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ABSTRACT

Background. Pancreatic cancer (PC) exhibits an extremely poor prognosis due to its
high heterogeneity. The senescence-associated secretory phenotype (SASP), a distinct
secretory profile displayed by senescent cells, has been increasingly studied. However,
the role of SASP in PC prognosis and treatment remains unclear.

Methods. Transcriptomic sequencing data from PC patients were analyzed using
consensus clustering based on SASP genes. A prognostic signature was subsequently
constructed via Least Absolute Shrinkage and Selection Operator (LASSO) regression
using survival-related SASP genes. Pathway enrichment analysis for distinct subgroups
was performed using Gene Set Variation Analysis (GSVA). Comprehensive analyses of
mutational landscapes and tumor immune microenvironments were conducted across
risk-stratified PC samples.

Results. Consensus clustering based on SASP genes identified two SASP-associated
clusters (SASPclusters), with cluster B demonstrating significantly worse prognosis than
cluster A. Thirty-three SASP genes showed significant associations with PC prognosis,
and a 7-gene SASP-based prognostic signature was established. High-risk patients
exhibited significantly higher mutation rates. Distinct immune cell infiltration patterns,
immune functions, checkpoint expression levels, and chemosensitivity profiles were
observed between risk groups. Besides, we found that ANGPTL4 could promote PC
cell proliferation, migration, and invasion.

Conclusion. Molecular subtyping and risk stratification based on SASP genes effec-
tively predict PC prognosis and reveal heterogeneity in mutational burden, immune
microenvironment, and therapeutic sensitivity. These computational findings deepen
our understanding of potential role of SASP in PC and provide a theoretical foundation
for personalized treatment strategies.

Subjects Bioinformatics, Computational Biology, Gastroenterology and Hepatology, Oncology,
Data Mining and Machine Learning

Keywords Pancreatic cancer, Senescence-associated secretory phenotype, Tumor
microenvironment

INTRODUCTION

Pancreatic cancer (PC), predominantly pancreatic ductal adenocarcinoma (PDAC), is
the most aggressive malignancy of the digestive system, with a five-year survival rate
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(SR) of ~12% (Siegel et al., 2023). The pancreas is anatomically concealed; hence, most
PC patients are often diagnosed at advanced stages—a phenomenon that is projected to
make PC the second deadliest malignancy by 2030 (Nevala-Plagemann, Hidalgo & Garrido-
Laguna, 2020; Park, Chawla ¢ O’Reilly, 2021; Rahib et al., 2021). While surgical resection
remains the standard intervention for PC, adjuvant therapies, neoadjuvant treatments,
immunotherapy, targeted therapy, and radiotherapy (RT) have demonstrated transient
efficacy in select populations, although often followed by drug resistance (Mizrahi et al.,
2020). Additionally, various factors, including cellular senescence—an emerging focus in
cancer research—modulate the tumor microenvironment (TME), highlighting its complex
nature, which confers limited response to cytotoxic therapies and immunotherapy in PC
patients (Park, Chawla ¢ O’Reilly, 2021).

Cellular senescence is a stress-triggered, irreversible proliferative arrest featuring
structural and functional degeneration (Dong et al., 2024; McHugh, Durdn ¢ Gil, 2025).
Senescence, which was initially recognized as replicative senescence in human fibroblasts,
presently encompasses oncogene-induced, therapy-induced, virus-induced, mitochondrial
dysfunction-associated, and immune-mediated forms (Wang et al., 2024). Besides
growth arrest, senescent cells also exhibit Senescence-Associated Secretory Phenotype
(SASP) (Wang et al., 2024), a hyper-secretory profile featuring the secretion of diverse
proteins, cytokines, proteases, and chemokines (Dong et al., 2024). According to reports,
SASP performs dual roles in tumorigenesis. In addition to inducing cell cycle arrest
and immune-mediated damaged cell clearance to suppress tumor initiation, it also
fosters immunosuppressive microenvironments conducive to tumor progression and
metastasis (Dong et al., 2024; Eggert et al., 2016; Liu ¢ Hornsby, 2007; Orjalo et al., 2009).
Furthermore, SASP exerts context-dependent effects in PC. For instance, MEK and CDK4/6
inhibition-induced senescence promoted T-cell infiltration and tumor suppression in
murine models (Ohuchida et al., 2004; Ruscetti et al., 2020), whereas radiation-induced
fibroblast SASP enhanced PC invasiveness (Ohuchida et al., 2004). Nonetheless, the
prognostic implications of specific SASP components in PC remain unclear, necessitating
bioinformatics-driven identification of SASP-related prognostic biomarkers.

Herein, we stratified PC patients from the TCGA-ICGC cohort into two SASP
subtypes based on the consensus cluster analysis results and established a 7-gene SASP-
based prognostic signature. We also conducted functional experiments, validating the
role of ANGPTL4 in promoting PC proliferation and metastasis. Our proposed risk
stratification model could provide computational evidence to guide prognostic prediction
and personalized therapy in PC.

MATERIALS & METHODS

Data collection

Transcriptomic sequencing and survival data for PC patients were obtained from The
Cancer Genome Atlas (TCGA; https:/portal.gdc.cancer.gov/) and the International
Cancer Genome Consortium (ICGC) (PACA-AU cohort; https:/dcc.icgc.org/), with gene
expression matrices merged into the combined TCGA-ICGC dataset using the “ComBat”
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function for batch correction. On the other hand, SASP gene sets were derived from
previous literature (Saul et al., 2022), while Copy Number Variation (CNV) files for PC
patients were downloaded from UCSC Xena (https:/kenabrowser.net/). Additionally,

a single-cell RNA sequencing dataset (GSE154778) comprising 10 primary and 6 liver
metastatic samples was retrieved from the Gene Expression Omnibus (GEO) database.

Consensus clustering analysis

We performed consensus clustering utilizing the “ConsensusClusterPlus” R package to
explore associations between SASP gene expression and PC subtypes. Survival differences
between SASPclusters were compared using Kaplan—Meier (K-M) survival analysis. Gene
Set Variation Analysis (GSVA) was performed using all genes from the TCGA-ICGC
cohort before comparing differentially enriched pathways between the two SASPclusters
and visualizing the results with a heatmap. Differentially Expressed Genes (DEGs) between
clusters were identified using the “limma” package (log2FC >1, adjusted p < 0.05), followed
by functional enrichment analysis.

