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C A N C E R

Stress-induced CXCL13 regulates pancreatic exocrine 
homeostasis, age-related chronic inflammation, and 
cancer progression
Masahiro Yoshida1,2, Kenichiro Furuyama1,2, Keisuke Sumide3, Masashi Horiguchi1,2,  
Ahmed I. Abo-Ahmed2,4, Hirofumi Shibata2, Akito Tanaka2, Ahmed M. Rashwan2,5,  
Toshihiko Masui1,2, Cantas Alev6, Takuya Yamamoto2,6,7, Yasuhiro Yamada8, Shin Kaneko3,  
Shuh Narumiya9,10, David Tuveson11, Shinji Uemoto12, Etsuro Hatano1, Yoshiya Kawaguchi2*

Pancreatic cancers, whose incidence increases with age, are often refractory to treatment. Here, we identified a 
core mechanism shared by physiological homeostasis, senescent cell accumulation during aging, and pancreatic 
cancers. Pancreatic acinar cells, when stressed, secrete CXCL13, which protects stressed cells while transiently ac-
tivating paracrine Hippo/YAP signaling to induce proliferation and PD-L1–mediated immune protection to main-
tain organ homeostasis. In the aged pancreas, CXCL13/YAP/PD-L1 signaling permits senescent cells to survive, 
driving feedforward chronic inflammation and steatosis. Because of prolonged CXCL13/YAP/PD-L1 activation in 
pancreatic cancers, neighboring noncancerous cells, activated for proliferation and immune-protected, eventu-
ally transform and accelerate tumor progression. CXCL13 blockade removed senescent cells and ameliorated ste-
atosis in the aged pancreas while suppressing tumor growth in pancreatic cancer models, highlighting the 
CXCL13/YAP/PD-L1 axis as a potential therapeutic target. Together, our findings demonstrate the stress-induced 
CXCL13/YAP/PD-L1 axis as a central regulator of cell-state transitions in the pancreas, providing a unifying princi-
ple by which organ homeostasis, aging, and tumorigenesis are governed.

INTRODUCTION
Excessive stress causes cell senescence that irreversibly arrests the cell 
cycle. In addition, senescent cells display the senescence-associated 
secretory phenotype (SASP) and secrete paracrine signals to neigh-
boring cells (1–3). We previously reported the conditional knockout 
of Pdx1, a pivotal transcription factor for pancreatic organogenesis 
(4, 5), in adult acinar cells using Elastase-CreER; Pdx1floxed/floxed; Rosa-
LacZ mice (Pdx1 cKO mice) (6). Upon tamoxifen (TAM) injection, a 
subset of Pdx1− acinar cells showed signs of mitochondrial stress and 
senescence. In contrast, neighboring Pdx1+ acinar cells became pro-
liferative to maintain organ size, indicative of the contribution of 
SASP in maintaining organ homeostasis in these Pdx1 cKO mice.

Senescent cells are usually removed from organs by immunosur-
veillance. However, recent reports have shown that senescent cells ac-
cumulate in aged organs, with their removal shown to restore organ 
function (7–12), thus demonstrating the undesired effects of senes-
cent cells and/or SASP during aging. In cancer biology, however, there 

has been a long-standing debate over the roles of cell senescence and 
SASP, induced regularly by chemo- or radiation therapy (13–15), as 
either anti- or pro-tumorigenic. Here, we identified CXCL13/YAP as 
the common core SASP signal orchestrating organ homeostasis after 
cellular stress, the accumulation of senescent cells and chronic inflam-
mation during aging, as well as the progression of pancreatic cancer.

RESULTS
Stress-induced CXCL13/YAP activation stimulates 
compensatory proliferation of surrounding normal cells in 
the Pdx1 cKO pancreas
We first performed a transcriptomic analysis to identify potential 
SASP-related molecules in the Pdx1 cKO pancreas. Cxcl13 (16,  17) 
was identified as the top gene among up-regulated genes in Pdx1 cKO 
pancreata compared to wild type (WT) (table S1). Histologically, 
CXCL13 was expressed exclusively in Pdx1-depleted acinar cells 
(Fig. 1A). Furthermore, we found activation of the Hippo-YAP path-
way (18, 19), normally observed in pancreatic ducts but not in acinar 
cells, exclusively in surrounding Pdx1+ acinar cells. Cxcl13 expres-
sion, as well as numbers of YAP+ acinar and proliferating (pHH3+) 
cells, were all transiently elevated and then decreased between 1 and 
3 months after TAM injection and accompanied by the disappearance 
of p21+ senescent and mitochondrial stressed cells in Pdx1 cKO mice 
(Fig. 1, B and C). We next examined for similar changes in a model of 
acute mitochondrial stress in acinar cells [as reported previously in 
rats (20)] by injecting l-lysine (Lys) into WT mice (fig. S1A). We 
observed abnormal mitochondria at 24 hours after treatment, fol-
lowed by mitophagy at 48 hours, with mitochondria appearing nor-
mal 1 week after injection. Some acinar cells became senescent, as 
evidenced by induced expression of Cdkn2a (encoding p16INK4a) and 
senescence-associated β-galactosidase (SA-β-Gal) by 24 hours. In 
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Fig. 1. Transient activation of stress-induced CXCL13-YAP signals maintained pancreatic homeostasis in Pdx1 cKO mice. (A to C) Transient CXCL13/YAP activation 
and disappearance of stressed cells in Pdx1 cKO mice. (A) Schematic diagram of Elastase-CreER–mediated Pdx1 inactivation and CXCL13 expression in Pdx1− acinar cells 
(white arrowheads) at 1 month after TAM injection. (B) YAP and p21 expression and electron micrographs (EM). YAP+ cells and p21+ cells are exclusively detected in Pdx1+ 
(yellow arrowheads) and Pdx1− (white arrowheads) cells at 1 month after TAM injection, respectively. (C) Numbers of YAP+, pHH3+, and p21+ acinar cells (n = 3 for each 
group). Cxcl13 expression (n = 3 in control, Pdx1 cKO 1M, and Pdx1 cKO 3M). 1M, 1 month; 3M, 3 months. (D) Anti-CXCL13 antibody (Ab) reduced the numbers of YAP+ and 
PHH3+ cells, as well as pancreas weight. ip, intraperitoneally; 1w, 1 week; BW, body weight. (E) YAP inhibition by Super-TDU suppressed acinar cell proliferation. Scale bars, 
20 μm. Bars represent means ± SD. *P < 0.05; **P < 0.01; ***P < 0.001.
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these Lys-treated WT pancreata, we observed the same SASP signals 
being activated, albeit more transiently, that were induced in Pdx1 
cKO mice after TAM treatment—CXCL13 expression, nuclear YAP, 
and Ctgf expression, a downstream target of YAP signaling (21, 22), 
were observed at 24 hours and all gradually returned to normal lev-
els by 3 weeks. CXCR5 expression, the ligand-induced receptor for 
CXCL13, was observed as early as 24 hours after Lys treatment and 
peaked at 1 week, in parallel with enhanced cell proliferation. More-
over, both CXCR5 expression and cell proliferation returned to the 
basal level at 3 weeks. No fibrosis was observed during this recovery 
process, and organ size was macroscopically maintained.

