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BACKGROUND & AIMS: Pancreatic ductal adenocarcinoma
(PDAC) is characterized by a fibroblast-rich desmoplastic
stroma. Cancer-associated fibroblasts (CAFs) have been
shown to display a high degree of interconvertible states
including quiescent, inflammatory, and myofibroblastic phe-
notypes; however, the mechanisms by which this plasticity is
achieved are poorly understood. Here, we aim to elucidate
the role of CAF plasticity and its impact on PDAC biology.
METHODS: To investigate the role of mesenchymal plasticity
in PDAC progression, we generated a PDAC mouse model in
which CAF plasticity is modulated by genetic depletion of the
transcription factor Prrx1. Primary pancreatic fibroblasts from
this mouse model were further characterized by functional
in vitro assays. To characterize the impact of CAFs on tumor
differentiation and response to chemotherapy, various
coculture experiments were performed. In vivo, tumors were
characterized by morphology, extracellular matrix composi-
tion, and tumor dissemination and metastasis. RESULTS: Our
in vivo findings showed that Prrx1-deficient CAFs remain
constitutively activated. Importantly, this CAF phenotype de-
termines tumor differentiation and disrupts systemic tumor
dissemination. Mechanistically, coculture experiments of tu-
mor organoids and CAFs showed that CAFs shape the
epithelial-to-mesenchymal phenotype and confer gemcitabine
resistance of PDAC cells induced by CAF-derived hepatocyte
growth factor. Furthermore, gene expression analysis showed
that patients with pancreatic cancer with high stromal
expression of Prrx1 display the squamous, most aggressive,
subtype of PDAC. CONCLUSIONS: Here, we define that the
Prrx1 transcription factor is critical for tuning CAF activation,
allowing a dynamic switch between a dormant and an activated
state. This work shows that Prrx1-mediated CAF plasticity has
significant impact on PDAC biology and therapeutic resistance.

http://crossmark.crossref.org/dialog/?doi=10.1053/j.gastro.2020.09.010&domain=pdf


WHAT YOU NEED TO KNOW

BACKGROUND AND CONTEXT

The transcriptional factor Prrx1 is a plasticity driver during
pancreatic ductal development, pancreatitis and
carcinogenesis within the epithelial compartment.
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Keywords: Cancer-Associated Fibroblasts; Myofibroblasts;
Pancreatic Ductal Adenocarcinoma; Extracellular Matrix
Proteins.

ancreatic ductal adenocarcinoma (PDAC) is a com-
Recently, it was shown that cancer-associated
fibroblasts also display pronounced cellular plasticity
leading to distinct phenotypes impacting differently
upon tumor biology. Here, we investigate the role of
Prrx1 in pancreatic cancer-associated fibroblasts (CAFs).

NEW FINDINGS

Genetic Prrx1 deletion forces CAFs into a highly activated
state resulting in an increased ECM deposition. This
specific CAF phenotype leads to improved tumor
differentiation, increased sensitivity towards
chemotherapeutic treatment and disrupts systemic
tumor dissemination.

LIMITATIONS

Although varying stromal Prrx1 gene expression levels
correlate with distinct human pancreatic cancer
subtypes confirming our results, more work is needed
using human model systems.

IMPACT

The Prrx1 transcription factor is essential for CAF
plasticity and impacts upon PDAC biology and
therapeutic resistance. Our findings identify CAF
plasticity as potential therapeutic target in PDAC.

Abbreviations used in this paper: 3D, 3-dimensional; a-SMA, a-smooth
muscle actin; CAF, cancer-associated fibroblast; ECM, extracellular ma-
trix; EpCAM, epithelial cell adhesion molecule; ELISA, enzyme-linked
immunosorbent assay; EMT, epithelial-mesenchymal transition; iCAF, in-
flammatory cancer-associated fibroblast; FB, fibroblast; GFP, green
fluorescent protein; HGF, hepatocyte growth factor; IF, immunofluores-
cence; IHC, immunohistochemistry; IL, interleukin; myCAF, myofibro-
blastic cancer-associated fibroblast; PanIN, pancreatic intraepithelial
neoplasia; PDAC, pancreatic ductal adenocarcinoma; Prrx1, paired
related homeobox 1; PSC, pancreatic stellate cell; RNA-seq, RNA
sequencing; SPARC, secreted protein acidic and cysteine rich; TAM,
tamoxifen; TGF, transforming growth factor; TME, tumor
microenvironment.
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Pplex disease that is no longer viewed as purely an
accumulation of mutations in cells. Instead, the PDAC
microenvironment influences tumor cell initiation, pro-
gression, and metastasis. The tumor microenvironment
(TME) comprises immune cells, extracellular matrix (ECM)
proteins, soluble factors, neurons, endothelial cells, adipo-
cytes, and cancer-associated fibroblasts (FBs) (CAFs).1–3

CAFs represent a heterogenous cell population with meso-
dermal origin,4 and pancreatic stellate cells (PSCs) are the
most studied subtype of this population. Through extrinsic
cues, quiescent PSCs differentiate into a-smooth muscle
actin (a-SMA)–expressing activated PSCs, which are prolif-
erative and migratory, as well as sources of ECM proteins
and active soluble factors.5–7 However, activated FBs also
provide tumor-supporting effects through paracrine
signaling, favoring tumor growth and metastatic dissem-
ination.8–10

Because of the central role of CAFs within the TME, novel
therapeutic targeting strategies were developed. For example,
in genetically engineered mouse models, reprogramming of
activated FBs into quiescent PSCs by vitamin D receptor
activation suppresses a tumor-promoting secretome, resulting
in improved outcomes.11 An approach to enhance drug de-
livery in a mouse model of PDAC is the inhibition of Smo
(Hedgehog) signaling pathway, which resulted in a decrease
of proliferation of FB and collagen content and an increase of
vascularization.12 However, the coadministration of IPI-926 (a
Hedgehog inhibitor) to suppress CAF protumorigenic func-
tions and gemcitabine resulted in a failed phase 2 clinical
trial.13 As a result, follow-up studies were conducted in which
targeting a-SMAþ myofibroblasts or Shh deletion in pancre-
atic cancer cells in genetically engineered mouse models
suggested a protective role of the stroma.14,15 Another strat-
egy to overcome CAF-mediated chemoresistance is to break
down the ECM, for example, through the degradation of hy-
aluronic acid16,17 or by using anti-angiogenic therapies.18

Unfortunately, phase 3 of the clinical trial using PEGPH20 in
combination with gemcitabine and nab-paclitaxel failed,
highlighting the need to better understand the role of
stroma.19

These protumorigenic and antitumorigenic functions
might be due to CAF heterogeneity.6 Öhlund et al20 identi-
fied 2 different groups of FBs and coined the terms in-
flammatory CAFs (iCAFs) and myofibroblastic CAFs
(myCAFs).20 iCAFs express inflammatory markers, like
interleukin (IL) 6 and leukemia inhibitory factor, which
promote tumor progression and systemic effects, such as
immune suppression.20,21 Conversely, myCAFs exhibit a
tumor-restraining function.14,15,20 Both CAF subtypes
represent interconvertible states, underscoring the need to
understand plasticity in FBs.20

The paired-related homeobox 1 (Prrx1) transcriptional
factor was identified as a driver of cellular plasticity during
pancreatic ductal development, acinar-to-ductal metaplasia,
and carcinogenesis.22 In addition, Prrx1 is a key regulator of
epithelial-to-mesenchymal transition (EMT) and metastatic
colonization in PDAC.23 These processes are regulated by
isoform switching of Prrx1. The isoform Prrx1b promotes
EMT through up-regulation of the hepatocyte growth factor
(HGF), whereas Prrx1a regulates tumor differentiation and
metastatic outgrowth.23

Here, we identified high Prrx1 expression levels in the
PDAC stroma. Importantly, we found that high stromal
expression levels of Prrx1 are associated with the squamous
subtype, whereas low stromal Prrx1 expression is found in
classical PDAC, thereby indicating a potential functional role
of Prrx1 in CAFs. Consequently, we developed a conditional
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knockout allele of Prrx1 to specifically ablate Prrx1 in FBs,
both in vitro and in vivo. Mechanistically, we describe that
loss of Prrx1 mediates CAF activation and leads to increased
amounts of ECM, improved tumor differentiation, fewer
circulating tumor cells, and reduced metastasis. At the same
time, Prrx1 in CAFs promotes EMT and chemotherapeutic
resistance in tumor cells through paracrine HGF signaling.

Materials and Methods
Experimental Animals

All animal experiments and care were in accordance with
the guidelines of institutional committees and approved by the
local authority, Regierung von Oberbayern, project number
55.2-1-54-2532-1-2017.

Three-Dimensional Organoid Culture and
Immunofluorescence

Three-dimensional (3D) pancreatic cell culture was per-
formed as previously described.22,24

Tissue Immunohistochemical/
Immunofluorescence Staining

Immunohistochemistry (IHC) and immunofluorescence (IF)
staining were carried out as described previously23 and as
detailed in Supplementary Experimental Procedures.

Quantification of Single-Color
Immunofluorescence Signals

The quantification protocol was developed by Koushik Das,
MD (Washington University School of Medicine, St. Louis,
MO).25

Statistical Analysis
Data are presented as mean ± standard error of the mean.

For all in vitro and in vivo experiments, statistical analyses
were performed using the Student t test except where other-
wise noted. Significance was noted as P < .05.

Data Availability
The authors declare that all data supporting the results of

this study are available within the article or its supplementary
information files. Please also see the Supplementary
Experimental Procedures for details.

Results
Prrx1 Is Highly Expressed in Cancer-Associated
Fibroblasts

PRRX1 has been described as a regulator of pancreatic
epithelial plasticity.22,23 It is apparent in other human
cancers, for example, in colon, esophageal, and lung can-
cer, that PRRX1 expression is not restricted to tumor cells
but is also expressed in the tumor stroma.26,27 Histologic
analysis of PRRX1 expression in murine (Pdx1-
Cre;KrasG12D/þ;Ink4/ARFfl/þ) and human PDAC showed
that, indeed, PRRX1 expression is not limited to the
tumor cell compartment but is also found in the tumor
stroma, including CAFs (Figure 1A and B). To differentiate
stromal and tumor cell–derived gene expression (based
on species differences), Nicolle et al28 performed RNA
profiling of 30 xenograft bulk tumors from patients with
PDAC.28 In this data set, Prrx1 is a highly up-regulated in
the stroma (Figure 1C). Gene expression analysis of pri-
mary human cell cultures showed that the PRRX1 level is
significantly higher in CAFs compared to PDAC cells
(Figure 1D). In addition, we isolated pancreatic ductal
cells, FBs, and PSCs from C57BL/6 mice, pancreatic
intraepithelial neoplasia (PanIN) cells and PanIN-
associated FBs from Pdx1-Cre;KrasG12D/wt mice as well
as PDAC cells from p48-Cre;FSF-KrasG12D mice and
CAFs from p48-Cre;LSL-KrasG12D/þ;Tgfbr2fl/fl mice
(Supplementary Table 1). Gene expression analysis of
these cell lines showed that both Prrx1 splice variants are
significantly up-regulated in FBs compared to ductal cells
(Figure 1E and F).

