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SUMMARY

Pancreatic cancer is associated with an oncogenic KRAS mutation in approximately 90% of cases. However,
anon-negligible proportion of pancreatic cancer cases harbor wild-type KRAS (KRAS-WT). This study estab-
lishes genetically engineered mouse models that develop spontaneous pancreatic cancer in the context of
KRAS-WT. The Trp53°*F°*P.Smad4'o*F""*xF.pdx1-Cre (PPSSC) mouse model harbors KRAS-WT and loss
of Trp53/Smad4. The Trp53'*F/1oxP.Tgfpro!oxFloxP.pgx1-Cre (PPTTC) mouse model harbors KRAS-WT and
loss of Trp53/Tgfbr2. We identify that either Trp53/Smad4 loss or Trp53/Tgfbr2 loss can induce spontaneous
pancreatic tumor formation in the absence of an oncogenic KRAS mutation. The Trp53/Smad4 loss and
Trp53/Tgfbr2 loss mouse models exhibit distinct pancreatic tumor histological features, as compared to
oncogenic KRAS-driven mouse models. Furthermore, KRAS-WT pancreatic tumors with Trp53/Smad4
loss reveal unique histological features of pancreatic adenosquamous carcinoma (PASC). Single-cell RNA
sequencing (scRNA-seq) analysis reveals the distinct tumor immune microenvironment landscape of
KRAS-WT (PPSSC) pancreatic tumors as compared with that of oncogenic KRAS-driven pancreatic tumors.

INTRODUCTION

Pancreatic cancer is a highly lethal malignant disease that re-
mains refractory to therapies. Pancreatic cancer development
is associated with the dominant occurrence of an oncogenic
KRAS gene mutation in approximately 90% of cases." In addi-
tion, mutations and/or deficiencies of tumor suppressor genes,
including TP53 (60%-70%), CDKN2A (30%-40%), and SMAD4
(30%-40%), are commonly noted.>® Approximately 10% of
pancreatic cancer cases harbor wild-type KRAS (hereafter
referred to as “KRAS-WT”), whereas the mechanism of KRAS-
WT pancreatic cancer development remains less understood.*”’
Recent studies identified a variety of alternative driver mutations,
deletions, or fusions in KRAS-WT pancreatic cancer, providing
insights into the molecular mechanism and potential therapeutic
strategies for KRAS-WT pancreatic cancer.®'?

In the past decades, genetically engineered mouse models
with spontaneous pancreatic cancer development have pro-
vided insights into the mechanisms by which the oncogenic
KRAS mutation, in combination with tumor suppressor gene
deficiency, drives pancreatic tumor initiation, progression,
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and metastasis.’®'® However, genetically engineered mouse

models that recapitulate the development of KRAS-WT pancre-
atic cancer are still lacking.

In this study, we established genetically engineered mouse
models that can develop autochthonous pancreatic tumors in
the background of KRAS-WT. The Trp53°F/1oFP-Smadg4loxP/ioxF.
Pdx1-Cre (PPSSC) mouse model harbors KRAS-WT and
loss of Trp53/Smad4. The Trp53F1oF-Tgfpro/oF/oxP-pax1-Cre
(PPTTC) mouse model harbors KRAS-WT and loss of Trp53/
Tgfbr2. We identified that either Trp53/Smad4 loss or Trp53/
Tgfbr2 loss is sufficient to induce spontaneous pancreatic tumor
formation in the absence of the oncogenic KRAS mutation. We
compared the pancreatic tumor histology of Trp53/Smad4 loss
and Trp53/Tgfbr2 loss mouse models with that of oncogenic
KRAS-driven mouse models. Interestingly, the Trp53/Smad4
loss pancreatic tumor, but not the Trp53/Tgfbr2 loss pancreatic tu-
mor, reveals pancreatic adenosquamous carcinoma (PASC)
phenotype. We utilized single-cell RNA sequencing (scRNA-seq)
analysis to identify the distinct tumor immune microenvironment
landscape of Trp53/Smad4 loss pancreatic tumors, as compared
to that of oncogenic KRAS-driven pancreatic tumors.
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RESULTS

The PPSSC mouse model develops spontaneous
pancreatic tumors in the background of KRAS-WT
Pancreatic cancer is predominantly associated with the occur-
rence of oncogenic KRAS gene mutations in approximately
90% of all cases. However, there are approximately 10% of
pancreatic cancer cases harboring KRAS-WT gene. An analysis
of The Cancer Genome Atlas dataset revealed that KRAS-WT
pancreatic cancer cases often harbor alteration and/or deletion
in tumor suppressor genes such as TP53 and SMAD4 (Fig-
ure 1A). To further test whether loss of p53 and SMAD4 is suf-
ficient to induce autochthonous pancreatic tumor formation, we
generated the PPSSC transgenic mouse model (Figure 1B). Due
to the fact that currently there is no other KRAS-WT transgenic
mouse model of pancreatic adenocarcinoma, the KPPC mouse
model (LSL-Kras®'2P:Trp53°F°-pgx1-Cre) was used as the
best available control group (Figures 1C and 1D). PPSSC
mice exhibited significantly slower tumor progression than
KPPC mice (Figure 1C). PPSSC mice developed spontaneous
pancreatic tumors between 6 and 12 months of age with a me-
dian survival of 8 months, as compared to KPPC mice with a
median survival of 2.5 months (Figure 1C). Interestingly,
PPSSC mice developed adenosquamous subtype tumors, in
contrast to the typical adenocarcinoma subtype tumors in
KPPC mice (Figure 1D). We confirmed the Pdx7-Cre-driven
recombination (conditional knockout) of Smad4 and Trp53
genes, as well as the KRAS-WT status, in the pancreas of
PPSSC mice using genotyping PCR assays (Figure S1A). While
PPSSC mice develop pancreatic tumors between 6 and
12 months of age, PPSC mice (with homozygous loss of
Trp53 and heterozygous loss of Smad4) did not exhibit
abnormal histology or tumorigenesis in the pancreas over a
12-month observation period (Figure 1E). Besides the tumor for-
mation in the pancreas, PPSSC mice did not exhibit abnormal
histology in other organs (Figure S1B). Additional histological
analysis of PPSSC mice revealed the development of pancre-
atic tumors over time, from 1 to 10 months of age (Figure S2A).
Further analyses revealed that PPSSC tumors had significantly
lower levels of Alcian blue, cytokeratin-19, and phospho-
ERK1/2 (P-ERK) staining than stage-matched KPPC tumors
(Figure 1F). In addition, PPSSC tumors exhibited lower levels
of type | collagen and CD45, while harboring similar alpha-
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smooth muscle actin levels, as compared to KPPC tumors
(Figure S2B).

Loss of p53 and SMAD4 induces pancreatic
tumorigenesis with adenosquamous carcinoma
phenotype

In our previous assays (Figures 1D-1F), we noticed that PPSSC
tumors exhibited significantly different histology as compared to
KPPC tumors. Further analyses revealed the cancer cells of
PPSSC tumors harbor unique adenosquamous carcinoma
phenotype, in contrast to the typical adenocarcinoma pheno-
type observed in cancer cells of KPPC tumors (Figure 2A). Pri-
mary cancer cell lines established from PPSSC tumors revealed
significant upregulation of keratinization pathway genes associ-
ated with squamous differentiation as compared with cancer cell
lines from KPPC tumors, based on the bulk RNA sequencing
analysis on these cancer cell lines (Figures 2B and 2C). As ex-
pected, PPSSC cancer cells harbored significantly elevated
levels of squamous genes including Trp63 (encoding p63),
Krt5 (encoding CK5), Krt6a/b (encoding CK6), and other squa-
mous signature genes (Figure 2D), consistent with previous def-
initions.” Immunohistochemistry staining further validated that
PPSSC tumors had significantly higher p63 level than KPPC tu-
mors (Figure 2E). In addition, PPSSC tumors exhibited signifi-
cantly higher CK5 level and lower CK8 level than KPPC tumors,
further confirming the squamous phenotype of PPSSC tumors
(Figure 2F). Our observations on the PPSSC tumor model are
consistent with recent studies showing the squamous pheno-
type of a commonly used human pancreatic cancer cell line
BxPC3, harboring TP53 mutation and SMAD4 loss in the back-
ground of KRAS-WT."®

The adenosquamous carcinoma phenotype of PPSSC
model is correlated with p63 upregulation

Many previous studies identified p63 as a master regulator of
squamous differentiation.’®™'® Therefore, we conducted addi-
tional assays and identified that PPSSC cancer cells exhibited
higher levels of both p63 protein and ANp63 transcript (the onco-
genic form of p63), while the level of TAp63 isoform transcript
remained unchanged, as compared to KPPC cancer cells
(Figures 3A and 3B). Knockdown of Trp63 by small interfering
RNAs (siRNAs) significantly inhibited the cell viability of PPSSC
cancer cells (Figures 3C and 3D). Next, we sought to address

Figure 1. The Trp53'°F/"°xP:5mad4'°xP/"°xP:pgx 1-Cre mouse model develops distinct pancreatic tumors from the LSL-Kras®'22;Trp53/oxFP/loxP,
Pdx1-Cre mouse model

(A) Genetic alterations of TP53 and SMAD4 among patients with wild-type KRAS gene (KRAS-WT) from The Cancer Genome Atlas-Pancreatic Adenocarcinoma
(TCGA-PAAD) cohort. Mutation was color-coded for indicated genetic event.

