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A STAT3/integrin axis accelerates pancreatic cancer

initiation and progression
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In brief

Campos and Shepard et al. report that
hypoxia and inflammatory cytokines
activate the STAT3/integrin p3 axis,
promoting stress tolerance and
accelerating pancreatic cancer initiation
and progression. Chromatin accessibility
modulates STAT3 activity, revealing a
gene expression pattern able to stratify
patient survival outcomes and identify
tumors likely to respond to STAT3-
targeted therapies.
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SUMMARY

The signal transducer and activator of transcription 3 (STAT3) pathway drives pancreatic ductal adenocarci-
noma (PDAC) progression by coordinating cellular responses to stress and inflammation. We perform ChlP-
seq on hypoxia- or oncostatin-M-treated PDAC cells to identify sites at which phospho-STATS3 binds to regu-
late the expression of genes linked to poor survival. A top hit among these is ITGB3, which we show promotes
PDAC initiation and progression. Single-cell transcriptomics reveal that ITGB3 expression is enriched in
PDAC cells experiencing oxidative stress due to chemotherapy. Moreover, high ITGB3 expression positively
correlates with STAT3 signaling, hypoxia, and the basal subtype. Mechanistically, chromatin accessibility at
ITGB3 enhancers controls STAT3’s ability to induce ITGB3 expression, illuminating a plastic regulatory
mechanism modulating STAT3 activity. Leveraging this insight, we identify additional STAT3 target genes
regulated similarly to ITGB3 to establish an 18-gene signature involved in adaptive responses and able to
stratify survival outcomes. Collectively, these findings highlight a novel opportunity to stratify PDAC subpop-

ulations for STAT3-targeted therapies.

INTRODUCTION

Inflammation and cellular stress, such as hypoxia and oxidative
stress, are intrinsic to tumor microenvironments and are particu-
larly prevalent in pancreatic ductal adenocarcinoma (PDAC)."-?
Importantly, both stress and inflammation have been reported
to promote tumor initiation, progression, and drug resistance.**
The Janus kinase (JAK) and signal transducer and activator of
transcription 3 (STAT3) pathway facilitates cellular responses
to extracellular signals such as cytokines, chemokines, and
various forms of cellular stress. Therefore, JAK-STAT3 signaling
is critical for adaptive responses to stimuli readily present in the
tumor microenvironment. STAT3-dependent transcription has
been associated with the progression of multiple cancers,
including PDAC.>° Notably, elevated levels of JAK-STAT3
signaling are associated with pancreatic cancer, and STAT3
activity has been reported to drive tumor initiation, progression,
and therapeutic resistance in PDAC.""

We aimed to identify STAT3 target genes regulated in
response to hypoxic stress and inflammatory cytokines
commonly associated with the PDAC microenvironment.
Although STAT3 can regulate hundreds of genes, we hypothe-
sized that these stress and inflammatory response genes will
mediate STAT3’s core oncogenic activities and provide thera-
peutic opportunities. To identify critical STAT3 target genes,
we investigated genome-wide changes in STAT3-DNA binding
following exposure of PDAC cells to inflammatory cytokines or
hypoxia and identified /ITGB3 as a critical STAT3 response
gene. Interestingly, integrin p3, the ITGB3 gene product, and
its functional heterodimer integrin avp3 have also been reported
to drive tumor initiation, drug resistance, and metastasis, simi-
larly to STAT3,° "' suggesting an important JAK/STAT3/integrin
B3 signaling axis in PDAC.

We report here that this JAK1/STAT3/integrin 3 axis acceler-
ates PDAC initiation and progression and demonstrate STAT3 as
necessary for stress- and inflammation-induced 3 expression.

Cell Reports 44, 116010, August 26, 2025 © 2025 The Author(s). Published by Elsevier Inc. 1
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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A Integration of ChiP-seq for STAT3 pY705 during inflammation and hypoxia identifies “stress response genes” linked
to poor survival for PDAC
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Figure 1. Integrin $3 is a STAT3-regulated stress/inflammatory response gene

(A) Schematic (left) depicts parallel ChIP-seq experiments to identify genomic regions to which STAT3-pY705 binds in response to the inflammatory cytokine
OSM (10 ng/mL) and hypoxia (1% O,) in FG pancreatic cancer cells. Graph (right) shows 106 genes associated with peaks common to both hypoxia and OSM.
Hazard ratio (HR); previously unknown STAT3 target (purple); previously known STAT3 target (gray).

(B) KM plot shows the probability of relapse-free survival (RFS) in patients with PDAC with high vs. low /ITGB3 expression.

(C) ChlIP-seq peaks for pSTAT3 at enhancer regions upstream (GH17J047239) and downstream (GH17J047305) of the ITGB3 transcription start site (TSS) on
chromosome 17 (ch17) in response to OSM (red) or hypoxia (teal) vs. control (black). Panels (right) show enlargements of the two enhancers.

(D) ChIP-PCR for pSTAT3 and H3K27ac at upstream and downstream enhancers for ITGB3. FG and SUIT2 cells were untreated or stimulated with OSM
(10 ng/mL) for 72 h. n = 3 independent experiments per cell line per condition. Graph displays the mean + SEM. p values reflect Student’s t test vs. untreated.

(legend continued on next page)
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Additionally, we profile single-cell RNA sequencing (scRNA-seq)
from patients with PDAC and observe that ITGB3 expression is
enriched in patients treated with chemotherapy relative to pa-
tients naive to treatment. Moreover, high ITGB3 expression posi-
tively correlates with activated STAT3, hypoxia and cytokine
signaling, and Moffitt’s Basal molecular subtype gene signature.
Importantly, we demonstrate that the upregulation of ITGB3 re-
quires accessible chromatin at /TGB3 enhancers to allow for
STATS3 binding, but not all cancer cells or tumors are capable
of this adaptive response due to inaccessible enhancers. These
chromatin alterations result in gene expression patterns capable
of predicting STAT3’s ability to stimulate /ITGB3 expression and
represents an epigenetic regulatory motif modulating STAT3
activity. Leveraging this enhanced perspective of STAT3 regula-
tion, we identify 17 additional STAT3-regulated genes with differ-
ential chromatin accessibility. Collectively, we refer to this set of
18 genes as the “STAT3-receptive enhancers stratify severity”
(STRESS) gene signature and demonstrate its ability to stratify
survival outcomes of patients with PDAC. We propose that the
utility of the STRESS signature is such that it predicts how a tu-
mor will dynamically respond to STAT3 signaling resulting from
inflammation and oxidative stress and identifies tumors likely
to respond to STAT3-targeted therapies. Thus, the signature en-
ables predictive biomarker development for therapeutic deci-
sion-making in PDAC.

RESULTS

ITGB3 is a STAT3-regulated stress/inflammatory
response gene

To identify target genes regulated by STAT3 in response to
inflammatory cytokines and hypoxic stress in PDAC, we per-
formed chromatin immunoprecipitation sequencing (ChlP-seq).
COLO-357/FG (hereafter “FG”) PDAC cells were cultured in hyp-
oxia (1% Oo) or normoxia (atmospheric O,) and analyzed using
ChlP-seq to identify genomic regions with differential STAT3-
pY705 DNA binding. In parallel, FG cells were treated with or
without oncostatin-M (OSM), an interleukin-6 (IL-6) family mem-
ber. We identified 4,231 genomic regions (peaks) with differential
(p < 0.05) STAT3-pY705 binding resulting from OSM treatment
and 1,490 resulting from hypoxia. In total, we identified 106 over-
lapping peaks present in both the hypoxia and OSM datasets
that were then annotated using both HOMER'? and the Gene-
Hancer database'® to identify potential STAT3 target genes.
We narrowed the list to 45 genes that were significantly corre-
lated with decreased relapse-free survival (RFS) in patients
with PDAC (Figure 1A; Table S1).

Notably, 39 of the 45 (87%) genes were previously reported
STAT3 target genes, providing a benchmark validation for our
approach. ITGB3 was the most differentially enriched STAT3
peak in the OSM dataset (adjusted p value = 3 x 1073 and
the 6™ most differential peak in the hypoxia set (adjusted
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p value = 8.4 x 10~7). Moreover, ITGB3 is one of the six novel
STATS3 target genes and the most correlated with poor RFS
(hazard ratio [HR] = 10.59) (Figure 1B). Importantly, like STAT3,
ITGB3 promotes stress tolerance, tumor initiation, and cancer
progression.® %1471 Considering the strong correlation be-
tween ITGB3 and poor RFS in patients with PDAC, we character-
ized the mechanism by which STAT3 regulates ITGB3 expres-
sion and investigated the role of this STAT3/integrin axis in
PDAC progression.

