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Abstract 23 

Wnt signaling regulates the balance between stemness and differentiation in multiple 24 

tissues and in cancer. RNF43-mutant pancreatic cancers are dependent on Wnt production, and 25 

pharmacologic blockade of the pathway, e.g., by PORCN inhibitors, leads to tumor 26 

differentiation. However, primary resistance to these inhibitors has been observed. To elucidate 27 

potential mechanisms, we performed in vivo CRISPR screens in PORCN inhibitor-sensitive 28 

RNF43-mutant pancreatic cancer xenografts. As expected, genes in the Wnt pathway whose 29 

loss conferred drug resistance were identified, including APC, AXIN1, and CTNNBIP1. 30 

Unexpectedly, the screen also identified the histone acetyltransferase EP300 (p300), but not its 31 

paralog CREBBP (CBP). We found that EP300 is silenced due to genetic alterations in all the 32 

existing RNF43-mutant pancreatic cancer cell lines that are resistant to PORCN inhibitors. 33 

Mechanistically, loss of EP300 directly down-regulated GATA6 expression, thereby silencing 34 

the GATA6-regulated differentiation program and leading to a phenotypic transition from the 35 

classical subtype to the dedifferentiated basal-like/squamous subtype of pancreatic cancer. 36 

EP300 mutation and loss of GATA6 function bypassed the anti-differentiation activity of Wnt 37 

signaling, rendering these cancer cells resistant to Wnt inhibition.  38 
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Introduction 39 

Pancreatic cancer (pancreatic ductal adenocarcinoma, PDAC) is a lethal disease with a 5-40 

year survival of less than 10%. Most individuals with pancreatic cancer are diagnosed when 41 

they have locally advanced or distant metastatic disease, precluding the option of curative 42 

surgery (1). The remaining therapeutic modalities including systemic chemotherapy provide 43 

only limited survival benefits for these patients. 44 

Studies of the precursors of pancreatic cancer have identified RNF43 mutations in both 45 

neoplastic cysts of the pancreas (2, 3) and pancreatic intraepithelial neoplasia (PanIN) (4), and 46 

recent advances in genome sequencing have identified loss-of-function RNF43 mutations in 5-47 

10%  pancreatic cancers (5-8). RNF43 encodes a transmembrane E3 ubiquitin ligase that targets 48 

cell surface Wnt receptors, driving their internalization and degradation (9, 10). Inactivation of 49 

RNF43 increases the cell surface abundance of Wnt receptors such as Frizzleds (FZDs) and 50 

LRP5/6. These RNF43-mutant pancreatic tumors are therefore hypersensitive to and dependent 51 

on the ligand-activated Wnt signaling and can be pharmacologically targeted by upstream Wnt 52 

pathway inhibition. Small molecule PORCN inhibitors that block the biogenesis of Wnt ligands, 53 

as well as antibodies that block Wnt function, have been shown to inhibit tumor growth in 54 

preclinical models of RNF43-mutant pancreatic cancers (5) (11) and several have advanced 55 

into clinical trials (12). 56 

Wnt signaling plays a critical role in balancing stem cell maintenance with terminal 57 

differentiation in various normal tissues (13) as well as in cancers (12). Notably, in multiple 58 

preclinical models of Wnt-addicted cancers, Wnt inhibition promoted cancer cell 59 

differentiation and loss of cancer stemness rather than cell death (11, 14-18). While 60 

differentiation therapy can induce a durable response in selected patient populations, e.g. the 61 

hallmark success of treating acute promyelocytic leukemia (APL) by the combination of 62 

retinoic acid and arsenic (19), the response to Wnt pathway inhibition in RNF43-mutant cancer 63 

patients may be heterogeneous. For example, in the recently released Phase 1 clinical trial result 64 

of WNT974 (LGK974), a first-in-class PORCN inhibitor, while WNT974 successfully 65 

controlled disease progression in some cases, several other patients with RNF43 mutations did 66 

not respond or progressed within several weeks of treatment (20). Moreover, in preclinical 67 

studies, several pancreatic cancer cell lines with confirmed RNF43 inactivation were identified 68 

that were resistant to PORCN inhibition in cell culture (5). These results suggest that there is 69 

intrinsic or acquired resistance to upstream Wnt pathway inhibitors in RNF43-mutant 70 
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pancreatic cancers. Better understanding of these pathways may assist further patient 71 

stratification and improve clinical outcomes. 72 

Here, to identify mechanisms that confer resistance to upstream Wnt pathway inhibitors in 73 

RNF43-mutant pancreatic cancers, we performed in vivo CRISPR screens during PORCN 74 

inhibitor therapy in mice bearing RNF43-mutant pancreatic tumor xenografts. Validating the 75 

screen, several negative regulators of the Wnt/β-catenin signaling cascade were identified. 76 

Unexpectedly, we also identified EP300 (encoding the histone acetyltransferase p300) as a 77 

novel regulator of PORCN inhibitor sensitivity. Supporting its importance, we found that 78 

EP300 is inactivated in the pre-existing PORCN inhibitor-resistant RNF43-mutant pancreatic 79 

cancer cell lines. Mutation of EP300 differs from downstream Wnt pathway mutations that 80 

constitutively activate β-catenin signaling, because p300 loss confers resistance by mediating 81 

Wnt/β-catenin-independent tumor growth. Mechanistically, we find that p300 directly 82 

regulates GATA6 transcription. Loss of p300 down-regulates GATA6 expression, leading to a 83 

phenotypic switch from the classical to the basal-like/squamous subtype, and intrinsically 84 

blocking the GATA6-regulated differentiation program, thereby making the anti-85 

differentiation roles of Wnt signaling dispensable. This identifies a more general role for a 86 

p300/GATA6 axis in cancer and suggests that p300 and GATA6 status can be used to stratify 87 

RNF43-mutant pancreatic cancer patients to maximize the clinical benefits of PORCN 88 

inhibitors. 89 

 90 

Results 91 

Intrinsic resistance to PORCN inhibitors in some RNF43-mutant pancreatic cancers 92 

Previous studies have identified a panel of RNF43-mutant pancreatic cancer cell lines, 93 

several of which have primary resistance to PORCN inhibitors (Supplementary Fig. S1A) (5, 94 

21). We examined in depth Patu8988S and Patu8988T cells, sister cell lines that are derived 95 

from the same liver metastasis of a pancreatic cancer patient (22). They share the same driver 96 

mutations including RNF43 p.F69C, KRAS p.G12V, and TP53 pR282W, and these three genes 97 

underwent loss of heterozygosity (LOH) in both cell lines (23). The RNF43 pF69C mutation 98 

has been shown to be dominant negative (5). In a previous study, the PORCN inhibitor 99 

WNT974 potently suppressed the growth of Patu8988S cells but not the Patu8988T cells in 2D 100 

culture (5). We confirmed the differential response of these cell lines to Wnt inhibition in soft 101 
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agar assays using ETC-159, a structurally unrelated PORCN inhibitor also in clinical trials (Fig. 102 