To corroborate these findings, we analyzed published
single-cell RNA-sequencing (RNA-seq) data sets in mouse
and human PDACs. Analyses of data by Elyada et al29

showed that iCAFs and myCAFs express the highest Prrx1
levels compared to the ductal cells and antigen-presenting
CAFs in mice (Supplementary Figure 1A).29 In the human
data set by Peng et al,30 PRRX1 expression is low in the
ductal compartment compared to tumor FBs
(Supplementary Figure 1B).30 In addition, PRRX1 is highly
expressed in human myCAFs but also in iCAFs
(Supplementary Figure 1C).

These data indicate that Prrx1 is highly expressed in the
stromal compartment of PDAC, especially in FBs.
Stromal PRRX1 Expression Correlates With the
Squamous Subtype in Human Pancreatic Ductal
Adenocarcinoma

Multiple genomics studies have identified various mo-
lecular subtypes of PDAC, but The Cancer Genome Atlas
Research Network reported that most PDACs can be clas-
sified into 2 major subtypes based on cancer cell autono-
mous properties: the classical/pancreatic progenitor
subtype and the basal-like/squamous subtype.31–34 The
squamous subtype confers a poorer prognosis, with a me-
dian survival time significantly shorter than that observed
in the classical/progenitor subtype.31,33

To evaluate whether stromal PRRX1 influences the
molecular subtype of PDAC, a cross-compartment correla-
tion analysis was performed based on species-specific
RNA-seq data obtained from Moffitt et al31 (xenografts,
n ¼ 37) and Nicolle et al28 (xenografts, n ¼ 30) (Figure 1G
and H). Importantly, our analyses showed that stromal
PRRX1 correlates significantly with the squamous subtype.
Conversely, low PRRX1 level correlates with the classical
subtype. These results indicate that stromal expressed
PRRX1 might shape tumor differentiation, which is an in-
dependent prognostic factor for patient survival across all
pancreatic tumor stages.
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Prrx1-Deficient Fibroblasts Display an Activated
Phenotype In Vitro

To investigate the functional role of Prrx1 in FBs and
since global Prrx1 knockout is lethal,35,36 we generated a
conditional loss-of-function Prrx1 allele. To achieve
compartment-specific ablation of Prrx1, we placed the
Prrx1fl/fl allele under the control of the Sm22-CreERT pro-
moter (Sm22-CreERT, a knock-in to the smooth muscle pro-
tein 22 alpha [SM22] locus, targets FBs37). Interestingly, the
Sm22 gene (TagIn) is highly expressed in the myCAF sub-
population (Supplementary Figure 1D). To visualize
recombination, a fluorescent reporter allele was introduced
(Rosa26mTmG).38 To characterize the expression pattern of
Sm22-CreERT;Rosa26mTmG, IF staining was performed
(Supplementary Figure 2A and B), showing efficient
recombination of FBs as well as smooth muscle tissue upon
tamoxifen (TAM) administration. Orthotopic (intra-
pancreatic) implantation of PDAC cells showed an increased
presence of Sm22-CreERT–positive cells in the pancreas
(Supplementary Figure 2C). Additionally, a-SMA staining
confirmed that CAFs were targeted successfully by the
Sm22-CreERT (Supplementary Figure 2D). We next generated
primary pancreatic FB cell lines from Sm22-CreERT;Prrx1fl/fl

mice (Supplementary Figure 3A and B). After TAM treat-
ment, we analyzed RNA and protein levels, confirming
in vitro recombination (Supplementary Figure 3 E and F).
Flow cytometry showed an in vitro recombination efficiency
of approximately 90% (Supplementary Figure 3D). In
addition to quantitative gene expression analysis, PRRX1
staining confirmed significant Prrx1 knockdown after TAM
treatment. IF staining for FB markers such as a-SMA,
vimentin, Platelet-derived growth factor receptor-a, and FB-
activating protein (Supplementary Figure 3B and C) indi-
cated a myofibroblast identity.39

To determine whether Prrx1 can alter the activation
status of FBs, a-SMA staining was performed (Figure 2A).
Quantification of a-SMA staining showed that Prrx1-
deficient FBs expressed higher a-SMA levels compared to
Prrx1-proficient FBs (Figure 2B). To challenge the cor-
relation of Prrx1 and a-SMA, we asked whether the effect
of Prrx1-depletion on a-SMA expression can be rescued
upon reinduction of Prrx1 isoform expression. For this
purpose, we used mouse embryonic FBs from wild-type
or global Prrx1-knockout mice (Prrx1 KOFB)40 and sta-
ble transduced the Prrx1 KOFB with either Prrx1a
(Prrx1a FB) or Prrx1b (Prrx1b FB). Interestingly, Prrx1b
but not Prrx1a is able to decrease a-SMA expression on
=
Figure 1. PRRX1 is highly expressed in the stromal compartmen
with the indicated genotype. (B) PRRX1A and PRRX1B IHC in
stromal cells. (C) Volcano plot illustrating the differential gene
partments of patient-derived xenografts profiled by Nicolle e
expression (log2 fold change, 12.9; false discovery rate, 2.6E314
primary human cell lines (3 tumor cell lines and 4 FB cell lines), u
expression in primarymurine cell lines isolated fromwild-typemic
PSCs), unpaired Student t test. (F) qPCR analysis of Prrx1a and P
3 PanIN-associated FB cell lines, 1 CAF cell line), unpaired Studen
Moffitt et al.31 (H) Cross-compartment correlation based on data
false discovery rate; h, human; PDX, patient-derived xenografts;
the messenger RNA (mRNA) and protein levels
(Supplementary Figure 4A–D).

Besides a-SMA expression, we next determined the
activation status of FBs functionally. Prrx1-proficient and
-deficient FBs displayed no differences in proliferation
(Supplementary Figure 4E). To assess collagen secretion—a
key feature of activated FBs—we quantified newly synthe-
sized collagen in Prrx1-proficient and -deficient FBs lysates
using a colorimetric dye-binding assay (Sircol soluble
collagen assay Biocolor Ltd, County Antrim, United
Kingdom) (Figure 2C). Prrx1-deficient FBs (þTAM)
expressed increased amounts of collagen compared to
Prrx1-proficient (–TAM) (Figure 2C). Because cellular
adhesion is essential for the migration of activated FBs,
because it links the cytoskeleton and extracellular matrix,
we determined the effect of Prrx1 on cellular adhesion as
well as migration. Prrx1-deficient FBs display a higher
adhesion capacity on collagen I–coated surfaces (Figure 2D).
Furthermore, we performed a 3D migration assay to
determine the Prrx1-regulated ability of FBs to migrate to-
ward tumor cells (Figure 2E). After 16 hours, we observed
an increased migration of recombined Prrx1fl/fl FBs toward
tumor cells (Figure 2F). Time-lapse microscopy (48 hours)
showed that recombined Prrx1fl/fl FBs migrated faster
(Euclidean distance) and more directed toward tumor cells
(forward migration index) (Figure 2G and H).

In summary, these data indicate that loss of Prrx1 leads
to notable FB activation, including a-SMA expression,
collagen production, and cellular migration.
Altering Prrx1 Expression in Fibroblasts Leads to
Changes in the Tumor-Associated Extracellular
Matrix In Vivo

Next, we assessed the in vivo significance of Prrx1 defi-
ciency in FBs during tumor progression. For this, we chose
the Sm22-CreERT;Prrx1fl/fl;Rosa26mTmG mouse model.
Administration of TAM to 6–8-week-old mice had no effect
on organ development and architecture (pancreas, liver,
intestine, and lung) (Supplementary Figure 5A–C). Also, the
presence of spontaneous recombination of Sm22-CreERT

without TAM administration was excluded by flow cytom-
etry (Supplementary Figure 5B). To study further Prrx1 in
CAFs, tumor cells (8025 PPT cell line isolated from a p48-
Cre;FSF-KrasG12D mouse in a C57BL/6 background) were
implanted in the tail of the pancreas of Sm22-CreERT;Prrx1fl/fl

(±TAM) mice with an age of 12 weeks (Supplementary
t of PDACs. (A) PRRX1A and PRRX1B IHC in mouse sections
human sections. The black arrows indicate PRRX1-positive
expression analysis between the stromal and epithelial com-
t al.28 Stromal PRRX1 expression by far exceeds epithelial
7). (D) qPCR analysis of PRRX1A und PRRX1B expression in
npaired Student t test. (E) qPCR analysis of Prrx1a und Prrx1b
e (3 cell lines of each cell type: pancreatic ductal cells, FBs, and
rrx1b expression in primary murine cell lines (3 PanIN cell lines,
t t test. (G) Cross-compartment correlation based on data from
from Nicolle et al.28 DEG, differentially expressed genes; FDR,
qPCR, quantitative polymerase chain reaction; wt, wild type.
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Figure 6A and B). To assess compartment-specific recom-
bination in CAFs, we used the R26mTmG reporter allele and
stained for the CAF marker a-SMA. Colocalization of green
fluorescent protein (GFP) and a-SMA indicates recombina-
tion within CAFs, an observation validated by the detection
of GFP-positive cells in the pancreas via flow cytometry
(Supplementary Figure 6C, D, and I). In most cases, the
pancreas had been completely penetrated by the tumor, and
analysis of pancreata showed a decrease in PRRX1 expres-
sion in CAFs (Supplementary Figure 6F and G). There was
no difference detectable in survival between both experi-
mental groups; however, this is likely due to the extremely
fast tumor progression in this aggressive orthotopic model
(Supplementary Figure 6E).

To investigate the relationship between Prrx1 ablation in
CAFs and ECM composition, we analyzed the expression of
different stromal markers at the 2-week timepoint (n ¼ 3
per group). We detected an increase in total ECM content,
particularly an increase in fibrillar collagen (Elastica van
Gieson and Picro Sirius Red staining) and fibronectin in the
Prrx1-knockout CAFs (Figure 3A). In addition, secreted
protein acidic and rich in cysteine (SPARC) expression was
increased significantly in Prrx1-knockout CAFs (Figure 3B
and C). Because FBs are the major source of collagen I,41 we
quantified the collagen I–positive areas and observed a
significant increase in collagen I in the ECM (Figure 3B and
D). We also noted an increase in the number of a-SMA–
positive cells in the Prrx1-knockout CAF tumors compared
to wild-type CAF tumors (Figure 3B and E).

