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SUMMARY
In pancreatic ductal adenocarcinoma (PDAC), differentiation of pancreatic stellate cells (PSCs) intomyofibro-
blast-like cancer-associated fibroblasts (CAFs) can both promote and suppress tumor progression. Here, we
show that the Rho effector protein kinase N2 (PKN2) is critical for PSC myofibroblast differentiation. Loss of
PKN2 is associated with reduced PSC proliferation, contractility, and alpha-smooth muscle actin (a-SMA)
stress fibers. In spheroid co-cultures with PDAC cells, loss of PKN2 prevents PSC invasion but, counter-intu-
itively, promotes invasive cancer cell outgrowth. PKN2 deletion induces amyofibroblast to inflammatory CAF
switch in the PSC matrisome signature both in vitro and in vivo. Further, deletion of PKN2 in the pancreatic
stroma induces more locally invasive, orthotopic pancreatic tumors. Finally, we demonstrate that a PKN2KO

matrisome signature predicts poor outcome in pancreatic and other solid human cancers. Our data indicate
that suppressing PSC myofibroblast function can limit important stromal tumor-suppressive mechanisms,
while promoting a switch to a cancer-supporting CAF phenotype.
INTRODUCTION

Fibroblasts play critical roles in mammalian development, ho-

meostasis, and wound repair, where they dynamically regulate

tissue structure through paracrine signaling and modulation of

the extracellular matrix and connective tissue. During tissue re-

modeling and in response to inflammation, fibroblasts become

activated into contractile alpha-smooth muscle actin (a-SMA)-

positive myofibroblasts, which show enhanced extracellular ma-

trix (ECM) deposition andmatrix-remodeling activities. In fibrotic

diseases and many solid cancers, the chronic activation of fibro-

blasts into myofibroblasts contributes directly to disease pathol-

ogy and prognosis. In the pancreas, the predominant resident

fibroblast cell type is the pancreatic stellate cell (PSC), charac-

terized by lipid and vitamin storage droplets and intermediate

filament expression (Apte et al., 1998; Froeling et al., 2011). In

pancreatic ductal adenocarcinoma (PDAC), resident PSCs

become activated in response to tumor-derived paracrine sig-
C
This is an open access article und
nals, such as transforming growth factor-b (TGF-b), sonic hedge-

hog (Shh), and platelet-derived growth factor (PDGF), resulting in

desmoplastic, hypovascular tumors, which respond poorly to

therapy. The reciprocal interaction between malignant PDAC

cells and PSCs has therefore attracted increasing attention clin-

ically, and identifying targets to modify PSC function is a priority

(Froeling and Kocher, 2015; Kocher et al., 2020).

We reported recently that the Rho effector kinase, protein ki-

nase N2 (PKN2), but not PKN1 or PKN3, plays a critical role dur-

ing developmental expansion of the embryonic mesoderm

(Quetier et al., 2016). Loss of PKN2 suppressed proliferation

and migration of mesenchymal fibroblasts both in vivo and

in vitro, since independently corroborated (Danno et al., 2017;

Yang et al., 2017). Collapse of the mesodermal tissue and asso-

ciated vasculature results in lethality at embryonic day 10 (E10),

with failure in axial turning andmorphogenetic defects indicating

defective mesenchymal contractility. We hypothesized that

PKN2 may play a conserved role in the expansion and activation
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of fibroblasts into cancer-associated fibroblasts (CAFs) during

tumor development and focused on pancreatic cancer as the

archetype of desmoplastic myofibroblast-rich tumors. Recent

work has identified several subpopulations of CAFs in PDAC,

including myofibroblastic and secretory subtypes (Biffi et al.,

2019; Elyada et al., 2019; Hutton et al., 2021; Neuzillet et al.,

2019; Öhlund et al., 2017; Steele et al., 2021). Understanding

how PKN2 contributes to specific CAF traits thus has the poten-

tial to define novel ways to modulate PDAC tumor biology.

Here, we report that PKN2 regulates both the activation of

mouse PSCs and mouse embryonic fibroblasts (MEFs) into my-

ofibroblasts. We identify PKN2 as a novel regulator of the me-

chanosensor YAP, which is central to myofibroblast function.

Intriguingly, loss of PKN2 in PSCs results in a switch in cellular

invasive mechanism in heterotypic spheroid cultures, suppress-

ing PSC invasion while promoting polarized epithelial outgrowth.

Further, stromal deletion of PKN2 in vivo results in more locally

invasive tumors, with accompanying pro-invasive changes to

the matrisome signature. Preventing myofibroblast differentia-

tion in malignancy may therefore limit the tumor-suppressive

role of fibroblasts, counter to the dogma that CAFs support can-

cer invasion. This work also highlights the potential impact that

targeting specific fibroblast phenotypes may have on function-

ally distinct CAF subtypes in PDAC.

RESULTS

PKN2 regulates PSC growth and TGF-b1-induced
myofibroblast differentiation
To generate a model in which the role of PKN2 in PSC function

could be assessed, inducible PKN2 knockout (KO) PSCs were

derived from the pancreas of a Rosa26CreERT2+/WT PKN2fl/fl

mouse by Histodenz cushion centrifugation (Apte et al., 1998;

Bachem et al., 1998; Vonlaufen et al., 2010). Isolated cells

stained positively for the PSC markers a-SMA, desmin, glial fi-

brillary acidic protein (GFAP), and vimentin (Figure S1A). Stor-

age of lipid droplets in the cytoplasm was also detected by

staining with Oil Red O and was increased by treatment with

all-trans retinoic acid (ATRA), a defining feature of stellate cells

(Figure S1B; Apte et al., 1998; Bachem et al., 1998; Froeling

et al., 2011). Penetrant loss of PKN2 protein expression was

observed 96 h after a 2-h acute treatment of PSCs with 2 mM

4-hydroxytamoxifen (4-OHT) (Figure S1C), indicating penetrant

Cre recombination. This treatment regimen was used to

generate PKN2KO PSCs.

We previously reported that induced PKN2 deletion in devel-

oping embryos results in a mesenchymal-specific loss of prolif-

eration in the mesoderm (Quetier et al., 2016). This was further

corroborated in isolated MEFs, where induced PKN2 recombi-

nation causes accumulation of cells in G0/G1 (Quetier et al.,

2016). Here, we also observed a reduction in PSC growth rate

in 2D culture following PKN2 deletion (Figure 1A) and that

PKN2KO PSCs arrest at a lower maximum cell density than

wild-type (WT) PSCs (Figure 1B); individual cells are slightly

smaller in 2D culture following PKN2KO (Figure S1D). The slower

growth rate of PKN2KO PSCswas accompanied by a decrease in

cyclin D1 expression levels (Figure 1C) but little change in cell cy-

cle profile; importantly, there was no increase in the G2 fraction,
2 Cell Reports 38, 110227, January 25, 2022
as PKN2 deletion has been previously reported to cause G2 ar-

rest and cytokinesis failure in other cell types (Schmidt et al.,

2007; Figure 1D).

We next examined the effect of deleting PKN2 on myofibro-

blast differentiation. PSCs become activated toward a myofibro-

blast phenotype upon adherence in 2D tissue culture (Apte et al.,

1998), which can be further exacerbated through stimulation

with TGF-b. To phenotypically assess myofibroblast function,

we conducted collagen gel contractility assays. Both unstimu-

lated and TGF-b1-stimulated collagen gel contractility of PSCs

was reduced by PKN2 deletion (Figures 1E and 1F). TGF-b1-

induced collagen gel contractility was also reduced in MEFs

following PKN2 deletion (Figure S1E). Consistent with reduced

contractility (Hinz et al., 2001), PKN2 loss was also associated

with a reduction in a-SMA fibers in unstimulated and TGF-b1-

treated cells (Figures 1G and 1H). Indeed, in PKN2KO PSCs,

TGF-b1 stimulation marginally suppressed a-SMA fibers, indi-

cating a clear switch in TGF-b1 signal output (Figure 1H).

a-SMA fiber induction by TGF-b1 was similarly lost in PKN2KO

MEFs (Figure S1F). F-actin levels were also reduced in PKN2KO

PSCs (Figures S1G and S1H). However, total expressed

a-SMA protein levels were not reduced following PKN2 deletion

in PSCs (Figures S1I and S1J). Our data indicate that PKN2 plays

a role in the adoption of a contractile myofibroblast phenotype

stimulated by 2D adherence or TGF-b1. In addition, PKN2KO

PSCs exhibited enhanced storage of lipid droplets as assessed

by Oil Red O (Figures 1I and 1J). Lipid droplets are considered a

key marker of quiescent PSCs, lost upon acquisition of a myofi-

broblast phenotype (Apte et al., 1998; Froeling et al., 2011).

Changes induced by PKN2 loss resemble those induced by

ATRA, which has been demonstrated to de-differentiate PSCs

in PDAC in pre-clinical and phase I clinical studies (Carapuca

et al., 2016; Froeling et al., 2011; Kocher et al., 2020). Reduced

cell growth, loss of contractility, and enhanced lipid storage all

indicate that PKN2 loss suppresses adoption of an activatedmy-

ofibroblast phenotype.