Prognostic signature construction and validation

The prognostic value of SASP genes was assessed using Univariate Cox regression, and the
prognostic signature was constructed using the Least Absolute Shrinkage and Selection
Operator (LASSO) Cox regression. The combined TCGA-ICGC dataset was randomly
partitioned into training and validation cohorts (1:1; 1,000 iterations) using the “caret”
package. The optimal A value was identified using LASSO regression with 10-fold cross-
validation. Genes with non-zero coefficients at the optimal A were selected, from which
a 7-gene prognostic signature was constructed, and patients were stratified into low- and
high-risk groups. Model performance was evaluated using receiver operating characteristic
(ROC) curves generated using the “timeROC” package. Signature gene expressions were
visualized using Heatmaps (“pheatmap”), and risk group separation was depicted with the
principal component analysis (PCA).

Clinical relevance of the prognostic signature

Risk score correlations with clinicopathological features (age, sex, pathological grade, tumor
nodes metastasis (TNM) stage, and SASPcluster) were analyzed. A nomogram (“rms”) was
then developed to predict PC patient survival. Drug sensitivity differences between risk
groups were assessed using the “oncoPredict” package, while pathway enrichments across
subtypes and risk groups were compared using “GSVA”.

Mutation analysis

Tumor mutational burden (TMB) was calculated for each patient, with TMB-risk score
associations established using Spearman correlation. The risk groups were compared for
mutation frequency differences using “maftools”.

Tumor immune infiltration analysis

Immune cell infiltration levels were quantified using the CIBERSORT algorithm. Immune
cell distribution differences between risk groups were visualized using Violin plots.
Associations between risk scores and immune cell infiltration were assessed using Spearman
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correlation analysis with the “psych” package. Immune function activity and checkpoint
expression disparities were evaluated using GSVA.

Single-cell RNA-seq analysis

Single-cell data underwent stringent quality control processes: nFeature_RNA >300 &
<6,000, percent.mt <10, percent. HB <1, and nCount_RNA <50,000. Data normalization,
variable gene identification (2,000 genes), scaling, and integration were performed using
“Seurat” and “harmony”. Dimensionality reduction was visualized using PCA and UMAP.
Cell clusters (resolution = 2) were annotated based on marker genes.

Cell lines

Signature gene protein expression in normal and tumor tissues was validated using the
Human Protein Atlas (HPA) (Thul et al., 2017). The MIA PaCa-2 and PANC-1 cell lines
(Wuhan Pricella Biotechnology Co., Ltd., Wuhan, China) were cultivated in DMEM
culture medium supplemented with 10% Fetal Bovine Serum (FBS; Gibco, Billings, MT,
USA) and identified using Short Tandem Repeat (STR).

Cellular senescence induction

First, H,O, was added to the cell culture medium to a final concentration of 50 mM and
incubated at 37 °C for 2 h (Purcell, Kruger ¢ Tainsky, 2014). Senescence was then detected
using Western Blot (WB) analysis. The primary antibodies included anti-p21 antibody
(10355-1-AP, 1:2000; Proteintech, Rosemont, IL, USA), anti-16 antibody (10883-1-AP,
1:3000; Proteintech, Rosemont, IL, USA), and anti-GAPDH antibody (60004-1-1g 1:50000;
Proteintech, Rosemont, IL, USA).

Enzyme-Linked Immunosorbent Assay

Cell culture supernatants (CM) from H,0O,-induced senescent PC and control cells
were collected, and secreted protein levels of ANGPTL4 were measured using the
ElaBoXTM Human Angiopoietin-like 4 Enzyme-Linked Immunosorbent Assay (ELISA)
Kit (SEKH-0091; Solarbio, Beijing, China), with concentrations determined following the
manufacturer’s instructions.

Cell proliferation assay

Cell proliferation was assessed using the Cell Counting Kit 8 (CCK-8) kit (Beyotime
Biotechnology, Shanghai, China). The cells (1,000/well) were seeded into 96-well plates
and cultured with a recombinant ANGPTL4 protein. Absorbance (Optical Density (OD)
450 nm) was measured daily for 4 days.

Migration and invasion assays

Migratory and invasive capacities were evaluated using Wound healing and Transwell as-
says. For the wound healing assay, confluent cells in 6-well plates were scratched with a 200-
pl pipette tip and cultured in serum-free medium containing rANGPTL4 (100 ng/ml). For
the Transwell assay, cells in serum-free medium (5 x 10*) were seeded into Matrigel-coated
chambers (Corning, Corning, NY, USA), while complete medium containing rANGPTL4
(100 ng/ml) was added to the lower chamber and incubated for 48 h. Migrated cells were
fixed (4% Paraformaldehyde (PFA)) and stained (crystal violet).
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Figure 1 Workflow.
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Statistical analysis

Analyses were conducted in R (v4.2.1). Random sampling (“caret”) divided cohorts.
Log-rank tests compared Kaplan—Meier survival curves. Spearman correlations assessed
associations. Statistical significance thresholds: ***p < 0.001; **p < 0.01; *p < 0.05; ns
p>0.05.

RESULTS

Genetic alterations of SASP genes

Figure 1 summarizes the workflow, and Table S1 lists the 77 SASP genes. The merged
TCGA-ICGC dataset comprised a cohort of 269 PC patients. Somatic CNV analysis
revealed frequent alterations: CCL5, CCL7, and CCL2 exhibited copy number gains, while
BMP6, VEGFC, and EDNI1 showed losses (Fig. 2A).