To validate our in vivo findings in an endogenous mouse
model, we crossed Sm22-CreERT;Prrx1fl/fl mice with KF mice
(Pdx-Flp;FSF-KrasG12D) (Supplementary Figure 7A) and KPF
mice (Pdx-Flp;FSF-KrasG12D;p53frt/wt) (Supplementary
Figure 8A), resulting in Pdx-Flp;FSF-KrasG12D;Sm22-
CreERTPrrx1fl/fl (KFSPrrx1fl/fl) and Pdx-Flp;FSF-KrasG12D/þ;
p53frt/þ;Sm22-CreERT;Prrx1fl/fl (KPFSPrrx1fl/fl) animals. The
dual-recombinase system allows us to genetically drive
pancreatic tumorigenesis and to target Sm22-CreERT–posi-
tive FBs independently.42 Similar to the transplantation
model, we observed an increase of a-SMAþ and vimentinþ

cells in tumors with Prrx1-knockout FBs as well as an in-
crease of collagen and SPARC in the tumor-associated ECM
(Supplementary Figure 7B–F and Supplementary Figure 8B–
D). These data underscore the role of Prrx1 tuning FB
activation and remodeling of the ECM in vivo.

To analyze the impact of Prrx1 on immune cell infiltra-
tion of the stroma, tissue sections were immunophenotyped.
Interestingly, the orthotopic implantation model with Prrx1-
deficient FBs as well as the endogenous KFSPrrx1fl/fl model
showed a significant increase in CD3þ, CD8þ and CD4þ T
=
Figure 2. Prrx1 ablation of Sm22-CreERT;Prrx1fl/fl;Rosa26mTmG F
sentative IF staining of a-SMA (scale bar, 50 mm) plus a semiq
cation of a-SMAþ staining area of FBs, unpaired Student t test; *
of FBs, unpaired Student t test (3 FB cell lines and 1 PSC lin
unpaired Student t test (3 FB cell lines were used). (E) Schema
pictures 16 hours after start of the experiment; scale bar, 100 mm
Diagram shows a forward migration index of n ¼ 30 per group,
indicates how fast FBs migrate forward; n ¼ 30 per group, unp
cells and B cells, as well as macrophages and dendritic cells
(Figure 3F and Supplementary Figure 7G) compared to the
Prrx1-proficient controls. These data indicate that the Prrx1-
proficient CAFs might shape an immunosuppressive TME.

Prrx1 Deficiency in Cancer-Associated
Fibroblasts Improves Tumor Differentiation and
Decreases Systemic Dissemination In Vivo

We next analyzed tumor grading of orthotopically
implanted pancreatic tumors. Grading of 21 tumors showed
that tumors with Prrx1-deficient CAFs (þTAM) were more
differentiated (G2, 40%; G3, 60%) compared to controls
(–TAM) (G2, 27%; G3, 73%) (Figure 4A and B). Additionally,
histology of the KF and KFSPrrx1fl/fl mice at the ages of 12
and 18 months confirmed that carcinogenesis in KFSPrrx1fl/fl

is decelerated, only showing acinar-to-ductal metaplasia/
PanIN formation, whereas the KF mice display G1 and G2
tumors at the same timepoints (Supplementary Figure 9A–D).

To test whether tumor differentiation has an impact on
tumor cell dissemination and metastasis, we quantified
epithelial cell adhesion molecule (EpCAM)þ cells within the
blood stream as well as the number of liver and lung me-
tastases in the orthotopic model system. Interestingly, flow
cytometry analyses showed a decreased amount of circu-
lating EpCAMþ cells in TAM-treated Sm22-CreERT;Prrx1fl/fl

mice (Figure 4C). Importantly, in mice harboring Prrx1-
deficient CAFs, the metastasis phenotype was completely
abrogated (Figure 4C–E).

These data indicate that Prrx1 in CAFs controls tumor
architecture as well as systemic tumor dissemination and
metastasis.

Prrx1-Deficient Fibroblasts Display a
Myofibroblastic Cancer-Associated Fibroblast
Identity and Attenuated Plasticity In Vitro

We next aimed to shed light on the impact of Prrx1 on
CAF identity. Recently, Öhlund et al20 identified 2 CAF
subtypes, iCAFs and myCAFs, based on mRNA profiling.
Analyzing the data by Öhlund et al showed decreased Prrx1
expression as well as Prrx1-regulated genes (Twist1, Hgf,
Tnc) in myCAFs, whereas Vimentin, Acta2, Sparc, and Col1a1
were increased (Figure 5A).23,26,43,44 In line with these re-
sults, we have observed increased expression levels of VIM,
a-SMA, SPARC, and COL1A1 in Prrx1-deficient FBs, indi-
cating a myCAF identity (Figure 3B and Supplementary
Figure 7B).

In addition, we performed mRNA sequencing of Prrx1-
proficient and -deficient FBs (Supplementary Figure 10A
and B). We observed a significant enrichment of gene sets
Bs leads to a highly activated phenotype in vitro. (A) Repre-
uantitative processed image of a-SMA staining. (B) Quantifi-
**P ¼ .008. (C) Determination of collagen content in cell lysate
e were used). (D) Quantification of adhesion assay via MTT,
tic diagram of the 3D migration assay. (F) Light microscopy
. Tumor cells were seeded to the left and FBs to the right. (G)
unpaired Student t test; ****P < .0001. (H) Euclidian distance
aired Student t test; ****P < .0001
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involved in ECM secretion and remodeling as well as EMT
(this gene set contains matrix-related genes) in Prrx1-defi-
cient FBs (Supplementary Figure 10A). Specifically, we
found an up-regulation of ECM candidates such as Fn1,
Sparc, Col1a1, Col3a1, and Lamc1, confirming our in vitro
and in vivo findings. In contrast, Prrx1-proficient FBs
display an enrichment of gene sets involved in RNA pro-
cessing, cell cycle, and unfolded protein response
(Supplementary Figure 10B).

CAF identity has been shown to be dynamic. Activated
myCAFs are able to revert back to a quiescent state by
placing them into Matrigel [Corning, NY].20,45 To investigate
Prrx1-driven CAF plasticity, Prrx1-proficient and Prrx1-
deficient FBs were embedded in Matrigel (Figure 5B).
Interestingly, gene expression analysis of FBs in Matrigel
showed that FBs lacking Prrx1 remain in their activated
state characterized by ECM organization, ECM disassembly,
activation of matrix metalloproteases, and collagen forma-
tion enriched gene sets (Supplementary Figure 11A). In
contrast, Prrx1-proficient FBs are able to revert back to a
quiescent state characterized by enriched gene sets for
metabolism and the triglyceride metabolic process
(Supplementary Figure 11B).

Indeed, immunofluorescence staining for a-SMA and
phalloidin confirmed that recombined Prrx1fl/fl FBs are un-
able to revert to their quiescent state when cultured in
Matrigel, retaining their activated and morphologic pheno-
type (Figure 5C, upper panel, and D). Additionally, Prrx1-
deficient FBs contain fewer lipid droplets compared to
controls (Supplementary Figure 12A). The addition of
transforming growth factor (TGF) b, which promotes a
myofibroblastic phenotype,25 is able to override these dif-
ferences and forces FBs into an activated state in Matrigel
(Figure 5C, lower panel, and E). Conversely, supplementing
the media with calcipotriol, a potent and nonhypercalcemic
vitamin D analog, which is able to revert activated FBs into a
quiescent state,11 showed reduced lipid droplet formation in
FBs lacking Prrx1 (TAMþ) compared to controls
(Supplementary Figure 12A). These data illustrate that
Prrx1 mediates FB plasticity.
Prrx1-Expressing Fibroblasts Stimulate
Hepatocyte Growth Factor Signaling and
Thereby Promote Epithelial-Mesenchymal
Transition in Pancreatic Tumor Cells

As shown earlier, stromal Prrx1 correlates with distinct
pancreatic subtypes and tumor differentiation (Figures 1G
and H and 4A and B). To explore the influence of FB-
=
Figure 3. Loss of Prrx1 in FBs leads to dramatic changes of
Representative image of Elastica van Gieson staining, fibronect
Representative IF staining of the merge picture (right corner) an
mm. (C) Semiquantitative image processing was used to quant
Semiquantitative image processing was used to quantify collag
quantitative image processing was used to quantify a-SMA stai
staining for macrophages (F4/80), B cells (CD45R), T cells (CD3
cells (MHC II) in PDAC tissues; scale bar, 100 mm. Data were an
OTX, orthotopic transplantation model.
secreted factors on tumor cell differentiation, coculture ex-
periments (with permeable Transwell [Corning, NY] inserts
to maintain separation of the 2 cell types) were performed
in vitro (Figure 6A). Coculturing tumor cells with FBs per se
leads to significantly higher expression of EMT and ECM
markers in tumor cells compared with tumor cells cultured
alone, confirming that FBs can induce tumor cells to un-
dergo EMT (Figure 7B). Remarkably, coculturing FBs lacking
Prrx1 overcomes this effect and leads to reduced expression
of EMT markers, such as Hgf, Twist, Zeb1, Slug, and Etv1, as
well as reduced levels of ECM markers, for example, peri-
ostin and tenascin-C (Figure 6B).

Next, we analyzed the phenotype of the tumor cells in a 3D
collagen assay (organoid culture), as illustrated in Figure 6C.
FBs were grown on the bottom of plastic dishes, and tumor
cells were placed on top of the FBs, embedded into a layer of
collagen. Immunofluorescence staining showed that cancer
cells cocultured with wild-type FBs exhibit a reduced capacity
to form a spheroid structure and express a high a-SMA level,
indicating that these tumor cells undergo EMT (Figure 6D). By
contrast, tumor cells cocultured with Prrx1fl/fl FBs retain their
epithelial integrity and form organized spheroidal structures
lacking a-SMA expression (Figure 6D). Next, we determined
anchorage-independent growth of PDAC cells while culturing
them with the supernatant generated from Prrx1-proficient
and Prrx1-knockout FBs. We observed a significant decrease
of colony formation in soft agarose of PDAC cells treated with
Prrx1-knockout FB-conditioned media compared to controls,
indicating reduced outgrowth (Supplementary Figure 12B).
Hence, Prrx1 in CAFs seem to promote seeding (Figure 4C) as
well as outgrowth of pancreatic tumor cells.