PKN2 loss suppresses PSC mechanosensing and
modulates the extracellular matrix
PSCs play a critical role in the maintenance of tissue homeosta-

sis through the regulation of the ECM. In turn, the activation sta-

tus of PSCs is reciprocally regulated by the composition and ri-

gidity of the ECM through mechanosensing pathways. We

therefore sought to explore the interaction between PSCs and

the ECM. First, we profiled the expression status of 411 gene

transcripts associated with the ECM and cell adhesion

(QIAGEN). WT and PKN2KO PSCswere cultured in complete me-

dium or exposed to TGF-b1 for 72 h. PKN2 deletion predomi-

nantly resulted in the upregulation of ECM-associated genes un-

der 2D cell culture conditions (Figures 2A and 2B), including

genes associated with metastasis (Serpine2, Fmod, Itgbl1,

Aspn, MMP28, and Col6a3; Buchholz et al., 2003; Liu et al.,

2021; Wiechec et al., 2021). Many of these genes were also

differentially expressed (DE) in PKN2KO PSCs compared with

WT PSCs following TGF-b1 stimulation (Figures 2B and 2C;

Table S1).

A number of studies have examined PSC and CAF expression

signatures from human PDAC patients and mouse pancreatic
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Figure 1. PKN2 loss reduces PSC growth and myofibroblast differentiation

(A) Growth of immortalized WT and PKN2KO PSCs relative to WT PSCs on day 4 as assessed by MTT assay (n = 3; unpaired t test).

(B) Density of WT and PKN2KO PSCs grown to confluency (8 days post-seeding) relative to maximum density of WT cells (n = 3; unpaired t test).

(C) Western blot of cyclin D1, proliferating cell nuclear antigen (PCNA), and housekeeping HSC70 in WT and PKN2KO PSCs (n = 5).

(D) Percentage of WT and PKN2KO PSCs in G1, S, and G2 of the cell cycle (n = 3; two-way ANOVA with Sidak’s test). ns, not significant.

(E and F) Representative images and quantification of gel contraction from embedded WT and PKN2KO PSCs treated with 5 ng/mL TGF-b1 or vehicle for 72 h

using the formula (1 � ratio of gel size/well size) 3 100. Scale bar represents 5 mm; (n = 2).

(G andH) Representative images and quantification of absolute number of a-SMA fibers inWT and PKN2KO PSCs treated with vehicle or 5 ng/mL TGF-b1 for 72 h.

Scale bar represents 25 mm. Quantification is relative to vehicle-treated WT PSCs using MATLAB algorithm (n = 3).

(I and J) Representative images (I) and quantification (J) of Oil Red O staining (arrows) of immortalized PSCs plated on glass coverslips and treated with vehicle or

ATRA daily for 4 days (n = 3; scale bar represents 25 mm).

(F, H, and J) Statistics are two-way ANOVA with Tukey’s multiple comparisons test.

*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Figure 2. Deletion of PKN2 promotes a CAF-like ECM signature in PSCs

(A and B) Differentially expressed (DE) ECMand adhesion gene transcripts (QIAseq) in PKN2KO PSCs relative toWT PSCs treatedwith vehicle (A) or 5 ng/mL TGF-

b1 (B) for 72 h. Log2 fold change and p values determined by DESeq2 (n = 3; p < 0.05).

(legend continued on next page)
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cancer models, defining distinct CAF expression patterns and

fibroblast subtypes. Öhlund et al. initially proposed the existence

of at least two spatially distinct CAF populations, termed myofi-

broblastic CAFs (myCAFs) and inflammatory CAFs (iCAFs) (Öh-

lund et al., 2017). Strikingly, the changes in matrisome expres-

sion between WT and KO PSCs were very similar to those

observed between myCAFs and iCAFs, respectively (Figure 2D).

To further explore this, we examined the expression of a panel of

CAF signature genes by qRT-PCR (Öhlund et al., 2017); the iCAF

markers Il6 and Lif were significantly upregulated following PKN2

loss, while the quiescence- and lipid-droplet-associated genes

Pparg and Plin2 were largely unchanged (Figure 2E). This sup-

ports a switch toward an iCAF phenotype in PKN2KO PSCs rather

than induction of quiescence. Examination of publicly available

single-cell RNA sequencing data indicates that PKN2 is, how-

ever, expressed in both myCAF and iCAF populations, as well

as in PSCs and other tumor cell types (Figures S2A and S2B; Biffi

et al., 2019; Peng et al., 2019).

Djurec et al. (2018) also isolated a panel of normal pancreatic

fibroblasts (NPFs) and CAFs from a genetically engineered

C57BL/6 pancreatic cancer model and compared their tran-

scriptomes. Many of the gene expression changes induced by

PKN2 loss—particularly those showing decreased expres-

sion—were also mirrored in CAFs when compared with NPFs

from the Djurec et al. study (Djurec et al., 2018; Figure S2C). Up-

regulation of pro-metastatic ECM genes and overlap with

distinct CAF signatures suggests that suppressing myofibro-

blast functions of PSCsmay support expression of a cancer-pro-

moting iCAF signature.

To identify pathways underlying these PKN2-dependent myo-

fibroblast and ECM changes, we used a panel of transcriptional

reporters to probe the TGF-b1-SMAD pathway and the mecha-

notransduction- and Rho-responsive transcriptional regulators

YAP and MRTF (Figure 3A; Calvo et al., 2013; Crider et al.,

2011; Small, 2012). For the mechanosensing transcriptional reg-

ulators YAP and MRTF, we used luciferase reporters to measure

TEAD- (Mahoney et al., 2005) and SRF (Promega)-driven tran-

scription, respectively. Serum stimulation resulted in significant

activation of SRF transcription, but this was minimally affected

by loss of PKN2 (Figure 3B). In contrast, TEAD-driven transcrip-

tion was significantly reduced under serum-starved and serum-

stimulated conditions, implicating PKN2 as a novel regulator of

YAP (Figure 3C). TEAD-driven transcription was lower in WT

PSCs treated with TGF-b1 for 24 h compared with untreated

controls, though the pattern of reduction with PKN2KO was

consistent with other conditions (Figure 3C). TEAD transcription

was also compromised in PKN2-deleted MEFs, suggesting a

common mechanism in distinct mesenchymal lineages (Fig-

ure S3A). As expected, TGF-b1 strongly induced SBE-luciferase

expression in PKN2WTPSCs, although this was not suppressed

by PKN2 loss (Figure 3D). Thus, PKN2 loss results in reduced
(C) DE gene transcripts in PKN2KO PSCs relative toWTPSCs treated with vehicle o

expression between WT and KO (n = 3; p < 0.05).

(D) Comparison of transcriptomic expression data betweenWT and PKN2KO PSCs

genes with significance greater than p < 0.05 (C). Concurrence of changes betw

(E) qPCR analysis of mRNA expression of Il6, Lif, Cxcl1, Plin2, and Pparg in WT and

ratio paired t-rest).
YAP-TEAD signaling, whereas SMAD and MRTF stimulation re-

mains largely intact. Consistent with this, a number of CAF-asso-

ciated YAP target genes (Calvo et al., 2013) show reduced

expression following PKN2 deletion as assessed by qRT-PCR

(Figure 3E). Foster et al. also comprehensively assessed YAP

target genes in CAFs, and eight of these are present in the

QIAseq ECM panel (Foster et al., 2017); TGF-b1 induction of

most of these YAP targets was also suppressed following

PKN2 loss (Figure S3B). PKN2-regulated YAP targets include

the key myofibroblast marker Ctgf (Öhlund et al., 2017) and

direct myofibroblast function regulators, Ankrd1 and Serpine1

(Masuda et al., 2019; Samaras et al., 2015). Together, these

data identify the YAP-TEAD axis as a target of PKN2 in myofibro-

blast phenotype PSCs.

We next examined whether PKN2 loss impacts YAP nuclear

localization and phosphorylation. Intriguingly, both PSCs (Fig-

ure 1B) and MEFs (Quetier et al., 2016) undergo growth arrest

at reduced cell densities in the absence of PKN2, a phenotype

associated with TEAD loss-of-function mutants (Ota and Sa-

saki, 2008). As YAP nuclear localization is modulated by cell

density, we developed a CellProfiler pipeline to count cell

neighbors and assessed the relationship between local cell

density and YAP nuclear localization. Although the percentage

of cells showing nuclear staining of YAP was comparable (Fig-

ures 3F and 3G), quantitation of YAP staining revealed a signif-

icant reduction in nuclear YAP intensity following PKN2 loss

at all densities tested (Figure 3H). This was phenocopied in

MEFs (Figures S3C–S3E). As expected, nuclear localization

decreased with greater local cell density (Figure 3H). This sug-

gests that PKN2 can promote YAP nuclear localization under

basal conditions of cell growth. YAP-TEAD activity and nuclear

localization is canonically regulated through inhibitory phos-

phorylation by the Hippo pathway kinase LATS. Loss of PKN2

was associated with little change in phosphorylation of YAP

on the LATS site Ser112 (Figures 3I and 3J), equivalent to

Ser127 in human YAP1. S112 phosphorylation was, however,

robustly increased at high cell density in both WT and KO cells,

consistent with functional Hippo-pathway-mediated contact

inhibition (Ege et al., 2018; Zhao et al., 2007).

Consistent with the SBE-driven reporter expression, TGF-b1-

induced phosphorylation of SMAD2/3 and nuclear translocation

of SMAD4 were not suppressed by PKN2 loss in PSCs (Figures

3K, 3L, S3F, and S3G) or MEFs (Figures S3H–S3J), further indi-

cating that PKN2 is not required for canonical TGF-b signaling.

However, reduction in coupling of TGF-b1 to p70S6 kinase and

ERKwas observed in PKN2KO PSCs (Figure 3M), indicating a po-

tential role in non-canonical TGF-b1 signaling.

