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SUMMARY

Pancreatic ductal adenocarcinoma (PDAC) has a dismal prognosis. Cancer-associated fibroblasts (CAFs) are

recognized potential therapeutic targets, but poor understanding of these heterogeneous cell populations

has limited the development of effective treatment strategies. We previously identified transforming growth

factor beta (TGF-b) as amain driver of myofibroblastic CAFs (myCAFs). Here, we show that epidermal growth

factor receptor/Erb-B2 receptor (EGFR/ERBB2) signaling is induced by TGF-b in myCAFs through an auto-

crine process mediated by amphiregulin. Inhibition of this EGFR/ERBB2-signaling network in PDAC orga-

noid-derived cultures and mouse models differentially impacts distinct CAF subtypes, providing insights

into mechanisms underpinning their heterogeneity. Remarkably, EGFR-activated myCAFs promote PDAC

metastasis in mice, unmasking functional significance in myCAF heterogeneity. Finally, analyses of other

cancer datasets suggest that these processesmight operate in other malignancies. These data provide func-

tional relevance to myCAF heterogeneity and identify a candidate target for preventing tumor invasion

in PDAC.

INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is projected to be the

second most common cause of cancer-related death by 2030.1

PDAC is frequently lethal because it is often diagnosed late after

patients have developed metastases. Dissecting metastatic

mechanisms in PDAC andways to prevent and treat this is there-

fore a priority. More than any other cancer, PDAC is character-

ized by an abundant, non-malignant stroma that promotes can-

cer growth and treatment resistance. The majority of this stroma

comprises a heterogeneous population of cancer-associated fi-

broblasts (CAFs),2–10 including molecularly and potentially func-

tionally diverse myofibroblastic CAFs (myCAFs), inflammatory

CAFs (iCAFs) and antigen-presenting CAFs (apCAFs).6,9,11 Ge-

netic depletion or pharmacological targeting of distinct CAF

populations leads to different outcomes, highlighting the need

to better understand the signaling pathways that maintain the

identity and function of tumor-promoting CAFs.4,8,12–16 This

work is required to unmask effective PDAC treatment strategies.

We previously identified interleukin 1 (IL-1) and transforming

growth factor b (TGF-b) as the principal malignant cell-derived li-

gands that induce iCAF and myCAF formation, respectively.3

While knowledge of pathways downstream of IL-1 signaling

has revealed iCAF treatment targets, pathways active in TGF-

b-induced myCAFs are largely unknown.

RESULTS

TGF-b and PDAC organoid-conditioned media activate

EGFR/ERBB2 signaling in myCAFs

TGF-b signaling is known to promote the formation and prolifer-

ation of PDACmyCAFs, but it is not known if this pathway serves

other functions in these cells.3 Therefore, we characterized re-

ceptor tyrosine kinase (RTK) phosphorylation following exposure

of PDAC CAF precursor cells—pancreatic stellate cells

(PSCs)9,16—to TGF-b. Phosphorylated epidermal growth factor

receptor (p-EGFR) and phosphorylated Erb-B2 receptor

(p-ERBB2) were the most abundant RTKs activated upon TGF-

b treatment, and their levels significantly increased compared

to quiescent PSCs cultured in control media (Figures 1A and

1B). EGFR activation following TGF-b treatment was confirmed

by western blotting in human PSCs (Figure S1A). Additionally,

analysis of single-cell RNA-sequencing (scRNA-seq) datasets6

confirmed EGFR and ERBB2 expression in murine and human

PDAC CAFs in vivo (Figures S1B and S1C).

Deletion of TGF-b receptor II (TGFBR2) fromPSCs blocked the

induction of TGF-b responsive genes, TGF-b-dependent prolif-

eration and activation of EGFR (Figures 1C and S1D–S1F). This

suggests that TGF-b activates EGFR via its cognate receptor

TGFBR2. Additionally, activation of EGFR and ERBB2 in

PSCs was rapid, sustained and sensitive to TGF-b receptor I
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Figure 1. TGF-b activates EGFR/ERBB2 signaling in myCAFs

(A) Receptor tyrosine kinase (RTK) phosphorylation analysis of murine pancreatic stellate cells (PSCs) cultured for 24 h in Matrigel in control media with or without

20 ng/mL TGF-b. Blue and purple boxes highlight p-EGFR and p-ERBB2, respectively.

(legend continued on next page)
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(TGFBR1) inhibition (TGFBR1i) (Figures 1D, 1E, and S1G).

Furthermore, Erbb2 deletion in PSCs led to impaired TGF-

b-dependent EGFR activation, suggesting that EGFR

and ERBB2 cooperate to activate signaling downstream

(Figures S1H–S1J).

As sustained EGFR/ERBB2 activation was still observed after

4 days of treatment with TGF-b, we performed RNA-sequencing

(RNA-seq) of TGF-b-treated PSCs and controls at this timepoint.

In keeping with its previously shown capacity to induce amyCAF

phenotype,3 TGF-b-treated PSCs were enriched for known my-

CAF-associated pathways, including extracellular matrix (ECM)-

associated and TGF-b-dependent LRRC15+ CAF signatures,5,12

and depleted for known iCAF signatures (Figures 1F, 1G, and

S1K; Table S1).5,6,9,14 These results validated our rationale of

analyzing TGF-b-treated PSCs to look at signaling pathways

activated in myCAFs. Moreover, this analysis revealed a signifi-

cant enrichment of cholesterol biosynthesis-associated signa-

tures in TGF-b-induced myCAFs (Figure 1G). Additionally,

TGF-b-treatment of PSCs also induced signatures associated

with EGFR activation, including KRAS signaling, MAPK signaling

and increased expression of Dusp6, a known target of the ERK

pathway17 (Figures 1F and 1G; Table S1). Notably, Dusp6

expression, KRAS signaling and the TGF-b-induced myCAF

signature were also enriched in murine myCAFs compared to

iCAFs in PDAC in vivo (Figures S1L and S1M).

TGF-b is expressed by PDACmalignant cells in vitro and in vivo

(Figures S1N–S1P). Additionally, we previously showed that

PDAC organoid-conditioned media (CM) activate SMAD2, a

downstream member of the TGF-b pathway, in PSCs, and that

inhibition of TGF-b signaling in CM-treated PSCs enhances the

iCAF phenotype.3 Together, these observations suggest that

treatment of PSCs with PDAC organoid CM activates myCAF

features. Therefore, we assessed whether PDAC organoid CM

activate EGFR/ERBB2 signaling in PSCs, after confirming that

PDAC organoids secrete TGF-b (Figure S1Q). PDAC organoid

CM induced EGFR and ERBB2 activation in PSCs, which was

blocked by the dual EGFR and ERBB2 receptor inhibitor

(ERBBi) neratinib (Figure 2A). In addition to TGF-b, PDAC orga-

noids also expressed EGFR/ERBB2 ligands that may contribute

to boosting EGFR/ERBB2 activation in myCAFs (Figure S1R).

To better characterize EGFR/ERBB2-activated CAFs, we per-

formed RNA-seq of PSCs treated with CM in the presence or

absence of ERBBi. By intersecting genes induced by both

TGF-b and CMwith genes downregulated by EGFR/ERBB2 inhi-

bition, we defined a 52-gene in vitro myCAF-derived ERBB

signature (Figure 2B; Table S2). PSCs treated with CM upregu-

lated KRAS signaling and Dusp6 expression, and these effects

were blocked by ERBBi without significantly altering TGF-b

signaling activation (Figures 2C, 2D, and S1S; Table S2). Further-

more, cholesterol biosynthesis-associated signatures were

among the most significantly enriched pathways in the my-

CAF-derived ERBB signature (Figures 2C and 2D; Table S2),

and both the myCAF-derived ERBB signature and the choles-

terol biosynthesis signature were also upregulated in myCAFs

in vivo (Figure S2A). Finally, in keeping with a TGF-b/EGFR

signaling network in myCAFs, and further validating our findings,

gene set variation analysis (GSVA) of The Cancer Genome Atlas

(TCGA) dataset for PDAC (PAAD) identified a significant positive

correlation between the human myCAF signature,6 myCAF-

associated TGF-b and Hedgehog (HH) gene signatures,3,18

and EGFR and ERK signaling (Figure S2B).

Together, these data support a model in which PDAC malig-

nant cell-secreted TGF-b activates EGFR signaling in myCAFs

in murine and human PDAC.

TGF-b-induced autocrine amphiregulin activates EGFR

signaling in myCAFs

Early activation of EGFR signaling in PSCs following treatment

with TGF-b for 30 min appeared to be mediated by increased re-

ceptor expression rather than ligand production (Figures 1D and

S2C). To investigate how EGFR activation is sustained in TGF-

b-induced myCAFs, we looked for expression of known EGFR/

ERBB2 ligands in RNA-seq profiles of PSCs cultured with TGF-

b or PDAC organoid CM in the presence or absence of ERBBi.

These RNA-seq profiles identified EGFR/ERBB2 ligands,

including amphiregulin (Areg) and heparin binding EGF-like

growth factor (Hbegf), significantly induced by TGF-b (Figure 2E).

Reverse transcription quantitative polymerase chain reaction

(RT-qPCR) analysis confirmed TGF-b-induced expression of

Areg and Hbegf in PSCs that was blocked by knockout (KO) of

Tgfbr2 or treatment with the TGFBR1 inhibitor (TGFBR1i) A83-

01 (Figures 2F and S2D). Moreover, only partial loss of Areg

and Hbegf expression was observed following genetic deletion

or pharmacological inhibition of Egfr or Erbb2, validating Areg

and Hbegf as candidate mediators of EGFR activation in TGF-

b-induced myCAFs in vitro (Figures 2F and S2D–S2H). However,

Areg was the only EGFR/ERBB2 ligand significantly induced by

both TGF-b and PDAC organoid CM treatments (Figure 2E).

Furthermore, only AREG, not HBEGF, expression was positively

correlated with TGFB1 expression in TCGA PAAD transcrip-

tomes, suggesting AREG as the likely mediator of TGF-

b-induced EGFR signaling activation in myCAFs (Figure S2I). In

addition, we confirmed upregulation of AREG protein by TGF-b

in PSCs, which was fully blocked by Tgfbr2 deletion or

(B) Quantification of p-EGFR and p-ERBB2 levels from (A). Results show mean ± standard deviation (SD) of n = 2 technical replicates. *, p < 0.05; **, p < 0.01,

unpaired Student’s t test.

(C) Western blot analysis of p-EGFR, EGFR, p-SMAD2 and SMAD2 in murine Tgfbr2 wild-type (WT, i.e., Rosa26 KO) and knock out (KO) PSCs (3 clones from 3

different guide RNAs) cultured for 24 h in Matrigel in control media with or without 20 ng/mL TGF-b.

(D and E) Western blot analysis of p-EGFR, EGFR, p-ERBB2, and ERBB2 in murine PSCs cultured for (D) 30 min or (E) 4 days in Matrigel in control media with or

without 20 ng/mL TGF-b.

(F) RNA-seq of PSCs cultured for 4 days in Matrigel in control media with or without 20 ng/mL TGF-b (n = 4/group). The myCAF and iCAF in vitro and in vivo

signatures were obtained from Öhlund et al.9 and Elyada et al.,6 respectively. NES, normalized enrichment score; FDR, false discovery rate. p, unpaired Student’s

t test.

(G) Pathways shown were found significantly enriched (FDR < 0.05) in the TGF-b-induced myCAF signature by DAVID analysis. The TGF-b-induced myCAF

signature includes 747 genes defined with LogFC > 1 and FDR < 0.05 in PSCs cultured with TGF-b compared to PSCs cultured in control media. See also

Figure S1 and Table S1.
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Figure 2. TGF-b-induced autocrine amphiregulin activates EGFR signaling in myCAFs

(A) Western blot analysis of p-EGFR, EGFR, p-ERBB2, and ERBB2 in murine PSCs cultured for 4 days in Matrigel in control media or PDAC organoid-conditioned

media (CM) with or without 300 nM EGFR/ERBB2 inhibitor (ERBBi) neratinib.

(legend continued on next page)
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TGFBR1 pharmacological inhibition, but not by Egfr or Erbb2

deletion or inhibition (Figure 2G). Finally, scRNA-seq analysis

confirmed higher expression of Areg in PDAC myCAFs

compared to iCAFs in vivo (Figures S2J–S2L).

To test directly whether AREG mediated the activation of

EGFR signaling in TGF-b-induced myCAFs, we deleted the

Areg gene from PSCs (Figure 2H). Sustained EGFR activation

induced by TGF-b was decreased in Areg KO PSCs relative to

controls (Figure 2I). Notably, in agreement with our previous re-

sults, loss of AREG did not blunt the early activation of EGFR

following TGF-b treatment, supporting the notion that this is a

ligand-independent phenomenon (Figure S2M). Finally, treat-

ment with AREG alone did neither induce the expression of

Dusp6 or TGF-b target genes nor activate EGFR signaling in

PSCs (Figures S2N–S2P). These results further support a model

in which activation of the TGF-b pathway upstream AREG induc-

tion is required for effective EGFR signaling activation in PDAC

myCAFs.

Thus, autocrine AREGmediates EGFR activation downstream

of TGF-b signaling in PDAC myCAFs.

Inhibition of EGFR/ERBB2 signaling depletes myCAFs

in vitro

To further understand how EGFR/ERBB2 activation impacts my-

CAFs, we first measured the proliferation of PSCs following TGF-

b or PDAC organoid CM treatment in the presence of EGFR and/

or EGFR/ERBB2 inhibitors. PSC proliferation was reduced

significantly following both immediate or delayed (72 h) exposure

to EGFRi and/or ERBBi without a detectable increase in

apoptosis, suggesting that EGFR/ERBB2 signaling mediates

the proliferation of TGF-b-induced myCAFs (Figures 3A, 3B,

and S3A–S3F). This was in accordance with reduced TGF-

b-dependent proliferation of PSCs following Egfr or Erbb2 dele-

tion (Figures S1I, S2F, and S2G).