1A). 103 

As cancer cells show differential pathway dependencies in vivo versus in vitro (18, 24) and 104 

Wnt-target genes are more robustly regulated in vivo versus in vitro (17), we wished to test if 105 

the differential anti-tumor efficacy of Wnt inhibition was also seen in mouse xenograft models. 106 

However, while both Patu8988S and Patu8988T cells formed small tumors when implanted 107 

subcutaneously into the flanks of immunodeficient NOD-scid gamma (NSG) mice, they failed 108 

to progress. We then implanted these cells orthotopically into the pancreas of NSG mice, better 109 

mimicking the tumor microenvironment. There, both Patu8988T and Patu8988S cells formed 110 

orthotopic tumors but only the Patu8988T tumors grew robustly, allowing us to study drug 111 

efficacy in this model (Fig. 1B). Consistent with the in vitro data, ETC-159 failed to suppress 112 

Patu8988T orthotopic tumor growth at a dose that substantially inhibited Wnt signaling (Fig. 113 

1B). Patu8988T cells behaved aggressively in the orthotopic model, as the mice developed 114 

ascites and liver metastasis, two common symptoms of human pancreatic cancer. ETC-159 115 

treatment did not mitigate these events (Fig. 1C and D). Furthermore, Patu8988T cell 116 

proliferation in both the primary tumors and the liver metastasis was not suppressed by PORCN 117 

inhibition, confirming the in vivo drug resistance of this cell line (Fig. 1E). 118 

Previous studies have shown that Wnt deprivation induces differentiation of RNF43-mutant 119 

pancreatic tumors (5, 11, 17). We therefore analyzed the tissue morphology of Patu8988S and 120 

Patu8988T tumors +/- ETC-159 treatment. The tumors derived from these two cell lines 121 

showed markedly different histology (Fig. 1F). Patu8988S tumors formed tubular structure 122 

with numerous lumina filled with mucins (Fig. 1E and G), consistent with the exocrine 123 

pancreatic origin. ETC-159 treatment led to significant changes in Patu8988S tissue 124 

morphology including increased lumen size and mucin expression and decreased 125 

nuclear:cytoplasmic ratio (Fig. 1F and 1G). This is similar to the tumor differentiation observed 126 

in other PORCN inhibitor-sensitive RNF43-mutant pancreatic tumors following Wnt inhibition 127 

(17). In contrast, Patu8988T tumors were solid tissues with mesenchymal features. ETC-159 128 

treatment did not change their histologic appearance (Fig. 1F). Mucin expression was not 129 

detected by Alcian blue staining in untreated tumors, and ETC-159 treatment did not induce 130 

mucin expression (Fig. 1G). In summary, Patu8988S cells formed differentiated tumors and 131 

Wnt inhibition further promoted that differentiation, whereas Patu8988T cells formed 132 

undifferentiated tumors that were resistant to Wnt inhibition-induced differentiation. 133 
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Failure to respond to upstream Wnt pathway inhibition could result from constitutive 134 

activation of downstream β-catenin signaling (25). We therefore analyzed Wnt-target gene 135 

expression in both Patu8988S and Patu8988T tumors +/- PORCN inhibition. ETC-159 potently 136 

suppressed AXIN2 and LGR5 expression in Patu8988S tumors, but surprisingly the basal 137 

expression level of these two Wnt-target genes was much lower in the Patu8988T tumors (Fig. 138 

1H). This suggests that Patu8988T cells are resistant to upstream Wnt inhibition because they 139 

have lost dependency on Wnt signaling, the initial driving force of tumorigenesis, through an 140 

unknown mechanism. 141 

In vivo CRISPR screens identified essential genes and tumor suppressors in RNF43-142 
mutant pancreatic cancer 143 

To identify mechanisms that mediate Wnt-independent growth of RNF43-mutant 144 

pancreatic cancers, we adapted an in vivo CRISPR screen approach we developed previously 145 

(18)(Fig. 2A). For in vivo screens, several factors limit the robust representation of all sgRNAs 146 

in a tumor, including the scale of the CRISPR library, the number of cells that can be injected 147 

in vivo, the percentage of tumor-initiating cells within the injected cell population, and the 148 

intra-tumor heterogeneity. Our previous study showed that a relatively small scale CRISPR 149 

library can be faithfully represented in subcutaneous xenografts of HPAF-II cells, a PORCN 150 

inhibitor-sensitive RNF43-mutant pancreatic cancer model (18). To identify genes whose loss 151 

affected PORCN inhibitor sensitivity, we designed and constructed four custom ~200-gene 152 

CRISPR lentiviral libraries with five sgRNAs per gene (Fig. 2B; Supplementary Table S1; 153 

please refer to Methods for more details). A fifth library, previously described (18, 26), that 154 

targeted 378 cancer-related genes was also included. For each CRISPR library, HPAF-II cells 155 

were transduced with the lentivirus library at a low multiplicity of infection (MOI = 0.3) to 156 

ensure that the majority of the transduced cells got only one sgRNA. The cells were then 157 

selected with puromycin, expanded in vitro, and subsequently implanted subcutaneously (107 158 

cells/injection) in NSG mice. After tumor establishment, the tumor-bearing mice were 159 

randomized into vehicle or ETC-159 treatment groups. Based on prior experience aiming for 160 

tumor growth inhibition of ~60-70% (18), 5 mg/kg ETC-159 daily by oral gavage was used for 161 

all five libraries while 10 mg/kg ETC-159 daily or every other day was used in two validation 162 

groups (Fig. 2A; Supplementary Fig. S2A). 163 

To determine the effect of knockout of these ~1200 genes on the cell fitness and response 164 

to PORCN inhibition, samples from each step in the protocol (Fig. 2A) were analyzed by deep 165 

sequencing to detect the frequency of all sgRNAs. Due to the small scale of our CRISPR 166 



  
Page 7 of 36 

libraries, for each sample the sgRNA read counts were normalized to the sum of all non-167 

targeting control sgRNAs. Correlation analysis showed variations occurred during the 168 

evolution of CRISPR library-carrying cell populations in vitro and in vivo but a high 169 

consistency of tumor replicates within each treatment group (Supplementary Fig. S3). This 170 

allowed a high-resolution statistical analysis of changes in sgRNA abundance. 171 

We first examined what happened to specific sgRNAs in the absence of drug treatment. 172 

Depletion or enrichment of specific sgRNAs in the transition from lentivirus library to cells in 173 

vitro and subsequently to vehicle-treated tumors identified essential genes and tumor 174 

suppressors, respectively (Fig. 2A). sgRNAs targeting the positive controls were largely 175 

depleted and the depletion pattern was highly consistent across different libraries, indicating 176 

the robustness of the screen (Supplementary Fig. S2B). ~15% of the ~1,200 curated genes in 177 

our CRISPR libraries affected HPAF-II cell fitness (Supplementary Table S2), but with diverse 178 

dependency patterns in vitro and/or in vivo (Supplementary Fig. S2C and D), highlighting the 179 

difference between in vitro and in vivo conditions as well as the advantages of in vivo CRISPR 180 

screens. Consistent with the Wnt-dependent nature of this cancer, many components of the 181 