Although in silico analysis predicted several STAT3 binding
motifs in the ITGB3 promoter region, the ChlP-seq analysis of
PDAC cells challenged with inflammation or hypoxia revealed
enrichment of STAT3-pY705 binding at two enhancer regions
but not at the promoter (Figure 1C). The first enhancer region
was located 13.6 kb upstream of the ITGB3 transcription start
site (TSS), corresponding to the GH17J047239 enhancer region
described in the GeneHancer database. The second enhancer
region (GH17J047305) located within intronic DNA 51.6kb down-
stream from the ITGB3 TSS. These findings suggest that STAT3
coordinates the timing and amplitude of /ITGB3 expression,
rather than controlling transcription initiation directly. A compre-
hensive analysis of the ChlP-seq data revealed STAT3 binding
was normally distributed among enhancer and promoter regions
throughout the genome (Figure S1B). To validate our ChlP-seq
data, we performed ChIP, followed by quantitative PCR
(ChIP-PCR) in FG and SUIT2 cell lines. In response to OSM
stimulation, these cells exhibited increased STAT3-pY705 bind-
ing at the previously identified upstream and downstream en-
hancers. We observed increased histone H3 K27-acetylation, a
widely accepted marker for enhancer activity,’” and further
evidence for STAT3 functioning as an enhancer to stimulate
ITGB3 expression (Figure 1D). Finally, we performed an enriched
binding motif analysis among the selected peaks and identified
binding motifs associated with AP-1 and STAT transcription fac-
tors (Figure S1C).

To validate ITGB3 as a downstream target of STAT3, we
assessed whether various inflammatory cytokines or cellular
stress could increase ITGB3 expression. While the response
to cytokines may vary between cell lines that may lack expres-
sion of their cognate receptors, the ubiquitous expression of
gp130 in most pancreatic cancer cells allows for a response
to a complex formed by IL-6 fused to its soluble receptor
sIL-6R (IL-6-sIL-6R). Indeed, FG cells showed an induction of
both STAT3 Y705 phosphorylation and integrin $3, the protein
product of ITGBS3, in response to OSM, leukemia inhibitory fac-
tor (LIF), or IL-6-slL-6R. In contrast, SUIT2 cells responded only
to OSM and IL-6-sIL-6R (Figure 1E), suggesting that this cell
line lacks the components required to trigger STAT3 activation
in response to LIF. IL-6 family cytokines and hypoxic stress
increase ITGB3 mRNA expression over time (Figure S1D), re-
sulting in increased p3 protein expression (Figure S1E) and pre-
sentation of the functional integrin heterodimer (avp3) on the

(E) Representative immunoblots for FG and SUIT2 cells treated with vehicle, IL-6-sIL-6R, LIF, or OSM for 72 h. Results represent three independent experiments.
(F) Flow cytometry for integrin avp3 expression in FG and SUIT2 cells treated with vehicle control/normoxia, IL-6-sIL-6R, LIF, OSM, or hypoxia for 72 h. Graph
displays the mean + SEM for the percent of avp3+ cells per group for n = 3 independent experiments. ns, not significant, *p < 0.05, **p < 0.01, **p < 0.001,

****p < 0.0001 by Student’s t test.
See also Figure S1 and Table S1.
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A Reanalysis of scRNAseq of naive and chemotherapy-treated PDAC patient tumors to assess ITGB3 expression
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Figure 2. ITGB3 is enriched following chemotherapy and linked to a mesenchymal phenotype
(A) Schematic (panel 1) and UMAP plots of scRNA-seq of n = 6 naive (gray) and n = 6 chemotherapy-treated (red) patient tumors (panel 2). Cells were annotated by
cell type (panel 3) to subset the epithelial cancer cells. The top 10% ITGB3-High-expressing (red) and bottom 10% ITGB3-Low-expressing (black) expressing
cells (panel 4) were assessed for transcriptional differences.
(B) DEGs between ITGB3-High and ITGB3-Low tumor cells (left). Significance score represents negative log10 probability of a gene not being differentially
expressed. Enrichment score represents log fold change. Labeled genes are STAT3-regulated genes derived from the ChIP sequencing in Figure 1. Violin plot
(right) shows the distribution of STAT3 gene set scores for ITGB3-Low and ITGB3-High tumor cells. p value represents Mann-Whitney U statistic.

(C) Plot of the distribution of ITGB3-High and ITGB3-Low cells between naive and treated patients. Fold change (FC) represents treated vs. naive.
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cell surface (Figure 1F). Furthermore, the combination of cyto-
kine and hypoxia treatment produced an additive effect on 3
protein expression beyond what was observed with either stim-
ulus alone (Figure S1E).

ITGBS3 is enriched following chemotherapy and linked to
a mesenchymal phenotype

To assess the expression of /TGB3 in patient tissues, we
analyzed previously published'® scRNA-seq data from multiple
patients with PDAC. Single cells from six patients naive to treat-
ment (naive) and six patients treated with standard-of-care
chemotherapy (treated) were annotated by treatment, cell type,
and ITGB3 expression (Figure 2A). Differential expression
analysis between epithelial PDAC cancer cells with high ITGB3
expression (ITGB3-High; top 10% of cancer cells) and low
ITGB3 expression (ITGB3-Low; bottom 10% of cancer cells)
revealed that ITGB3 highly correlates with the other STAT3 target
genes derived from our ChlP-seq data (Figure 2B). ITGB3-High
cells were overrepresented in treated patients than in naive
patients, displaying a 62-fold enrichment (Figure 2C). As
both chemotherapy treatment and hypoxia induce oxidative
stress,'®?° these data strengthen our findings reported in
Figure 1 and demonstrate that the ChlP-seq results are highly
representative of human pancreatic cancer. Gene ontology
analysis showed that differentially expressed genes (DEGs) in
ITGB3-High cells were significantly enriched for biological pro-
cesses related to epithelial-to-mesenchymal transition (EMT),
hypoxia, and cytokine signaling (Figure 2D). From a clinical
perspective, DEGs from ITGB3-Low cells were highly correlated
with a classical molecular subtype. Conversely, ITGB3-High
associated with basal (Moffitt’') and quasi-mesenchymal
(Collisson??) molecular subtypes (Figure 2E). These findings
not only support our conclusions from the ChlP-seq analysis
but also provide clinical relevance for STAT3-mediated /ITGB3
expression in PDAC progression.

STATS3 is necessary for ITGB3 expression, which
promotes STAT3-mediated tumor initiation/progression
To investigate whether cytokines and cellular stress stimulate
ITGB3 expression in a STAT3-dependent manner, we developed
STAT3 CRISPR knockout (KO) clones in FG pancreatic cancer
cells. Compared with STAT3"T control cells, STAT3® cells did
not show an induction of integrin p3 in response to either hypoxia
or OSM (Figure 3A). Similarly, cells transiently expressing STAT3
siRNA did not gain integrin p3 expression in response to hypoxia
(Figure S2A). Furthermore, the inhibition of STAT3’s upstream
regulators, JAK1/2, with the Food and Drug Administration
(FDA)-approved inhibitors ruxolitinib or baricitinib prevented
hypoxia- and LIF-induced p3 expression (Figures 3A and S2B).
Thus, genetic silencing of STAT3 or pharmacological inhibition
of its upstream kinases prevents pancreatic cancer cells from
gaining integrin p3 expression in response to cytokines or stress
in vitro.
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We next asked if STAT3 is necessary for p3 expression on tu-
mor cells in vivo using a spontaneous mouse model of pancreatic
cancer. Laklai and colleagues®® previously demonstrated that in
the context of mutant Kras, a loss of Tgf-p receptor 2 signaling
resulted in elevated Stat3 signaling and tumor progression, while
epithelial Stat3 ablation attenuated tumor progression and
prolonged survival. We profiled pancreatic tissues from KTC
mice, which develop hyperactive Stat3 signaling due to the
pancreas-specific expression of Kras-G12D and homozygous
loss of Tgfbr2 (Kras-St=G120/Tgfbr2foo/ptf14-Cre), and
KTC-Stat3KO mice harboring a conditional Stat3 knockout
(KrastS-=C12D/Tgfpr2fiox/llox gtat3ilox/lox/pift 4-Cre). As reported
previously for this model,>® Stat3 knockout resulted in a less
severe pathology accompanied by maintenance of carboxypep-
tidase A1 (Cpa1l)-positive acinar cells and fewer keratin-19
(Krt19)-positive ductal lesions (Figures 3B and S2C). Consistent
with Stat3-mediated control of Itgh3 expression, the integrin p3
protein was abundantly expressed on Krt19-positive ductal
lesions in the pancreas of KTC mice but absent on epithelial
lesions in KTC-Stat3KO tissues. Although p3 expression is lost
on the cell membrane of epithelial cells in KTC-Stat3KO mice,
it is still observed in fibrovascular cells, further validating the
conclusion that Stat3 mediates B3 expression since Stat3 is
only ablated in epithelial cells expressing Ptfia in this model
(Figure 3B). Compared with KTC tumors with hyperactive Stat3
and abundant integrin B3 expression, KTC-Stat3KO tumors
that lack p3 expression were reported to be far less aggressive,*
supporting a role for the STAT3/p3 axis in tumor progression.

