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BACKGROUND & AIMS: Acinar-to-ductal metaplasia (ADM) is
crucial in the development of pancreatic ductal adenocarcinoma.
However, our understanding of the induction and resolution of
ADM remains limited. We conducted comparative transcriptome
analyses to identify conservedmechanisms of ADM inmouse and
human. METHODS: We identified Sox4 among the top up-
regulated genes. We validated the analysis by RNA in situ
hybridization. We performed experiments in mice with acinar-
specific deletion of Sox4 (Ptf1a: CreER; Rosa26–LSL–YFPLSL–YFP;
Sox4fl/fl) with and without an activating mutation in Kras
(KrasLSL–G12D/þ). Mice were given caerulein to induce pancre-
atitis. We performed phenotypic analysis by immunohisto-
chemistry, tissue decellularization, and single-cell RNA
sequencing. RESULTS: We demonstrated that Sox4 is reac-
tivated in ADM and pancreatic intraepithelial neoplasias.
Contrary to findings in other tissues, Sox4 actually counteracts
cellular dedifferentiation and helps maintain tissue homeosta-
sis. Moreover, our investigations unveiled the indispensable
role of Sox4 in the specification of mucin-producing cells and
tuft-like cells from acinar cells. We identified Sox4-dependent
non-cell-autonomous mechanisms regulating the stromal reac-
tion during disease progression. Notably, Sox4-inferred targets
are activated upon KRAS inactivation and tumor regression.
CONCLUSIONS: Our results indicate that our transcriptome
analysis can be used to investigate conserved mechanisms of
tissue injury. We demonstrate that Sox4 restrains acinar
dedifferentiation and is necessary for the specification of
acinar-derived metaplastic cells in pancreatic injury and cancer
initiation and is activated upon Kras ablation and tumor
regression in mice. By uncovering novel potential strategies to
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WHAT YOU NEED TO KNOW

BACKGROUND AND CONTEXT
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promote tissue homeostasis, our findings offer new avenues for
preventing the development of pancreatic ductal
adenocarcinoma.
Acinar cell adaptation to tissue injury is linked to the onset
of pancreatic ductal adenocarcinoma. However, our
knowledge of the regulatory networks involved in
damage resolution remains limited.

NEW FINDINGS

Upon tissue injury, the activation of a genetic program
Keywords: ADM; Plasticity; Tuft Cells; PDAC; Cancer Initiation.

ancreatitis is a significant risk factor for the devel-
controlled by Sox4 restricts further damage. Sox4
regulates cellular differentiation and tissue remodeling
through both cell-autonomous and nonautonomous
mechanisms. Importantly, targets regulated by Sox4 are
activated during tumor regression after Kras depletion.

LIMITATIONS

Functional studies are required to determine Sox4’s role
in ductal cells during tissue damage and inflammation.

CLINICAL RESEARCH RELEVANCE

Our work establishes an experimental platform to
investigate the conserved mechanisms of acinar
adaptation to injury, which has implications for
pancreatitis recovery and pancreatic ductal
adenocarcinoma initiation. Importantly, it offers valuable
insights into pathways of tumor regression and escape,
with potential implications for pancreatic ductal
adenocarcinoma treatment, especially given recent
progress in pharmacologic KRAS inhibition.

BASIC RESEARCH RELEVANCE

Pancreatic acinar cells exhibit remarkable plasticity,
assuming alternative cell fates during tissue injury and
inflammation, suggesting a collaborative effort in tissue
recovery. Our in vivo findings emphasize the pivotal role
of Sox4 as a master regulator, driving tuft cell
specification and gastric metaplasia in acinar plasticity.
This research enhances our understanding of acinar cell
healing, transdifferentiation, and the role of acinar
plasticity in tissue remodeling and cancer initiation.

* Authors share co-first authorship.

Abbreviations used in this paper: ADM, acinar-to-ductal metaplasia;
aSMA, alpha smooth muscle actin; iCAF, inflammatory cancer-associated
fibroblast; ISH, in situ hybridization; HMG, high-mobility-group; KO,
knockout; Kras, Kristen rat sarcoma proto-oncogene; myCAF, myofibro-
blast-like cancer-associated fibroblast; PanIN, pancreatic intraepithelial
neoplasia; PDAC, pancreatic ductal adenocarcinoma; scRNAseq, single-
cell RNA sequencing; WT, wild type; YFP, yellow fluorescent protein.
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Popment of pancreatic ductal adenocarcinoma
(PDAC).1 Tissue damage induces acinar cells in the
exocrine tissue to undergo acinar-to-ductal metaplasia
(ADM), a process that involves the shutdown of a dedi-
cated secretory program and the adoption of features of
embryonic progenitor- and ductal-like cellular states.2,3

ADM enables quiescent mature cells to re-enter the cell
cycle and recover from injury in epithelial tissues with a
limited pool of somatic stem cells.4 Furthermore, ADM
orchestrates tissue remodeling by recruiting immune cells,
activating fibroblasts, and inducing changes in the extra-
cellular matrix to aid in tissue repair. However, ADM also
renders acinar cells vulnerable to neoplastic trans-
formation.5,6 Somatic mutations in the Kristen rat sarcoma
proto-oncogene (Kras) prevent the redifferentiation of
acinar cells, leading to the formation of tumor precursor
pancreatic intraepithelial neoplasia (PanINs) and poten-
tially malignant transformation. A key aspect of PanINs is
the induction of a stromal reaction and recruitment of
immune cells into the tumor microenvironment support-
ing pancreatic tumorigenesis. These findings emphasize
the importance of understanding the initiation and reso-
lution of ADM and the interactions between epigenetic
determinants of cell identity and genetic alterations in the
early stages of PDAC.

The family of SRY-related high-mobility-group (HMG)
box-containing transcription factors regulate cellular dif-
ferentiation during the development and regeneration of
multiple tissues.7 Specifically, Sox4 and Sox9 are widely
expressed in pancreatic progenitors during development and
are necessary for the specification of pancreatic lineages.8,9

Interestingly, Sox4 is (re-)expressed in various epithelial tis-
sues upon tissue injury and cancer development,10 such as
prostate,11 breast,12 intestine13 and bladder,14 where it has
been shown to promote stemness, proliferation, and tumor
progression and metastasis. SOX transcription factor binding
motifs are enriched in newly accessible chromatin domains
during ADM and KRAS-induced PanIN formation.5 Although
Sox9 is a hallmark of ADM and necessary for PanIN forma-
tion,15 the function of Sox4 in pancreas regeneration and
cancer initiation has not been investigated.

Our study sheds light on the mechanisms underlying the
adaptation of pancreatic acinar cells to tissue injury in both
mouse and human models. The findings reveal the multifac-
eted role of Sox4 in this context, wherein it promotes cellular
differentiation, suppresses tumor formation, and regulates the
remodeling of the tissuemicroenvironment in early neoplastic
lesions. These insights enhance our understanding of the
complex interplay between cellular differentiation, tissue
microenvironment, pancreatic regeneration, and cancer.
Methods
Human Tissue Samples

Ethical consent was given by the Committee of Medical
Ethics–Universitair Ziekenhuis Brussels, and samples were
obtained through the Central Biobank Universitair Ziekenhuis
Brussel (17-183 and 20-466).
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Single-Cell RNA Sequencing Data Analysis
Raw base call (BCL) files generated by Illumina sequencers

were demultiplexed into FASTQ files using the 10� Genomics
Single-Cell Gene Expression Software Cell Ranger, version 7.2.0
(“mkfastq” pipeline, default parameters). The nf-core sc-rnaseq
pipeline, version 2.4.1, was selected to perform a best-practice
analysis pipeline for processing 10� Genomics single-cell RNA-
sequencing (scRNAseq) data. 10� Genomics provided the
reference genome sequenced:mouse reference (mm10-2020-A).

