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SUMMARY 14 

Pancreatic ductal adenocarcinoma (PDAC) has a dismal prognosis. Cancer-associated 15 

fibroblasts (CAFs) are recognized potential therapeutic targets, but poor understanding of these 16 

heterogeneous cell populations has limited the development of effective treatment strategies. 17 

We previously identified TGF-b as a main driver of myofibroblastic CAFs (myCAFs). Here, we 18 

show that EGFR/ERBB2 signaling is induced by TGF-b in myCAFs through an autocrine process 19 

mediated by the ERBB ligand amphiregulin. Inhibition of this ERBB-signaling network in PDAC 20 

organoid-derived cultures and mouse models impacts distinct CAF subtypes, providing insights 21 

into mechanisms underpinning their heterogeneity. Remarkably, ERBB-activated myCAFs 22 

promote local PDAC metastasis in mice, unmasking functional significance in myCAF 23 

heterogeneity. Finally, analyses of other cancer datasets suggest these processes might operate 24 

in other malignancies. These data provide functional relevance to CAF heterogeneity and 25 

identify a potential target for preventing local tumor invasion in PDAC.  26 
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INTRODUCTION  31 

Pancreatic ductal adenocarcinoma (PDAC) is projected to be the second most common cause 32 

of cancer-related death by 20301. PDAC is frequently lethal because it is often diagnosed late 33 

after patients have developed metastases. Dissecting metastatic mechanisms in PDAC and 34 

ways to prevent and treat this is therefore a priority. More than any other cancer, PDAC is 35 

characterized by an abundant, non-cancerous stroma that promotes cancer growth and 36 

treatment resistance. The majority of this stroma comprises a heterogeneous population of 37 

cancer-associated fibroblasts (CAFs)2–10, including molecularly and potentially functionally 38 

diverse myofibroblastic CAFs (myCAFs), inflammatory CAFs (iCAFs) and antigen-presenting 39 

CAFs (apCAFs)6,9,11. Understanding the pathways that maintain the identity and function of 40 

CAFs could unmask novel PDAC treatment approaches.  41 

 42 

We previously identified interleukin 1 (IL-1) and transforming growth factor b (TGF-b) as the 43 

principal cancer-derived ligands that induce iCAF and myCAF formation, respectively3. While 44 

knowledge of pathways downstream of IL-1 signaling has revealed new iCAF treatment targets, 45 

pathways active in TGF-b-driven myCAFs are largely unknown. 46 

 47 

RESULTS 48 

TGF-b and PDAC organoid-conditioned media induce ERBB activation in myCAFs  49 

TGF-b signaling is known to promote the formation and proliferation of PDAC myCAFs, but it is 50 

not known if this pathway serves other functions in these cells3. Therefore, we characterized 51 

receptor tyrosine kinases (RTK) phosphorylation following exposure of PDAC CAF precursor 52 

cells – pancreatic stellate cells (PSCs)9,12 – to TGF-b. Phosphorylated epidermal growth factor 53 

receptor (p-EGFR) and phosphorylated Erb-B2 receptor (p-ERBB2) were the most abundant 54 

RTKs activated upon TGF-b treatment, which was confirmed by western blotting in human PSCs 55 

(Figures 1A-B and S1A). Additionally, analysis of single-cell RNA-sequencing (scRNA-seq) 56 

datasets6 confirmed EGFR and ERBB2 expression in murine and human PDAC CAFs in vivo 57 

(Figures S1B-C).  58 

 59 

Deletion of TGF-b receptor II (TGFBR2) from PSCs blocked the induction of TGF-b responsive 60 

genes, TGF-b-dependent proliferation and activation of EGFR (Figures 1C and S1D-F). This 61 
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suggests that TGF-b activates EGFR via its cognate receptor TGFBR2. Additionally, activation 62 

of EGFR and ERBB2 in PSCs was rapid, sustained and sensitive to TGF-b receptor I (TGFBR1) 63 

inhibition (Figures 1D-E and S1G). In keeping with its capacity to induce a myCAF cell fate, 64 

RNA-sequencing (RNA-seq) of TGF-b-treated PSCs revealed activation of a myCAF 65 

transcriptome and signatures associated with EGFR activation, including KRAS signaling and 66 

expression of Dusp6, a known target of the ERK pathway13 (Figure 1F). 67 

 68 

TGF-b is expressed by PDAC cells in vitro and in vivo (Figures S1H-J). We showed previously 69 

that PDAC organoid-conditioned media (CM) activate SMAD2, a downstream member of the 70 

TGF-b pathway, in PSCs3. Therefore, we assessed whether PDAC organoid CM might activate 71 

EGFR/ERBB2 signaling in PSCs. In keeping with our studies of TGF-b, CM induced rapid and 72 

sustained activation of EGFR/ERBB2 in PSCs, which was blocked by the dual EGFR and 73 

ERBB2 receptor inhibitor (ERBBi) Neratinib (Figure 2A). Furthermore, PSCs treated with CM 74 

upregulated KRAS signaling, Dusp6 expression and a PDAC myCAF-specific ERBB signaling 75 

signature, and these effects were blocked by Neratinib (Figures 2B-D). Targets in the myCAF-76 

specific ERBB signature included regulators of cholesterol metabolism (Figures 2C-D and 77 

Table 1), and both myCAF-specific ERBB signature and cholesterol biosynthesis were also 78 

upregulated in TGF-b-activated myCAFs (Figures S1K-L). Finally, in keeping with a TGF-79 

b/ERBB signaling network in myCAFs, Gene Set Variation Analysis (GSVA) of The Cancer 80 

Genome Atlas (TCGA) for PDAC (PAAD) identified a significant positive correlation between a 81 

patient-derived myCAF signature6, myCAF-associated TGF-b and Hedgehog (HH) signaling 82 

signatures, and EGFR activation (Figure S1M).  83 

 84 

Together, these data support a model in which PDAC cell-secreted TGF-b activates ERBB 85 

signaling in myCAFs in murine and human PDAC.  86 

 87 

A TGF-b-induced autocrine amphiregulin signaling mediates EGFR activation in myCAFs  88 

Early activation of ERBB signaling in PSCs following treatment with TGF-b appeared to be 89 

mediated by increased receptor expression rather than ligand production (Figures 1D and S2A). 90 

To investigate how ERBB activation is sustained in myCAFs, we looked for expression of ERBB 91 
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ligands in RNA-seq profiles of PSCs cultured with TGF-b or PDAC organoid CM. These RNA-92 

seq profiles identified ERBB ligands, including amphiregulin (Areg) and heparin binding EGF-93 

like growth factor (Hbegf), to be induced by TGF-b (Figure 3A). Real-time quantitative reverse 94 

transcription polymerase chain reaction (RT-qPCR) analysis confirmed TGF-b-induced 95 

expression of Areg and Hbegf in PSCs that was blocked by knockout of Tgfbr2 or treatment with 96 

the TGFBR1 inhibitor (TGFBRi) A83-01 (Figures 3B and S2B). Moreover, neither EGFR 97 

deletion or inhibition - by Neratinib or the EGFR inhibitor Erlotinib (EGFRi) - completely ablated 98 

Areg and Hbegf expression by TGF-b (Figures 3B and S2B-G), validating Areg and Hbegf as 99 

candidate mediators of ERBB signaling in myCAFs. However, Areg was the only ERBB ligand 100 

significantly induced by both TGF-b and PDAC organoid CM (Figure 3A).  Furthermore, only 101 

TGFB1 and AREG expression were positively correlated in TCGA PAAD transcriptomes, 102 

suggesting AREG as the likely mediator of TGF-b-induced activation of ERBB signaling in 103 

myCAFs (Figure S2H). In addition, we confirmed upregulation of AREG protein by TGF-b in 104 

PSCs (Figure 3C). 105 

 106 

To test directly if AREG mediates the TGF-b-dependent activation of ERBB signaling in PDAC 107 

myCAFs, we deleted the gene from PSCs (Figure S2I). In agreement with our hypothesis, 108 

sustained EGFR activation induced by TGF-b was decreased in Areg KO PSCs relative to wild-109 

type controls (Figure 3D). Notably, loss of AREG did not blunt the early activation of EGFR 110 

following TGF-b treatment, supporting the notion that this is a ligand-independent phenomenon 111 