Wnt signaling cascade were essential for the cell growth in vitro and in vivo (Fig. 2C). The 182 

extent of the dependencies was variable, which in some cases might be due to functional 183 

redundancy (e.g. DVL1 and DVL3). We also confirmed the previously reported singular 184 

dependency of these cancers on FZD5 expression (Fig 2C; Supplementary Fig. 2E) (11).  185 

Several negative regulators of the Wnt pathway were included in our libraries (Fig. 2D). 186 

Interestingly, knockout of genes encoding β-catenin destruction complex components, i.e. APC 187 

and AXIN1/2, did not accelerate cell proliferation, indicating that either the function of β-188 

catenin destruction complex has been completely inhibited or β-catenin-mediated transcription 189 

machinery has been saturated in RNF43-mutant pancreatic tumors. In contrast, knockout of 190 

CTNNBIP1 (a.k.a. ICAT, Inhibitor of β-catenin and TCF4), whose gene product prevents 191 

interaction between β-catenin and TCF factors (27), promoted the in vivo growth of HPAF-II 192 

cells, suggesting that the β-catenin/TCF interaction is a rate-limiting step in these cells. 193 

Moreover, knockout of ZNRF3, the homolog of RNF43, significantly promoted HPAF-II cell 194 

growth in vitro and in vivo. This could be via enhanced activation of the Wnt/STOP 195 

(stabilization of proteins) pathway that stabilizes MYC and cyclins (28) or via stabilization of 196 

additional oncogenic targets of ZNRF3 (9). Knockout of YAP/TAZ and their TEAD cofactors 197 

inhibited HPAF-II tumor cell proliferation, whereas knockout of their negative regulators SAV1 198 

and LATS1 promoted in vivo (but not in vitro) tumor growth (Fig. 2E). This highlights the 199 
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importance of Hippo-YAP pathway in RNF43-mutant pancreatic cancer and is consistent with 200 

the observation of YAP dependency in APC/CTNNB1-mutant colorectal cancers (29). 201 

In vivo CRISPR screens identified diverse PORCN-inhibitor resistance genes 202 

To identify genes whose loss affected ETC-159 sensitivity, we next compared the sgRNA 203 

distributions in vehicle- and ETC-159-treated tumors. The relative abundance of the bulk of 204 

the sgRNAs did not change significantly. However, several sgRNAs were robustly enriched in 205 

the ETC-159-treated tumors compared to vehicle-treated tumors, suggesting that knockout of 206 

these genes conferred resistance to PORCN inhibition (Fig. 2F and G). These included multiple 207 

negative regulators of the Wnt/β-catenin pathway, consistent with the on-target effect of the 208 

drug. For example, loss of ZNRF3 was enriched an additional ~2.2 fold in drug-treated 209 

compared to vehicle-treated tumors. This may be due to a further increase in the surface 210 

abundance of Wnt receptors, making the residual secreted Wnt ligands sufficient to maintain 211 

the active Wnt signaling in the presence of ETC-159. As expected, knockout of core β-catenin 212 

destruction complex components APC, AXIN1, and CSNK1A1 (encoding CK1α) (Fig. 2F and 213 

G), causing Wnt ligand-independent stabilization of β-catenin, conferred resistance to PORCN 214 

inhibition. Conversely, knockout of CSNK1A1 in the absence of ETC-159 treatment reduced 215 

the cell fitness (Supplementary Fig. S4B), consistent with the fact that CK1α has multiple 216 

substrates besides β-catenin (30, 31). Knockout of CTNNBIP1 and FBXW7 also conferred 217 

resistance, likely due to downstream activation of β-catenin/TCF transcriptional activity (27) 218 

and stabilization of Wnt/STOP targets (28, 32), respectively.  219 

We then asked whether mutation of these Wnt pathway genes was responsible for PORCN 220 

inhibitor resistance in RNF43-mutant pancreatic cancers. However, these negative regulators 221 

of the Wnt/β-catenin pathway were neither mutated nor silenced in the existing PORCN 222 

inhibitor-resistant RNF43-mutant pancreatic cancer cell lines (Supplementary Fig. S1A) based 223 

on genome, exome, and/or transcriptome sequencing results from public databases. AsPC-1 224 

cells do have a heterozygous dominant negative mutation p.R465C, a known hotspot (33), in 225 

FBXW7, which may explain the lower sensitivity of AsPC-1 cells to PORCN inhibitor 226 

(Supplementary Fig. S1B) (18). 227 

It was reported previously that activation of YAP signaling could bypass both β-catenin 228 

dependency in colorectal cancer (34) and KRAS dependency in pancreatic cancer (35). While 229 

YAP signaling clearly supported the proliferation of the RNF43-mutant pancreatic cancer (Fig. 230 

2E), the sgRNAs targeting YAP suppressors SAV1 or LATS1 were not further enriched by ETC-231 
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159 treatment (Fig. 2F), suggesting that YAP activation could not bypass Wnt dependency in 232 

RNF43-mutant pancreatic cancer. 233 

PORCN inhibitor-resistant RNF43-mutant pancreatic cancer cell lines harbor loss-of-234 
function genetic alterations in EP300 235 

In addition of the negative regulators of Wnt pathway, we observed significant enrichment 236 

of all five sgRNAs targeting EP300 in ETC-159-treated tumors (Fig. 2F and 2G), suggesting 237 

its loss conferred resistance to PORCN inhibition. EP300 encodes p300 protein, a histone 238 

acetyltransferase that acetylates lysines 18 and 27 of Histone 3 (H3K18Ac and H3K27Ac) in 239 

promoters and enhancers (36-39). Interestingly, while p300 shares high sequence identity and 240 

many substrates with its paralog CREBBP (encoding CBP), knockout of CREBBP did not cause 241 

drug resistance in our CRISPR screen (Fig. S4C). p300 has been described as a tumor 242 

suppressor (40, 41), although it is a co-activator for several transcription factors including the 243 

β-catenin/TCF complex (42). Notably, p300 activity has been implicated in resistance to 244 

doxorubicin in bladder and breast cancer (43, 44), but no role in bypassing Wnt/β-catenin 245 

signaling has been identified. 246 

To investigate whether the resistance to PORCN inhibitors observed in RNF43-mutant 247 

pancreatic cancer cell lines (Supplementary Fig. S1A) was due to loss of p300, we first used 248 

the Cancer Cell Line Encyclopedia (CCLE, (23)) gene expression database to analyze the 249 

transcript levels of both EP300 and CREBBP in a cohort of pancreatic cancer cell lines (Fig. 250 