(B) Genetic strategy of pancreatic (Pdx7-lineage)-specific deletion (conditional knockout) of Trp53 and Smad4 using the Trp53'°F/°F:Smad4/*xF°xPpdx1-Cre
(PPSSC) mouse model.

(C) Survival of PPSSC mice (n = 9) and LSL-Kras®'?P; Trp53'FoxP:pdx1-Cre (KPPC) mice (n = 9). PPSC (Trp53'°/F:Smad4'°F/*;Pdx1-Cre) mice were also
shown (n = 4). Log rank (Mantel-Cox) was used.

(D) Overview images of H&E staining for pancreatic tumor sections from PPSSC mice (8-month-old) and KPPC mice (2.5-month-old). See also Figures S1B
and S2A.

(E) Representative images of H&E staining for pancreatic tissue sections from indicated mice: PPSSC mice (8-month-old), PPSC mice (8-month-old), and KPPC
mice (2.5-month-old). Representative images were shown from each group (n = 5/group).

(F) Pancreatic tumor sections from KPPC mice (2.5-month-old) and stage-matched PPSSC mice (8-month-old) stained for Alcian blue, cytokeratin-19 (CK19),
and phospho-ERK1/2 (P-ERK). Representative images were shown from each group (n = 5/group). Staining positivity quantification was shown with Student’s t
test. Scale bar: 100 um. See also Figure S2B. **p < 0.01, ***p < 0.001.
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Figure 2. Loss of p53 and SMAD4 induces pancreatic tumor formation with unique adenosquamous carcinoma features
(A) Representative images of H&E staining on tumor sections from KPPC mice (2.5-month-old) and stage-matched PPSSC mice (8-month-old), in comparison
with representative images of primary cancer cell lines established from KPPC and PPSSC tumors. Scale bar: 100 um.

(legend continued on next page)
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how Smad4 deficiency results in Trp63 upregulation. Previous
studies showed that Notch1 downregulation contributes to the
squamous neoplasm development, while Notch1 suppresses
p63 expression by downregulating interferon-responsive factors
(IRFs), such as IRF7 and IRF3, that bind to the IRF-binding sites
in the ANp63 promoters.?®?" Consistently, Notch1 downregula-
tion was observed in PPSSC cancer cells, while Notch2 level re-
mained unaltered, as compared with KPPC cancer cells (Fig-
ure 3E). We also observed that Irf7 and the interferon-induced
gene Ifit1 were upregulated in PPSSC cancer cells (Figure 3F).
Consistently, gene set enrichment analysis (GSEA) on the bulk
RNA sequencing (RNA-seq) data of PPSSC cancer cells vali-
dated that the interferon-a./y signaling pathways were enriched
in PPSSC cancer cells, as compared to KPPC cancer cells (Fig-
ure 3G). Furthermore, PPSSC cancer cells exhibited higher
expression levels of Cebpd (encoding C/EBP3) and Cebpg (en-
coding C/EBPy) than KPPC cancer cells, while Cebpa and
Cebpb levels were similar between PPSSC and KPPC cancer
cells (Figure 3H). These results are consistent with the previous
report showing that C/EBPd can bind to and activate the
ANp63 promoter directly.>” Furthermore, we observed a signifi-
cant decrease in ANp63 transcript levels in PPSSC cancer cells
transfected with a vector of SMAD4 expression, as compared to
PPSSC cells transfected with a control vector (Figure S3A).
Taken together, our results indicated that PPSSC cancer cells
upregulate p63 due to the downregulation of Notch1, as well
as the upregulation of Irf7 and Cebpd.

To explore whether PPSSC cancer cells maintain their unique
squamous phenotype in vivo, we established a syngeneic (ortho-
topic) pancreatic tumor mouse model by orthotopically injecting
PPSSC cancer cells into the pancreas of C57BL/6 mice (Fig-
ure 3l). PPSSC cancer cells were able to form pancreatic tumors
preserving the adenosquamous carcinoma histology (Figure 3l),
identical to the spontaneous pancreatic tumors from PPSSC
transgenic mice. Consistently, the orthotopic PPSSC tumors
also preserved high expression levels of CK5 and p63, in
contrast to low CK8 expression (Figures 3J, S3B, and S3C).
These results suggested that PPSSC cancer cells consistently
exhibit adenosquamous characteristics in vitro and in vivo.

Loss of p53 and SMAD4 in PPSSC cancer cells is not
associated with mesenchymal or basal-like phenotype
Next, we queried whether the PPSSC cancer cells might harbor
mesenchymal or basal-like phenotype, in addition to the ad-
enosquamous phenotype. GSEA results revealed that the
epithelial-to-mesenchymal transition (EMT) pathway was down-
regulated in PPSSC cancer cells, as compared with KPPC
cancer cells (Figure S4A). EMT signature genes such as Cdh2
(encoding N-cadherin), Vim (encoding vimentin), and genes en-
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coding EMT transcriptional factors (including Snal1, Snal2,
Zeb1, Zeb2, and Tcf3) were downregulated in PPSSC cancer
cells, while the epithelial-subtype marker gene Cdh1 (encoding
E-cadherin) was upregulated (Figures S4B and S4C). Immuno-
histochemistry staining results further validated that the
spontaneous pancreatic tumors from PPSSC mice possessed
a higher E-cadherin level and lower levels of vimentin/ZEB1,
as compared to KPPC tumors (Figure S4D). Moreover, the
transwell migration assay indicated that PPSSC cancer cells
exhibited lower migration capability than KPPC cancer cells
(Figure S4E).

Recent studies have established that pancreatic cancer cases
can be classified into multiple subtypes, such as the basal-like
subtype and classical subtype.®>>"2° We examined the expres-
sion of 11 basal-like subtype signature genes and 11 classical
subtype signature genes to compare the KPPC and PPSSC can-
cer cells. However, the expression profiles of basal-like subtype
and classical subtype genes were not significantly different be-
tween KPPC and PPSSC cancer cells (Figures S5A and S5B).

In addition, we compared the cell proliferation rate between
PPSSC and KPPC cancer cell lines. PPSSC cancer cells ex-
hibited a lower proliferation rate than KPPC cancer cells (Fig-
ure S6A). Due to the absence of the oncogenic KRAS®'2P driver
mutation, PPSSC cancer cells were resistant to the treatment
of KRAS®'2P inhibitor MRTX1133 (Figure S6B), a potent drug
candidate being widely evaluated in the context of pancreatic
cancer.?*® In contrast, the KPPC cancer cells were sensitive
to MRTX1133 treatment (Figure S6B). P-ERK, a downstream
signal induced by oncogenic KRAS®'2P, was significantly
reduced by MRTX1133 treatment in KPPC cancer cells, but
not in PPSSC cancer cells (Figure S6C). Consistently, PPSSC
cancer cells were also resistant to the inhibitor of MEK, another
key mediator of the oncogenic KRAS®'2P signaling pathway,
while KPPC cancer cells were sensitive to MEK inhibitor treat-
ment (Figure S6D). Furthermore, we conducted an additional
assay to examine the sensitivity of KPPC and PPSSC cancer
cell lines to the treatment of multiple agents, including YAP inhib-
itor (verteporfin), STAT3 inhibitor (niclosamide), PARP inhibitor
(olaparib), BET inhibitor (JQ1), AKT inhibitor (MK-2206), DDR1 in-
hibitor (7RH), FAK inhibitor (VS-4718), mTOR inhibitor (rapamy-
cin), ferroptosis inducers (RSL3 and erastin), and gemcitabine,
all of which showed similar effects on KPPC and PPSSC cancer
cell lines (Figures S6E-S60).