PDAC CAFs co-exist in different states.4 Therefore, we set to

evaluate the effect of EGFR/ERBB2 inhibition on CAF composi-

tion in the presence of both myCAFs and iCAFs in vitro to more

closely model the in vivo situation. To this end, we cultured PSCs

with PDAC organoid CM in the presence or absence of ERBBi,

since treatment with CM not only activates TGF-b signaling but

also induces IL-1 signaling and iCAFmarker expression.3Known

iCAF-associated signatures,3,6 including JAK/STAT signaling,

NF-kB signaling and the in vivo iCAF signature, were not signifi-

cantly altered by EGFR/ERBB2 inhibition (Figures S3G and S3H).

Additionally, the hypoxia signature, which has been recently

described as an iCAF feature in vitro and in vivo,6,19 was

increased upon EGFR/ERBB2 inhibition (Figures 3C and S3G;

Table S2). On the contrary, in keeping with the finding that

EGFR/ERBB2 activation occurs in myCAFs, EGFR/ERBB2 inhi-

bition downregulated known myCAF-associated signatures

(Figures 3C and S1L). Furthermore, signatures of previously

identified myCAF subsets,5,14 including TGF-b-dependent

LRRC15+ CAFs,5,12 were not significantly affected by EGFR/

ERBB2 inhibition (Figure S3I). RT-qPCR analysis confirmed an

upregulation of iCAF markers3 upon EGFR/ERBB2 inhibition

(Figures 3D and S3J). This effect was also observed when

PSCs and PDAC organoids were co-cultured in transwell, even

if PDAC organoid proliferation was reduced by treatment with

ERBBi (Figures 3E and S3K). To further evaluate the impact of

EGFR signaling blockade on iCAFs and myCAFs in vitro, we

analyzed by RT-qPCR Egfr wild-type (WT, i.e., Rosa26 KO) and

Egfr KO PSCs treated with PDAC organoid CM. This analysis

showed that only the expression of myCAF markers was down-

regulated in Egfr KO PSCs compared to EgfrWTPSCs, while the

induction of iCAF markers was not affected by Egfr deletion

alone (Figure S3L). This suggests that combined EGFR/ERBB2

blockade is required for effective targeting of EGFR-activated

myCAFs.

To analyze a model even closer to the in vivo situation, we es-

tablished co-cultures of PDAC organoids with Egfr WT or Egfr

KO PSCs. Flow-sorted malignant cell and PSC populations

were then analyzed by RNA-seq (Figures 3F and 3G). Knownmy-

CAF-associated signatures comprised the majority of downre-

gulated pathways in Egfr-deleted PSCs compared to controls

(Figure 3H; Table S3). While the hypoxia and in vitro iCAF signa-

tures were also downregulated, this could be due to changes in

co-cultured malignant cells, rather than to a direct effect of Egfr

loss, since EGFR/ERBB2 inhibition upregulated the hypoxia

signature and iCAF markers in PSCs cultured with CM. Further-

more, the in vivo iCAF signature and pathways known to induce

andmaintain the iCAF phenotype, such as JAK/STAT and NF-kB

signaling, were not significantly altered in Egfr-deleted PSCs

compared to controls (Figure S3M). Finally, as observed

following EGFR/ERBB2 inhibition, signatures of previously

(B) Venn diagrams showing the overlap between significantly upregulated genes in PSCs cultured with PDAC organoid CM compared to PSCs cultured with

control media, significantly downregulated genes in PSCs cultured with PDAC organoid CM + 300 nM ERBBi compared to PSCs cultured with CM and

significantly upregulated genes in PSCs cultured with TGF-b compared to PSCs cultured with control media, as assessed by RNA-seq. The 52 genes common to

all three groups comprise the myCAF-derived ERBB signature (i.e., in vitro myCAF-derived EGFR/ERBB2 signature).

(C) Pathways shown were found significantly enriched (FDR < 0.05) in the myCAF-derived ERBB signature from (B) by DAVID analysis.

(D) RNA-seq of PSCs cultured for 4 days in Matrigel in control media or CM with or without ERBBi (n = 4/group). NES and FDR values shown refer to the CM vs.

control media comparison.

(E) RNA-seq expression of known EGFR/ERBB ligands (Nrg1, Egf, Tgfa,Btc,Hbegf,Areg, andEreg) in PSCs cultured for 4 days inMatrigel in control media or with

20 ng/mL TGF-b or PDAC organoid CMor CMwith 300 nMERBBi (n = 4–5/group). The TGF-b and CMsignificance was calculated compared to the control media

condition, the CM + ERBBi significance was calculated compared to the CM condition.

(F andG) (F) qPCR analysis ofAreg or (G) enzyme-linked immunosorbent assay (ELISA) of AREG inmurine parental (i.e., unmodified), WT (i.e.,Rosa26KO), Tgfbr2

KO, Egfr KO and Erbb2 KO PSCs cultured for 4 days in Matrigel in control media with or without 20 ng/mL TGF-b in the presence or absence of 1 mM erlotinib

(EGFRi) or 300 nM neratinib (ERBBi) or 2 mM A83-01 (TGFBR1i). Results show mean ± SEM of n = 4–14 (F) or n = 4–13 (G) biological replicates.

(H) ELISA of AREG frommedia of murine AregWT (i.e.,Rosa26 KO) and KO PSCs cultured for 4 days in Matrigel in control media with or without 20 ng/mL TGF-b.

Results show mean ± SEM of n = 4 biological replicates (and n = 2–3 technical replicates).

(I) Western blot analysis of p-EGFR and EGFR in murine Areg WT and KO PSCs (2 clones from 2 different guide RNAs) cultured for 4 days in Matrigel in control

media with or without 20 ng/mL TGF-b. (E, F, G, andH) *, p < 0.05; **, p < 0.01, ***, p < 0.001, paired and unpaired Student’s t test. See also Figure S2 and Table S2.
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Figure 3. Inhibition of EGFR/ERBB2 signaling depletes myCAFs in vitro

(A) Proliferation curves of murine PSCs cultured for 120 h in Matrigel in control media with or without 20 ng/mL TGF-b in the presence or absence of 300 nM

neratinib (ERBBi). n = 3 biological replicates (with n = 3–5 technical replicates each).

(legend continued on next page)
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identified myCAF subsets,5,14 including TGF-b-dependent

LRRC15+ CAFs,5,12 were not significantly affected by Egfr dele-

tion (Figure S3N).

Altogether these data demonstrate that EGFR/ERBB2 inhibi-

tion preferentially targets myCAFs over iCAFs in vitro, and sug-

gest that only a subset of myCAFs is depleted. Additionally,

these analyses highlight how combined EGFR/ERBB2 inhibition,

rather than EGFR blockade alone, may be required for effective

targeting of EGFR-activated myCAFs in vivo.

Inhibition of EGFR/ERBB2 signaling preferentially

targets myCAFs in vivo

To determinewhether EGFR/ERBB2 signaling inhibition differen-

tially affects distinct CAF subtypes in vivo, we established ortho-

topic transplantation mouse models with PDAC organoids and

treated tumor-bearing mice for 2 weeks with the EGFR/ERBB2

inhibitor (ERBBi) neratinib (Figure 4A). Effective targeting of the

EGFR pathway was confirmed by downregulation of p-EGFR

and Areg levels and increased T cell and CD8+ T cell abundance,

which was previously reported following treatment with the

EGFR inhibitor erlotinib20 (Figures S4A–S4F). EGFR/ERBB2 inhi-

bition did not alter the abundance of other immune cell popula-

tions, such as neutrophils and macrophages, or of endothelial

cells, epithelial cells and total CAFs (Figures S4G–S4I). To eval-

uate whether EGFR/ERBB2 inhibition in vivo differentially

impacted distinct subsets of CAFs, we leveraged our estab-

lished flow cytometric quantification of Ly6C�MHCII- myCAFs,

Ly6C+MHCII� iCAFs and LY6C�MHCII+ apCAFs6 (Figure S4J).

While apCAFs were not significantly altered, myCAFs were

reduced and iCAFs were increased upon ERBBi treatment,

significantly altering the myCAF/non-myCAF ratio in PDAC tu-

mors (Figures 4B, 4C, and S4K). While CAFs have been shown

to interconvert upon pharmacological inhibition of pathways

important for their formation,3,9whether this is relevant to our ob-

servations remains to be determined.

To further investigate the effect of EGFR/ERBB2 inhibition on

CAFs, we established additional PDAC organoid-derived ortho-

topic transplantation mouse models and treated tumor-bearing

mice for 2 weeks with either ERBBi or vehicle, prior to flow-sort-

ing both malignant cell and fibroblast populations for RNA-seq

analysis (Figures 4A and 4D). In keeping with the finding that

EGFR/ERBB2 activation occurs in myCAFs, CAFs from ERBBi-

treated tumors significantly downregulated Areg expression

and the TGF-b-induced myCAF signature and significantly upre-

gulated the in vivo iCAF signature compared to CAFs from

vehicle-treated tumors (Figures 4E and S4L–S4N; Table S4).

Furthermore, signatures of previously identified myCAF sub-

sets,5,14 including TGF-b-dependent LRRC15+ CAFs,5,12 were

not significantly affected by ERBBi treatment, indicating that

EGFR/ERBB2 inhibition may only deplete a subset of myCAFs

(Figure S4M).

To validate our findings and further investigate CAF population

changes following EGFR/ERBB2 inhibition, we performed sin-

gle-nuclei RNA-sequencing (snRNA-seq) on PDAC tumors

treated for 2 weeks with either ERBBi or vehicle (Figure 4A, 4F,

4G, and S4O–S4Q). Downregulation of Dusp6 expression

confirmed targeting of the pathway across multiple cell types,

and analysis of differentially expressed genes identified epithelial

cells and CAFs as most affected cell populations following

EGFR/ERBB2 inhibition (Figures 4H and S4R). Notably, iCAF

abundance and iCAF-associated signatures were enriched in

ERBBi-treated PDAC tumors compared to vehicle-treated tu-

mors, whereas myCAF abundance and myCAF-associated sig-

natures were downregulated (Figures 4I–4L and S4S; Table S4).

Finally, while primary tumor growth and incidence of ascites

and liver metastases were not significantly affected, EGFR/

ERBB2 inhibition led to significantly less mice with diaphragm

and lung metastases (Figures 4M and S4T–S4V).

Altogether, these data demonstrate in vivo targeting of my-

CAFs following EGFR/ERBB2 inhibition in PDAC, and indicate

that EGFR/ERBB2 pathway inhibition in a subset of myCAFs

may impair PDAC metastasis formation.

Inhibition of EGFR/ERBB2 signaling depletes a subset of

myCAFs

While our data suggest a potential metastasis-promoting role of

EGFR-activated myCAFs in PDAC, previous findings have

shown that a-smooth muscle actin (aSMA)-positive or HH-acti-

vated myofibroblasts and ECM components, such as collagen,

restrain PDAC progression.13,15,21 However, in contrast to these

previous studies and TGF-b3 or HH18 signaling inhibition, ERBBi

treatment did not reduce overall collagen deposition or levels of

the myofibroblastic marker aSMA (Figures 5A–5C). Therefore,

we evaluated whether EGFR/ERBB2 inhibition only targets a

subset of myCAFs in PDAC tumors. We previously found that

Thy1 (coding for CD90) is highly expressed inmyCAFs compared

to iCAFs and apCAFs6 (Figure S5A). However, Thy1 expression

in myCAFs was heterogeneous and marked only a subset of my-

CAFs (Figures S5B–S5D). Therefore, to start to investigate po-

tential differential impact of ERBBi treatment on subsets of

(B) Proliferation curves of murine PSCs cultured for 120 h in Matrigel in control media or PDAC organoid CM in the presence or absence of 300 nM neratinib

(ERBBi). n = 2 biological replicates (with n = 5 technical replicates each).

(C) RNA-seq analysis of PSCs cultured for 4 days in Matrigel in CM (n = 4) or CM in the presence of 300 nM neratinib (ERBBi) (n = 4).

(D) qPCR analysis of Areg, and iCAF (Il1a, Il6, Cxcl1, and Csf3) and myCAF (Acta2 and Ctgf) markers in murine PSCs cultured for 4 days in Matrigel in control

media, PDAC organoid CM or CM in the presence of 300 nM neratinib (ERBBi). n = 7–12 biological replicates.

(E) qPCR analysis ofAreg, and iCAF (Il1a, Il6,Cxcl1, andCsf3) andmyCAF (Acta2 andCtgf) markers inmurine PSCs cultured for 4 days inMatrigel in monoculture,

in transwell culture with murine PDAC organoids or in transwell culture with murine PDAC organoids in the presence of 300 nM neratinib (ERBBi). n = 10 biological

replicates.

(F) Schematic of flow-sorting strategy prior to RNA-seq of murine PDAC co-cultures of PDAC organoids with Egfr WT or Egfr KO PSCs.

(G) Principal component analysis (PCA) of PSCs and PDAC organoids from (F).

(H) Significantly downregulated pathways (i.e., NES <�1.50 and FDR < 0.25) identified by gene set enrichment analysis (GSEA) of EgfrKOPSCs (n = 8) compared

to Egfr WT PSCs (n = 4), both co-cultured with PDAC organoids for 4 days in Matrigel in control media. (C and H) The in vitro and in vivo CAF signatures were

obtained from Öhlund et al.9 and Elyada et al.,6 respectively. Results shown asmean ± SD (A and B) ormean ± SEM (D and E), *, p < 0.05; **, p < 0.01; ***, p < 0.001,

paired Student’s t test. See also Figure S3 and Tables S2, S3.
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Figure 4. Inhibition of EGFR/ERBB2 signaling preferentially targets myCAFs in vivo

(A) Schematic of 2-week treatment of tumor-bearing orthotopically grafted PDAC organoid-derived mouse models with 60 mg/kg ERBBi (neratinib) or vehicle by

daily oral gavage, and downstream analyses. U/S, ultrasound.

