mutant fragments of the IL-6

promoter reporter vector after transfecting into GC cells and treated with sildenafil
(150 μM) for 48 h. Data are presented from technical replicates (n = 3). IChromatin
immunoprecipitation using specific antibodies demonstrated the binding of c-MYC
to the IL-6 promoter, with data shown from technical replicates (n = 5). JWestern
blotting analysis of the indicated proteins was conducted in PDE5-overexpressing
GC cells treated with the PDE5 inhibitor sildenafil (150 μM), the PKG inhibitor
KT5823 (20 μM), and the proteasome inhibitor MG132 (20 μM) for 48 h. K IHC
staining of PDE5, c-MYC, and IL-6 expression in human GC tumor tissues, with
scale bars of 200 μm (10×) and 20 μm (40×). L The correlation among PDE5, c-
MYC, and IL-6 expression in human GC tumor tissues (n = 30) was analyzed.M A
schematic diagram illustrated the key roles of the PDE5 inhibitor sildenafil in GC.
This image and every element of this image were originally created and draw by
using the BioRender online drawingwebsite (https://biorender.com) after obtaining
published permissions. Statistical significance is indicated as follows: ns, P-value >
0.05; *, P-value < 0.05; **, P-value < 0.01; ***, P-value < 0.001.
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DMSO for 48 h, withDMSO serving as the vehicle control. The cell samples
comprised four groups: LV-NCGCcells treatedwithDMSO, LV-PDE5GC
cells treated with DMSO, LV-NC GC cells treated with sildenafil, and LV-
PDE5 GC cells treated with sildenafil. Each group was independently
replicated in three biological experiments. All RNA-seq data were collected
and analyzed using a comprehensive and high-throughput platform (Illu-
mina NovaSeq 6000, Applied Protein Technology, Shanghai, China).

Measurement of PDE5A1 activity and human cGMP level
The PDE5A1 Assay Kit (#60350, BPS Biosciences, USA) was used to
evaluate the PDE5 inhibitory effects of sildenafil, following the manu-
facturer’s instructions. Stock solutions of all test compounds (500mM
IBMX; 10mM dipyridamole; 10mM TM-dipyridamole) were prepared
in DMSO and then diluted to 10x working concentrations in 10% DMSO
within the PDE assay buffer (500 μM IBMX; 30 μM and 100 μM dipyr-
idamole; 30 μM and 100 μM TM-dipyridamole). The fluorescent polar-
ization of each sample was measured by using a Multimode Plate Reader
(PerkinElmer EnVision 2105). Milli-polarization values were calculated
by using EnVision Workstation v1.12 software, with the PDE5A1
enzymatic activity of each reaction normalized against the enzymatic
positive control sample.

A human cGMP ELISA kit (#581021, Cayman Chemical, USA) was
used tomeasure intracellular cGMP levels. According to themanufacturer’s
protocol, all cell samples were treated with trichloroacetic acid (TCA) at a
final concentration of 5% (w/v) to precipitate proteins. Following cen-
trifugation, the supernatant was extracted with ether to eliminate any
residual TCA. An acetylation step was performed on the cell samples before
setting up the final assay, luminescence measurement, and analysis. Data
acquisition was conducted using a Fluostar Omega fluorescence reader
(BMG Labtech, Germany), and the concentration level of cGMP was cal-
culated based on the absorbance readings at 405 nm.

Chromatin immunoprecipitation and Luciferase reporter assay
Chromatin immunoprecipitation (ChIP) assays were conducted by using
the Plus Enzymatic Chromatin IP Kit (Magnetic Beads) (#9005, Cell Sig-
naling Technology, USA) in accordance with the manufacturer’s protocols.
Five pairs of primers for the IL-6 promoter used in ChIP qRT-PCR assays
are provided in Supplementary Table 6. Luciferase reporter assays were
performed using the Luciferase Assay Kit (GeneCopoeia, China, #LF004)
following the manufacturer’s instructions. Luciferase enzyme activity was
measured for standard analysis.

Statistics and reproducibility
The student’s t-test and Chi-square test were used for continuous and
categorical variables respectively. Amultivariate Cox regressionmodel with
a time-varying variable was employed to examine the association between
death caused by GC and post-diagnostic use of PDE5 inhibitors. Covariates
used for calculating propensity scores were included in the adjusted model.
The log-rank test was utilized for survival analysis. Error bars represent the
mean ± SD. Statistical analyses were performed using SPSS 23.0, Image.J, or
SAS 9.4 software, while figures were created using GraphPad Prism 8.0.
ANOVA and Student’s t-tests were conducted in this study (ns, P-value >
0.05; *, P-value < 0.05; **, P-value < 0.01; ** *, P-value < 0.001).

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
All other data generated or analyzed during this study are included in the
article and/or supplemental files, or available from the corresponding
author on reasonable request.
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