Another mouse model (PPTTC) with a loss of p53 and
TGFBR2 also develops spontaneous pancreatic tumors
in the absence of the oncogenic KRAS mutation

Given the close association between SMAD4 and TGFBR2 in
pancreatic cancer, we next queried whether loss of p53 and

(B) Top enriched biological process pathways by gene ontology analysis for the upregulated genes in PPSSC cancer cells, as compared to KPPC cancer cells.
(C) Gene set enrichment analysis (GSEA) of RNA-seq data on KPPC and PPSSC cancer cell lines. Squamous pancreatic cancer signature genes were enriched in

PPSSC cancer cells, as compared with KPPC cancer cells.

(D) The expression levels of featured genes from squamous pancreatic cancer signature in KPPC and PPSSC cancer cells.

(E) Representative images of immunohistochemistry staining of p63 on tumor sections from KPPC mice (2.5-month-old) and stage-matched PPSSC (8-month-
old) mice (n = 5/group). Quantitative results were shown with Student’s t test. Scale bar: 100 um. ***p < 0.001.

(F) Representative images of immunofluorescence staining for CK5 (red), CK8 (green), and nuclei/DAPI (blue) on tumor sections from KPPC mice (2.5-month-old)
and PPSSC mice (8-month-old) (n = 5/group). Quantitative results were shown with Student’s t test. Scale bar: 100 um. **p < 0.001.
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TGFBR2 could also induce pancreatic tumor formation, similar
to that induced by loss of p53 and SMAD4. We established the
PPTTC mouse model (Figure 4A), which developed sponta-
neous pancreatic tumors between 8 and 12 months of age
with a median survival of 9 months, while the Trp53/°F/oxF:
Tgfbr2'>F*:Pdx1-Cre control mice harboring homozygous
loss of Trp53 and heterozygous loss of Smad4 did not exhibit
abnormal histology or tumorigenesis in the pancreas over a
12-month observation period (Figure 4B). Interestingly, both
PPSSC and PPTTC tumors showed minimal signs of pancreatic
intraepithelial neoplasia (PaniIN), as shown by both H&E stain-
ing and Alcian blue staining (Figure 4C). In contrast, oncogenic
KRAS®'2P_driven transgenic mouse models, including KPPC
model, KSSC (LSL-Kras®'?P;Smad4'***"**F;Pdx1-Cre) model,
KTTC (LSL-Kras@'2P;Tgfbr2'°xP-pgx1-Cre) model, and
KPR172HC  (LSL-Kras®'2P:LSL-Trp537"72H:pdx1-Cre) model,
ubiquitously exhibited prominent signs of PanIN and adenocar-
cinoma phenotypes (Figure 4C). Additional histology examina-
tions identified that the pancreatic tumors from PPTTC mice
exhibited poorly differentiated adenocarcinoma phenotype
(Figures 4C and S7), which was different from the adenosqua-
mous carcinoma phenotype of PPSSC tumors. Immunohisto-
chemistry staining for CK5, CK8, and p63 further demonstrated
that the tumor phenotype of PPTTC model (CK5'°"/CKgmedium/
p63'°") was different from that of either PPSSC model (CK5""/
CK8"°"/p63"9") or KRAS®'?P-driven models (CK5'°"/CKg"9"/
p63'°%) such as KPPC, KSSC, KTTC, and KPR'72HG (Figure 4D).
The genotypes and tumor phenotypes between PPTTC,
PPSSC, KPPC, KSSC, KTTC, and KP®'2HG mouse models
were summarized in Figure 4E. Taken together, these observa-
tions indicated that both p53/SMAD4 loss and p53/TGFBR2
loss (in our PPSSC and PPTTC mouse models, respectively)
are sufficient to induce spontaneous KRAS-WT pancreatic tu-
mor formation. Both PPSSC and PPTTC mouse models ex-
hibited distinct tumor histological features from the conven-
tional KRAS®'2P_driven transgenic mouse models (KPPC,
KSSC, KTTC, or KPR'72HC). Interestingly, the histological
feature of PPSSC tumors was not completely the same as
that of PPTTC tumors, suggesting the different tumor develop-
ment trajectories caused by SMAD4 loss and TGFBR2 loss.
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scRNA-seq analysis reveals the unique tumor immune
microenvironment in PPSSC pancreatic tumors

Based on our previous results showing the unique tumor pheno-
types of PPSSC model (Figures 2 and 3), we queried whether
such phenotypes could influence the tumor immune microenvi-
ronment. We conducted scRNA-seq analysis to examine the to-
tal immune cells from the spontaneous tumors of PPSSC mice
(Figure 5A). The major immune cell populations in PPSSC tumors
revealed significantly different profiles and compositions as
compared to those in KPPC tumors (Figures 5B and 5C). Specif-
ically, PPSSC tumors harbored more T cells and “myeloid-1”
subtype myeloid cells, while exhibiting less “myeloid-2” subtype
myeloid cells (Figure 5D). The myeloid-1 subtype and myeloid-2
subtype exhibited different gene expression profiles (Figure S8).
Signature genes of myeloid-1 subpopulations included the major
histocompatibility complex class Il (MHCII) genes, such as
H2-Aa, H2-Ab1, and H2-Eb1 (Figure 5E). Signature genes of
myeloid-2 subpopulations included Arg1, Thbs1, and Vegfa,
associated with the immunosuppressive “M2-like” macrophage
phenotype (Figure 5E). A direct comparison of the cell composi-
tions and signature gene profiles between myeloid-1 and
myeloid-2 subpopulations also confirmed that the enriched
myeloid-1 subcluster in PPSSC tumors highly expressed
MHCII genes, in contrast to the enriched myeloid-2 subcluster
in KPPC tumors with high expression of Arg1, Thbs1, and Vegfa
(Figures 5F and 5G). The cell-cell interaction network in PPSSC
tumors, as shown by the CellChat algorithm,?® exhibited signifi-
cantly diminished crosstalk from the myeloid-2 subcluster to
other immune cell populations, while the crosstalk from the
myeloid-1 subcluster and T cells to other immune cells was
enhanced (Figures 5H, 51, and S9).

GSEA results identified that the enriched myeloid-1 subcluster
in PPSSC tumors exhibited upregulation of interferon-related
pathways, indicating the enhanced immune-stimulatory func-
tions of this subcluster (Figure 6A). In contrast, the myeloid-2
subcluster exhibited upregulation of genes associated with
oxidative phosphorylation and MYC target pathways (Figure 6B).
Consistent with our previous observations (Figures 5E-5G),
immunohistochemistry staining also validated the decreased
levels of myeloid-2 subcluster markers such as CD206 (encoded

Figure 3. The upregulation and function of p63 in PPSSC cancer cells with adenosquamous phenotype
(A) Detection of p63 and CK5 in KPPC and PPSSC cancer cell lines by western blot assay.
(B) Quantitative reverse-transcription PCR (QRT-PCR) analysis of TAp63 and ANp63 expression in KPPC and PPSSC cancer cells (n = 3 biological replicates).

Gene expression levels were compared with Student’s t test.

(C) Cell viability of KPPC and PPSSC cancer cell lines (n = 3 biological replicates) after transfection with siRNA-Trp63 (si-Trp63) or non-targeting siRNA-control (si-
Citrl). Cell viability was presented as a percentage normalized to the si-Ctrl group and compared with Student’s t test.
(D) Detection of p63 by western blot assay in KPPC and PPSSC cancer cell lines transfected with indicated siRNAs.

(E and F) gRT-PCR analysis of Notch1/Notch2 (E) or Irf3/Irf7/Ifit1 (F) expression in KPPC and PPSSC cancer cells (n = 3 biological replicates). Gene expression
levels were compared with one-way ANOVA with Tukey’s multiple comparison test.

(G) GSEA results of RNA-seq data on KPPC and PPSSC cancer cell lines. Interferon-o and interferon-y pathway genes were enriched in PPSSC cancer cells, as
compared with KPPC cancer cells.