TGF-b is an EMT inducer in several different tissue
types,46 and one major source of TGF-b in addition to the
tumor cells is CAFs47,48 To evaluate whether Prrx1 alters TGF-
b secretion in CAFs and thereby affects the epithelial differ-
entiation of tumor cells, TGF-b secretion was assessed by
enzyme-linked immunosorbent assay (ELISA). There was no
significant difference in TGF-b secretion between Prrx1-pro-
ficient and Prrx1-knockout FBs, indicating that TGF-b does not
contribute to the observed phenotype (Supplementary
Figure 12C). Also, CAF-derived HGF has been found to pro-
mote EMT in tumor cells by activation of the MET pathway.49

As we have shown in tumor cells previously, Prrx1b regulates
HGF-dependent MET activation and plays an important role in
stimulating EMT, resulting in increased invasion and metas-
tasis.23 To explore this avenue in CAFs, we analyzed the HGF
level in the supernatant of single- and coculture in vitro as-
says. As determined by HGF ELISA, tumor cells secrete only
small amounts of HGF (Figure 6E). In contrast, conditioned
the TME in the orthotopic Sm22-CreERT;Prrx1fl/fl model. (A)
in staining, and picrosirius red staining; scale bar, 100 mm. (B)
d IF staining for SPARC, collagen I, and a-SMA; scale bar, 50
ify SPARC staining, unpaired Student t test; **P ¼ .0016. (D)
en I staining, unpaired Student t test; **P ¼ .0047. (E) Semi-
ning, unpaired Student t test; *P ¼ .03. (F) Representative IHC
), T helper cells (CD4), cytotoxic T cells (CD8), and dendritic
alyzed by using an unpaired Student t test. FOV, field of view;
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Figure 5. Reduced plas-
ticity in Prrx1-deficient
FBs. (A) RNA-seq data of
quiescent PSCs, iCAFs,
and myCAFs from Öhlund
et al.20 Heat map shows
differentially expressed
genes among the 3 cell
states. (B) Illustration of
the experimental design.
(C) PSCs cultured in
Matrigel; 3 PSC cell lines
were used. Representative
IF staining for phalloidin,
a-SMA, and DAPI; scale
bar, 50 mm; lower
row: þTGF-b. (D, E) Semi-
quantitative image pro-
cessing was used to
quantify a-SMA staining
normalized to DAPI stain-
ing; unpaired Student t
test, *P ¼ .0468. DAPI,
40,6-diamidino-2-
phenylindole.
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media of cocultured CAFs and tumor cells show high abun-
dance of HGF. Importantly, HGF secretion is significantly
reduced in coculture conditioned media of Prrx1-deficient FBs
(Figure 6E). To validate our findings in vivo, we performed
HGF immunohistochemistry staining of pancreatic tumors and
analyzed HGF protein levels in the serum of mice from our
orthotopic model. Mice with Prrx1-deficient FBs exhibited
reduced HGF expression by IHC as well as decreased HGF
protein abundance in serum, underscoring our in vitro find-
ings (Figure 6F and G). To further illustrate the significance of
the Prrx1-Hgf axis in CAFs, we performed gemcitabine treat-
ment in coculture in a Transwell assay (Figure 6H). We
measured a higher sensitivity to gemcitabine when tumor
cells were cocultured with Prrx1-deficient FBs compared to
control FBs (Figure 6H). Importantly, this observation was
likely not due to altered drug uptake or drug metabolism
(Supplementary Figure 12D).

The addition of recombinant HGF to cocultures overrode
the effect of Prrx1 ablation in CAFs and restored the more
=
Figure 4. Changes in tumor differentiation, dissemination, and m
staining of PDAC in the control (–) TAM- and Prrx1fl/fl (þ) TAM-t
with endogenous tdTomato and eGFP signal; DAPI staining; sca
FACS analysis of EpCAMþ cells isolated from the whole-body
.0012. (D) Quantification of liver and lung metastasis of n ¼ 11 p
week timepoint. Upper row: control mouse with lung and liver me
metastasis. DAPI, 40,6-diamidino-2-phenylindole; FACS, fluores
mesenchymal phenotype of the tumor cells indicated by up-
regulation of EMT markers Postn, Twist, Zeb1, Vim, Slug,
Etv1, and Tnc (Figure 7A). Additionally, gemcitabine treat-
ment of a coculture system with recombinant HGF showed
higher chemoresistance, restoring the effect of Prrx1 abla-
tion in CAFs (Figure 7B).

Together, these data provide strong evidence that Prrx1
in CAFs alters tumor differentiation and gemcitabine
response through paracrine HGF signaling.
Conclusion
CAFs constitute a diverse cell population consisting of

several subtypes. For example, quiescent PSCs can give rise
to iCAFs, myCAFs, and antigen-presenting CAFs, which are
interconvertible states leading to intratumoral CAF hetero-
geneity.20,29 This complexity might help explain contradic-
tory results in attempts to target the stroma in the
past.12,14,15,50,51 In search of a molecular driver of
etastasis upon stromal Prrx1 depletion. (A) Upper row: H&E
reated mice; scale bar, 100 mm. Lower row: IF of cryosection
le bar, 100 mm. (B) Tumor grading at the 2-week timepoint. (C)
blood of mice; n ¼ 8 per group; unpaired Student t test; P ¼
er group. (E) H&E staining of liver and lung tissue at the tw2o-
tastasis. Lower row: (þ) TAM, normal lung and liver tissue, no
cence-activated cell sorting.
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Figure 7. Recombinant HGF can rescue the effect of Prrx1 knockdown. (A) qPCR analysis of EMT markers expressed in tumor
cells cocultured with FBs ± HGF. Paired Student t test; n ¼ 6 (3 independent cell lines). (B) MTT assay of tumor cells cocultured
with FBs ± HGF after 72 hours of gemcitabine treatment (600 nmol/L gemcitabine); unpaired Student t test (3 independent cell
lines).
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intratumoral CAF plasticity, we focused on the transcription
factor Prrx1 because we have previously identified Prrx1
regulating processes involving highly dynamic cell-fate de-
cisions, including pancreatic organogenesis, regeneration,
and carcinogenesis.22,23 Yeo et al26 and Sangrador et al52

report that manipulation of Twist or Zeb1 in FBs
=
Figure 6. Prrx1-proficient FBs induce EMT in tumor cells via HG
iment. (B) qPCR analysis of EMT markers expressed in tumor c
cell lines). (C) Illustration of the 3D coculture experiment. (D) 3D
cells for a-SMA, phalloidin, and DAPI; scale bar, 50 mm. (E) HGF
in a Transwell; unpaired Student t test (3 independent cell lines
group of Sm22-CreERT;Prrx1fl/fl mice after 14 days; scale bar, 2
mice 14 days after tumor cell implantation. n ¼ 4 per group; un
cocultured with FBs after 72 hours of gemcitabine treatment (60
cell lines).
influences carcinogenesis. We hypothesized that Prrx1-
driven CAF plasticity shapes the tumor-stroma crosstalk in
PDAC. Indeed, cross-compartment analysis of 2 independent
data sets from Moffitt et al31 and Nicolle et al28 shows that
high-stromal Prrx1 expression correlates with the squa-
mous subtype of PDAC.
F signaling. (A) Illustration of the Transwell coculture exper-
ells cocultured with FBs; paired Student t test (3 independent
coculture experiment with representative IF staining of tumor
ELISA of the supernatant from tumor cells cocultured with FBs
). (F) Representative image of HGF staining (IHC). n ¼ 3 per
00 mm. (G) HGF ELISA of serum from Sm22-CreERT;Prrx1fl/fl

paired Student t test; *P < .05. (H) MTT assay of tumor cells
0 nmol/L gemcitabine); unpaired Student t test (3 independent
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Our in vivo data further confirm the important role of
Prrx1 in PDAC development. Specifically, we show that
Prrx1 in CAFs restrains stromal expansion, promotes inva-
sion as well as dissemination of tumor cells into the blood
circulation, and fosters metastasis. We prove that Prrx1-
deficient CAFs support stromal expansion by ECM protein
secretion, restrain tumor dedifferentiation, and disrupt tu-
mor dissemination. Additionally, we observed an increase in
lymphocyte infiltration, especially in B cells, T-helper, and
cytotoxic T cells. These results are consistent with the
findings of Özdemir et al15 and Rhim et al,14 who showed
that the TME restrains rather than supports tumor
growth.14,15 Importantly, depletion of a-SMAþ FBs led to
altered immune infiltration, for example, inhibition of T
regulatory cells.15 Immune-modulatory properties of CAFs
are present across diverse cancer types, for example, pro-
moting macrophage recruitment, immune suppression, and
tumor growth through the secretion of cytokines and che-
mokines such as IL6, IL1b, and CXCL1.21,53,54 Interestingly,
Prrx1-proficient FBs promote an immune-evasive pheno-
type, as characterized by reduced levels of cytotoxic and
helper T cells, which might explain a more aggressive PDAC
phenotype.

Notably, the 3D-Matrigel assay and gene expression
profiling showed that the loss of Prrx1 in FBs leads to
reduced plasticity; these cells remain in their activated state
and cannot revert back to their quiescent state.20 On a
separate note, isoform-specific rescue of Prrx1 expression
indicates that Prrx1b is able to suppress a-SMA expression,
whereas FBs with transgenic expression of Prrx1a remain in
their highly activated state. These data indicate that the
switch from Prrx1a to Prrx1b expression or vice versa also
plays an important role to promote FB plasticity, as we have
already shown for Prrx1 isoforms in tumor cells.23 In
summary, Prrx1 appears to be a plasticity driver in FBs that
directly controls their myofibroblastic phenotype and sus-
tains their protumorigenic properties.

Apart from cancer, mesodermal Prrx1 is highly
expressed during embryonic development as well as other
nonhomeostatic conditions. For example, a transcriptional
program including Prrx1, Msx1, and Pdgfra was identified in
mouse digit tip regeneration at single-cell resolution.55 In
the context of idiopathic pulmonary fibrosis, it was shown
that increased matrix stiffness suppresses Prrx1 expression,
indicating a potential feedback loop in which Prrx1 regu-
lates biophysical properties of the ECM which, in turn,
modulates Prrx1 expression.56

We have reported that tumor cell–derived HGF is a
transcriptional target of PRRX1B.23 These findings led to the
initiation of a clinical trial testing the combination of the
anti-HGF antibody, ficlatuzumab (AV-299), in combination
with gemcitabine and nab-paclitaxel in patients with
advanced PDAC (NCT03316599). Strikingly, now we have
discovered the importance of the Prrx1-Hgf axis in CAFs,
including the impact on tumor differentiation and response
to gemcitabine treatment, possibly adding to the rationale
for this clinical trial.