(legend continued on next page)
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myCAFs, we evaluated changes in abundance of CD90�

or CD90+ myCAFs (i.e., CD31�CD45�EpCAM-PDPN+Ly6C�

MHCII-) (Figure S5D). Notably, depletion of myCAFs by EGFR/

ERBB2 inhibition was limited to CD90� myCAFs, while CD90+

myCAFs moderately increased (Figure 5D).

To better characterize CD90� and CD90+ myCAF popula-

tions, we established orthotopically grafted organoid-derived

mouse models of PDAC and flow-sorted both myCAF popula-

tions prior to RNA-seq (Figures 5E, 5F, and S5D). RNA-seq anal-

ysis confirmed successful flow-sorting of both myCAF popula-

tions, showing significant downregulation of Thy1 expression

in CD90� myCAFs compared to CD90+ myCAFs (Figure 5G).

Notably, CD90� myCAFs had significantly higher levels of

Areg and Dusp6 compared to CD90+ myCAFs, indicating that

EGFR signaling is higher in the CD90� myCAF subset (Fig-

ure 5G). Therefore, these data provide an explanation for prefer-

ential targeting of CD90� myCAFs by EGFR/ERBB2 inhibition.

Moreover, CD90+ myCAFs had significantly higher expression

of Acta2 and Col1a1 compared to CD90� myCAFs and were en-

riched in ECM-associated signatures (Figures 5H and 5I;

Table S5). Thus, these data suggest that collagen deposition

and aSMA levels are not altered following EGFR/ERBB2 inhibi-

tion due to targeting of a less ECM-producing CD90� myCAF

population. Furthermore, CD90� myCAFs were significantly en-

riched in cholesterol biosynthesis-associated signatures, which

are upregulated in TGF-b-induced myCAF and myCAF-derived

ERBB signatures in vitro (Figures 5I, 1G, and 2C). Additionally,

CD90� myCAFs showed a significant downregulation of known

in vivo iCAF and myCAF signatures, corroborating their pheno-

typical difference from CD90+ myCAFs or other previously

described myCAF subtypes, including TGF-b-dependent

LRRC15+ myCAFs5,12 (Figures 5I and S5E–S5F). In contrast,

the apCAF gene signature, known iCAF-associated signatures,

including JAK/STAT and TNF-a signaling, and known myCAF-

associated signatures, including TGF-b and HH signaling, did

not significantly differ between CD90� and CD90+ myCAFs

(Figures S5G–S5I). Finally, in addition to Areg, we identified a

number of other secreted proteins differentially expressed in

CD90� and CD90+ myCAFs, which may mediate distinct func-

tions of these CAF populations. Specifically, CD90+ myCAFs

were enriched in collagens, which have been shown to play a tu-

mor-restraining role in PDAC,21 whereas CD90� myCAFs upre-

gulated genes coding for secreted proteins, including Spp1 and

Sema3e, that have been shown to promote metastasis22,23

(Figures 5J and S5J).

Overall, these data provide insights into myCAF heterogeneity

and identify a myCAF subset that is dependent on EGFR/ERBB2

signaling activation and may affect PDAC progression.

EGFR-activated myCAFs promote metastasis of PDAC

Our ERBBi studies in mouse models suggested that EGFR/

ERBB2 inhibition in myCAFs may impair PDAC metastasis for-

mation (Figure 4M). However, EGFR signaling in malignant cells

has been previously described in PDAC tumorigenesis,24 and

snRNA-seq analysis identified the epithelial cells as the most

affected cell types in PDAC tumors following ERBBi treatment

(Figure 4H). Moreover, direct cell-cell population effects are

challenging to deconvolute in therapeutic studies in which multi-

ple populations can be directly and/or indirectly affected by the

treatment. Therefore, to investigate a potential direct role of

EGFR-activated myCAFs in PDAC progression, we established

orthotopic transplantation mouse models of PDAC organoids

alone or co-injected with Egfr WT (i.e., Rosa26 KO) or Egfr KO

PSCs (Figure 6A). Detection by immunohistochemistry (IHC) of

co-transplanted PSCs, which are immortalized with the SV40

large T antigen, confirmed the role of EGFR signaling in promot-

ing CAF proliferation, as observed in vitro (Figures S6A and S6B).

Similar to ERBBi- and vehicle-treated PDAC tumors, macro-

phage and neutrophil infiltration, collagen deposition and

aSMA levels were not significantly different across cohorts

(Figures S6C and S6D). Flow cytometry analysis showed a

decrease in total CAF abundance in PDAC+Egfr KO PSC tumors

compared to PDAC+Egfr WT PSC tumors (Figure S6E). Howev-

er, this decrease in CAFs was not irrespective of distinct CAF

subsets, as only myCAFs were significantly downregulated in

PDAC+Egfr KO PSC tumors compared to PDAC+Egfr WT PSC

tumors, altering the myCAF/iCAF ratio (Figure S6F). Further-

more, we evaluated whether Egfr deletion in CAFs alters the pro-

portion of iCAFs and myCAFs within the CAF population. In line

with what observed following EGFR/ERBB2 inhibition, PDAC+-

Egfr KO PSC tumors contained fewer myCAFs and, accordingly,

more iCAFs compared to PDAC+Egfr WT PSC tumors

(Figures 6B and 6C). Remarkably, only tumors derived from

PDAC+Egfr WT PSCs were significantly larger than those from

(B) Representative flow plots of Ly6C�MHCII- myCAFs, Ly6C+MHCII� iCAFs and Ly6C�MHCII+ apCAFs from the PDPN+ parental gate in vehicle- and ERBBi-

treated PDAC tumors.

(C) Flow cytometric analyses of myCAFs (Ly6C�MHCII-), iCAFs (Ly6C+MHCII�), and apCAFs (Ly6C�MHCII+) from the PDPN+ gate in vehicle- (n = 11) and ERBBi-

(n = 8) treated PDAC tumors. Results show mean ± SEM. *, p < 0.05, Mann-Whitney test.

(D) PCA of CAFs and malignant cells flow-sorted from vehicle- and ERBBi-treated PDAC tumors, as described in (A).

(E) RNA-seq analysis of CAFs flow-sorted from ERBBi- (n = 4) or vehicle- (n = 4) treated PDAC tumors (from D).

(F) Uniform Manifold Approximation and Projection (UMAP) plot of all cell types identified by single-nuclei RNA-sequencing (snRNA-seq) of ERBBi- (n = 4) or

vehicle- (n = 4) treated PDAC tumors, as described in (A).

(G) UMAP plot of ERBBi- (n = 4) or vehicle- (n = 4) treated PDAC tumors from (F) showing the 2 treatment conditions in different colors.

(H) Number of upregulated and downregulated differentially expressed genes (DEGs, FDR < 0.05) in each cell type in ERBBi-treated PDAC tumors (n = 4)

compared to vehicle-treated PDAC tumors (n = 4) from (F).

(I) UMAP plot of fibroblasts in ERBBi- (n = 4) or vehicle- (n = 4) treated PDAC tumors from (F).

(J) Pie charts showing proportions of different CAF clusters in ERBBi- or vehicle-treated PDAC tumors from (I).

(K) UMAP plots of CAFs in ERBBi- or vehicle-treated PDAC tumors colored by the normalized expression score of the in vivo iCAF gene signature.

(L) Significantly upregulated (i.e., NES > 1.50 and FDR < 0.25) and downregulated (i.e., NES < �1.50 and FDR < 0.25) pathways identified by GSEA of CAFs in

ERBBi-treated tumors (n = 4) compared to CAFs in vehicle-treated PDAC tumors (n = 4), as assessed by pseudobulk analysis from the snRNA-seq dataset.

(M) Percentages of vehicle- (n = 11) or ERBBi- (n = 8) treated mouse models of PDAC with or without diaphragm or lung metastases (mets). *, p < 0.05; ***,

p < 0.001, chi-square test. (E, K, and L) The in vivo iCAF and myCAF signatures were obtained from Elyada et al.6 See also Figure S4 and Table S4.
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Figure 5. Inhibition of EGFR/ERBB2 signaling depletes a subset of myCAFs

(A) RepresentativeMasson’s trichrome and a-smooth muscle actin (aSMA) stains in 2-week vehicle- and ERBBi-treated PDAC tumors, as described in Figure 4A.

Scale bars, 50 mm.

(legend continued on next page)
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PDAC alone (Figure 6D). Moreover, similar to what observed

following EGFR/ERBB2 inhibition, they generated significantly

more diaphragm metastases, lung metastases and ascites

than PDAC alone or PDAC+Egfr KO PSC tumors (Figures 6E–

6I). Additionally, mice with PDAC+Egfr KO PSC tumors had

fewer liver metastases compared to other cohorts

(Figures S6G and S6H).

To investigate whether AREG blockade in CAFs would reca-

pitulate the effects of complete EGFR signaling ablation, we es-

tablished orthotopic transplantation mouse models of PDAC

organoids alone or co-injected with Areg WT (i.e., Rosa26

KO) or Areg KO PSCs (Figures 6J and S6I). Contrary to what

observed in PDAC+Egfr KO PSC tumors, PDAC+Areg KO

PSC tumors had significantly less macrophages compared to

PDAC+Areg WT PSC tumors (Figures S6J and S6K). These

findings are in accordance with our in vitro analyses showing

that Egfr deletion downregulates, but not completely abro-

gates, Areg expression in PSCs (Figures 2F and 2G), and sug-

gest a role for myCAF-produced AREG in fibroblast-macro-

phage crosstalk. Furthermore, contrary to PDAC+Egfr KO

PSC tumors, PDAC+Areg KO PSC tumors did not significantly

differ in overall CAF abundance or iCAF/myCAF proportions

compared to PDAC+Areg WT PSC tumors (Figures S6L and

S6M). These findings are in accordance with our in vitro ana-

lyses showing that Areg deletion impairs, but does not

completely inhibit, EGFR signaling activation and, thus, myCAF

formation (Figure 2I). Notably, PDAC+Areg WT PSC tumors

were significantly larger than those derived from PDAC alone

or PDAC+Areg KO PSCs (Figure 6K). These findings are also

in accordance with in vitro analyses showing that Egfr deletion

does not completely blunt Areg expression in PSCs, and sug-

gest that myCAF-produced AREG acts locally to promote pri-

mary PDAC growth. Finally, Areg deletion in PSCs impaired for-

mation of diaphragm metastases, liver metastases and ascites,

but had no effect on lung metastases, further highlighting the

complexity of CAF-mediated PDAC metastatic processes

(Figures 6L–6N and S6N).

Altogether, these data identify a previously unappreciated

functional complexity of myCAFs, showing that EGFR-acti-

vated myCAFs promote metastasis of PDAC. Furthermore,

these results suggest that complete ablation of EGFR signaling

activation in CAFs, rather than AREG blockade alone, is

required for more effective impairment of their pro-metasta-

tic role.

EGFR-activated myCAFs promote the metastatic

potential of PDAC malignant cells

To start to investigate the potential mechanism through

which EGFR-activated CAFs promote metastasis of PDAC, we

analyzed by RNA-seq PDAC organoids flow-sorted from co-cul-

tures with Egfr WT or Egfr KO PSCs (Figures 3F and 3G). This

analysis revealed significant downregulation of pathways known

to be involved in metastasis formation, including the epithelial-

to-mesenchymal transition (EMT) and hypoxia gene signa-

tures,25–27 in organoids cultured with Egfr-deficient PSCs

compared to organoids cultured with Egfr-proficient PSCs (Fig-

ure 7A; Table S6). To investigate whether these changes were

also observed in vivo, we established additional orthotopic

transplantation mouse models of PDAC organoids co-injected

with Egfr WT (i.e., Rosa26 KO) or Egfr KO PSCs and performed

RNA-seq on flow-sorted malignant cells (Figures 7B and 7C).

Malignant cells flow-sorted from PDAC+Egfr KO PSC tumors

also showed downregulation of the EMT signature compared

to malignant cells flow-sorted from PDAC+Egfr WT PSC tumors

(Figure 7D; Table S6).

As a complementary strategy, we analyzed changes in the

transcriptome of malignant cells following EGFR/ERBB2 inhibi-

tion in vivo, which depletes EGFR-activated myCAFs. RNA-seq

of flow-sorted malignant cells from 2-week ERBBi- or vehicle-

treated PDAC tumors confirmed downregulation of metastasis-

associated pathways, including EMT and hypoxia gene signa-

tures, following ERBBi treatment (Figures 4A, 4D, 7E, and S7A;

Tables S4 and S6). These results were also confirmed by

snRNA-seq analysis of PDAC malignant cells in 2-week

ERBBi- or vehicle-treated tumors, which showed significant

downregulation of EMT and hypoxia gene signatures in epithelial

cells of ERBBi-treated tumors compared to vehicle-treated

tumors (Figures 4A, 4F–4H, S4O–S4R, 7F, and S7B–S7D;

Tables S4 and S6).

Altogether, these data support a role for EGFR-activated my-

CAFs in promoting PDACmetastasis formation by enhancing the

metastatic potential of PDAC malignant cells (Figure 7G).

EGFR activation occurs in myofibroblastic CAFs in

various malignancies

As PDACCAFs share features with CAF subtypes in other malig-

nancies,4 we investigated the broader impact of our findings

among malignancies in which EGFR and/or ERBB2 inhibition is

an established therapeutic strategy.28 Similar to what observed

(B and C) Quantification of Masson’s trichrome stain (B) and aSMA stain (C) in 2-week vehicle- (n = 11) and ERBBi- (n = 9) treated PDAC tumors.