(H) gRT-PCR analysis of Cebpa, Cebpb, Cebpg, and Cebpd expression in KPPC and PPSSC cancer cells (n = 3 biological replicates). Gene expression levels
were compared with one-way ANOVA with Tukey’s multiple comparison test.

(I) Schematic of syngeneic orthotopic pancreatic tumor formation experiments in C57BL/6J mice using KPPC and PPSSC cancer cells. Tumor-bearing mice were
sacrificed for further analysis at 2 months after orthotopic implantation of cancer cells.

(J) Representative images of H&E staining and p63 immunohistochemistry staining on KPPC and PPSSC orthotopic pancreatic tumor sections (n = 5/group).
KPPC pancreatic tumors were collected 1 month after orthotopic injection, while PPSSC pancreatic tumors were collected 2 months after orthotopic injection.
Scale bar: 100 um. *p < 0.05, **p < 0.01. See also Figures S3B and S3C.
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by Mrc1) and Arginase-1 (encoded by Arg1) in PPSSC tumors, as
compared to KPPC tumors (Figure 6C). In addition, we assessed
the expression of chemokine CXC-motif ligand (CXCL) genes in
the myeloid-1 subtype and myeloid-2 subtypes. Cxcl2 was
highly expressed in the myeloid-2 subtype, while Cxc/716 was en-
riched in the myeloid-1 subtype (Figure 6D). Since CXCL2 is a
key factor for granulocyte/neutrophil recruitment by binding to
CXCR2, we then compared the presence of granulocytes be-
tween KPPC and PPSSC tumors. As expected, PPSSC tumors
exhibited a significantly decreased number of granulocytes, as
shown by scRNA-seq and immunofluorescence staining assays
(Figures 6E and 6F), consistent with the decreased number of
CXCL2-expressing myeloid-2 cells in PPSSC tumors.

Distinct T cell composition in KRAS-WT pancreatic
tumors enhances the efficacy of anti-LAG3 and anti-
PD-1 immunotherapy

Next, we compared the T cell profiles between PPSSC and
KPPC tumors (Figure 7A). T cells were classified into three sub-
types: FoxP3*CD4" regulatory T (Treg) cells, FoxP3-CD4*
effector T (Teff) cells, and CD8" T cells (Figure 7B). The signature
genes of FOxP3*CD4" T cells included Foxp3 and Pdcd1 (encod-
ing PD-1). The signature genes of FoxP3~CD4* T cells included
Lag3 and Cd40lg. PPSSC tumors harbored significantly more
FoxP3~CD4* Teff cells and CD8" T cells, while having less
FoxP3*CD4" Treg cells, as compared with KPPC tumors (Fig-
ure 7C). In particular, PPSSC tumors exhibited the enrichment
of Lag3-high T cells, which belonged to the FoxP3~CD4* Teff
cells (Figure 7D). The increased numbers of LAG3" T cells,
FoxP3~CD4* T cells, and CD8"* T cells in PPSSC tumors were
also validated by immunohistochemistry and immunofluores-
cence staining (Figures 7E-7G, S10A, and S10B). Further anal-
ysis revealed the different correlations between Cd8a and other
T cell-related genes in PPSSC tumors, as compared with KPPC
tumors (Figure S10C). The enriched FoxP3~CD4* and LAG3*
T cells in PPSSC tumors prompted us to examine the possibility
of utilizing combination immunotherapy to enhance the anti-
tumor effect of these T cells. An orthotopic pancreatic tumor
model was established using the inoculation of PPSSC or
KPPC cancer cells into the pancreas of C57BL/6 mice. The
PPSSC tumor-bearing mice exhibited a significantly improved
response to the combined immunotherapy of anti-LAG3 and
anti-PD-1 neutralizing antibodies, while the KPPC tumor-bearing
mice showed minimal response (Figures 7H-7J). Furthermore,
our histology and immunohistochemistry/immunofluorescence
assessment showed that the treatment of anti-LAG3 plus
anti-PD-1 neutralizing antibodies reduced Ki67 levels, while
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increasing CD8" T cells and CD4*/FoxP3~ T cells in PPSSC tu-
mors, as compared with KPPC tumors (Figures 7K-7L, S10D,
and S10E).

Taken together, our findings reveal that the combination of
anti-LAG3 and anti-PD-1 neutralizing antibodies suppresses
the PPSSC tumor progression, indicating the potential applica-
tion of this combined immunotherapy for KRAS-WT pancreatic
cancer.

DISCUSSION

Pancreatic cancer is the third leading cause of cancer-related
death in the United States. A significant proportion, approxi-
mately 90%, of total pancreatic cancer cases are associated
with the oncogenic KRAS mutations. In addition, genetic alter-
ations in tumor suppressor genes, such as TP53, CDKN2A,
and SMAD4, are also frequently observed among pancreatic
cancer cases. To investigate the mechanisms of tumor formation
induced by oncogenic KRAS, genetically engineered mouse
models harboring oncogenic KRAS mutation-driven sponta-
neous pancreatic tumors have been widely utilized. Our recent
studies established a variety of transgenic mouse models with
pancreatic tumors, all of which were driven by oncogenic
KRAS mutation in combination with tumor suppressor gene
alterations.®*°

A non-negligible proportion of pancreatic tumors harbor
KRAS-WT, which are often associated with genetic alterations
of TP53 (mutation) or BRAF (mutation or gene fusions).®'# How-
ever, genetically engineered mouse models for KRAS-WT
pancreatic cancer are still lacking. Furthermore, it remains
unclear whether the loss of major tumor suppressor genes
could induce pancreatic tumor formation without oncogenic
KRAS mutation. In this study, we established genetically engi-
neered mouse models that spontaneously develop KRAS-WT
pancreatic cancer. Both Trp53/Smad4 loss (Trp53°F/oxF:
Smad4/>F!oxP.pax1-Cre: PPSSC mouse model) and Trp53/
Tgfbr2 loss (Trp53F/1oxF Tgfpro!oxF!oxP-pax1-Cre:  PPTTC
mouse model) are sufficient to induce autochthonous pancreatic
tumor formation in the background of KRAS-WT. Our transgenic
mouse models (PPSSC and PPTTC) and related cancer cell lines
represent valuable model systems of pancreatic cancer that are
evolutionarily independent of oncogenic KRAS, in contrast to
oncogenic KRAS-driven transgenic mouse models such as
KPPC  (LSL-Kras®"?P:Trp53'°F"**F-pdx1-Cre) and KPR'721C
(LSL-Kras®'2P;L SL-Trp537172H:Pdx1-Cre).

PASC is a relatively rare subtype of pancreatic cancer
compared to pancreatic ductal adenocarcinoma (PDAC) in

Figure 4. Loss of p53 and TGFBR2 in the PPTTC mouse model also induces autochthonous pancreatic tumor formation

(A) Genetic strategy of pancreatic (Pdx1-lineage)-specific deletion (conditional knockout) of Tgfbr2 and Trp53 using the PPTTC mouse model.

(B) Survival of PPTTC mice (n = 4). PPTC (Trp53' /1P Tgfbr2'™F'*:Pdx1-Cre) mice were also shown (n = 4). Log rank (Mantel-Cox) was used.

(C) Representative images of H&E and Alcian blue staining on tumor sections from indicated mouse models (n = 5/group): PPSSC mice (8-month-old), PPTTC
mice (9-month-old), KPPC mice (2.5-month-old), KSSC mice (4-month-old), KTTC mice (4-month-old), and KPT'72HC mice (5-month-old). Scale bar: 100 um. See

also Figure S7.

(D) Representative images of immunohistochemistry staining of CK5, CK8, and p63 on tumor sections from indicated genotype mice (n = 5/group): PPSSC mice
(8-month-old), PPTTC mice (9-month-old), KPPC mice (2.5-month-old), KSSC mice (4-month-old), KTTC mice (4-month-old), and KP?'72HC mice (5-month-old).

Scale bar: 100 um.
(E) Summary of genotypes and phenotypes of indicated mouse models.
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Figure 5. Single-cell RNA sequencing analysis reveals distinct immune cell compositions between KPPC and PPSSC pancreatic tumors

(A) Single-cell RNA sequencing (scRNA-seq) analysis of live CD45" immune cell mixture
shown in the uniform manifold approximation and projection (UMAP) plot.