Identification of SASP subtypes

The patients were stratified into two SASPclusters (A and B) using consensus clustering
(Figs. 2B, 2C), with PCA confirming distinct separations (Fig. 2D). Compared to Cluster A,
Cluster B exhibited significantly worse Overall Survival (OS) (Fig. 2E). Heatmaps further
revealed elevated SASP gene expression in Cluster B (Fig. 2F), with GSVA also showing
the enrichment of the glycolysis, Epithelial-Mesenchymal Transition (EMT), hypoxia, and
PI3K-AKT-mTOR pathways in Cluster B (Fig. 2G). A consistent pattern of enrichment
was observed in the Gene Set Enrichment Analysis (GSEA, Fig. 2H). Cluster comparisons
identified 381 DEGs (Fig. 2I). Gene Ontology (GO) enrichment analysis revealed significant
associations with Extracellular Matrix (ECM) organization and integrin binding (Fig. 2J).
On the other hand, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis

Kuang et al. (2026), PeerdJ, DOI 10.7717/peerj.20476 5/23


https://peerj.com
https://doi.org/10.7717/peerj.20476/fig-1
http://dx.doi.org/10.7717/peerj.20476#supp-1
http://dx.doi.org/10.7717/peerj.20476

Peer

consensus CDF

>
oo

g + GAIN  + LOSS
g o 08
i
]
; 06
[} "
&
8
04 -
02
007
T T T T T T
consensus index
1001 SASPcluster
A
> +B
Z0.75
2
E
2
SASPcluster ;0.50 _
5
%025 !
p<0.0011 1
1 1
0.00 ! !
0 p) T T g
L Time(years)
5
% Number at risk
- 2 74 25 9 1 0
-10 -5 0 5 a5 {181 29 4 1 0
PCl Fl T ¥

7
Time(years)

G GSVA H GSEA

Enrichment Analysis
s

ALLVARK PANCREAS BETACELS
HALLVARK CXIDATIVE SOV ATON
— H\I\ HH XIDATIVE oS
HALLM'\RK INTERFERON_GAMMA_RESPONSE LLMARK
HALLAARK REACTIVE YGRS
\ ‘ | HALLARK NTERFERON AL RESPONSE Ll ALLNARK PROTEN SECRITION
‘ N RESONSE EAR
i
i
Convs

HALLNMARK FSTROGE N L% Sl'()NSI m

HALLMARK_APICAL_SURFACE IRt

1| ETeTp——

HALLMARK_COAGULATION

r i 3
i M i " HH | HHH
ﬂ W ‘ i . [/ 1] | nauiviars_tor s siovaLvG
e w-”-‘. ! N\“MM.mmmM.s.m.wmwsm
l“ / ‘\A o N SASPduster

Adip-alue
005

003
I
§

([ p—

\H HALLIARK yRONIA s
Project

=82

fn LMARK_APOPTOSIS
W lcGe
T ow H ‘ ‘ HALLMARK_TNFA_SIGNALING_VIA NFKB || TCGA
Gender ‘ HALLMARK_KRAS SIGNALING_UP

FEMALE y . 2
M MALE I ‘ H HALLMARK_ALLOGRAFT_REJECTION

HALLMARK_INFLAMMATORY_RESPONSE 1

HALLMARK IL6 JAK_STAT_SIGNALING 0

HH HALLVIARK CONPLEMENT P
o G

HALLMARK L2 STATS SIGNALING I HALLMARK EPITHELIAL Vi
2

‘ H | [ rmamnso e ke wror sionaLv

TRANSITION

IH \ \
L

TALLMARK_ANDROGEN_RESPONSE

IK Cytoskeleton in muscle cells :

[ Homin ipilomavirs infstion
9 dvsion 8
o way
° X "
i ° E
ymphocyte mediated immunity P 3 Froten dgesion and tbsorpion
immunoglabiim medied imon reaponse H coglycans in cancer
B cell mediated immanity e Cytokine-cytokin esepir teacion
collaen fibril organizati ) AGE-RAGE sgnaling by n b complaions alue
erntition avalue mocbiasis .
collagen- cnnnmmguxu}m.:\:uhr e o O | Wsoeoo Rhcumaio s G000
in complex :
endoplasmie retiulum Tumen ° 1.0e-08 IL-17 signaling pathway o0
blood microparticle ° 13008 Diabetie sardicmopathy
collagen rimer S B Complement and coagulation cascades p
T Couy Vi protin ineracion withtoking andeyokie reptor Count
° 9% 310
o Q 15
e Qo 8 20
50
antgen binding [ ©
extracellular matrix structural consiuent o
elycosminoglyan indng o° NF-Kappa B signaling pathway
s B g y Leukoeyte transendothelial migration
P ot binding ° E teoclast differentiation
— P\ i Small cell lung cancer
en bindin gsdisease | ©
P n‘imi.ximﬁm: o® TGF-beta signaling pathway
foronectn binding |_© Bladder cancer | o
T R 0025 0050 0075 o0ioo 025
GeneRatio GeneRatio

Figure 2 SASP cluster identification. (A) Bar graph showing the CNV frequency of SASP genes; (B, C)
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revealed enrichment in the ECM-receptor interaction, PI3K—Akt signaling, and cytokine—
cytokine receptor interaction pathways (Fig. 2K).
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Prognostic sighature construction and validation

Univariate Cox regression identified 33 prognostic SASP genes (Fig. 3A), of which FGF1
(HR = 0.813), IGFBP2 (HR = 0.862), and VGF (HR = 0.865) emerged as protective
factors. Protein-Protein Interaction (PPI) networks highlighted gene connectivity (Fig. 3B),
with LASSO regression yielding a 7-gene signature: Risk score = (0.0081 x ANGPTL4) +
(0.0086 x DKKI1) + (0.0177 x EREG) + (0.0425 x IGFBP3) + (0.1902 x IL18) + (0.1702 x
MMP13) + (0.0567 x PLAU) (Range: 0.58-3.22, Fig. 3C). Furthermore, high-risk patients
exhibited shorter survival (Figs. 3D, 3E). High-risk patients also exhibited signature gene
upregulation (Fig. 3F). The AUC values for the training cohort were 0.722 (1 year), 0.693
(2 years), and 0.677 (3 years); for the test cohort, they were 0.661 (1 year), 0.641 (2 years),
and 0.626 (3 years). The overall cohort AUC values were 0.695 (1 year), 0.669 (2 years), and
0.644 (3 years). Compared to traditional clinical characteristics, the risk score demonstrated
superior predictive performance in forecasting prognosis for patients with PC (Fig. 3G).
The PCA plot demonstrates a clear separation between the two risk groups of patients
(Fig. 3H).