For in-depth analysis of major cell compartments (epithe-
lial, fibroblasts, and macrophages), the initial dataset was
subset and reclustered following the methodology in the Sup-
plementary Methods. Clusters were annotated using canonical
markers. Differential gene expression analysis was conducted
using Seurat’s FindMarkers function (version 4.4.0) via the
Wilcoxon test, leveraging the log-transformed expression ma-
trix. Features with a log2 fold change greater than 0.33 and an
adjusted P value less than .05 were defined as differentially
expressed genes.
Statistical Analysis
The statistical analysis of each experiment is described in

the corresponding legend detailing the statistical tests used and
sample sizes. High-throughput data, including RNA sequencing,
were analyzed using specialized bioinformatics software and
statistical packages. Differential expression analyses were
adjusted for multiple testing using the false discovery rate.
Differences between groups were assessed using parametric or
nonparametric tests, as dictated by the normality of the data
distribution and homogeneity of variances. For comparisons
involving more than 2 groups, 1-way or 2-way analysis of
variance was used, followed by post hoc tests for multiple
comparisons where necessary. The level of significance was set
at P < .05 for all tests.
Results
Sox4 Is Induced Upon Tissue Injury and
Maintained in Pancreatic Intraepithelial Neoplasia

In this study, we aimed to identify the transcription
factors that regulate acinar dedifferentiation. To accomplish
this, we performed transcriptome analysis of both human
exocrine explants in vitro, which mimics the acute damage
response induced in pancreatic injury,16 and pancreas tissue
from an experimental model of pancreatitis in mice induced
by repeated injections of a cholecystokinin analog, caerulein
(Figure 1A). We observed an overlap of pathways associated
with tissue injury in both experimental models such as
“KRAS_SIGNALING_UP,” “INFLAMMATORY_RESPONSE,”
“INTERFERON_GAMMA_RESPONSE,” and “TNFA_SIGNALING_
VIA_NFKB” (Figure 1B). We compared the datasets and found
that 366 genes were commonly overexpressed. Among them,
22 genes encoding transcription factors were significantly
up-regulated in the injury condition (Supplementary
Table 1). They included the genes for the erythroblast
transformation specific transcription factors ELF3 and ETS2,
the HMG box-containing transcription factor SOX4, and the
zinc finger-C2H2 transcription factors KLF7 and KLF5.
We confirmed significant induction of the commonly
overexpressed metaplastic genes KLF5 and KRT19 and loss of
the acinar differentiation markers BHLHA15 (Supplementary
Figure 1A). We validated the up-regulation of Sox4 by single-
molecule RNA in situ hybridization (ISH) (Supplementary
Figure 1B). Supporting our transcriptome analysis, we found
that SOX4 expression was associated with chronic injury as well
as PanINs and PDAC in human resected specimens (Figure 1C).

Next, we investigated the expression pattern of Sox4 in
an experimental mouse model of acinar regeneration and
cancer initiation. We used the Ptf1a: CreER; KrasLSL–G12D/þ;
Rosa26–LSL–YFPLSL–YFP (KCYAcinar) mice and subjected them to
the same tissue injury and inflammation protocol. Upon
tamoxifen injection in adult mice, KRASG12D protein is
expressed specifically in Ptf1a-expressing acinar cells of the
pancreas. Although KRASG12D is weakly oncogenic in acinar
cells in homeostasis, it synergizes with signals activated
after tissue injury and inflammation to generate PanINs.17

Our results showed that Sox4 was highly up-regulated in
acinar and ductal cells after tissue injury and, to a lesser
extent, in stromal cells (Figure 1D and Supplementary
Figure 1B). This expression pattern is consistent with the
morphologic and molecular evidence of ADM, which is
susceptible to neoplastic transformation driven by an acti-
vating mutation in Kras. Indeed, in contrast to control mice,
where Sox4 expression returned to basal levels, Sox4
expression was maintained in all PanINs (Figure 1D). We
validated our findings in normal pancreas, PanINs, and
advanced PDACs in mouse (Supplementary Figure 2A–C).18

Of note, we found that Sox4 was the top SOX transcription
factor up-regulated in isolated acinar cells after injury,
including Sox11 and Sox12 (which, together with Sox4, form
the SOXC group within the SOX family), as well as Sox9,
which was previously shown to regulate acinar plasticity
(Supplementary Figure 2D).5 Furthermore, transcriptome
and chromatin accessibility data confirmed Sox4 up-
regulation in both regeneration and cancer initiation in
isolated acinar cells, in parallel with the loss of acinar
markers (Supplementary Figure 3A and Supplementary
Table 2).5 Notably, analysis of single-nucleus RNA
sequencing from human chronic pancreatitis samples iden-
tified SOX4 expression in tuft cells and in a subpopulation of
MUC5Bþ/KLF5þ cells reminiscent of the transitional cellular
state observed in ADM (Supplementary Figure 3B).19 Taken
together, these results demonstrate that Sox4 is expressed
in a transitional cellular state of acinar dedifferentiation that
emerges after tissue injury and is maintained in precan-
cerous lesions of PDAC.
Sox4 Expression Is Up-regulated After Acinar-to-
Ductal Metaplasia

Next, we conducted a time course experiment using
whole pancreas quantitative polymerase chain reaction and
histopathologic analysis (Supplementary Figure 4A and B).
After tissue injury and inflammation, the pancreas recov-
ered after 14 days. Interestingly, we observed that the
KRAS-induced transcription factors Junb and Foxq1 were
rapidly induced after injury, before the down-regulation of
acinar markers and the up-regulation of ductal markers and



Figure 1. Sox4 expression is induced in ADM and ductal cells upon tissue injury. (A) We compared the gene expression profile
of freshly isolated human exocrine pancreas the day of isolation and after 4 days in culture (top) with an experimental model of
acute pancreatitis induced in mice with caerulein (bottom). Original magnification, 40�. (B) We observed a significant overlap
(highlighted in green) of pathways in both models of acute damage. Gene set enrichment analysis of hallmarks was performed,
and these were ranked according to normalized enrichment score (false discovery rate, <0.05). (C, D) We performed ISH and
immunofluorescence analysis in human and mouse samples. SOX4 is up-regulated in E-cadherinþ ductal lesions with peri-
ductal fibrosis in chronic pancreatitis and PDAC (C). Sox4 is expressed in acinar and ductal cells upon induction of pancreatitis
and PanINs in WT and KCYAcinar mice (D). Images are representative of 3 resected specimens evaluated by an experienced
pathologist. DAPI, 40,6-diamidino-2-phenylindole; NES, normalized enrichment score; PBS, phosphate-buffered saline.
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before Sox4 expression. The expression of Sox4 was acutely
up-regulated 2 days postinjection, coinciding with the up-
regulation of markers of proliferation.

Sox4 Deletion Exacerbates Acinar
Dedifferentiation Upon Tissue Injury

To investigate the potential role of Sox4 in recovery from
tissue injury, we deleted Sox4 in mature acinar cells. Spe-
cifically, we generated Ptf1a: CreER; Rosa26–LSL–YFPLSL–YFP;
Sox4þ/þ (CSox4WT) and Ptf1a: CreER; Rosa26LSL–YFPLSL–YFP;
Sox4fl/fl (CSox4KO) (Supplementary Figure 5A–C). ISH
revealed an efficient deletion of the gene in most acinar-
derived cells 2 days after inducing pancreatic injury, at
the peak of Sox4 expression (Figure 2A).

Because Sox4 is not expressed in adult acinar cells, we did
not observe any morphologic differences in the pancreas af-
ter Sox4 deletion (Supplementary Figure 6A and B). However,
histopathologic analysis 2 days after tissue injury, at the peak
of Sox4 expression, showed increased ADM, disturbed
lobular architecture with increased fibrosis, and slightly
distended and irregular luminal space in acinar-derived
ductal-like structures in the Sox4-depleted pancreas
compared to the wild-type (WT) control (Figure 2B). Addi-
tionally, instances of fibrotic pancreas were noted in CSox4-
knockout (KO) mice, a pathology not evident in CSox4WT

littermates (Supplementary Figure 6C and D).
Next, we assessed the expression of markers associated

with acinar differentiation and ADM in CSox4WT and
CSox4KO. The loss of Sox4 in acinar cells resulted in the up-
regulation of Klf5 and Junb in acinar-derived cells
(Figure 2C), which have been shown to be expressed in the
transitional cellular state primed to develop PanINs.6

Furthermore, we observed up-regulation of Krt19, Cd44,
Junb, Foxq1, and Sox9 and down-regulation of acinar-specific
transcription factors Bhlha15 (Figure 2D and
Supplementary Figure 7A). These results suggest that Sox4
restrains acinar metaplasia in response to damage rather
than promotes it.