10 Cell Reports Medicine 5, 101711, September 17, 2024

from KPPC and PPSSC tumors. The major immune cell clusters were

(legend continued on next page)



Cell Reports Medicine

human patients. Both PASC and PDAC commonly harbor KRAS
mutations and exhibit similar genomic variations, suggesting
that they may originate from the same progenitor cells during
pancreatic cancer development.'? PASC exhibits a higher prev-
alence of TP53 mutations compared to PDAC, indicating a
potential role of the p53 pathway in PASC differentiation. Onco-
genic KRAS mutations can accelerate pancreatic tumor devel-
opment, but do not seem to directly contribute to preferential
differentiation into PDAC or PASC."%"'? Further studies are still
required to elucidate the distinct contributions of various genetic
alterations in KRAS and TP53 to the development of PASC
or PDAC. Interestingly, the PPSSC mouse model, harboring
Trp53/Smad4 loss, develops spontaneous tumors with a unique
PASC phenotype. The PPSSC mouse model uniquely develops
pancreatic tumors with a predominant adenosquamous carci-
noma phenotype. In this study, we examined the unique tran-
scriptomic profiles and phenotypic features of PPSSC cancer
cells, as compared with KPPC cancer cells harboring oncogenic
KRASC'2P mutation. We identified the important role of p63 and
related factors in the development of adenosquamous pancre-
atic tumors in the PPSSC mouse model. Our study revealed
that the PPSSC mouse model with PASC exhibited increased
p63 expression. However, the precise molecular mechanisms
by which SMAD4 loss results in p63 upregulation require further
investigations.

In this study, we utilized scRNA-seq analysis to compare the
tumor immune microenvironment between PPSSC and KPPC
tumors, revealing the unique myeloid cell and T cell composi-
tions in PPSSC tumors. The alterations in immune cells, espe-
cially T cells, provide opportunities for anti-LAG3 and anti-
PD-1 immune checkpoint blockade in PPSSC tumors. In future
investigations, it would also be intriguing to further examine
whether the PPSSC pancreatic tumors may have distinct fea-
tures in other aspects such as tumor metabolism, microbiome,
and metastasis, as compared with oncogenic KRAS-driven
pancreatic tumor models.

In addition, the PPTTC mouse model, harboring Trp53/Tgfbr2
loss, can also develop spontaneous pancreatic tumors in the
background of KRAS-WT. Both PPSSC tumors and PPTTC tu-
mors exhibit tumor histological features that are different from
oncogenic KRAS-driven mouse models such as KPPC, KSSC,
and KTTC. These two models are complementary in supporting
the critical role of the SMAD4-TGFBR2 pathway in suppressing
pancreatic tumor initiation. Nevertheless, a more careful examina-
tion revealed that the tumor phenotype of the PPTTC mouse
model is not entirely the same as that of the PPSSC mouse model.
PPSSC pancreatic tumors exhibited adenosquamous carcinoma
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phenotypes, while PPTTC pancreatic tumors exhibited poorly
differentiated adenocarcinoma phenotypes. More investigations
are still needed to further delineate the mechanism by which
SMAD4 loss and TGFBR2 loss differentially regulate the tumori-
genesis in the context of KRAS-WT pancreatic cancer.

Taken together, this study established two transgenic mouse
models of spontaneous pancreatic cancer in the context of
KRAS-WT. PPSSC (with KRAS-WT and loss of Trp53/Smad4)
and PPTTC (with KRAS-WT and loss of Trp53/Tgfbr2) mouse
models develop autochthonous pancreatic tumors with distinct
histological phenotypes. PPSSC pancreatic tumors exhibit unique
adenosquamous carcinoma features. Single-cell analysis iden-
tifies the unique compositions and transcriptomic profiles of im-
mune cell populations in the PPSSC pancreatic tumors, with indi-
cations for the development of potential therapeutic approaches.

Limitations of the study

Itis noteworthy that the KRAS-WT pancreatic cancer cases in hu-
man patients are not directly associated with adenosquamous
subtype.'' This discrepancy suggests a potential limitation of
the PPSSC mouse model with predominant adenosquamous
KRAS-WT pancreatic cancer, differing from most KRAS-WT hu-
man pancreatic cancer cases with adenocarcinoma phenotype.
The mechanism by which PPSSC mouse model predominantly
develops adenosquamous subtype of pancreatic cancer remains
unclear. Interestingly, this phenotype coincides with the squa-
mous-like characteristics observed in the widely used human
pancreatic cancer cell line BXPC3 also harboring KRAS-WT and
loss of SMADA4.'® Future investigations using PPSSC and
PPTTC mouse models are still needed to further elucidate the
alternative tumorigenic mechanisms and differentiation trajec-
tories in the absence of oncogenic KRAS mutations. Neverthe-
less, the PPSSC mouse model can still serve as a useful tool for
the study of adenosquamous subtype pancreatic cancer. Our re-
sults demonstrate that combined treatment with anti-PD-1 and
anti-LAG3 inhibits PPSSC tumor growth in an orthotopic pancre-
atic tumor mouse model. However, the efficacy of this combina-
tion therapy needs further validation in additional preclinical
studies, while tumor growth should be carefully monitored longitu-
dinally at various time points during the treatment process using
bioluminescence or magnetic resonance imaging techniques.

RESOURCE AVAILABILITY

Lead contact
Further information and requests for reagents may be directed to and will be
fulfilled by the lead contact, Yang Chen (ychen23@mdanderson.org).

(B and C) UMAP plot comparing the immune cell compositions between KPPC and PPSSC tumors (B). UMAP distributions of immune cell clusters were also

compared between KPPC and PPSSC tumors (C).

(D) Comparison of the relative abundance (%) of various immune cell clusters between KPPC and PPSSC tumors.
(E) Dot plot showing the expression profiles of representative marker genes for indicated cell clusters.
(F) Myeloid cells from KPPC and PPSSC groups were stratified into two distinct subclusters, myeloid-1 and myeloid-2, in the UMAP plot. The abundance (%) of

myeloid-1 and myeloid-2 subclusters was also shown in the pie chart.

(G) Expression profiles of signature genes for the two myeloid subpopulations, shown as violin plots.
(H) The cell-cell communication network across indicated immune cell subclusters was calculated and visualized using a circular plot.
(I) The communication levels of cytokine-mediated outgoing (Out) or incoming (In) signaling pathways associated with myeloid-1 and myeloid-2 subclusters in

KPPC tumors and PPSSC tumors. See also Figure S8.
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Figure 6. Different compositions of myeloid cells and granulocytes between KPPC and PPSSC tumors

(A and B) GSEA results showing the enriched/upregulated pathways in the myeloid-1 subtype cells (A) or myeloid-2 subtype cells (B). The top enriched pathways
based on GSEA were visualized in the dot plots.

(C) Representative images of immunohistochemistry staining for CD206 and Arginase-1 on pancreatic tumor sections from KPPC mice (2.5-month-old) and
stage-matched PPSSC mice (8-month-old) (n = 5/group). Quantitative results were shown with Student’s t test. Scale bar: 100 um. ***p < 0.001.

(D) The myeloid subpopulations were examined for the expression profiles of CXCL family genes, as shown in the dot plot.

(E) Granulocyte compositions in KPPC and PPSSC tumors compared in the UMAP plot.

(F) Representative images of immunofluorescence staining for Ly6G (green) and nuclei/DAPI (blue) on tumor sections from KPPC mice (2.5-month-old) and stage-
matched PPSSC mice (8-month-old) (n = 5/group). Quantitative results were shown with Student’s t test. Scale bar: 100 um. **p < 0.01.
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Materials availability
This study did not generate any unique reagents.