Activation of the same SASP signal in two different models prompt-
ed us to examine the role of CXCL13/YAP signaling using Pdx1 cKO 
mice. We found that injecting anti-CXCL13 antibody suppressed YAP 
activation and cell proliferation in surrounding Pdx1+ acinar cells, re-
sulting in reduced pancreas size (Fig. 1D). In addition, Super-TDU, a 
Hippo-YAP signaling inhibitor (23), suppressed acinar cell prolifera-
tion in Pdx1 cKO pancreata (Fig.  1E). These findings indicate that, 
upon mitochondrial stress, a subset of acinar cells become senescent 
and secrete CXCL13, which acts on surrounding acinar cells to stimu-
late cell proliferation via YAP activation to maintain organ size.

To elucidate the molecular mechanism underlying stress-induced 
CXCL13 expression, we established an in vitro primary culture sys-
tem using normal pancreatic tissue, which successfully recapitulated 
the in vivo Lys treatment that induced a marked increase in Cxcl13 
expression (fig. S2A). We found that Cxcl13 induction was accompa-
nied by up-regulated nuclear factor κB (NF-κB) signaling, consistent 
with a previous report of its role in CXCL13 regulation (24, 25). As 
expected, treatment with BAY 11-7082, an NF-κB inhibitor, signifi-
cantly suppressed Cxcl13 expression. Consistently, primary cultured 
Pdx1 cKO pancreata showed a significantly higher Cxcl13 and NF-
κB activity compared to WT, whereas BAY 11-7082 reduced Cxcl13 
expression (fig.  S2B). These results indicate the involvement of 
NF-κB–dependent signaling, which induces Cxcl13 expression in re-
sponse to cellular stress in pancreatic acinar cells.

Next, we used rat acinar cell line AR42J, which is positive for Pdx1 
expression, to dissect the intracellular mechanism by which CXCL13 
activates YAP to stimulate surrounding cells to proliferate. Recapitulat-
ing our findings in the surrounding Pdx1+ acinar cells in Pdx1 cKO 
mice, recombinant CXCL13 (rCXCL13) treatment induced YAP ex-
pression with increased Ctgf expression and stimulated proliferation 
(fig. S3A). However, YAP activation was suppressed by the Gi inhibitor 
pertussis toxin (PTx) (26) and treatment with either PTx or Super-TDU 
decreased cell proliferation. Because CXCR5 is a Gαi-coupled receptor, 
these results indicate that CXCL13-CXCR5 signaling activates YAP 
through Gαi, which, in turn, stimulates proliferation. Furthermore, we 
investigated why YAP was not activated in Pdx1− cells in Pdx1 cKO 
pancreata. To address this question, we knocked down Pdx1 expression 
using short hairpin RNA (shRNA) in AR42J cells. Stimulation with 
XMU-MAP-1, a selective inhibitor of MST1/2 kinase, activates YAP 
signaling in shControl-treated, normal AR42J cells. However, YAP fails 
to translocate to the nucleus in Pdx1 knockdown cells, indicating that 
Pdx1 is required for YAP activation in acinar cells (fig. S3B).

CXCL13-driven autocrine anti-apoptotic signaling and 
PD-L1–mediated immune escape protect stressed acinar 
cells in Pdx1 cKO mice
Transient CXCL13/YAP axis activation, followed by the disappear-
ance of stressed cells in both the Pdx1 cKO and Lys injection models, 

indicates that a common mechanism must exist to preserve stressed 
cells until the completion of compensatory proliferation. We noticed 
that, upon TAM treatment, CXCR5 expression and pERK activation 
were transiently induced not only in surrounding Pdx1+ cells but 
also in stressed Pdx1− cells in Pdx1 cKO mice (Fig. 2, A and B). No-
tably, injecting anti-CXCL13 antibody, but not Super-TDU, resulted 
in caspase-3 activation (predominantly in Pdx1− cells) and a reduc-
tion of p21+ cells (Fig. 2, C and D). Consistently, lineage-labeled 
cells in Elastase-CreER; Pdx1loxP/loxP; ROSA-LacZ mice, which represent 
Pdx1-depleted, stressed cells, were decreased by anti-CXCL13 anti-
body injection (Fig. 2E). Furthermore, we established a Lys-induced 
stress model using AR42J cells. Notably, whereas our apoptosis as-
say revealed that the percentage of Caspase-3/7–expressing cells was 
comparable between the rCXCL13-treated samples and those co-
treated with Super-TDU, apoptotic cells were significantly increased 
by PTx or U0126, a MEK inhibitor (fig. S4A). These findings indicate 
that distinct signaling pathways—ERK/MAPK- and YAP-dependent 
pathways, respectively—mediate the autocrine anti-apoptotic and 
paracrine proliferative effects of CXCL13 in stressed cells and sur-
rounding cells (see fig. S3A).

In addition, we observed the transient expression of PD-L1, a li-
gand for the inhibitory checkpoint molecule PD-1 (27, 28), accom-
panied by transient infiltration of CD45+ immune cells in Pdx1 cKO 
mice (Fig.  2F). PD-L1 expression in Pdx1 cKO mice was detected 
both in Pdx1+ and Pdx1− acinar cells at 1 month but disappeared 
predominantly in Pdx1− cells 3 months after TAM injection. Like-
wise, we observed transient PD-L1 expression and immune cell infil-
tration after Lys injection in WT pancreata (fig. S1B). The number of 
CD45+ immune cells was reduced by injecting anti-CXCL13 anti-
body, but not by Super-TDU, in Pdx1 cKO mice, reflecting properties 
of CXCL13 as an immune cell attractant (Fig. 2G) (16). Notably, in-
jecting either anti-CXCL13 antibody or Super-TDU treatment de-
creased PD-L1 expression in Pdx1+ cells, but PD-L1 suppression was 
not significant in Pdx1− cells, indicating that PD-L1 expression is 
regulated via distinct mechanisms in Pdx1− and Pdx1+ cells. Namely, 
whereas stress-induced PD-L1 expression in Pdx1− cells is CXCL13 
independent, PD-L1 induction in surrounding Pdx1+ cells depends 
on the CXCL13/YAP-mediated SASP signal (CXCL13/YAP/PD-L1 
axis) (see Discussion). Our in vitro experiments using AR42J sup-
ported the existence of the CXCL13/YAP/PD-L1 axis in Pdx1+ cells 
as rCXCL13 activated YAP and increased PD-L1 expression, but 
Super-TDU treatment canceled this PD-L1 elevation (fig. S4B).