To further interrogate the role of ITGB3 as a critical down-
stream effector of STAT3-mediated human tumor initiation
in vivo, we performed a limiting dilution assay to compare the
ability of FG STAT3WT vs. FG STAT3XC cells (Figure S2D) to
establish tumors in nude mice. As cell number decreased and
the requirement for resilience under pressure increased,
STAT3XC severely attenuated tumor-initiating capacity (i.e., tu-
mor take rate). Ectopic expression of integrin p3 in STAT3C cells
partially restored tumor initiation, bypassing the requirement for
STATS3 (Figure 3C). These findings indicate that a loss of STAT3
signaling compromises I/TGB3 induction, underscoring the
essential role of the STAT3/p3 axis in pancreatic cancer initiation.

Ability to gain integrin 3 enhances tumor initiation

To further establish the role of integrin 3 in PDAC initiation, we
developed ITGB3 CRISPR KO FG cells (FGS3"©). Notably, unsti-
mulated or unstressed FG cells had no detectable cell surface in-
tegrin avp3. While wild-type (WT) controls upregulated avf3 in
response to OSM, FGB3¥© cells did not (Figure S3A). We then as-
sessed the tumor-initiating capacity of FGp3<© relative to FG cells
in a limiting dilution assay, as described above. While no differ-
ence in tumor take was observed between the FG and FGp3"©
conditions when 1 x 108 cells were implanted into mice, there
was a dramatic impairment in the tumor-initiating capacity of
FGBSKO cells when fewer cells were implanted. This deficit was

(D) Gene set enrichment analysis of DEGs between ITGB3-High and ITGB3-Low tumor cells.
(E) DEGs between ITGB3-High and ITGB3-Low tumor cells (left). Genes represent classical, quasi-mesenchymal, and basal gene signatures. Violin plots (right)
show the distribution of classical, quasi-mesenchymal, and basal gene set scores for ITGB3-Low and /ITGB3-High tumor cells. p value represents Mann-Whitney

U statistic.
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A STAT3 knockout or inhibition prevents induction of ITGB3
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Figure 3. STAT3 is necessary for ITGB3 expression, which promotes STAT3-mediated tumor initiation/progression

(A) FG cells treated with hypoxia, OSM, or respective controls (72 h). Immunoblots show STAT3 (Y705) and integrin p3 for cells with CRISPR KO of STAT3 or
pharmacological inhibition of STAT3 upstream regulators using inhibitors.

(B) Schematic of KTC vs. KTC-Stat3KO mice. Immunofluorescence staining shows DAPI (blue), integrin p3 (green), and keratin 19 (Krt19, orange) for the
representative pancreatic tumor tissue. Scale bar represents 50 pm. Graph (top) depicts the mean + SEM for the ratio of 3 to Krt19 staining for n = 3 tumors
per group. Graph (bottom) depicts the degree of differentiation in the pancreas, quantified as the mean + SEM for the ratio of carboxypeptidase A1 (Cpal) to Krt19
for n = 3 tumors per group. p values represent Student’s t test. Additional images and Cpa1 staining are shown in Figure S2D.

(C) In vivo limiting dilution experiments were performed to assay the tumor-initiating capacities of control FG pancreatic cancer cells (STAT3WT + EV) relative to
FG CRISPR STAT3KO with empty vector (STAT3KO + EV) or with ectopic expression of integrin p3 (STAT3KO+f3). Immunocompromised nu/nu mice were
injected subcutaneously with varying cell densities. Graphs depict tumor take vs. time for n = 12-20 tumors per group.

See also Figure S2.
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Figure 4. Ability to gain integrin 3 enhances tumor initiation
(A) Limiting dilution tumor initiation assay of control FG pancreatic cancer cells (FG + EV) vs. FG CRISPR 3KO cells with empty vector (FG p3KO + EV) or ectopic
3 (FG p3KO+p3). Immunocompromised nu/nu mice were injected subcutaneously with 1 x 10%, 2.5 x 10°, or 1 x 10° cells per injection. Graphs depict tumor

take vs. time for n = 12-16 tumors per group.

(B) Schematic depicts 6-week-old tamoxifen-inducible KPC (i-KPC; Kras-S-~¢120/Tp53M19¢oX/pgx1-Cref?) mice crossed with Itgh31/1°* mice to establish
tamoxifen-inducible i-KPC-B3KO (Kras-S-~120/7p5310x/oxj1gh 3flox/lox/pjy 1_CreER) mice.
(C) Probability of survival vs. time following tamoxifen injection for n = 14 mice per group. The HR and p value reflect KM analysis.
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rescued by ectopic expression of integrin p3 (FGP3K© + p3)
(Figure 4A). Thus, the ability to upregulate integrin p3 is critical
for a cell to overcome isolation stress during tumor initiation.

To determine the impact of 3 acquisition on the spontaneous
development and progression of pancreatic cancer, we crossed
mice from the previously developed® triple mutant model of
tamoxifen-inducible PDAC (i-KPC; KrastSt G120 1p53flox/flox,
Pdx1-Cret™), with mice expressing a conditional homozygous
loss of Itgb3 (i-KPC-p3KO; Kras-S-—612D/Tp53Mlox/lox g gflox/flox
Pdx1-CreFR) (Figure 4B). Adult, 6-week-old i-KPC mice treated
with tamoxifen developed large pancreatic tumors and became
moribund at a median of 15 weeks. In contrast, deletion of
epithelial integrin B3 prolonged survival by an additional 6 weeks
(140%) in this highly aggressive model of pancreatic cancer
(Figure 4C; Table S2). Interestingly, once tumors overcame the
deficit conferred through a loss of integrin p3 during the initiation
phase of the cancer, there was no difference in the mortality rate
or end-stage tumor size (Figures 4C and 4D), suggesting that
alternative pathways can eventually compensate for the inability
to gain B3 during tumor initiation and early lesion formation.
Tumors harvested 60 days (early stage) after tamoxifen treat-
ment revealed that an inability to upregulate p3 delays tumor
initiation. The i-KPC-p3KO pancreatic tissue appeared healthy,
with normal acinar cells, ducts, and islet cells, while the i-KPC
pancreatic tissue contained the expected proportions of healthy
tissues, low-grade PanlNs, high-grade PanINs, and small tumors
(Figures 4D and S3B). At this early stage, high expression levels
of integrin B3 were observed in Krt19-positive metaplastic
regions but not on Alcian blue-positive PanIN structures
(Figures 4E and S3B). Surprisingly, in late-stage tumors
harvested upon observing moribund signs, p3 expression was
largely undetectable (Figures 4E). Together, these results
support the conclusion that 3 is transiently upregulated to facil-
itate tumor initiation but gets downregulated once a tumor is
established.

ITGB3 expression promotes progression from a

classical to basal subtype in advanced tumors

Although integrin p3 expression is transiently upregulated on
cancer cells during tumor initiation and easily detectable at the
early-stage time point (Figure 5A), the effects of 3 expression
remain evident even after p3 expression is lost. As judged by
two blinded observers, late-stage tumors from i-KPC-33KO
mice showed a higher percentage of tumor areas that were
scored as moderately to well differentiated relative to late-stage
tumor areas from i-KPC mice (Figure 5B; Table S2). These mod-
erate and well-differentiated tumors displayed a classical ductal
morphology with glandular features and were often more associ-
ated with a classical molecular phenotype. Conversely, i-KPC
mice were primarily observed to be poorly differentiated (i.e.,
not making glands or showing sarcomatous features), which

Cell Reports

have previously been reported to associate with a more aggres-
sive phenotype for this pancreatic cancer model** (Figure 5B).
When assessed for gene expression patterns associated with
basal, quasi-mesenchymal, and classical molecular subtypes,
late-stage i-KPC-B3KO tumors were enriched for classical
subtype genes relative to i-KPC tumors (Figure 5C). These
expression data are consistent with our analysis of scRNA-seq
data from human patient samples, which demonstrated that
PDAC cells with low ITGB3 expression maintained a classical
molecular subtype (Figure 2E). These findings suggest that 3
expression during early-stage tumor development promotes a
shift away from the classical phenotype to a more basal/quasi-
mesenchymal phenotype at later stages, despite the downregu-
lation of B3 expression as tumors become more established.

Chromatin accessibility for STAT3 binding dictates the
ability to express integrin 3

We expanded our studies to include 14 PDAC cell lines. Surpris-
ingly, the cell lines on this panel were categorized into three phe-
notypes with respect to integrin p3 expression: (1) cell lines with
endogenous expression at baseline, (2) cell lines that induced p3
in response to cytokine or hypoxia (inducible), and (3) cell lines
that could not induce 3 (non-inducible) (Figure 6A). Although
all p3-negative cell lines gained STAT3-pY705 in response to
cytokine treatment, only FG, SUIT2, HPAFII, CAPAN1, DANG,
and BxPC3 cells induced integrin g3 expression, while CAPAN2,
ASPC1, MIAPACA2, SW1990, and KP2 cells did not.

Because responsiveness to a given cytokine depends on the
expression of cognate cytokine receptors that show heteroge-
neous expression between cell lines, a smaller panel of cell lines
was screened to determine if the response to OSM would extend
to additional cytokines that activate STAT3 (Figure S4A). Consis-
tent with the response to OSM, all cytokines that increased
STAT3-pY705 also increased p3 expression in inducible cells
but not in non-inducible cells. The notable exception was
SW1990 cells, which gained p3 expression in response to IL-6-
slL-6R but not OSM or IL-27. TGF-p1, a known regulator of p3
expression,”® induced p3 expression independent of STAT3 in
inducible cells but not in non-inducible cells.