Sox4 Deletion Has Non-Cell-Autonomous Effects
on the Stromal Compartment

To identify pathways regulated by Sox4, we performed
RNA sequencing and gene set enrichment analysis on
CSox4WT and CSox4KO pancreas 2 days after injury. We
observed up-regulation of KRAS_SIGNALLING_UP, TGF_BE-
TA_SIGNALING, TNFA_SIGNALLING_VIA_NFKB, and
IL6_JAK_STAT3_SIGNALING in CSox4KO compared to
CSox4WT mice (Figure 3A and Supplementary Table 3).
These findings suggest that Sox4 depletion induces a shift of
acinar cells toward premalignancy in the absence of
KRASG12D-activating mutations. Validating the gene expres-
sion signature, we observed increased phosphorylation of
Stat3Tyr705 (Figure 3B) and increased TGFB induced (TGFBI)
and tenascin (TNC) deposition in the extracellular matrix of
CSox4KO compared to CSox4WT (Figure 3C). Additionally, we
observed a striking increase in the number of alpha smooth
muscle actin (aSMA)–positive fibroblasts surrounding the
pancreatic acinus in CSox4KO pancreas, which were mostly
confined to the periphery of ducts and vessels in CSox4WT

mice (Figure 3D). Next, given that Sox4 expression is
concomitant with the up-regulation of Ki67 and that it has
been shown to regulate proliferation in homeostasis and
cancer in other tissues, we assessed cellular proliferation in
the epithelium and aSMAþ

fibroblasts. We observed a
significant decrease in the number of proliferative acinar-
derived cells and an increased proliferation of fibroblasts
(Figure 3E). The increase in infiltration was specific to
aSMAþ myofibroblast-like cancer-associated fibroblasts
(myCAFs) (Figure 3F and Supplementary Figure 7B and E).
Supporting an increase of aSMAþ

fibroblasts, we observed
up-regulation of extracellular matrix–associated proteins
(eg, COL12A1, COL11A1, LAMA3, COL8A1, FBN2, COL8A2,
LAMC2) (Supplementary Figure 7C). Notably, we did not
observe an increase of apoptotic cells in CSox4KO

compared to CSox4WT, indicating that the enhanced
fibrotic response is not due to an increase of death cells
(Supplementary Figure 8A). We did not observe changes in
the total number of immune cells or macrophages
(Supplementary Figure 8B). Overall, our transcriptome
and histologic analysis demonstrate that after injury in the
pancreas, Sox4 regulates acinar proliferation, restrains
acinar dedifferentiation, and suppresses STAT3 phos-
phorylation, the TGFB pathway, and the activation of
aSMAþ

fibroblasts.
Sox4 Is Necessary for the Specification of
Pancreatic Intraepithelial Neoplasia–Associated
Cell Types

Our gene expression analysis demonstrates that Sox4
expression is maintained in PanINs, associated with disease
progression. To investigate the role of Sox4 in the formation
of PanIN lesions from acinar cells after tissue injury and
KRAS mutations, we created mice that combined KrasG12D-
activating mutations with the deletion of Sox4 in acinar cells.
Specifically, we generated 2 groups of mice: Ptf1a: CreER;
Kras-LSL-G12D/þ; Rosa26-LSL-YFP/LSL-YFP; Sox4þ/þ (KCSox4WT)
and Ptf1a: CreER; Kras-LSL-G12D/þ; Rosa26-LSL-YFP/LSL-YFP;
Sox4fl/fl (KCSox4KO). After 2 weeks of tamoxifen injection,
we induced tissue injury and collected the pancreas after 21
days for further analysis. ISH validated Sox4 recombination
and showed a complete absence of Sox4 transcript in a large
number of acinar-derived cells in KCSox4KO mice compared
to expected up-regulation in the epithelial cells of KCSox4WT

mice, indicating efficient and specific recombination in
acinar-derived cells (Supplementary Figure 9A).

We observed that the pancreas from KCSox4KO mice had
a significantly higher weight than the pancreas from
KCSox4WT mice (Supplementary Figure 9B). Histologic
analysis revealed morphologic evidence of KRT19þ ductal-
like lesions in both groups of mice, with disturbed lobular
architecture, extensive fibrosis, and large irregular ductal
structures lined by cells with large and hyperchromatic
nuclei in KCSox4KO and KCSox4WT mice. Morphometric
analysis of lesions showed decreased lesion area, while the
lumen area is increased in the KCSox4KO compared to
KCSox4WT mice (Figure 4A and Supplementary Figure 10).



Figure 2. Sox4 regulates the redifferentiation and proliferation of metaplastic acinar cells. (A) We confirmed the conditional KO
of Sox4 in acinar cells by ISH and immunofluorescence staining with epithelial markers. Most acinar-derived cells (YFPþ) show
loss of Sox4 in CSox4KO compared to CSox4WT. Representative images from at least 3 mice are shown. Original magnification,
20� (left) and 80� (right). (B) Histopathologic analysis and ADM quantification of pancreatic tissue 2 days after induction of
acute pancreatitis. We observed evidence of pancreatic injury in both groups. Representative images from at least 3 mice are
shown. Scale bar, 250 mm. (C) We performed immunofluorescence and DAB staining for markers associated with acinar
metaplasia. We observed focal areas of Klf5 and Junb nuclear staining in CSox4KO compared to CSox4WT. We quantified Klf5
and Junb nuclear staining as a percentage of acinar-derived YFPþ cells and total nuclei, respectively. Immunofluorescence
original magnification, 20�. DAB scale bar, 100 mm. (D) We confirmed the histologic results by gene expression analysis of
metaplastic and differentiation genes by quantitative polymerase chain reaction. Statistical tests performed in C and D are
unpaired 2-tailed Student t test comparing KO with WT samples. P value is indicated on the graph, or *P < .05, **P < .01. All
experiments were performed in at least 3 mice. DAB, 3,30-diaminobenzidine tetra hydrochloride; DAPI, 40,6-diamidino-2-
phenylindole; H/E, hematoxylin and eosin.
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We observed an almost complete depletion of the
mucinous-filled cytoplasm of the epithelial cells in KCSox4KO

mice compared to KCSox4WT mice (Figure 4A). Supporting
these observations, we determined that Sox4 is specifically
expressed at the branching point of tuft cell and enter-
oendocrine specification in a mouse model of chronic
pancreatitis (Supplementary Figure 11A). Furthermore,
gene regulatory network analysis of scRNAseq revealed that
Sox4 regulates Pou2F3 and Neurog3, master regulators of
Tuft cells and enteroendocrine cells (Supplementary
Table 4). It is noteworthy that occasional columnar epithe-
lium cells that express Sox4 could be observed within the
same lesion. These cells escape Cre-mediated recombina-
tion, indicating that Sox4-dependent mucinous specification
is a cell-autonomous process (Supplementary Figure 11B).
This observation highlights the importance of Sox4 in the
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transdifferentiation of acinar cells in the development of
PanINs.

Next, we performed immunohistochemistry and immu-
nofluorescence analysis of POU2F3, DCLK1, and MUC5AC,
markers for tuft-like and pit-like cells, respectively, in the
pancreas of KCSox4WT and KCSox4KO mice 21 days after the
induction of tissue injury (Figure 4B). In KCSox4WT mice,
DCLK1-positive tuft-like cells were found to be juxtaposed
to MUC5AC-positive pit-like cells, and both types of cells
were found to colocalize with yellow fluorescent protein
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(YFP) (Supplementary Figure 11B), indicating their lineage
relationship with acinar cells. In contrast, there was a near
depletion of pit-like and tuft-like cells in KCSox4KO mice,
suggesting that Sox4 is necessary for the specification of
subpopulations of cell lineages derived from acinar cells and
induced after tissue injury and KrasG12D activation.

Next, we performed bulk RNA sequencing analysis in
whole pancreas extracted from KCSox4WT and KCSox4KO

mice to investigate the role of Sox4 in acinar plasticity in
PanIN lesions (Supplementary Table 5). Despite losing the
specification of acinar-derived lineages, Sox4 did not affect
the expression of the transcription factor–encoding genes
Junb and Onecut2 and ductal markers Krt19 and Krt7
(Supplementary Table 5).We performed gene ontology
analysis of differentially expressed genes in KCSox4KO mice
compared to KCSox4WT and observed up-regulation of
pathways associated with the KRAS signaling pathway and
immune function, among others (Figure 4C). These data
suggest a possible role of Sox4 in restraining disease pro-
gression and remodeling of the microenvironment in PanIN
lesions.

Confirming previous histopathologic analysis, we
observed a significant down-regulation of Muc5ac and Dclk1
gene expression in KCSox4KO mice compared to KCSox4WT

mice. Additionally, we observed an overall down-regulation
of markers of chief-like cells (Pgc), pit-like cells (Cldn18,
Muc5ac, Tff1, Gkn1/2), tuft-like cells (Pou2f3, Dclk), and
enteroendocrine cell progenitors (Neurog3) in KCSox4KO

mice (Figure 4D and E and Supplementary Table 5),20,21

indicating that Sox4 is necessary for acinar plasticity in
preinvasive lesions. Notably, tuft cells and pit-like cells have
been shown to restrain the growth of PanINs.22 These data
suggest that Sox4-dependent acinar plasticity represents a
protective mechanism in the progression of PDAC.