(Figure S2J).  112 

 113 

Thus, autocrine AREG mediates a sustained ERBB activation downstream of TGF-b signaling 114 

in PDAC myCAFs. 115 

 116 

Inhibition of ERBB signaling targets myCAFs in vitro and in vivo  117 

To understand how ERBB activation impacts myCAFs, we first measured the proliferation of 118 

PSCs following TGF-b or PDAC organoid CM treatment in the presence of ERBB inhibitors. PSC 119 

proliferation was reduced significantly following both immediate or delayed (72 hours) exposure 120 

to the inhibitors without a detectable increase in apoptosis, suggesting that ERBB signaling 121 
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mediates the TGF-b-dependent proliferation of PDAC myCAFs (Figures 4A-B and S3A-F). 122 

Accordingly, ERBB inhibition downregulated myCAF signatures (Figure 4C).  123 

 124 

CAFs exist in different states and have been shown to at least partially interconvert upon 125 

pharmacological inhibition of pathways important for their formation3,9. Therefore, we looked to 126 

see if loss of the myCAF state might result in a reciprocal increase in iCAF fate. iCAF formation 127 

is dependent on JAK/STAT signaling and PDAC organoid CM treatment of PSCs induced iCAF-128 

associated signatures that were blocked by JAK inhibition3 (Figure S3G). These iCAF-129 

associated signatures, particularly those related to glycolysis and hypoxia, were increased upon 130 

ERBB inhibition in PSCs treated with PDAC organoid CM (Figures 4C and S3H), and qPCR 131 

analysis confirmed an upregulation of characteristic iCAF markers3 upon ERBB inhibition 132 

(Figure 4D). This same effect was observed when PSCs and PDAC organoids were cultured in 133 

transwell, even if PDAC organoid proliferation was affected by treatment with Neratinib (Figures 134 

4E and S3I). Thus, ERBB inhibition preferentially targets PDAC myCAFs in vitro, leading to an 135 

enrichment in iCAFs. 136 

 137 

To determine whether ERBB signaling inhibition affects CAF subtypes in vivo, we established 138 

orthotopic transplantation mouse models with PDAC organoids and treated tumor-bearing mice 139 

for 2 weeks with Neratinib (Figures 5A and S4A). Significant downregulation of p-EGFR levels  140 

and increased T cell abundance, which was previously reported following Erlotinib treatment14, 141 

confirmed effective targeting of the EGFR pathway (Figures S4B-E). In contrast to the impact 142 

of either TGFBR3 or HH15 inhibition on PDAC in vivo, Neratinib treatment did not reduce overall 143 

collagen deposition or the marker a-smooth muscle actin (aSMA), which are features of myCAFs 144 

(Figures 5B-E). Therefore, we looked to see if ERBB inhibition might differentially impact distinct 145 

myCAF subsets in tumors using our established flow cytometric quantification of Ly6C-MHCII- 146 

myCAFs, Ly6C+MHCII- iCAFs and LY6C-MHCII+ apCAFs6 (Figures S4F-G). To further dissect 147 

heterogeneity among myCAFs, we also analyzed CAFs for CD90 (Thy1), which was previously 148 

shown to be highly expressed on a subset of myCAFs15 (Figure S4H). In agreement with our in 149 

vitro findings, myCAFs were significantly reduced upon Neratinib treatment, whereas iCAFs 150 

were significantly increased, altering the myCAF/non-myCAF ratio in tumors (Figures 5F-G and 151 
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S4I). Notably, this effect was limited to CD90- myCAFs since CD90+ myCAFs were unaffected 152 

by Neratinib treatment (Figure 5H). 153 

 154 

Together, these data provide insights into the heterogeneity of myCAFs and support the 155 

hypothesis that ERBB activation occurs in a subset of these CAF populations.  156 

 157 

ERBB-activated myCAFs promote local metastasis of PDAC 158 

EGFR signaling in cancer cells has been previously described in PDAC tumorigenesis16. To 159 

investigate a potential role for EGFR-activated myCAFs in tumor progression, we established 160 

orthotopic transplantation mouse models of PDAC organoids alone or co-injected with Egfr WT 161 

or Egfr KO PSCs (Figures 6A and S5A). Detection by immunohistochemistry (IHC) of the co-162 

transplanted PSCs, which are immortalized with the SV40 T antigen, confirmed the role of EGFR 163 

signaling in CAF proliferation, as observed in vitro (Figures S5B-C and S2E-F). While collagen 164 

deposition and aSMA levels were not altered across cohorts (Figures S5D-G), PDAC alone and 165 

PDAC+Egfr KO PSC tumors contained significantly fewer myCAFs and significantly more iCAFs 166 

compared to PDAC+Egfr WT PSC tumors, altering the myCAF/iCAF ratio (Figures 6B and S5H-167 

I).  168 

 169 

Remarkably, only tumors derived from PDAC+Egfr WT PSCs were significantly larger than those 170 

from PDAC alone (Figure 6C). Moreover, they generated significantly more diaphragm 171 

metastases and ascites than PDAC alone or PDAC+Egfr KO PSC tumors (Figures 6D-F). 172 

Additionally, mice with PDAC+Egfr WT PSC tumors had a significantly greater burden of lung 173 

metastases than those with PDAC tumors without PSCs, although the number of mice with 174 

evidence of liver or lung metastases were similar among cohorts (Figures 6G-K and S5J).  175 

 176 

Altogether, these data identify a previously unappreciated functional complexity of myCAFs, 177 

showing that ERBB-activated myCAFs promote local metastasis of PDAC (Figure 6L). 178 

 179 

EGFR activation occurs in myofibroblastic CAFs in various malignancies 180 

As PDAC CAFs share features with CAF subtypes in other malignancies4, we investigated the 181 

broader impact of our findings among malignancies in which ERBB inhibition is an established 182 
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therapeutic strategy17. Similar to what observed in the PDAC dataset (Figure S1M), GSVA 183 

analysis of TCGA breast cancer BRCA dataset using a myofibroblastic CAF signature18 184 

identified pathways known to be activated in myCAFs, such as TGF-b and HH signaling, and 185 

confirmed a positive correlation between the myofibroblastic CAF signature and EGFR activation 186 

(Figure S6A). Additionally, similar to what we found in TCGA PAAD (Figure S2H), analysis of 187 

TCGA BRCA and lung cancer LUAD datasets showed a positive correlation between TGFB1 188 

expression and expression of AREG, as well as of other myCAF markers (Figures S6B-C). 189 

Finally, TGF-b treatment induced Areg and Dusp6 expression and EGFR activation in mouse 190 

pulmonary fibroblasts (Figures S6D-F).  191 

 192 

Together, these analyses suggest that EGFR activation occurs also in TGF-b-dependent 193 

myofibroblastic CAFs of other malignancies and could be directly affected by ERBB-targeting 194 

strategies, as shown in PDAC. 195 

 196 

DISCUSSION 197 

We reveal a previously unknown role for EGFR activation in a population of PDAC CAFs. Our 198 

data show that TGF-b induces AREG expression by PDAC myCAFs, triggering an autocrine 199 

EGFR/ERBB2 response. Since ERBB blockade downregulates AREG expression, this suggests 200 

a positive feedback loop within this ligand/receptor network. This network appears to fine tune 201 

the balance of CAF cell fates, favoring a myCAF relative to iCAF phenotype. This effect appears 202 

to be restricted to a subpopulation of ERBB-activated myCAFs that promotes local PDAC 203 

metastasis in mice (Figure 6L). We thereby unmask a new mechanism by which the cancer-204 

CAF cross-talk regulates PDAC myCAF heterogeneity and metastasis.  205 

 206 

Phospho-EGFR has been previously detected in non-cancer cells in a KrasG12D; EgfrKO mouse 207 

model of PDAC16, and AREG has been previously shown to promote sustained EGFR activation 208 

in homeostasis and inflammation19–21. Our work supports a role for CAF-autocrine AREG 209 

signaling in sustaining EGFR activation in TGF-b-driven myCAFs. However, AREG is also 210 

secreted by cancer and/or immune cells. For example, it has been demonstrated that regulatory 211 