(D) Flow cytometric analyses of CD90-Ly6C�MHCII-myCAFs (i.e., CD90�myCAFs) and CD90+Ly6C�MHCII-myCAFs (i.e., CD90+myCAFs) from the PDPN+CAF

gate in vehicle- (n = 11) and ERBBi- (n = 8) treated PDAC tumors.

(E) Schematic of flow-sorting strategy and downstreamRNA-seq of CD90� andCD90+myCAFs from tumors derived from the orthotopic transplantation of PDAC

organoids.

(F) PCA of CD90� and CD90+ myCAFs, as described in (E).

(G) RNA-seq expression of Thy1 (coding for CD90), Areg and Dusp6 in CD90+ and CD90� myCAFs flow-sorted from PDAC tumors (n = 5).

(H) RNA-seq expression of Acta2 and Col1a1 in CD90+ and CD90� myCAFs flow-sorted from PDAC tumors (n = 5).

(I) Significantly upregulated (i.e., NES > 1.50 and FDR < 0.25) or downregulated (i.e., NES < �1.50 and FDR < 0.25) pathways identified by GSEA of CD90�

myCAFs compared to CD90+ myCAFs flow-sorted from PDAC tumors (n = 5). The in vivo iCAF and myCAF signatures were obtained from Elyada et al.6 myCAF-

associated pathways are highlighted in green; iCAF-associated pathways are highlighted in orange; cholesterol biosynthesis-associated pathways are high-

lighted in blue.

(J) RNA-seq analysis of significantly upregulated (LogFC > 1 and FDR < 0.05) genes coding for secreted proteins in CD90�myCAFs compared to CD90+myCAFs

from PDAC tumors (n = 5). The list of mouse secreted proteins was obtained from UniProt. (B, C, D, G, and H) Results showmean ± SEM. *, p < 0.05; **, p < 0.01,

Mann-Whitney test. See also Figure S5 and Table S5.
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Figure 6. EGFR-activated myCAFs promote metastasis of PDAC

(A) Schematic of experimental design of models in NOD scid gamma (NSG) mice derived by the transplantation of PDAC organoids with or without EgfrWT (i.e.,

Rosa26 KO) or Egfr KO PSCs.

(legend continued on next page)
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in the PDAC dataset (Figure S2B), GSVA analysis of TCGA breast

cancer BRCA dataset showed a positive correlation between a

previously defined myCAF signature,29 pathways known to be

activated in myofibroblastic CAFs, such as TGF-b and HH

signaling, and EGFR activation (Figure S7E). Additionally, similar

to what we found in TCGA PAAD dataset, analysis of TCGA

BRCA and lung cancer LUAD datasets showed a positive corre-

lation between TGFB1 expression and expression of AREG, as

well as expression of myCAF markers (Figures S7F and S7G).

Finally, TGF-b treatment induced Areg and Dusp6 expression

and activated EGFR signaling in mouse pulmonary fibroblasts

(Figures S7H–S7J).

Together, these analyses suggest that EGFR activation occurs

also in TGF-b-dependent myCAF populations of other malig-

nancies and could be directly affected by EGFR/ERBB2-target-

ing strategies, as we showed in PDAC models.

DISCUSSION

With complementary in vitro and in vivo analyses, we reveal a

previously unknown role for EGFR activation in a population of

PDAC CAFs. Our data show that TGF-b induces AREG

expression in PDAC myCAFs, triggering an autocrine EGFR/

ERBB2 response. This network appears to fine-tune the bal-

ance of CAF cell states, favoring a myCAF relative to an

iCAF phenotype. Accordingly, EGFR/ERBB2 inhibition prefer-

entially targets myCAFs over iCAFs. Moreover, in vivo, this ef-

fect appears to be restricted to a subset of CD90� myCAFs

that shows higher EGFR signaling activation. Finally, we

demonstrate a role of EGFR-activated myCAFs in promoting

PDAC metastasis in mice. We thereby unmask a mechanism

by which bi-directional malignant cell-fibroblast crosstalk reg-

ulates PDAC myCAF molecular and functional heterogeneity

and drives metastasis.

Phospho-EGFR has been previously detected in non-malig-

nant cells in a KrasG12D; EgfrKO mouse model of PDAC,24 and

AREG has been previously shown to promote sustained EGFR

activation in homeostasis and inflammation.30–32 Our work sup-

ports a role for CAF autocrine AREG signaling in sustaining EGFR

activation in TGF-b-induced myCAFs. However, Areg deletion in

CAFs does neither completely blunt phospho-EGFR levels

in vitro nor blocks PDAC metastasis formation in vivo as effec-

tively as Egfr deletion in CAFs. Together, these observations

suggest that other autocrine and/or paracrine mediators

contribute to sustained EGFR activation in myCAFs. Moreover,

AREG secreted by malignant cells and/or immune cells,

including macrophages,33,34 may contribute to further boosting

EGFR/ERBB2 activation in myCAFs. For example, it has been

demonstrated that regulatory T cell (Treg) depletion leads to

loss of myCAFs in PDAC.35 Although this is likely dependent

on Treg-produced TGF-b, Tregs also produce AREG,36 whose

reduction upon Treg depletion may also be involved in the

observed reduction in myCAFs. However, the finding that

AREG alone does not activate EGFR in PSCs suggests that while

external sources of AREG may contribute to boosting EGFR

signaling in PDAC myCAFs, they are not sufficient to activate

this pathway in the absence of TGF-b signaling. Together, this

corroborates a model in which activation of the TGF-b pathway

is required for downstream AREG induction and effective

EGFR signaling activation. Finally, our study shows that both

EGFR and ERBB2 are activated in PSCs by TGF-b or PDAC or-

ganoid CM treatment, that EGFR/ERBB2 inhibition more pro-

foundly downregulates Areg in myCAFs than EGFR inhibition

alone, and that Erbb2 deletion impairs EGFR activation. Thus,

EGFR and ERBB2 appear to cooperate to induce Areg expres-

sion and activate downstream signaling in TGF-b-induced

myCAFs.

Since EGFR/ERBB2 blockade downregulates Areg

expression, this suggests a positive feedback loop within this

(B) Flow cytometric analyses of myCAFs (CD45�CD31�EpCAM-PDPN+Ly6C�) and iCAFs (CD45�CD31�EpCAM-PDPN+Ly6C+) from the PDPN+ gate in tumors

derived from the transplantation of PDAC organoids with or without Egfr WT or Egfr KO PSCs. Results from 4 separate experiments (n = 4–5 mice/cohort/

experiment). PDAC+Egfr WT PSC tumors and PDAC+Egfr KO PSC tumors were compared to the PDAC alone tumors (T) of each individual experiment. This is

needed to evaluate the effect of Egfr deletion on CAF composition across co-transplantation experiments performed with different PDAC organoid and PSC lines

that generate tumors with various degrees of CAF composition and abundance.

(C) Flow cytometric analyses of myCAF/iCAF ratio from the PDPN+ CAF gate in tumors derived from the transplantation of PDAC organoids with or without Egfr

WT or Egfr KO PSCs. n = 19–20/cohort.

(D) Tumor volumes as measured by ultrasound of tumors derived from the transplantation of PDAC organoids with or without EgfrWT or Egfr KO PSCs. Results

from 3 separate experiments (n = 3–5 mice/cohort/experiment).

(E) Representative hematoxylin and eosin (H&E) stains of diaphragm tissues (with metastases) from mice transplanted with PDAC organoids with or without Egfr

WT or Egfr KO PSCs. Scale bars, 200 mm.

(F) Percentages of mice with or without diaphragm metastases in cohorts transplanted with PDAC organoids with or without Egfr WT or Egfr KO PSCs from 5

separate experiments (n = 4–5 mice/cohort/experiment).

(G) Representative H&E stains of lung tissues (with metastases) from mice transplanted with PDAC organoids with or without Egfr WT or Egfr KO PSCs. Scale

bars, 200 mm.

(H) Percentages ofmice with lungmetastases in cohorts transplantedwith PDACorganoidswith or without EgfrWTor EgfrKOPSCs from 5 separate experiments

(n = 4–5 mice/cohort/experiment).

(I) Percentages ofmice with or without ascites in cohorts transplantedwith PDACorganoidswith or without EgfrWTor EgfrKOPSCs from 5 separate experiments

(n = 4–5 mice/cohort/experiment).

(J) Schematic of experimental design of models in NSGmice derived by the transplantation of PDAC organoids with or without AregWT (i.e., Rosa26 KO) or Areg

KO (i.e., 3 Areg KO clones from 2 different guide RNAs) PSCs.

(K) Tumor volumes as measured by ultrasound of tumors derived from the transplantation of PDAC organoids with or without AregWT or Areg KO PSCs. Results

from 10 to 13 mice from 2 separate experiments (n = 5–8 mice/cohort/experiment).

(L–N) Percentages of mice with or without diaphragmmetastases (L), lungmetastasis (M), or ascites in cohorts transplanted with PDAC organoids with or without

AregWTorAregKOPSCs from 2 separate experiments (n = 10–17mice). (B, C, D, and K) Results showmean ±SEM,Mann-Whitney test. (F, H, I, L, M, andN) Chi-

square test. *, p < 0.05, **, p < 0.01; ***, p < 0.001. See also Figure S6.

ll
OPEN ACCESSArticle

Cancer Cell 42, 1–18, January 8, 2024 13

Please cite this article in press as: Mucciolo et al., EGFR-activated myofibroblasts promote metastasis of pancreatic cancer, Cancer Cell (2023),

https://doi.org/10.1016/j.ccell.2023.12.002



A

B C

D

F

E

G

Figure 7. EGFR-activated myCAFs promote the metastatic potential of PDAC malignant cells

(A) Selected pathways found significantly enriched or depleted (NES > 1.5 or < �1.5; FDR < 0.25) by GSEA in malignant cells flow-sorted from co-cultures with

Egfr KO PSCs (n = 7) compared to malignant cells flow-sorted from co-cultures with Egfr WT PSCs (n = 4).

(legend continued on next page)
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ligand/receptor network. The observation that EGFR/ERBB2 in-

hibition downregulates Areg expression without affecting the

TGF-b pathway suggests that this feedback is at the level of

AREG, not at the level of TGF-b receptor activation. Indeed, pre-

vious studies showed that Areg is a gene target of EGFR

signaling in fibroblasts and other cell types.37,38 Dissecting the

direct or indirect mechanism through which EGFR/ERBB2

signaling regulates Areg expression in TGF-b-induced myCAFs

will require further work.

While we identified a tumor-promoting role of EGFR-activated

myCAFs, previous work proposed a tumor-restraining role of

aSMA-positive or HH-activated myofibroblasts,13,15,21 largely

attributing this to myCAF-mediated collagen deposition. Here

we show that EGFR-activated CD90� myCAFs express lower

collagen levels compared to CD90+ myCAFs and that, as a

result, EGFR/ERBB2 inhibition does not impact collagen abun-

dance or overall fibrosis. Together, these observations highlight

a previously unappreciated complexity of myCAF populations in

PDAC and the need to further understand their molecular and

functional heterogeneity to develop effective combinatorial stra-

tegies. Since non-myofibroblastic CAFs can also be tumor-pro-

moting,4 comparison of CD90� myCAFs not only to CD90+ my-

CAFs, as in our study, but also to iCAF and apCAF populations

will further unravel PDAC CAF biology.

CAFs have been shown to promote metastasis through

various mechanisms. They can drive malignant cell aggressive-

ness by secreting proteins,39–42 increase their viability and pro-

vide early growth advantage at secondary sites by co-migrating

with them,43,44 or exert force to drive malignant cell collective

migration and invasiveness.45–47 Our results suggest that ge-

netic deletion or pharmacological inhibition of EGFR signaling

in myCAFs impair the metastatic potential of malignant cells

by downregulating the EMT signature, which has been shown

to promote PDAC malignant cell plasticity and metastasis in

some contexts.25,26 While our analysis of CD90� myCAFs iden-

tified secreted proteins that could mediate this process, these

EGFR-activated myCAFs may also have a rewired metabolism

due to the increased expression of cholesterol biosynthesis-

associated pathways. Rewiring of CAF metabolism has been

shown to promote PDAC and we previously showed that

cholesterol metabolism promotes PDAC aggressiveness.48–50

Furthermore, hypoxia was shown to be involved in metastasis

formation,27 and the hypoxia gene signature was downregu-

lated in PDAC malignant cells co-cultured with Egfr KO PSCs

or isolated from ERBBi-treated tumors. Thus, EGFR-activated

CAFs could boost PDAC aggressiveness in various ways.

Further work will be required to fully dissect the mediators

and mechanisms behind the promotion of PDAC metastasis

by EGFR-activated myCAFs in vivo and will benefit from the

generation of new fibroblast-specific genetically engineered

mouse models (GEMMs).

We show that an EGFR/ERBB2 signaling network contributes

to CAF heterogeneity and several CAF populations have been

implicated in the regulation of the immune microenviron-

ment.4,8,12,51 While certain immune cell populations, including

neutrophils and macrophages, were not affected by EGFR/

ERBB2 inhibition, we observed an increase in T cell abundance

in neratinib-treated PDAC tumors, in agreement with published

data on EGFR inhibition.20 Indeed, combination of erlotinib

with immunotherapy has shown promising results in mouse

models of PDAC.20 Further work will be required to evaluate po-

tential direct immunomodulatory effects of EGFR-activated my-

CAFs and to fully understand how these processes operate to

drive PDAC progression.