Sox4 Exerts Prohomeostatic Functions Through
Cell-Autonomous and Non-Cell-Autonomous
Processes in Preinvasive Lesions

PDAC initiation involves extensive tissue remodeling and
the generation of an immunosuppressive environment,
starting from the PanIN stage.23 We aimed to determine if
=
Figure 3. Sox4 prevents the activation of signaling pathway
expression analysis (gene set enrichment analysis) in whole p
induction of pancreatitis. Gene sets are ordered by normalized
formed DAB staining for phosphorylated (p) STAT3Tyr705. We obs
surrounding stromal cells in CSox4KO compared to CSox4WT.
analysis for TGFB induced and tenascin. We observed an incr
surrounding the metaplastic acinus in CSox4KO compared to
immunofluorescence analysis to determine the proliferation inde
results in decreased proliferation of metaplastic acinar cells
magnification, 40�. (E) Quantification of respective staining in CS
myCAFs (aSMAþ), apCAFs (aSMA–Ly6CþMHCIIþ), an
(CD45–CD31–CD326–Podoplaninþ) assessed by flow cytometry.
8. Unpaired 2-tailed Student t test comparing CSox4KO with C
performed in at least 3 mice. Data are represented as mean ±
ciated fibroblast; DAB, 3,30-diaminobenzidine tetra hydrochlo
enrichment score; ns, not significant.
the loss of Sox4 is associated with changes in the tumor
microenvironment. We noted that the pancreas in KCSox4KO

mice was stiffer, indicative of an exacerbated stromal reac-
tion. To further investigate collagen deposition in the
extracellular matrix, we performed Fast Green and Sirius
Red staining, in addition to pancreas decellularization, fol-
lowed by staining for collagen XII. Fast Green and Sirius Red
staining and analysis of decellularized tissue from KCSox4KO

mice revealed increased collagen XII deposition around le-
sions and a visible linearization of collagen fibers, suggest-
ing a desmoplastic-like reaction in these areas (Figure 5A
and Supplementary Figure 12). Subsequently, we performed
immunohistochemical analyses for CD45 and F4/80 in both
KCSox4KO and KCSox4WT littermates, with and without
caerulein-induced tissue damage. We observed a significant
increase in infiltrating immune cells in both groups after the
induction of tissue injury (Figure 5B and C). Interestingly,
despite an equal number of macrophages, there was a
notable reduction in the total number of CD45þ immune
cells in KCSox4KO mice compared to KCSox4WT controls.
These data suggest that the loss of Sox4 may contribute to
the development of a desmoplastic and immune-depleted
environment, which is associated with disease progression.

To investigate changes in cell populations due to Sox4
depletion in the epithelium, we performed scRNAseq on
pancreatic tissue isolated from CSox4KO and CSox4WT mice,
2 days after tissue injury induction and in a phosphate-
buffered saline control group. Additionally, we profiled
single cells from KCSox4KO mice both 2 days and 21 days
after tissue injury to assess Sox4’s role in disease progres-
sion. We used uniform manifold approximation and pro-
jection to visualize epithelial and nonepithelial cells,
categorizing them based on established lineage markers
(Figure 6A). Our findings indicate that Sox4 loss leads to an
exacerbated epithelial response to injury, marked by
increased expression of tissue damage and disease pro-
gression markers such as Cldn4, Mmp7, Krt19, Cxcl16, and
Ly6a, alongside a decrease in differentiation markers like
Bhlha15, Cpa1, Cpa2, Cela1, and Rbpjl in CSox4KO epithelial
cells compared to CSox4WT (Figure 6B and Supplementary
Table 6). To further understand the state of epithelial
cells in CSox4KO mice, we analyzed the expression of
s associated with tissue damage. (A) We performed gene
ancreas extracted from CSox4WT and CSox4KO 2 days after
enrichment score. False discovery rate, <0.05. (B) We per-
erved an increase in pSTAT3Tyr705 in the nucleus of acinar and
Scale bar, 100 mm. (C) We performed immunofluorescence
eased deposition of both proteins in the extracellular space
Csox4WT. Original magnification, 40�. (D) We performed

x of compartment-specific cell types using Ki67. Loss of Sox4
and increased proliferation of aSMAþ

fibroblasts. Original
ox4WT (n ¼ 3) and CSox4KO (n ¼ 4) animals. (F) Percentage of
d iCAFs (aSMA–Ly6CþMHCII–) of total fibroblasts
For more information, refer to Supplementary Figures 7B and
Sox4WT samples. *P < .05, ***P < .01. All experiments were
standard deviation. apCAF, antigen-presenting cancer-asso-
ride; DAPI, 40,6-diamidino-2-phenylindole; NES, normalized
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differentially expressed genes and compared them with the
expression profiles of epithelial cells at various stages of
injury-induced metaplasia and neoplasia. This comparison
revealed a pronounced shift toward advanced metaplasia
and neoplasia in CSox4KO mice relative to CSox4WT mice
(Supplementary Figure 13).
Next, we noted an increase in the number of ACTA2þ

myCAFs after tissue injury and inflammation induction in
both CSox4WT and CSox4KO mice treated with caerulein,
relative to the PBS control (Figure 6C–E). The abundance of
myCAFs was significantly higher in CSox4KO mice than in
CSox4WT littermates, with a continuous increase observed
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as disease progressed in KCSox4KO mice. These findings
corroborate our earlier immunofluorescence and flow
cytometry analyses, which indicated that Sox4 deletion leads
to the activation and proliferation of myCAFs in CSox4KO

compared to CSox4WT. Intriguingly, our data demonstrate
that although Sox4 loss induces transcriptional alterations
associated with advanced metaplasia and neoplasia only in a
subset of epithelial cells, these changes significantly influ-
ence the remodeling of the tissue microenvironment.

Our previous analysis did not show differences in the
immune component of the preneoplastic tissue microenvi-
ronment despite a significant reduction in the total amount
of immune cells as the disease progresses. However, anal-
ysis of the scRNAseq uncovers an unappreciated heteroge-
neity within the macrophage’s population in the CSox4WT

and CSox4KO mice. Most notably, there was a notable in-
crease in the proportion of macrophages expressing argi-
nase 1 (Arg1) in CSox4KO compared to CSox4WT mice, and
the number increases in KCSox4KO mice. Recent studies
have shown that Arg1 marks a population of polarized
macrophages driven by KRAS mutation in the epithelium
only present in a preneoplastic TME and contributes to an
immunosuppressive environment.24 Interestingly, we
observed a significant increase in Arg1þ macrophages in the
absence of KRASG12D mutation, suggesting that Sox4 re-
strains KRAS signaling in the epithelium. Furthermore, we
observed an increase in Tgfbi expression, which is restricted
to the Arg1þ population of macrophages. These data
demonstrate that Sox4 regulates the polarization of macro-
phages and suggest that the enhanced activation of myCAFs
may be mediated by the indirect secretion of Tgfbi by Arg1þ

macrophages in the CSox4KO mice compared to CSox4WT

mice.
Our data reveal that Sox4 deletion accelerates pancreatic

disease, which is consistent with the up-regulation of
KRAS_SIGNALING_UP. As such, Sox4 targets may serve as
potential regulators of tumor regression. To investigate this
hypothesis, we compared the inferred target genes of Sox4
with the transcriptional profile of PDAC tumors where KRAS
expression has been genetically or pharmacologically
inhibited.25,26 Interestingly, the extinction of KRAS resulted
in tumor regression and the up-regulation of Sox4 and genes
that overlap with our set of inferred targets (Supplementary
=
Figure 4. Sox4 is necessary for the specification of cell lineag
pancreatic tissue 21 days after induction of acute pancreatitis
lesions occurring in both phenotypes that were slightly smaller
blue staining in the KCSox4KO pancreas compared to KCSox4W

analysis with markers of tuft (DCLK1) and mucinous (MUC5AC) c
largely absent in lesions from KCSox4KO pancreas compared
mucinous cells and validated the results by gene expression a
Immunofluorescence original magnification, 40�. DAB original
RNA sequencing in KCSox4WT and KCSox4KO 21 days after indu
immune system processes, including adaptive immune respons
KCSox4WT (C). Volcano plot depicting the expression of markers
analysis using a gene set for tuft cells, mucin-producing cells, a
Student t test comparing KO and PBS with WT samples. Exp
***P < .001, ****P < .0001. DAB, 3,30-diaminobenzidine tetra hy
rate; NES, normalized enrichment score; PBS, phosphate-buffe
Figure 14A–C). This observation suggests a potential
connection between Sox4 targets and the genetic/pharma-
cologic inhibition of KRAS. Further exploration of this
overlap could provide valuable insights into the mecha-
nisms underlying pancreatic healing and tumor regression.
Discussion
Tissue injury plays a crucial role in the initiation of

PDAC in both mouse and human. Although recent studies
have provided insights into the regulatory networks
driving the adaptation of acinar cells to injury,5,6,27 the
regulatory networks involved during the resolution of
damage remain poorly understood. In our study, we
investigated the role of Sox4, a transcription factor that is
newly expressed in acinar cells after injury. Our findings
revealed that deletion of Sox4 resulted in prolonged
expression of proteins in the AP-1 complex, increased
expression of metaplastic genes, and reduced epithelial
proliferation. Furthermore, Sox4 is necessary for the
specification of acinar-derived cell types in PanIN lesions.
The loss of Sox4 also influenced the composition of the
tissue microenvironment, characterized by increased
deposition of TGFB ligands and heightened activation of
myofibroblasts and polarization of macrophages, sug-
gesting a proinflammatory phenotype. Therefore, our data
strongly indicate that Sox4 contributes to the resolution of
acinar cell injury–induced pancreatitis.