3A). We found that while the PORCN inhibitor-sensitive RNF43-mutant lines (green dots) 251 

have mRNA levels of EP300 similar to the cohort average, the resistant lines (red dots) are all 252 

outliers with EP300 mRNA levels ~20-30% of the cohort average (Fig. 3A). In contrast, the 253 

mRNA level of CREBBP could not distinguish these two subsets. This observation was 254 

replicated in a dataset from an independent study (Supplementary Fig. S5) (45). We then 255 

assessed endogenous p300 protein abundance in our cell lines by immunoblotting. Strikingly, 256 

p300 protein was essentially absent in the PORCN inhibitor-resistant cell lines (Fig. 3B). We 257 

also analyzed the H3K27Ac abundance as a readout of p300 activity. There was no striking 258 

difference in H3K27Ac relative to total histone H3 abundance between the sensitive and 259 

resistant cell lines (Fig. 3B), suggesting that CBP maintained global H3K27Ac in the absence 260 

of p300. 261 

We examined if there were genetic alterations in EP300 in the resistant cell lines that might 262 

explain the decrease in mRNA and absent protein. Gayther et al. reported EP300 mutations in 263 

~3% of epithelial cancers and cell lines, including a small chromosome deletion in Patu8988T 264 
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cells (40). This deletion is also seen in a recently released whole genome sequencing (WGS) 265 

result of Patu8988T cells from CCLE (Fig. 3C; Supplementary Fig. S5B) (23). This genome 266 

deletion leads to the loss of three exons encoding the bromodomain of p300 and a frameshift 267 

(Fig. 3F). Analyzing our cells with primers surrounding this deleted region (Supplementary 268 

Fig. S5B), we found that this deletion is specific to Patu8988T and absent in the sister line 269 

Patu8988S that is sensitive to PORCN inhibition (Fig. 3D).  270 

To test if EP300 was mutant in other cell lines with primary PORCN-inhibitor resistance, 271 

we sequenced the EP300 gene in Panc10.05 cells. This identified a single nucleotide insertion 272 

in exon 28 of EP300 (Fig. 3E), consistent with both LOH and the report in CCLE database. 273 

This insertion leads to a premature stop codon that truncates p300 in the middle of the histone 274 

acetyltransferase (HAT) domain that very likely inactivates the enzyme (Fig. 3F). For PL45 275 

cells, there is no NGS data available, but they were derived from the same patient as Panc10.05. 276 

Indeed, Sanger sequencing showed that PL45 cells harbor the identical insertion as Panc10.05 277 

cells (Fig. 3E). Additionally, these three cell lines have lost the wildtype allele of EP300 due 278 

to LOH as revealed by PCR, gDNA sequencing (Fig 3C-E) and the CCLE copy number 279 

variation analysis (23). Consistent with the total loss of p300 function, Panc10.05 and 280 

Patu8988T cells are the only ones that do not tolerate CREBBP knockout in a panel of 281 

pancreatic cancer cell lines (Supplementary Fig. S5C). Taken together, these findings suggest 282 

that EP300 mutations acquired during tumor evolution cause both nonsense-mediated mRNA 283 

decay and the loss of functional p300 protein in the resistant cell lines.  284 

Loss of p300 mediated Wnt/β-catenin-independent tumor growth in RNF43-mutant 285 
pancreatic cancer 286 

To move from correlation to test a causal link between p300 loss and resistance to PORCN 287 

inhibition, as well as to study the underlying mechanism, we knocked out EP300 in HPAF-II 288 

cells using two independent sgRNAs (Supplementary Fig. S6A). Sequencing the target sites in 289 

both pools of cells demonstrated a high percentage of indels (Supplementary Fig. S6B and C). 290 

The pools of knockout cells were significantly less sensitive to two structurally unrelated 291 

PORCN inhibitors, ETC-159 and C59, in a 2D culture assay (Supplementary Fig. S6D), 292 

demonstrating that p300 loss confers resistance to the class of PORCN inhibitors rather than to 293 

one specific molecule. We subcloned a knockout line with a homozygous frameshift deletion 294 

in EP300 (Supplementary Fig. S6E) and complete loss of p300 protein (Fig. 4A). Global 295 

H3K27Ac abundance was not affected by EP300 knockout (Fig. 4A), consistent with the 296 

observation in the primary EP300-mutant cell lines (Fig. 3B). Moreover, to validate our initial 297 
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finding from CRISPR screens that CREBBP knockout did not confer PORCN inhibitor 298 

resistance, we knocked out CREBBP in HPAF-II cells with two independent sgRNAs 299 

(Supplementary Fig. S7A-C) and found that CBP depletion made HPAF-II cells even more 300 

sensitive to PORCN inhibitors (Supplementary Fig. S7D). 301 

To directly test the role of p300 in the in vivo response to PORCN inhibition, we implanted 302 

the control and EP300 knockout HPAF-II cells subcutaneously in NSG mice (Fig. 4B). While 303 

low dose ETC-159 treatment (5 mg/kg daily) showed a statistically significant ~75% inhibition 304 

of control tumor growth, it had a minimal and insignificant effect on the growth of EP300 305 

knockout tumors. The higher dose (15 mg/kg ETC-159 daily) treatment led to tumor shrinkage 306 

in both groups, but in the EP300 knockout group, all tumors regrew after 2-3 weeks. This 307 

differential response to PORCN inhibition was further supported by Ki67 staining (Fig. 4C). 308 

ETC-159 potently inhibited cell proliferation in the wildtype tumors, whereas in the EP300 309 

knockout tumors cell proliferation remained readily detectable at both dose levels. Thus, we 310 

conclude that loss of p300 confers resistance to PORCN inhibition. 311 

We further investigated if re-expressing wildtype EP300 in the existing RNF43/EP300-312 

mutant pancreatic cancer cell line was able to rescue the Wnt dependency. We generated PL45 313 

cells that stably express wildtype EP300 (Fig. 4D). While high-dose ETC-159 had no effect on 314 

the proliferation of parental PL45 cells, ETC-159 was able to suppress the growth of EP300 315 

re-expressing cells in a dose-dependent manner (Fig. 4E), supporting the model that EP300 316 

determines Wnt dependency in RNF43-mutant pancreatic cancers. We also attempted to test 317 

the in vivo drug sensitivity of the PL45 cell lines but the xenografts grew extremely slowly in 318 

mice, making them unsuitable for testing drug efficacy.  319 

Most of the genes we identified in the screen as conferring resistance to PORCN inhibition 320 

are core Wnt pathway genes whose knockout increases β-catenin signaling downstream of 321 

PORCN inhibition (Fig. 2F). However, p300 loss appears to cause resistance via a different 322 

mechanism. In HPAF-II tumors, the knockout of EP300 did not alter either β-catenin 323 

abundance or Wnt target gene expression (Fig. 4C and F). Importantly, Wnt target genes were 324 

equally repressed by ETC-159 treatment in control and EP300 knockout tumors (Fig. 4F). This 325 

suggests that the resistance to PORCN inhibition following EP300 knockout may result from 326 

loss of dependency on, rather than alternative activation of, Wnt/β-catenin signaling. Moreover, 327 

similar as in Patu8988T cells that lost active β-catenin signaling (Fig. 1H), Wnt target gene 328 

expression level was low in the PL45 parental cells but was up-regulated after EP300 re-329 

expression (Fig. 4G), consistent with the Wnt dependency only in p300 intact cells. 330 
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Down-regulation of GATA6 mediated p300 loss-dependent resistance to PORCN 331 
inhibition 332 

p300 is a histone acetyltransferase that controls gene expression. To explore which 333 

factors/pathways mediate p300 loss-induced resistance to PORCN inhibition, we performed 334 

transcriptome analysis of the EP300 knockout versus wildtype tumors. EP300 knockout 335 

affected a large portion of the transcriptome in the vehicle treated tumors (> 6000 differentially 336 

expressed (DE) genes, FDR < 0.1; ~2600 DE genes, FDR < 0.01) (Supplementary Fig. S8; 337 