Together, our data indicate that PKN2 loss from PSCs de-

creases transcription promoted by the mechanosensor YAP

and disrupts myofibroblast function while inducing a switch to-

ward an iCAF ECM and inflammatory signature.
r 5 ng/mL TGF-b1 for 72 h; transcripts in bold were at least halved or doubled in

and CAF expression data from Öhlund et al. (2017), using the panel of DE ECM

een the two datasets is indicated in the righthand side bar (concur).

PKN2KO PSCs expressed as fold change toWT for each gene (n = 4; *p < 0.05;
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Deletion of PKN2 from PSCsmodifies themode of PDAC
cell invasion
As the Rho-YAP axis is implicated in CAF function (Calvo et al.,

2013; Dupont et al., 2011; Wada et al., 2011; Zhao et al.,

2012), we next sought to examine whether PKN2 loss could

impact the reciprocal interaction between PSCs and pancreatic

cancer (PDAC) cells. Induction of PDAC cell growth and invasion

by PSCs has been extensively reported (Drifka et al., 2016; Egu-

chi et al., 2013; Heinrich et al., 2013; Kozono et al., 2013; Vonlau-

fen et al., 2008).We co-cultured our inducible PKN2KO PSCswith

mouse PDAC cell lines derived from Pdx1-Cre; K-RAS+/LSL.G12D;

p53R172H/+ (KPC) or Pdx1-flp; K-RAS+/LSL.G12D; p53R172H/+ (KPF)

mice (Schonhuber et al., 2014). TB32048 (KPC) and R254 (KPF)

mouse PDAC cell lines were cultured alone or in co-culture with

WT PSCs or PKN2KO PSCs.

To assess proliferation of both PDAC cells and PSCs in co-cul-

ture, we generated TB32048 and R254 cells stably expressing

Firefly luciferase and inducible PKN2KO PSCs stably expressing

Renilla luciferase by lentiviral transduction; cell growth can then

be assessed in each population using the Dual-Glo luciferase

assay system (Promega). WT and PKN2KO PSCs were cultured

alone or in co-culture with either TB32048 or R254 PDAC cells

in 0.5% serum for 72 h. Both WT and PKN2KO PSCs enhanced

growth of both PDAC cell lines (Figures S4A and S4B).

TB32048, but not R254, cells also reciprocally enhanced the

growth of co-cultured PSCs (Figures S4C and S4D). Together,

these data indicate that PSCs can support enhanced PDAC

cell growth independently of PKN2 status.

To examine 3D interactions, spheroid co-cultures were gener-

ated by resuspension of PSCs and PDAC cells in hanging drop-

lets containing methylcellulose (Leung et al., 2015; Ware et al.,

2016). The following day, spheroids were collected and

embedded in a 3Dmatrix in glass-bottomed 96-well plates. Inva-

sion of cells from the center of the spheroid into the surrounding

matrix wasmonitored by light microscopy. Invasion of PSCs and

PDAC cells from spheroids into the matrix was confirmed by

confocal microscopy. Neither TB32048 cells nor PSCs invaded

when cultured alone (Figure S4E). Deletion of PKN2 suppressed

the ability of PSCs to invade into the matrix in co-culture with

TB32048 cells (Figures 4A, 4B, and S4F). Surprisingly, however,

PKN2 deletion from PSCs also significantly enhanced epithelial
Figure 3. PKN2 modulates TEAD-driven transcription and nuclear loca

(A) Schematic showing potential downstream targets of PKN2 involved in myofib

(B–D) Normalized expression of SRF (B), TEAD (C), or SMAD (D) responsive Firefly

5 ng/mL TGF-b1 or 10% serum. Values are normalized to a Renilla luciferase con

way ANOVA with Tukey’s correction).

(E) qPCR analysis of expression of indicated genes in PKN2 WT and KO PSCs e

(F) Immunofluorescent images of YAP1 localization (green) in WT and PKN2KO PS

cells/condition; n = 3; scale bar represents 50 mm).

(G) Percentage of WT and PKN2KO PSCs with YAP-positive nuclei plated at both

(H) Quantification by Python CellProfiler algorithm of YAP nuclear intensity for in

(I and J) Representative western blot and quantification of p-YAP S112 and total Y

two-way ANOVA with Tukey’s multiple comparisons test).

(K and L) Western blot and quantification of p-SMAD2/3 induction with 5 ng/mL T

WT PSCs (n = 3; unpaired t test).

(M)Western blot analysis of p-p70 S6K, total p70 S6K, p-ERK1/2, and total ERK in

TGF-b1 for 4 h (n = 2).

For statistics: *p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001.
cancer cell outgrowths from the surface of spheroids into the

matrix (Figures 4A, 4C, and S4F–S4H). Small interfering RNA

(siRNA)-induced suppression of either PKN2 or YAP1 also signif-

icantly suppressed PSC invasion while promoting invasive

epithelial outgrowths from spheroids (Figures 4A–4C and S4F–

S4H), corroborating the results seen with Cre-induced PKN2

deletion. This also confirms the central role for YAP1 in fibro-

blast-led invasion as a key mechanosensor (Calvo et al., 2013).

Notably, the invasive polarized epithelial outgrowths were largely

PSC negative (Figure 4A) and there was negative correlation be-

tween PSC invasion area and the area of these invasive epithelial

outgrowths (Figure S4H). Importantly, however, outgrowths are

not observed from PDAC cells grown alone (Figure S4E), indi-

cating that this behavior is promoted by co-culture with PKN2

or YAP-depleted PSCs.

To confirm a role for YAP in PSC-driven invasion, we next

examined the impact of transducing PSCs with lentiviral V5-

tagged WT-YAP or constitutively active YAP-S6A (in which all

inhibitory LATS target sites have been mutated to alanine;

Rosenbluh et al., 2012; Figure S4I). Constitutively active YAP-

S6A, but not WT-YAP, significantly enhanced PSC invasion in

both WT and KO PSCs and rescued PKN2KO suppression of in-

vasion (Figures 4D and 4E). Retrovirally transduced stable cell

lines induced more variable PDAC epithelial invasion from

spheroids, and data showed little statistical significance (Fig-

ure 4F); epithelial outgrowths were, however, significantly

diminished in YAP-S6A PSCs compared with empty vector

(EV) orWT-YAP transduced cells. The failure ofWT-YAP to phe-

nocopy YAP-6A was surprising, so we assessed YAP activity

status in our transduced cell lines. YAP-S6A induced a sub-

stantial increase in TEAD-reporter activity, whereas WT-YAP

induced no increase above EV (Figure 4G). Further, WT-YAP

overexpression resulted in enhanced total YAP and pYAP-

S112 expression (Figure S4J). This indicates that overexpres-

sion of WT-YAP in our PSC model does not enhance YAP tran-

scriptional activity but instead increases the expression of

phosphorylated inactive YAP; this may have unexplored impact

on the highly variable outgrowth seen with these WT-YAP cells

(Figure 4F). Further, while constitutively active YAP-S6A

robustly enhances PSC growth and rescues PKN2KO growth

suppression, WT-YAP has minimal impact, indicating it does
lization of the mechanosensor YAP

roblast differentiation.

luciferase reporter inWT and KOPSCs starved in 0.5–1%serum or treatedwith

trol per sample and presented relative to WT serum-starved PSCs (n = 5; two-

xpressed as a fold change to WT control (n = 4).

Cs plated at low and high density on glass coverslips for 48 h (minimum of 100

high and low density (n = 3; unpaired t test).

dicated number of cell neighbors (n = 3; two-way ANOVA with Sidak’s test).

AP expression in WT and PKN2KO PSCs plated at low and high density (n = 3;

GF-b1 for indicated time points; quantification expressed relative to untreated

WT andPKN2KO PSCs starved in 1%serum and treatedwith vehicle or 5 ng/mL
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Figure 4. PKN2 loss reduces PSC-led cancer cell invasion but promotes cancer cell outgrowth.

(A) Bright-field (top; scale bar represents 200 mm) and live-cell confocal z stack projections (bottom; scale bar represents 100 mm) of spheroids (n > 16) containing

H2B-RFP TB32048 PDAC cells (red) and H2B-GFP WT or PKN2KO PSCs (green) embedded in Matrigel matrix for 3 days after siRNA treatment.

(B and C) Area of fibroblast-led invasion (B) or cancer cell outgrowth (C) per spheroid, normalized to total spheroid area and expressed as fold change relative to

WT control (n > 16 spheroids/condition; one-way ANOVA with Tukey’s multiple comparisons test).

(D) Bright-field (top panel) and confocal (bottom panels) images of spheroids containing TB32048 cancer cells with WT or PKN2KO PSCs transduced with either

empty vector (EV), YAP WT (YAP), or YAP S6A (S6A) vectors. Dotted white lines indicate core area of spheroid.

(E and F) Quantification of area of PSC-led (E) or epithelial (F) invasion, normalized to total spheroid area per spheroid, relative to EV (n = 3; two-way ANOVA with

Tukey’s multiple comparisons test).

(G) Dual luciferase analysis of TEAD reporter on WT PSCs transduced with EV, YAP, or S6A YAP.

Data expressed as Firefly or Renilla luminescence for each well relative to EV (n > 3; two-way ANOVA with Tukey’s multiple comparisons test; *p < 0.05, ***p <

0.001, and ****p < 0.0001).
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not act dominantly in these cells (Figure S4K). Together, our

data indicate that high YAP activity in PSCs promotes PSC in-

vasion while suppressing epithelial invasion in spheroid co-cul-
8 Cell Reports 38, 110227, January 25, 2022
tures (Figure 4F). Enhanced YAP activity also rescues PKN2KO

suppression of PSC invasion and growth, corroborating YAP as

a functional PKN2 effector.
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Our data suggest that, while PKN2 and YAP are important for

the invasive capacity of PSCs, these cells may also be restrain-

ing malignant epithelial outgrowth, potentially through regulation

of the ECM.