Sox4 is widely accepted as an oncogene due to its
frequent up-regulation during disease progression.28 Our
expression analysis of both mouse and human samples
supports this notion because we observed a positive cor-
relation between Sox4 expression and PDAC progression.
Interestingly, our genetic functional analysis demonstrated
that Sox4 loss actually exacerbates tissue damage and
cellular dedifferentiation in pancreatitis and PanINs, hall-
marks of cancer risk and poor prognosis. Recent studies
have demonstrated that acinar cells have the remarkable
capacity to adopt alternative cellular states, suggesting that
there is a division of labor among specialized cells in the
resolution or adaptation to injury.5,20,21,29,30 Our study
demonstrates that Sox4 is essential for the specification of
acinar-derived cell lineages in precursor lesions.
es in PanINs. (A) We performed histopathologic analysis of
in KCSox4WT and KCSox4KO mice. We observed numerous
and devoid of mucin-producing cells as determined by alcian
T. Scale bar, 250 mm. (B) We performed immunofluorescence
ells and DAB of tuft cell marker POU2F3. Both cell types were
to KCSox4WT. We quantified the number of positive tuft and
nalysis. Data are represented as mean ± standard deviation.
magnification, 20� (left) and 80� (right). (C–E) We performed
ced injury. Gene set enrichment analysis shows enrichment of
es in preinvasive lesions of KCSox4KO pancreas compared to
of cell lineages identified in PanINs (D). Gene set enrichment

nd EECs obtained in Schlesinger et al.21 (E). Unpaired 2-tailed
eriments performed in at least 3 mice. *P < .05, **P < .01,
drochloride; EEC, enteroendocrine cell; FDR, false discovery
red saline.



Figure 5. Sox4 regulates tissue homeostasis through autonomous and non-cell-autonomous mechanisms. We investigated
changes in the microenvironment 21 days after caerulein-induced injury in KCSox4WT and KCSox4KO mice. PBS-injected
animals were used as controls. (A) We investigated the collagen deposition in the extracellular matrix using Fast Green and
Sirius Red staining. We observed higher collagen deposition in injury-induced tissues, exacerbated in KCSox4KO mice. (B) We
performed DAB against the macrophage marker F4/80. We observed higher macrophage infiltration in caerulein-injected
tissues compared to PBS. Sox4 deletion in acinar cells did not lead to significant changes in macrophage infiltration. (C)
We performed DAB analysis with a marker of immune cells. Caerulein-induced injury resulted in higher tissue infiltration in
KCSox4WT but not in KCSox4KO mice. Statistical tests performed are 2-way analysis of variance with multiple comparisons.
*P < .05, **P < .01, ***P < .001, ****P < .0001. Data are represented as mean ± standard deviation. All experiments were
performed in at least 3 mice. Original magnification, 10� and 80�. CAE, caerulein; DAB, 3,30-diaminobenzidine tetra hydro-
chloride; FG/SR, Fast Green and Sirius Red; magn, magnification; ns, not significant; PBS, phosphate-buffered saline.
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Figure 6. Sox4 deletion exacerbates pancreatic injury. (A) UMAP includes all cells from 5 experiments. Data were produced
from 5 samples, with 3 mice per sample. Cell types were determined based on the expression level of representative markers.
(B) Differentially expressed genes in epithelial compartment: volcano plot showing genes significantly differentially expressed
(P value < .05) between CSox4KO and CSox4WT cells. Up-regulated genes in CSox4KO (log2 fold change > 0) are shown in
blue, and down-regulated genes (log2 fold change < 0) are in red. Selected gene names are highlighted. P values were
adjusted for false discovery rate using the Benjamini-Hochberg correction. (C) Fibroblasts: UMAP includes all fibroblasts
across 5 experiments. (D) Fibroblast subpopulations: bar plot showing the distribution of fibroblast subpopulations across
different samples. (E) Acta2 expression in fibroblasts: violin plot showing the expression level of Acta2 by fibroblasts
in different samples. Significant differences between groups were assessed using the Wilcoxon test. *P < .05, **P < .01,
***P < .001. (F) Macrophages: UMAP includes all macrophages across 5 experiments. (G) Violin plot showing the expression
level of Arg1 and Tgfbi by macrophages in different samples. Significant differences were assessed using the Wilcoxon test.
*P < .05, **P < .01, ***P < .001. DC, dendritic cell; NES, normalized enrichment score; ns, not significant; PBS, phosphate-
buffered saline; UMAP, uniform manifold approximation and projection.
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Although acinar-derived metaplastic cells possess
tumor-forming capabilities,31,32 our data show that they
functionally prevent the generation of a desmoplastic and
anti-inflammatory tumor microenvironment. These results
suggest that the cellular heterogeneity found in PanINs may
restrain malignant transformation through nonautonomous
mechanisms. Interestingly, this possibility has been pro-
posed to explain the high prevalence of PanINs that do not
progress to PDAC in the human disease.33 Among the
diverse population of acinar-derived cell types, tuft cells
play a crucial role in restraining disease progression by
promoting tissue homeostasis in the pancreas.34–36 Both
Sox4 KO and tuft cell depletion result in increased activation
of fibroblasts, enhanced fibrosis, and polarization of
myeloid-derived immune cells, all of which contribute to
accelerated disease progression.30 Therefore, our data
indicate that the prohomeostatic function of Sox4 may be
mediated at least in part by the differentiation of tuft cells.34

It is worth noticing that tuft cells have been shown to co-
ordinate goblet hyperplasia in the gastrointestinal tract and
epithelial airways in an anti-helminth immunity response.37

We observed a drastic reduction of mucin-producing cells in
KCSox4KO, suggesting that a similar process may take place
in the pancreas in response to sustained injury induced by
Kras activation. This implies the existence of a conserved
program of tissue regeneration that is shared among various
endoderm-derived tissues.

Our scRNAseq analysis revealed that Sox4 depletion
leads to an increased population of Arg1þ macrophages.
Previous research has indicated that Arg1 expression is
promoted by oncogenic Kras expression in epithelial cells
during the early stages of pancreatic cancer.24 Furthermore,
Arg1þ polarized macrophages are known to inhibit T-cell
expansion and contribute to an immunosuppressive micro-
environment.24 Interestingly, our study also found that
Arg1þ cells are a primary source of Tgfbi expression, sug-
gesting their crucial role in the activation of myCAFs after
Sox4 deletion. Consequently, our findings imply that Sox4
plays a dual role in limiting Kras signaling within the
epithelium and in hindering disease progression through
both cell-autonomous and nonautonomous mechanisms.

The results suggest that Sox4 regulates a genetic pro-
gram linked to the maintenance and restoration of tissue
homeostasis and tumor regression upon the extinction of
KRASG12D. Importantly, tumors capable of relapsing after
the genetic ablation of KRASG12D exhibit molecular charac-
teristics similar to those observed in the conditional dele-
tion of Sox4. These characteristics include the
phosphorylation of STAT3 at the Tyr705 residue and the
induction of epithelial-mesenchymal transition.38 This
finding suggests a potential interplay between Sox4 and
KRAS signaling in the context of pancreatic tissue regener-
ation and cancer initiation that is bypassed in relapses. The
emergence of targeting strategies for KRAS-driven cancers
has opened up new opportunities for therapeutic in-
terventions that hold promise for achieving a cure. However,
to prevent drug resistance and tumor relapse, it is crucial to
gain a better understanding of the underlying mechanisms
involved in the healing process.
Our study has certain limitations because we focused
solely on the role of Sox4 in acinar-derived cells as a po-
tential cancer cell of origin in PDAC. However, previous
studies have identified both ductal and acinar cells as po-
tential cells of origin for PDAC, and ductal cells have been
shown to play a critical role in paracrine signaling, immune
cell recruitment, and tissue remodeling,39 processes that we
found to be regulated by Sox4 in acinar cells. Importantly,
recent methylome analysis of human PanINs as well as
acinar and ductal cells suggests acinar cells as the cell of
origin in PDAC, through an intermediate cellular state that
resembles acinar and ductal cells,40 underscoring the rele-
vance of understanding acinar metaplasia and acinar-
specific modulation of the tissue environment and disease
progression. Additionally, no changes were detected in the
inflammatory cancer-associated fibroblast (iCAF) popula-
tion, possibly due to the analysis occurring at early time-
points. It has been observed that MyCAF/iCAF populations
tend to segregate later in disease progression.41 Conse-
quently, future research should focus on investigating
Sox4’s role in ductal cells, assessing the impact of Sox4
deletion on the differentiation of epithelial cancer cells, and
examining fibroblast heterogeneity in both primary and
metastatic tumors using mouse models of advanced disease.