As recent studies suggest that EGFR inhibition in PDAC may

be helpful in combination with immunotherapies,20 benefit

EGFR WT cases52 and revert resistance to KRAS inhibitors,53

our study could be clinically relevant for PDAC patients. Addi-

tionally, our observations could have a broader impact, as our

analyses suggest that activation of EGFR signaling also occurs

in myofibroblasts of breast cancer and lung cancer, in which

the EGFR/ERBB2 pathway is more commonly targeted in the

clinic. Similarly, previous work has implicated EGFR activation

and AREG upregulation in myofibroblasts in liver and pulmonary

fibrosis.54–57 Therefore, AREG/EGFR signaling may be common

to numerous fibrotic diseases in which myofibroblasts play ma-

jor roles.

Altogether, our study reveals EGFR/ERBB2 signaling as a

pathway active in a subset of PDAC myCAFs, highlights previ-

ously unappreciated effects of EGFR/ERBB2 signaling inhibition

on the PDAC stroma, which may also operate in other malig-

nancies, and identifies a role for EGFR-activatedmyCAFs in pro-

moting PDAC metastasis.

Limitations of the study

Co-transplantation of PDAC organoids with Egfr WT or Egfr KO

PSCs requires to be performed in immunocompromised mice

as co-injected PSCs need to be immortalized to survive in vivo

over several weeks. Therefore, any potential direct effect of

EGFR-activated CAFs on PDAC adaptive immunity remains to

be investigated. Similarly, specific reprogramming of Egfr-

deleted CAFs in vivo and functional validation of metastasis-pro-

moting mediators produced by EGFR-activated CAFs will

require further work. Efforts to address these open questions

will benefit from the generation of new fibroblast-spe-

cific GEMMs.

(B) Schematic of experimental design of models in NSG mice derived by the transplantation of PDAC organoids with Egfr WT or Egfr KO PSCs for RNA-seq of

flow-sorted malignant cells.

(C) PCA of malignant cells flow-sorted from PDAC tumors PDAC organoid-derived co-transplantation mouse models, as described in (B).

(D) Selected pathways found significantly enriched or depleted (NES > 1.5 or < �1.5; FDR < 0.25) by GSEA in malignant cells flow-sorted from PDAC organoid-

derived co-transplantation mouse models with Egfr KO PSCs (n = 5) compared to PDAC organoid-derived co-transplantation mouse models with EgfrWT PSCs

(n = 5).

(E) RNA-seq analysis of malignant cells flow-sorted from ERBBi-treated (n = 5) or vehicle-treated (n = 6) PDAC tumors from (D).

(F) UMAP plot of malignant/epithelial cells from ERBBi- (n = 4) or vehicle- (n = 4) treated PDAC tumors analyzed by snRNA-seq (left panel) from (F), and UMAP

plots of malignant cells colored by the normalized expression score of the EMT signature (top panels) and the hypoxia signature (bottom panels).

(G) Model summarizing how the EGFR/ERBB2 pathway is activated in TGF-b-induced myCAFs via autocrine AREG (a), the effect of EGFR/ERBB2 inhibition

(ERBBi) on PDAC CAF composition (b), and the metastasis-promoting role of EGFR-activated myCAFs in PDAC (c). See also Figure S7 and Table S6.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-HSP90a Merck Millipore Cat# 07-2174; RRID: AB_10807022

Rabbit monoclonal anti-pan-ACTIN (clone D18C11) Cell Signaling Technology Cat# 8456; RRID: AB_10998774

Rabbit monoclonal anti-SMAD2 (clone D43B4) Cell Signaling Technology Cat# 5339; RRID: AB_10626777

Rabbit monoclonal anti-phospho-SMAD2/SMAD3

(clone D27F4)

Cell Signaling Technology Cat# 8828; RRID: AB_2631089

Goat polyclonal anti-TGFBR2 R&D Systems Cat# AF532; RRID: AB_355418

Rabbit monoclonal anti-ERBB2 (clone 29D8) Cell Signaling Technology Cat# 2165; RRID: AB_10692490

Rabbit polyclonal anti-phospho-ERBB2 Cell Signaling Technology Cat# 2247; RRID: AB_331725

Rabbit monoclonal anti-EGFR (clone D38B1) Cell Signaling Technology Cat# 4267; RRID: AB_2246311

Rabbit monoclonal anti-phospho-EGFR (clone D7A5) Cell Signaling Technology Cat# 3777; RRID: AB_2096270

Rabbit monoclonal anti-CC3 (clone 5A1E) Cell Signaling Technology Cat# 9664; RRID: AB_2096270

Peroxidase AffiniPure Donkey Anti-Rabbit IgG (H + L) Jackson ImmunoResearch Cat# 711-035-152; RRID: AB_10015282

Peroxidase AffiniPure Donkey Anti-Goat IgG (H + L) Jackson ImmunoResearch Cat# 705-035-003; RRID: AB_2340390

Rabbit monoclonal anti-phospho-EGFR (clone EP774Y) Abcam Cat# ab40815; RRID: AB_732110

Rabbit polyclonal anti-aSMA Abcam Cat# ab5694; RRID: AB_2223021

Mouse monoclonal anti-SV40 large T antigen Abcam Cat# ab16879; RRID: AB 302561

Rat monoclonal anti-CD31-PE/Cy7 (clone 390) BioLegend Cat# 102418; RRID: AB_830757

Rat monoclonal anti-CD31-PerCP/Cy5.5 (clone 390) BioLegend Cat# 102419; RRID: AB_10612742

Rat monoclonal anti-CD45-PerCP/Cy5.5 (clone 30-F11) BioLegend Cat# 103132; RRID: AB_893340

Rat monoclonal anti-CD326 (EpCAM)-

AlexaFluor 488 (clone G8.8)

BioLegend Cat# 118210; RRID: AB_1134099

Rat monoclonal CD326 (EpCAM)-PE (clone G8.8) BioLegend Cat# 118205; RRID: AB_1134176

Rat monoclonal CD326 (EpCAM)-Alexa Fluor 647

(clone G8.8)

BioLegend Cat# 118212; RRID: AB_1134104

Syrian Hamster monoclonal PDPN-APC/Cy7 (clone 8.1.1) BioLegend Cat# 127418; RRID: AB_2629804

Syrian Hamster monoclonal PDPN-

AlexaFluor 488 (clone 8.1.1)

BioLegend Cat# 127405; RRID: AB_1133992

Rat monoclonal MHCII-BV785 (clone M5/114.15.2) BioLegend Cat# 107645; RRID: AB_2565977

Rat monoclonal MHCII-APC/Cy7 (clone M5/114.15.2) BioLegend Cat# 107627; RRID: AB_1659252

Rat monoclonal Ly6C-APC (clone HK1.4) BioLegend Cat# 128015; RRID: AB_1732087

Rat monoclonal Ly6C-Alexa488 (clone HK1.4) BioLegend Cat# 128021; RRID: AB_10640820

Rat monoclonal CD90-PE (G7) Abcam Cat# ab24904; RRID: AB_448474

Armenian Hamster monoclonal TCR-b-Alexa488

(clone H57-597)

BioLegend Cat# 109215; RRID: AB_493344

Armenian Hamster monoclonal CD3e-Alexa488

(clone 145-2C11)

BioLegend Cat#100321; RRID: AB_389300

Rat monoclonal CD8-APC/Cy7 (clone 53–6.7) BioLegend Cat#100713; RRID: AB_312752

Rat monoclonal CD4-APC (clone RM4-5) BioLegend Cat#100515; RRID: AB_312718

Rat monoclonal CD11b-PE/Cy7 (clone M1/70) BioLegend Cat#101215; RRID: AB_312798

Rat monoclonal F4/80-BV785 (clone BM8) BioLegend Cat#123141; RRID: AB_2563667

Armenian Hamster monoclonal CD11c-APC

(clone N418)

BioLegend Cat#117309; RRID: AB_313778

Rat monoclonal Gr1-PE (clone RB6-8C5) BioLegend Cat# 108407; RRID: AB_313372

Chemicals, peptides, and recombinant proteins

EGFR/ERBB2 inhibitor Neratinib Selleckchem Cat# S2150

EGFR/ERBB2 inhibitor Neratinib MedChem Express Cat# HY32721
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REAGENT or RESOURCE SOURCE IDENTIFIER

EGFR inhibitor Erlotinib HCl Stratech Scientific Ltd Cat# S1023-SEL

TGFBR1 inhibitor A83-01 Tocris Bioscience Cat# 2939

Recombinant human TGF-b1 Sigma-Aldrich Cat# T7039

Recombinant murine AREG PeproTech Cat# 315-36

Critical commercial assays

Proteome profiler mouse phospho-RTK array kit R&D Systems Cat# ARY014

Murine AREG ELISA kit Thermo Fisher Scientific Cat# EMAREG

Murine TGF-b1 ELISA kit Thermo Fisher Scientific Cat# BMS608-4

CellTiter-Glo kit Promega Cat# G7572

RNA Scope colorimetric kit Advanced Cell Diagnostics Cat# 322360

Murine probe for Areg for RNA Scope Advanced Cell Diagnostics Cat# 430501

Hydrogen peroxide and protease Plus

reagent for RNA Scope

Advanced Cell Diagnostics Cat# 322330

ImmPRESS[R] HRP Horse Anti-Rabbit IgG

Polymer Detection Kit, Peroxidase

Vector Laboratories Cat# MP-7401-50

ImmPRESS[R] HRP Horse Anti-Mouse IgG

Polymer Detection Kit, Peroxidase

Vector Laboratories Cat# MP-7402-50

ImmPACT(R) DAB substrate kit Vector Laboratories Cat# VEC-SK-4105

TaqMan reverse transcription reagents Applied Biosystems Cat# N808-0234

TaqMan master mix Applied Biosystems Cat# 4440040

Murine TaqMan probe Acta2 Mm01546133_m1 Thermo Fisher Scientific https://www.thermofisher.com/taqman-gene-

expression/product/Mm01546133_m1?

CID = &ICID = &subtype =

Murine TaqMan probe Areg Mm01354339_m1 Thermo Fisher Scientific https://www.thermofisher.com/order/genome-

database/details/gene-expression/

Mm01354339_m1

Murine TaqMan probe Btc Mm00432137_m1 Thermo Fisher Scientific https://www.thermofisher.com/taqman-gene-

expression/product/Mm00432137_

m1?CID = &ICID = &subtype =

Murine TaqMan probe Col1a1 Mm00801666_g1 Thermo Fisher Scientific https://www.thermofisher.com/taqman-gene-

expression/product/Mm00801666_

g1?CID = &ICID = &subtype =

Murine TaqMan probe Csf3 Mm00438334_m1 Thermo Fisher Scientific https://www.thermofisher.com/taqman-gene-

expression/product/Mm00438334_

m1?CID = &ICID = &subtype =

Murine TaqMan probe Ctgf Mm01192932_g1 Thermo Fisher Scientific https://www.thermofisher.com/taqman-gene-

expression/product/Mm01192932_

g1?CID = &ICID = &subtype =

Murine TaqMan probe Cxcl1 Mm04207460_m1 Thermo Fisher Scientific https://www.thermofisher.com/taqman-gene-

expression/product/Mm04207460_

m1?CID = &ICID = &subtype =

Murine TaqMan probe Dusp6 Mm00518185_m1 Thermo Fisher Scientific https://www.thermofisher.com/taqman-gene-

expression/product/Mm00518185_

m1?CID = &ICID = &subtype =

Murine TaqMan probe Egf Mm00438696_m1 Thermo Fisher Scientific https://www.thermofisher.com/taqman-gene-

expression/product/Mm00438696_

m1?CID = &ICID = &subtype =

Murine TaqMan probe Ereg Mm00514794_m1 Thermo Fisher Scientific https://www.thermofisher.com/taqman-gene-

expression/product/Mm00514794_

m1?CID = &ICID = &subtype =

Murine TaqMan probe Hbegf Mm00439306_m1 Thermo Fisher Scientific https://www.thermofisher.com/taqman-gene-

expression/product/Mm00439306_

m1?CID = &ICID = &subtype =
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Murine TaqMan probe Hprt Mm00446968_m1 Thermo Fisher Scientific https://www.thermofisher.com/taqman-gene-

expression/product/Mm00446968_

m1?CID = &ICID = &subtype =

Murine TaqMan probe Il1a Mm00439620_m1 Thermo Fisher Scientific https://www.thermofisher.com/taqman-gene-

expression/product/Mm00439620_

m1?CID = &ICID = &subtype =

Murine TaqMan probe Il6 Mm00446190_m1 Thermo Fisher Scientific https://www.thermofisher.com/taqman-gene-

expression/product/Mm00446190_

m1?CID = &ICID = &subtype =

Murine TaqMan probe Nrg1 Mm01212130_m1 Thermo Fisher Scientific https://www.thermofisher.com/taqman-gene-

expression/product/Mm01212130_

m1?CID = &ICID = &subtype =

Murine TaqMan probe Tgfa Mm00446232_m1 Thermo Fisher Scientific https://www.thermofisher.com/taqman-gene-

expression/product/Mm00446232_

m1?CID = &ICID = &subtype =

Murine TaqMan probe Tgfb1 Mm01178820_m1 Thermo Fisher Scientific https://www.thermofisher.com/taqman-gene-

expression/product/Mm01178820_

m1?CID = &ICID = &subtype =

PureLink RNA mini kit Invitrogen Cat#12183018A

RNeasy Micro kit Qiagen Cat#74004

Qubit RNA High Sensitivity kit Thermo Fisher Scientific Cat#Q32852

Qubit RNA Broad Range kit Thermo Fisher Scientific Cat#Q10210

Agilent RNA ScreenTape kit Agilent Technologies Cat#5067-5576

Agilent High sensitivity RNA ScreenTape kit Agilent Technologies Cat#5067-5579

Agilent RNA 6000 Nano kit Agilent Technologies Cat#5067-1511

Agilent RNA 6000 Pico kit Agilent Technologies Cat#5067-1513

Agilent High Sensitivity 5000 ScreenTape Agilent Technologies Cat#5067-5588

Agilent High Sensitivity D1000 ScreenTape Agilent Technologies Cat#5067-5584

NEBNext Single Cell/Low Input RNA Library Prep Kit New England Biolabs Cat#E6420S