Supplementary Table S3). While some of these DE genes could be direct targets of p300, the 338 

others could be regulated as secondary downstream events. To explore if there were direct 339 

network nodes that regulate these DE genes, we performed a transcription regulator binding 340 

enrichment analysis (46, 47). This identified 79 significantly enriched transcription regulators 341 

(FDR < 0.05) downstream of EP300, with p300 as one of the hits (Fig. 5A; Supplementary 342 

Table S4).  343 

GATA6 was one of the transcription factors prominently identified in the enrichment 344 

analysis (Fig. 5A). GATA6 is an essential factor in pancreatic development (48-53) and its 345 

expression levels differentiate major pancreatic cancer subtypes (54, 55). GATA6 expression 346 

level also positively correlates with the dependency on exogenous Wnts in the ex vivo culture 347 

of pancreatic tumor organoids (56, 57). Further validating the analysis, the expression of 348 

GATA6 and well-established GATA6 target genes (58-60)(Supplementary Fig. S9) was 349 

significantly reduced in the EP300 knockout HPAF-II tumors (Fig. 5B). Notably, GATA6 350 

protein abundance was also markedly reduced in the RNF43/EP300-mutant pancreatic cancer 351 

cell lines (Fig. 5C) and re-expressing p300 in EP300-mutant PL45 cells up-regulated GATA6 352 

expression (Fig. 5D). Interestingly, in an unrelated breast cancer cell line MCF7 expression of 353 

GATA6 also decreased upon EP300 knockdown (Supplementary Fig. S10A). However, the 354 

paralog CBP does not positively contribute to GATA6 expression, because in the CREBBP-355 

knockout HPAF-II cells the GATA6 expression level was slightly elevated (Supplementary Fig. 356 

S7E). Notably, the mRNA level of EP300 was up-regulated after CREBBP knockout 357 

(Supplementary Fig. S7E), which is a potential compensation mechanism between p300 and 358 

CBP. Therefore the elevated GATA6 expression could be a response to the up-regulation of 359 

p300 expression. Taken together, these data confirm a robust p300/GATA6 regulatory axis in 360 

multiple cell lines. 361 

We next used several approaches to test if GATA6 is an important effector of p300 in 362 

conferring PORCN inhibitor resistance. GATA6 knockout cells were generated 363 
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(Supplementary Fig. S10B) and implanted into NSG mice, who were then treated with a dose 364 

of ETC-159 that reproducibly produces ~75% tumor growth inhibition in HPAF-II cells (Fig 365 

4B) (18). Importantly, similar to what was seen in EP300 knockouts, ETC-159 treatment only 366 

minimally slowed down the GATA6 knockout tumor growth without reaching statistical 367 

significance, confirming that down-regulating GATA6 conferred resistance to PORCN 368 

inhibition (Fig. 4B; Fig. 5E). Conversely, we also examined if restoring GATA6 expression in 369 

EP300-mutant cells restored sensitivity to PORCN inhibitors. We stably expressed the short 370 

isoform of GATA6 (GATA6S) in EP300 knockout HPAF-II cells, restoring physiologic levels 371 

of GATA6 mRNA. Critically, this restored their sensitivity to ETC-159 in 2D culture (Fig. 5F). 372 

While GATA6S overexpression slowed the growth of EP300 knockout HPAF-II cells in vivo 373 

(Fig. 5G), it also restored their sensitivity to PORCN inhibition as revealed by the xenograft 374 

regression upon treatment (Fig. 5G). Similarly, overexpressing GATA6S in EP300-mutant 375 

PL45 cells markedly slowed down cell proliferation and sensitized PL45 cells to ETC-159 376 

treatment (Supplementary Fig. S11). Taken together, these results indicate that down-377 

regulation of GATA6 mediated the PORCN inhibitor resistance caused by p300 loss in RNF43-378 

mutant pancreatic cancers. 379 

To further validate the above findings in additional models, we also knocked out EP300 in 380 

CFPAC-1 cells, another RNF43-wildtype pancreatic cancer cell line dependent on Wnt 381 

signaling (18). EP300 knockout also decreased GATA6 expression in CFPAC-1 cells 382 

(Supplementary Fig. S10C). Moreover, low dose ETC-159 slowed down the growth of control 383 

CFPAC-1 tumors, while EP300 knockout and GATA6 knockout eliminated that effect 384 

(Supplementary Fig. S10D), again consistent with a role of the p300/GATA6 axis in Wnt 385 

pathway dependency. 386 

We further examined if the p300/GATA6 axis is involved in acquired resistance to PORCN 387 

inhibition. Mice bearing HPAF-II xenografts were daily treated with 15 mg/kg ETC-159, a 388 

treatment that potently suppressed tumor growth for more than one month (Supplementary Fig. 389 

S12A). However, after ~1.5 months on continuous daily dosing, almost all the ETC-159-treated 390 

tumors re-grew at a rate comparable to the vehicle-treated tumors (Supplementary Fig. S12A), 391 

indicating that drug resistance emerged. Notably, as all tumors of the ETC-159 treatment group 392 

re-grew at around the same time and at approximately the same rates, this is less likely due to 393 

genetic events (e.g., spontaneous mutations in APC) that activate downstream Wnt/β-catenin 394 

signaling. Indeed, the expression of Wnt target gene AXIN2 remained suppressed by ETC-159 395 

in these resistant tumors (Supplementary Fig. S12B), suggesting that these tumors lost their 396 
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dependency on Wnt/β-catenin signaling. Interestingly, we observed significant down-397 

regulation of mRNA levels of EP300 and the downstream effector GATA6 in these resistant 398 

tumors (Supplementary Fig. S12B), suggesting that these tumors might bypass Wnt 399 

dependency by down-regulating the p300/GATA6 axis. 400 

p300 maintains GATA6 expression via activating its promoter and an intronic 401 
enhancer 402 

We next investigated how p300 might regulate GATA6 expression. p300 is a transcriptional 403 

co-activator that acetylates Histone 3 in promoters and enhancers of active genes to maintain 404 

open chromatin and allow Pol II-dependent transcription (38, 39). ENCODE p300 ChIP-seq 405 

data demonstrated that p300 bound to specific domains in both the promoter and an intronic 406 

region of GATA6 (Fig. 6A). Notably, the peak in the intronic region was identified in two cell 407 

lines independently. Supporting a functional role as an enhancer, the sequence of this intronic 408 

region is highly conserved in vertebrates (Fig. 6A) and its H3K27Ac signal correlates well with 409 

the GATA6 expression levels both in diverse human pancreatic cancer cells and in mouse 410 

intestine during development (Supplementary Fig. S13A and B). As the readout of p300 411 

activity, we checked publicly available H3K27Ac ChIP-seq data from HPAF-II cells (Fig. 6A). 412 