Validation of signature genes in single-cell RNA-seq data

Quality control processes yielded 23 cell clusters (Figs. 4A, 4B). Furthermore, annotation
revealed 11 cell types, with elevated ductal epithelial cells and fibroblasts in metastatic
samples and primary tumors, respectively (Figs. 4C—4E). The signature genes were
predominantly expressed in ductal epithelial and myeloid cells (Fig. 4F).

Clinical relevance of the prognostic signhature

Higher risk scores correlated with advanced T-stage (Fig. 5A) and SASPcluster B (Fig. 5B),
highlighting the significance of SASP in tumor development or risk. Furthermore, most
SASP genes showed differential expression between groups (Fig. 5C). Multivariate Cox
regression confirmed risk score as an independent prognostic factor (Figs. 5D, 5E),
and GSVA and GSEA highlighted the enrichment of the glycolysis, mTORC1, and EMT
pathways in high-risk patients (Figs. 5F, 5G). Moreover, the resulting nomogram effectively
predicted survival (Figs. 5H, 5I).

Tumor mutational landscape

Low-TMB patients, particularly in the low-risk subgroup, exhibited better survival
(Figs. 5], 5K), and TMB correlated positively with risk scores (Fig. 5L). Furthermore,
KRAS/TP53 mutations correlated with higher risk scores (Fig. 5M), and high-risk patients
demonstrated greater mutation frequencies (90.59% vs. 70.42%; Fig. 5N).

Association of prognostic signature with TME

According to CIBERSORT analysis, high-risk patients exhibited naive B cell, memory

B cell, plasma cell, and CD8+ T cell downregulation, alongside MO macrophage and
activated Dendritic Cell (DC) upregulation (Figs. 6A, 6B). The risk score exhibited a
negative correlation with naive B cells, plasma cells, and CD8 T cells, whereas it showed a
positive correlation with Macrophage M0, Macrophage M2, and activated dendritic cells
(Fig. 6C). Furthermore, in high-risk patients, immune functions (e.g., Type I IFN response,

Kuang et al. (2026), PeerJ, DOI 10.7717/peerj.20476 7/23


https://peerj.com
http://dx.doi.org/10.7717/peerj.20476

Peer

A pkki gU s @ Cu 1010101010097 777775332
ancerLe 28T 1Ak | EREQ 5
3 - 024 1112701 - [ ) g ! i
CCLI3 037 112 (= ra / 5 ! |
Hed® 033 11180 Py ® SAPA a i I
SF2 .016 188 - 2 i i
CST4 014 1138 . 2 i
CTSB 041 1237 = = i
CXCL10 .002 162 ™ E} !
“XCL8 1006 1143 [ 3 |
DKKT 001 1:245 ) = :
EREG 0.001 1318 | = i
dF o 13 " 5 :
GFBP1 1028 1.705 r;‘ £
GFBP2 .0T4 80624 [X) ® vicia
GFBP3 .012 179 [
L15 001 2.097 — * Risk factors
L D0l 1.008 [ SPPL * Favorable factors
L32 0,001 1.358 — SERPINE!
VAT i .
MP13 002 1.184(1. |H AT 5
VI ] :
APPA 039 1724001 [ Postive correlation with P<0.0001 3
FAD 1 - —— Negative correlation with P<0.0001 S
SERPINEL 0003 1195(1 [l Cox test, pvalue
VEGEA 0% 1 lell (=8 @ -4 @000 @001 @005@1
VGF 008 0.865 | —
OB Ga h st
D Train cohort Test cohort All cohort
= — ° —— s ———
© ¢1°Highrisk | © «i1- Highrisk | £ 71 Highrisk |
S «iq- Low risk ! S i1 Low risk ! S oi 1+ Low risk !
o | TR T el T el ae | TTROPT e
©v ool ~ o
% 2 ! %2 : F 2 !
2 = ! 22 ' ~ 2 )
I - ' vy
2 T T L T T b 2 T 6‘ 8 T T =] b 5 T — 2 2
0 20 40 60 80 To0 120 20 40 &0 80 100 120 50 Too Tfso Z0o 350
~  Patients (increasing risk score) Patients (increasing risk score) Patients (increasing risk score)
- - /a
< < o
13 ' o <
2o R i?‘lg ! >0 | Df,ad 1 g | Ri:,ad 1
) | oo |- Alive | Ne) ve !
g7 ! g = | 2= 1
E ' = | g |
—_ 1 | = v ' R=Rrog )
5] | | —_ |
24 ! - : o lgo ] " So ;
g Q. 30 40 60 80 100 120 27530 40 60 80 100 120 £ D 50 100 150 300 350
&  Patients (increasing risk score) 3 Ppatients (increasing risk score) 2 Patients (increasing risk score)
E Train cohort Test cohort All cohort
. Risk = Low risk + High risk 2 Risk ~ Low risk - High risk E‘ Risk = Low risk -+ High risk
= 1.0 5 1.0 '_g 1.00
2 £ S
207 S0.7 $0.75
] = =
2 0.5 = 0.5 § 0.50
] £ 2
s S =
2 025 10002 £0.25 -0.008 £025) 0,001
2 0.0 20.0 <
0 25 4 6 2 . 6 8 0 .4 6 8
Time(years) Tlmé(years) Time(years)
F R 1 Train cohort Test cohort All cohort
4Risk q 2 2 7 = =
%. DKK1 z]ﬁg, ~ . //, »a /,
E . 23 ) 2z .
<= e . 2. . Ze e
8 1GFBPS 1 L. £2s - < L.
=1 LI 4 P g3 L gzl -
g ~ - 3 - 3 .
S MMPI3 4 . - cars: 0.722 g . 4 ars: 24 s 4 a |
~ . AUC at | years: (0.722 < Pl AUCat | years: 0.661 < . AUCat | years: 0.695|
e [ s o MR ] MRRERIE
00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10
- 1-Specificity 1-Specificity 1-Specificity
i - - <
ANGPTL4 - =1 —-
i oo 1, 2 251 51
5 G | =2 Ekh 5 3
e IGFBP3 == £ =R
A7 - = z° & L AUC:
8 3 3 32/ BNk
e =] = <] . s |7 = e ATE
PLAU 00 02 04 06 00 02 04 06 08 10 00 02 04 06 08 10
- H 1-Specificity 1-Specificity 1-Specificity
ANGPTLA 3 3 N
o 41, 2 2 :
Al ]
g’ aso 17 9, o Risk oy 1 . Riﬁkyg o low 4 Risk
—g 1GFBP3 = | high | - igh low high gk ‘high ot
S ws N - 2
<:C wieis ]
PLAU 50 25 00 25 50 25 00 25 50 25 00 25
PC1 PC1 N

Figure 3 Prognostic signature construction. (A) Univariate Cox regression analysis of the SASP gene.