Data and code availability

Bulk RNA-seq and single-cell RNA-seq data were deposited in GEO and pub-
licly available as of the date of publication. The accession numbers are:
GSE268896 and GSE268899. This paper does not generate any original co-
des. Any additional information required to reanalyze the data reported in
this work paper is available from the lead contact upon request.
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RNA-sequencing

TCGA pancreatic adenocarcinoma cohort survival and
gene expression data (GDAC Firehose PAAD)

Broad Institute

http://gdac.broadinstitute.org/runs/stddata__2016_
01_28/data/PAAD/20160128/

Experimental models: Cell lines

Primary mouse KPPC cancer cell line
Primary mouse PPSSC cancer cell line

This paper
This paper

N/A
N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental models: Organisms/strains

Mouse: LSL-Kras®"?P*; Trp53'°""+:Pdx1-Cre Chen et al.*” N/A
Mouse: LSL-Kras®'2P/*;Trp5R172H/+:pdx1-Cre Chen et al.*? N/A
Mouse: Smad4/oxF/ioxP Jackson Laboratory 017462
Mouse: Tgfbr2/oxF/loxP Jackson Laboratory 012603
Oligonucleotides

See Table S1 Sigma N/A
Recombinant DNA

pCMV5B-Smad4 Addgene Cat# 11743

Software and algorithms

Prism v10.0.0

cBioportal v2.2.0

Seurat R package (3.5.3)
DESeq2

STAR aligner
Gene Set Enrichment Analysis (GSEA)

GraphPad Software Inc.
MSK Center for Mol Onc
Satija et al.**

Anders and Huber®®

Dobin et al.*®

Broad Institute

http://www.graphpad.com/
https://www.cbioportal.org/
https://satijalab.org/seurat/

https://bioconductor.org/packages/release/bioc/
html/DESeq2.html

https://github.com/alexdobin/STAR
http://software.broadinstitute.org/gsea/index.jsp

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice and housing conditions

The Smad4'"""o*P (4#017462) and Tfgbr2'®*""*" (#012603) mouse strains were purchased from Jackson Laboratory. Trp53/°x7/oxP.
Smad4'*F"1oxP-pdx1-Cre (PPSSC) mice were generated from the crossbreeding between Trp53F/°F:pdx1-Cre and Smad4/>F/oxF
Trp53/0F1oxP - TeaproloFoxP-pox1-Cre (PPTTC) mice were generated from the crossbreeding between Trp53°F/*F-pdx1-Cre and
Tfgbr2>FoxP | S| -Kras®'2P;Smad4'>F"°*F-pdx1-Cre (KSSC) mice were from the crossbreeding between LSL-Kras®'2P; Pdx1-
Cre and Smad4'>F">P | SI -Kras®'2P; Tfgbr2'oxF/*F-pgx1-Cre (KTTC) mice were from crossbreeding between LSL-Kras®'?>;
Pdx1-Cre and Tfgbr2'F/1oxF | S| -Kras®'2P: Trp53'°F°F-pdx1-Cre (KPPC) and LSL-Kras®'2P:Trp537 1721+ pdx1-Cre (KPR172HC)
mouse strains were generated following the same design as previously described.®” The experimental mice with desired genotypes
were monitored and analyzed with blindness. Both female and male mice were used for experimental mice. All mice were housed
under standard housing conditions at MDACC animal facilities. All animal procedures were reviewed and approved by MDACC Insti-
tutional Animal Care and Use Committee (IACUC; protocol number 00002328-RN00).

Cell lines and cell cultures
KPPC and PPSSC cancer cell lines were isolated from KPPC and PPSSC pancreatic tumors. All cells were maintained at 37°C in a
humidified incubator with 5% CO,, and regular test of mycoplasma.

METHOD DETAILS

Single-cell RNA-sequencing (scRNA-seq)

KPPC pancreatic tumors were collected from two individual KPPC mice. PPSSC pancreatic tumors were collected from two individ-
ual PPSSC mice. All samples were processed and examined following the same protocol as described in our recent studies.'**"
Cell suspension obtained from each tumor sample was stained with Live/Dead viability dye eFluor 780 (65-0865-14, eBioscience) and
CD45 antibody (157608, BioLegend; anti-mouse CD45.1/CD45.2). Cells were then sorted for live immune cells with Aria Il sorter (BD
Biosciences) at the North Campus Flow Cytometry and Cellular Imaging Core Facility of MDACC. Then these live immune cells were
sent to the Advanced Technology Genomics Core Facility of MDACC. Cells were captured using the 10X Genomics’ Chromium
controller and Single Cell 3’ Reagent Kits v3. cDNA was synthesized and amplified to construct lllumina sequencing libraries. The
libraries were sequenced by lllumina NovaSeq 6000 system. Seurat version 3.5.3,>* dplyr and cowplot were installed into the R pack-
age (version 4.2.2) and used for data analyses. To exclude the cells with poor sequencing quality, a threshold was set as a minimum of
200 and a maximum of 7000 genes per cell. Cells with more than 10% of the mitochondrial genome were excluded. For the cell-cell
interaction network analysis, we used the R package CellChat algorithm (version 1.5.0) and the netVisual circle function to visualize
circular plot. The signaling role analysis on the aggregated cell-cell communication network was conducted using the netAnalysis_
signalingRole_heatmap function in CellChat. The correlation between CD8 and T cell-related genes was analyzed in the T cell pop-
ulation using the corrplot package (version 0.93) with the Pearson method.
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Animal studies

C57BL/6J mice (at 2-month age) were purchased from The Jackson Laboratory. KPPC and PPSSC cancer cells (3 x 10° cells in 50 uL
PBS) were orthotopically injected into the tail of the pancreas of mice using a 27-gauge Hamilton syringe. After seven days, mice were
treated with anti-mouse PD-1 antibody (200 pg/mice) (BE0273-R025mg, Bio X cell) and anti-mouse LAG3 antibody (200 pg/mice)
(BP0O174-R025mg, Bio X cell), twice weekly for three weeks. The control mice received the Rat IgG2a (200 ng/mice) (clone 2A3,
Bio X cell). At four weeks after the orthotopic injection, mice were sacrificed. The pancreatic tumors were dissected, measured,
and processed into formalin-fixed paraffin-embedded (FFPE) tissue samples.

Cell culture

Isolation of primary cancer cells from mouse pancreatic tumors was conducted as described in our recent studies.*>? Briefly, Fresh
tumor tissues from KPPC and PPSSC mice were minced with sterilized lancets, and digested with collagenase IV (17104019, Gibco,
4 mg/mL)/dispase Il (17105041, Gibco, 4 mg/mL) in DMEM medium at 37°C for 1 h, sequentially filtered by 70 um and 40 pum cell
strainers to generate single cell suspension. The cells were cultured in the DMEM medium containing 20% FBS and 1% peni-
cillin-streptomycin-amphotericin B (PSA) antibiotic mixture.

Histology and immunohistochemistry

Mouse tissues were fixed in 4% formaldehyde, embedded in paraffin, and sectioned at 5 um thickness. Sections were processed for
hematoxylin and eosin (H&E) staining. Picrosirius red staining for collagen fibers was performed using 0.1% Picrosirius Red
(ab150681; Abcam) and counterstained with Weigert’s haematoxylin. Alcian blue staining was performed using the Alcian blue Stain
Kit (ab150662, Abcam). Paraffin-embedded sections were processed for immunohistochemical staining as previously described.®’
Sections were incubated with primary antibodies: CK19 (ab52625, Abcam, 1:200), Ki67 (ab15580, Abcam, 1:100), Col1 (1310-01,
SouthernBiotech, 1:200), aSMA (M0851, DAKO, 1:100), CD4 (ab183685, Abcam, 1; 100), CD8 (85336S, Cell Signaling Technology,
1:100), CD206(AF2535, R&D systems, 1:100), Arginase 1 (ab91279, Abcam, 1:100), CD45 (70257, Cell Signaling Technology, 1:100),
p63 (ab124762, Abcam, 1:100), P-ERK (9101S, Cell Signaling Technology, 1:100), CK5 (71536T, Cell Signaling Technology, 1:100),
CK8 (MABT329, Sigma, 1:100), Cadherin1 (3195, Cell Signaling Technology, 1; 100), Vimentin (5741, Cell Signaling Technology,
1:100), ZEB1 (NBP1-05987, Novus Biologicals, 1:100) followed by biotinylated secondary antibodies, and streptavidin HRP (Biocare
Medical). For all immunolabeling experiments, sections were developed by DAB and counterstained with hematoxylin. Images were
taken with a Nikon Eclipse Ci-L Plus microscopy with NIS-Elements 4.5 software. The immunohistochemical staining signaling was
quantified by Imaged. All the procedures for staining, imaging, and quantification were performed blinded to the sample identity and
phenotype.