Deletion of stromal PKN2 in vivo promotes invasive
multifocal tumors
We next wished to examine the impact of stromal PKN2 deletion

on pancreatic tumors in vivo. PKN2 loss is embryonic lethal, but

deletion in adult mice using the RosaCreERT+/WT PKN2flox model

is well tolerated and penetrant (Figure S5A). One thousand

TB32048 (C57BL/6 background) cells were implanted into the

pancreas to initiate syngeneic orthotopic tumor growth in both

male and female littermate RosaCreERT+/WT: PKN2+/+ (WT),

PKN2fl/+ (heterozygous [HET]), and PKN2fl/fl (KO) mice (C57BL/

6 background). All mice had been subjected to the same tamox-

ifen regime to control for any off-target effects of either tamoxifen

or Cre (Figure 5A). Tumors were tracked by MRI, and the exper-

iment was terminated at a single time point as a number of tu-

mors within each cohort approached maximum size limits. Pri-

mary tumors were on average larger in the PKN2KO cohort

(Figures 5B, 5C, and S5B). There was also an increase in the inci-

dence of local secondary tumor foci within the pancreas and

proximal connective tissue in PKN2KO mice (Figures 5D, 5E,

S5C, and S5D) and an increase in the incidence of peritoneal

and diaphragm-associated metastatic foci (Figures 5F and 5G).

No metastatic secondary tumors were observed within the liver

or lungs. Primary tumor invasion into normal pancreatic tissue

was statistically enriched in the PKN2KO cohort, with only one

limited incidence observed across theWT and HET cohorts (Fig-

ures 5H and 5I). In contrast to PKN2KO, heterozygous deletion of

stromal PKN2 does not enhance growth or invasion. Finally,

growth, invasion, and secondary tumor burden are all statisti-

cally enhanced in PKN2KO tumors when compared with mice

bearing at least one intact PKN2 allele (PKN2WT and PKN2HET;

Figures S5B–S5G). These data indicate that stromal PKN2KO

in vivo promotes faster growing and more locally invasive

pancreatic tumors. This concurs with previous reports where

suppression of myofibroblasts in mouse PDAC models can pro-

mote, rather than suppress, aggressive PDAC growth (Ozdemir

et al., 2014; Rhim et al., 2014). Loss of myofibroblast function

thus appears to limit the tumor-restraining function of PSCs to

promote a locally advanced pancreatic cancer (LAPC) pheno-

type (Seufferlein et al., 2019). This is of clinical importance as

locally advanced disease, in the absence of distant metastasis,

represents a significant proportion of inoperable and fatal

PDAC cases (Seufferlein et al., 2019). It remains to be seen

whether PKN2-dependent, PSC-led invasion is critical for distant

metastasis, where PSCs have been shown to accompany PDAC

cells to metastatic sites (Xu et al., 2010).

Enhanced tumor invasion in PKN2KO mice is associated
with a pro-metastatic matrisome signature
Sirius Red staining indicated comparable overall levels of

collagen content (Figures 5J and 5K) and a-SMA-positive cell

content in WT and PKN2KO tumors (Figures 5J and 5L). Impor-

tantly, tissue staining for a-SMA does not assess incorporation

into stress fibers, and in vitro, total expressed a-SMA protein
levels are not reduced following PKN2 deletion in PSCs (Fig-

ure S1I). Endomucin-positive vessel density was marginally

reduced in PKN2KO mice over WT controls (Figures 5J and 5M).

To comprehensively assess the effects of stromal PKN2 deletion

on ECM components, and more globally on tumor biology, we

conductedbulkRNA-sequencing (RNA-seq) analysis of all female

PKN2 WT and KO tumors and conducted gene set enrichment

analysis (GSEA); we prioritized the female tumors aswe had sam-

ples for n R 5 for WT and KO tumors, and the TB32048 cell line

was derived from a female syngeneic mouse. Many of the most

significantly upregulated gene sets in PKN2KO mice were those

associated with ECM and matrisome signatures (Figure S5H).

We next compared the ECM signatures from our cultured PSCs

(Figure 2) with the matching data extracted from the orthotopic

tumors, which revealed a striking correlation between WT and

KO ECM gene expression patterns in vitro in PSCs and in vivo

in tumors (Figure S5I). This gives confidence that the alterations

to the tumor matrisome result from deletion of PKN2 in PSCs

and CAFs. This is additionally supported by Tian et al., who

demonstrate that most ECM and ECM-regulating proteins in or-

thotopic PDAC tumors are derived from stromal cells and not

the malignant epithelium (Tian et al., 2019). Notably, GSEA

analysis also indicated upregulation of epithelial-mesenchymal

transition (EMT), inflammatory response, and interleukin-6 (IL-

6)-STAT3 signaling in bulk RNA-seq data, which concurs with

the observed invasive tumor phenotypes and proposed iCAF

switching in the PKN2KO cohort (Figure S5J). Finally, we con-

structed gene sets based on DE genes from the iCAF andmyCAF

datasets (Öhlund et al., 2017); PKN2 loss was associated with an

enriched iCAF signature and diminished myCAF signature in bulk

tumor RNA-seq data (Figure S5K). These data also corroborate

reports that iCAFs can promote more aggressive and invasive tu-

mor growth with high EMT, STAT3, and inflammatory signatures

(Biffi et al., 2019; Shi et al., 2019; Steele et al., 2021). IL-6 staining

of tumors also shows an upward trend in PKN2KO tumors (Fig-

ure S5L). This invasive phenotype is enhanced despite the fact

that PSC-led invasion is likely to be compromised in the absence

of PKN2 (Figure 2).

To further explore the impact of PKN2 deletion on the tumor

matrisome, we next assessed the pro-metastatic matrix index

(MI) defined by Pearce et al. (2018). The MI is calculated from

the expression pattern of 22 genes associated with metastasis

and poor outcome across multiple tumor types, including

pancreatic cancer (Pearce et al., 2018). Tumors isolated from

PKN2KO mice exhibited a significantly increased MI relative to

PKN2 WT mice (Figures 6A and 6B), which predicts PKN2KO tu-

mors to be more invasive, as we have observed. One WT tumor

exhibited high expression ofmostMI genes, indicating heteroge-

neity betweenmice (Figure 6A). Also, while theMIwas increased,

a number of protective genes from the MI index are upregulated

following PKN2KO, indicating distinctions between the MI and

PKN2KO matrisome signatures. We also stained tumor sections

for the core MI components COMP, FN1, CTSB, and VCAN,

which were transcriptionally upregulated in PKN2KO tumors (Fig-

ure 6A); stains were enhanced in invasive regions and in regions

of connective tissue (Figures 6C, S6A, and S6B). Only one limited

region of invasion was identified in theWT and HET cohorts, with

insufficient material to stain for MI components; staining of MI
Cell Reports 38, 110227, January 25, 2022 9
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Figure 5. Deletion of stromal PKN2 in vivo promotes pancreatic tumor invasion

(A) Schematic of experimental model for orthotopic pancreatic tumor development in inducible conditional PKN2KO mice; Rosa26 CreERT2 was induced with

tamoxifen in PKN2 WT, HET, or KO mice; n = 8–11/group; d, days.

(B and C) Quantification of primary tumor volume (B), with representative pictures of tumors alongside spleens (C).

(D–F) Quantification of the number (D) and volume (E) of secondary tumors found associated with the peritoneum and the number of mice with (gray) or without

(white) these foci (F).

(G) Quantification of the number of diaphragm nodules found per mouse. *p < 0.05; one-way ANOVA with Sidak’s multiple comparison’s test.

(H) Quantification of the number of animals with (gray) or without (white) sites of invasion observed in cross-sections of the tumor (*p < 0.05; chi-squared test for

distribution of invasive sites across genotypes).

(I) Representative H&E staining of abutted region of tumor with healthy pancreas in the WT (left) and invasive tumor region of a tumor in a PKN2KO mouse (right;

scale bar represents 50 mm).

(J–M) Sirius Red (scale bar represents 500 mm), a-SMA (scale bar represents 200 mm), and endomucin (scale bar represents 200 mm) staining (J) of primary tumors

with respective quantification of positive stain per pixel area (K and L) or vessel count (M).

(M) *p<0.05; one-way ANOVA with Sidak’s multiple comparison’s test.
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Figure 6. Enhanced tumor invasion in PKN2KO mice is associated with a pro-metastatic matrisome score

(A) Unsupervised clustering of PKN2 WT and KO tumors based on their expression of the 22 MI genes defined by Pearce et al.

(B) MI score of WT and PKN2KO tumors (n = 5–6 tumors/group; *p < 0.05; unpaired t test).

(legend continued on next page)
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components in the tumor interior was, however, comparable be-

tween genotypes.