Fluorescence-activated cell sorting (FACS) analyses of infiltrating 
immune cells in the Pdx1 cKO pancreata 1 month after TAM injec-
tion revealed that multiple CD45+ subsets increased (~4.0 to 6.8% in 
control pancreata versus ~10.8 to 14.4% in Pdx1 cKO pancreata, 
n = 3 for each group), including B cells, macrophages, neutrophils, 
and dendritic cells (fig.  S5). Notably, B cells and macrophages in 
Pdx1 cKO pancreata exhibited a significant up-regulation of PD-1 
(Fig. 2H and fig. S5), and anti–PD-L1 antibody treatment reduced 
senescent cells (Fig. 2I). Thus, PDL-1 induction functions to preserve 
stressed cells by facilitating the escape from immune surveillance by 
PD-1+ immune cells.

Together, these findings suggest an exquisite mechanism to pre-
serve stressed cells until the completion of tissue restoration. Stress-
induced CXCL13 exerts an autocrine effect to suppress apoptosis 
of stressed cells through CXCR5/MAPK-mediated signaling, inde-
pendent of YAP. In addition, although immune cells with increased 
PD-1 expression infiltrate the stressed pancreas, PD-L1 induction 
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Fig. 2. Anti-apoptotic effect of CXCL13 on stressed cells and PD-L1–mediated immune evasion in Pdx1 cKO pancreata. (A) Expression of CXCR5 in both Pdx1+ (yel-
low arrowhead) and Pdx1− (white arrowhead) cells (n = 3 for each group). (B) Transient pERK activation in Pdx1+ (yellow arrowhead) and Pdx1− (white arrowhead) cells 
(n = 3 for each group). (C to E) Anti-apoptotic effect of CXCL13. Anti-CXCL13 antibody induced apoptosis in Pdx1− cells (white arrowhead) and reduced the number of 
p21+ senescent cells (n = 3 for each group), but Super-TDU did not (n = 3 for each group). The number of lineage-labeled cells (Pdx1-depleted cells) was reduced (n = 3 
for each group). (F to I) PD-L1–mediated immune evasion. PD-L1 is induced in both Pdx1+ (yellow arrowheads) and Pdx1− (white arrowheads) cells, accompanied by 
transient infiltration of CD45+ immune cells (n = 3 for each group). PD-L1 expression was reduced by either anti-CXCL13 antibody or Super-TDU in Pdx1+ cells, whereas 
infiltration of CD45+ cells was suppressed by anti-CXCL13 antibody but not by Super-TDU (n = 3 for each group). FACS analyses revealed that infiltrated B cells and mac-
rophages express higher PD-1 (n = 3 for each group). Anti-PDL-1 antibody injection reduced the number of senescent cells (n = 3 for each group). Scale bars, 20 μm. Bars 
represent means ± SD. NS, not significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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in pancreatic cells promotes a suppressive environment for im-
mune surveillance.

CXCL13 blockade reduced senescent cells and ameliorated 
chronic inflammation and pancreatic steatosis in 
aged animals
Consistent with previous reports of increased senescent cells and 
chronic inflammation in aged organs (9, 29–31), we observed in-
creases in p21+ senescent acinar cells and immune cell infiltration in 
the aged pancreas compared to the young organ. Notably, immuno-
histochemical staining revealed increased expression of CXCL13, 
YAP, and PD-L1 in aged acinar cells, rarely seen in normal acinar 
cells of young mice (Fig. 3A). Quantitative polymerase chain reac-
tion (qPCR) analyses confirmed significant increases in the expres-
sion of Cxcl13 and Pdl1. Similar to findings in Pdx1 cKO mice, 
anti-CXCL13 antibody injection caused accelerated apoptosis, re-
sulting in reductions of p21+ senescent cells and infiltrating im-
mune cells (Fig.  3B). Ultimately, CXCL13 blockade significantly 
ameliorated pancreatic steatosis, which is reported to advance in 
aged human and rodents (32–34) (Fig. 3C), thus highlighting the 
pivotal role of CXCL13 in pancreatic aging.

Prolonged activation of the CXCL13/YAP/PD-L1 axis in 
pancreatic cancer
Considering that the incidence of pancreatic cancer increases in aged 
individuals whose pancreas contains more stressed cells and under-
goes chronic inflammation, our findings prompted us to examine the 
effects of CXCL13-mediated SASP signaling in pancreatic cancers. We 
first created mice with a conditional Pdx1 deletion in oncogenic acinar 
cells [Elastase-CreER; LSL-KrasG12D; LSL-Trp53R172H; Pdx1floxed/floxed; 
Rosa-LacZ mice (EKP-Pdx1 cKO)] (fig. S6A). In this mouse, TAM in-
jection induces oncogenic KrasG12D and p53R172H expression concom-
itant with Pdx1 deletion in a subpopulation of adult acinar cells, 
enabling us to distinguish the Pdx1-deleted oncogenic cells and nor-
mal cells as β-galactosidase (β-Gal)+ and β-Gal− cells, respectively. 
Consistent with our findings in Pdx1 cKO mice (Fig. 1B) (6), Pdx1 
deletion led to enhanced cellular stress, as evidenced by round mito-
chondria with diminished cristae and endoplasmic reticulum (ER) 
with an enlarged lumen (fig.  S6B), and cell senescence (γH2AX+) 
(35, 36) in a subset of Pdx1-depleted, namely, β-Gal+ cells (fig. S6C).