T cell (Treg) depletion leads to loss of myCAFs in PDAC22. Although this is likely dependent on 212 

TGF-b, Tregs also produce AREG23, whose reduction upon Treg depletion may also be involved 213 
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in the observed reduction in myCAFs. Finally, since both EGFR and ERBB2 are activated upon 214 

culture with TGF-b, and Neratinib treatment led to a more pronounced downregulation of Areg 215 

compared to Erlotinib, we speculate that the EGFR/ERBB2 heterodimer is involved in AREG 216 

induction and ERBB signaling in PDAC myCAFs.  217 

 218 

While we identified a tumor-promoting role of ERBB-activated myCAFs, previous work proposed 219 

a tumor-restraining role of myCAFs24,25, largely attributing this to myCAF-mediated collagen 220 

deposition. We show that ERBB inhibition does not impact collagen abundance, likely because 221 

the ERBB signaling pathway appears active only in a subset of myCAFs. Together, these 222 

observations highlight the complexity of CAF populations and the need to further understand 223 

their molecular and functional heterogeneity.  224 

 225 

CAFs appear to promote metastases through various mechanisms. They can drive cancer cell 226 

aggressiveness by secreting ligands26–29, increase their viability and provide early growth 227 

advantage at secondary sites by co-migrating with them30,31, or exert force to drive cancer cell 228 

collective migration and invasiveness32–34. Future work will be required to fully dissect the 229 

mechanism behind the promotion of local PDAC metastasis by ERBB-activated myCAFs. 230 

 231 

In agreement with published data14, we observed an increase in T cell abundance following 232 

ERBB inhibition. CAF populations have been implicated in regulating the immune 233 

microenvironment4, and we show that an ERBB signaling network contributes to CAF 234 

heterogeneity. Together, these data underscore the complex interplay between distinct CAF 235 

subtypes, immune cells and PDAC progression. Extensive future work will be required to fully 236 

understand how these processes operate to regulate the PDAC microenvironment and PDAC 237 

metastasis. 238 

 239 

As recent studies suggest that EGFR inhibition in PDAC may be helpful in combination with 240 

immunotherapies14, benefit EGFR WT cases35 and revert resistance to KRASG12C inhibitors36, 241 

our study could be clinically relevant for PDAC patients. Additionally, our observations could 242 

have a broader impact, as our analyses suggest that activation of ERBB signaling also occurs 243 

in myofibroblasts of breast cancer and lung cancer, in which the ERBB/EGFR pathway is more 244 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 8, 2022. ; https://doi.org/10.1101/2022.12.05.519080doi: bioRxiv preprint 

https://doi.org/10.1101/2022.12.05.519080
http://creativecommons.org/licenses/by-nc-nd/4.0/


 9 

commonly inhibited in the clinic. Similarly, previous work has implicated EGFR activation and 245 

AREG upregulation in myofibroblasts in liver and pulmonary fibrosis37–40. Therefore, 246 

AREG/ERBB signaling may be common to numerous fibrotic diseases in which myofibroblasts 247 

play major roles.  248 

 249 

Our study reveals ERBB signaling as a TGF-b-dependent pathway active in PDAC myCAFs; 250 

highlights a previously unappreciated effect of ERBB signaling inhibition on the PDAC stroma 251 

that might also operate in other malignancies; and identifies a role for ERBB-activated PDAC 252 

myCAFs in promoting local metastasis.  253 

 254 
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FIGURE LEGENDS 276 

Figure 1. TGF-b induces ERBB activation in myCAFs. (A) Receptor tyrosine kinase (RTK) 277 

phosphorylation analysis of murine pancreatic stellate cells (PSCs) cultured for 24 h in Matrigel 278 

in control media (i.e. 5% FBS DMEM) with or without 20 ng/mL TGF-b. Blue and purple boxes 279 

highlight p-EGFR and p-ERBB2, respectively. (B) Quantification of p-EGFR and p-ERBB2 levels 280 

from A. Results show mean ± standard deviation (SD) of 2 technical replicates. **, P < 0.01, 281 

paired Student’s t-test. (C) Western blot analysis of p-EGFR, EGFR, p-SMAD2 and SMAD2 in 282 

murine Tgfbr2 wild-type (WT) and knock out (KO) PSCs (3 clones from 3 different guide RNAs) 283 

cultured for 24 h in Matrigel in control media with or without 20 ng/mL TGF-b. ACTIN, loading 284 

control. (D) Western blot analysis of p-EGFR, EGFR, p-ERBB2 and ERBB2 in murine PSCs 285 

cultured for 30 min in Matrigel in control media with or without 20 ng/mL TGF-b. ACTIN, loading 286 

control. (E) Western blot analysis of p-EGFR, EGFR, p-ERBB2 and ERBB2 in murine PSCs 287 

cultured for 4 days in Matrigel in control media with or without 20 ng/mL TGF-b. ACTIN, loading 288 

control. (F) RNA-sequencing (RNA-seq) of PSCs cultured for 4 days in Matrigel in control media 289 

with or without 20 ng/mL TGF-b (n=4/group) showing selected genes and pathways enriched or 290 

downregulated upon TGF-b treatment. Color scheme of the heat map represents Z-score 291 

distribution. The myCAF and iCAF in vitro and in vivo signatures were obtained from Öhlund et 292 

al.9 and Elyada et al.6, respectively. Hierarchical clustering was determined by the top 50 most 293 

differentially expressed genes (DEGs). NES, normalized enrichment score; FDR, false discovery 294 

rate. See also Figure S1. 295 

 296 

Figure 2. PDAC organoid-conditioned media induce ERBB activation in myCAFs. (A) 297 

Western blot analysis of p-EGFR, EGFR, p-ERBB2 and ERBB2 in murine PSCs cultured for 4 298 

days in Matrigel in control media or PDAC organoid-conditioned media (CM) with or without 300 299 

nM ERBB inhibitor (ERBBi) Neratinib. ACTIN and HSP90, loading controls. (B) Venn diagrams 300 

showing the overlap between significantly upregulated genes in PSCs cultured with PDAC 301 

organoid CM compared to PSCs cultured with control media and significantly downregulated 302 

genes in PSCs cultured with PDAC organoid CM + 300 nM Neratinib (ERBBi) compared to PSCs 303 

cultured with CM, as assessed by RNA-seq. The 138 genes present in both groups represent 304 

ERBB targets comprising the myCAF-derived ERBB signature. (C) Pathways found enriched in 305 

the myCAF-derived ERBB signature by DAVID analysis. Pathways were ranked by their 306 
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significance (FDR<0.05) and significant terms (-log10 p value > 1.301) were highlighted. (D) 307 

RNA-seq of PSCs cultured for 4 days in Matrigel in control media or PDAC organoid-conditioned 308 

media with or without ERBBi (n=4-5/group) showing selected genes and pathways enriched or 309 

depleted. Color scheme of the heat map represents Z-score distribution. Hierarchical clustering 310 

was determined by the top 50 most DEGs. See also Figure S1. 311 

 312 

Figure 3. A TGF-b-induced autocrine amphiregulin signaling mediates EGFR activation in 313 

myCAFs. (A) RNA-seq expression of ERBB ligands (Nrg1, Egf, Tgfa, Btc, Hbegf, Areg, Ereg) in 314 

PSCs cultured for 4 days in Matrigel in control media, with 20 ng/mL TGF-b, PDAC organoid CM 315 

or CM with 300 nM Neratinib (ERBBi) (n=4-5/group). *, P < 0.05; **, P < 0.01, ***, P < 0.001, 316 

paired and unpaired Student’s t-test. Color scheme of the heat map represents Z-score 317 

distribution. (B) qPCR analysis of Areg in murine control (i.e. unmodified), WT (i.e. Rosa26 KO), 318 