In vivo and in vitro data show that activated FBs can
foster PDAC progression through paracrine signaling.8 CAFs
are a rich source of active soluble factors that support the
growth, proliferation, migration, and drug resistance of tu-
mor cells in a non–cell-autonomous manner.57,58 Consistent
with this notion, our work proves that culture-activated
CAFs exert paracrine tumor-supporting effects on PDAC
cells. Two recent publications have described iCAFs and
myCAFs as interconvertible cell states rather than endpoints
in differentiation.20,21 We suggest that targeting Prrx1 in
FBs is able to convert potential tumor-promoting into
tumor-restraining CAFs. The efficacy of this strategy was
illustrated previously by transcriptional reprogramming of
activated FBs into quiescent PSCs.11 In contrast to this
study, we propose reducing CAF plasticity by forcing myCAF
differentiation. Taken together, our results indicate that
targeting the plasticity of FBs has a significant impact on
tumor biology. These data highlight the possibilities of new
treatment strategies through the conversion of tumor-
promoting CAFs into tumor-restraining CAFs.
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.2020.09.010.
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Supplementary Experimental
Procedures
Cell Line, Cell Culture, and In Vitro Assays

Tumor cells and FBs were isolated as previously
described.1 Tumor cells were cultivated in Dulbecco’s
modified Eagle medium (DMEM) (Gibco, Waltham, MA; no.
41966052), 10% fetal bovine serum (FBS) (Gibco no.
10270106), and 1% penicillin/streptomycin (P/S) (Gibco
no. 1741838). FBs were resuspended in PSC medium (20%
FBS; 1% P/S in 50% DMEM-F12 (Gibco no. 31330095) and
DMEM low glucose (Gibco no. 11885084), then cultured on
plastic dishes. The protocol for isolating PSCs was based on
a previous method,2 with some modifications. Detailed in-
formation is provided in the “Primary Pancreatic Stellate
Cells” section. In vitro recombination was performed with
500 nmol/L 4-OTH TAM (Sigma, St Louis, MO; no. H7904) 3
times per week. The migration assay was performed as
described by Demir et al3 and the adhesion assay as
described in Böttcher et al4 for collagen type I. To activate
the transcription of Prrx1a and Prrx1b (Tet-on system) of
the Prrx1a FBs and Prrx1b FBs, the FBs were treated with 1
mg/mL doxycyclin. We thank Dr Kaori Ihida-Stansbury
(University of Pennsylvania) for the PRRX1 wild-type and
knockout mouse embryonic FBs and Stefanie Bärthel for the
SB1560 cell line. For all in vitro experiments, 3–5 different
primary FB cell lines, including PSC cell lines, were used. All
experiments were performed in triplicate. Error bars
represent the standard error of the mean.

Primary Pancreatic Stellate Cells
Before starting the isolation, Gey’s balanced salt solution

(GBSS) for 500 mL was prepared as follows: 0.105 g MgCl2
6H2O, 0.0171 g MgSO4 anhydrous, 0.185 g KCl, 0.15 g
KH2PO4 anhydrous, 0.0598 g Na2HPO4 anhydrous, 1.135 g
NaHCO3, 0.5 g glucose, and 0.1126 g CaCl2. Once the
pancreas had been isolated, it was infiltrated with GBSS/
0.3% bovine serum albumin (BSA) (A2058-1G; Sigma)/1
mg/mL Collagenase P solution (Roche, Indianapolis, IN; no.
11 213 857 001) and then cut into pieces. The resulting
suspension was incubated at 37�C for approximately 15
minutes. After centrifugation (1000g, 5 minutes), the pellet
was resuspended in GBSS/0.3% BSA/0.5% trypsin solution
and incubated for 5 minutes at 37�C. The digested pancreas
suspension was filtered through a 100-mm nylon mesh and
centrifuged (1000g, 5 minutes). The pellet was resuspended
in 4.75 mL GBSS/0.3% BSA and 4 mL 28.7% Nycodenz
(Sigma, no. D2158-100g) in Gey’s solution without NaCl was
added. A layer of 3 mL GBSS/0.3% BSA was added to the
top of the solution. The solution was centrifuged at 1400g
for 20 minutes at 4�C, without a break, to form a gradient.
The white layer above the interface was collected and
resuspended in GBSS/0.3% BSA solution. After further
centrifugation (1000g, 5 minutes), the cells were resus-
pended in PSC medium (20% FBS; 1% P/S in 50% DMEM-
F12 [Gibco no. 31330095] and DMEM low glucose [Gibco no
11885084]).

Lentiviral Production and Transduction
Lentiviruses were produced in HEK293T cells. In brief,

HEK293T cells were transfected in a 100-mm dish using
Lipofectamine 2000 (Thermo Fisher Scientific, Waltham,
MA; no. 11668019) with 10mg of pTRPIPz-Prrx1a and
pTRPIPz-Prrx1b plasmid (previously published in Reichert
et al5) and 6.5mg of the lentiviral packaging plasmids
psPAX2 and 3.5 mg pMD2 VSVG. After 48 hours, the super-
natant was harvested and filtered through a 0.45-mm filter.
The embryonic Prrx1-knockout FBs were infected with viral
suspension containing 4mg/mL of polybrene (Millipore,
Burlington, MA; no. TR-1003-G) and centrifuged for 45
minutes at 1800 revolutions/minute at room temperature.
This step was repeated, and afterward, the cells were grown
overnight by 37�C by 5% CO2. After the media change, the
infected cells were selected with 2mg/mL puromycin
(Thermo Fisher Scientific, no. A1113803) for generation of
stable Prrx1a-FB and Prrx1b-FB.

Transwell Coculture Experiments
For cocultures, PDAC cells were seeded in the bottom

layer of a Transwell tray, and FBs (3 different FB cell lines
were used) were seeded in an equal number on top of the
Transwell membrane (0.45-mm pore size) (Corning, Corn-
ing, NY). The cells were cultured in 50% DMEM F12 plus
50% DMEM low glucose, 2% FBS, and 1% P/S for 3 days.
For drug testing, gemcitabine (600 nmol/L) was added to
the cells 12 hours after seeding. The plates were measured
for MTT (Sigma, no. M5655) 72 hours after adding the drug.

Three-Dimensional Organoid Culture and
Immunofluorescence

For IF staining, the cells were fixed with 4% paraffin
formaldehyde solution (Sigma no. 158127) for 30 minutes
at room temperature and then permeabilized with a per-
meabilization solution consisting of 0.35 g fish-skin gelatin
(Sigma, no. G7765) and 250 mL Triton X-100 diluted in 50
mL phosphate-buffered saline (PBS) with Ca2þ and Mg2þ

(PBSþ) (Invitrogen, San Diego, CA; no. 14040) for an
additional 30 minutes at room temperature while rocking.
Primary antibodies were diluted in permeabilization solu-
tion, and the cells with the diluted antibody were incubated
overnight at 4�C. After 3 washing steps, the secondary an-
tibodies were diluted in permeabilization solution and
incubated either overnight at 4�C or for 3 hours at room
temperature. Subsequent washing steps with per-
meabilization solution and PBS followed before the cells
were mounted (VECTASHIELD, Vector Laboratories, Bur-
lingame, CA; no. H-1200) with a coverslip.

Anchorage-Independent Growth
The (–) TAM and (þ) TAM FBs were seeded in equal

numbers for 3 to 4 days in T75 flasks with 2% FBS. The su-
pernatant was harvested and filtered through a 0.45-mm
membrane. Thefiltered supernatantwasmixedwith 1:1with
1% agarose (UltraPure LMP Agarose; Invitrogen, no. 16520-
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050). Six-well plates were coated with 1 mL of the mixtures
and solidified under the hood. Afterward, 10,000 tumor
cells/well were added to a mixture of 1% agarose and the FB
supernatant and 2 mL/well seeded on top of the precoated
well. The plates were solidified under the hood and 500 mL
FB supernatant was added before placing them into the
incubator (37�C, 5% CO2). Twice a week, 200 mL supernatant
was added to the plate to prevent dehydration. After 2weeks,
colonies were stained by adding 500 mL Thiazolyl Blue
Tetrazolium Bromide solution (0.5m g/mL) (Sigma, no.
M5655) to each well. After 3 hours of incubation (37�C, 5%
CO2), images were taken, and the colonies were counted.

Enzyme-Linked Immunosorbent Assay and
Collagen Assay

The mouse/rat HGF ELISA kit (R&D Systems, Minneap-
olis, MN; no. MHG00), Human/Mouse/Rat/Porcine TGF-
beta 1 Quantikine ELISA Kit (R&D Systems, no. DB100B),
and the Sircol Collagen Assay (Biocolor Assays, Carrickfer-
gus, UK; no. S5000) was used according to the manufac-
turer’s protocol.

General Animal Procedures
To induce Sm22-CreERT activity, the mice were injected

intraperitoneally with TAM (5 mg/30 g body weight)
(Sigma no. T5648-5G).

Orthotopic Implantation
C57BL/6 mice were used for orthotopic implantation.

Anesthesia of the mice was performed using medetomidine-
midazolam-fentanyl (mixing ratio, 1:5:0.05 mg/mL). Pri-
mary pancreatic tumor cells with a C57BL/6 background
were implanted in the tail of the pancreas; each implanta-
tion consisted of 500,000 cells in PBS (Gibco, no. 14190-
094) with 10% Matrigel (Corning, no. 354230). The
anesthesia was antagonized by atipamezole-flumazenil-
naloxone (mixing ratio, 5:0.1:0.4).

Fluorescence-Activated Cell Sorting of Epithelial
Cell Adhesion Moleculeþ Cells Within Murine
Blood Samples

Blood samples were collected by draining blood from
orthotopically transplanted mice. The blood was collected
in EDTA tubes. After washing the blood with DPBS, the cells
were frozen in FBS with 10% dimethyl sulfoxide (Sigma, no.
D2650). After thawing, the cells were washed 3 times with
PBS and stained with EpCAM (eBioscience, San Diego, CA;
CD326, no. 17-5791-82) and 40,6-diamidino-2-phenylindole
(DAPI) (Sigma, no. D9542-1MG) in fluorescence-activated
cell sorting (FACS) buffer (1 � DPBS; 1% BSA; 1 mmol/L
EDTA) for 30 minutes at 4�C. Before FACS, the cells were
washed 3 times with FACS buffer and filtered through a 30-
mmol/L syringe (Filcon, Clare, MI; BD no. 340600).