To validate our observations in human cancer data, we defined

a PKN2-null matrisome signature of statistically significant DE

genes from PSCs (Table S1), which concurred with expression

in orthotopic tumors (Table S2); we selected the top 11 genes

as a high-confidence PKN2KO matrisome gene set (Figure 6D;

Table S3). Bulk tumor expression data were then used to

generate a PKN2KO matrisome score based on the sum of the

Z scores of the gene set (Figure 6D). Stromal PKN2KO tumors

have a significantly higher PKN2KO matrisome score than WT tu-

mors, as expected (Figure S6C). Next, we used our PKN2KO ma-

trisome score to stratify The Cancer Genome Atlas (TCGA)

expression data (Table S4). High PKN2KO matrisome score

was associated with poor outcome in pancreatic cancer by Ka-

plan-Meier (Figure 6E) and multivariate analysis with covariates

for age; tumor, node, andmetastasis (TNM) staging; and therapy

history (Figure 6F; Liu et al., 2018); univariate survival analysis

also indicates strong prognostic value for the majority of the in-

dividual PKN2KO matrisome genes (Figure S6D). Stratification

using the PKN2KO matrisome score did not enrich for any spe-

cific pancreatic tumor subtypes defined by Moffit et al. (2015),

Bailey et al. (2016), or Collisson et al. (2011; Figures S6E and

S6F) or for common PDAC driver mutations (Figure S6G). The

PKN2KO matrisome score was prognostic in additional solid tu-

mors, including lung cancers (lung squamous cell carcinoma

[LUSC] and lung adenocarcinoma [LUAD]) and gliomas (glioblas-

toma multiforme [GBM]; Figure 6F). Finally, we used GSEA to

compare stratified TCGA-pancreatic adenocarcinoma (PAAD)

(PDAC) expression data with our orthotopic tumor dataset.

This revealed almost identical phenotypic patterns across a

broad set of tumor phenotypes; stromal PKN2 loss (orthotopics)

or a high PKN2KO matrisome score (TCGA) is associated with

high tumor EMT, inflammation, and IL-6-Jak-STAT3 and KRAS

signaling, alongside a reduction in Myc targets, DNA repair,

and oxidative phosphorylation (Figure 6G). These data suggest

that stromal changes to the matrisome associated with stromal

PKN2 loss are not favorable in pancreatic and other solid can-

cers and identify a novel stromal intervention, which can dictate

tumor phenotype.

DISCUSSION

We have identified PKN2 as a novel regulator of PSC phenotype.

Deletion of PKN2 results in a loss of myofibroblast features,

inducing a switch toward a secretory iCAF phenotype and

driving significant pro-tumorigenic alterations to matrisome

and inflammatory expression signatures. Interestingly, in vivo,
(C) Pseudocolor overlay of MI ECM proteins VCAN, FN1, COMP, and CTSB at the

tumor (bottom, left panels). Cathepsin B staining (right panels) of tissue sections

of overlapping ECM proteins at each pixel (T, tumor; NP and arrows indicate hea

area).

(D) PKN2KO matrisome signature genes based on high-confidence PSC and orth

(E) Kaplan-Meier analysis of TCGA-PAAD patients with high (red) or low (blue) ex

(F) Hazard ratio (HR) scores with 95% confidence interval (CI) determined by mult

high PKN2KO matrisome score associated with poor prognosis. *p < 0.05, **p <

(G) Hallmark GSEA analysis of RNA-seq data from TCGA-PAAD stratified PKN2K
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deletion of stromal PKN2 resulted inmore invasive pancreatic tu-

mors, in agreement with studies where myofibroblast phenotype

CAFs have been suppressed or ablated (Ozdemir et al., 2014;

Rhim et al., 2014). This concurs with studies from the Tuveson

lab proposing that myCAF populations can restrain pancreatic

tumor growth while iCAFs drive aggressive inflammatory tumors

(Biffi et al., 2019). Our study adds weight to the growing under-

standing that CAFs exist in interconvertible states, which can

be manipulated to modify tumor phenotypes, with potential to

modify therapy response (Biffi et al., 2019; Grauel et al., 2020;

Hutton et al., 2021; Steele et al., 2021). Importantly, our work

shows for the first time that suppressing myofibroblast features

by targeting a Rho effector and mechanotransduction is suffi-

cient to trigger iCAF reprogramming.

The importance of the cancer matrisome as a prognostic indi-

cator was recently examined by Pearce et al., who defined a MI

associated with ovarian cancer metastasis, which predicts

outcome in many solid malignancies (Pearce et al., 2018).

Here, we derived a PKN2KO matrisome signature score that

also predicts poor outcome in many solid tumor types, including

pancreatic cancer. In contrast to the MI, our PKN2KO score pre-

dicted outcome for high- and low-grade gliomas and prognostic

power differed for several other tumor types. Notably, for some

cancers, including sarcomas and hepatocellular carcinoma, a

high PKN2KO matrisome score was associated with better

outcome, suggesting that, in selected contexts, targeting

PKN2 in the stroma may be beneficial.

Targeting PSC function and stromal fibrosis to modulate

PDAC disease course and improve therapy responses has

yielded mixed and often conflicting results. As examples, target-

ing the Hedgehog pathway or FAK has been shown to reduce

desmoplasia and enhance therapy responses, while separate re-

ports indicate intervention in the same pathways promotes more

aggressive PDAC tumors (Demircioglu et al., 2020; Jiang et al.,

2016; Lee et al., 2014; Olive et al., 2009; Rhim et al., 2014). Sup-

pression of fibrosis through deletion of Col1a1 from a-SMA+my-

ofibroblasts has also been recently shown to accelerate pancre-

atic tumor growth (Chen et al., 2021). Stromal reprogramming

with the vitamin A analogue, ATRA, or the vitamin D receptor

agonist calcipotriol has shown promise, with both approaches

promoting a quiescent PSC phenotype, reduced tumor fibrosis,

and enhanced chemotherapy responses (Carapuca et al., 2016;

Froeling et al., 2011; Kocher et al., 2020; Sherman et al., 2014).

Interestingly, PKN2 loss was also associated with enhanced lipid

droplet accumulation in PSCs in vitro, a key marker of quies-

cence, although no reduction in fibrosis was observed in tumors;

in contrast to ATRA, our data support a switch in CAF phenotype

as opposed to adoption of quiescence in vivo. These conflicting
edge or invasive front of tumors in a representative PKN2WT (top) or PKN2KO

used in the overlay is shown; calibration bar in overlay indicates the number

lthy pancreatic acini; area within white dotted lines indicates edge or invasive

otopic DE gene set.

pression of PKN2KO matrisome score.

ivariate Cox proportional hazards model across TCGA tumor datasets. HR > 1;

0.01, ***p < 0.001, and ****p < 0.0001.
O matrisome score compared with WT versus PKN2KO orthotopic tumors.
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studies likely reflect the tumor-suppressive roles of the matri-

some and myofibroblasts, which co-exist with the less desirable

effects of limiting therapy response. Our data highlight that tar-

geting specific CAF functions, such as myofibroblast contrac-

tility, may induce a switch in transcriptional profiles toward

distinct CAF subtypes with potentially significant impact on

prognosis.

Encouragingly, we have evidence that PKN2 may regulate the

contractile motile myofibroblast phenotype in distinct mesen-

chymal models. Both MEFs and PSCs show a dependence on

PKN2 for growth and invasion, in both cases sharing YAP as a

common effector. Further, during development, neural crest

cells fail to migrate in PKN2KO embryos, suggesting emerging

dependence on PKN2 post-EMT, with implications for cancer

cell invasion (Quetier et al., 2016). Indeed, we recently contrib-

uted to work identifying that PKN2 and ROCK1 collaborate to

mediate rear end retraction in durotaxis (Hetmanski et al.,

2019), focusing on mesenchymal migratory cancer cell models,

a process which also requires mechanical activation of YAP (La-

chowski et al., 2018). Defining how PKN2 modulates heteroge-

neous mesenchymal populations in diverse settings represents

a key next challenge, which will be aided through the develop-

ment of selective PKN2 inhibitors.

Together, our data identify PKN2 as a potential target to

modulate the pathological activation of fibroblasts. However,

preventing fibroblast activation could also suppress the ability

of myofibroblasts to contain and suppress malignant tumor

growth by altering the fibroblast matrisome and secretome.

The fibrotic, hypovascular nature of the pancreatic cancer

stroma nonetheless remains a critical barrier to both chemo-

and immunotherapy. Targeting fibrosis to improve therapy re-

sponses while retaining the tumor-suppressive functions of fi-

broblasts thus presents a clinical dilemma.

Limitations of the study
Challenges with orthotopic and genetic models to

deconvolute PKN2 function in tumors

While our data provide further support for myofibroblast CAFs in

a tumor-restraining role, invasive CAF subtypes may remain

important for distant lymphatic or hematogenous metastasis.

Indeed, PSCs have been reported to accompany PDAC cells

to metastatic sites (Xu et al., 2010), although this does not pro-

vide causative evidence. The orthotopic model employed in

our study does not metastasize to either the liver or lung across

the time course examined. Additional orthotopic models with

metastatic potential could be used to address this. Targeting

stromal PKN2 in a genetic metastatic PDAC model would pro-

vide an alternative albeit complex multi-locus model; targeting

PKN2 through Cre-Lox recombination would necessitate

pancreatic tumor induction through a non-Cre-driven model,

such as the KPF mouse (Schonhuber et al., 2014).

As an additional caveat, our Rosa26-CreERT2 model targets

PKN2 systemically throughout the stroma and normal pancreas.