In addition to its role as a transcription factor, STAT3 can
impact gene expression through its enhancer activity and
recruitment of chromatin remodelers.”®*” We postulated that
differences in B3 inducibility may arise from differences in
chromatin accessibility. To explore this, we accessed publicly
available ATAC-seq data for a panel of human cancer cell lines
that we empirically validated to be inducible or non-inducible.
Inducible cells have open chromatin at both of the two
previously described upstream (GH17J047239) and down-
stream (GH17J047305) STAT3 enhancer regions for ITGB3.
Conversely, Non-inducible cells exhibited closed chromatin
at these same enhancer sites (Figures 6B, S4B, and S4C),

(D) Serial sections of early-stage (60-day) pancreatic tissues (n = 5 i-KPC, n = 6 i-KPC-3KO) were stained using hematoxylin and eosin (H&E) and quantified for
the total tumor area (left graph; mean + SEM). Late-stage tumors (n = 14 i-KPC, n = 14 i-KPC-p3KO) were measured by tumor weight (right graph; mean + SEM).
Tumor area is outlined in red. Representative images for each group are shown. Scale bars represent 500 um (top) and 50 pm (bottom).

(E) Early-stage and late-stage tumors were stained for integrin p3. Positive staining is graphed as the mean + SEM percent of the total tumor area on whole-tissue
sections. p values represent one-way ANOVA with Tukey’s multiple comparisons. Scale bars represent 500 pm (top) and 50 um (bottom).

See also Figure S3 and Table S2.
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A B3 co-localizes with Krt19 in i-KPC pancreatic tumors 60 days after tamoxifen treatment
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Figure 5. ITGB3 expression promotes progression from a classical to basal subtype in advanced tumors

(A) Representative immunohistochemistry demonstrating co-localization of 3 (purple) with Krt19 (brown) in early-stage i-KPC tumors. Scale bars represent 25 pm.
(B) Representative Krt19 immunostaining of end-stage tumors. Scale bars represent 500 pm (top) and 50 pm (bottom). Krt19 expression classified by blinded
observers into poorly, moderately, and well-differentiated categories. Graph depicts the mean + SEM for the percent tissue area for each category of differ-
entiation for 10 i-KPC tumors and 13 i-KPC-$3KO tumors. p values represent two-way ANOVA with Sidak’s multiple comparisons.

(C) RNA quantified using RT-gPCR on flash-frozen late-stage tumors (n = 6 i-KPC, n = 6 i-KPC-p3KO). Heatmap (left), upregulation (red), and downregulation
(blue) depicting classical, quasi-mesenchymal, and basal gene sets plotted as the Z score (per gene) of log2 FC. Graph (right) depicts summarized gene set score
for subtypes calculated as the mean of the Z scores for genes in each subtype. ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by Student’s
t test (heatmap; left) and unpaired t test with single pooled variance (graph; right).
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A Subset of PDAC cell lines do not gain B3 expression in response to OSM stimulation
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Figure 6. Chromatin accessibility for STAT3 binding dictates the ability to express integrin 3
(A) PDAC lines were treated with vehicle or 10 ng/mL OSM for either 30 min or 48 h. Immunoblots for integrin p3 and STAT3-pY705.
(B) Depiction of ATAC-seq peaks at the GH17J047239 and GH17J047305 enhancers for PDAC lines. Inducible cells, green; non-inducible cells, blue. p value
indicates significance following multiple testing correction (adjusted p) of the log2 fold difference for the mean peak area of reads in each enhancer region
computed for n = 3 cell lines per group (inducible vs. non-inducible).
(C) Model whereby chromatin accessibility at /TGB3 enhancers controls STAT3 binding to induce p3 expression. Vorinostat promotes chromatin opening to
enable STAT3 binding.

(legend continued on next page)
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suggesting chromatin must be in an open/accessible state for
STAT3 binding to stimulate 3 transcription (Figure 6C).

To test whether an open/accessible chromatin state is
required for the induction of 3, we treated both 3 Inducible
and Non-inducible PDAC cell lines with the histone deacetylase
(HDAQC) inhibitor vorinostat, an FDA-approved “epigenetic drug”
that modulates histone acetylation to promote chromatin
opening. Vorinostat enabled Non-inducible cells to gain p3 in
response to OSM or hypoxia, where vorinostat, OSM, or hypoxia
alone did not, suggesting that both open chromatin and active
STAT3 signaling are required for p3 expression (Figures 6D
and S5A).

Next, we investigated if forcing chromatin into an open state
enables STATS3 to bind at $3 enhancers where it otherwise could
not. We performed ChIP-PCR in Non-inducible cells treated with
individual or combined treatments as described above. While
OSM treatment alone partially increased STAT3 binding at 3
enhancers, the combination of vorinostat with OSM stimulated
significantly more STAT3 binding compared to either treatment
alone. We observed similar results in cells treated with the
combination of vorinostat and hypoxia (Figures 6E and S5B).
Importantly, because OSM or hypoxia treatment alone was
insufficient to stimulate 3 expression in Non-inducible cells
despite increased binding, these results suggest that a minimum
threshold of STAT3 binding is required to induce p3 expression.

Since changes in chromatin accessibility result in wide-scale
gene expression changes,”® we considered if differences in
baseline gene expression could be exploited to discern B3
inducible from non-inducible phenotypes for PDAC cell lines
and tumors with unknown B3 inducibility phenotype. We used
DepMap?® to acquire RNA-seq gene expression data for 40
PDAC lines in the Cancer Cell Line Encyclopedia (CCLE). This
collection included gene expression data for 10 PDAC cell lines
that we empirically validated to be p3-inducible (N = 5) or non-
inducible (N = 5) (Figure 6A). We identified DEGs between the
inducible and non-inducible cell lines, of which 93 genes upregu-
lated ininducible cells were selected to develop a gene signature
that would reflect a cell line’s ability to induce p3 (Figures 6F and
S5C). The B3-inducible gene signature was then applied using
rank-based signature scoring to the remaining PDAC lines of
unknown inducibility to generate predictions for the cell’'s 3
inducibility (Figure 6G). Unsupervised principal-component anal-
ysis showed that confirmed and predicted inducible cell lines
had gene expression patterns that were distinct from those of
confirmed and predicted non-inducible cell lines (Figure S5D).
Cell lines with intermediate scores clustered in between these
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two phenotypes. Notably, L3.3 (L33) is a metastatic variant
derived from COLO-357, the same parent cell line for the
p3-inducible FG variant utilized in this study.>° While L33 expres-
sion data were not utilized to generate the p3-inducible gene
signature, its inducibility status was accurately predicted as a
p3-inducible cell line. Thus, alterations in chromatin accessibility
regulate gene expression patterns that portend a p3-inducible
phenotype.

To demonstrate a physiological significance for 3-inducible
signature scores in PDAC cell lines, we leveraged the MetMap
scores that characterize an individual cell line’s metastatic po-
tential for distinct organs.®’ We first segregated PDAC cell lines
as metastasis derived or primary derived. Most cell lines derived
from metastatic sites reported a high metastatic potential,
whereas cell lines derived from primary tumors showed a range
of MetMap scores. For cell lines derived from primary sites, there
was a significant positive correlation between the MetMap score
and the B3 inducibility signature score (p = 0.02) (Figure S5E).
These findings reinforce the correlation observed between an
EMT gene expression pattern and cancer cells expressing high
ITGB3 expression in patients with PDAC.

Subset of STAT3 targets (STRESS gene set) reflects the
critical role for STAT3 during tumor initiation and
progression of PDAC

Having demonstrated that 3 is critical for PDAC initiation and
progression, that its expression is dictated by chromatin acces-
sibility of its STAT3 enhancers, and that not all cells are capable
of upregulating its expression, we aimed to identify additional
genes relevant to human PDAC that are regulated similarly to
B3, with the goal of improving patient stratification and predicting
survival outcomes. As summarized in Figure 7A, we cross-
referenced ATAC-seq data (Figure 6) with STAT3-pY705 ChIP-
seq data (Figure 1) to identify accessible sites present only in
inducible lines that are also regions at which STAT3 binds
in response to OSM and hypoxia. This initial analysis yielded
14 conserved regions representing receptive enhancers for
stress-induced STAT3-pY705 binding (Figure 7B). According
to the GeneHancer database, these 14 regions are predicted
to function as enhancers for 54 putative target genes
(Figure SBA). We hypothesized that genes regulated by the
same mechanism should be highly correlated in RNA expression
data from The Cancer Genome Atlas Pancreatic Ductal Adeno-
carcinoma (TCGA-PAAD) cohort. Of the 54 putative target
genes, 18 genes with the strongest co-expression correlations
were selected (Figures 7C and S6B). Among these, 10 genes

(D) Inducible vs. non-inducible cells were untreated or treated with OSM (10 ng/mL) and vorinostat (5 M) alone or in combination and then immunoblotted for $3,
STAT3-pY705, total STAT3, H3K9ac, and p-actin. Representative of n = 3 independent experiments per cell line per condition.