Tgfbr2 KO or Egfr KO PSCs cultured for 4 days in Matrigel in control media with or without 20 319 

ng/mL TGF-b in the presence or absence of 1 µM Erlotinib (EGFRi), 300 nM Neratinib (ERBBi) 320 

or 2 µM A83-01 (TGFBRi). Results show mean ± standard error of mean (SEM) of 4-8 biological 321 

replicates. *, P < 0.05; **, P < 0.01, ***, P < 0.001, paired and unpaired Student’s t-test. (C) 322 

ELISA of AREG from media of murine control, WT, Tgfbr2 KO and Egfr KO PSCs cultured for 4 323 

days in Matrigel in control media with or without 20 ng/mL TGF-b in the presence or absence of 324 

1 µM Erlotinib (EGFRi), 300 nM Neratinib (ERBBi) or 2 µM A83-01 (TGFBRi). Results show 325 

mean ± SEM of 4-13 biological replicates. ***, P < 0.001, paired Student’s t-test. (D) Western 326 

blot analysis of p-EGFR and EGFR in murine Areg WT and KO PSCs cultured for 4 days in 327 

Matrigel in control media with or without 20 ng/mL TGF-b. ACTIN, loading control. See also 328 

Figure S2. 329 

 330 

Figure 4. Inhibition of ERBB signaling impairs myCAF proliferation and signature in vitro. 331 

(A) Proliferation curves of murine PSCs cultured for 5 days in Matrigel in control media with or 332 

without 20 ng/mL TGF-b in the presence or absence of 300 nM Neratinib (ERBBi). Results show 333 

mean ±  SD of 2 biological replicates (with 5 or 10 technical replicates respectively). ***, P < 334 

0.001, unpaired Student’s t-test calculated for the last time point. (B) Proliferation curves of 335 

murine PSCs cultured for 5 days (120 h) in Matrigel in control media or PDAC organoid CM in 336 
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the presence or absence of 300 nM Neratinib (ERBBi). Results show mean ±  SD of 2 biological 337 

replicates (with 5 technical replicates each). **, P < 0.01; ***, P < 0.001, unpaired Student’s t-338 

test calculated for the last time point. (C) RNA-seq analysis of PSCs cultured for 4 days in 339 

Matrigel in PDAC organoid CM (n=4) or CM in the presence of 300 nM Neratinib (ERBBi) (n=4) 340 

showing selected genes and pathways enriched or depleted upon ERBB inhibition. Color 341 

scheme of the heat map represents Z-score distribution. The in vitro and in vivo myCAF 342 

signatures were obtained from Öhlund et al.9 and Elyada et al.6, respectively. (D) qPCR analysis 343 

of Areg, and iCAF (Il1a, Il6, Cxcl1, Csf3) and myCAF (Acta2, Ctgf) markers in murine PSCs 344 

cultured for 4 days in Matrigel in control media, PDAC organoid CM or CM in the presence of 345 

300 nM Neratinib (ERBBi). Results show mean ± SEM of 9 biological replicates. *, P < 0.05; **, 346 

P < 0.01; ***, P < 0.001, paired Student’s t-test. (E) qPCR analysis of Areg, and iCAF (Il1a, Il6, 347 

Cxcl1, Csf3) and myCAF (Acta2, Ctgf) markers in murine PSCs cultured for 4 days in Matrigel 348 

in monoculture, in transwell culture with murine PDAC organoids or in transwell culture with 349 

murine PDAC organoids in the presence of 300 nM Neratinib (ERBBi). Results show mean ± 350 

SEM of 10 biological replicates. *, P < 0.05; **, P < 0.01; ***, P < 0.001, paired Student’s t-test. 351 

See also Figure S3. 352 

 353 

Figure 5. Inhibition of ERBB signaling targets myCAFs in vivo. (A) Schematic of 2-week 354 

treatment of tumor-bearing orthotopically grafted organoid-derived mouse models with 50 mg/kg 355 

ERBBi (Neratinib) or vehicle by daily oral gavage. U/S, ultrasound. (B) Representative Masson’s 356 

trichrome stain in 2-week vehicle- and ERBBi- treated tumors. Scale bars, 50 µm. (C) 357 

Quantification of Masson’s trichrome stain in 2-week vehicle- (n=11) and ERBBi- (n=9) treated 358 

tumors. Results show mean ± SEM. No statistical difference was found, as calculated by Mann-359 

Whitney test. (D) Representative a-smooth muscle actin (aSMA) immunohistochemistry (IHC) 360 

in 2-week vehicle- and ERBBi- treated tumors. Scale bars, 50 µm. (E) Quantification of aSMA 361 

stain in 2-week vehicle- (n=11) and ERBBi- (n=9) treated tumors. Results show mean ± SEM. 362 

No statistical difference was found, as calculated by Mann-Whitney test. (F) Representative flow 363 

plots of myCAFs (Ly6C- MHCII-), iCAFs (Ly6C+ MHCII-) and apCAFs (Ly6C- MHCII+) from the 364 

PDPN+ parental gate in vehicle- and ERBBi- treated tumors. (G) Flow cytometric analyses of 365 

myCAFs (Ly6C- MHCII-), iCAFs (Ly6C+ MHCII-) and apCAFs (Ly6C- MHCII+) from the PDPN+ 366 

gate in vehicle- (n=11) and ERBBi- (n=8) treated tumors. Results show mean ± SEM. *, P < 367 
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0.05, Mann-Whitney test. (H) Flow cytometric analyses of CD90- Ly6C- MHCII- myCAFs and 368 

CD90+ Ly6C- MHCII- myCAFs from the PDPN+ gate in vehicle- (n=11) and ERBBi- (n=8) treated 369 

tumors. Results show mean ± SEM. *, P < 0.05, Mann-Whitney test. See also Figure S4. 370 

 371 

Figure 6. ERBB-activated myCAFs promote local metastasis of PDAC. (A) Schematic of 372 

experimental design of models in NSG mice derived by the transplantation of PDAC organoids 373 

(T) with or without Egfr WT or Egfr KO PSCs. U/S, ultrasound. (B) Flow cytometric analyses of 374 

myCAFs (Ly6C- MHCII-) and iCAFs (Ly6C+ MHCII-) from the PDPN+ gate in tumors derived from 375 

the transplantation of PDAC organoids with or without Egfr WT or Egfr KO PSCs. Results show 376 

mean ± SEM (n=19-20/cohort). *, P < 0.05; **, P < 0.01, Mann-Whitney test. (C) Tumor volumes 377 

as measured by ultrasound of tumors derived from the transplantation of PDAC organoids with 378 

or without Egfr WT or Egfr KO PSCs. Results show mean ± SEM from 3 separate experiments 379 

(3-5 mice/cohort). **, P < 0.01, Mann-Whitney test. (D) Representative H&E stain of diaphragm 380 

tissues (with metastases) from mice transplanted with PDAC organoids with or without Egfr WT 381 

or Egfr KO PSCs. Scale bars, 200 µm. (E) Percentages of mice with diaphragm metastases in 382 

cohorts transplanted with PDAC organoids with or without Egfr WT or Egfr KO PSCs (n=24-25 383 

mice/cohort). Results show mean ± SEM of 5 experiments (each with 4-5 mice per cohort per 384 

experiment). *, P < 0.05, Mann-Whitney test. (F) Percentages of mice with incidence of ascites 385 

in cohorts transplanted with PDAC organoids with or without Egfr WT or Egfr KO PSCs (n=24-386 

25 mice/cohort). Results show mean ± SEM of 5 experiments (each with 4-5 mice per cohort per 387 

experiment). *, P < 0.05, Mann-Whitney test. (G) Representative hematoxylin and eosin (H&E) 388 

stain of liver tissues (with metastases) from mice transplanted with PDAC organoids with or 389 

without Egfr WT or Egfr KO PSCs. Scale bars, 200 µm. (H) Percentages of mice with liver 390 

metastases in cohorts transplanted with PDAC organoids with or without Egfr WT or Egfr KO 391 

PSCs (n=24-25 mice/cohort). Results show mean ± SEM of 5 experiments (each with 4-5 mice 392 

per cohort per experiment). No statistical difference was found, as calculated by Mann-Whitney 393 

test. (I) Representative H&E stain of lung tissues (with metastases) from mice transplanted with 394 