(B) Interaction circle diagram of SASP genes. (C) LASSO regression to construct prognostic models. (D)

Distribution of patients at different risks. (E) Survival curves for patients at different risks. (F) Heatmap

of signature gene expression in patients with different risks. (G) ROC curves for patients at different risks.
(H) PCA distribution of patients with different risks.

Full-size G DOLI: 10.7717/peerj.20476/fig-3

Kuang et al. (2026), PeerdJ, DOI 10.7717/peerj.20476

8/23


https://peerj.com
https://doi.org/10.7717/peerj.20476/fig-3
http://dx.doi.org/10.7717/peerj.20476

Peer

A nFeature RNA

o

nCount RNA percent.mt B

S

Tdentity

R R R TR

Endocrine
Mast_cell
Endothelium {s - +
NK
Pericytefe s 0 0 v o e n
EMT-like cells

cpatq- -

Identity

Fibroblast
Acinar_cell
Myeloid:

Epithelial

P
S,
Tden l)’,»e,»ey/

Ty

$
Feases

6000
075
gwoo g;
g ;Easa
mim.helmm
rMasl cell
2000
025
o — 000 —
N & &
& vf & «
Sample Sample
IL18
k3 EE
3414 4
g’ 5
g2 Z
3 ¢
o g
“@\"’\b@'}\\‘ﬁo N {\aéb S
S Qe &9 e 3
<8 v"&“& O < w‘\'& <R
¢
Identity Identity
PLAU ANGPTL4
— 1. — 44
23 =231
=} =
g2 g2
2 2
81 31
= g
K0 &0
N T I R o \\ .
TSP T
SESTLES e S
PR N &o\\@ <8
&
Tdentity Tdentity

UMAP_2

22

eevceccecoe
[N R Y Y
eoce (X}
S5 by

UMAP._1

UMAP 2

UMAP ]

Endoerine

® Epibetial

© ot
aur o o et

® Fibrobiast

it

® EvTike otls

=]

Expression Level

EREG

- o W

=3

DD oot
2 N
PG \o\&o TS ::Qzay

Qeos®
PROE
3 QQ}\&’V\Q}‘

Identity
DKK1

R T TN
S REF N S
SIS Qoo s
KLY R <
TS
S

Tdentity

Figure 4 Single-cell RNA-seq data analysis. (A) Violin representation of each sample’s data characteris-
tics; (B) UMPA plots for cell clustering; (C) Bubble plot of cell marker genes for each cell type; (D) UMPA
plots for cell types; (E) Bar graph showing the proportion of each cell type; and (F) Violin representation

of the expression level of the signature genes in each cell.

Full-size Gl DOI: 10.7717/peer;j.20476/fig-4

Kuang et al. (2026), PeerdJ, DOI 10.7717/peerj.20476

9/23


https://peerj.com
https://doi.org/10.7717/peerj.20476/fig-4
http://dx.doi.org/10.7717/peerj.20476

Peer

>

Risk score

T «TI-2 =T34
0.047
—

B

Risk score
%y

a

SASPcluster =+ A = B

p <222
—

Gene expression

Risk wlow whigh

pralueHazard ratio

E

Age 0.0291.019(1.002-1.037) Age
Gender 0,603 0.915(0.655-1.278) »:4 Gender
T 006414670978-2.199) = T
N 0,002 1.946(1.284-2.951) N

riskScore <0.0012.793(1.808-4.314)

| ——

o riskScore <0.001 2.798(1.792-4.367)

Hazard ratio

Enrichment Analysis

SASPc]usIcE

pralue  Hazard ratio
0012 1.022(1,005-1.039) i
0936 0J860.T03-1H) 1

0516 1LI600.742-1813) 1y

0.004  1.883(1.228-2.888)

=

——

Hazard ratio

HALLMARK TNF/\

HALLMARK_G2M_CHECKPOINT
HALLMARK_E2F_TARGETS

HALLMARK_MITOTIC_SPINDLE 0
HALLMARK_GLYCOLYSIS |,|

risk riT,lg h
HALLMARK_MYC TARGETS V1 Iz' o%

HALLMARK_PANCREAS_BETA_CELLS

(

(w‘” HALLMARK_MTORCI_SIGNALING

HALLMARK_BILE_ACID_METABOLISM
HALLMARK_INTERFERON_ALPHA_RESPONSE
HALLMARK_INTERFERON_GAMMA_RESPONSE
HALLMARK_INFLAMMATORY_RESPONSE
HALLMARK_APOPTOSIS
HALLMARK_TNFA_SIGNALING_VIA_NFKB
HALLMARK_APICAL_SURFACE
HALLMARK_TGF_BETA_SIGNALING
HALLMARK_ANGIOGENESIS

HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION
HALLMARK_APICAL_JUNCTION
HALLMARK_NOTCH_SIGNALING
HALLMARK_HYPOXIA
R i HALLMARK_P53_PATHWAY
LMARK KRAS SIGNALING UP ; =
HALLMARK ALLOGRAFT REJECTION Points e 3 @ o % 0 T 9% T
HALLMARK ESTROGEN RESPONSE EARLY T i - T
ALLMARK IL2 STATS SIGNALING § = = 4 g
HALLMARK APICAL SURFACE FEMALE Y, I
HALLMARK UV RESPONSE D | e [sgpvive  Gender E:I s ] l
HALLMARK COAGULATION -— |§§ <. /
HALLMARK TGF BETA SIGNALING E S M MALE 23
HALLMARK MYC TARGETS V1 ——— v < ]
HALLMARK APOPTOSIS | A -1
: Age - 1
HALLMARK P53 PATHWAY £ |
HALLMARK MTORCI SIGNALING j A N 354045 50055 60 65 0TS R0E o g2s /
ALLMARK GLYCOLYSIS | A 3
Ry va " — . Eie
HALLMARK INFLAMMATORY RESPONSE < risk < 7 o
HALLMARK MITOTIC SPINDLE j h =
HALLMARK HYPOXIA Total points high — l-year
HALLMARK INTERFERON ALPHA RESPONSE s —— 2-year
HALLMARK G2M CHECKPOINT .
HALLMARK INTERFERON GAMMA RESPONSE 2 i i ¥ i T T
K E2F TARGETS Pr( futime >2) o - - - 9. ""‘ 7 0.0 0.2 04 0.6 0.8 1.0
SE e 9 m ‘
TRANSITION Pr( futime > 1) g gy T LI % 085 0% 035 05 Nomogram-predicted OS (%)

HALLMARK LPITHLLI/\L ESE!

—
N

e

M

“Tumor Burden Mutation

z 1.00 { R = 00
2 075 &.‘ 3
£ i
g o0s0f— - 3
H s H
05| “F S :
0.00 | | |
01 6 7 8 0 1 6 7 8

% Tine(jeard)

Timd(yetrs)’

R=0.22, p=0.0055 * & KRAS Wild & KRAS Mut & TPS3 Wild & TPS3 Mut
4.8¢-08 2006
SASPeluster
2 2
g H
2 &
1 L N

KRAS Wild KRAS Mut TPS3 Wild TP53 Mut

N

Altered in 77 (90.59%) of 85 samples.

12474

™8

0 ”
. oot s
e NN 7%
23 A AR 7%
suans [ [ MR
corvaa [ 11NN Il | 2%
1N ] 1 e

]
2% [l
3
mucis | l C |
rveas ||| | | |
HECW?2 1l s ||
ARIDIA il (| CO |
TGFBR2 1 (I |
s | o |
7T | 1 4 |
GLI3 | 2% |
GNAS | I |
weeis |||] 1 | I |
® Missense Mutation  In_Frame_Del Risk
® Frame Shifi_Ins  ® In_Frame_Ins * high
® Frame_Shift Del ~ ® Muli_Hit low
= Nonsense_Mutation

Altered in 50 (70.42%) of 71 samples.

Juhluahid

=
z

0
oS No.of samples

e T s, I

ress [N TR 2%
suapa [N ]| 2%
conoves 1 (LI R0

7o (R ]
mucs ||| | | il 8%
V2R | 111 | 6%
HECW? 11 1 o il
ARIDIA 1 3%
6rar2 || 1l 4%

mxe || Il A |

RYRI 1 1 | 4%

GLI3 I 1 Il %
GNaS 1 1l N |
LRPIB 1 9% |

Low risk

® Frame Shift Dl ® Frame_Shift_Ins Risk

® Missense_Mutation  ® In_Frame_Ins * high

® Nonsense_Mutation  ® Mult_Hit low

Figure 5 Risk score-clinical characteristics relationship. (A) Relationship between risk score and T
stage; (B) Relationship between risk score and SASPcluster; (C) SASP gene expression across patients with
different risk levels; (D, E). Univariate and multivariate Cox regression analysis; (F, G) GSVA and GSEA

(continued on next page...)

Full-size & DOI: 10.7717/peerj.20476/fig-5

Kuang et al. (2026), PeerdJ, DOI 10.7717/peerj.20476

10/23


https://peerj.com
https://doi.org/10.7717/peerj.20476/fig-5
http://dx.doi.org/10.7717/peerj.20476

Peer

Figure 5 (...continued)

results showing pathway enrichment between patients with different risk levels; (H, I). Nomogram con-
struction and validation; (J, K). Survival curves for TMB and risk score; (L) Scatterplot of TMB and SASP-
cluster correlations; (M) Scatterplot of risk score with KRAS and TP53 mutation frequency; and (N) Wa-
terfall plot of risk score with gene mutations in PDAC samples.
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Full-size Gal DOI: 10.7717/peer;j.20476/fig-6

checkpoint activity) were suppressed (Fig. 6D), whereas checkpoints CD44, PD-L1, and
PDCD1LG2 were upregulated (Fig. 6E). On the other hand, low-risk patients showed
enhanced sensitivity to cisplatin, irinotecan, olaparib, and oxaliplatin (Figs. 6F-6I).
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Functional validation of ANGPTL4 in PC

Centrosome amplification-induced senescence-associated secretory phenotype variation
activated the Hypoxia-Inducible Factor-1or (HIF-1a) and related gene pathways, including
migration-promoting factors such as ANGPTL4, highlighting the significance of ANGPTL4
in SASP (Wu et al., 2023). Herein, immunohistochemistry (IHC) analysis revealed
ANGPTL4, IL-18, MMP13, and PLAU upregulation in PC tissues (Figs. 7A-7D).
Furthermore, pan-cancer analysis revealed ANGPTL4 overexpression in PC, as well as
breast, colorectal, and liver cancers (Fig. 7E). High ANGPTL4 expression correlated with
a poor prognosis, poor differentiation, and lymph node metastasis (LNM) (Figs. 7F=7]).
Additionally, GeneMANIA identified the interactions of ANGPTL4 with LPL, PPARD, and
PPARG (Fig. 7K), with ANGPTLA4 expression correlating positively with MO macrophages,
and negatively with NK cells activated and T cells CD4+ memory resting (Fig. 7L). We
also detected the cellular senescence markers p21 and p16 to validate the construction of
the oxidative stress (OS)-induced cellular senescence model (Fig. 8A). According to the
ELISA results, senescent cells secreted significantly higher levels of ANGPTL4 compared
to the control group, confirming ANGPTL4’s involvement in SASP (Fig. 8B). Functional
assays further demonstrated rANGPTL4-driven cell proliferation (Fig. 8C), migration, and
invasion (Fig. 8D).

DISCUSSION

The global annual PC diagnosis has doubled over the past two decades, posing substantial
challenges to public health systems and society as a whole (Klein, 2021). Furthermore,
effective treatments for PC remain limited. Although immunotherapy and targeted
therapies demonstrated great promise, the poor response attributed to the unique
immunosuppressive TME of PC has introduced new challenges.