Immunofluorescence

Paraffin-embedded sections were deparaffinized, antigen retrieved and immunostained overnight at 4°C with antibodies for
cytokeratin-5 (CK5) (905501, Biolegend, 1:50), cytokeratin-8 (CK8) (ab9023, Abcam, 1:100), LAG3 (ab175841, Abcam, 1:100),
Ly6G (ab25377, Abcam, 1:100), CD4 (25229S, Cell Signaling Technology, 1:100), FoxP3 (14-4771-80, eBioscience, 1:100), CD8
(853368, Cell Signaling Technology, 1:100), and Granzyme B (50-8898-82, eBioscience, 1:200), followed by fluorescent dye-labeled
secondary antibodies (Invitrogen) respectively. Slides were then mounted with DAPI-containing Vectashield Mounting Medium (Vec-
tor Laboratories). The immunofluorescence was visualized under the Zeiss Axio Observer 7 fluorescence microscope and analyzed
with ZEN software (Zeiss).

qRT-PCR

Total RNA was extracted from cells using Direct-Zol RNA MiniPrep Kit (11-331, Zymo Research). For each sample, 2 ng RNA was
used for cDNA synthesis with the Reverse Transcription Kit (4368814, ThermoFisher). The cDNA was subjected to the gRT-PCR
using PowerUp SYBR Green Master Mix (A25741, Applied Biosystems). The expression levels of indicated genes were normalized
to the expression of 18S as the housekeeping gene. The qRT-PCR primers are listed in Table S1.

siRNA interference and plasmid transfection

The KPPC cell lines were transfected with siRNA against Trp63 (SAS_Mm02_00310147 from Sigma). Universal siRNA negative con-
trol (SIC002-10NMOL) was purchased from Sigma. For siRNA transfection, 5 x 10° cells were seeded in each well of 96-well tissue
culture plates (or 1 x 10° cells seeded in each well of 6-well tissue culture plates) for an additional 1 day prior to siRNA transfection.
Then the transfection was performed using Lipofectamine RNAIMAX (13778-150, Invitrogen) according to the manufacturer’s in-
structions. For plasmid transfection, 5 x 10* PPSSC cancer cells were seeded into each well of 12-well tissue culture plate and
the transfection of pPCMV5B-Smad4 (11743, Addgene) was performed using Lipofectamine 2000 (11668027, Invitrogen). At 72 h after
transfection, cells were subjected to cell viability detection, mRNA extraction, and Western blot assays.

Cell proliferation and viability assay

Approximately 5 x 10° cells (calculated using the Countess cell counter, Invitrogen) were seeded into 96-well plates and then treated
with indicated conditions for the indicated time. To coat the tissue culture dishes with collagen, 50 pg/mL type | collagen solution
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(C3867, Sigma) was added into the dishes for 1 h at room temperature, then washed with PBS. Cell viability in each well of 96-well
plates was determined using the Cell Counting Kit-8 (CCK8; ab228554, Abcam), examined at OD 450 nm on a microplate reader
following the manufacturer’s instructions.

Transwell migration assay

The transwell assay was carried out to assess the cell migration of indicated cancer cell lines. Transwell chambers were seeded with
5 x 10* KPPC or PPSSC cancer cells. Then the chambers were kept in 700 uL cell culture medium with 10% FBS. After 16 h, the cells
were fixed with 3.7% formaldehyde in PBS for 20 min, followed by staining with 1% crystal violet (C0775-25G, Sigma) in 2% ethanol
for another 20 min. After removing the excess dye and the cells on the upper side of the chambers, the migrated cells on the lower
side of the chambers were counted and imaged by microscopy. The average cell number of every field represented the number of
migrated cells.

Western blot assay

Cells were lysed with RIPA buffer containing the protease inhibitor, and protein concentration was calculated using Pierce BCA Pro-
tein Assay Kits (Thermo Fisher Scientific). Isolated protein was solubilized in reducing SDS Laemmli Sample Buffer (Bio-Rad) and
denatured at 95°C for 20 min. Samples were then subjected to electrophoresis using Mini-PROTEAN TGX (4-15%) precast polyacryl-
amide gels (Bio-Rad) and transferred onto polyvinylidene fluoride (PVDF) membranes using Trans-Blot Turbo Transfer System (Bio-
Rad). 5% BSA in TBST buffer was used as the blocking buffer. Following blocking, membranes were incubated 24 h at 4°C in the
following primary antibodies: P-ERK (9101S, Cell Signaling Technology, 1:1000), ERK (9102, Cell Signaling Technology, 1:1000),
HSP90 (4877T, Cell Signaling Technology, 1:1000), Cleaved Caspase-3 (9664S, Cell Signaling Technology, 1:1000), B-Actin
(4970, Cell Signaling Technology, 1:5000), p63 (ab124762, Abcam, 1:500), CK5 (71536T, Cell Signaling Technology, 1:1000),
SMAD4 (46535, Cell Signaling Technology, 1:1000). Membranes were incubated with secondary antibodies (Peroxidase-conjugated
goat anti-rabbit/mouse IgG, Jackson ImmunoResearch) for 1 h at room temperature. Membranes were incubated with chemilumi-
nescence reagents (Chemiluminescent Substrate, 34580, Thermo Scientific) and then developed in the ChemiDoc MP Imaging Sys-
tem according to the manufacturer’s instructions.

Total mRNA sequencing (bulk RNA-seq) assay

For RNA-seq, total RNA samples were used to prepare the DNA library and were sequenced on the lllumina Hiseq 2000/2500 plat-
form using the paired-end sequencing method. The raw sequencing data was filtered and aligned to the mouse genome assembly
GRCm39 using HISAT2. The Fastq reads were processed by quality control and adaptor trimming, alignment, check strandness and
gene count. Different expression gene (DEG) analysis was performed using DESeq2. TPM normalized counts were calculated with
the DGEobj.utils package. Functional categorization and pathway reconstitution from the RNA-seq data were conducted using gene
set enrichment analysis (GSEA) following the guidelines on the GSEA website of Broad Institute (http://www.broadinstitute.org/gsea/
index.jsp). The squamous signature gene set was based on a previous study.®

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad Prism software (version 9.0). Quantitative data are expressed as mean + SEM.
Spearman correlation analysis was used to examine the correlation between two factors. For the quantification of staining assays, the
staining positive areas in multiple visual fields were quantified by the ImagedJ software (v1.53) and averaged to produce an averaged
value for each mouse, which was then combined to generate the mean value for all mice in each group. TCGA data were downloaded
from the cBioPortal system.*®*° The Z score was calculated using the formula z = (x-p)/o, where x is the quantification value for each
sample, p is the population mean for all samples, and ¢ is the population standard deviation of all samples. For the comparison of two
groups, an unpaired t-test was used for comparison of the means. For comparison of more than 2 groups, one-way ANOVA with
Tukey’s multiple comparison test was used. Kaplan—-Meier plots were drawn for survival analysis and Log rank test was used to
compare the survival distributions among experimental groups. A p value <0.05 was considered statistically significant. *p < 0.05,
**p < 0.01, ™p < 0.001, *™*p < 0.0001, ns: not significant.
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Figure S1. Characterization of the genotype and tissue histology for KPPC and PPSSC mice. Related to
Figure 1.

(A) PCR product detection confirming the Pdx-Cre specific deletion of Smad4 and Trp53, as well as the presence
of LSL-Kras®'?P and Pdx1-Cre in DNA samples from indicated mice. Kras recombination (Kras-rec) primers,
Smad4 recombination (Smad4-rec) primers, and Trp53 flox primers were used to validate the Pdx/-Cre-mediated
recombination of LSL-Kras®?P, Smad4'""*F and Trp53'oxF glleles, respectively.

(B) Comparison of the histology by H&E staining on a variety of tissues from KPPC mice (2.5-month-old) and

PPSSC mice (8-month-old), as compared with tissues from normal (WT) mice (2.5-month-old). Scale bar: 100 pum.
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Figure S2. Additional characterization of the tumor histology for PPSSC and KPPC tumors. Related to
Figure 1.

(A) Pancreatic tissue histology of PPSSC mice at various ages from 1 month to 10 months. Scale bar: 100 pm.

(B) Representative images of immunohistochemistry staining for alpha-smooth muscle actin (aSMA), type I
collagen (Coll), and CD45 on pancreatic tumor sections from KPPC mice (2.5-month-old) and stage-matched
PPSSC mice (8-month-old). Picrosirius red staining was used for collagen fibers visualization. Quantitative results

were shown with Student’s 7 test. Scale bar: 100 um. * P <0.05, *** P <0.001. ns: not significant.
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Figure S3. Expression profile of cytokeratin (CK) markers in orthotopic pancreatic tumors formed by KPPC
and PPSSC cancer cell lines. Related to Figure 3.