PDAC organoids with or without Egfr WT or Egfr KO PSCs. Scale bars, 200 µm. (J) Percentages 395 

of mice with lung metastases in cohorts transplanted with PDAC organoids with or without Egfr 396 

WT or Egfr KO PSCs (n=24-25 mice/cohort). Results show mean ± SEM of 5 experiments (each 397 
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with 4-5 mice per cohort per experiment). No statistical difference was found, as calculated by 398 

Mann-Whitney test. (K) Quantification of metastatic burden (metastatic area/total area) in lung 399 

tissues of mice transplanted with PDAC organoids with or without Egfr WT or Egfr KO PSCs 400 

(n=24-25 mice/cohort). ***, P < 0.001, Mann-Whitney test. (L) Model illustrating how the ERBB 401 

pathway is activated in myCAFs downstream TGF-b signaling (a) and the effects of ERBB 402 

inhibition on PDAC CAF composition (b). See also Figure S5. 403 

 404 

TABLE LEGENDS 405 

Table 1. Differential expression analysis of PSCs by RNA-seq. Significant protein coding 406 

differentially expressed genes (DEGs) (FDR < 0.05) between TGF-b treated PSCs and PSCs in 407 

5% FBS DMEM (DEGs TGF-b vs Control) or CM-treated PSCs and PSCs in 5% FBS DMEM 408 

(DEGs CM vs Control) are summarised in this table. Additionally, significant protein coding 409 

DEGs of CM-treated PSCs in the presence of Neratinib in contrast to CM-treated PSCs in the 410 

absence of Neratinib (DEGs ERBBi vs CM) are shown. Moreover, we include a list of 138 ERBB 411 

target genes (ERBB signature) common between upregulated DEGs CM vs Control (logFC > 0) 412 

and downregulated DEGs ERBBi vs CM (logFC < 0). 413 

 414 

METHODS 415 

Mouse models 416 

Males and females C57BL/6J (strain number 632) and NSG mice (strain number 614) were 417 

purchased from the Charles River Laboratory. All animals are housed in accordance with the 418 

guidelines of the UK Home Office “Code of Practice for the Housing and Care of Experimental 419 

Animals”. They are kept behind strict barriered housing, which has maintained animals at a well-420 

defined microbiological health status. This accommodation precludes access by wildlife, 421 

including rodent and insect vectors, and is free of infestation with ectoparasites. All animals are 422 

health screened every 3 months according to the FELASA guidelines (FELASA 2002). All 423 

animals are fed expanded rodent diet (Labdiet) and filtered water ad libitum. Environmental 424 

enrichment includes nesting material, structures for three-dimensional use of the cage and an 425 

area to retreat, and provision of chew blocks. All animal procedures and studies were reviewed 426 

by the CRUK-CI AWERB, approved by the Home Office and conducted under PPL number 427 

PP4778090 in accordance with relevant institutional and national guidelines and regulations. 428 
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 429 

Orthotopic transplantation models  430 

Orthotopic injections were conducted as previously described3. Briefly, single cells (10,000 431 

cells/mouse) prepared from organoid cultures (female T69A or male T6-LOH) were resuspended 432 

as a 40 μL suspension of 50% Matrigel in PBS and injected into the pancreas of 8-10-week-old 433 

mice with or without 10,000 (1:1) Egfr WT or KO PSCs. Pancreatic tumors in NSG mice were 434 

only imaged once using the Vevo 2100 Ultrasound at two different orientations with respect to 435 

the transducer. Tumor volumes were measured at two angles using the Vevo LAB software 436 

program (version 5.7.0). 437 

 438 

Neratinib treatment 439 

Pancreatic tumors in C57BL/6J mice were imaged prior to enrolment (day -1) and at endpoint 440 

(day 14) using the Vevo 2100 Ultrasound at two different orientations with respect to the 441 

transducer. Mice with tumor diameters of 6 to 8 mm were randomized and enrolled 1 day after 442 

scanning. Tumor volumes were measured as above, and growth rate was measured by dividing 443 

the volume at day 14 for the volume at day -1. The ERBB inhibitor Neratinib was prepared daily 444 

as a suspension in 0.1% Tween80, 0.5% hydroxyl propyl methyl cellulose in sterile water. Mice 445 

were administered vehicle or 50 mg/kg of Neratinib for 14 days, once a day via oral gavage.  446 

 447 

Cell lines and cell culture 448 

Mouse PSCs (SV40-immortalised) and tumor pancreatic organoid lines were previously 449 

described9,41. Human PSCs (SV40-immortalised) were purchased from ScienCell (3830). Mouse 450 

PSCs and human PSCs were cultured in DMEM (41966029; Gibco) containing 5% FBS. Mouse 451 

pulmonary fibroblasts from C57BL/6 were purchased from Caltag Medsystems (SC-M3300-57), 452 

SV40-immortalised and cultured in fibroblast medium basal (SC-2301-B, Caltag Medsystems) 453 

with 10% FBS. All cells were cultured for no more than 30 passages at 37C with 5% CO2. For 454 

conditioned media experiments, tumor organoids were cultured for 3 to 4 days in DMEM with 455 

5% FBS (i.e. control media). For transwell cultures, organoids were plated on top of transwell 456 

membranes (82051-572; VWR) with PSCs growing in Matrigel (356231 and 356230; Corning) 457 

in 24-well plates in DMEM with 5% FBS. Cell line authentication was performed at the CRUK-CI 458 
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for the murine PSCs. Mycoplasma testing is performed weekly, and each cell line is tested prior 459 

to freezing.  460 

 461 

In vitro cell treatments 462 

PSCs were treated in Matrigel in 5%FBS DMEM with 20 ng/mL human TGFβ1 (T7039; Sigma), 463 

300 nM Neratinib (S2150; Selleckchem), 1 μM Erlotinib HCl (S1023-SEL; Stratech Scientific 464 

Ltd), 2 μM A83-01 (2939; Tocris Bioscience), 10 ng/mL murine EGF (PMG8043; Thermofisher 465 

Scientific) for as long as specified in the figure legends. 466 

 467 

Tgfbr2, Egfr, Areg CRISPR/Cas9 knockout 468 

To knock out TGFBR2, EGFR and AREG in PSCs, lenti-Cas9-Blast plasmids (52962; Addgene) 469 

were used. PSCs were infected and selected using 2 μg/mL blasticidin (A11139-03; Thermo 470 

Fisher Scientific). Single guide RNAs (sgRNA) were designed using Benchling and cloned into 471 

the LRGN (LentisgRNA-EFS-GFP-neo) plasmid. PSCs were plated as single clones in 96-well 472 

plates in the presence of geneticin (10131035; Thermo Fisher Scientific). Knockout was 473 

confirmed by western blot analysis or ELISA. sgRNAs against the Rosa26 locus were included 474 

to generate control (i.e. WT) PSCs. 475 

 476 

RTK assay 477 

PSCs were treated in Matrigel in 5%FBS DMEM with 20 ng/mL human TGFβ1 (T7039; Sigma) 478 

for 24 h. Phospho-RTK assays (ARY014; R&D Systems) were performed using 300 µg protein 479 

and following the Manufacturer’s instructions. 480 

 481 

Western blot analyses 482 

PSCs and organoids were harvested in Cell Recovery Solution and incubated rotating for 30 483 

minutes at 4C. Cells were pelleted and lysed in 0.1% Triton X-100, 15 mmol/L NaCl, 0.5 mmol/L 484 

EDTA, 5 mmol/L Tris, pH 7.5, supplemented with complete, mini protease inhibitors 485 

(11836170001; Roche) and a phosphatase inhibitor cocktail (4906837001; Roche). Cells were 486 

incubated on ice for 30 minutes before clarification. Standard procedures were used for western 487 

blotting. Primary antibodies used were HSP90α (07-2174; EMD Millipore), ACTIN (8456; Cell 488 

Signaling Technology), SMAD2 (5339; Cell Signaling Technology), pSMAD2/SMAD3 (8828; Cell 489 
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Signaling Technology), TGFBR2 (AF532; R&D Systems), ERBB2 (2165; Cell Signaling 490 