Cellular senescence, a biological concept first proposed in 1961, has extended beyond
replicative exhaustion to include stress-induced senescence (Dong et al., 2024). Tumor
heterogeneity dictates that senescence adopts the “double-edged sword” adage in cancer
progression. While senescence restricts uncontrolled proliferation via cell cycle arrest
or immune cell recruitment, SASP secretes factors that shape an immunosuppressive
TME, thus promoting tumor progression (Dong et al., 2024; McHugh, Durdn & Gil, 2025).
Despite extensive research on senescence and SASP, their roles in PC remain unclear,
forming the basis of this study, which aimed to explore the associations of SASP-related
genes with PC molecular subtypes, prognosis, genetic mutations, TME infiltration, and
chemosensitivity.

Our findings revealed two SASP-associated clusters (SASPclusters) based on SASP
gene expression. Compared to Cluster A, Cluster B exhibited worse prognosis and higher
SASP gene expression. Furthermore, a 7-gene prognostic model was constructed using
LASSO regression, effectively stratifying the patients into high- and low-risk groups.
High-risk patients exhibited signature gene overexpression, predominantly localized
to epithelial and myeloid cells in single-cell RNA-seq analyses. Additionally, cancer-
associated pathways, including glycolysis, angiogenesis, and EMT, were enriched in Cluster
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Figure 7 Analysis of ANGPTL4: (A-D) IHC image of the signature gene in the HPA database.

(E) Radar plot of ANGPTL4 expression levels in pan-cancer. (F, G) Relationship between ANGPTL4
with tumor differentiation and PC lymph node metastasis. (H-J) Survival curves of ANGPTL4 in PC
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Figure 7 (...continued)

tissues. (K) Circle diagram of genes interacting with ANGPTLA4. (L) Correlation of ANGPTL4 expression
with the level of PC tissue immune cell infiltration. * indicates p < 0.05, ** indicates p < 0.01, *** indicates
p <0.001.

B and high-risk patients. Nacarelli et al. (2019) reported that the HMGA-NAMPT-NAD+
axis could enhance glycolysis and mitochondrial respiration, driving pro-inflammatory
SASP. Furthermore, in preclinical PDAC models, therapy-induced senescence promoted
angiogenesis via SASP-secreted factors, improving gemcitabine efficacy (Ruscetti et al.,
2020). Similarly, senescent fibroblast-secreted SASP promoted EMT in premalignant
epithelia (Yang et al., 2018), while myofibroblast-derived SASP facilitated EMT in oral
submucous fibrosis (OSF) (Sharma et al., 2021), implying shared mechanisms between
Cluster B and high-risk patients.

Chemotherapy and radiotherapy (RT) eliminate cancer cells, while making them, along
with normal cells, senescent. Although cellular senescence could inhibit tumor progression,
residual senescent cells post-treatment may pose new risks, such as promoting cancer
stem cell (CSC) activation and re-proliferation, ultimately causing tumor recurrence
(Nardella et al., 20115 Milanovic et al., 2018). Besides alleviating treatment-related side
effects, combining senescent cell clearance with existing cancer therapies might also
significantly reduce the risk of tumor progression (Xiao et al., 2023). Navitoclax (ABT263)
could inhibit the activity of anti-apoptotic proteins, clearing senescent cells. It could
also effectively eliminate PARP inhibitor olaparib-induced senescent ovarian and breast
cancer cells (Fleury et al., 2019). Notably, navitoclax-galactose (Nav-Gal) could be a potent
senescent cell clearance intervention, selectively inducing senescent cell apoptosis, with a
senescent cell clearance index higher than that of navitoclax alone. It enhanced the cytotoxic
effect of cisplatin in A549 lung cancer (LC) cells. Additionally, Cisplatin+Nav-Gal effectively
eliminated senescent LC cells and significantly inhibited tumor growth (Gonzilez-Gualda
et al., 2020). Furthermore, artemisinin could inhibit irinotecan treatment-activated mTOR
activity, alleviating irinotecan treatment-induced intestinal senescence. Moreover, drug
combinations significantly inhibited colorectal tumor growth in mice (Jia et al., 2023). A
combination formulation comprising ch282-5 and chloroquine, rapamycin, oxaliplatin,
or navitoclax effectively inhibited colon cancer growth and liver metastasis (Wang et al.,
2016). Overall, in addition to effectively inhibiting tumor progression, the combined use of
chemotherapy drugs and the senescence-inducing agent navitoclax may improve high-risk
patients’ low sensitivity to drugs such as olaparib, cisplatin, irinotecan, and oxaliplatin,
providing novel insights for clinical treatment.