Our findings in human models of acute damage and
transcriptional profiling of precursor lesions indicate that
the expression pattern and function of Sox4 is conserved
across species. This opens an opportunity to investigate
strategies aimed at resolving tissue damage associated with
human pancreatic pathologies.
Supplementary Material
Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterology at
www.gastrojournal.org, and at https://doi.org/10.1053/
j.gastro.2024.04.031.
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Supplementary Methods

Mouse Models
LSL-KrasG12D (MGI:2429948), Ptf1aCreER

(MGI:3771322), R26RYFP (MGI:2449038), and Sox4flox
(MGI:3773012) mouse strains were used for breeding. Mice
were maintained on a genetically mixed background. Ani-
mals were housed in accordance with best animal hus-
bandry guideline recommendations of the European Union
Directive (2010/63/EU). The Danish Animal Experiments
Inspectorate reviewed and approved all animal experiments.

In Vivo Mouse Experiments
Tamoxifen (T5648, Sigma-Aldrich) was administered

through intraperitoneal injections every other day for 5 days
(eg, Monday, Wednesday, Friday) at a dose of 3 mg per in-
jection. Tamoxifen was dissolved in corn oil (C8267, Sigma-
Aldrich) at a stock concentration of 30 mg/mL (100 mL/in-
jection). A standard was-out of 2 weeks was performed. To
induce tissue injury in the pancreas, the cholecystokinin
analogue caerulein (C9026, Sigma-Aldrich) was adminis-
tered through intraperitoneal injections every hour for 7
hours (8 injections/day) on 2 consecutive days at a con-
centration of 125 mg/kg body weight, as described else-
where.40 Control mice were injected with equivalent volume
of phosphate-buffered saline (PBS) following the same
protocol.

RNA Extraction and Complementary DNA
Synthesis of Pancreatic Tissue

RNA was extracted using the RNeasy Mini Kit (Qiagen,
no. 74106) according to the manufacturer’s instructions for
high-content RNAse tissues. The extracted RNA’s concen-
tration and sample quality were measured using a spectro-
photometer (DeNovix, DS-11). Retrieved RNA was treated
with DNAse to remove genomic DNA (Invitrogen, no.
18068015). Samples were stored at –80�C. Complementary
DNA (cDNA) was synthesized using the GoScript Reverse
Transcription System kit (Promega, no. A5001).

Flow Cytometry
The isolated cells were incubated with L/D fixable violet

or red dyes (Thermo Fisher Scientific; violet: L34955, red:
L34971) and then stained with the surface antibody cocktail
for 30 minutes at room temperature protected from light
(Supplementary Table 7). Solenocytes from the spleen were
used as the fluorescence minus one. Cells were centrifuged
for 5 minutes at 300g and fixed using Fix-Perm Solution
(Thermo Fisher Scientific, 00-5523-00) for 30 minutes at
room temperature. Finally, cells were washed with wash
buffer (from the Fix-Perm kit), centrifuged for 5 minutes at
600g, and resuspended with staining buffer (fetal bovine
serum [FBS] 2% in PBS). Centrifuges were performed for 5
minutes at 600g.

Flow cytometry was performed on an LSRFortessa X20
(BD Biosciences). For spleen, 500,000 events were recorded,
and between 1 and 2 million were recorded for pancreas.

Cytometry data were analyzed with FlowJo 20 (Treestar Inc)
using conventional manual gating.

Compensation was calculated using Ultracomp eBeads
Compensation Beads (Thermo Fisher Scientific, 01-2222-41)
and Arc Amine Reactive Compensation Bead Kit (Thermo
Fisher Scientific, A10628).

Quantitative Reverse Transcription Polymerase
Chain Reaction

Expression levels were calculated using the comparative
delta-delta cycle threshold method of relative quantitation,
with Rpl5 (ribosomal protein L5) and Rps29 (ribosomal
protein S2) as housekeeping genes for mouse samples and
PPIA (peptidylprolyl isomerase A) for human samples
(Supplementary Table 7).

Immunohistochemistry and Immunofluorescence
Pancreata were fixed in 4% paraformaldehyde (VWR

Chemicals, 9713-1000) for 24 hours at room temperature
and kept in 70% ethanol at room temperature (VWR
Chemicals, 20824.365) until paraffin embedding or 30%
sucrose for cryoprotection in optimal cutting temperature
compound. Tissues were cut into 4- to 10-mm sections and
placed on Superfrost Plus slide (Thermo Fisher Scientific,
10149870). Antigen retrieval was performed with Tris-
EDTA buffer at pH 9.0. Sections were washed in PBS-
Tween 0.5% and blocked with 1% donkey serum before
incubation with primary antibodies overnight at 4�C. Sec-
ondary antibodies plus DAPI were incubated for 1 hour at
room temperature. Sections were mounted with Vectashield
Mounting medium (Vector Laboratories, H-1000). The list of
antibodies can be found in Supplementary Table 7.

Acinar-to-Ductal Metaplasia Quantification
For the quantification of ADM, we used whole pancreas

scans stained with H&E and applied color deconvolution
tools using QuPath v.0.4.1 (Queen’s University, Belfast,
Northern Ireland). After manually excluding arteries, con-
nective tissue, fat, lymph nodes, and staining artifacts, we
annotated the acinar tissue using the Threshold tool, which
calculates the average of all channels. Subsequently, we used
a pixel classifier trained with random trees to further
eliminate edema and infiltration. The results are expressed
as the percentage of ADM.

RNA In Situ Hybridization
RNAscope Multiplex Fluorescent Reagent Kit version 2

(ACD Bio) was used, following the manufacturer’s in-
structions. Paraffin sections were rehydrated and incubated
with hydrogen peroxide, and target retrieval was performed
for 15 minutes. Protease III was applied for 15 minutes, and
each section was incubated with the RNAscope Probe-Mm-
Sox4 (ACD Bio, 471381) or RNAscope Probe-Hs-SOX4
(ACD Bio, 469911) for 2 hours. Standard hybridization
(concentration of 1:1500) and subsequent immunofluores-
cence (IF) staining were performed as previously described.
Slides were mounted with Prolong Gold Antifade Reagent
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(Cell Signaling, 9071S) and imaged with the Olympus ScanR
screening or Zeiss AxioScan.

Decellularization Procedure
Mice were killed by suffocation with CO2, shaved, and

disinfected with 70% ethanol. Each mouse was pinned su-
pine to a polystyrene tray and examined under a surgical
microscope (Leica S6D, Leica). The aorta was catheterized
using a 26-gauge catheter, and a stitch was placed 1 cm
above the tip of the catheter to secure it and prevent
backflow. The arterial celiac trunk was ligated by placing a
9-0 suture immediately below its emergence. Decellulariza-
tion of the pancreas was performed through the perfusion of
150 mL/min of 0.5% deoxycholic acid (Sigma) for 24 hours,
carried out with a peristaltic pump (Ole Dich). Sterile Milli-Q
water was then perfused for 18 hours to remove the
detergent before switching to PBS for another 6 hours. The
decellularized pancreas were carefully extracted and stored
in PBS until staining. Sections of the decellularized pancreas
were placed inside a cryotube containing a blocking solution
of 6% donkey serum and 3% (weight/volume) bovine
serum albumin in PBS. Samples were incubated on a rocking
table (w15 revolutions/min at room temperature for all
experiments) overnight. Primary antibody solutions (1:100
primary antibody, in 3% donkey serum in PBS) were added,
and the samples were incubated for 24 hours. Samples were
washed in a washing solution (0.05% Tween20 in PBS) for 1
hour 5 times. A secondary antibody solution (1:1000 sec-
ondary antibody in 3% donkey serum in PBS) was added,
and pancreata were incubated overnight. Three washing
cycles of 1 hour were performed with the washing solution.
Negative control samples were generated through the same
procedure but without the primary antibody. Images were
obtained on the inverted confocal microscope (Leica SP5-X,
Leica, Germany).

RNA Sequencing and Data Analysis
Samples with an RNA integrity number of >7 were sent

for RNA sequencing analysis to Novogene. After a library
quality control, sequencing was performed using the Illu-
mina NovaSeq 6000 platform, pair-end 150 base pair
sequencing, with a depth of 20 million read pairs per sam-
ple. Bioinformatic analysis was provided by Novogene un-
less otherwise indicated.