While we present evidence that this results in CAF phenotypic

switching in tumors, we cannot rule out the impact of PKN2 dele-

tion on other cells in the tumor microenvironment (TME). Addi-

tional cell-type-specific Cre models will be needed to address

this limitation.
Development of PKN2 selective inhibitors, which do not

exhibit the confounding off-target effects of currently available

compounds, such as Y27632, Fasudil, and PKC412, would pro-

vide a pharmacological route for addressing specific PKN2 roles

in tumor biology (Falk et al., 2014). Encouragingly, these non-se-

lective inhibitors are known to suppress PSCmyofibroblast func-

tion (Masamune et al., 2003; Whatcott et al., 2017) and show

promising pre-clinical activity in mouse PDAC models (El Fitori

et al., 2007; Vennin et al., 2017, 2020; Whatcott et al., 2017),

where PKN2 is likely to have roles in both stromal and tumor

compartments; the contribution of PKN2 targeting to the in vivo

effects of these inhibitors remains to be addressed. Inhibiting the

invasive capacity of mesenchymal stromal and cancer cells, with

concomitant switching of CAFs toward an inflammatory pheno-

type, may yet prove to have significant beneficial impact when

combined with chemotherapy or immunotherapy.
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Dual-Glo luciferase assay system Promega Cat. No.: E2940

Lunascript RT Supermix Kit Lunascript Cat. No.:E3010L

Universal Vectastain ABC kit Vector Laboratories Cat. No.: PK-6200

Deposited data

PKN2 stromal KO pancreatic orthotopic

tumour RNA sequencing data

This paper Gene Expression Omnibus: GSE189027

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

ECM targeted RNA sequencing data from

PKN2 KO or WT PSCs treated with veichle

control or TGFb

This paper Gene Expression

Omnibus: GSE189245

iCAF/myCAF RNA sequencing data Öhlund et al., 2017 Gene Expression

Omnibus: GSE93313

NPF/CAF RNA sequencing data Djurec et al., 2018 Gene Expression Omnibus:

GSE106901

TCGA RNA sequencing data Genomic Data Commons (GDC); portal.gdc.cancer.gov/

TCGA clinical data TCGA Pan-Cancer Clinical

Data Resource (TCGA-CDR);

Liu et al., 2018; https://doi.org/

10.1016/j.cell.2018.02.052

Table S1

GSEA genesets Molecular Signatures Database

(MSigDB) v7.2; https://www.

gsea-msigdb.org/gsea/msigdb/

Hallmark (H), C2 Canonical Pathways

(CP) collections

ssRNAseq-Mouse Gene Expression Omnibus;

Biffi et al., 2019

Gene Expression Omnibus:

GSE114417- Replicate GSM3141422

ssRNAseq: Human Genome Sequencing Archive;

Peng et al., 2019

GSA: CRA001160 – Project code: PRJCA001063

TCGA Moffitt, Collisson, Bailey subtype

metadata

Pancreatic Expression

Database (PED);

pancreasexpression.org/analytics/cohort/tcga/

Experimental models: Cell lines

PSCs This paper (Derived from Rosa26-

CreERT2PKN2fl/fl mouse)

RRID: N/A

MEFs Quetier et al., 2016 (Derived from

Rosa26-CreERT2PKN2fl/flembryos)

RRID: N/A

TB32048 Gifted by Dr. David Tuveson.

(Spear et al., 2019) Obtained

from KPC mice

RRID: N/A

R254 Gifted by Dr. Dieter Saur (Obtained

from p48Cre/+; LSL-KrasG12D/+;

p53fl/fl mouse)

RRID: N/A

Experimental models: Organisms/strains

Mouse: Pkn2fl/fl;RosaCreERT2+/- :C57BL/

6NAtm1Brd-Pkn2tm1a(KOMP)Wtsi; Gt(ROSA)

26Sortm1(cre/ERT2)Tyj

This paper; Francis Crick Institute

(London Research Institute),

Quetier et al., 2016

N/A

Mouse: Rose26CreERT2; Gt(ROSA)

26Sortm1(cre/ERT2)Tyj

Jackson Laboratories (mice) RRID: IMSR_JAX:008463

Mouse: Pkn2 fl/fl; Pkn2tm1a(KOMP)Wtsi KOMP (ES Cells) RRID: MMRRC_060318-UCD

Oligonucleotides

Oligonucleotides used in qPCR See Table S1 N/A

Oligonucleotides used in siRNA experiments See Table S2 N/A

Software and algorithms

CellProfiler v3.1.9 Carpenter et al., 2006 www.cellprofiler.org

QuPath v0.3.0 Bankhead et al., 2017 qupath.github.io/

Visiopharm Version 2019.07.3.7092 Visiopharm www.visiopharm.com

ImageQuant TL 8.1 Imagequant; GE Healthcare N/A

R v4.1.1 R Foundation for Statistical

Computing

www.r-project.org

GraphPad Prism v8.0.1 GraphPad www.graphpad.com/scientific-software/prism/

Original Code This paper https://doi.org/10.5281/zenodo.5719508
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to the lead contact, Angus Cameron (a.cameron@

qmul.ac.uk).

Materials availability
Rosa26CreERT2PKN2fl/fl mice were generated by crossing Rosa26CreERT2 mice (Jackson Laboratory) with PKN2fl/fl mice (KO mouse

project (KOMP)) at the Charterhouse biological services unit (BSU) at Queen Mary University. These are available from the lead con-

tact upon request subject to MTA.

Data and code availability

d RNA-sequencing data has been deposited at GEO and are publicly available as of the date of publication. Accession numbers

are listed in the key resources table. Western blot and microscopy data are available upon request from the lead contact. This

paper also analyzes existing, publicly available data. These accession numbers for the datasets are listed in the key resources

table.

d All original code has been deposited at Github and is publicly available as of the date of publication. DOIs are listed in the key

resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODELS

Cell lines
TB32048 cells were a kind gift from Prof. David Tuveson and R254 cells from Dr Dieter Saur. TB32048 cell line was derived from a

female KPCmouse (Hingorani et al., 2005; Spear et al., 2019) within the Tuveson lab. The R254 cells were derived from the tumour of

a LSL-KrasG12D/+; p53fl/fl mouse (Schonhuber et al., 2014; Zhang et al., 2021). The sex of the R254 cells is unknown. Cell line authen-

tication was not possible on these cell lines as these details have not been published on either cell line. All cancer cell lines were

cultured at 37�C and 5% CO2 in complete DMEM supplemented with 10% FBS (Sigma),100 U/ml penicillin and 0.1 mg/ml

streptomycin (Pen-strep). Inducible PKN2 (iPKN2) knockout (KO) MEFs were isolated from Rosa26CreERT2PKN2fl/fl C57BL/6 mice

as previously described (Quetier et al., 2016). Inducible PKN2KO mouse PSCs were isolated from the pancreas of a male

Rosa26CreERT2PKN2fl/flmouse using a variation of the density centrifugationmethod (Apte et al., 1998; Bachemet al., 1998; Vonlaufen

et al., 2010). Briefly, the pancreaswas digested usingCollagenase P, 0.1%DNase1 inGBSS for 30mins at 37�C. The suspensionwas

washed in 0.3%BSAwith 0.1%DNase1 in GBSS and stellate cells separated on a Histodenz cushion, washed in 3%FBS in PBS and

plated. PSCs were immortalised by transduction with pBabe SV40 large T plasmid (Prof. Parmjit Jat (Cotsiki et al., 2004)). Mouse

embryonic fibroblasts (MEFs) were derived as described previously (Quetier et al., 2016); embryos were decapitated and foetal liver

was removed prior to trypsin digestion and serial passage in DMEMwith 10% FBS. Lines were immortalised using a 3T3 protocol of

serial passage and subsequent senescence escape. To induce PKN2 recombination, iPKN2 PSCs andMEFs were treated with 2 mM

and 400 nM4-hydroxytamoxifen (4-OHT) respectively in cell culturemedium for 2 h at 37�C. PSCswere used 3-4 days later andMEFs

7 days later, and cultured in DMEM with 10% FBS (Gibco) and pen-strep.

Mice
All mice and procedures were approved by our local animal ethics committee (Queen Mary University of London) and carried

out in accordance with the UK Home Office Animal and Scientific Procedures Act 1986. All mice used in experiments were of

Pkn2fl/flRosaCreERT2 strain developed within Charterhouse Campus biological services Unit by crossing Pkn2fl/fl (KOMP) mice with

RosaCreERT2 (Jackson Laboratories- Gt(ROSA)26Sortm1(cre/ERT2)Tyj) mice so that all mice were heterozygous for RosaCreERT2 and

were either homozygous, heterozygous or wild type for the floxed PKN2 allele. Conditional PKN2 knockout mice were generated

as described by (Quetier et al., 2016). To generate PKN2 null mice targeted ES cells were obtained from the KOMP Repository

(www.komp.org: Project ID66263 - pkn2 MGI:109211). An independent ES cell clone, G05 (allele: Pkn2tm1a(KOMP)Wtsi) underwent

germline transmission. To convert the PKN2 to a conditional allele, PKN2 heterozygous mice were crossed with a Flp deleter mouse

(Tg(CAG-Flpo)1Afst; background C57Bl/6N); to genotype, sense primer PKN2-F2 (5’-GGTTTGGTGACCAGTAAAAACTG-3’) was

used with a second gene specific antisense primer (PKN2-R2; 5’-CTGAAGACACTTTGAAAAGGATG -3’) to generate 489bp and

635bp products for the wt and conditional alleles respectively. Mice were crossed to C57Bl/6J mice for more than 10 generations

before being crossed with RosaCreERT2 mice. Mice of all genotypes were maintained in grouped housing of no more than 6 mice

per IVC unit and were housed together regardless of genotype. They were sex- and age- matched (24 – 28 weeks old) at the time

of experiment initiation. Both males and females were used in the study.
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METHOD DETAILS

MTT staining
500 PSCs/well were seeded in 200ml medium in a 96-well plate (at least 5 technical replicate wells per condition). After 4 days, the

medium was removed and cells were incubated in 100 ml 0.5 mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT)

(Sigma-Aldrich) prepared in cell culture medium for 2h at 37�C. Medium was then removed from wells and formazan crystals

were solubilised in 50 ml DMSO. Absorbance was measured at 570 nm using a colourimetric plate reader (Tecan).