Technology), p-ERBB2 (2243; Cell Signaling Technology), EGFR (4267; Cell Signaling 491 

Technology), p-EGFR (3777; Cell Signaling Technology), CC3 (9664; Cell Signaling 492 

Technology). Proteins were detected using HRP-conjugated secondary antibodies (Jackson 493 

ImmunoResearch Laboratories). 494 

 495 

ELISA assays 496 

For ELISA of media, cultures were grown for 3 to 5 days. Media were collected and assayed 497 

using the manufacturer’s protocol. ELISA assays used were AREG (EMAREG; Thermo Fisher 498 

Scientific). 499 

 500 

Proliferation assays 501 

For proliferation assays of PSCs in Matrigel, 5,000 PSCs were plated in 52 μL of 50% Matrigel 502 

in PBS on white 96-well plates (136101; Thermo Fisher Scientific) and cultured in 100 μL of 503 

media as specified in the figure legends. PSC proliferation was followed for 5 days with CellTiter-504 

Glo (G7572; Promega) with measurements every 24 hours. 505 

 506 

Immunohistochemical and histological analyses 507 

Standard procedures were used for IHC. Primary antibodies for IHC were p-EGFR (ab40815; 508 

Abcam), αSMA (ab5694; Abcam) and SV40 T antigen (ab16879, Abcam). Hematoxylin (H-3404, 509 

Vector Lab) was used as nuclear counterstain. Hematoxylin and eosin and Masson’s trichrome 510 

stains were performed according to standard protocols. Brightfield images of tissue slides were 511 

obtained with an Axio Vert.A1 (ZEISS). Quantification of metastatic areas over total areas in lung 512 

and liver tissues from NSG mice was done with QuPath software42. Stained sections were 513 

scanned with Aperio ScanScope CS and analyzed using the ImageScope Positive Pixel Count 514 

algorithm. The percentage of collagen area was then determined by calculating the percentage 515 

of blue pixels relative to the entire stained area. To quantify αSMA, p-EGFR and SV40 IHC, the 516 

percentage of strong positive pixels was calculated relative to the entire section with the 517 

ImageScope software.  518 

 519 

Flow cytometry 520 
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Tumors were processed as previously described3. For flow-cytometric analysis of myCAF/iCAF 521 

populations, cells were stained for 30 minutes with anti-mouse CD31-PE/Cy7 (102418; 522 

BioLegend), CD45-PerCP/Cy5.5 (103132; BioLegend), CD326 (EPCAM)-AlexaFluor 488, 523 

PDPN-APC/Cy7, MHCII-BV785 (107645, Biolegend), Ly6C-APC (128015; BioLegend) and 524 

CD90-PE (ab24904, Abcam) for 10 minutes with DAPI. For flow-cytometric analysis of immune 525 

cell populations, cells were stained for 30 minutes with anti-mouse CD45-PerCP/Cy5.5 (103132; 526 

BioLegend), TCR-b-Alexa488 (109215, Biolegend), CD3e-Alexa488 (100321, Biolegend), CD8-527 

APC/Cy7 (100713, Biolegend), CD4-APC (100515, Biolegend), and for 10 minutes with DAPI. 528 

 529 

qPCR analyses 530 

RNA (1 μg) was reverse transcribed using TaqMan reverse transcription reagents (N808-0234; 531 

Applied Biosystems). qPCR was performed using gene-specific TaqMan probes (Applied 532 

Biosystems) and master mix (4440040; Applied Biosystems). Gene expression was normalized 533 

to Hprt. 534 

 535 

RNA-sequencing and single-cell RNA-sequencing analyses 536 

Samples were collected in 1 mL of TRIzol Reagent (15596018; Invitrogen). RNA was extracted 537 

using the PureLink RNA mini kit (12183018A; Invitrogen). RNA concentration was measured 538 

using a Qubit and RNA quality was assessed on a TapeStation 4200 (Agilent) using the Agilent 539 

RNA ScreenTape kit. mRNA library preparations were performed using 55 µL of 10 ng/mL per 540 

sample (RNA integrity number > 8). Illumina libraries were then sequenced on 1 lane of SP 541 

flowcell on NovaSeq6000. All RNA-seq data are available at the Gene Expression Omnibus 542 

(GEO) under the accession number GSE219180. Transcript counts were estimated using 543 

Salmon (version 1.4.0) against mouse reference genome GRCm38 (release 102) with default 544 

settings. Salmon estimated counts were summarized to gene level using the tximport package 545 

in RStudio for use with DESeq2. Protein coding genes with fewer counts than 25 were filtered 546 

out before differential expression analysis (DEA). DEA was performed using DESeq package 547 

(V2) with default parameters in R. Genes with adjusted P < 0.05 were selected as significantly 548 

changed between conditions. GSEA was performed using the GSEA program (Broad Institute) 549 

on the Hallmark gene sets (h.all.v7.4) and the C2 canonical pathway collection (C2.all.v7.4) 550 

downloaded from the Molecular Signatures Database (MSigDB). Genes were ranked by their P 551 
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values before submitted to GSEA for analysis. Heatmaps were plotted using Morpheus 552 

(Morpheus, https://software.broadinstitute.org/morpheus). The RNA-seq dataset of murine 553 

PDAC organoids is from Oni and Biffi et al41. Gene set variation analysis (GSVA)43 was 554 

performed on normalized gene expression using default parameters and the ‘’gsva’’ method on 555 

available data from TCGA PAAD and TCGA BRCA. Correlation analyses were performed on z-556 

scores of gene expression values or scaled GSVA scores of selected pathways using 557 

customized R scripts. The single-cell RNA-sequencing dataset of murine PDAC samples is from 558 

Elyada et al6.  559 

 560 

Statistical analysis 561 

GraphPad Prism software, Morpheus software (Broad Institute), customized R scripts and 562 

Jupyter notebooks were used for graphical representation of data. Statistical analysis was 563 

performed using paired or unpaired Student’s t-test for or non-parametric Mann-Whitney test. 564 

 565 

Resource availability 566 

Further information and requests for resources and reagents should be directed to and will be 567 

fulfilled by the lead contact, Giulia Biffi (Giulia.Biffi@cruk.cam.ac.uk).  568 

 569 

All unique/stable reagents generated in this study are available from the lead contact with a 570 

completed Materials Transfer Agreement. 571 

 572 

SUPPLEMENTARY FIGURE LEGENDS 573 

Figure S1. TGF-b and PDAC organoid-conditioned media induce ERBB activation in 574 

myCAFs. Related to Figures 1 and 2. (A) Western blot analysis of p-EGFR, EGFR, p-ERBB2 575 

and ERBB2 in human pancreatic stellate cells (PSCs) cultured for 24 h in Matrigel in control 576 

media (i.e. 5% FBS DMEM) with or without 20 ng/mL TGF-b. ACTIN, loading control. (B) 577 

Heatmap of scaled expression of Egfr and Erbb2 in different cell populations of pancreatic 578 

tumors of the KPC (KrasLSL-G12D/+; Trp53LSL-R172H/+; Pdx1-Cre) mouse model of PDAC (n=4), as 579 

analyzed by single-cell RNA-sequencing (scRNA-seq). Data are scaled such that the cluster 580 

with the lowest average expression = 0 and the highest = 1 for each gene. The dataset analyzed 581 

is from Elyada et al.6. (C) Heatmap of scaled expression of EGFR and ERBB2 in different cell 582 
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populations of human PDAC tumors (n=6), as analyzed by scRNA-seq. Data are scaled such 583 

that the cluster with the lowest average expression = 0 and the highest = 1 for each gene. The 584 

dataset analyzed is from Elyada et al.6. (D-F) Validation of Tgfbr2 KO PSCs. (D) Western blot 585 

analysis of TGFBR2 in murine Tgfbr2 wild-type (WT) and knock out (KO) (2 PSC lines, 5 clones 586 

from 3 different guide RNAs) PSCs cultured in monolayer in control media. ACTIN, loading 587 

control. (E) qPCR analysis of TGF-b signaling targets (Ctgf, Col1a1, Tgfb1) in murine Tgfbr2 WT 588 

and KO PSCs cultured for 4 days in Matrigel in control media with or without 20 ng/mL TGF-b. 589 