The GATA6 promoter region is marked with strong H3K27Ac signaling, consistent with the 413 

active GATA6 expression. In addition, there is a H3K27Ac peak in the intronic region 414 

corresponding to the intronic p300 peak. Using the recently developed ‘CUT&RUN’ assay, we 415 

confirmed H3K27 acetylation in both the GATA6 promoter and putative enhancer and 416 

importantly, found that EP300 knockout in HPAF-II cells decreased these signals to that seen 417 

in the existing EP300-mutant Panc10.05 cells (Fig. 6B). Thus, p300 specifically acetylates the 418 

GATA6 promoter and enhancer, and knockout of p300 is not compensated by existing CBP.  419 

To investigate the function of this p300-bound, H3K27Ac-marked intronic region we 420 

cloned its sequence together with the GATA6 promoter into a luciferase reporter vector (Fig. 421 

6C). As expected, adding this intronic sequence significantly enhanced the activity of the 422 

GATA6 promoter in driving luciferase expression (Fig. 6D), confirming its role as a potential 423 

enhancer. Co-expressing p300 further boosted the transcriptional activity, validating the active 424 

involvement of p300 in supporting GATA6 transcription (Fig. 6D). Notably, co-expressing a 425 

p300 mutant harboring inactivating mutations in its HAT domain showed no add-on effect (Fig. 426 

6D), further highlighting the reliance on p300’s histone acetyltransferase activity in this 427 

process. 428 
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Loss of p300/GATA6 axis changes pancreatic cancer subtype and bypasses Wnt 429 
dependency 430 

The above data suggest that loss of p300 or GATA6 bypasses the requirement for β-catenin 431 

signaling in Wnt-addicted pancreatic tumors. GATA6 is a well-established master regulator of 432 

endoderm development and differentiation as well as pancreas organogenesis and homeostasis 433 

(48-53). In pancreatic tumors, GATA6 also promotes cancer cell differentiation and restricts 434 

cancer progression in part through maintaining features of the pancreatic lineage (60-63). 435 

Based on transcriptomic profiling, pancreatic tumors have been classified into two major 436 

subtypes: a classical subtype that consists of well/moderately-differentiated tumors associated 437 

with better disease progression and patient survival; and a basal-like/squamous subtype that 438 

consists of poorly-differentiated tumors with mesenchymal features and poorer outcome (7, 439 

64-67). Importantly, GATA6 is a robust marker that is highly expressed in the classical subtype 440 

and is almost absent in the basal-like subtype (54, 55). 441 

We examined if p300 loss and hence GATA6 suppression led to dedifferentiation in 442 

pancreatic cancer. Indeed, the expression levels of multiple differentiation-related lineage and 443 

epithelial genes trended downwards in EP300 knockout HPAF-II tumors (Fig. 7A). These 444 

down-regulated genes included several whose expression is low in the basal-like/squamous 445 

subtype, indicating a transition from the classical to the basal-like subtype after EP300 446 

knockout. Consistent with this, the expression of the classical subtype genes was low in the 447 

panel of RNF43/EP300-mutant cell lines compared to the RNF43-mutant cells with intact p300 448 

(Supplementary Fig. S14A). 449 

To further assess the subtype transition, we analyzed the tumor tissue histology (Fig. 7B 450 

and C). Wildtype HPAF-II tumors showed tubular structures in most of the regions, reflecting 451 

the nature of well-differentiated low-grade pancreatic tumors. In contrast, the number of lumina 452 

in EP300 knockout tumors was clearly reduced and these tumor cells tended to form solid 453 

multilayers with vague epithelial features (Fig. 7B and C). The histologic transition was more 454 

pronounced in GATA6 knockout tumors where well-organized epithelial tubular structures 455 

were rare and mesenchymal features were observed (Fig. 7B and C). A similar phenotypic 456 

transition was observed in CFPAC-1 cells after EP300 or GATA6 knockout both in vitro and 457 

in vivo (Supplementary Fig. S10E and F). Notably, the morphological differences in these 458 

isogenic tumors (Fig. 7C; Supplementary Fig. S10F) paralleled those observed between the 459 

Patu8988S and Patu8988T tumors (Fig. 1F). The PL45 (EP300-mutant) xenograft tumors 460 

similarly had  squamous/mesenchymal histology (Supplementary Fig. S14B). Taken together, 461 
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these results indicate that loss of p300 induced a phenotypic transition (dedifferentiation) of 462 

pancreatic cancer, mediated at least in part by the down-regulation of GATA6. 463 

Consistent with the anti-differentiation role of Wnt signaling, in wildtype HPAF-II tumors 464 

PORCN inhibition promoted the expression of TFF3 and AGR2 (Fig. 7D), two well-established 465 

differentiation markers. Importantly, EP300 knockout significantly mitigated this effect (Fig. 466 

7D), suggesting a blockade of the differentiation program. Moreover, GATA6 knockout 467 

phenocopied what we observed in the EP300 knockout tumors +/- ETC-159 (Fig. 7D), 468 

consistent with the p300/GATA6 axis. Overall, in the presence of wildtype p300, GATA6 469 

expression is maintained and the GATA6-induced differentiation (probably coordinated by 470 

additional lineage-specific factors (68)) is antagonized by and requires Wnt signaling. In the 471 

absence of p300, GATA6 expression decreases, leading to dedifferentiation and the loss of 472 

dependency on Wnt signaling for tumor maintenance (Fig. 7E). 473 

Notably, while silencing of the p300/GATA6 axis led to down-regulation of the classical 474 

subtype gene signature (Fig. 7A and Supplementary Fig. S14A) and tumor morphological 475 

changes showing squamous features (Fig. 1F; Fig. 7B and C; Supplementary Fig. S14B), we 476 

did not observe consistent changes in the basal-like subtype signature genes after EP300 477 

knockout in HPAF-II tumors by our RNA-seq. This pattern was also seen when we compared 478 

the existing RNF43/EP300-mutant pancreatic cancer cell lines with the EP300-wiltype cell 479 

lines (Supplementary Fig. S15A). Several other factors besides GATA6 have been implicated 480 

in regulating subtype switches. Thus, depletion of KDM6A (69), activation of GLI2 or YAP1 481 

signaling (70, 71), and overexpression of TP63 (72) have been reported to contribute to the 482 

basal-like subtype in pancreatic cancer. However, these factors are not related to the Wnt-483 

independency phenotype in RNF43-mutant pancreatic cancer, since sgRNAs targeting KDM6A 484 

or negative regulators of GLI2 or YAP1, i.e., PTCH1, LATS1, and SAV1, were not enriched in 485 

ETC-159 versus vehicle-treated tumors (Fig. 2F and Supplementary Fig. S15B) in our initial 486 