Herein, the established model comprised several signature genes: IL18, MMP13, PLAU,
IGFBP3, EREG, DKKI1, and ANGPTLA4. Interleukin-18 (IL-18) could downregulate the
anti-aging protein Klotho, promoting fibroblast senescence in pulmonary fibrosis (Zhang
et al., 2019a). In tumors, IL-18/IL-12-stimulated y§ T cells directly kill cancer cells and
induce senescence in the absence of TCR signaling, exerting potent anti-tumor activity
(Schilbach et al., 2020). However, IL-18 is also recognized as a tumor-promoting factor
(Zhang et al., 2024). This duality mirrors SASP’s context-dependent roles, where IL-18
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exerts contrary effects under various conditions. During EMT, Matrix Metallopeptidase
13 (MMP13), a key regulator of chondrocyte senescence in Osteoarthritis (OA) (Zhang
et al., 2019b), is upregulated, contributing to PC metastasis (Rath et al., 2017; Wei et al.,
2017). However, its role in PC cell senescence remains unclear. According to reports,
hyperglycemia might promote endothelial senescence via the AQR/PLAU axis (Wan et
al., 2022). Senescent cancer-associated fibroblasts (CAFs) secrete plasminogen activator
urokinase (PLAU), driving PC progression and immunosuppression (Liu et al., 2025).
Additionally, PLAU induces neuronal senescence (Sun et al., 2024), highlighting its dual
role as an outcome and inducer of SASP. Although senescent Endometrial Mesenchymal
Stromal Cell (EMSC)-secreted Insulin-like Growth Factor-Binding Protein 3 (IGFBP3)
(Ushakov et al., 2021) could induce senescence via telomerase inhibition, thus suppressing
BC proliferation (Kwon et al., 2023), its role in PC senescence remains unclear. On the
other hand, Epiregulin (EREG), a senescent stromal cell-secreted soluble factor, was
identified as a potential therapeutic target for SASP and could be leveraged to overcome
treatment resistance (Wang et al., 2022a; Wang et al., 2022b). While EREG upregulation
in PC tissues could stimulate tumor growth, its silencing inactivates ERK/p38 MAPK
pathways, thus inhibiting PDAC (Liu et al., 2024; Zhu et al., 2000). Nonetheless, the
relationship between EREG and PC senescence remains undefined. Regarding DKK1, its
knockout in adipose-derived stem cells was reported to activate Wnt signaling, enhancing
cell viability, reducing senescence, and suppressing NF-«B-mediated inflammation (Choi
et al., 2024). Exogenous DKK1 partially rescued FEZ1 inhibition-induced growth arrest and
senescence in limbal stem/progenitor cells (Zhu ef al., 2023). Furthermore, YAP prevented
dermal fibroblast senescence and inhibited melanogenesis via DKK1 paracrine signaling
(Lietal.,, 2024). Additionally, ZEBI activated the DKK1/mutant p53/Mdm?2/CtBP axis
and suppressed macroH2A1-mediated senescence, promoting tumorigenesis (De Barrios
et al., 2017). Finally, ANGPTL4, a key mediator of senescence in diabetic cardiomyopathy,
exhibits dual roles. Centrosome amplification-induced SASP promoted tumorigenesis via
ANGPTLA4 secretion (Wen et al., 2024). Furthermore, ANGPTL4 accelerated KRAS(G12D)-
driven acinar-to-ductal metaplasia and PC initiation (Yan et al., 2021). Its overexpression
also induced pro-invasive, proliferative, and anti-apoptotic transcriptional programs,
conferring gemcitabine resistance and shortening survival in PC (Gordon et al., 2023).
Herein, bioinformatics analyses revealed ANGPTL4 expression in epithelial, EMT-like,
and perivascular cells, correlating with PC prognosis. Functional experiments further
demonstrated that recombinant ANGPTL4 could promote PC cell proliferation, invasion,
and migration, although its link to senescence remains unclear, necessitating further
investigation.

Herein, high-risk patients exhibited reduced naive B cell, memory B cell, plasma
cell, and CD8+ T cell infiltration. While B cells amplify anti-tumor immunity via
antibody production, the presence of plasma cells has been associated with favorable
immunotherapy responses (Delvecchio et al., 2022; Mirlekar et al., 2022). Additionally,
IL-35/STAT3/PAX5/BCL6 signaling-driven transcriptional dysregulation in naive B cells
could impair their differentiation into anti-tumor effector cells (Mirlekar et al., 2022). Fan
et al. (2024) reported that DKK1+ tumor cells suppressed CCL19+ fibroblasts and plasma

Kuang et al. (2026), PeerJ, DOI 10.7717/peerj.20476 16/23


https://peerj.com
http://dx.doi.org/10.7717/peerj.20476

Peer

cell infiltration, contributing to immunotherapy resistance in hepatocellular carcinoma
(HCCQ). Elevated DKKI1 levels and reduced plasma cell infiltration in high-risk PC patients
suggest similar interactions, warranting further validation. Furthermore, PC patients often
exhibit suppressed CD8+ T cell infiltration, which is critical for tumor control. Although
MEK/CDK4/6 inhibition-induced SASP enhanced CD8+ T cell infiltration and PD-1
inhibitor sensitivity in PDAC models (Ruscetti et al., 2020), our findings of CD8+ T cell
downregulation in high-risk patients suggest context-dependent mechanisms. Therefore,
given the higher KRAS mutation rates in high-risk patients, combining KRAS pathway
inhibitors with PD-1 blockade may enhance CD8+ T cell infiltration, improving outcomes.
Primary human senescent CD8+ T cells also exhibit a SASP comprising chemokines,
cytokines, and ECM remodeling enzymes (Callender et al., 2018). Furthermore, aging
cells could express immune surveillance inhibitors and release ligands for the NKG2D
receptor, suppressing their clearance, thus weakening the surveillance of aging cells by
NK and cytotoxic CD8+ T cells (Salminen, 2021). In an age-related inflammation model,
cells highly expressing PD-L1 were associated with higher levels of SASP, suggesting that
senescent cells specifically express PD-L1 to evade monitoring by CD8+ T cells (Wang et
al., 2022a; Wang et al., 2022b). Moreover, combinations of KRAS inhibitors could induce
RB protein-mediated senescence, inhibiting PDAC proliferation. This senescence-inducing
therapy triggers SASP, including pro-angiogenic factors that promote tumor angiogenesis.
It is also noteworthy that SASP-mediated Endothelial Cell (EC) activation could stimulate
CD8+ T cells to aggregate toward immunologically “cold” tumors, making them sensitive
to PD-1 checkpoint blockade (Ruscetti et al., 2020). Consequently, SASP and immune cells
might correlate closely. Overall, age-related diseases may evade surveillance by CD8 T cells
and others via SASP, while immunotherapy targeting tumors may leverage SASP to reshape
the immune IME and achieve antitumor therapeutic effects.

Despite its valuable insights, this study has some limitations. First, we mainly derived
SASP genes from published literature, potentially omitting uncharacterized genes. Second,
the mechanism linking the seven marker genes in PC with SASP should be verified further
in experimental studies. Third, our prognostic model was constructed and validated based
solely on public databases. To further validate the reliability of our prognostic signature,
additional multicenter clinical cohort studies will be required in the future.

CONCLUSIONS

Herein, we developed a novel SASP-associated molecular subtype and prognostic signature,
which may aid in predicting PC prognosis, potentially illuminating PC stratification
and therapeutic strategies. Although high-risk patients identified with the model might
benefit from combined KRAS pathway inhibition and immunotherapy, further rigorous
experimental studies will be required to validate this phenomenon.
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