Growth assay
PKN WT or KO cells were plated at 0.4 x 104 cells/ well of a 6-well plate in 3 technical triplicates per experiment. They were then

trypsinized at the indicated time points (days 2, 4, 6, and 8) and counted using a hemocytometer. Counts are normalized to the

area of the well.

Western blotting
Unless otherwise stated, whole cell lysates were prepared by placing cells on ice, washing three times in cold PBS, and adding an

appropriate volume of sample buffer (3% SDS, 60 mM sucrose, 65 mM Tris, pH 6.8). Lysates were homogenised by passing through

a 25G needle with a 1 ml syringe and then centrifuging at 13,000 RPM for 3 minutes. The Bio-Rad DC protein assay kit (Bio-Rad) was

used according to the manufacturer’s guidelines to calculate the protein concentration for each sample. Samples were then ali-

quoted and diluted in distilled H2O as required to generate samples of an equal protein concentration. 4X LDS sample buffer was

prepared by adding 100 ml of 1MDTT to 900 ml 4X NuPAGE LDS sample buffer (Novex) for a concentration of 100mMDTT. An appro-

priate volume of 4X LDS sample buffer was added to cell lysates. Samples were then heated in a hot block at 95�C for 5 minutes.

Sample proteins were resolved by SDS-PAGE alongside PageRuler Plus molecular weight standards (Thermo Scientific) in Bis-

Tris (4-12%) pre-cast gels (Nusep) in 1X Tris-Glycine SDS-PAGE running buffer (Severn Biotech). Proteins were electroblotted

onto nitrocellulose membranes (GE Healthcare) by the wet transfer method in Tris-Glycine transfer buffer (20% ethanol in 1X Tris-

Glycine PAGE buffer, Severn Biotech 20-6300-10) at 120 V for 1h at 4�C. Blots were blocked for 30 minutes in blocking buffer

(3%BSA in TBST (0.1%Tween-20, 20mMTris, 150mMNaCl, pH 7.4)) and incubated in primary antibody in blocking buffer overnight

at 4�C. The following day, blots were washed in TBST and incubated in secondary antibody diluted in 5% milk TBST for 1h at room

temperature. Blots were washed in TBST and developed using Luminata Forte (Millipore) or Crescendo (Millipore) chemiluminescent

substrate in an automated chemiluminescent imager (Amersham Imager 600, GE Healthcare). Band intensity was quantified by

densitometry analysis in ImageQuant TL 8.1 software (GE Healthcare). For the stripping and re-probing of blots, membranes were

washed 3x5 minutes in distilled H2O, incubated with shaking in 1X ReBlot Plus Mild Antibody Stripping Solution (Merck Millipore)

for 15 minutes, washed 3x5 mins in TBST, and re-blocked for 30 mins in blocking buffer. Stripping was confirmed by application

of chemiluminescent substrate and imaging.

Oil red O staining
2000 PSCs were seeded on glass coverslips and treated daily with 1 mM ATRA (Sigma-Aldrich) or ethanol vehicle control for 3 days.

Cells were washed and fixed for 10 min in 10% neutral buffered formalin (NBF) and washed 3 times with PBS. Lipid-containing ves-

icles were stainedwith 0.3%Oil RedO (Sigma-Aldrich) in 60% isopropanol for 1 h at room temperature. Coverslips were thenwashed

with distilled water and stained with Mayer’s haematoxylin (incubation for 2 mins) and mounted with Mowiol (10% mowoil (Calbio-

chem), 24% glycerol, 100mMTris-HCl pH 8.5). Brightfield pictures of each condition were taken with an Axiophot microscope (Zeiss)

and analysed using ImageJ. Oil Red O staining was quantified by adjusting colour threshold to specifically detect area of dark red

staining. The total number of stained pixels per image was normalised to cell number per field.

Cell cycle analysis
PSCs were passaged at low density in T175 tissue culture flasks and allowed to grow till approximately 50% confluency. Cells were

pulsed with 10 mM BrdU (Sigma) for 30 min, Trypsinized, and collected by centrifugation (300g, 5 mins). Cells were washed in Ca2+

and Mg2+ free PBS (Gibco) and then resuspended in ice-cold 70% ethanol dropwise whilst vortexing and stored at -20�C at least

overnight. Cells were incubated sequentially in 1% Triton X-100 PBS (PBST) for 20-30 mins (permeabilization), 2M HCl for

20 mins at room temperature and then washed in PBS-Tween(0.1%). They were then incubated in 0.1M Na2B4O7 for 20 min at

RT and washed in PBS-T. Samples were stained with 100 ml a-BrdU (Dako, 0744) diluted in PBS-T for 20 mins, washed twice in

PBS-T and then incubated in anti-mouse Alexa fluor 488 secondary antibody (Invitrogen) for 20 mins each. RNA was digested

(100 mg/ml RNase 37�C for 15 min) and DNA stained with 50 mg/ml propidium iodide (Sigma-Aldrich) prior to flow cytometry (BD For-

tessa) and data analysis (FlowJo).

Collagen gel contraction assay
For each condition, PSCs were resuspended to a final concentration of 1 x 105 in 400 ml collagen gel (1mg/ml Collagen I (Corning))

with 10x low-glucose DMEM (Sigma-Aldrich) diluted in complete PSCmedium, and neutralized with 12.5 ml/ml 1 MNaOH) on ice and

seeded in 24-well plates. PSCs were gently mixed without introducing bubbles. Gels were incubated for 2 h at 37�C to set, and then
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500 ml PSCmedium added above; 24 h later, this was replacedwith 5 ng/ml TGF-b1 (Peprotech) or vehicle control (0.1%BSA, 10mM

citrate, pH 3.0) in complete PSC medium. Gels were released from the edges of the well using a needle and brightfield images taken

daily. Percentage gel contraction was calculated by measuring the area of each gel using ImageJ and normalizing the well area re-

vealed by contraction with the equation: 1-(gel area/well area) x 100.

QIAseq targeted RNA expression analysis
PSCswere seeded at 7.5 x 104 cells in 15 cmdishes in complete PSCmedium (at least 3 dishes forWTPSCs and 4 dishes of PKN2KO

/condition). 24 h later, plates were spiked with 5 ng/ml TGF-b1 (Peprotech) or vehicle control (0.1%BSA, 10mM citrate, pH 3.0). After

72 h, RNA was harvested using the QIAGEN RNeasy plus kit (Qiagen). 100 ng RNA from each sample was then processed using the

QIAseq mouse extracellular matrix & cell adhesion molecules targeted RNA panel (QIAGEN- RMM-004Z) to isolate and amplify a

cDNA library of 419 genes associated with the ECM and cell adhesion as per the manufacturer’s instructions. Samples were pooled

to generate a 12plex cDNA library and sequenced on the IlluminaMiSeq platformwith a read depth of 7.5million. The number of reads

per gene per sample was determined using the Qiagen in-house bioinformatics pipeline. Genes were considered differentially ex-

pressed if the fold change reached statistical significance p-value <0.05. Count normalization and differential expression was per-

formed using pre-determined reference genes and DEseq2 v1.32. All gene-expression data is available through Gene Expression

Omnibus (GEO): GSE189245.

Reporter assays
2 x 104 PKN2WT PSCs or 4 x 104 PKN2KO PSCs were seeded in 500 ml PSCmedium in 24-well plates. After 24 h, PSCs were co-trans-

fected with a Renilla luciferase control plasmid (pRL, Promega) and a reporter plasmid encoding SMAD-Firefly luciferase (Dennler

et al., 1998), or SRF-Firefly luciferase (pGL4.34 luc2P/SRF-RE/Hygro, Promega), or TEAD-Firefly luciferase (pGL3-4xGTIIC-49 (Ma-

honey et al., 2005)) in a ratio of 3:2 (Renilla plasmid :Firefly plasmid) and total DNA quantity amounting to 500ng/well. Transfectionwas

performed with Lipofectamine LTX/Plus reagent (Invitrogen, 15388-100) at a final amount of 2 ml of Lipofectamine LTX and 0.5 ml of

Plus reagent per 50 ml reaction in OptiMEM . Cells were starved overnight in 0.5% serum for 24 hrs and then stimulated with 5 ng/ml

TGF-b1 (Peprotech) or vehicle for 24 h or 10% serum (50 ml FBS (Gibco)) for 3-6 h as indicated. Dual-Glo luciferase assay system

(Promega) was used to detect Firefly- and Renilla-luciferase activity.

Nuclear localisation and cell size analysis
Images were analysed using CellProfiler (v3.1.9) (Carpenter et al., 2006) using a custom pipeline. Briefly, nuclear and cytoplasmic

masks were created using the DAPI and phalloidin channels respectively and average YAP1 intensity calculated within each

mask. Numbers of neighbours were determined by creating ‘‘centroids’’ of each nucleus and counting the number of cell points pre-

sent within a 46 mm radius of each centroid; this radius was empirically assessed to best estimate number of cells in direct contact.