CRISPR screens. Furthermore, the expression levels of these factors and their regulators are 487 

similar between the drug-sensitive and the drug-resistant cell lines (Supplementary Fig. S15C). 488 

The lack of up-regulation of the basal subtype genes in EP300-mutant cancers suggests this 489 

represents a distinct subclass of the basal-like/squamous subtype. 490 

Wnt/β-catenin signaling is low in basal-like/squamous subtype pancreatic tumors   491 

While genetic alterations in EP300 occur in < 2% of treatment-naïve pancreatic tumors, 492 

co-occurrence of EP300 and RNF43 mutations has been observed in resected pancreatic tumors 493 
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(6-8). For example, in a library of patient-derived pancreatic tumor organoids (56), one RNF43-494 

mutant organoid line, PC43, grew independent of Wnt signaling. Inspection of the whole 495 

exome sequencing and gene expression data from this study demonstrates that indeed PC43 496 

harbors both a frameshift mutation and a missense mutation in EP300 as well as low expression 497 

of GATA6. These observations in clinical samples are consistent with a key role of the 498 

p300/GATA6 axis in determining Wnt dependency. 499 

We speculated that there is a general Wnt dependency in the classical subtype of pancreatic 500 

cancer, a subset of which are hyper-Wnt-addicted due to RNF43 mutations. Consistent with 501 

this, the Sato and Clevers labs reported that the GATA6-high classical subtype tumor cells from 502 

RNF43-wildtype pancreatic cancers rely on Wnts to grow as organoids ex vivo. Conversely, 503 

GATA6-low basal-like/squamous subtype tumor organoids grow ex vivo independent of Wnt 504 

signaling (56, 57). This raises the question of where the Wnts in the cancers come from, the 505 

cancer cells or the tumor microenvironment. We classified the source of the Wnts using 506 

publicly available single cell RNA-seq data from pancreatic cancers (Fig 8A, left panel; 507 

Supplementary Fig. S16) (73). We examined the expression of these Wnts and Wnt/β-catenin 508 

target genes in treatment-naïve pancreatic cancers where transcriptomic data are available (7). 509 

These cancers fall into the two main subtypes as before, with clear differential expression of 510 

the lineage factors GATA6 and HNF4A (Fig. 8A, right panel). Interestingly, the detectable Wnt 511 

ligands showed three distinct expression patterns (Fig. 8A; Supplementary Fig. S17). WNT2 512 

and WNT2B produced by the tumor microenvironment had high expression in the classical 513 

subtype tumors but low expression in the squamous subtype. Conversely, the cancer cell-514 

derived WNT7A, WNT7B, and WNT10A and stromal WNT3 and WNT9A were highly expressed 515 

in the squamous subtype. These two groups of Wnts, of stromal and cancer cell origin were 516 

found by Seino et al. to be able to support ex vivo pancreatic organoid growth (56). A third 517 

group of Wnts, including WNT4, WNT5A, WNT5B, and WNT11, had similar expression levels 518 

in the two subtypes (Supplementary Fig. S17), but did not have the ability to support organoid 519 

growth (56).  520 

We asked if the expression of the different Wnts correlated with active Wnt/β-catenin 521 

signaling in the cancers. Importantly, while both subtypes of tumors had their own 522 

preferentially expressed Wnt ligands, only the classical subtype tumors with WNT2 and 523 

WNT2B expression appeared to have active β-catenin-driven transcription events, as evidenced 524 

by the high expression of well-established Wnt/β-catenin target genes such as AXIN2 and LGR5 525 

(Fig. 8A and Supplementary Fig. S18). Conversely, the cancers with high cancer cell-derived 526 
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Wnts in the squamous subtype had low expression of Wnt target genes. This data is consistent 527 

with functional Wnt/β-catenin signaling being present only in the classical subtype pancreatic 528 

tumors. 529 

It was curious that GATA6-low squamous tumors had high levels of a subset of Wnts 530 

(WNT3, WNT7A, WNT7B, WNT9A, and WNT10A) yet these tumors were Wnt-independent and 531 

resistant to PORCN inhibition. We therefore carefully examined the dynamics of expression 532 

of these Wnts. Previously we reported the transcriptomic dynamics of HPAF-II orthotopic 533 

xenografts in response to Wnt inhibition (17). Because the stroma in this model came from the 534 

mouse pancreas, we could assess by the sequence of the transcripts which Wnts were made in 535 

murine microenvironment and which in the human cancer cells (Fig. 8B). Interestingly, we 536 

found both positive and negative feedback loops. Inhibiting Wnt signaling down-regulated the 537 

transcription of stromal Wnt2 but up-regulated the transcription of stromal Wnt9a and epithelial 538 

WNT7A and WNT7B (Fig. 8C). This is consistent with the trend observed in the clinical samples 539 

(Fig. 8A) that Wnt/β-catenin-high classical subtype tumors have higher expression of stromal 540 

WNT2 whereas Wnt/β-catenin-low squamous subtype tumors have higher expression of 541 

epithelial WNT7A and WNT7B and stromal WNT9A (Fig. 8D). Stromal Wnt5a, the Wnt that is 542 

highly expressed in both subtypes with no difference, did not respond to ETC-159 (Fig. 8C). 543 

While the underlying mechanisms remain to be studied, it suggests that the high expression of 544 

certain Wnts like WNT7A and WNT7B in the squamous subtype tumors is a response to the low 545 

Wnt/β-catenin signaling status and these Wnts, unlike WNT2 and WNT2B, are not sufficient to 546 

drive β-catenin signaling in the tumors (Fig. 8D). 547 

Our data suggest a p300/GATA6 differentiation axis, where loss of this axis leads to tumor 548 

dedifferentiation. Cancer cell dedifferentiation is closely associated with metastasis (74, 75). 549 

Indeed, in our study the established EP300-mutant GATA6-low cell lines Patu8988T and PL45 550 

formed numerous metastases in vivo (Fig. 1C and D; Supplementary Fig. S14B), consistent 551 

with the reported antimetastatic role of GATA6 in preclinical models of pancreatic cancer and 552 

the reduced GATA6 expression level in metastases of pancreatic cancer patients (62, 63). 553 

Similarly, when we analyzed a recently released dataset of pancreatic primary cancers and 554 

matched liver metastases (76), we saw down-regulation of both GATA6 expression and Wnt/β-555 

catenin signaling in the liver metastases (Fig. 8E). These further validate the loss of GATA6 556 

signaling and Wnt/β-catenin signaling during the progression of human pancreatic cancers. 557 

 558 
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Discussion 559 

Activation of the Wnt/β-catenin pathway by diverse mechanisms supports the progression 560 

of many cancers. Increasingly effective approaches to target this pathway are being developed. 561 

Here we examined why some RNF43-mutant pancreatic tumors are insensitive to Wnt pathway 562 

inhibition, using a potent drug currently in clinical trials. In vivo CRISPR screens identified 563 

well-known downstream regulators of Wnt/β-catenin signaling as potential causes of drug 564 

resistance, but in addition identified a p300/GATA6 differentiation axis. Loss of p300 led to 565 

loss of GATA6 expression, dedifferentiation of the cancers, and a molecular subtype switch. 566 