Tissue Immunohistochemical Staining
Tissues were fixed in 4% PFA. Tissue processing

(dehydration, embedding, and sectioning) was performed

at the Institute of Pathology, Technical University of
Munich. The sections were deparaffinized by warming
them up to 60�C for 15 minutes; afterward, they were
immersed in xylene for 2 � 3 minutes and afterward in
alcohol, following the alcohol row from 100% to 70%.
Finally, they were hydrated in water. The sections were
immersed in Antigen Unmasking Solution (Vector Labora-
tories, Burlingame, CA; no. H-3300), according to the
manufacturer’s protocol. After cooling, the sections were
washed with water. Endogenous peroxidase was quenched
with 3% hydrogen peroxidase for 10 minutes, followed by
a washing step with deionized water and PBS. The sections
were blocked with Avidin D Block Reagent (Vector Labo-
ratories, no. SP-2001), washed with PBS, and blocked
again, this time with Biotin Blocking Reagent (Vector
Laboratories, no. SP-2001), and washed with PBS. After-
ward, the sections were blocked with Protein Blocking
Agent (Thermo Fisher Scientific, StartingBlock [PBS]
Blocking Buffer, no. 37538) for 10 minutes. Primary anti-
bodies were diluted in PBT and incubated overnight. The
sections were washed twice with and incubated at 37�C for
30 minutes, with secondary antibodies conjugated to
biotin. Additional wash steps with PBS were performed,
and then horseradish peroxidase–conjugated ABC Reagent
(Vector Laboratories, no. PK-6100) was added, and the
samples were incubated for 30 minutes at 37�C. Two or 3
washes with PBS were performed before developing the
signal by using a DAB Substrate Kit (Vector Laboratories,
no. SK-4100). The reaction was stopped with deionized
water. Hematoxylin was used as a counterstain. The
following antibodies were used:

� anti-fibronectin antibodies (1:200) (Abcam, Cambridge,
UK; no. ab2413);

� custom rabbit anti-PRRX1A and anti-PRRX1B anti-
bodies, generated by the Pacific Immunology Corpora-
tion (Ramona, CA);

� mouse HGF antibodies (1:200) (R&D Systems, no.
AF2207);

� biotinylated goat anti-rabbit IgG antibodies (1:500,
Vector Laboratories, no. BA-1000); and

� biotinylated horse anti-goat IgG antibodies (1:500,
Vector Laboratories, no. BA-9500).

Picrosirius Red Staining. The sections were dew-
axed and hydrated. The nuclei were stained with hema-
toxylin for 8 minutes and then washed under running
water. The sections were stained for 1 hour in picrosirius
red (0.5 g Direct Red 80; Sigma, no. 365548-5G) and 500
mL saturated aqueous solution of picric acid (Sigma, no.
P6744-1GA). The sections were washed twice in acidified
water (0.5% acetic acid) and dehydrated by 3 washes in
100% ethanol. The sections were rinsed with xylene and
mounted.

IHC staining for immune cells was performed using a
Bond RXm system (Leica, Wetzlar, Germany) with the
following primary antibodies:
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� anti-CD3 antibody (rabbit, 1:100) (DCS, no. CI597R0),
Epitope Retrieval solution (ER) 1;

� anti-CD4 antibody (rat, 1:50) (Dianova, Hamburg, Ger-
many; no. DIA-404), ER 2;

� anti-CD8 antibody (rat, 1:100) (Dianova, no. DIA-808),
ER 1;

� anti-CD45R antibody (rat, 1:50) (BD Biosciences,
Franklin Lakes, NJ; no. 553084), ER 1;

� anti-F4/80 antibody (rat, 1:50) (Bio-Rad, Hercules, CA;
no. MCA497G), ER 1;

� anti-MHC II antibody (rat, 1:600) (Novus, Centennial,
CO; no. M5/114.15.2), ER 1;

� anti-MPO antibody (rabbit, 1:50) (Thermo Fisher Sci-
entific, no. RB-373-A), ER 2;

� anti-CD11b antibody (rabbit, 1:10,000) (Abcam no.
ab133357), ER1; and

� rabbit anti-rat antibody (1:400) (Vector Laboratories,
no. AI-4000), ER 2.

In brief, slides were deparaffinized and pretreated with
ER 1 or ER 2. The following protocols were used for rabbit
and rat host species:

� Host species rabbit: Primary antibody was incubated
for 15 minutes at room temperature, and the antibody
binding was detected with a polymer solution (8 mi-
nutes of incubation). Afterward, the antibody binding
was visualized with the mixed DAB Refine solution (no.
DS9800-CN, Leica), and counterstaining was performed
with hematoxylin.

� Host species rat: Primary antibody was incubated for
15 minutes and the secondary rabbit–anti-rat uncon-
jugated antibody for 30 minutes at room temperature;
afterward, the polymer solution was applied (8 minutes
of incubation), and antibody binding was visualized
with the mixed DAB Refine solution. The counter-
staining was performed with hematoxylin.

Computer-Assisted Image Analysis for the F4/80
Staining

Slides were scanned in an Aperio AT2 slide scanner
(Leica) at a magnification of�40. The F4/80 expression was
analyzed with Aperio ImageScope software (version
12.4.0.7018, Leica Biosystems) using the algorithm Positive
Pixel Count v9, as previously described.6 The default set of
parameters of the algorithm was modified according to the
stain contrast and intensity of the scanned images. The al-
gorithm measured the intensity of F4/80 stain (brown
signal) for the whole section. The total positive pixel was
normalized to the total area of the tissue section (pixel/mm2).

Tissue Immunofluorescence Staining
Paraffin-embedded sections were deparaffinized by

warming them up to 60�C for 15 minutes, incubating them

with xylene (3 � 2 minutes), 100% alcohol (2 � 1 minutes),
96% alcohol (2 � 1 minute), and 80% alcohol (2 � 1
minute) and hydrating the slides by incubation in water
(room temperature). The sections were immersed in Anti-
gen Unmasking Solution (Vector Laboratories, no. H-3300)
according to the manufacturer’s protocol and then washed
with water. Frozen sections were dried in air, fixed for 10
minutes with 4% PFA, and then rinsed in water. The sec-
tions were immersed in Antigen Unmasking Solution (Vec-
tor Laboratories, no. H-3300), and after cooling were
washed with water. Afterward, the sections (paraffin-
embedded sections or frozen sections) were blocked with
Protein Blocking Agent (Thermo Fisher Scientific, Starting-
Block [PBS] Blocking Buffer, no. 37538) for 10 minutes. The
primary antibodies were diluted in PBT and were incubated
with the sections overnight at 4�C in the refrigerator. The
sections were washed twice with PBS and were incubated
with secondary antibodies and the counterstain for 30 mi-
nutes at 37�C in the dark. The slides were washed twice
with PBS and mounted with mounting media (Vector Lab-
oratories, no. H-1200). The following antibodies were used:

� anti�smooth muscle actin antibodies (1:500) (Sigma,
no. A5228),

� goat anti-type I collagen antibodies (1:250) (South-
ernBiotech, Birmingham, AL; no. 1310-01),

� mouse SPARC antibodies (1:50) (R&D Systems, no.
AF942),

� anti-cytokeratin 19 antibodies (1:200) (Abcam, no.
15463),

� anti–tenascin-C antibodies (1:100) (Abcam, no.
ab108930),

� anti-PRRX1 antibodies (1:50) (Sigma, no. HPA051084-
100UL),

� donkey anti-goat IgG 488 (1:500) (Thermo Fisher Sci-
entific, no. A-11055),

� donkey anti-mouse IgG 647 (1:500) (Thermo Fisher
Scientific, no. A-32787),

� donkey anti-rabbit IgG 595 (1:500) (Thermo Fisher
Scientific, no. R37119), and

� Alexa Fluor 595 phalloidin (1:50) (Thermo Fisher Sci-
entific, no. A12381).

Quantitative Real-Time Polymerase Chain
Reaction

RNA was isolated by using a RNeasy Mini Kit (Qiagen,
Hilden, Germany; no.74106). RNA (1 mg) was transcribed
into complementary DNA (cDNA) (Bioline, Memphis, TN; no.
BIO-65053) and assayed by using quantitative real-time
polymerase chain reaction (PCR) with a SensiFast SYBR
Hi-Rox Kit (Bioline, no. BIO-92005) on the StepOnePlus
System (Applied Biosystems, Foster City, CA). All experi-
ments were performed in triplicate.
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Quantitative Real-Time Polymerase Chain
Reaction Primers

mPrrx1a forward: 50-ACAGCCTCTCCGTACAGCGC-30

Reverse: 50-AGTCTCAGGTTGGCAATGCT-30

mPrrx1b forward: 50-CATCGTACCTCGTCCTGCTC-30

Reverse: 50-GCCCCTCGTGTAAACAACAT-30

mSlug forward: 50-CCACACATTGCCTTGTGTCTGCAA-30

Reverse: 50-TGTGCCCTCAGGTTTGATCTGTCT-30

mSnail forward: 50-ACACTGGTGAGAAGCCATTCTCCT-30

Reverse: 50-TCTTCACATCCGAGTGGGTTTGGA-30

mTwist foward: 50-AGCTGAGCAAGATTCAGACCCTCA-30

Reverse: 50-TGCAGCTTGCCATCTTGGAGT-30

mVim forward: 50-AAGCACCCTGCAGTCATTCAGA-30

Reverse: 50-GCAAGGATTCCACTTTCCGTTC-30

mZeb1 forward: 50-TGAGCACACAGGTAAGAGGCC-30

Reverse: 50-GGCTTTTCCCCAGAGTGCA-30

mZeb2 forward: 50-TGATAGCCTTGCAAACCCTCTGGA-30

Reverse: 50-TCCTTCATTTCTTCTGGACCGGCT-30

mFN1 (fibronectin) forward: 50-ATCACAGTAGTTGCGG
CAGGAGAA-30

Reverse: 50-TGTCATAGTCAATGCCAGGCTCCA-30

mHgf forward: 50-TTGGGATTCGCAGTACCCTCACAA-30

Reverse: 50-TAGCCAACTCGGATGTTTGGGTCA-30

mTNC forward: 50-CCAGGGTTGCCACCTATTT-30

Reverse: 50- GTCTAGAGGATCCCACTCTACTT-30

mPostn forward: 50-GGTGTCCTAGAAAGGATCATGG-30

Reverse: 50-CAGAGCACTGGAGGGTATTTAG-30

mPrrx1 forward: 50-GAAAGCAGCGGAGAAACAGGAC-30

Reverse: 50-TAATCGGTTGGTCTGGGAGCAG-30

mActa2 forward: 50-ACTGGGACGACATGGAAAAG-30

Reverse: 50-GTTCAGTGGTGCCTCTGTCA-30

Western Blot
Western blot was performed as described previously

described by Reichert et al.5 Anti-Prx1 antibody (Abcam,
ab211292; dilution 1:500, BD Biosciences), anti a-SMA anti-
body (Cell Signaling Technology, Danvers, MA; no. 19245,
dilution 1:1000) and anti–a-tubulin antibody (Sigma-Aldrich,
St Louis, MO; no. T6199, dilution 1:5000) were used as pri-
mary antibodies. For detection, donkey–anti-mouse
IRDye680RD (LI-COR, Lincoln, NE; no. 926-68072, dilution
1:5000) and donkey–anti-rabbit IRDye680RD (LI-COR; no.
926-68073, dilution 1:5000). Western blots were analyzed
with the Odyssey Fc DualMode and quantifiedwith the Image
Studio Lite Software. Experiments were performed in tripli-
cate. Error bars represent the standard error of the mean.