For cell size, customized CellProfiler pipelines were used to determine cell area based on phalloidin staining.

qPCR analysis
PKN2 WT and KO PSCs were plated for 72 hours before being lysed with Trizol and RNA separated using chloroform extraction

method as per manufactuer’s instructions. 2 ml of Trizol was used to lyse 2 x 175 cm2 TC flast of either PKN2 WT or KO PSCs, incu-

bated for 5mins at RT and then collected in 2 x 2mlmicrocentrifuge tubes (1ml each). 200 ml of chloroformwas added to 1ml of trizol,

incubated for 2-3 mins at RT, centrifuged at 12,000g for 15mins at 4�C. The aqueous phase was then separated into a fresh labelled

tube and 500 ul of Isopropenol added for every 1 ml of trizol. This was incubated for 10 mins in the fridge and then centrifuged at

12000g at 4�C. RNA was then precipitated with Isopropanol and 70% ethanol and then dissolved in 30 ml of nuclease-free water.

RNA was measured using a Nandrop ( ThermoFisher Scientific). cDNA was prepared using Lunascript RT Supermix kit (Lunascript)

as permanufacturer’s instructions in a 20 ml reaction. This was then treatedwith Turbo DNase I (Life technologies) and diluted to 50 ml.

qPCR on cDNAwas performed using PowerUp SYBRGreenMaster Mix (Life technologies) with manufacturer’s recommendations a

Quantstudio 7 Flex (Applied biosystems). Oligonucleotides listed in Table S5.

Spheroid 3D co-cultures
Spheroid invasion assays were performed using a modified methylcellulose hanging drop protocol (Leung et al., 2015; Ware et al.,

2016) optimised with Dr Edward Carter (BCI). Cancer cells and PSCs were aliquoted at a concentration of 2.2 x 104 cells/ml cancer

cells ± 4.4 x 104 cells/ml PSCs, in 1ml complete PSCmedium. This wasmixedwith 1.2%methylcellulose (Sigma-Aldrich) in DMEM in

a 4:1 ratio to give a final concentration of 0.24%methylcellulose and 1000 cells (333 cancer cells ± 667 PSCs) / 20 ml suspension. For

each condition 20 ml hanging drops were incubated overnight at 37�C. The following day, 25 spheroids per condition were collected

and centrifuged at 300g for 4 mins with the brake off and washed in PSC culture medium again. 40 ml Matrigel basement membrane

matrix (Corning) was diluted 1:1 with PSC culture medium and added to the bottom of a 96-well clear bottom ultra-low attachment

plates. For Immunofluorescence spheroids were plated in 96-well clear bottom black plates (Greiner, 655976-SIN). Gels were incu-

bated at 37�C for 30mins to set. After washing, spheroids were resuspended on ice in 300 ml Matrigel:medium. Spheroids were gently

mixed by pipetting before aliquoting 50 ml of suspension per well (6 wells/ condition). After a final incubation of 30mins at 37�C, 200 ml

PSC medium was placed on top. Spheroids were incubated for 2-3 days and cell invasion was monitored daily by light microscopy
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and epifluorescence and brightfield micrographs were taken on a light microscope. Z-stack immunofluorescence of spheroids was

carried out using an LSM710 confocal microscope (Zeiss) and. All spheroids were analysed using ImageJ (Fiji) for area.

RNA sequencing and analysis
Tumours were extracted and a portion of each stored in RNAlater (ThermoFisher Scientific, AM7020) at -20oC. To extract RNA, sam-

ples were macerated using the TissueLyzer II (QIAGEN) with 5 mm TissueLyzer beads (QIAGEN, 69989) in RLT buffer. RNA was pre-

pared using the RNeasy mini kit (QIAGEN) as per manufacturer’s instructions. RNA integrity was checked using the Agilent Fragment

Analyzer (Agilent Technologies). The library was prepared using NEB Next Ultra II Directional RNA Library Prep Kit for Illumina using

manufacturer’s recommendations (NEB) and loaded on the Illumina NovaSeq6000 for paired-end sequencing. Adapter and Quality

trimming, GenomeAlignment and Annotation RNA-seqwas performed in house. Raw FASTQ reads of length 151 baseswere adapter

and quality trimmed using trimmomatic before mapping to the mouse genome (mm10, Genome Reference Consortium GRCm38), to

address 30-end adapter contamination. Trimmed reads were aligned to the mouse genome in strand-specific mode using HISAT2

(Kim et al., 2015). A number of uniquely aligned reads (q > 10) to the exonic region of each gene were counted using HTSeq (Anders

et al., 2015) based on Genome Reference ConsortiumMouse Build 38 patch release 6. All gene-expression data is available through

Gene Expression Omnibus (GEO): GSE189027.

Bioinformatics
Differential expression analysis was conducted using the Bioconductor R packages edgeR (Robinson et al., 2010) and DESeq2 (Love

et al., 2014). Gene Set Enrichment Analysis (GSEA) was performed using the Broad Institute GSEA software (Subramanian et al.,

2005) and R package fgsea (DOI: https://doi.org/10.1101/060012) using gene sets curated from the Molecular Signatures Database

(MSigDB v6.2). Survival and other bioinformatic analyses were conducted using customised R scripts. All code available through

Zenodo. Single-cell RNA seq data was obtained from: (Biffi et al., 2019) and (Peng et al., 2019) to probe for PKN2 expression across

different tumour cell types. The filtered unique molecular identifier (UMI) count matrix was processed using the R package Seurat

(v4.0.4). Using the top 18 principal components (PCs), the main cell clusters were identified using the FindClusters function of Seurat

and visualised using 2D uniform manifold approximation and projection (UMAP).

siRNA transfection
5 x 104 PSCs were seeded in 6-well plates. 24 h later cells the medium was changed and cells were transfected with 20 nM pooled

control or PKN2-targeting siRNAs from SMARTpool siGENOME siRNAs (Dharmacon, GE Healthcare) with Lipofectamine 2000 (In-

vitrogen) as per the manufacturer’s instructions. Transfection complexes were prepared as follows: 5 ml Lipofectamine 2000 reagent

was diluted in 100 ml Opti-MEM. In a separate tube, 2 ml 20 mM pooled siRNA was diluted in 100 ml Opti-MEM. The siRNA/Opti-MEM

solution was then added to the lipofectamine solution. The resulting transfection complex solution wasmixed, incubated for 5mins at

RT and 200 ml transfection mix added to each well. 48 h after transfection PSCs were embedded in spheroids with cancer cells as

described in ‘‘Spheroid 3D co-cultures’’ and imaged after 2-3 days by light microscopy and epifluorescence. Invasion was quantified

from brightfield images by measuring the area of invading cells protruding from the body of each spheroid relative to the area of the

entire spheroid in ImageJ. Z-stack immunofluorescence images of sleected spheroids were also imaged 3 days after seeding by live

cell confocal microscopy using the LSM 710 confocal microscope (Zeiss) with cells maintained in the imaging chamber at 37�C and

5% CO2. siRNA sequences are provided in Table S6.

Immunohistochemistry
Paraffin-embedded sections of tissue were dewaxed and rehydrated by heating slides at 60oC for 1 hr and then incubating in xylene

(5mins), 100%ethanol (10mins), 80%ethanol (2mins), 70%ethanol (2mins), 50%ethanol (2mins), distilled water (2mins). Theywere

then treated with 3% hydrogen peroxide for 10 mins and antigen retrieval was performed by incubating in boiling hot 0.01 M tri-so-

dium citrate pH 6 buffer for 10 mins with continued boiling. Slides were then incubated in 0.1% PBS-Tween for 5mins, and incubated

in blocking buffer (0.02% Fish Skin gelatin with horse serum in PBS-T). Primary and secondary antibodies as listed in the key re-

sources table were diluted in blocking buffer and then used to bind indicated markers. Antigen detection using Universal Vectastain

ABC Kit (Vector Laboratories, PK-6200) and DAB (Dako, K3468) used as per manufacturer’s instructions. MI stains were done on

consecutive sections of paraffin embedded blocks and images taken using Pannoramic Scanner (3D Histech). MI overlay was pro-

cessed using ImageJ software. Quantitative analysis was done using various measurement applications on Visiopharm (Version

2019.07.3.7092) and QuPath (Bankhead et al., 2017).

In vivo tumour experiment
All mice received the same tamoxifen injections (5 injections at 2 mg/21 g weight) to induce Cre recombinase activity, were rested for

a week and then orthotopically injected with PDAC cell line TB32048. Animals were administered with analgesic (60 ml of 0.3 mg/ml

buprenol) and anaesthetic (Isofluorane) before having orthotopic injections of 1000 TB32048 cells in a 1:1 solution of DMEM andMa-

trigel into the pancreas using an insulin syringe. Tumour endpoint measurements did not exceed 1.4cm3 as per the project licence.

This was assessed byMRI andmicewere culled for tumour and organ harvest. At harvest, tumours wereweighed, photographed and

then measured for widest length and width using Vernier calipers. Volumetric measurements were made using length x (width)2/2.
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Tumours were then collected in bijous containing 4% PFA, transferred to 70% ethanol the following day and then paraffinized and

sectioned at 4 mm for immunohistochemical staining.

QUANTIFICATION AND STATISTICAL ANALYSIS

Unless otherwise stated, quantitative results are presented asmean± standard deviation (SD).Where appropriate, statistical analysis

utilised two-tailed unpaired t-test, one-way ANOVA or two-way ANOVA in Prism 8 (GraphPad Software). For ANOVA, Tukey’s post-

hoc test was used for data with more than one independent variable and Sidak’s test was used for multiple pairwise comparisons

when considering a single variable; repeated unpaired t-tests with Bonferroni correction was performed to account for variance

within the specified comparisons. The statistical analyses used in each experiment, if different to these, is detailed in the correspond-

ing figure legends. In in vivo experiments, n refers to the number of animals. In in vitro experiments, n refers to the number of biological

replicates. *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001 were considered significant.
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