(A) gRT-PCR analysis of ANp63, Notchl, Irf3, Irf7, and Ifit] expression levels in PPSSC cancer cells transfected
with either a vector of SMAD4 expression or a control vector (n = 3 biological replicates). Western blot assay
validated the SMAD4 expression in PPSSC cancer cells transfected with SMAD4-expressing vector. Gene
expression levels were compared with Student’s ¢ test. *** P <0.001, **** P <(.0001.

(B) Representative images of immunofluorescence staining for CK5 (green), CK8 (red), and nuclei/DAPI (blue) in
orthotopic pancreatic tumors (n =5 per group) formed by KPPC and PPSSC cancer cell lines. Scale bar: 100 pm.
(C) Quantitative analysis of CK5 and CK8 positive staining shown in (B). Results were shown with Student’s ¢ test.

** P<0.01, **** P <0.0001.
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Figure S4. Characterization of epithelial-to-mesenchymal transition (EMT) phenotype in KPPC and PPSSC
cancer cell lines. Related to Figure 3.

(A) Gene Set Enrichment Analysis (GSEA) of RNA-seq data on KPPC and PPSSC cancer cell lines. EMT-
associated genes were downregulated in PPSSC cancer cells, as compared with KPPC cancer cells.

(B and C) Heatmap showing the gene expression levels of EMT-related genes between KPPC and PPSSC cancer
cell lines (B). The mean Z-score of these genes was compared with Student’s ¢ test (C). **** P <0.0001.

(D) Representative images of immunohistochemistry staining for E-Cadherin, Vimentin, and ZEB1 on pancreatic
tumor sections from KPPC mice (2.5-month-old) and stage-matched PPSSC mice (8-month-old). Quantitative
results were also shown with Student’s ¢ test. Scale bar: 100 um. *** P <0.001, **** P <(.0001.

(E) Representative images of transwell migration assay on KPPC and PPSSC cancer cell lines (n = 3 biological
replicates). The migrated cells attached to the bottom layer of transwell membrane were counted. Results were

shown with Student’s ¢ test. ** P <0.01.
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Figure SS. The expression levels of basal-like and classical subtype genes in KPPC and PPSSC cancer cells.
Related to Figure 3.

(A) Heatmap showing the expression profiles of basal-like and classical subtype genes in KPPC and PPSSC cancer
cells.

(B) Box plots comparing the mean Z-scores of basal-like and classical subtype genes shown in A.



Figure S6

£ %1~ KPPC
[y
o < PPSSC
ag 86- P
3a
55
a >
T S 2
Og
=~ 0 T T T T T T
1 2 3 4 5 6
Days
MEK:i
1 ~ KPPC
s PPSSC
§~100—
3
]
2 50 ‘\\\‘._,_,_,71
)
O
3 2 1 0 1 2
Log (GSK1120212 uM)
STATSiI
150
= - KPPC
S
> 100 PPSSC
.-E
©
> 50+
T
O
0 T T T T 1
-3 -2 -1 0 1 2
Log (Niclosamide uM)
AKTi
e ~ KPPC
X PPSSC
2 100+ .« .
3 =G
©
> 50
©
O
s o2 a4 o 1 2
Log (MK-2206 2HCI uM)
M mTORI
80 - KPPC
S | i PPSSC
~ 60 — 8 L 2 -
2 J 0B
540-
s
% 20
(@]
3 2 4 o 1 2

Log (Rapamycin pM)

KRASG12D;

150 KPPC PPSSC
_ ~ KPPC MRTX1133@uM) 0 1 5 0 1 5
S PPSSC
(™ B
5 Cell line [1C50 (nM)
$ ERK| e -
> 504 KPPC_| 1788 - -
T PPSSC | 6365
S HSPI0| g e o o |

o 1 1 1 1 1
-3 -2 -1 0 1 2
Log (MRTX1133 uM)
YAPi F Gemcitabine
150
0] ~ KPPC - ~ KPPC
S & PPSSC
e PPSSC <
2100- . 5100—'
3 : 8
S sod z 50
2 8
© 0 0 T T T T 1
0.5 00 05 10 15 e i &l < 1 2
Log (Verteporfin uM) Log (Gem uM)
PARPI BETi
e ~ KPPC " ~ KPPC
2 PPSSC S PPSSC
2 100+ 2 100-
E 50 — 2 50
3 3
I SR T T 4 . 1 1 3
Log (Olaparib uM) Log (JQ1 uM)
DDRi FAKi

™ - KPPC e ~ KPPC

£ 150 PPSsC X PPSSC

2 —~ KPPC+Collagen 2100

% 100+ -—-—-—‘;’—\ — PPSSC+Collagen 5

2 > 50

T 50 ‘ >

(@] (@]

> 4 o0 1 2 3 4 3 2 4 0 1
Log (7TRH=pM) Log (VS-4718 uM)
GPX4i (o) VDACI
1507 -+ KPPC 101
& PPSSC & - gzggc
2100 p— 2100 ﬂ
s =
G ©
> 50 > 50
o °
3 ; A\
0 T T T I 0 T T T T 1
-3 2 A 0 1 2 3 -2 -1 0 1 2

Log (RSL3 uM)

Log (Erastin uM)



Figure S6. Characterization of primary cancer cell lines from KPPC and PPSSC tumors. Related to Figure 3.
(A) Cell proliferation of KPPC and PPSSC cancer cell lines over time (n = 3 biological replicates). One-way
ANOVA with Tukey’s multiple comparison test was used to compare these two groups. *** P <0.001.

(B) Cell viability of KPPC and PPSSC cancer cell lines (% normalized to the untreated group of each cell line)
treated with MRTX1133 (n = 3 biological replicates). IC50 values of MRTX1133 in PPSSC and KPPC cancer cells
were also shown.

(C) Detection of phospho-ERK (P-ERK) and total ERK in KPPC and PPSSC cancer cell lines treated with
MRTX1133 at indicated concentrations for three hours by Western blot assay.

(D-0) Cell viability of KPPC and PPSSC cancer cell lines (% normalized to untreated group of each cell line)
treated with MEK inhibitor GSK1120212 (D), YAP inhibitor Verteporfin (E), Gemcitabine (Gem) (F), STAT3
inhibitor Niclosamide (G), PARP inhibitor Olaparib (H), BET inhibitor JQ1 (I), AKT inhibitor MK-2206 (J), DDR1
inhibitor 7RH (with or without type I collagen coating) (K), FAK inhibitor VS-4718 (L), mTOR inhibitor

Rapamycin (M), GPX4 inhibitor RSL3 (N), and VDAC inhibitor Erastin (O) (n = 3 biological replicates).
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Figure S7. Pancreatic tissue histology of PPTTC mice at various ages. Related to Figure 4.
Comparison of pancreatic tissue histology by H&E staining of PPTTC mice at various ages from 1 month to 8

months. Scale bar: 100 pum.
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Figure S8. Single-cell analysis showing the expression profiles of signature genes of Myeloid-1 and Myeloid-2
cell subclusters. Related to Figure 5.

Expression profiles of signature genes shown in heatmap for Myeloid-1 and Myeloid-2 in KPPC and PPSSC tumors.
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Figure S9. The signaling pathways of cell-cell communication networks across various immune cells in KPPC
and PPSSC tumors. Related to Figure 5.

The cell-cell communication intensity of indicated signaling pathways across various immune cell populations in
PPSSC and KPPC tumors. The outgoing signaling and incoming signaling patterns were separately shown in the

heatmap.
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Figure S10. Characterization of T cells in KPPC and PPSSC tumors. Related to Figure 7.

(A and B) Quantitative analysis of immunofluorescence staining images described in Figure 7F. The numbers of
total CD4" T cells (A), FoxP3"/CD4" T cells (B), and FoxP3/CD4" T cells (B) were quantified respectively. Results
were shown with Student’s ¢ test. * P <0.05, *** P <0.001.

(C) The correlation analysis of Cd8a and cytotoxic T cell-related genes in CD8" T cells. Correlation strength was
shown in the heatmap.

(D and E) Representative images of H&E staining, Ki67 staining, CDS8 staining, and CD4/FoxP3/DAPI
immunofluorescence staining on orthotopic pancreatic tumors with indicated treatments. The numbers of total CD4*
T cells, FoxP3*/CD4" T cells, and FoxP37/CD4" T cells were quantified respectively and were shown in E. Scale

bar: 100 um. * P <0.05, ** P <0.01.
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