RNA Sequencing
Total RNA was isolated from FBs (806, PSC-3, and 699)

±TAM treatment grown in monolayer and embedded in
Matrigel with RNAeasy mini kit (Qiagen). The quality and
integrity of total RNAwere controlled onAgilent Technologies
(Santa Clara, CA) 2100 Bioanalyzer. For RNA-seq analysis, li-
brary preparation for bulk 30-sequencing of poly(A)-RNAwas
done as described previously by Parekh et al.7 Briefly, bar-
coded cDNA of each sample was generated with a Maxima RT
polymerase (Thermo Fisher Scientific) using oligo-dT primer
containing barcodes, uniquemolecular identifiers (UMIs), and

an adaptor. Fifty ends of the cDNAs were extended by a
template switch oligo, and full-length cDNA was amplified
with primers binding to the template switch oligo site and the
adaptor. An NEB UltraII FS kit (New England Biolabs) was
used to fragment cDNA. After end repair and A-tailing, a
TruSeq adapterwas ligated, and 30-end fragmentswerefinally
amplified by using primers with Illumina (San Diego, CA) P5
and P7 overhangs. In comparison to Parekh et al, the P5 and
P7 sites were exchanged to allow sequencing of the cDNA in
read 1 and barcodes and UMIs in read 2 to achieve a better
cluster recognition. The library was sequenced on a NextSeq
500 (Illumina) with 75 cycles for the cDNA in read 1 and 16
cycles for the barcodes and UMIs in read 2. Data were pro-
cessed by using the published Drop-seq pipeline (v1.0) to
generate sample- and gene-wise UMI tables.8 A reference
genome (GRCm38) was used for alignment. Transcript and
gene definitions were used according to the GENCODE,
version M24 (www.gencodegenes.org/pages/gencode.html).
All RNA-seq data are available at the European Nucleotide
Archive under the accession no. PRJEB40291.

Cross-Compartment Gene Expression
Correlation

Processed gene expression data for the human tumor
compartment and its matched murine stroma compartment
were retrieved from the supplementary material of Moffitt
et al9 and the website accompanying the publication from
Nicolle et al.10,11 Raw counts from the latter were converted
to transcripts per kilobase million (TPM). Fragments per
kilobasemillion fromMoffitt et al. and TPM fromNicolle et al.
were log2 transformed after adding an offset of þ1. In vitro
gene expression data from pancreatic stellate cells, inflam-
matory and myofibroblasts, respectively, as described by
Öhlund et al.12 were retrieved from the Gene Expression
Omnibus (GEO) accession GSE93313. In order to examine
whether there is an association between stromal Prrx1 levels
and molecular subtypes of human PDAC,9,13,14 we first
computed Pearson correlation coefficients between stromal
Prrx1 and all epithelial genes in the matched datasets using
the cor.test function from the R stats package. We then built a
gene expression signature containing the test statistics of all
epithelial genes from their respective cor.test outputs. Next,
we applied gene set enrichment analysis15 on this signature
using molecular classifier lists of PDAC as gene sets: Classical
(Collisson), Quasi-mesenchymal, Exocrine, Classical (Moffitt),
Basal-like, ADEX, Immunogenic, Pancreatic Progenitor, and
Squamous. Results for selected classifier gene lists were
illustrated by using custom R code.

Statistical Analysis of Compartment-Specific
Gene Expression Data

High-throughput gene expression data from the condi-
tions indicated in the text were carried out using the R
environment for statistical computing,16 version 3.5.1.

Data Acquisition. Processed gene expression data for
the human tumor compartment and its matched murine
stroma compartment were retrieved from the supplement
of Moffitt et al9 and the website accompanying the
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publication from Nicolle et al.10,11 Raw counts from the
latter were converted to TPM. Fragments per kilobase of
transcript per million mapped reads from Moffitt et al and
TPM from Nicolle et al were log2 transformed after adding
an offset of þ1. In vitro gene expression data from
pancreatic stellate cells, inflammatory CAFs, and myofibro-
blasts, respectively, as described by Öhlund et al,12 were
retrieved from the GEO, accession no. GSE93313.

Cross-Compartment Correlation. To examine
whether there is an association between stromal Prrx1
levels and molecular subtypes of human PDA,9,13,14 we first
computed the Pearson correlation between stromal Prrx1
and all epithelial genes in the matched datasets using the
cor.test function from the stats R (R Foundation for Statis-
tical Computing, Vienna, Austria) package and built a gene
expression signature containing the test statistics of all
epithelial genes from their respective cor.test output. Next,
we applied gene set enrichment analysis (GSEA)15 on this
signature using molecular classifier lists of PDA as gene sets:
Classical (Collisson), Quasi-mesenchymal, Exocrine, Classical
(Moffitt), Basal-like, ADEX, Immunogenic, Pancreatic Pro-
genitor and Squamous. Results for select classifier gene lists
were illustrated using custom R code.

103 Genomics Single-Cell RNA-Sequencing
Expression Analysis. Normalized 10� Genomics (Pleas-
anton, CA) murine single-cell RNA-seq data from FB-
enriched fractions (DAPI�, CD45�, CD31�, and EpCAM–) of
KPC tumors were obtained from GEO accession GSE129455.
Annotations of ductal cells, antigen-presenting CAFs, in-
flammatory CAFs, and myofibroblastic CAFs, were carried
out by using information from the authors.

Raw UMI counts per gene and along with sample and
cluster annotations of 24 human PDAC and 11 human
normal pancreas samples from the study by Peng et al17

were downloaded from the Chinese National Genomics
Data Center (Genome Sequence Archive accession no.
CRA001160). Raw counts underwent denoising by using the
provided cluster annotation and the DCA Python software18

and subsequent normalization using the scran R package.19

Subclassification of CAFs was carried out by using human
iCAF and myCAF marker genes described by Elyada et al20

to carry out single-sample gene set enrichment for each of
the tumor FB cells. The upper tertiles for each gene set and
CAF type were isolated, with no overlap of cells, which is in
line with the fundamentally different transcriptional pro-
grams between the 2 CAF populations.

Select genes (PRRX1 for human and Prrx1/Tagln for
murine data) and their expression levels were compared
across different cell types in these single-cell RNA-seq data
and tested for statistically significant differences by using
the pairwise Wilcoxon function from the Stats R package
with default settings.
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Supplementary
Figure 1. Prrx1 expression
in different CAF entities
based on single-cell RNA-
seq data. Statistics are
shown in Supplementary
Tables 2–5. (A) Violin plot
showing the Prrx1 expres-
sion across KPC single
cells for ductal, apCAFs,
iCAFs, and myCAFs. (B)
Violin plot showing the
PRRX1 expression in hu-
man PDA. (C) Violin plot
showing the PRRX1
expression in human CAF
subtypes. (D) Violin plot
showing the Tagln expres-
sion in murine CAF entities.
scRNA, small conditional
RNA.
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Supplementary Figure 2. Characterization of the Sm22-CreERT;R26mTmG expression pattern. (A) Left row: macroscopic pic-
ture of the organs (spleen and pancreas, liver, heart and lungs, stomach, intestine, kidney) taken with the Zeiss (Oberkochen,
Germany) Stemi 11 fluorescence stereomicroscope. Middle and right rows: macroscopic IF pictures of the organs with the
endogenous signal R26mTmG expression pattern, tdTomato (red) and eGFP (green). (B) Representative IF pictures of the
microscopic expression pattern of the Sm22-CreERT;R26mTmG, DAPI (blue), tdTomato (red), and eGFP (green); scale bar, 50
mm. (C) Orthotopic implantation of the 8025 PDAC cell line into the pancreas tail; representative IF pictures for each organ:
DAPI (blue), tdTomato (red), and eGFP (green); scale bar, 50 mm. (D) Representative IF pictures of pancreas and PDAC showing
the overlap of a-SMA– (white) and eGFP- (green) positive cells; DAPI staining (blue); scale bar, 50 mm.

Supplementary Figure 3. Characterization of Sm22-CreERT;Prrx1fl/fl FBs in vitro. (A) Schematic illustration of the genetic
background of the used mouse model. (B) Representative IF staining of isolated FBs; scale bar, 50 mm. (C) Semiquantitative
image processing was used to quantify the a-SMA staining; unpaired Student t test. (D) FACS analysis of isolated FB cell lines
after 4 days of TAM treatment, sorting of GFPþ (fluorescein isothiocyanate) cells. (E) Quantitative PCR analysis of Prrx1a and
Prrx1b expression levels in primarymurine cell lines; unpaired Student t test. (F) Semiquantitative processed image of the PRRX1
staining, quantification of the PRRX1 positive staining area normalized to the nuclear counter stain; unpaired Student t test.

January 2021 Prrx1 in CAFs Drives PDAC Biology 361.e8



Supplementary
Figure 4. Rescue of Prrx1-
knockout FBs by Prrx1
isoform–specific over-
expression. (A) Quantita-
tive PCR analysis of Prrx1a
and Prrx1b expression in
primary murine embryonic
FBs; unpaired Student t
test. (B) Quantitative PCR
analysis of Acta2 expres-
sion in primary murine
embryonic FBs; unpaired
Student t test. (C) Repre-
sentative Western blot of
a-tubulin, a-SMA,
PRRX1A, and PRRX1B. (D)
Quantification of the
a-SMA positive area
(Western blot) with Image
Studio Lite, version 5.2;
unpaired Student t test. (E)
Proliferation assay (MTT) of
the Sm22-CreERT;Prrx1fl/fl

FBs was performed over 8
days.
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Supplementary Figure 5. Altering Prrx1 levels of Sm22-CreERT–positive FBs in healthy tissue. (A) Representative H&E staining
of pancreas, liver, lung, and intestine of 3-month-old mice; n ¼ 3 per group; scale bar, 100 mm. (B) FACS of GFPþ cells of the
entire pancreas; n ¼ 3 per group. (C) Representative IF image of cryosection with endogenous tdTomato (red) and eGFP
(green) signal; counterstain with DAPI; scale bar, 50 mm.
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Supplementary Figure 6. Altering Prrx1 levels of Sm22-CreERT–positive FBs in the orthotopic implantation model. (A)
Schematic illustration of the mouse model used for orthotopic implantation. (B) Schematic illustration showing the experi-
mental design of the orthotopic implantation experiment with the p48-Cre;LSL-KrasG12D (8025) cell line. (C) Compartment-
specific recombination of Prrx1; IF staining of pancreatic tumor for a-SMA (white), endogenous signal for eGFP (green),
and tdTomato (red), with nuclear counterstain (blue, DAPI); arrows indicate double-positive cells for a-SMA and eGFP. (D)
Manually counted eGFP- and a-SMA–positive cells per field of view. (E) Kaplan-Meier survival curves of Sm22-CreERT;Prrx1fl/fl