Results show mean ± standard error of mean (SEM) of 2-5 biological replicates per group. *, P 590 

< 0.05; ***, P < 0.001, paired Student’s t-test. (F) Proliferation curves of murine Tgfbr2 WT and 591 

KO PSCs cultured for 5 days in Matrigel in control media with or without 20 ng/mL TGF-b. Results 592 

show mean ±  standard deviation (SD) of 5 technical replicates per cell line. ***, P < 0.001, 593 

unpaired Student’s t-test calculated for the last time point. (G) Western blot analysis of p-EGFR, 594 

EGFR, p-SMAD2 and SMAD2 in murine PSCs cultured for 4 days in Matrigel in control media 595 

with or without 20 ng/mL TGF-b in the presence or absence of 2 µM A83-01 (TGFBR1 inhibitor, 596 

TGFBRi). ACTIN, loading control. (H) Heatmap of scaled expression of Tgfb1 in different cell 597 

populations of pancreatic tumors of the KPC mouse model of PDAC (n=4), as analyzed by 598 

scRNA-seq. Data are scaled such that the cluster with the lowest average expression = 0 and 599 

the highest = 1 for each gene. The dataset analyzed is from Elyada et al.6. (I) Heatmap of scaled 600 

expression of TGFB1 in different cell populations of human PDAC tumors (n=6), as analyzed by 601 

scRNA-seq. Data are scaled such that the cluster with the lowest average expression = 0 and 602 

the highest = 1 for each gene. The dataset analyzed is from Elyada et al.6. (J) RNA-seq 603 

expression of Tgfb1 in murine PDAC organoids derived from the KPC mouse model (n=21). 604 

Data are from Oni and Biffi et al.41. (K) GSEA of ERBB signature (i.e. 138 genes from 2B) in 605 

PSCs cultured for 4 days in Matrigel in control media with 20 ng/mL TGF-b compared to control 606 

PSCs. (L) GSEA of cholesterol biosynthesis in PSCs cultured for 4 days in Matrigel in control 607 

media with 20 ng/mL TGF-b compared to control PSCs. (M) Heatmap showing GSVA scores of 608 

pathways significantly positively correlated with the human myCAF signature in TCGA PAAD 609 

(n=168). The human myCAF signature is from Elyada et al.6. GSVA scores were scaled as z-610 

scores.  611 

 612 
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Figure S2. A TGF-b-induced autocrine amphiregulin signaling mediates EGFR activation 613 

in myCAFs. Related to Figure 3. (A) qPCR analysis of ERBB ligands (Hbegf, Areg, Ereg, Btc, 614 

Egf, Tgfa, Nrg1) and TGF-b signaling targets (Col1a1, Ctgf, Tgfb1) in PSCs cultured for 10 min, 615 

30 min, 1 h or 24 h in Matrigel in control media with 20 ng/mL TGF-b. Results show mean ± SEM 616 

of 4-6 biological replicates. *, P < 0.05; **, P < 0.01, ***, P < 0.001, paired Student’s t-test. (B) 617 

qPCR analysis of Hbegf in murine control (i.e unmodified), WT (i.e. Rosa26 KO), Tgfbr2 KO or 618 

Egfr KO PSCs cultured for 4 days in Matrigel in control media with or without 20 ng/mL TGF-b 619 

in the presence or absence of 1 µM Erlotinib (EGFRi), 300 nM Neratinib (ERBBi) or 2 µM A83-620 

01 (TGFBRi). Results show mean ± SEM of 3-11 biological replicates. *, P < 0.05; **, P < 0.01, 621 

***, P < 0.001, paired and unpaired Student’s t-test. (C-F) Validation of Egfr KO PSCs. (C) 622 

Western blot analysis of EGFR in murine Egfr WT and KO PSCs (2 PSC lines, 5 clones from 3 623 

different guide RNAs) cultured in monolayer in control media. ACTIN, loading control. (D) Bright 624 

field images of murine Egfr WT and KO PSCs cultured for 5 days in Matrigel in control media 625 

with or without 10 ng/mL EGF. Scale bars, 100 µm. (E) Proliferation curves of murine Egfr WT 626 

and KO PSC4 cultured for 5 days (120 h) in Matrigel in control media with 20 ng/mL TGF-b. 627 

Results show mean ±  SD of 5 technical replicates per cell line. **, P < 0.01, ***, P < 0.001, 628 

unpaired Student’s t-test calculated for the last time point. (F) Proliferation curves of murine Egfr 629 

WT and KO PSC5 cultured for 5 days (120 h) in Matrigel in control media with 20 ng/mL TGF-b. 630 

Results show mean ±  SD of 5 technical replicates per cell line. ***, P < 0.001, unpaired Student’s 631 

t-test calculated for the last time point. (G) Western blot analysis of p-EGFR, EGFR, p-ERBB2, 632 

ERBB2, p-SMAD2 and SMAD2 in murine PSCs cultured for 4 days in control media with or 633 

without 20 ng/mL TGF-b in the presence or absence of 1 µM Erlotinib (EGFRi) or 300 nM 634 

Neratinib (ERBBi). ACTIN, loading control. (H) Spearman’s correlation coefficients (R) between 635 

normalized gene expression of TGFB1 and normalized gene expression of myCAF markers 636 

(CTGF, GLI1, COL1A1 and ACTA2), HBEGF and AREG from human PDAC samples analyzed 637 

by bulk RNA-seq. Correlation analyses were performed on z-scores of gene expression values. 638 

Statistically significant correlations were only considered when P < 0.05. Data are from TCGA 639 

PAAD (n=168). (I) ELISA of AREG from media of murine Areg WT and KO PSCs cultured for 4 640 

days in Matrigel in control media with or without 20 ng/mL TGF-b. Results show mean ± SEM of 641 

2-3 biological replicates, respectively. **, P < 0.01; ***, P < 0.001, paired Student’s t-test. (J) 642 
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Western blot analysis of p-EGFR and EGFR in murine Areg WT and KO PSCs cultured for 24 h 643 

in Matrigel in control media with or without 20 ng/mL TGF-b. ACTIN, loading control. 644 

 645 

Figure S3. Inhibition of ERBB signaling impairs myCAF proliferation and signature in 646 

vitro. Related to Figure 4. (A) Proliferation curves of murine PSCs cultured for 5 days (120 h) 647 

in Matrigel in control media with or without 20 ng/mL TGF-b in the presence or absence of 1 µM 648 

Erlotinib (EGFRi). Results show mean ±  SD of 5 technical replicates. *, P < 0.05, ***, P < 0.001, 649 

unpaired Student’s t-test calculated for the last time point. (B) Western blot analysis of p-EGFR, 650 

EGFR, p-ERBB2 and ERBB2 in PSCs cultured for 4 days in Matrigel in control media, PDAC 651 

organoid CM or CM in the presence of 300 nM Neratinib (ERBBi) from day 0 (d0) or from day 3 652 

for the last 24 h (d3). HSP90 and ACTIN, loading controls. (C) Proliferation curves of murine 653 

PSCs cultured for 5 days (120 h) in Matrigel in control media, in PDAC organoid CM or in CM in 654 

the presence of 300 nM Neratinib (ERBBi) starting from 72 h for the last 48 h. Results show 655 

mean ±  SD of 5 technical replicates. ***, P < 0.001, unpaired Student’s t-test calculated for the 656 

last time point. (D) Proliferation curves of murine PSCs cultured for 5 days (120 h) in Matrigel in 657 

control media or in PDAC organoid CM in the presence or absence of 1 µM Erlotinib (EGFRi). 658 

Results show mean ±  SD of 5 technical replicates. **, P < 0.01; ***, P < 0.001, unpaired 659 

Student’s t-test calculated for the last time point. (E) GSEA of apoptosis signaling in PSCs 660 

cultured for 4 days in Matrigel in PDAC organoid CM with ERBBi compared to PSCs cultured in 661 