Compared to Elastase-CreER; LSL-KrasG12D; LSL-Trp53R172H; 
Rosa-LacZ mice without Pdx1 depletion (EKP-Pdx1 WT mice), tu-
mor sizes were significantly larger in EKP-Pdx1 cKO mice 3 months 
after TAM injection (Fig. 4A and fig. S7A), with increased fibrosis, 
which has been postulated to function as a tumor niche (37). Tran-
scriptomic analyses revealed that, in addition to Cxcl13, the expres-
sion of several cytokines [e.g., interleukin-1α (Il-1α) and Il-1β] and 
chemokines (e.g., Ccl3, Ccl16, and Cxcl19) was elevated 3 months af-
ter TAM injection in EKP-Pdx1 cKO pancreata (table S2). These re-
sults indicate that severe inflammation was present in EKP-Pdx1 cKO 
pancreata at this stage, leading to further immune cell infiltration and 
fibrosis. However, among the cytokines listed, only Cxcl13 was highly 
expressed 2 months after TAM injection, before tissue fibrosis had 
manifested. CXCL13 was exclusively detected in Pdx1-depleted epi-
thelial cells at 1 month after TAM injection and increased between 1 
and 3 months (Fig. 4B), whereas CXCR5 expression was observed in 
both Pdx1− and Pdx1+ acinar cells 3 months after TAM injection 
(fig. S7B). Notably, we detected nuclear YAP expression in both Pdx1− 
and Pdx1+ acinar cells in EKP-Pdx1 cKO pancreata 3 months after 

TAM injection (Fig. 4C), in sharp contrast to its exclusive expres-
sion in Pdx1+ cells in Pdx1 cKO mice at 1 month after TAM injec-
tion (see Fig. 1B). Correspondingly, YAP activity increased from 1 to 
3 months after TAM injection, as evidenced by Ctgf expression. Like-
wise, although PD-L1 expression was only transient in Pdx1 cKO 
pancreata, it extended from 1 to 3 months after TAM injection in 
EKP-Pdx1 cKO pancreata (Fig. 4D). Furthermore, immune cell infil-
tration progressed from 1 to 3 months: We observed immune cells, 
including both CXCR5-expressing and CXCR5-negative F4/80+ cells, 
CD4+ cells, and CD20+ cells, infiltrating the tumor in the latter stage 
when fibrosis was observed (fig. S8) (see Discussion). Together, these 
observations suggest dysregulated CXCL13/YAP signaling in pancre-
atic tumors due to Pdx1 deletion.

Although cell proliferation was indistinguishable between β-Gal+ 
and β-Gal− cells in EKP-Pdx1 WT mice, it was significantly elevated 
in β-Gal− Pdx1-preserved cells in EKP-Pdx1 cKO mice 3 months 
after TAM injection (Fig. 4E). Unexpectedly, cellular atypia [e.g., 
acinar-to-ductal metaplasia (ADM) and pathological carcinoma 
in situ (PanIN)] were observed in not only β-Gal+ cells but also β-
Gal− cells (Fig. 4F). With ~26.2 to 33.0% [30.4 ± 7.3(SD)] of β-Gal− 
normal cells classified as PanIN (fig. S9), normal acinar cells appear 
to have been induced to proliferate non-cell-autonomously and trans-
formed by nearby oncogenic cells. To verify this hypothesis, we 
created chimeric mice by injecting Elastase-CreER; LSL-KrasG12D; 
LSL-Trp53R172H; Pdx1floxed/floxed; Rosa-LacZ embryonic stem (ES) cells 
into enhanced green fluorescent protein (EGFP)–expressing blas-
tocysts (Fig. 4G). In this chimeric mouse, cells undergoing onco-
genic induction and Pdx1 inactivation due to TAM injection are 
indicated by EGFP− β-Gal+ cells, whereas EGFP+ β-Gal− cells rep-
resent surrounding normal cells. Three months after TAM injection, 
non-cell-autonomously induced transformation was evidenced by 
EGFP+ and lineage-negative (β-Gal−) ADM and PanIN lesions in 
chimeric mice (Fig. 4H and fig. S10A). Consistently, CXCR5 ex-
pression was observed in both EGFP− and EGFP+ cells 3 months 
after TAM injection (fig. S10B). Furthermore, ERK phosphoryla-
tion and YAP activation were observed in EGFP+ cells (fig. S10, 
C and D).

We next injected Lys into EKP-Pdx1 WT mice and found tumor 
progression to accelerate more aggressively than in EKP-Pdx1 cKO 
mice without Lys treatment. PanIN lesions were detected at 3 weeks 
after Lys injection, with large tumors showing severe fibrosis detect-
able as early as 2 months after Lys injection (fig. S11A). Notably, Lys 
treatment caused prolonged cellular stress and CXCL13/YAP activa-
tion in EKP-Pdx1 WT mice (fig. S11B) as SA-β-Gal+ senescent cells 
with abnormal mitochondria and increased Cdkn2a expression 
were detected after 1 and 3 weeks. Furthermore, sustained CXCL13/
YAP activation was indicated by increased expression of Cxcl13 and 
Ctgf. We also observed sustained PD-L1 expression from 1 to 3 weeks, 
with increased immune cell infiltration at the latter time point (fig. 
S11C). These phenotypes contrasted greatly with those of normal 
mice, in which Lys treatment only produced transient phenotypic 
changes (see fig. S1).

To evaluate the relevance of our findings to human pancreatic 
cancers, we next examined the expression of CXCL13, p16, YAP, 
and PD-L1 in resected cancerous tissues (Fig. 5A). As expected, we 
confirmed their expression in human cancer samples and notably 
detected YAP and PD-L1 not only in ADM and PanIN but also in 
some phenotypically normal acinar cells adjacent to tumors, similar 
to our mouse data.
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Fig. 3. Anti-CXCL13 antibody reduced senescent cells and ameliorated chronic inflammation and steatosis of the aged pancreas. (A) Accumulation of p21+ senes-
cent cells, immune cell infiltration, and YAP/PD-L1 expression in the aged pancreas (young mice: 4 weeks and aged mice: 74 weeks). Higher expression of CXCL13 and 
PD-L1 was observed in the aged pancreas (n = 4 in young mice and n = 3 in aged mice). (B) Schematic diagram of CXCL13 injection in aged mice (74 weeks old). Anti-
CXCL13 antibody increased the number of apoptotic cells with caspase-3 activation (white arrowhead) and reduced both the number of p21+ senescent cells (white ar-
rowhead) and infiltrating CD45+ immune cells (n = 5 for each group). (C) Anti-CXCL13 antibody ameliorated pancreatic steatosis in aged mice. Note the reduction of large 
intra-acinar lipid accumulation (>10-μm lipid droplets) [n = 3 (young) and n = 5 (aged control and Ab)]. Scale bars, 20 μm. Bars represent means ± SD. *P < 0.05; **P < 0.01; 
***P < 0.001.