(E) A non-inducible cell (ASPC1) was untreated or treated with hypoxia (1% oxygen) and vorinostat (5 uM) alone or in combination (left). Alternatively, cells were
untreated or treated with OSM (10 ng/mL) and vorinostat (5 pM) alone or in combination (right). pPSTAT3 binding at enhancers for ITGB3 was measured using ChlP-
PCR, plotted as the mean + SEM log2 FC relative to untreated for n = 3 independent experiments per condition. ns, not significant, *p < 0.05, *p < 0.01,
***p < 0.001, ***p < 0.0001 by ordinary one-way ANOVA with Tukey’s multiple comparisons.

(F) Volcano plot illustrates DEGs between five inducible and five non-inducible lines. Significant DEGs (yellow) have log2 FC > 1 or < —1 and adjusted
p value < 0.05. Genes comprising the $3-inducible signature (green) are defined as upregulated with normalized gene count standard deviations of <2.

(G) CCLE PDAC lines were assigned p3-inducible signature scores and converted to Z scores and ranked. Dark green and dark blue bars represent cell lines with
known inducible and non-inducible (respectively) phenotypes. Light green and light blue bars represent cell lines predicted to have inducible or non-inducible
phenotypes, respectively.

See also Figures S4 and S5.
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Figure 7. Subset of STAT3 targets (STRESS gene set) reflects the critical role of STAT3 during tumor initiation and progression of PDAC

(A) Schematic summarizes steps used to generate the 18-gene S
(B) Graph shows the number of genomic read pile-ups for STAT3

TRESS signature.
-pY705 binding at enhancers.

(C) Correlation matrix depicts the co-expression Pearson correlation coefficient (according to the color map) and corresponding p value (size of each circle) for the
18 genes included in the STRESS signature for patients in The Cancer Genome Atlas (TCGA) PAAD dataset. Genes indicated in purple are those that are likely
driven by STAT3 and whose high expressions are negatively correlated with survival as a consequence. Genes in gold are those that are likely repressed following
STATS3 binding to enhancers and whose high expressions are positively correlated with survival.
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were negatively correlated with survival and were driven by
STATS3, while the remaining 8 genes were positively correlated
with survival and repressed by STAT3 (Figure 7C). We referred
to the complete set of 18 genes as the “STAT3-receptive en-
hancers stratify severity” (STRESS) gene signature and the 10
positively correlated genes as the STRESS-Up signature. To
validate our findings, we assessed mMRNA expression levels of
the STRESS-Up genes in inducible and non-inducible PDAC
cell lines following OSM stimulation. Six of the 10 genes ex-
pressed were upregulated in the inducible, but not in the non-
inducible, cell line, while one gene did not respond as expected
(Figure S6C). The remaining three were not detected in either
group.

Forthe TCGA-PAAD patient cohort, the STRESS signature strat-
ified patients into high vs. low groups (Figure 7D). Using the Ka-
plan-Meier (KM) plotter®® with “auto select best cutoff,” we found
that high expression of the STRESS signature was associated with
significantly higher HR, reflecting a shorter RFS (HR = 6.08, p =
0.0017) while stratification using the STRESS-Up signature was
even more profound (HR = 16.91, p = 0.0006) (Figure 7E). Interest-
ingly, the STRESS and STRESS-Up signatures were more power-
ful to stratify patients with poor RFS than previously reported mo-
lecular subtypes of pancreatic cancer, including Collisson’s
classical/quasi-mesenchymal subtypes and Moffitt’s classical/
basal subtypes®*** (Figure 7E). Correlation analyses showed
that a high STRESS signature does not identify the same patients
as the Collisson or Moffitt signatures (Figures S6D and S6E), and
none of the genes included in the STRESS signature were repre-
sented in either the Collisson or Moffitt signatures (Figure S7A,;
Table S3). In contrast, the STRESS signature had a strong positive
correlation to the cell line-derived p3-inducible signature in pa-
tients in the TCGA-PAAD cohort (Figure S7B), despite having no
overlap in genes (Figure S7C; Table S3), reinforcing the idea that
a cell can activate specific gene expression programs only if
they possess the requisite chromatin-accessible states at specific
enhancers to which STAT3 binds. It is also interesting to note that
while the STRESS and Collisson/Moffitt signatures were strongly
associated with poor RFS, their association with poor overall sur-
vival in the TCGA-PAAD dataset was less strong (Figure S7D). This
observation echoes the impact of $3 knockout in the KPC mouse
model of pancreatic cancer, in which there was a significant delay
in tumor initiation yet no difference in primary tumor size or overall
mortality rate (Figure 4). Together, our findings support the identi-
fication of a subset of STAT3 target genes useful in identifying tu-
mors with STAT3 dependency and the ability to stratify survival
outcomes for patients with pancreatic cancer.

DISCUSSION

While STAT3 has been linked to the initiation and progression
of various cancers, including pancreatic cancer, its ability to
function as a transcription factor for thousands of target genes
is known to vary widely among different cell lineages, disease
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states, or microenvironments.***® We reasoned that a more
detailed understanding of how PDAC activation of STAT3
in response to stress and inflammation contributes to the
malignancy of pancreatic cancer might uncover critical genes
that regulate the initiation and progression of this highly aggres-
sive cancer. A goal of this study was to learn how pancreatic
cancer cells hijack specific functions of STAT3 that allow them
to respond to stress and inflammation encountered within the
tumor microenvironment.

Accordingly, we identified genes upregulated by STAT3 in
pancreatic cancer cells exposed to hypoxia and inflammatory
cytokines, reasoning that their intersection would represent a
fundamental role for STAT3 in adapting to the effects of cellular
stress or inflammatory signals. We narrowed the list of relevant
STATS targets by their significant inverse correlation with RFS
in patients with PDAC. We chose to validate ITGBS3, as it was
identified as the top previously unknown STAT3 target, and its
expression drives the presentation of integrin avp3 on the cell
surface. Importantly, integrin avp3’s functional activities overlap
with many of the pro-tumor functions of STAT3"'"-*€ since both
are drivers of cancer progression and tumor stem cell behavior.
Both STAT3 and avp3 enable cancer cells to overcome the
effects of stress by activating pathways that promote EMT,
drug resistance, and metabolic flexibility.”'""*'® We recently
reported that challenging lung cancer cells with nutrient stress
upregulated /ITGB3 expression to drive chronic activation of
the stress sensor AMP-activated protein kinase (AMPK), shifting
cancer cell metabolism toward oxidative phosphorylation and
facilitating survival in the nutrient stressed environment.'®
Here, we demonstrate that STAT3’s ability to promote tumor
initiation can be attributed, in part, to its role in facilitating the up-
regulation of ITGB3 expression in pancreatic cancer cells, since
ectopic expression of a single STAT3 target gene (i.e., ITGB3)
could restore some of the tumor-initiating ability of STAT3-KO
cells. Using a series of in vitro and in vivo models, we show
that STAT3 is required for pancreatic cancer cells to upregulate
integrin p3 expression in response to hypoxia or cytokine stimu-
lation, which enhances a cell’s ability to initiate a tumor in vivo.

Investigating how STAT3 regulates 3 expression in pancre-
atic cancer cells revealed a striking dichotomy, since only certain
cell lines lacking endogenous $3 expression could upregulate its
expression. We attribute this distinction to chromatin accessi-
bility at ITGB3 enhancer regions, creating a “receptive” location
for STAT3 binding. Comparison of baseline gene expression
profiles among cell lines that could vs. could not induce ITGB3
expression allowed us to identify a gene expression pattern
predicting the potential for a cell to induce ITGB3 expression.
The ability to induce $3 is necessary for a cell to initiate tumors
at primary or metastatic sites, as evidenced by our in vivo data
and supported by informatics analysis showing that non-induc-
ible PDAC cell lines have a lower metastatic potential and
ITGB3-High PDAC tumor cells in patients associated with EMT
and the basal molecular phenotypes. Notably, integrin (3,

(D) Upper panel shows unbiased clustering of the 18-genes STRESS signature for TCGA-PAAD dataset. Lower panel depicts value of the computed STRESS

signature score.

(E) KM plot of RFS in patients with PDAC according to the STRESS or STRESS-Up signatures compared with Collisson and Moffitt signatures.