CM. The signature was not significantly altered. (F) Western blot analysis of p-EGFR and 662 

cleaved caspase 3 (CC3) in PSCs cultured for 4 days in Matrigel in control media, PDAC 663 

organoid CM or CM in the presence of 300 nM Neratinib (ERBBi). HSP90, loading control. (G) 664 

Selected pathways found significantly enriched or depleted (FDR < 0.25) by GSEA in PSCs 665 

cultured for 4 days with PDAC organoid CM following treatment with the JAK inhibitor (JAKi) 666 

AZD1480, which targets iCAFs3. The RNA-seq dataset analyzed is from Biffi et al.3. (H) 667 

Pathways found significantly enriched (FDR < 0.05) by DAVID analysis following ERBB inhibition 668 

in PSCs cultured for 4 days with PDAC organoid CM, as assessed by RNA-seq. (I) Bright field 669 

images of KPC PDAC organoids cultured for 4 days in control media with or without 300 nM 670 

ERBBi. Scale bars, 500 µm.  671 

 672 
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Figure S4. Inhibition of ERBB signaling targets myCAFs in vivo. Related to Figure 5. (A) 673 

Representative hematoxylin and eosin (H&E) stain in 2-week vehicle- and ERBBi- treated 674 

orthotopically grafted organoid-derived mouse models. Scale bars, 200 µm. (B) Representative 675 

p-EGFR IHC in 2-week vehicle- and ERBBi- treated tumors. Scale bars, 50 µm. (C) 676 

Quantification of p-EGFR stain in 2-week vehicle- (n=11) and ERBBi- (n=9) treated tumors. 677 

Results show mean ± SEM. *, P < 0.05, Mann-Whitney test. (D) Flow cytometric analysis of 678 

immune cells (CD45+ CD31-) from live singlets in vehicle- (n=11) and ERBBi- (n=8) treated 679 

tumors. Results show mean ± SEM. No statistical difference was found, as calculated by Mann-680 

Whitney test. (E) Flow cytometric analysis of total T cells, CD4+ T cells and CD8+ T cells from 681 

live singlets in vehicle- (n=11) and ERBBi- (n=8) treated tumors. Results show mean ± SEM. *, 682 

P < 0.05; **, P < 0.01, Mann-Whitney test. (F) Flow cytometric analysis of endothelial cells 683 

(CD31+CD45-), epithelial cells (CD45-CD31-EpCAM+) and CAFs (CD45-CD31-EpCAM-PDPN+) 684 

from live singlets in vehicle- (n=11) and ERBBi- (n=8) treated tumors. Results show mean ± 685 

SEM. No statistical difference was found, as calculated by Mann-Whitney test. (G) Schematic of 686 

flow cytometric strategy of PDAC CAF subtypes from 2-week vehicle- and ERBBi- treated 687 

orthotopically grafted PDAC tumors. (H) UMAP plots of the fibroblast cluster from PDAC tumors 688 

from KPC mice showing the iCAF, myCAF and apCAF clusters (left) and Thy1 (CD90) 689 

expression (right). scRNA-seq datasets were obtained from Elyada et al.6. (I) 690 

myCAF/(iCAF+apCAF) ratio from live singlets in vehicle- (n=11) and ERBBi- (n=8) treated 691 

tumors. Results show mean ± SEM. *, P < 0.05, Mann-Whitney test.  692 

 693 

Figure S5. ERBB-activated myCAFs promote local metastasis of PDAC. Related to Figure 694 

6. (A) Representative H&E stain in tumors derived from the transplantation of PDAC organoids 695 

with or without Egfr WT or Egfr KO PSCs. Scale bars, 200 µm. (B) Representative SV40 IHC in 696 

tumors derived from the transplantation of PDAC organoids with or without Egfr WT or Egfr KO 697 

PSCs. Scale bars, 50 µm. (C) Quantification of SV40 T antigen stain in tumors derived from the 698 

transplantation of PDAC organoids with or without Egfr WT or Egfr KO PSCs. Results show 699 

mean ± SEM of 23-25 biological replicates. ***, P < 0.001, Mann-Whitney test. (D) 700 

Representative Masson’s trichrome stain in tumors derived from the transplantation of PDAC 701 

organoids with or without Egfr WT or Egfr KO PSCs. Scale bars, 50 µm. (E) Quantification of 702 
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Masson’s trichrome stain in tumors derived from the transplantation of PDAC organoids with or 703 

without Egfr WT or Egfr KO PSCs. Results show mean ± SEM of 23-25 biological replicates. No 704 

statistical difference was found, as calculated by unpaired Student’s t-test. (F) Representative 705 

aSMA IHC in tumors derived from the transplantation of PDAC organoids with or without Egfr 706 

WT or Egfr KO PSCs. Scale bars, 50 µm. (G) Quantification of aSMA stain in tumors derived 707 

from the transplantation of PDAC organoids with or without Egfr WT or Egfr KO PSCs. Results 708 

show mean ± SEM of 23-25 biological replicates. No statistical difference was found, as 709 

calculated by unpaired Student’s t-test. (H) Flow cytometric analyses of immune cells 710 

(CD45+CD31-), endothelial cells (CD31+CD45-), epithelial cells (CD31-CD45-EpCAM+) and 711 

CAFs (CD45-CD31-EpCAM-PDPN+) from live singlets in tumors derived from the transplantation 712 

of PDAC organoids with or without Egfr WT or Egfr KO PSCs. Results show mean ± SEM (n=19-713 

20/cohort). *, P < 0.05, unpaired Student’s t-test. (I) myCAF/iCAF ratio from live singlets in 714 

tumors derived from the transplantation of PDAC organoids with or without Egfr WT or Egfr KO 715 

PSCs. Results show mean ± SEM (n=19-20/cohort). *, P < 0.05, Mann-Whitney test. (J) 716 

Quantification of metastatic burden (metastatic area/total area) in liver tissues of mice 717 

transplanted with PDAC organoids with or without Egfr WT or Egfr KO PSCs (n=24-25 718 

mice/cohort). No statistical difference was found, as calculated by Mann-Whitney test.  719 

 720 

Figure S6. EGFR activation occurs in myofibroblastic CAFs in various malignancies. (A) 721 

Heatmap showing GSVA scores of pathways positively correlated with the myofibroblastic matrix 722 

CAF (mCAF) signature in TCGA breast cancer BRCA (n=1100). The mCAF signature was 723 

derived from the murine breast cancer scRNA-seq dataset of Bartoschek et al.18 and converted 724 

into human genes prior analysis. GSVA scores were scaled as z-scores. (B) Spearman’s 725 

correlation coefficients (R) between normalized gene expression of TGFB1 and normalized gene 726 

expression of COL1A1, ACTA2, CTGF, GLI1 and AREG from tumor samples analyzed by bulk 727 

RNA-seq. Correlation analyses were performed on z-scores of gene expression values. 728 

Statistically significant correlations were only considered when P < 0.05. Data are from TCGA 729 

breast cancer BRCA (n=1100). (C) Spearman’s correlation coefficients (R) between normalized 730 

gene expression of TGFB1 and normalized gene expression of COL1A1, ACTA2, CTGF, GLI1 731 

and AREG from tumor samples analyzed by bulk RNA-seq. Correlation analyses were 732 

performed on z-scores of gene expression values. Statistically significant correlations were only 733 
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considered when P < 0.05. Data are from TCGA lung cancer LUAD (n=518). (D) qPCR analysis 734 

of Areg in murine pulmonary fibroblasts cultured for 4 days in Matrigel in control media with or 735 

without 20 ng/mL TGF-b. Results show mean ± SD of 5 technical replicates. *, P < 0.05, paired 736 

Student’s t-test. (E) Western blot analysis of p-EGFR and EGFR in mouse pulmonary fibroblasts 737 

(MPFs) cultured for 4 days in Matrigel in control media with or without 20 ng/mL TGF-b. ACTIN, 738 

loading control. (F) qPCR analysis of Dusp6 in murine pulmonary fibroblasts cultured for 4 days 739 

in Matrigel in control media with or without 20 ng/mL TGF-b. Results show mean ± SD of 5 740 

technical replicates. *, P < 0.05, paired Student’s t-test. 741 

 742 
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Figure 5
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