D
ow

nloaded from
 https://w

w
w

.science.org at C
old Spring H

arbor L
aboratory on M

ay 04, 2026



Yoshida et al., Sci. Adv. 12, eadu7865 (2026)     1 May 2026

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

7 of 14

Fig. 4. Pdx1 inactivation induced CXCL13-YAP signals and non-cell-autonomously promoted cancer progression in the pancreas. (A) Macroscopic and histological 
images showing accelerated tumor formation and fibrosis in EKP-Pdx1 cKO pancreata at 3 months after TAM injection. H&E, hematoxylin and eosin. (B) Sustained CXCL13 
expression in Pdx1− acinar cells (white arrowheads). Cxcl13 expression [n = 3 (1M) and n = 3 (3M) for EKP-Pdx1 WT mice; n = 3 (1M) and n = 6 (3M) for EKP-Pdx1 cKO]. 
(C) Prolonged activation of Hippo-YAP signaling. Nuclear YAP expression in Pdx1+ (yellow arrowheads) and Pdx1− (white arrowheads) acinar cells (left). Ctgf expression 
was elevated at 3 months after TAM injection [n = 2 (1M) and n = 4 (3M) for EKP-Pdx1 WT mice; n = 3 (1M) and n = 5 (3M) for EKP-Pdx1 cKO]. (D) Sustained PD-L1 expression 
and accelerated immune cell infiltration. Note the PD-L1 expression in both Pdx1− (white arrowheads) and Pdx1+ (yellow arrowheads) acinar cells [n = 3 (1M) and n = 3 
(3M) for EKP-Pdx1 WT mice; n = 3 (1M) and n = 3 (3M) for EKP-Pdx1 cKO]. (E and F) Non-cell-autonomously activated proliferation and transformation. Lineage tracing 
analyses showed activated proliferation of β-Gal− cells (red arrowhead) [n = 3 (3M) for EKP-Pdx1 WT mice; n = 3 (3M) for EKP-Pdx1 cKO], as well as ADM and PanIN in both 
β-Gal+ and β-Gal− cells. (G and H) Chimeric mice experiments. Schematic diagram and EGFP+ ADM (white arrowheads) and PanIN (red arrowheads). Scale bars, 20 μm. Bars 
represent means ± SD. NS, not significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Fig. 5. Blocking the CXCL13/YAP axis suppressed tumor progression. (A) Expression of CXCL13, p16, YAP, and PD-L1 in resected human pancreatic cancer. CXCL13 ex-
pression in phenotypically normal acinar cells (yellow arrowheads). Note the restricted p16 expression in PanIN and YAP expression in phenotypically normal acinar cells (red 
arrowheads) near the tumor. (B) Anti-CXCL13 antibody suppressed tumor progression in EKP-Pdx1 cKO mice. Experimental design and macroscopic view at 3 months after 
TAM injection. Histological analyses and quantification with Alcian Blue and pHH3 staining (n = 3 for both groups). (C) Inhibition of YAP signaling using Super-TDU sup-
pressed tumor progression in EKP-Pdx1 cKO mice. Experimental design and macroscopic view at 3 months after TAM injection. Histological analyses and quantification with 
Alcian Blue and pHH3 staining (n = 3 for both groups). iv, intravenously. (D) Anti-CXCL13 antibody treatment did not induce apoptosis in cancer. (E) Hippo-YAP signaling 
functions downstream of a CXCL13-mediated paracrine signal. Blocking CXCL13 attenuated YAP expression (n = 3 for each group), whereas Super-TDU did not affect Cxcl13 
expression in EKP-Pdx1 cKO pancreata (n = 5 for each group). White arrowheads indicate enhanced YAP expression in acinar cells. (F) Super-TDU injection suppresses PD-L1 
expression. Histological view and qPCR analyses (n = 3 for both groups). Scale bars, 20 μm. Bars represent means ± SD. NS, not significant; **P < 0.01; ***P < 0.001.
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CXCL13/YAP inhibition blocks cancer progression
Last, we examined the roles of CXCL13 and YAP in pancreatic can-
cer progression. We found that injecting anti-CXCL13 antibody or 
Super-TDU almost completely blocked tumor progression in EKP-
Pdx1 cKO mice and Lys-treated EKP-Pdx1 WT mice (Fig. 5, B and 
C, and fig.  S12, A and B). Specifically, Alcian Blue+ atypical cells 
were reduced, and cell proliferation and tissue fibrosis were signifi-
cantly suppressed with either antibody or inhibitor treatment. Al-
though CXCL13 showed an anti-apoptotic effect on stressed cells 
when maintaining organ size or in the aged pancreas (see Figs. 2C 
and 3B), we did not detect any apoptosis in response to anti-CXCL13 
antibody treatment in EKP-Pdx1 cKO cancers (Fig.  5D). In both 
EKP-Pdx1 cKO mice and Lys-treated EKP-Pdx1 WT mice, whereas 
CXCL13 expression was not affected by Super-TDU, anti-CXCL13 
antibody reduced the number of YAP+ acinar cells in both models 
(Fig. 5E and fig. S12, C and D). These results demonstrate that the 
Hippo-YAP pathway functions downstream of CXCL13 signaling 
for pancreatic cancer progression. Consistently, PD-L1 expression 
was diminished by Super-TDU injection in EKP-Pdx1 cKO mice 

(Fig. 5F). Thus, we conclude that stress-triggered CXCL13/YAP/PD-L1 
signaling functions as a core mechanism that pancreatic tumors le-
verage for malignant growth.

DISCUSSION
We identified CXCL13 as the common signal activated by cellular 
stresses and CXCL13-mediated SASP to be responsible for normal 
physiological pancreatic homeostasis, chronic inflammation of the 
aged organ, and pancreatic cancer growth (Fig. 6). To maintain phys-
iological homeostasis, the stress-induced CXCL13/YAP/PD-L1 axis 
gradually subsides with the concomitant removal of stressed cells. 
Mild and transient inflammation is localized and tightly controlled, 
evidenced by modest immune cell infiltration only. Accordingly, no 
fibrosis is apparent during tissue recovery. The anti-apoptotic effect 
of CXCL13 on stressed cells and PD-L1–mediated evasion from im-
munosurveillance entails an innate mechanism that allows them to 
survive and sustain the CXCL13/YAP/PD-L1 axis until tissue resto-
ration is complete.