See also Figures S6 and S7 and Table S3.
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EMT, and basal molecular phenotypes have been reported to
drive metastatic progression.'%*%*® We then extended this
concept to create an 18-gene signature (STRESS) to identify
patient tumors capable of STAT3-mediated adaptation to
stress/inflammation, as defined by STAT3-pY705 binding to
differentially accessible enhancers regulating target genes,
which are also highly correlated with poor survival in the TCGA
pancreatic cancer dataset. Within this signature were 10
STRESS-Up genes that were upregulated and showed an even
stronger correlation with poor survival in patients with PDAC.
Our work highlights new opportunities to target STAT3 or its
effectors in molecularly defined subpopulations of patients
who are more likely to respond based on their expression of
STRESS signature genes. Despite biological evidence support-
ing STAT3’s role in a variety of cancers, drugs targeting the
JAK/STAT3 pathway have yet to produce significant improve-
ments in clinical outcomes, including several clinical trials that
included patients with pancreatic cancer.>®**®*” The lack of
success of JAK/STAT3 inhibitors may be due in part to the ability
of such therapeutics to achieve effective STAT3 blockade in
patients or due to dose-limiting toxicities from off-target adverse
events.’® It is also complicated to unravel the mechanisms of
action for STAT3 blockade, considering STAT3’s contributions
to multiple cell types within the tumor microenvironment. For
example, the JAK/STAT3 inhibitor ruxolitinib in combination
with inhibitors targeting mitogen-activated protein kinase
(MEK) and programmed cell death protein 1 (PD-1) is currently
being tested in a phase 1 trial for patients with metastatic
PDAC (NCT05440942), a cocktail intended to overcome immu-
notherapy resistance by targeting cancer-associated fibroblasts
and reprogramming tumor-associated macrophages.*® Simi-
larly, direct integrin 3 antagonists have failed to improve patient
outcomes.”®®" This could be because avp3, even in the unli-
gated state, plays a significant yet transient role during tumor
initiation before the cancer is diagnosed and possibly much later
in disease progression as tumor cell drug resistance occurs.
The STRESS gene signature represents genes inducible by
stressors or inflammatory mediators in the tumor microenviron-
ment and are notably distinct from previously identified PDAC
molecular subtype signatures. The STRESS genes identified pa-
tients with a significantly shorter RFS when compared with other
genetic signatures of PDAC. Considering that Moffitt, Collisson,
and subsequent molecular subtypes®*°* reflect cell types in
their immediate biological state, we propose that understanding
how cancer cells adapt to dynamic changes in the tumor micro-
environment is key for predicting future tumor behavior and
developing more efficacious treatment strategies. Furthermore,
a cell’s ability to adapt to its environment is governed by its ca-
pacity to activate specific gene expression programs, with not all
cells possessing the necessary prerequisites to be able to do
50.°27% Accordingly, the STRESS gene signature has the poten-
tial to complement previously identified PDAC gene signatures
because it describes which tumors are likely to adapt to stress,
inflammation, and other selective pressures independent of their
molecular subtype. Indeed, we empirically demonstrate that
STRESS inducibility is independent of known molecular
subtypes in human PDAC cell lines. Similarly, the STRESS signa-
ture did not correlate with PDAC subtypes in patients, suggest-
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ing that PDAC tumors, regardless of their molecular subtype,
contain individual cells capable of exhibiting a STRESS
response. While this observation appears to conflict with a
correlation between [TGB3 expression and basal/Q.M.
subtypes, we propose two explanations for this discrepancy.
First, as reported by Werba et al.,'® each patients’ tumor has
heterogeneous populations of classical and basal cells, so a
gain of STRESS genes may not be exclusive to either subtype
but instead reflect adaptations of individual cells to the evolving
landscape of the tumor microenvironment. Second, given that
STATS signaling is not exclusive to tumor cells, the STRESS
signature may reflect contributions from multiple cell types in
the tumor microenvironment.

Finally, like the Collisson and Moffitt molecular subtypes, the
STRESS and STRESS-Up signatures are more strongly associ-
ated with poor survival for pancreatic cancer than for other
epithelial cancers. Future efforts could replicate our process to
define signatures to reflect the role of STAT3 in the adaptation
to stress including targeted therapeutics or chemotherapies, in
other types of cancers, or in chronic inflammatory conditions
that are linked to cancer but for which cells do not typically har-
bor oncogenic mutations. It would also be interesting to identify
the drivers of the epigenetic states that allow or deny STAT3
recruitment to gene enhancer “families” and to explore how to
interfere with this process selectively and effectively without in-
terrupting STAT3’s broader functions.

Limitations of the study

This study primarily models stress and inflammation using hypox-
ia and IL-6 family cytokines, which serve as simplified proxies for
more complex physiological processes. Nevertheless, previous
studies, including our own, demonstrate that diverse stressors,
such as nutrient deprivation and oxidative stress from drug treat-
ment, can induce the expression of integrin 3, suggesting
broader relevance. Our focus on early transcriptional responses
emphasizes mechanisms occurring well before typical clinical
diagnosis, raising questions about how these findings translate
to established disease. While integrin 3 and STRESS signature
genes are transiently expressed during periods of stress and
inflammation and decline once tumors are established, their
fleeting expression may belie their functional importance. Indeed,
we found that these genes are critical for tumor initiation at the
primary site; however, while preliminary evidence suggests that
integrin p3 and STRESS signature genes may also be important
for metastatic seeding, further studies are required. Although
integrin p3 plays a prominent role, the contributions of other
STRESS genes to tumor initiation, stress adaptation, and progres-
sion remain unclear and will be the subject of a future study.
Importantly, while we used genetic perturbations to interrogate
the STAT3/p3 axis, we did not explicitly test whether pharmaco-
logic inhibition of STAT3 can block tumor initiation or progression
in vivo. Moreover, although we showed that chemotherapy in-
duces STRESS genes in human tumors, we could not demon-
strate whether targeting this pathway could sensitize tumors to
standard-of-care treatment. Thus, while our findings highlight
a novel opportunity to stratify PDAC subpopulations for STAT3-
targeted therapies, additional work is needed to validate this
approach.
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Horizon Discovery
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Plasmids were designed with protocol
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Plasmids were provided by
Dr. Hiromi Wettersten®”

Plasmids were generated
in house

Millipore-Sigma

EX-E2219-Lv105
EX-Lv105
UC San Diego

UC San Diego
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Software and algorithms

QuPath software
bowtie2 software

Samtools software
picard MarkDuplicates
deepTools bamCoverage

MACS2
DESeq2

HOMER

Bedtools Intersect

deepTools computeMatrix

ggcorrplot

ggplot2

Bankhead et al.®®

Langmead and Salzberg”®

Danecek et al.”’
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Ramirez et al.””

Gaspar’®

Love etal.”*

Heinz et al.’?
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Ramirez et al.”?

Wickham”®
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https://bowtie-bio.sourceforge.net/
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https://bioconductor.org/packages/
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annotation.html
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content/tools/intersect.html
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content/tools/computeMatrix.html
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ggcorrplot/
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scanpy Wolf et al.”” https://github.com/broadinstitute/
infercnv?tab=readme-ov-file

scvi-tools Gayoso et al.”® https://scvi-tools.org/

CellTypist Xu et al.”® https://www.celltypist.org/

PanglaoDB Franzén et al.?° http://panglaodb.se/

inferCNV Tickle et al.®’ https://github.com/
broadinstitute/infercnv

FlowJo v10 BD Biosciences https://www.flowjo.com/

GraphPad Prism v9.2.0 Dotmatics https://www.graphpad.com/

R version 4.3.3 The Comprehensive R https://cran.r-project.org/

Archive Network

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture

Human cancer cell lines were obtained from commercial vendors along with proof of cell line authentication. Upon receipt, each cell
line was expanded, cryopreserved as low-passage stocks, and tested for mycoplasma using a MycoScope PCR Mycoplasma
Detection Kit (Genlantis, MY01050). Cell lines were used for 30 passages or less. FG, CFPAC, PANC1, and MIAPACAZ cell lines
were cultured in DMEM supplemented with 10% FBS and 2 mM L-Glutamine [2 mM]. The remaining cell lines were cultured in
RPMI supplemented with 10% FBS and 2 mM L-Glutamine [2 mM].

Mouse study approval

All experiments involving mice were conducted under protocol S05018, approved by the UC San Diego Institutional Animal Care and
Use Committee. All experiments were performed in accordance with the NIH Guide for the Care and Use of Laboratory Animals. All
animals were housed under standard conditions, i.e., given unrestricted access to food and water, housed in standard cages, and
rooms regulated to control temperature and light cycles. Cell lines used for in vivo experiments confirmed negative for a panel of
human pathogens. Age-matched littermates were assigned randomly to experimental groups.

Subcutaneous xenograft model

Human pancreatic cancer cells were injected subcutaneously to mice in 100 pL sterile HBSS in 6- to 8-week-old female immune-
compromised nu/nu mice (Charles River Labs). Mice were examined twice weekly for palpable tumors. Time to tumor initiation
was determined by the emergence of a tumor larger than 100 mm? in volume, using Volume = 0.5 x Length x Width?.

i-KPC and iKPC-$3KO mice

p3710x/Mox mice®® were obtained from Dr. Katherine Weilbaecher at Washington University St. Louis. i-KPC (Kras-St-G72P/Tp53ox/flox;
Pdx1-Cret; Strain #032429) were acquired from Jackson Labs, maintained on a B6 background for several generations, and
crossed to generate i-KPC-B3KO mice (Kras-St—6120/7p53M0x/ox jtap 3flox/flox pay1-CreFR). Adult 3 WT and KO siblings (age-
matched littermates of either sex) were treated I.P. at post-natal days 42, 44, and 46 with 225 mg/kg Tamoxifen (Sigma; T5648-
1G) in corn oil to induce recombination. For survival/end-stage experiments, mice were sacrificed when they became moribund,
and pancreas tissue and tumors were collected and either Zinc-formalin fixed for histology and/or flash frozen for RNA analysis.
To assess early-stage tumor-initiating events, mice were sacrificed and the pancreas collected for histology 60 days following
Tamoxifen treatment. No sex-differences were observed.