NEBNext Multiplex Oligos New England Biolabs Cat#E6440S

SMART-Seq Stranded Kit Takara Bio Cat#634442

Next GEM Single Cell 30 Kit v3.1 Chromium Cat#PN-1000268

Next GEM Chip G Single Cell Kit Chromium Cat#PN-1000120

Dual Index Kit TT Set A Chromium Cat#PN-1000215

Quant-iT dsDNA Assay Kit for high sensitivity Invitrogen Cat#Q33120

Deposited data

Raw and analyzed RNA-sequencing and

single-nuclei RNA-sequencing data

This paper GEO: GSE243892

Mouse reference genome GRCm38 (release 102) Genome Reference Consortium http://nov2020.archive.ensembl.org/

Mus_musculus/Info/Index

Mouse reference genome GRCh39 (mm39) Genome Reference Consortium https://www.ensembl.org/Mus_musculus/

Info/Index

Human PDAC single-cell RNA-sequencing data Elyada et al.6 NCBI dbGaP; accession number

phs001840.v1.p1

Murine KPC PDAC single-cell RNA-sequencing data Elyada et al.6 GEO: GSE129455

PAAD dataset TCGA http://firebrowse.org/?cohort=PAAD&

download_dialogue=true

LUAD dataset TCGA http://firebrowse.org/?cohort = LUAD&

download_dialogue = true

BRCA dataset TCGA http://firebrowse.org/?cohort = BRCA&

download_dialogue = true

Murine breast cancer single-cell RNA-sequencing

data (for myofibroblast signature)

Bartoschek et al.29 The myofibroblast signature was

obtained from Table S1.

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Murine PDAC single-cell RNA-sequencing data

(for LRRC15+ CAF signature)

Dominguez et al.5 The LRRC15+ CAF signature was

obtained from Table S1.

Murine PDAC single-cell RNA-sequencing data

(for cCAF3 signature)

McAndrews et al.14 The cCAF3 signature was obtained

from Table S5.

Murine PDAC organoid RNA-sequencing data Oni et al.48 GEO:

GSE142467; GEO:

GSE63348.

Experimental models: Cell lines

Mouse: T69A PDAC organoids Oni et al.48 N/A

Mouse: T6-LOH PDAC organoids Oni et al.48 N/A

Mouse: T23-LOH PDAC organoids Oni et al.48 N/A

Mouse: GB-T12-LOH PDAC organoids This paper N/A

Mouse: SV40-immortalized PSC4 Öhlund et al.9 N/A

Mouse: SV40-immortalized PSC5 Öhlund et al.9 N/A

Mouse: SV40-immortalized PSC23 This paper N/A

Mouse: primary pulmonary fibroblasts ScienCell M3300-57

Mouse: SV40-immortalized pulmonary fibroblasts This paper N/A

Human: SV40-immortalized hPSCs Biffi et al.3 N/A

Mouse: Egfr KO SV40-immortalized PSC4 This paper Clones: 1.1 B4, 1.2 A3

Mouse: Egfr KO SV40-immortalized PSC5 This paper Clones: 2.1 B4, 1.1 C5, 3.1 D4

Mouse: Areg KO SV40-immortalized PSC5 This paper Clones: 2.2 E2, 2.2 E3, 1.1 G10

Mouse: Tgfbr2 KO SV40-immortalized PSC4 This paper Clones: 1.2 A3, 1.1 A10

Mouse: Tgfbr2 KO SV40-immortalized PSC5 This paper Clones: 1.3 B11, 1.2 D4, 1.1 E8

Mouse: Rosa26 KO SV40-immortalized PSC4 This paper N/A

Mouse: Rosa26 KO SV40-immortalized PSC5 This paper N/A

Mouse: Erbb2 KO SV40-immortalized PSC5 This paper Clones: 1.1 F4, 1.1 F10

Experimental models: Organisms/strains

Mouse: C57BL/6J Charles River Laboratory Strain number 632

Mouse: NOD scid gamma (NSG) Charles River Laboratory Strain number 614

Oligonucleotides

Ms sgRNA1.1 Tgfbr2: GTCCACAGGACGATATGCAG This paper N/A

Ms sgRNA1.2 Tgfbr2: GGCCGCTGCATATCGTCCTG This paper N/A

Ms sgRNA1.3 Tgfbr2: GCCCGACTTGGGAACGTGCGG This paper N/A

Ms sgRNA1.1 Areg: GAGGGGACTACGACTACTCAG This paper N/A

Ms sgRNA2.2 Areg: GAGCGCGCCAGCGGTAGCAG This paper N/A

Ms sgRNA1.1 Egfr: GCCTCATTGCCCTCAACACCG This paper N/A

Ms sgRNA1.2 Egfr: GGCTTAGGGAACTGCCCATG This paper N/A

Ms sgRNA2.1 Egfr: GATGTACAACAACTGTGAAG This paper N/A

Ms sgRNA3.1 Egfr: GAGTAACAGGCTCACCCAACT This paper N/A

Ms sgRNA1.1 Erbb2: GTTGGGTACCCGCGGCTCCGG This paper N/A

Recombinant DNA

Lenti-Cas9-Blast plasmids Sanjana et al.59 Cat# 52962, Addgene

SV40 large T antigen plasmid Ohlund et al.9 N/A

LRGN (LentisgRNA-EFS-GFP-neo) plasmid Biffi et al.3 N/A

Software and algorithms

Vevo LAB software program (version 5.7.0) Visual Sonics https://www.visualsonics.com/product/

software/vevo-lab

ImageJ Schneider et al.61 https://ImageJ.nih.gov/ij/

Aperio ImageScope Leica Biosystems N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Giulia Biffi

(Giulia.Biffi@cruk.cam.ac.uk).

Materials availability

All unique/stable reagents generated in this study will be made available from the lead contact with a completed Materials Transfer

Agreement.

Data and code availability

(1) All RNA-seq and single-nuclei RNA-seq data generated in this study have been deposited at the GEO and are publicly avail-

able as of the date of publication. The GEO Superseries accession number is listed in the key resources table.

(2) This paper does not report original code.

(3) Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL DETAILS

Animals

Male and female C57BL/6J (strain number 632) and NSGmice (strain number 614) aged 68 weeks were purchased from the Charles

River Laboratory. All animals were housed in accordancewith the guidelines of theUKHomeOffice ‘‘Code of Practice for the Housing

and Care of Experimental Animals’’. Animals were kept behind strict barriered housing, which maintained them at a well-defined

microbiological health status. This accommodation precludes access by wildlife, including rodent and insect vectors, and is free

of infestation with ectoparasites. All animals were health screened every three months according to the FELASA guidelines

(FELASA 2002). All animals were fed expanded rodent diet (Labdiet) and filtered water ad libitum. Environmental enrichment included

nesting material, structures for three-dimensional use of the cage, an area to retreat, and provision of chew blocks. All animal pro-

cedures and studies were reviewed by the CRUK-CI AWERB, approved by the UK Home Office and conducted under PPL number

PP4778090, in accordance with relevant institutional and national guidelines and regulations.

Cell lines

The majority of murine PSCs (SV40-immortalized PSC4 and PSC5, unknown sex) and PDAC organoid lines (male T6-LOH, female

T69A, female T23-LOH) were previously described.9,48 KPC-derived (C57BL/6J background) male GB-T12-LOH PDAC organoids

and C57BL/6J-derived SV40-immortalized male PSC23 were generated as previously described,9,48,58 although GB-T12-LOH

were cultured with Nutlin-3a (SML0580; Sigma-Aldrich) from passage 0 (rather than from a later passage as for other organoids).

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

GSEA program Broad Institute https://www.gsea-msigdb.org/gsea/index.jsp

Salmon (v 1.9.0) Patro et al.62 https://combine-lab.github.io/salmon/

Tximport R package Soneson et al.63 https://bioconductor.org/packages/release/

bioc/html/tximport.html

DESeq2 R package (v 1.40.2) Love et al.64 https://bioconductor.org/packages/release/

bioc/html/DESeq2.html

clusterprofiler R package (v 4.8.2) Wu et al.65 https://bioconductor.org/packages/release/

bioc/html/clusterProfiler.html

Morpheus Broad Institute https://software.broadinstitute.org/morpheus

‘‘GSVA’’ method Hanzelmann et al.68 https://bioconductor.org/packages/release/

bioc/html/GSVA.html

CellRanger v7.0.1 10X Genomics https://github.com/10XGenomics/cellranger

CellBender Fleming et al.69 https://github.com/broadinstitute/CellBender

SOLO from scvi-tools Bernstein et al.70 https://github.com/scverse/scvi-tools

Harmony Korsunsky et al.71 https://github.com/immunogenomics/harmony

Scanpy Wolf et al.72 https://github.com/scverse/scanpy

Python implementation of inferCNV of the

Trinity CTAT Project

https://github.com/broadinstitute/inferCNV

MAST R package Finak et al.74 https://github.com/RGLab/MAST
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Briefly, to establish PSC23, we utilized two and a half pancreata, and a density gradient centrifugation method with Histodenz

(D2158; Sigma-Aldrich) and Gey’s Balanced Salt Solution (G9779; Sigma-Aldrich). Briefly, to establish GB-T12-LOH organoids, a

KPC tumor was digested with collagenase type XI (C9407, Sigma-Aldrich) and dispase (17105-041, Gibco). All PDAC organoids

used in this study have been derived from KPC GEMMs and have undergone loss of heterozygosity (LOH) of the Trp53 WT allele

(see Oni and Biffi et al.48). SV40-immortalized human PSCs were previously described3 and primary lines had been purchased

from ScienCell (3830, unspecified sex). Mouse PSCs and human PSCs were cultured in DMEM (41966029; Gibco) containing 5%

fetal bovine serum (FBS). Mouse pulmonary fibroblasts from C57BL/6J were purchased from ScienCell (M3300-57, unspecified

sex), SV40-immortalized and cultured in fibroblast medium basal (SC-2301-B, Caltag Medsystems) with 10% FBS. All cells were

cultured for no more than 40 passages at 37�C with 5% CO2. Cell line authentication of murine PSCs (PSC4, PSC5, PSC23) was

performed using mouse STR profiling by the CRUK-CI RICS core. Mycoplasma testing of 2D cell lines was performed routinely prior

to freezing.

METHOD DETAILS

Mouse studies

Orthotopic transplantation mouse models

Orthotopic injections were conducted as previously described.3 Briefly, single cells (10,000 cells/mouse) prepared from PDAC orga-

noid cultures (T69A or T6-LOH) were resuspended as a 35 mL suspension of 50%Matrigel in PBS and injected into the pancreas of 8

to 10-week-old mice with or without 10,000 (1:1) Egfr or Areg WT or KO PSCs.

Analyses in NOD scid gamma mice

Pancreatic tumors in NSGmice were imaged once using the Vevo 2100 Ultrasound at three different orientations with respect to the

transducer. Tumor volumes of mice with successful (i.e., non-leaked) orthotopic injections were measured at 2–3 angles using the

Vevo LAB software program (version 5.7.0, Visual Sonics). Presence of metastasis and ascites was assessed visually at necropsy

for any mice with successful (i.e., non-leaked) orthotopic injections.

Neratinib treatment in C57BL/6J mice

Pancreatic tumors in C57BL/6J mice were imaged prior to enrollment (day �1) and at endpoint (day 14) using the Vevo 2100 Ultra-

sound at three different orientations with respect to the transducer. Tumor volumes weremeasured at 1–3 angles using the Vevo LAB

software program (version 5.7.0, Visual Sonics). Mice with tumor diameters of 6–8 mm were randomized in either the treatment or

vehicle arm, and enrolled 1 day after scanning. Tumor volumes were measured as above, and growth rate was measured by dividing

the volume at day 14 for the volume at day�1. The EGFR/ERBB2 inhibitor neratinib (S2150 from Selleckchem for flow cytometry and

IHC/in situ hybridization (ISH) analyses or HY32721 from MedChem Express for RNA-seq and snRNA-seq studies) was prepared

daily as a suspension in 0.1% Tween80, 0.5% hydroxyl propyl methyl cellulose in sterile water. Mice were administered vehicle or

60 mg/kg of Neratinib (ERBBi) for 14 days, once a day (in the AM) via oral gavage.

In vitro cell cultures and treatments

For CMexperiments, PDACorganoidswere cultured for 3 to 4 days in DMEMwith 5%FBS (i.e., control media). For transwell cultures,

organoids were plated on top of transwell membranes (82051-572; VWR) with PSCs growing in Matrigel (356231 and 356230; Corn-

ing) in 24-well plates in DMEMwith 5% FBS. For PDAC organoid/PSC co-cultures, both cell populations were embedded in Matrigel

and cultured in DMEM with 5% FBS.

PSCs were treated in Matrigel in 5% FBS DMEM with 20 ng/mL human TGF-b1 (T7039; Sigma-Aldrich), 20 ng/mL murine AREG

(315-36; PeproTech), 300 nM EGFR/ERBB2 inhibitor neratinib (S2150; Selleckchem), 1 mM EGFR inhibitor erlotinib (S1023-SEL;

Stratech Scientific Ltd) or 2 mMTGFBR1 inhibitor A83-01 (2939; Tocris Bioscience) for as long as specified in the figures and/or figure

legends.