Fast Green and Sirius Red
Paraffin embedded tissues were deparaffinized and

stained with Fast Green and Sirius Red solution for 1 hour
(1 mg/ml Fast Green, Sigma-Aldrich F7258-25G; 1 mg/ml
Direct Red 80, Sigma-Aldrich 365548-25G; 1.3% in water
Picric acid, Merck P6744-1GA). Sections were then dehy-
drated with ethanol and xylene and mounted with entellan
(EMD Millipore, 1.0790.0500).

Human Explants and Microarray
Anonymized donor pancreata were obtained from the

Beta Cell Bank of the JDRF Centre for Beta Cell Therapy in

Diabetes. Full written consent for use of donor material for
research was obtained. Isolation of the exocrine cell fraction
was performed as previously described.40 cDNA was pre-
pared using the GeneChip WT PLUS Reagent kit and hy-
bridized onto the GeneChip Human Gene 2.0 ST Array
(Affymetrix). Quality control and data normalization were
conducted using the transcriptome analysis console
(Thermo Fisher Scientific). Differences were determined as
significant when the false discovery rate P value was less
than or equal to .05 and the fold change was >2 and <–2.

Single-Cell Suspension
Pancreas tissue was finely chopped with scissors in

digestion buffer (1 mg/mL Collagenase (Sigma-Aldrich,
C9407-1G), 1 mg/mL DNase I (Sigma-Aldrich,
11284932001), 0.1 mg/mL soybean trypsin inhibitor
(Thermo Fisher Scientific, 17-075-029) dissolved in Hank’s
balanced salt solution (HBSS). Digestion was performed in
gentleMACS C Tubes using the mTDK1 program on a gen-
tleMACS Dissociator (Miltenyi Biotec). The reaction was
stopped with STOP buffer (1 mg/mL DNase I [Sigma-Aldrich,
11284932001], 0.1 mg/mL soybean trypsin inhibitor, and
5% FBS dissolved in HBSS). Digested tissue was centrifuged
for 5 minutes at 2000 revolutions/min and resuspended in 3
mL RBC lysis buffer (Thermo Fisher Scientific, 00-4333-57).
After 2 minutes incubation cells were washed with STOP
buffer twice and filtered through a 40-mm cell strainer. Cells
were then resuspended in fluorescence-activated cell sorter
buffer (1 mg/mL DNase I [Sigma-Aldrich, 11284932001]
and 1% FBS dissolved in HBSS) before staining.

Single-Cell RNA Sequencing
Single-cell dissociation was prepared as described in the

“Single-Cell Suspension” section with some changes. An
additional digestion step with Trypsin-EDTA (Thermo Fisher
Scientific, 25-200-056) diluted 1:5 in cell suspension was
performed before the RBC lysis. After collection, the cells
were centrifuged at a speed not exceeding 400 relative
centrifugal force. The supernatant was discarded. The cell
pellet was resuspended in 1 mL 1� PBS containing 0.04%
bovine serum albumin, and the washing procedure was
repeated twice. After washing, an appropriate volume of PBS
was added to the cell precipitation to obtain single-cell
dispersion suspension with a concentration close to the
goal number. A wide-bore pipette tip was used for pipetting
cell resuspension for lower cell damage, and 40-mm cell
strainers were used for removing cell debris and cell clumps.
Automatic cytometry was used to determine the cell con-
centration. The sample volume was calculated based on the
optimal cell sampling concentration supplied by the 10�
Genomics official website and the target capture number. If
the calculated concentration was too high, the liquid volume
was adjusted to the appropriate concentration, and the
counting was repeated. Once the desired cell suspension
was obtained, it was immediately placed on ice for subse-
quent gel beads–in–emulsion preparation and reverse
transcription.
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10� Genomics Library Preparation and
Sequencing

Chromium Single Cell 30 Reagent Kits version 3.1 Dual In-
dex (10� Genomics, PN-1000268) were used for library
preparation according to a standard protocol. In brief, cells
were counted under a microscope, mixed with reverse tran-
scription mix, and partitioned together with v3 Gel Beads on
Chromium Chip B (10� Genomics, PN-1000127) into gel
beads in emulsion using ChromiumController (10�Genomics,
PN-120223). After reverse transcription, samples were frozen
at�20�C.Within aweek, samples from several 10� runswere
processed together for cDNA cleanup and preamplification (12
polymerase chain reaction [PCR] cycles]). After SPRIselect
(Beckman Coulter) cleanup, cDNA was quantified and frozen
at �20�C. In general, the same quantity of cDNA was used
during fragmentation, end repair, and A-tailing for most
samples. After this, fragments were cleaned up using SPRIse-
lect reagent and processed through the steps of adapter liga-
tion, SPRIselect cleanup, and sample index PCR (using
Chromium i5 and i7 Sample Indices [10� Genomics, PN-
1000215] for 11 PCR cycles]. After this, libraries were
cleaned up with SPRIselect reagent and quantified using the
Qubit HS dsDNA Assay Kit (Thermo Fisher Scientific,
Q32854) and Qubit Fluorometer and also using the High
Sensitivity D5000 Reagents (Agilent, 5067-5593) and
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Agilent 4150 TapeStation. Libraries were pooled according
to the expected amount of cells per sample; each pool was
quantified and sequenced using 100 cycles of NovaSeq 6000
S2 (Illumina, 20028316) runs on Illumina NovaSeq 6000
System (Illumina 20012850) controlled by NovaSeq control
software. Libraries were sequenced using 28 cycles for read
1, 10 cycles for the i7 index, 10 cycles for the i5 index, and 90
cycles for read 2.
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Supplementary Figure 1. Sox4 expression is associated with pancreatic injury. (A) Gene expression analysis in freshly iso-
lated mouse exocrine pancreas the day of isolation and after 4 days in culture. (B) ISH and immunofluorescence analysis in the
pancreas 2 days after caerulein-induced pancreatitis. The expression of Sox4 is restricted to the ADM and ductal cells.
Representative images of at least 3 mice. Scale bar, 50 mm. DAPI, 40,6-diamidino-2-phenylindole.
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Supplementary Figure 2. Sox4 expression pattern analysis in experimental mouse models of pancreas regeneration and
cancer initiation. (A) Microarray gene expression analysise1 of Sox4 and markers of ADM (Krt19) and acinar differentiation
(Ptf1a) with temporal resolution in P48cre/þ; LSL-KrasG12D/þ and WT mice. (B) UMAP plots of scRNAseq profiles of mouse
epithelial cells at different stages of PDAC progression from normal acinar cells. (Left) Colored by sample. (Middle and right)
colored by the expression of Sox4 and Cpa1.e2 (C) Sox4 expression in the pancreas, PanINs, and PDAC assessed in RNA
sequencing from mouse pancreas. (D) Gene expression analysise3 of the Sox family of transcription factors in lineage-traced
acinar cells 4 days after caerulein-induced pancreatitis. UMAP, uniform manifold approximation and projection. TF, tran-
scription factor.
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Supplementary Figure 3. Sox4 expression increases in tissue injury and disease progression. (A) Gene expression analysis of
the Sox4 locus in sorted lineage-traced acinar cells during disease progression in mouse PDAC by RNA sequencing. (B)
Expression pattern of SOX4 and metaplastic markers in scRNAseq from human chronic pancreatitis.
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Supplementary Figure 4. Sox4 expression
peaks after ADM and concomitant with
proliferation in caerulein-induced pancrea-
titis. (A) We investigated the expression
pattern of Sox4 in relation to markers of
ADM, proliferation, and acinar identity with
temporal resolution in pancreas regenera-
tion using quantitative PCR. Sox4 expres-
sion is up-regulated after Junb, Foxq1, and
Klf5 and coincides with the recovery of
acinar markers and proliferation. *P < .05,
**P < .01, ***P < .001 vs PBS. Error bars
represent standard deviation (SD). Ordinary
1-way analysis of variance with multiple
comparison test vs PBS samples (n � 3). (B)
Expression pattern of metaplastic and
acinar differentiation markers in the pro-
gression and resolution of experimental
pancreatitis. Immunohistochemical analysis
of Junb, carboxypeptidase A1, and Bhlha15
in the pancreas of C57bl6 mice after caer-
ulein injection and PBS control. Images are
representative of at least 3 mice. Scale bar,
100 mm.
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Supplementary Figure 5. Acinar-specific allele recombination. (A) Schematic representation of the experimental procedure.
We injected 3 mg of tamoxifen intraperitoneally on 3 alternate days in CSox4WT and CSox4KO mice. After 2 weeks of washout,
mice were subjected to a 2-day protocol of 8 hourly intraperitoneal injections of caerulein to induce pancreatic injury and
inflammation. Tissues were extracted at the indicated timepoints for histologic and molecular analysis. Image created with
Biorender (https://biorender.com/). (B) Schematic representation of the modified Sox4 allele indicating the relative position of
the primers used for genotyping and analysis of pancreas-specific recombination. We confirmed the specificity of Sox4
deletion in the pancreas by PCR amplification of DNA from pancreas and spleen. (C) We performed immunofluorescence
analysis to determine the fraction of YFPþ cells in the pancreas after 2 weeks of tamoxifen washout. We observed labeling
efficiency of 67.2% ± 10.6% (n ¼ 3), which was specific to the acinar cells. Representative images of at least 3 mice are
shown. Error bars represent standard deviation. Original magnification, 40� (left) and 80� (middle and right). DAPI, 40,6-
diamidino-2-phenylindole.
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Supplementary Figure 6. Sox4 is dispensable for tissue homeostasis. (A) We performed histologic analysis of the pancreas
resected after 14 days of caerulein injection and PBS control. Scale bar, 100 mm. (B) The pancreas recovered its size and
weight after experimental pancreatitis in CSox4WT and CSox4KO mice. (C) Representative histologic images of pancreatic
tissue post–caerulein-induced pancreatitis in both CSox4WT and CSox4KO mice. The image for CSox4KO at day 14 exemplifies
the observed tissue damage in 2 out of the 4 mice, illustrating the variability in response to Sox4 deletion. Scale bar, 500 mm.
(D) Pathologist’s evaluation of histologic evidence of pancreatitis in both CSox4WT and CSox4KO mice. It is important to
highlight that the impact of Sox4 deletion on tissue regeneration is not observed across all specimens. This partial recovery in
some mice suggests the presence of more complex, perhaps compensatory, mechanisms governing tissue homeostasis and
recovery. CAE, caerulein; H/E, hematoxylin and eosin.
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Supplementary Figure 7. Sox4 restricts the tissue damage response in the pancreas. (A) We performed DAB staining with
markers of acinar metaplasia 2 days after the injection of the first dose of caerulein. Scale bar, 100 mm. (B) Representative flow
cytometry image of aSMAþ