Fig. 6. Role of stress-induced CXCL13 in pancreatic exocrine homeostasis, chronic inflammation of the aged organ, and pancreatic cancer progression. Under 
normal physiological conditions, transient activation of the CXCL13/YAP/PD-L1 axis contributes to the maintenance of organ homeostasis. The anti-apoptotic effect of 
CXCL13 and PD-L1 expression promote the survival of stressed cells. As tissue restoration completes, stressed cells are removed from the organ, thus ending CXCL13/YAP/
PD-L1 activation. Critically, immune cell recruitment by CXCL13 is mild and transient. In the aged organ, repeated stress and/or insufficient recovery from stress may 
sustain the elevated expression of CXCL13/PD-L1, leading to the accumulation of senescent cells and chronic inflammation. By contrast, CXCL13 does not have the same 
anti-apoptotic effect on stressed cancer cells, allowing stressed cells to survive longer and prolonging the activation of the CXCL13/YAP/PD-L1 axis, ultimately leading to 
the proliferation and transformation of surrounding cells, accompanied by chronic inflammation and tissue fibrosis. Note the YAP activation in both stressed cells and 
surrounding cells in cancer, which might inhibit competition-based cell elimination machinery due to differential YAP activities.
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By contrast, stressed cells accumulate in aged pancreas and can-
cers, and persistent CXCL13 secretion recruits large numbers of im-
mune cells, ultimately leading to chronic inflammation. Specifically, 
cancers appear to use this innate mechanism for their own survival 
and progression: When cells with activated oncogenes are stressed, 
they also secrete CXCL13, but for longer durations, such that sur-
rounding normal cells are induced to proliferate and later transform 
into ADM and PanIN via YAP activation. Meanwhile, PD-L1 ex-
pression is maintained in both stressed cells and neighboring cells, 
allowing both to survive, with the former cells continuing to secrete 
CXCL13 to sustain feedforward CXCL13/YAP/PD-L1 signaling. 
Notably, cancer cells do not depend on CXCL13’s anti-apoptotic ef-
fect, likely due to their already-disrupted apoptotic regulation. We 
believe that prolonged CXCL13/YAP/PD-L1 signaling triggers se-
vere inflammation resulting in the formation of a tumor niche 
where immune cells beyond CXCR5+ cells are recruited, presum-
ably by enhanced immune cell–recruiting chemokines [e.g., CCL3, 
CCL17, and CXCL16 (38,  39)]. Furthermore, induction of pro-
inflammatory and pro-tumorigenic cytokines [e.g., IL-1α and IL-1β 
(39,  40)] at this stage would be involved in the proliferation and 
transformation of surrounding normal cells, as well as tissue fibrosis.

What determines the duration of stressed cell persistence in the 
normal pancreas? Considering our finding that stress-induced NF-
κB activity regulates CXCL13 expression in pancreatic acinar cells 
and the roles of NF-κB in stress-induced responses in aging and can-
cers, including PD-L1 regulation (41,  42), we speculate that stress 
strength, duration, or frequency determines CXCL13/PD-L1 expres-
sion via NF-κB activity, thereby controlling the duration of stressed 
cell survival. Upon transient stress in Lys-treated mice without onco-
genic induction, transient expression of CXCL13 and PD-L1, both of 
which are likely regulated by NF-κB signaling (fig. S2) (41, 43), alone 
would be unable to sustain stress cells for an extended period. Con-
versely, continuous or repetitive stress in the aged organ elevates NF-
κB (42), thus maintaining CXCL13/PD-L1 expression and leading to 
the persistence of stressed cells. By contrast, in cancers, given that 
prolonged activation of the CXCL13/YAP/PD-L1 axis continues 
even after transient stress, as evidenced by Lys injection experiments, 
activated oncogenes may be responsible for extended CXCL13/PD-
L1 expression, which allows stressed cells in cancers to survive or 
evade the immune system for long durations. Moreover, although 
YAP was activated in both stressed cells and surrounding cells in 
pancreatic cancers, it was detected in surrounding acinar cells but 
not in stressed acinar cells under normal physiological homeostasis, 
as evidenced in Pdx1 cKO pancreata. As cell competition is known to 
occur among cells with different YAP activities, cells with high YAP 
activity survive as “winners,” whereas YAPlow cells are eliminated as 
“losers” (44). Thus, stressed cells would be eliminated as “losers” in 
the normal pancreas, but such competition-based cell elimination 
machinery is likely inactive in cancers.

Consistently, we also documented the expression of CXCL13, 
p16, YAP, and PD-L1 in human pancreatic cancer samples and, more 
notably, found that treatments with anti-CXCL13 antibody or YAP 
inhibitor markedly suppressed tumor progression in our pancreatic 
cancer model. These results demonstrate the biological significance 
of the CXCL13/YAP/PD-L1 axis not only in pancreatic cancer de-
velopment but also as a potential therapeutic target. In addition, we 
demonstrated that anti-CXCL13 antibody treatment significantly re-
duced stressed cells and ameliorated chronic inflammation, ultimately 

reversing pancreatic steatosis in the aged organ. Considering the ac-
cumulating evidence showing the favorable effects of senolytics on 
the functions of aged organs and the undesirable effects of SASP in 
cancers, as shown in this study, further mechanistic examination and 
its clinical application could lead to a markedly improved outcome 
for pancreatic cancer and senescence-associated diseases.

MATERIALS AND METHODS
Mice
ElastaseCre-ERTM (45), LSL-KrasG12D, LSL-Trp53R172H, Pdx1 floxed, 
and ROSA-LacZ (ROSA26r) mice were described previously (45–49) 
and bred for experiments.

B6J-aged mice were obtained from JAX Japan. All animal exper-
iments were performed in accordance with the Kyoto University 
guidelines for animal experiments and were approved by the animal 
research committee of Kyoto University (approval no. 20-138).

TAM injection
Four milligrams of TAM (T5648, Sigma-Aldrich) was injected in-
traperitoneally into mice (~6 to 8 weeks old).

Generation of chimeric mice
EGFP-expressing blastocysts were obtained from C57BL/6 female 
and CAG-CAT-EGFP [C57BL/6-Tg(CAG-EGFP)] (50) male mice by 
in vitro fertilization and injected with Elastase-CreER; LSL-KrasG12D; 
LSL-Trp53R172H; Pdx1flox/flox; ROSA-LacZ ES cells under an OLYM-
PUS IX71 microscope as previously described (51). Chimeric mice 
in which the contribution of Elastase-CreER; LSL-KrasG12D; LSL-
Trp53R172H; Pdx1flox/flox; ROSA-LacZ ES cells was more than 50% 
were excluded from the analyses. Results were confirmed by at least 
five independent experiments, with representative data shown.