CRISPR/Cas9 knockout in pancreatic stellate cells

To knock out Tgfbr2, Erbb2, Egfr and Areg in PSCs, lenti-Cas9-Blast plasmids (52962; Addgene)59 were used. PSCs were infected

and selected using 2 mg/mL blasticidin (A11139-03; Thermo Fisher Scientific). Single guide RNAs (sgRNAs) were designed using

Benchling and cloned into the LRGN (LentisgRNA-EFS-GFP-neo) plasmid (Vakoc Laboratory, modified from LRG plasmid).3

PSCs were plated as single clones in 96-well plates in the presence of geneticin (10131035; Thermo Fisher Scientific). Knockout

was confirmed by western blot analysis or enzyme-linked immunosorbent assay (ELISA). sgRNAs against the Rosa26 locus were

included to generate control (i.e., WT) PSCs.60

Receptor tyrosine kinase assays

Phospho-RTK assays (ARY014; R&D Systems) were performed using 300 mg protein and following the manufacturer’s instructions.

Quantification was performed using ImageJ.61

Western blot analyses

All western blots of PSCs are representative examples and have been repeated with at least two different cell lines (biological rep-

licates). PSCs were harvested in Cell Recovery Solution (354253; Corning) and incubated rotating for 30 min at 4�C. Cells were
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pelleted and lysed in 0.1% Triton X-100, 15 mmol/L NaCl, 0.5 mmol/L EDTA, 5 mmol/L Tris, pH 7.5, supplemented with complete,

mini protease inhibitors (11836170001; Roche) and a phosphatase inhibitor cocktail (4906837001; Roche). Cells were incubated on

ice for 30 min before clarification by centrifugation for 5 min at 1,500 g at 4�C. Standard procedures were used for western blotting.

Primary antibodies used were HSP90a (07–2174; Merck Millipore), ACTIN (8456; Cell Signaling Technology), SMAD2 (5339; Cell

Signaling Technology), p-SMAD2/SMAD3 (8828; Cell Signaling Technology), TGFBR2 (AF532; R&D Systems), ERBB2 (2165;

Cell Signaling Technology), p-ERBB2 (2247; Cell Signaling Technology), EGFR (4267; Cell Signaling Technology), p-EGFR (3777;

Cell Signaling Technology), CC3 (9664; Cell Signaling Technology). Proteins were detected using anti-rabbit or anti-goat HRP-con-

jugated secondary antibodies (Jackson ImmunoResearch).

ELISA assays

For ELISA of media, cultures were grown for 3 to 5 days. Media were collected and assayed using the manufacturers’ protocols.

ELISA assays were used to detect murine AREG (EMAREG; Thermo Fisher Scientific) andmurine TGF-b1 (BMS608-4; Thermo Fisher

Scientific).

Proliferation assays

For proliferation assays of PSCs inMatrigel, 5,000 PSCswere plated in 52 mL of 50%Matrigel in PBS onwhite 96-well plates (136101;

Thermo Fisher Scientific) and cultured in 100 mL of media with TGF-b, CMwith or without inhibitors, as specified in the figures and/or

figure legends. PSC proliferation was followed for 5 to 6 days with CellTiter-Glo (G7572; Promega) with measurements every 24 h.

Data were normalized to the first measurement (at 3 h post-plating on day 0).

Immunohistochemical and histological analyses

Standard procedures were used for IHC. Primary antibodies for IHC were p-EGFR (ab40815; Abcam), aSMA (ab5694; Abcam) and

SV40 large T antigen (ab16879, Abcam). Detection was performed using ImmPRESS[R] HRP Horse Anti-Rabbit or Anti-Mouse IgG

Polymer Detection Kit (Vector Laboratories) as secondary antibodies, and ImmPACT(R) DAB substrate kit (Vector Laboratories). He-

matoxylin (H-3404, Vector Laboratories) was used as nuclear counterstain. Hematoxylin and eosin and Masson’s trichrome stains

were performed according to standard protocols. Brightfield images of tissue slides were obtained with an Axio Vert.A1 (ZEISS).

Stained sections were scanned with Aperio ScanScope CS and analyzed using the Aperio ImageScope (Leica Biosystems) Positive

Pixel Count algorithm. For Masson’s trichrome quantification, the percentage of collagen area was determined by calculating the

percentage of blue pixels relative to the entire stained area. To quantify aSMA, p-EGFR and SV40 large T antigen IHC, the percentage

of strong positive pixels was calculated relative to the entire tissue section (minus necrotic areas) with the Aperio ImageScope (Leica

Biosystems) Positive Pixel Count algorithm.

RNA in situ hybridization analyses

RNA in situ hybridizations were performed with the RNA Scope colorimetric kit (322360; Advanced Cell Diagnostics) and a murine

probe for Areg (430501; Advanced Cell Diagnostics), according to the manufacturer’s protocol. Briefly, < 3-month-old-cut paraffin

embedded sections were used. Slides were baked, deparaffinized and treated with hydrogen peroxide (322330; Advanced Cell Di-

agnostics). Target retrieval was performed leaving slides in boiling water for 15 min followed by treatment with protease Plus reagent

(322330; Advanced Cell Diagnostics) for 30 min. Additionally, the AMP5 amplification step was performed for 1 h. To quantify Areg

RNA ISH stain, the percentage of positivity was calculated relative to the entire tissue section (minus necrotic areas) using the Aperio

ImageScope (Leica Biosystems) Positive Pixel Count algorithm.

Flow cytometry analyses

Tumors were processed as previously described.3 Briefly, tumors were digested using DNase I (D5025; Sigma-Aldrich), Liberase DL

(5466202001; Sigma-Aldrich) and collagenase D (1108882001; Sigma-Aldrich), followed by treatment with ACK lysis buffer (A10492-

01; Gibco). Cells were blocked for 15 min on ice with CD16/CD32 Pure 2.4G2 (553142; BD Bioscience). For flow-cytometric analysis

of CAFs, endothelial cells, epithelial cells and immune cells, cells were stained for 30 min on ice with anti-mouse CD31-PE/Cy7

(102418; BioLegend), CD45-PerCP/Cy5.5 (103132; BioLegend), CD326 (EpCAM)-AlexaFluor 488 (118210; BioLegend), PDPN-

APC/Cy7 (127418; BioLegend), MHCII-BV785 (107645; BioLegend), Ly6C-APC (128015; BioLegend) and CD90-PE (ab24904; Ab-

cam). For flow-cytometric analysis of T cells, cells were stained for 30 min on ice with anti-mouse CD45-PerCP/Cy5.5 (103132;

BioLegend), TCR-b-Alexa488 (109215; BioLegend), CD3e-Alexa488 (100321; BioLegend), CD8-APC/Cy7 (100713; BioLegend),

CD4-APC (100515; BioLegend). For flow-cytometric analysis of macrophages and neutrophils, cells were stained for 30 min on

ice with anti-mouse CD45-PerCP/Cy5.5 (103132; BioLegend), CD11b-PE/Cy7 (101215; BioLegend), Ly6C-Alexa488 (128021;

BioLegend – not included in the analyses shown), F4/80-BV785 (123141; BioLegend), MHCII-APC/Cy7 (107627; BioLegend – not

included in the analyses shown), CD11c-APC (117309; BioLegend – not included in the analyses shown), Gr1-PE (108407;

BioLegend). Cells were resuspended in PBS with DAPI and analyzed on a BD FACSymphony cell analyzer. Flow gating strategies

were kept consistent between samples to enable comparison across cohorts.
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Flow-sorting of pancreatic ductal adenocarcinoma organoid/pancreatic stellate cell co-cultures

Flow-sorting of PDAC organoid/PSC co-cultures was performed following 3.5 days co-culture in Matrigel in 5% FBS

DMEM. Following single cell digestion of co-cultures, cells were stained for 30 min on ice with anti-mouse CD326 (EpCAM)-PE

(118205; BioLegend) and PDPN-AlexaFluor 488 (127405; BioLegend). Cells were resuspended in PBS with DAPI and sorted with

a BD FACSMelody cell sorter.

Flow-sorting of pancreatic ductal adenocarcinoma tumors

Tumors were processed as described above.3 Cells were blocked for 15 min on ice with CD16/CD32 Pure 2.4G2 (553142; BD

Bioscience).

Flow-sorting of CD90+ and CD90–myCAFs

To flow-sort CD90+ and CD90� myCAFs from PDAC tumors of orthotopically grafted organoid-derived C57BL/6J mouse models,

cells were stained for 30 min on ice with the following antibodies: anti-mouse CD31-PE/Cy7 (102418; BioLegend), CD45-PerCP/

Cy5.5 (103132; BioLegend), CD326 (EpCAM)-Alexa Fluor 488 (118210; BioLegend), PDPN-APC/Cy7 (127418; BioLegend), Ly6C-

APC (128015; BioLegend), MHCII-BV785 (107645; BioLegend) and CD90-PE (ab24904; Abcam). Cells were resuspended in PBS

with DAPI and sorted with a BD FACSAria cell sorter. CD90+ and CD90� CAFs were sorted as DAPI�CD31�CD45�

EpCAM-PDPN+Ly6C�MHCII- CAFs that were either CD90+ or CD90�, respectively.

Flow-sorting following neratinib treatment

To flow-sort epithelial cells and CAFs from PDAC tumors of Neratinib (ERBBi)- or vehicle-treated C57BL/6J mice, cells were stained

for 30 min on ice with the following antibodies: anti-mouse CD31-PerCP/Cy5.5 (102419; BioLegend), CD45-PerCP/Cy5.5 (103132;

BioLegend), CD326 (EpCAM)-Alexa Fluor 488 (118210; BioLegend) and PDPN-APC/Cy7 (127418; BioLegend). Cells were resus-

pended in PBS with DAPI and sorted with a BD FACSAria cell sorter. The epithelial cells were sorted as DAPI�CD31�

CD45�EpCAM+ cells, while CAFs were sorted as DAPI�CD31�CD45�EpCAM-PDPN+ cells.

Flow-sorting of co-transplantation models

To flow-sort epithelial cells from PDAC tumors of NSG mice co-injected with Egfr WT or Egfr KO PSCs and PDAC organoids, cells

were stained for 30 min on ice with the following anti-mouse antibodies: CD31-PerCP/Cy 5.5 (102419; BioLegend), CD45-PerCP/Cy

5.5 (103132; BioLegend), CD326 (EpCAM)-Alexa Fluor 647 (118212; BioLegend), and PDPN-APC/Cy7 (127418; BioLegend). The

epithelial cells were sorted as DAPI�CD31�CD45�EpCAM+ cells.

Reverse transcription quantitative polymerase chain reaction analyses

RNA (100 ng - 1 mg) was reverse transcribed using TaqMan reverse transcription reagents (N808-0234; Applied Biosystems). qPCR

was performed using gene-specific TaqMan probes (Thermo Fisher Scientific) and TaqMan master mix (4440040; Applied Bio-

systems). Target genes are indicated in the figures and figure legends. Gene expression was normalized to Hprt.

RNA-sequencing and single-cell RNA-sequencing analyses

RNA-sequencing of pancreatic stellate cells cultured with transforming growth factor b or conditioned media

Samples were collected in 1 mL of TRIzol Reagent (15596018; Invitrogen). RNA was extracted using the PureLink RNA mini kit

(12183018A; Invitrogen). RNA concentration was measured using a Qubit RNA Broad Range kit (Q10210; Thermo Fisher Scientific).

RNA quality was assessed on an Agilent TapeStation 4200 using the Agilent RNA ScreenTape kit (5067–5576; Agilent Technologies).

mRNA library preparations were performed in the Cancer Research UK Cambridge Institute Genomics Core Facility using 55 mL of

10 ng/mL per sample (RNA integrity number, RIN > 8). Illumina libraries were then sequenced on 1 lane of SP PE50 flowcell on the

NovaSeq 6000. These RNA-seq data are available at the Gene Expression Omnibus (GEO) under the accession number GEO:

GSE219180. Transcript counts were estimated using Salmon (version 1.4.0) against mouse reference genome GRCm38 (release

102) with default settings. Salmon estimated counts were summarized to gene level using the tximport package in RStudio for

use with DESeq2. Protein coding genes with fewer counts than 25 were filtered out before differential expression analysis (DEA).

DEA was performed using DESeq package (V2) with default parameters in R. Genes with adjusted p < 0.05 were selected as signif-

icantly changed between conditions. GSEA was performed using the GSEA program (Broad Institute) on the Hallmark gene sets

(h.all.v7.4) and the C2 canonical pathway collection (C2.all.v7.4) downloaded from the Molecular Signatures Database (MSigDB).

Genes were ranked by their p values before submitted to GSEA for analysis.

RNA-sequencing of pancreatic ductal adenocarcinoma organoids

The RNA-seq dataset of murine PDAC organoids derived from the KPC mouse model (n = 21, including primary tumor T and met-

astatic M organoids) is from Oni and Biffi et al.48

RNA-sequencing of pancreatic stellate cell/organoid co-cultures

For RNA-seq of PSCs and PDAC organoids flow-sorted from co-cultures, samples were collected in 1 mL of TRIzol Reagent

(15596018; Invitrogen). RNA was extracted using the PureLink RNA mini kit (12183018A; Invitrogen). RNA concentration was

measured using either a Qubit RNA Broad Range kit (Q10210; Thermo Fisher Scientific) or a Qubit RNA High Sensitivity kit

(Q32852; Thermo Fisher Scientific). RNA quality was assessed on an Agilent TapeStation 4200 using the Agilent RNA ScreenTape

kit (5067–5576; Agilent Technologies) or the Agilent High sensitivity RNA ScreenTape kit (5067–5579; Agilent Technologies).

mRNA library preparations were performed in the Cancer Research UK Cambridge Institute Genomics Core Facility using 30 mL

of 5.7–14.7 ng/mL per sample (RIN > 7.1; total yield between 170 and 440 ng). Illumina libraries were then sequenced on 2 lanes
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of SP PE50 flowcell on the NovaSeq 6000. These RNA-seq data are available at the GEO under the accession number GEO:

GSE243838. FASTQ files of each sample were processed using the same pipeline. Sequenced raw reads weremapped to themouse

reference genome GRCh39 (mm39) and transcript-level abundances were quantified using quasi-mapping Salmon (v 1.9.0)62 with

gcBias parameters. Then, gene-level abundances were aggregated from transcript-levels using Tximport R package (v 1.28.0)63.