METHOD DETAILS

Histology

Zinc-formalin fixed tissues were deparaffinized and rehydrated followed by antigen retrieval in high pH buffer at 95°C. Tissues were
stained using the IMmPRESS Excel Staining Kit (VectorLabs, MP-7601-50) and developed using DAB or the ImmPACT VIP Substrate
Kit (VectorLabs, SK-4605). Primary antibodies for integrin 3 (Cell Signaling, 13166S, 1:200) and KRT19 (Invitrogen, MA5-35221,
1:200) were incubated overnight at 4°C. Sections were also stained for H&E (VectorLabs, H-3502) and Alcian blue (VectorLabs,
H-3501) to assess pathology. The slides were imaged using an Olympus VS200 Slide Scanner at The UCSD School of Medicine Light
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Microscopy Facility (funded by grant NINDS P30NS047101). Whole tissue quantification was performed by a blinded observer using
QuPath software for Bioimage Analysis.®®

Immunofluorescence staining

Fresh frozen pancreatic tissues from KTC and KTC-Stat3KO mice were sectioned onto glass slides and aerosol fixed for 15 min with
10% normal buffered formalin. Tissues were subsequently dried on a slide warmer for 20 min to remove moisture and ensure adhe-
sion to the slides. High pH antigen retrieval was performed at 95°C for 25 min to unmask epitopes, followed by incubation with
Mouse-on-Mouse Blocking Reagent (VectorLabs, MKB-2213-1), 2.5% normal horse serum, and primary antibodies overnight
against CPA1 (R&D, AF2765, 1:400), KRT19 (Genetex, GTX27755, 1:150), and integrin 33 (Cell Signaling, 13166S, 1:200). Proteins
were visualized using species-specific fluorescence-conjugated secondary antibodies. Images were obtained using an Olympus
VS200 slide scanner, and whole tissue quantification was performed by a blinded observer using QuPath software.

Immunoblotting

Immunoblotting was performed as previously described. Briefly, cells were washed twice with HBSS before lysing with either 1X
RIPA buffer containing protease and phosphatase inhibitors, 2X sample buffer containing 1X reducing agent, or for conditioned su-
pernatant, 4X sample buffer containing 1X reducing agent (BioRad #1610737 and #1610747). ABCA assay (Thermo, 23227) was per-
formed, and the lysates were normalized. Sample buffer (NUPAGE LDS Sample Buffer 4X, Sigma, Catalog#NP0007) and reducing
agent (NUPAGE Sample Reducing Agent, Sigma, NP0O009) were added to the cell lysates. All samples were heated at 95°C for
5 min 10 pg of protein or 30 pL of each sample containing Laemmli buffer was loaded onto an SDS-PAGE gel. Blocking was per-
formed in 5% BSA in TBS-T, and probing was performed in 5% BSA in TBST buffer.

Effect of cytokines on 3 and avf33 expression levels

Human recombinant cytokines were purchased from PeproTech: OSM (300-10H; 0.2 ng/ml [WB]; 10 ng/ml [FACS]), LIF (300-05;
10 ng/ml [WB]; 20 ng/ml [FACS]), IL-11 (200-11; 10 ng/ml), CNTF (450-13; 10 ng/ml), NNT-1 (450-18; 10 ng/ml), CT1 (300-32;
10 ng/ml), IL-27 (200-38; 10 ng/ml), IL-31 (200-31; 10 ng/ml), TGF-p1 (100-21; 10 ng/ml); Bio-techne: II-6-sIL-6R (8954-SR-025;
5 ng/ml [WB]J; 20 ng/ml [FACS]); and Proteintech: IL-6 (HZ-1019-100UG; 10 ng/ml). Cells were cultured under standard conditions
with or without the addition of inflammatory cytokines for 72 h, then either lysed to evaluate p3 protein expression using immunoblot,
or else dissociated into a single cell suspension, stained for avp3 surface expression with LM609 (1 ng/ml), and assessed using flow
cytometry. The JAK inhibitors, ruxolitinib and baricitinib, and the histone deacetylase inhibitor Vorinostat were reconstituted in DMSO
and administered to cells at indicated concentrations and 0.1% DMSO. JAK inhibitors and Vorinostat were administered simulta-
neously with inflammatory cytokines for 72 h. Total cell lysates were then prepared for immunoblot analysis.

Effect of hypoxic stress on 3 and avf3 expression levels

Cells were cultured under normal atmospheric oxygen levels (normoxia) or hypoxic conditions using a Coy Oxygen Control In-Vitro
Glove Box (hypoxia chamber), which maintains oxygen levels at 1% to model a hypoxic environment. Cells were cultured in normoxia
or hypoxia for 72 h before being lysed and prepared forimmunoblot analysis. To investigate the effects hypoxia mediated effects on
avp3 surface expression, cells were cultured in normoxia or hypoxia for 96 h. Media was changed after 48 h. JAK inhibitors were
added to cells just prior to moving to cells into the hypoxia chamber.

Effect of STAT3 knockdown on hypoxia-stimulated 3 expression

STAT3 expression was silenced using small interfering RNA (siRNA) which was resuspended in 1X siRNA buffer (Horizon cat#:
B-002000-UB-100). Target cells plated 24 h earlier were transfected with siRNA targeting STAT3 or a non-targeting control to a final
concentration of 50 nM with the lipofectamine 2000 transfection reagent (ThermoFisher cat#: 11668019) per the manufacturer’s in-
structions. Cells were incubated for 48 h before media was changed and cells were relocated to the hypoxia chamber. Cells were
then incubated in hypoxia for 72 h before being removed, lysed, and prepared for immunoblot analysis.

qPCR analysis

To assess RNA expression in tumors from mice, 100 mg flash frozen tissues were homogenized in Buffer RLT (Qiagen), and RNA was
purified using the RNeasy mini kit (Qiagen cat# 74106). For experiments using human cell lines, adherent (2D) cells were washed
twice with 1x HBSS and scraped off in the presence of Buffer RLT (Qiagen). Complementary DNA was synthesized by using
High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific #4368814), and RT-PCR was performed on a Bio-Rad ther-
mocycler with SYBR Green (Bio-Rad #1725124). Expression of each target gene is normalized to a stable housekeeping gene and
quantified using the 2-AACT method. Validated primer sequences from Harvard Primer Bank were synthesized by Integrated DNA
Technologies and are listed in Tables S1-S3.

Establishment of CRISPR KO cell lines

CRISPR knockout (KO) cell lines were established by transiently transfecting FG cells with CAS9-2A-GFP and an individual and gene
specific CRISPR guide strand plasmid using the lipofectamine 2000 transfection agent following the manufactures guidelines.
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Successfully transfected can be visualized 48 h later as green fluorescent protein (GFP) positive cells under a fluorescent micro-
scope. 72 h after transfection, GFP+ cells were FACS sorted into a 96 well plate (1 cell/well). Single cell clones were allowed to
expand. Positive clones for target KO were selected by immunoblot analysis for either STAT3 or p3 knockout. Genetic edits were
confirmed by Sanger sequencing (data not shown). Experimental KO lines represent pools of a minimum of six validated clones.

Establishment of cell lines expressing ectopic 3

Lentivirus was generated in Hek293T packaging cell line after transfecting the Integrin 3 Lentiviral transfer plasmid (GeneCopoeia)
and packaging plasmids for PAX2 and VSVG with lipofectamine 2000. Functional virus secreted from HEK293T cells was collected
and filtered through 0.45 pm cellulose acetate membrane. FG target cells were then transduced with the filtered virus +8[pg/mL] poly-
brene overnight. Positively transduced cells were selected for with puromycin [2 pg/mL]. Ectopic expression of 3 was confirmed by
immunoblot and flow cytometry analysis.

Flow cytometry

For flow cytometry, cell pellets were washed with PBS, blocked with 1% BSA in PBS for 30 min at room temperature, and stained with
or without indicated primary antibodies with fluorescently labeled secondary antibodies. Cells were incubated with live/dead fixable
blue dead cell stain kit (Invitrogen, L23105). Flow cytometry was performed on a BD Fortessa X-20 (BD) analyzer, and the data were
analyzed using FlowJo (Treestar) software.

ChiP-seq
STAT3 ChIP-segs were carried out as described previously®” double-crosslinking cells with 2 mM disuccinimidy! glutarate/PBS and
1% formaldehyde final, and performing sonication and IP using RIPA buffer.