Histology, immunohistochemistry, and immunofluorescence
Tissue preparation, immunohistochemistry, and immunofluores-
cence were performed as described previously (52, 53), and images 
were taken using an HS All-in-one Fluorescence Microscope BZ-
9000E, BZ-X810 (Keyence), and Zeiss LSM700 and LSM900 (Carl 
Zeiss) microscopes. Primary and secondary antibodies used are list-
ed in tables S3 and S4. Tissue preparation was performed with car-
diac perfusion fixation with fixation solution [0.1 M phosphate buffer 
containing 2 mM MgCl2, 5 mM EGTA, 4% paraformaldehyde (PFA), 
2% glutaraldehyde (GA), and 30% sucrose], and dissected specimens 
were embedded in O.C.T. compound (Sakura). For X-galactosidase 
(X-Gal) staining, frozen sections were cut into 4-μm-thick slices and 
reacted as previously reported. The immunofluorescence protocol 
was modified to detect CXCL13, in which an animal-free blocking 
reagent (Vector) was used as the blocking solution, followed by incu-
bation with the primary antibody diluted in the animal-free blocking 
solution at 4°C overnight. The secondary antibody was also diluted 
in the animal-free blocking solution. Alcian Blue and SA-β-Gal 
staining were performed using standard protocols. Briefly, for Alcian 
Blue staining, sections were immersed in 3% acetic acid and treated 
with Alcian Blue Stain Solution (pH 2.5; Muto Pure Chemicals) for 
60 min. Sections were counterstained with a Contrast Red Solution 
(Funakoshi). SA-β-Gal staining was used to detect senescent cells in 
accordance with the manufacturer’s protocol (Senescence Cells His-
tochemical Staining Kit, Sigma-Aldrich).
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Electron microscopy
For tissue preparation, 4% PFA/2% GA in phosphate-buffered saline 
(PBS) was used as the perfusion solution. Specimens were cut into 
~1-mm3 volumes, immersed in the same solution overnight, post-
fixed with osmium tetroxide, and prepared as ultrathin sections by 
uranium staining. Tissues were analyzed by a transmission electron 
microscope (H-7650, Hitachi) at the Division of Electron Micro-
scopic Study (DEMS), Kyoto University.

RNA isolation and RT-PCR
RNA isolation and reverse transcription polymerase chain reaction 
(RT-PCR) were performed as described previously (6, 53). Total 
RNA was extracted using the RNeasy Mini and Micro Kit (Qiagen), 
and cDNA was synthesized using the ReverTra Ace qPCR RT Master 
Mix (Toyobo), following the manufacturer’s protocol. Primer sequences 
are listed in table S5.

Microarray analyses
The precise procedure was described previously (54). Briefly, 250 ng 
of total RNA was subjected to cDNA synthesis with a GeneChip WT 
Expression Kit (Ambion), and the resultant cDNA was fragmented 
and hybridized to a mouse Gene 1.0 ST Array (Affymetrix). Hybrid-
ized GeneChip arrays were washed and stained on a GeneChip Flu-
idics Station 450 (Affymetrix) and detected by a Scanner 3000 TG 
system (Affymetrix) according to the manufacturer’s instructions. 
Microarray data were analyzed with GeneSpring GX14.9 software 
(Agilent Technologies).

In vivo anti-CXCL13 and anti–PD-L1 antibody treatment
Anti-CXCL13 neutralizing antibody (R&D, MAB470) or control 
immunoglobulin G (IgG) (R&D, MAB006) was injected intraperito-
neally once every 10 days for a total of five treatments, at doses of 
200, 200, 200, 150, and 150 μg per mouse in the cancer model. In the 
Lys model, treatments started 2 weeks after TAM injection. For the 
Pdx1 cKO model, treatments began 1 week after TAM injection, and 
the antibody was injected intraperitoneally at 200 μg per mouse 
weekly. For the aged model, 200 μg per mouse was injected twice a 
week. Anti-mouse PD-L1 (#BE0101) or IgG2b control (#BE0090) 
was administered intraperitoneally at 300 μg per mouse once week-
ly for a total of three doses.

In vivo Super-TDU treatment
A dose (500 μg/kg) of Super-TDU (Selleck Chemicals) or control 
saline was injected by tail vein injection daily for 2 weeks in the can-
cer model. In the Pdx1 cKO model, weekly intraperitoneal injec-
tions were started 1 week after TAM administration.

In vivo Lys treatment
Mice were injected intraperitoneally with Lys (1.6 g/kg; Tokyo Chemi-
cal Industry Co).

Cell culture
AR42J cells (American Type Culture Collection, CRL-1492) were 
maintained in Ham’s F-12 K medium (Gibco) supplemented with 20% 
fetal bovine serum (FBS; Gibco), penicillin (100 U/ml), and strepto-
mycin (100 μg/ml; Nacalai Tesque) and cultured at 37°C with 5% CO2.

Primary pancreatic acinar cells were isolated from control and 
Pdx1 cKO mice using a standard collagenase digestion protocol. Brief-
ly, pancreata were minced, incubated in Liberase (200 μg/ml; Roche) 

at 37°C for 30 min and mechanically dissociated. Acinar clusters were 
washed and cultured in Dulbecco’s modified Eagle’s medium (DMEM; 
Gibco) supplemented with 10% FBS and 1% penicillin/streptomycin 
(P/S). After dissociation, primary acinar cells were plated at ~1 × 105 
cells per well in 24-well plates (BD Falcon) and cultured for 1 day, fol-
lowed by Lys-induced stress experiments on the next day.

In vitro stress induction by Lys
To induce cellular stress in vitro, Lys treatment was applied to pri-
mary cultured acinar cells and AR42J cells. Stock solutions (200 mM) 
of Lys were prepared in PBS (pH 7.4).

For primary cultured acinar cells, Lys was added to the culture 
medium at a final concentration of 40 mM, and cells were treated for 
2 to 4 hours. NF-κB activity was inhibited using 10 μM BAY 11-7082 
(TCI), with a 30-min pretreatment before Lys exposure.

For AR42J cells, cells were treated with 10 mM Lys for 6 hours to 
assess stress-induced apoptosis. For pharmacological pretreatments, 
AR42J cells were incubated on μ-Slide 8 Well chamber slides (ibidi) 
as follows: PTx (Merck, 100 ng/ml) for 12 hours, U0126 (Selleck 
Chemicals, 10 μM) or Super-TDU (Selleck Chemicals, 200 ng/ml) 
for 1 hour, and recombinant CXCL13 (rCXCL13; R&D Systems, 1 μg/
ml) for 2 hours before Lys exposure. Lys treatment was performed in 
F-12 K medium supplemented with 2% FBS, and cells were analyzed 
6 hours after treatment.