DEA was done using DESeq2 R package (v 1.40.2)64 using Wald test. Gene expression was considered significantly differential if

FDR < 0.05. GSEA were performed using clusterprofiler R package (v 4.8.2)65 depending on Msigdb gene signatures.66,67 Pathways

with FDR < 0.25 and NES > 1.5 or NES < �1.5 were considered significantly enriched.

RNA-sequencing of cancer-associated fibroblasts and malignant cells

For RNA-seq of CAFs and epithelial cells flow-sorted from PDAC tumors (either following neratinib (ERBBi) treatment – related to

Figures 4 and 7 – or from co-transplantation experiments – related to Figure 7), samples were collected in 1 mL of TRIzol Reagent

and RNA was extracted using the RNeasy Micro kit (74004; Qiagen), which is specific for low cell numbers (< 50 K). RNA concen-

tration and RNA quality was measured using the Agilent RNA 6000 Nano kit (5067-1511; Agilent Technologies) or the Agilent RNA

6000 Pico kit (5067-1513; Agilent Technologies) on an Agilent 2100 Bioanalyzer. mRNA library preparations were performed in

the Cancer Research UK Cambridge Institute Genomics Core Facility using the NEBNext Single Cell/Low Input RNA Library Prep

Kit (New England Biolabs) for Illumina (E6420S) and NEBNext Multiplex Oligos (New England Biolabs) for Illumina (96 Unique Dual

Index Primer Pair) (E6440S) according to the protocol’s guidelines. For samples with a total yield of < 5 ng 8 mL of RNA were

used (RIN > 7.2; RNA yield range between 0.22 and 4.4 ng), while for samples with a total yield of >5 ng 7 mL of RNA were used

(RIN > 5.6; RNA yield range between 7.11 and 100 ng). We performed 14 cDNA PCR cycles for samples < 1 ng,11 cDNA PCR cycles

for samples < 10 ng, and

8 cDNA PCR cycles for samples between 10 ng and 100 ng. For the final PCR step, we performed 9 PCR cycles for samples < 10 ng

and 6 PCR cycles for samples > 10 ng. The samples were run on 1 lane ofMiSeq V2 nano to check for the balance. Sampleswere then

sequenced on 2 lanes of an S1 PE50 flowcell on the NovaSeq 6000. These RNA-seq data are available at the GEO under the acces-

sion numbers GEO: GSE243888 (in vivo flow-sorted malignant cells from co-transplantation mouse models of PDAC – related to Fig-

ure 7) and GEO: GSE243889 (in vivo flow-sorted malignant cells and CAFs from neratinib- or vehicle-treated mouse models of

PDAC – related to Figures 4 and 7).

FASTQ files of each sample were processed using the same pipeline. Sequenced raw reads were mapped to the mouse reference

genome GRCh39 (mm39) and transcript-level abundances were quantified using quasi-mapping Salmon (v 1.9.0)62 with gcBias pa-

rameters. Then, gene-level abundances were aggregated from transcript-levels using Tximport R package (v 1.28.0)63. DEA was

done using DESeq2 R package (v 1.40.2)64 using Wald test. Gene expression was considered significantly differential if FDR <

0.05. GSEA were performed using clusterprofiler R package (v 4.8.2)65 depending on Msigdb gene signatures.66,67 Pathways with

FDR < 0.25 and NES > 1.5 or NES < �1.5 were considered significantly enriched.

RNA-sequencing of CD90–and CD90+ myofibroblastic CAFs

For RNA-seq of CD90� and CD90+ myCAFs flow-sorted from PDAC tumors, samples were collected in 1 mL of TRIzol Reagent and

RNA was extracted using the RNeasy Micro kit (74004; Qiagen), which is specific for low cell numbers (< 50 K). RNA concentration

and RNA quality wasmeasured using the Agilent RNA 6000 Nano kit (5067-1511; Agilent Technologies) or the Agilent RNA 6000 Pico

kit (5067-1513; Agilent Technologies) on an Agilent 2100 Bioanalyzer. mRNA library preparation was performed in the Department of

Pathology (University of Cambridge) using the SMART-Seq Stranded Kit (634442; Takara Bio) due to lowRIN values formost samples

according to the protocol’s guidelines. We used 7 mL per samples with a total RNA yield between 0.1 ng and 1.2 ng (RIN between 3.1

and 8.7). We performed 10 cDNA PCR cycles for samples < 0.5 ng and

5 cDNA PCR cycles for samples > 0.6 ng. For the final PCR step, we performed 14 PCR cycles. Samples with a total RNA yield <

0.5 ng were eluted in 12 mL, while samples with a total RNA yield > 0.5 ng were eluted in 18 mL. The samples were run on 1 lane

of MiSeq V2 nano to check for the balance. Samples were then sequenced on 2 lanes of an SP PE50 flowcell on the NovaSeq

6000. These RNA-seq data are available at the GEO under the accession number GEO: GSE243828.

Heatmap visualization

Heatmaps were plotted using Morpheus (https://software.broadinstitute.org/morpheus).

Gene set variation analyses

GSVA was performed on normalized gene expression using default parameters and the ‘‘gsva’’ method68 on available datasets from

TCGA PAAD (n = 168) and TCGA BRCA (n = 1,100). Prior to this analysis, samples in TCGA PAAD with primary diagnosis defined as

‘’neuroendocrine carcinoma, NOS’’ were excluded. Correlation analyses were performed on z-scores of gene expression values or

scaled GSVA scores of selected pathways using customized R scripts. The mCAF signature was obtained from the murine breast

cancer scRNA-seq dataset of Bartoschek et al.29 The human myCAF signature was obtained from the human PDAC dataset of

Elyada et al.6

Single-cell RNA-sequencing analyses

The scRNA-seq datasets of murine and human PDAC samples are from Elyada et al.6CAF signatures were obtained from the murine

PDAC scRNA-seq datasets of Elyada et al.,6 Dominguez et al.5 (for LRRC15+ CAFs) and McAndrews et al.14 (for cCAF3 CAFs), as

specified in the figures and/or figure legends. LRRC15+ CAF and cCAF3 CAF signatures included genes with LogFC > 0.05 and

FDR < 0.05. To generate boxplots from these datasets, the average expression of each pathway was calculated per cell in iCAF

or myCAF clusters using the scoring function from Scanpy package.
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Single-nuclei RNA-sequencing analyses

Single nuclei isolation

Tumor tissues were collected in cryopreservation buffer (FBS: DMSO: (advanced DMEM/F12 (12635010; Thermo Fisher Scientific);

P/S; Glutamine; HEPES) = 50:10:40, v/v/v), snap-frozen in liquid nitrogen and stored at �80�C. For single nuclei isolation, tissues

were minced into 1 mm3 pieces with a scalpel at room temperature. Tissues were then transferred to a Dounce homogenizer

(40401; Active Motif) with lysis buffer (i.e., 0.1% IGEPAL (I8896; Sigma-Aldrich) + 10 mM NaCl (59222C; Sigma-Aldrich) + 10 mM

Tris-HCl at pH 7.5 (T2194; Sigma-Aldrich) + 3 mM MgCl2 (M1028; Sigma-Aldrich) + 0.2 U/mL RNase inhibitor (N2615; Promega) in

nuclease free water (PD092; VWR)). Tissues were sequentially disaggregated using first the loose arm and then the tight arm of

the homogenizer (typically 10–15 times per arm), with incubation on ice for 2 min in between. Tissues were incubated on ice for 5

additional minutes prior to filtering through a 40 mm strainer (542040; Greiner) using wash buffer (i.e., 0.2 U/mL RNase Inhibitor in

PBS (11593377; Thermo Fisher Scientific)). Nuclei in the filtrate were counted on a LUNA cell counter (LUNA-FL; Logos Biosystems)

using AOPI (CS2-0106-5ML; VWR) and PhotonSlides (L12005; Logos Biosystems) prior to centrifugation at 4�C at 500 g for 5 min.

The pellet was resuspended with an appropriate amount of wash buffer to have approximately 1 million nuclei/mL, filtered through a

35 mm cell-strainer (352235; Corning), followed by counting of nuclei. For each sample, 35,000 nuclei in 43 mL wash buffer were sub-

mitted for snRNA-seq processing with 10X Genomics.

Single-nuclei RNA-sequencing

Single nuclei RNA-seq libraries were prepared in the Cancer Research UK Cambridge Institute Genomics Core Facility using the

Chromium Next GEM Single Cell 30 Kit v3.1 (PN-1000268), the Chromium Next GEM Chip G Single Cell Kit (PN-1000120), the

Dual Index Kit TT Set A (PN-1000215), and the Chromium Next GEM Single Cell 3’ Reagent Kits v3.1 (Dual Index) user guide (Manual

Part CG000315 Rev E; 10X Genomics). Isolated nuclei in wash buffer were loaded into Chromium microfluidic chips with 10X Geno-

mics 30 v3.1 chemistry to generate single-nuclei gel-bead emulsions using the Chromium controller (10X Genomics) according to the

manufacturer’s recommendations. RNA from the barcoded nuclei for each sample was reverse-transcribed in a C1000 Touch Ther-

mal cycler (Bio-Rad) and all subsequent steps to generate single-cell libraries were performed according to the manufacturer’s pro-

tocol with no modifications (with 13 cycles used for cDNA amplification). cDNA quality and quantity were measured the Agilent

TapeStation 4200 using the Agilent High Sensitivity 5000 ScreenTape (5067–5588; Agilent Technologies), after which�375 ng of ma-

terial was used for gene expression library preparation. Due to variation in cDNA amount between samples, 10, 12 or 14 cycles were

used for sample indexing. Library quality was confirmed with the Agilent TapeStation 4200 using the Agilent High Sensitivity D1000

ScreenTape (5067–5584; Agilent Technologies) to evaluate library sizes and the BMG LABTECH Clariostar Monochromator Micro-

plate Reader with Quant-iT dsDNA Assay Kit for high sensitivity (Q33120; Invitrogen) to evaluate dsDNA quantity. Each sample was

normalized to equal molar concentration (10 nM) and pooled with each sample using 10% of the sequencing lane. The pool was

sequenced on 1 lane of an S4 flowcell Illumina NovaSeq 6000 with following parameters: 28 bp, read 1; 10 bp, i7 index; 10 bp, i5

index and 90 bp, read 2, aiming for 2B reads.

Data pre-processing

First, demultiplexed FASTQ reads were aligned to the mm10 mouse transcriptome reference to extract the unique molecular iden-

tifiers (UMI) and nuclei barcodes by using CellRanger v7.0.1. Then, the ‘‘remove-background’’ function from CellBender69 was used

to remove ambient RNA and other technical artifacts from CellRanger output file ‘‘raw_feature_bc_matrix’’. Depending on the total

UMI per nuclei versus barcode curve, the parameters ‘expected-cells’ and ‘total-droplets-included’ were determined for each sam-

ple. Three different values for false positive rate (fpr) parameters were examined: 0.1, 0.05 and 0.01. Fpr = 0.01 was chosen for down-

stream analysis. To identify doublets, SOLO from scvi-tools70 was used.

Dimensionality reduction and clustering

All samples were concatenated into one count object and integrated by using Harmony.71We used Scanpy72workflow steps to pro-

cess and clustering the data. UMIs were normalized to 10,000 counts. The top 2,000 highly variable genes were identified, principal

component analysis was performed, and k-nearest neighbors’ graph (k = 10) was built based on the top 30 PCs. Finally, the Leiden

graph clustering method73 was used to identify distinct cell population clusters. Uniform Manifold Approximation and Projection

(UMAP) plots were used to visualize individual nucleus profiles.

Estimating copy number variation

A python implementation of inferCNV of the Trinity CTAT Project (https://github.com/broadinstitute/inferCNV) was used on all inte-

grated samples (n = 8). We used the fibroblast cluster as a reference key and a 250-genes window size. The epithelial cluster was

found to have greater copy number alteration score than the fibroblast cluster, which confirmed their malignant cell nature due to

their Trp53 LOH status (see Oni and Biffi et al.48).

Gene signature scoring for UMAP

Scores for a gene set of interest for each nucleus profiles were calculated based on the average relative expression by using the

‘‘score_genes’’ tool from Scanpy.

Differential gene expression (DEG) analysis

DEGs shown in Figure 4H were determined with the MAST R package,74 which was used to define upregulated and downregulated

DEGs between ERBBi-treated and vehicle-treated PDAC tumors in each cell type cluster. Genes with FDR < 0.05 were considered

significant.
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Gene set enrichment analysis

To define DEGs prior to GSEA, we applied the pseudobulk method using DESeq2 R package.64 Then, the clusterprofiler v4.0 R pack-

age65 and gene signatures from Msigdb were used for GSEA.66,67

The snRNA-seq data are available at the GEO under the accession number GEO: GSE244142.

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism software, Morpheus software (Broad Institute), customized R scripts and Scanpy Python package72 were used for

graphical representation of data. Statistical analysis was performed using paired or unpaired Student’s t test, non-parametric Mann-

Whitney test or chi-square test. All statistical details of experiments are specified in the figure legends, including the number of tech-

nical and biological replicates, and how significance was defined.
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