ChlP-seq analysis

ChIP-seq was analyzed using two independent pipelines by independent researchers. First, ChIP FASTQ files were aligned to Hg38
reference genome using bowtie2 and the resulting SAM alignment files were converted to tag directories using the makeTagDirectory
command of the HOMER suite.'? To visualize ChIP-seq data, bedGraph files were created for each tag directory using HOMER’s
makeUSCfile command. STAT3 binding regions were then identified with HOMER findPeaks command. This command produced
a peaks file for each sample in both the control and experimental groups. Differential peaks between hypoxia vs. normoxia groups
and OSM treated vs. non-treated cells were then identified by comparing individual sample peak files. The differential peaks were
identified and annotated using the HOMER getDifferentialPeaks. Differential peaks were annotated using HOMER annotatePeaks
and GeneHancer database. Differential peaks were then ranked by the peak score generated by HOMER getDifferentialPeaks
analysis. Due to the excessive number of peaks identified, we selected the top 200 ranked peaks identified form hypoxia and
OSM experiments. Peaks present in both datasets were identified using the Bedtools intersect feature.

To ensure the findings are robust and unbiased, ChIP FASTQ files were aligned to Hg38 reference genome using bowtie2 and the
resulting SAM alignment files were converted to BAM files. Mitochondrial reads were removed using samtools. To visualize read
pile-ups with IGV, bigwig files were generated using the bamCoverage command. Peaks were found with MACS3 and quantified
with featureCounts. Differential expression of counts was conducted with DEseq2. Peaks were annotated with HOMER annotate-
Peaks.pl and GeneHancer. Differential peaks were defined as adjusted p < 0.05.

ChIP-PCR

STAT3 and Histone H3-K27 acetylation ChIP-PCRs were carried after double-crosslinking cells with 2 mM disuccinimidy! glutarate/
PBS and 1% formaldehyde. Chromatin sonication was performed with Covaris E220 focused ultrasonicator as described previ-
ously®® and IPs were performed using SimpleChIP® Chromatin IP Buffers (Cell Signaling Cat #14231) per the manufacturer
recommendations.

p3 inducible signature identification

Expression data for 5 PDAC cancer cell lines empirically determined to be inducible and 5 cell lines determined to be non-inducible
was downloaded from the Cancer Cell Line Encyclopedia (CCLE) database via the DepMap web portal. We accessed the raw counts
for these 10 cell lines and performed a differential expression analysis using the DESeq2 bioinformatics package in R. Differentially
expressed genes (DEGs) were identified as genes with Log?2 fold changes >1 or < —1 and an adjusted p value (FDR) < 0.05. The DEGs
were visualized as a volcano plot and as heatmap generated using the EnhancedVolcano (https://bioconductor.org/packages/
release/bioc/html/EnhancedVolcano.html) and pheatmap (https://cran.r-project.org/web/packages/pheatmap/index.html) pack-
ages in R. The DESeg2 normalized expression counts were extracted and rlog transformed. DEGs with standard deviations >2 in
either the inducible and non-inducible groups were filtered out in order to generate a robust signature that includes only differentially
expressed genes common to all cell lines in each group. The 93 remaining upregulated DEGs were used to define the 3 inducible
signature.
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ATAC-seq analysis

In order to determine if differences in gene expression were regulated by chromatin accessibility, publicly available ATAC-seq FASTQ
files representing empirically tested “Inducible” and “Non-inducible” cell lines were downloaded from the NCBI GEO/SRA Repos-
itories. FASTQ files were aligned to Hg38 using bowtie2. Multimapping sequences and mitochondrial reads were removed using
samtools. Duplicate and unmapped reads and reads with low quality were removed with picard MarkDuplicates. To visualize
read pile-ups with IGV, bigwig files were generated using the bamCoverage command. Peaks were found with MACS2. Differential
expression of accessible peaks was conducted with DEseq2. Peaks were annotated with HOMER annotatePeaks.pl and
GeneHancer.

STRESS signature identification

To find differentially accessible chromatin sites in common to the STAT3 binding sites identified in previous CHIP-seq experiments,
bed files for ChlP- and ATAC-seq files were filtered using the Bedtools Intersect feature. Regions identified as open chromatin and
STAT3 binding (STAT-open regions) were identified and annotated with GeneHancer. 54 genes associated with these identified
regions were cataloged. The computeMatrix (https://deeptools.readthedocs.io/en/develop/content/tools/computeMatrix.html) R
package was used to illustrate that all the observed STAT-open regions were located at enhancer regions. Gene expression data
from the TCGA PAAD patient cohort was downloaded. Expression data for the 54 cataloged genes was extracted for each patient
and Pearson correlations were performed for every possible gene-pair using the ggcorrplot (https://cran.r-project.org/web/
packages/ggcorrplot/) R package. The calculated p values were extracted and adjusted for multiple testing using the Holm method.
After filtering out gene pairs with p values < 0.05, we calculated and ranked how often individual genes were represented in signif-
icantly correlated gene pairs. We selected the most correlated genes as genes ranked in the half of our rankings. Correlation plots
were generated with the ggplot2 (https://ggplot2.tidyverse.org/) R package. The correlation analysis enabled us to filter the 54 gene
list down to 18. Of these 18 genes, 10 were positively correlated and 8 were negatively correlated. The 10 positively correlated genes
represented STAT3 inducible genes and the remaining 8 represented STAT3 repressed genes. The 10 inducible genes were selected
as the STRESS signature.

Survival analysis

In order to evaluate the correlation between individual gene expression or average expression of gene sets with human patient sur-
vival, we utilized the online survival analysis tool KM-plotter.®? The Pan-cancer mRNA RNAseq Pancreatic ductal adenocarcinoma
cohort of patients (n = 177) derived from GEO, EGA, and TCGA repositories was used to assess Overall and Relapse-free survival
utilizing the following parameters: Use multiple genes feature; Use mean expression of selected genes; Invert feature for downregu-
lated genes; Auto select best cutoff; Compute median survival; Censore at threshold. Hazard ratios and p values are reported.

Single-cell RNA sequencing analysis of human PDACs

Single-cell RNA sequencing of human PDACs, including both untreated and treated samples, were analyzed. Data were retrieved
from the Gene Expression Omnibus Series GSE205013,'® which includes 27 pre- and post-chemotherapy samples from primary
and liver metastatic sites. For this analysis, n = 12 primary tumors were selected, including n = 6 untreated and n = 6 treated samples.

Unprocessed.mtx files were downloaded and pooled based on treatment status into our analysis pipeline built using scanpy’” and
scvi-tools.”® Cells expressing fewer than 200 genes and genes detected in fewer than 10 cells were excluded. Doublets were iden-
tified and removed using the SOLO model from the scVI package. Mitochondrial (MT) and ribosomal gene expression metrics were
assessed: cells with MT and ribosomal gene counts exceeding more than 15% of a cell’s total gene pool were removed. Cells with
abnormally high gene counts, above a 98th percentile threshold also were excluded.

Following sample processing, ribosomal genes were removed to reduce noise and enhance the detection of biologically relevant
expression patterns. Batch correction and normalization were applied to the pooled sample sets using an scVI-trained model.
The library size-normalized gene values were then used to calculate nearest-neighbors and the Leiden algorithm (resolution = 0.1)
was applied for clustering, followed by Uniform Manifold Approximation Projection (UMAP) visualization. Initial automated cluster
annotation was performed using the CellTypist package with the ‘immune_All_Low.pkl’ model.”® For the n = 12 Leiden clusters,
the rank_genes_groups function in Scanpy was used to identify the top marker genes for each cluster. After assigning predicted
labels, the cluster annotations were finalized through manual verification using known marker genes from PanglaoDB.%° As an addi-
tional filtering step, only cells labeled as ‘Epithelial cells’ by CellTypist’s ‘majority_voting’ prediction from the malignant UMAP clus-
ters were retained for downstream analysis.

Copy number variation (CNV) analysis was performed on the epithelial cell subsets using inferCNV,®" with the immune cell popu-
lation designated as the normal reference to establish baseline gene expression. A sliding window of 250 genes was applied to calcu-
late CNV scores on a per-cell basis. The lowest CNV scoring epithelial cell cluster, representing normal-adjacent tissue, was removed
for downstream analysis.

To explore the effects of ITGB3 expression, epithelial cells were stratified based on gene expression levels for the entire malignant
sample pool. The top 10% (/TGB3-High) and bottom 10% (/TGB3-Low) of cells, representing the highest and lowest expression ex-
tremes, were selected for analysis. This resulted in 2,270 cells for each group (high and low expression) across both treatment con-
ditions. Gene set scoring using the scanpy score_genes function was used to assess differences in STAT3 genes identified from ChIP
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sequencing, and basal, classical, and quasi-mesenchymal (QM) PDAC subtypes. Distribution of signature scores for each ITGB3
population were visualized as a violin plot, and a Mann-Whitney U statistic was calculated for each to validate statistical significance.
QUANTIFICATION AND STATISTICAL ANALYSIS
All quantification and statistical analyses were performed either with GraphPad Prism or R, except for human patient survival ana-
lyses which were performed with KM plotter. The statistical tests used, the value of n, what n represents, the graph metrics, and the

significance values are indicated in the figure legends and/or on the figures directly. Statistical significance was set to p < 0.05 unless
otherwise stated.
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