For apoptosis detection, CellEvent Caspase-3/7 Green Detection Re-
agent (Invitrogen) was added 1 hour before fixation. After a PBS wash, 
cells were fixed with 4% PFA for 15 min at room temperature, and nu-
clei were counterstained with 4′,6-diamidino-2-phenylindole (DAPI).

Effects of rCXCL13 on YAP modulation and cell proliferation
To examine the effect of rCXCL13 on YAP activity, AR42J cells 
were plated at low confluency (~30 to 40%) and subjected to 12 to 
16 hours of serum starvation before stimulation. Recombinant CXCL13 
(rCXCL13; 1 μg/ml) in serum-free F-12 K medium was added, and 
analyses were performed 2 hours after treatment. For RNA extrac-
tion, cells were cultured in 24-well plates, whereas μ-Slide 8 Well 
chamber slides (ibidi) were used for immunofluorescence. For PD-
L1 analysis, cells were evaluated 8 hours after rCXCL13 treatment. 
Where indicated, Super-TDU was added 1 day before stimulation.

To evaluate the effect of rCXCL13 on cell proliferation, AR42J 
cells were seeded onto μ-Slide 8 Well chamber slides and treated 
with recombinant CXCL13 (1 μg/ml) in serum-free F-12 K medi-
um, with PTx (100 ng/ml) and Super-TDU (200 ng/ml) added con-
currently. After 24 hours, cells were rinsed with PBS, fixed with 4% 
PFA for 15 min at room temperature, and immunostained for Ki-67 
to assess cell proliferation.

Effect of Pdx1 knockdown on YAP nuclear localization
shRNA constructs targeting rat Pdx1 (shrPdx1; VB250704) and a non-
targeting control (shControl; VB010000) were purchased from Vector-
Builder. AR42J cells were transfected with the indicated shRNAs using 
Lipofectamine 3000 (Thermo Fisher Scientific), according to the 
manufacturer’s instructions. Where indicated, XMU-MP-1 (Selleck 
Chemicals; 3 μM) was added 1 day before analysis. Cells were ana-
lyzed 72 hours after shRNA transfection.

For YAP nuclear localization analysis, immunofluorescence im-
ages were acquired, and YAP nuclear localization was quantified 
from ≥10 selected fields and ≥20 cells per biological replicate. Data 
represent means ± SD from three independent experiments.
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DSP-based preparation and dissociation of pancreatic 
samples for flow cytometry
A DSP stock solution was prepared by dissolving dithiobis(succini
midyl propionate) (DSP; Thermo Fisher Scientific) at 50 mg/ml in 
high-quality 100% anhydrous dimethyl sulfoxide (DMSO; Thermo 
Fisher Scientific). A working solution (1 mg/ml) was freshly prepared 
by diluting the stock solution in PBS immediately before use. Samples 
were treated with DSP at the indicated final concentration and incu-
bated, and cross-linking was quenched with 1 M tris-HCl (Thermo 
Fisher Scientific) for 15 min at room temperature, followed by en-
zymatic dissociation using the Liberase Research Grade (200 μg/
ml in PBS; Roche) at 37°C for 30 min. Cell suspensions were passed 
through a 70-μm pluriStrainer Mini cell strainer (pluriSelect) and 
washed with PBS containing 1% bovine serum albumin (BSA). Sam-
ples were cryopreserved in liquid nitrogen and subsequently used 
for flow cytometric analysis.

Flow cytometric analysis
Dispersed DSP-fixed single cells from mouse pancreas were stained 
with antibody mixtures listed in table S6 (BioLegend) in D-PBS(−) 
containing 2% FBS (Thermo Fisher Scientific) at 4°C overnight 
(~16 hours) after Fc receptor blocking using FcR Blocking Reagent, 
mouse (Miltenyi Biotec), according to the manufacturer’s instruc-
tions. As the samples were prefixed, surface antigens were analyzed 
without viability dye staining or additional permeabilization. Data 
were acquired on a BD FACS Symphony A5 SE flow cytometer (BD 
Biosciences) using BD FACSDiva software (version 9.0.2) and ana-
lyzed with FlowJo software (version 10.10.0). Gating strategies for 
lymphoid and myeloid subsets are shown in fig. S5. Positivity for each 
antigen was defined using unstained controls, and the median fluo-
rescence intensity (MFI) of PD-1 was calculated as the median PD-1 
fluorescence intensity of the entire cell population in each fraction.

Statistical analyses were performed using JASP (version 0.94.5; 
University of Amsterdam, North Holland, The Netherlands). Com-
parisons between control and Pdx1 cKO samples were conducted 
using the two-tailed Mann-Whitney U test. For reference, a two-
tailed Welch’s t test was also performed to confirm statistical signifi-
cance. The frequency of CD45-positive cells, proportions of lineage 
subsets within the CD45-positive population, and the MFI of PD-1 
were analyzed. For MFI-based analyses, only fractions in which 
more than 100 events were recorded were included. A P value of 
<0.05 was considered statistically significant.

Image quantification
Image quantification was performed on at least three nonoverlap-
ping fields per sample, using three independent sections for each 
biological replicate. For cell proliferation, pHH3+ cells were manu-
ally counted at 200× magnification in five fields. For the evaluation 
of Alcian Blue+ and tumor areas, images acquired at 40× magnifica-
tion from three fields were processed and analyzed using ImageJ 
software (NIH). For lineage tracing, β-Gal+ and β-Gal− cells were 
manually counted at 200× magnification in five random sections 
per mouse. β-Gal+ and β-Gal− PanIN cells were counted at 200× 
magnification in five fields.

Intranuclear YAP+, p21+, CXCR5+, pERK+, cleaved caspase-3+, 
PD-L1+, CD45+, Ki-67+, Caspase-3/7+, and DAPI+ cells were counted 
at 400× magnification in three fields. For steatosis analysis, large lipid 
droplet–positive (>10 μm) acinar cells were manually counted at 200× 
magnification in three fields.

Human samples
Pancreatic cancer specimens were collected from patients who under-
went resection at the Kyoto University Hospital between January 2016 
and November 2018. The study protocols were approved by the in-
stitutional review committee at Kyoto University (R0455) and met 
the guidelines of the responsible governmental agency.

Statistical analysis
All indices were analyzed using an unpaired Student’s t test (two-tailed) 
or one-way analysis of variance (ANOVA) in Prism 10 (GraphPad), 
with differences yielding a P value of less than 0.05 deemed signifi-
cant. The imaging data presented are representative images from more 
than three biologically independent experiments (n > 3).

Supplementary Materials
This PDF file includes:
Figs. S1 to S12
Tables S1 to S6
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