fibroblasts 2 days postinjury in CSox4WT and CSox4KO mice. Sox4 deletion in acinar cells
increased the number of activated myCAFs in the tissue. Experiment was performed in 6 animals per group. (C) Gene
expression analysis showed up-regulation of extracellular matrix proteins in CSox4KO compared to CSox4WT mice. (D, E) We
investigated the different subtypes of CAFs 2 days after caerulein-induced injury using flow cytometry. Representative flow
cytometry gating strategy for quantification of myCAFs (CD326–CD31–CD45–PDPNþaSMAþ), iCAFS (CD326
–CD31–CD45–PDPNþaSMA–Ly6CþMHCII–), and apCAFs (CD326–CD31–CD45–PDPNþaSMA–Ly6C–MHCIIþ) (D). FMO controls
were used to assess background and set the gatings for flow cytometry analysis (E). APC, allophycocyanin; apCAF, antigen-
presenting cancer-associated fibroblast; CAF, cancer-associated fibroblast; DAB, 3,30-diaminobenzidine tetra hydrochloride;
FMO, fluorescence minus one; PDPN, podoplanin; PE, phycoerythrin; PerCP, peridinin-chlorophyll-protein.
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Supplementary Figure 7. (continued).
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Supplementary Figure 8. Loss of Sox4 does not result in increased cell death. (A) Immunofluorescence and TUNEL assay. We
assessed the number of green apoptotic (TUNELþ) and red epithelial cells (ECADþ) in CSox4KO and CSox4WT mice (n > 3).
Vimentinþ stromal cells are labeled in blue. No statistical differences observed between CSox4KO and CSox4WT mice at day 2.
(B) DAB staining for F4/80. We quantified the number of F4/80þ macrophages in CSox4KO and CSox4WT mice at day 2 post
caerulein. No statistical differences observed between CSox4KO and CSox4WT mice at day 2 post caerulein. *P < .05, **P <
.01. CAE, caerulein; ns, not significant by Mann-Whitney test; TUNEL, terminal deoxynucleotidyl transferase–mediated
deoxyuridine triphosphate nick-end labeling.
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Supplementary Figure 9. Characterization of precancerous lesions of KCSox4KO compared to KCSox4WT mice. (A) We
confirmed the conditional KO of Sox4 in acinar cells by ISH and immunofluorescence staining with markers of epithelial cells.
Most acinar-derived cells showed loss of Sox4 in KCYSox4KO compared to KCYSox4WT. We observed cuboidal epithelial cells
that remained Sox4-positive, indicating that they escaped cre-mediated recombination of the Sox4 allele. Original magnifi-
cation, 63�. (B) Pancreatic area and pancreas weight were measured 21 days after the injection of caerulein in KCSox4WT and
KCSox4KO mice, and we observed a significant increase in the conditional KO for both measures. Statistical tests performed
are unpaired 2-tailed Student t tests comparing KO with WT samples. P values are indicated as *P < .05. Data are represented
as mean ± standard deviation. Experiments were performed in at least 3 mice. DAPI, 40,6-diamidino-2-phenylindole.
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Supplementary Figure 10.
Morphometric analysis of precancerous
lesions. We performed morphometric
analysis of lesions in KCSox4KO

compared to KCSox4WT pancreas 21
days after the injection of caerulein. We
observed a preponderance of columnar
epithelial cells in KCSox4WT compared
to mostly cuboidal epithelial cells in
KCSox4KO mice, which resulted in a
smaller lumen in KCSox4KO compared
to KCSox4WT pancreas. At higher
magnification, all lesions had basally
oriented and uniform nuclei. Scale bar,
100 mm. H/E, hematoxylin and eosin.
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Supplementary Figure 11. Sox4 is necessary for the specification of acinar-derived tuft cells and mucin-producing cells. (A)
Expression of Sox4 overlaid on the UMAP of acinar-derived cells in an experimental models of chronic pancreatitis (from Ma
et ale4). (B) Sox4 is required for the specification of acinar-derived tuft cells. Immunofluorescence staining (DAPI in blue, YFP in
green, and Dclk1 in red), labeling with YFP the positively recombined acinar cells and with Dclk1 the tuft cells present in the
epithelium in tissues collected 21 days after induction of injury with caerulein in KCSox4WT and KCSox4KO mice. (C) Quan-
tification of the percentage of YFP-positive, Dclk1-positive and double-positive cells in lesions in the immunofluorescence in B
(n � 3). Data are represented as mean ± standard deviation. Statistical tests performed were unpaired 2-tailed Student t tests.
P values are indicated as *P < .05, **P < .01, ***P < .001, ****P < .0001. Original magnification, 40�. DAPI, 40,6-diamidino-2-
phenylindole; EEC, enteroendocrine cell; ns, not significant; UMAP, uniform manifold approximation and projection.
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Supplementary Figure 12. Loss of Sox4 results in the increased deposition of collagen. We performed immunofluorescence
analysis of decellularized tissue from KCSox4WT and KCSox4KO. Decellularized tissue from KCSox4KO mice revealed a higher
deposition of collagen XII around the epithelial regions as well as a visible linearization of collagens, suggesting an increased
desmoplastic reaction in these lesions. P values are indicated as **P < .01. Original magnification, 40�.
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Supplementary Figure 13. Sox4 KO shifts epithelial cells toward malignancy. (A) UMAP plots of scRNAseq profiles of mouse
epithelial cells at different stages of PDAC progression from normal acinar cells. (B, C) UMAP plots labeled by cell state and
colored by the expression level of genes enriched in CSox4KO (B) and CSox4WT (C). Loss of Sox4 results in the up-regulation of
genes associated with late metaplasia and neoplasia. UMAP, uniform manifold approximation and projection.
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Supplementary Figure 14. Ablation of oncogenic Kras signaling results in the emergence of a cell population enriched with
Sox4 expression and Sox4 targets. (A) We performed gene set enrichment analysis of SOX4-inferred targets with several
independent molecular signatures of KRASG12D-depleted tumors. Gene sets are ordered by NES. False discovery rate,
<0.05. *P < .05, **P < .01. For borderline results, the actual P value is shown. (B) UMAP includes all cells identified in
orthotopic tumors generated by inducible KPC cells (Pdx1Cre; KrasG12D; Tp53�/�) before and after doxycyline removal from
the drinking water. Ablation of oncogenic Kras signaling results in the emergence of a new population (cluster 3) denoted by
the expression of Sox4 and markers of acinar-derived metaplastic cells. (C) Overlap between Sox4 targets and the list of genes
enriched in cluster 3 and other clusters of cells identified in the scRNAseq data. Hypergeometric test. NES, normalized
enrichment score; tSNE, t-distributed stochastic neighbor embedding.
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