treated and untreated with TAM. (F) Upper row: Macroscopic picture of the pancreas tumor. Lower row: Representative IF
image of cryosection with endogenous tdTomato (red) and eGFP (green) signal; PRRX1 (white) staining and counterstain with
DAPI (blue); scale bar, 50 mm. (G) Semiquantitative image processing was used to quantify the PRRX1 staining. Unpaired
Student t test; ****P < .0001. (H) Tumor volume of the 2-week timepoint. (–) TAM, n ¼ 10; (þ) TAM, n ¼ 7. (I) FACS analysis of
the pancreas tumor; sorting of the eGFPþ population.
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Supplementary Figure 7. ECM remodeling in the KFSPrrx1fl/fl mouse model. (A) Schematic illustration of the endogenous
KFSPrrx1fl/fl mouse model. (B) Immunofluorescence analysis of the KF and KFSPrrx1fl/fl mouse model at the 12-month
timepoint. Upper row: Representative IF staining for CK-19, DAPI; collagen; a-SMA, scale bar ¼ 50 mm; lower row: repre-
sentative IF staining for CK-19, DAPI; SPARC; vimentin, scale bar ¼ 50 mm scale bar. (C) Semiquantitative image processing
was used to quantify collagen I staining, unpaired Student t test. (D) Semiquantitative image processing was used to quantify
a-SMA staining; unpaired Student t test. (E) Semiquantitative image processing was used to quantify SPARC staining; un-
paired Student t test. (F) Semiquantitative image processing was used to quantify vimentin staining, unpaired Student t test.
(G) Immunohistologic analysis of pancreatic tumor stromal changes in the KF and KFSPrrx1fl/fl mouse model at the 12-month
timepoint; representative stainings for macrophages (F4/80), B cells (CD45R), T cells (CD3), T helper cells (CD4), cytotoxic T
cells (CD8), and dendritic cells (MHC II); scale bar, 100 mm. Data were analyzed by using an unpaired Student t test. FOV, field
of view.
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Supplementary Figure 8. ECM remolding in the KPF Sm22-CreERT;Prrx1fl/fl model. (A) Schematic illustration of the endog-
enous mouse model. (B) Upper row: Representative IF staining for CK-19, DAPI, collagen, and a-SMA; scale bar, 50 mm. Lower
row: representative IF staining for CK-19, DAPI, SPARC, and vimentin; scale bar, 50 mm. (C) Semiquantitative image pro-
cessing was used to quantify collagen I staining; unpaired Student t test. (D) Semiquantitative image processing was used to
quantify SPARC staining; unpaired Student t test.
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Supplementary Figure 9. Histopathologic analysis of the KF and KFSPrrx1fl/fl mouse model. (A) Histologic grading of the KF
and KFSPrrx1fl/fl mouse model at the 12-month timepoint. (B) Histologic grading of the KF and KFSPrrx1fl/fl mouse model at the
18-month timepoint. (C) Histopathologic analysis of the pancreas at the 12-month timepoint; scale bars, 100 mm and 50 mm.
(D) Histopathologic analysis of the pancreas at the 18-month timepoint; scale bars, 100 mm and 50 mm.

January 2021 Prrx1 in CAFs Drives PDAC Biology 361.e16



361.e17 Feldmann et al Gastroenterology Vol. 160, No. 1



=
Supplementary Figure 10. Prrx1-deficient and -proficient FBs have different transcriptional programs. RNA-seq analysis of
Prrx1-proficient and Prrx1-deficient (TAM treated) FBs grown in a monolayer (cell lines, n ¼ 4; technical replicates, n ¼ 4). (A)
The bar diagram shows significant enriched gene sets for Prrx1-deficient FBs. The heatmap shows differentially expressed
genes between Prrx1-proficient and -deficient FBs for different gene sets. (B) The bar diagram shows significant enriched gene
sets for Prrx1-proficient FBs. The heatmap shows differentially expressed genes between Prrx1-proficient and -deficient FBs
for different gene sets. GO, Gene Ontology.
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Supplementary Figure 11. Prrx1-deficient FBs cannot revert into a quiescent state embedded in Matrigel. RNA-seq analysis
of Prrx1-proficient and Prrx1-deficient (TAM treated) FBs embedded in Matrigel (cell lines, n ¼ 2; technical replicates, n ¼ 4).
(A) The bar diagram shows significant enriched gene sets for Prrx1-deficient FBs. The heatmap shows differentially expressed
genes between Prrx1-proficient and -deficient FBs for different gene sets. (B) The bar diagram shows significant enriched gene
sets for Prrx1-proficient FBs. The heatmap shows differentially expressed genes between Prrx1-proficient and -deficient FBs
for different gene sets. BP, biological processes.
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Supplementary Figure 12. Prrx1 alters the plasticity of FBs, the anchorage-independent growth of tumor cells, but does not
influence gemcitabine metabolism. (A) Primary murine FBs embedded in Matrigel were treated or not treated with 100 nmol/L
calcipotriol for 48 hours, fixed, and stained with BODIPY 493/503 (green) for the detection of neutral lipids, phalloidin (red), and
DAPI (blue). BODIPY (Thermo Fisher Scientific, Waltham, MA; no. D3922) 493/503–positive cells contain cytoplasmic lipid
droplets, a hallmark of the quiescent state. (B) Soft agarose assay of PDAC cells cultured with the supernatant of Prrx1-
proficient and -deficient FBs. Supernatant from 3 different FB cell lines were used, and the colony formation was counted
manually; unpaired Student t test. (C) TGF-b ELISA of the supernatant of tumor cells cocultured with FB in a Transwell. Three
different FB cell lines were used. (D) Schematic illustration of the Transwell coculture experiment analyzing the FBs. Quan-
titative PCR analysis of gemcitabine metabolism (gemcitabine transporters and inactivating enzymes) expressed in FBs
cocultured with tumor cells under gemcitabine (600 nmol/L, 72 hours). M, mol/L.
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Supplementary Table 1.List of All Primary Cell Lines Used In the Experiments

Name Genetic background Organism Cell type

PSC-1 Sm22-CreERT;Prrx1fl/fl;R26mTmG Mus musculus Pancreatic stellate cells

PSC-3 Sm22-CreERT;Prrx1fl/fl;R26mTmG Mus musculus Pancreatic stellate cells

806 Sm22-CreERT;Prrx1fl/fl;R26mTmG Mus musculus Pancreatic stellate cells

K212 Sm22-CreERT;Prrx1fl/fl Mus musculus Pancreatic FBs

K337 Sm22-CreERT;Prrx1fl/fl Mus musculus Pancreatic FBs

K338 Sm22-CreERT;Prrx1fl/fl Mus musculus Pancreatic FBs

K699 Sm22-CreERT;Prrx1fl/fl Mus musculus Pancreatic FBs

K704 Sm22-CreERT;Prrx1fl/fl Mus musculus Pancreatic FBs

GK5471 FB Pdx1-Cre;KrasG12D/þ Mus musculus PanIN FBs

AK2055FB Pdx1-Cre;KrasG12D/þ Mus musculus PanIN FBs

AK1872FB Pdx1-Cre;KrasG12D/þ Mus musculus PanIN FBs

AK1998 Pdx1-Cre;KrasG12D/þ Mus musculus PanIN cells

GK5377 Pdx1-Cre;KrasG12D/þ;R26mTmG Mus musculus PanIN cells

GK5407 Pdx1-Cre;KrasG12D/þ;R26mTmG Mus musculus PanIN cells

8025 p48-Cre;LSL-KrasG12D/þ Mus musculus PDAC cells

SB1560 p48-Cre;LSL-KrasG12D/þ;Tgfbr2fl/fl Mus musculus Pancreatic CAFs

hPCa2 Human PDAC cells

hPCa3 Human PDAC cells

PDO-B34 Human PDAC cells

hPCaFB outgrowth Human Pancreatic CAFs

hPCaFB outgrowth 2 Human Pancreatic CAFs

hPSC Human Pancreatic stellate cells

hPCaFB 2655 Human Pancreatic CAFs

wtFB Mus musculus Embryonic FBs

Prrx1 KOFB Global Prrx1 knockout Mus musculus Embryonic FBs

Prrx1a FB Global Prrx1 knockout, stable transduced with pTRIPz-Prrx1a Mus musculus Embryonic FBs

Prrx1b FB Global Prrx1 knockout, stable transduced with pTRIPz-Prrx1b Mus musculus Embryonic FBs

PDC 1 C57BL/6 mice Mus musculus Pancreatic ductal cells

PDC 2 C57BL/6 mice Mus musculus Pancreatic ductal cells

PDC 3 C57BL/6 mice Mus musculus Pancreatic ductal cells

FB1 C57BL/6 mice Mus musculus FBs

FB2 C57BL/6 mice Mus musculus FBs

FB2 C57BL/6 mice Mus musculus FBs
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Supplementary Table 3.Statistical Analyses of the Violin Blot
“Prrx1 Expression Human PDA” by
Comparing Group 1 with Group 2

Group 1 Group 2 FWER

Ductal cell 1 tumor Ductal cell 1 normal <0.001

Ductal cell 2 tumor Ductal cell 1 normal 7.582E–134

FB cell normal Ductal cell 1 normal <0.001

FB cell tumor Ductal cell 1 normal <0.001

Stellate cell normal Ductal cell 1 normal <0.001

Stellate cell tumor Ductal cell 1 normal <0.001

Ductal cell 2 tumor Ductal cell 1 tumor <0.001

FB cell normal Ductal cell 1 tumor <0.001

FB cell tumor Ductal cell 1 tumor <0.001

Stellate cell normal Ductal cell 1 tumor 5.199E–276

Stellate cell tumor Ductal cell 1 tumor <0.001

FB cell normal Ductal cell 2 tumor <0.001

FB cell tumor Ductal cell 2 tumor <0.001

Stellate cell normal Ductal cell 2 tumor <0.001

Stellate cell tumor Ductal cell 2 tumor <0.001

FB cell tumor FB cell normal <0.001

Stellate cell normal FB cell normal 7.048E–196

Stellate cell tumor FB cell normal 5.1075E–12

Stellate cell normal FB cell tumor <0.001

Stellate cell tumor FB cell tumor <0.001

Stellate cell tumor Stellate cell normal 5.327E–201

Supplementary Table 4.Statistical Analyses of the Violin Blot
“Prrx1 Expression in Human CAF
Types” by Comparing Group 1 With
Group 2

Group1 Group2 Family-wise error rate

myCAF iCAF <0.001

Supplementary Table 5.Statistical Analyses of the Violin Blot
“Tagln Expression Across KPC CAF
Types” by Comparing Group 1 With
Group 2

Group1 Group2 FWER

iCAF apCAF 1.7122E–30

myCAF apCAF 1.1889E–17

myCAF iCAF 6.2281E–94

Supplementary Table 2.Statistical Analyses of the Violin Blot
“Prrx1 Expression Across KPC
Single Cells” by Comparing Group 1
With Group 2

Group 1 Group 2 Family-wise error rate

apCAF Ductal 0.00267343

iCAF Ductal 5.57E–81

myCAF Ductal 4.644E–186

iCAF apCAF 1.4711E–77

myCAF apCAF 1.931E–156

myCAF iCAF 6.9421E–18
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