These dedifferentiated tumors no longer relied on Wnt/β-catenin signaling to maintain 567 

stemness and prevent differentiation. These findings are consistent with the resistance to 568 

PORCN inhibitors of RNF43/EP300-mutant pancreatic cancer cells that show squamous 569 

features. 570 

Of note, a previous study found that in ex vivo culture of pancreatic tumor organoids, down-571 

regulation of GATA6 promoted the expression of cancer cell-derived Wnt ligands, i.e., WNT7B, 572 

making some of these organoids “exogenous Wnt”-independent (56). However, this “enhanced 573 

autocrine” model could not explain the complete Wnt/β-catenin independence they observed 574 

in a panel of GATA6-low organoids (termed “WRi” in the study) (56). Their findings of 575 

PORCN inhibitor resistance are consistent with the EP300-mutant GATA6-low cell lines we 576 

describe here. We propose instead, based on our prior work that Wnt inhibition drives an 577 

increase in cancer cell-derived Wnt production (Fig. 8C), that the elevated expression of 578 

several Wnts in the GATA6-low pancreatic tumors (Fig. 8A) is due to a compensatory feedback 579 

response, reacting to the loss of Wnt/β-catenin signaling. 580 

p300 and CBP have diverse targets and are well-known co-activators of the β-catenin/TCF 581 

transcriptional machinery. However, our short-term EP300 knockout did not decrease the 582 

expression of β-catenin target genes (Fig. 4D), reflecting perhaps the redundancy with CBP. 583 

The loss of Wnt/β-catenin activity seen in the existing RNF43/EP300-mutant cancer cell lines 584 

(Fig. 1H; Fig. 4G) is likely due to the loss of any selective pressure to maintain Wnt signaling 585 

in these cells once p300 is mutated. p300 and CBP share high sequence homology and regulate 586 

many, but not all, target genes redundantly (77). Interestingly, only p300, but not CBP, was 587 

identified from our CRISPR screens and was inactivated in the existing PORCN inhibitor 588 

resistant cell lines, highlighting a specific role of p300 in determining Wnt dependency. Why 589 

CBP cannot replace p300 in sustaining GATA6 expression requires additional study. The 590 
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transcription factor(s) that recruit p300 (but perhaps not CBP) to the GATA6 locus await further 591 

characterization. 592 

While active Wnt signaling is found in many cancers (78), our data suggests there may be 593 

a selective advantage to bypass Wnt signaling during pancreatic cancer evolution. For example, 594 

in the Patu8988T orthotopic xenograft model, Wnt inhibition even slightly promoted the tumor 595 

growth (Fig. 1B). The situation may be similar in colorectal cancers, where β-catenin activation 596 

via APC mutation is common. The subtype of colorectal cancers (CMS2) with highest Wnt 597 

signaling activation shows epithelial differentiation and has the best clinical outcome, whereas 598 

the subtype (CMS4) with lowest Wnt signature has mesenchymal and metastatic features and 599 

the poorest prognosis (79). Likewise, in a model system, LGR5-negative (i.e., with low Wnt 600 

signaling) colorectal cancer cells with high plasticity were found to drive metastasis (80). Thus, 601 

while active Wnt signaling maintains the stemness of cancer cells, it may also restrict them to 602 

the epithelial lineage. Evading the dependency on Wnt signaling, for example, by bypassing 603 

the intrinsic GATA6-mediated differentiation program, might drive cancer progression, 604 

invasion, and metastasis. 605 

The roles of GATA6 in regulating differentiation in normal pancreas and pancreatic cancer 606 

are well established (48-53). How GATA6 expression is regulated is less well understood. The 607 

GATA6 genomic locus is hypermethylated in the GATA6-low basal-like pancreatic tumors (7), 608 

although this may be a late event that reinforces rather than establishes GATA6 silencing (81-609 

83). Here we report that p300 directly regulates GATA6 transcription. Loss of p300 down-610 

regulated the abundance of H3K27Ac at the GATA6 promoter and an intronic enhancer, and 611 

decreased GATA6 expression by ~50%. This decrease in GATA6 mRNA largely blocked 612 

GATA6 activity (Fig. 5B), which could be due to the reported sensitivity of GATA6 to 613 

haploinsufficiency (49, 53). Notably, given that the frequency of genetic alterations in EP300 614 

is < 2% in treatment-naïve pancreatic tumors, there are likely to be additional mechanisms 615 

regulating GATA6 expression in basal-like tumors that may be dependent or independent of 616 

p300.  617 

It is notable that despite changes in GATA6 expression between the classical and basal-like 618 

subtypes, there is no change in the EP300 mRNA level (Supplementary Fig. S18A). We 619 

speculate that the above-mentioned hypermethylation of the GATA6 genomic locus renders 620 

that locus becomes insensitive to p300. While we focused on GATA6 in this study, several 621 

other lineage-related transcription factors (68), e.g. EHF, ELF3, HNF4A, and KLFs, likely also 622 
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contributed to the differentiation regulation, and form an interconnected regulatory network 623 

together with GATA6 (Fig. 5A; Fig. 7E) to control subtype transition. 624 

Last but not least, our findings provide a rationale for using p300 and GATA6 expression 625 

status to further stratify patient selection in RNF43-mutant pancreatic cancers to maximize the 626 

clinical efficacy of Wnt inhibitors. The loss of p300/GATA6 axis, by causing dedifferentiation, 627 

may cause resistance to other chemotherapeutic agents as well. In addition, complementary to 628 

the reported synthetic lethality of targeting p300 in CREBBP-mutant cancer cells (84), the 629 

synthetic lethality of targeting CBP in EP300-mutant cases offers a potential alternative 630 

therapeutic opportunity for these patients. 631 

 632 

Methods 633 

Please refer to Supplementary Methods for experimental details. The raw RNA-seq data 634 

have been deposited in the NCBI’s Gene Expression Omnibus (GEO) database under 635 

GSE183893. 636 

Statistics 637 

Statistical analysis was performed using R or GraphPad. A p value of less than 0.05 was 638 

considered significant. For CRISPR screen and RNA-seq analysis, an FDR of less than 10% 639 

was considered significant. For transcription regulator binding enrichment analysis, an FDR of 640 

less than 5% was considered significant. 641 
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Figure 1. Intrinsic resistance to PORCN inhibitors in some RNF43-mutant pancreatic 877 

cancers. 878 

(A) PORCN inhibitor ETC-159 suppressed colony formation of Patu8988S cells but not 879 

Patu8988T cells in soft agar. Representative images and quantification of colony count from 880 

three experiments (represented by different symbols) each with biological duplicates are shown. 881 

(B) Patu8988T orthotopic xenografts are resistant to ETC-159. Patu8988T cells stably 882 

expressing luciferase were injected into the pancreas of NSG mice. Three weeks later, tumor-883 

bearing mice were randomized into two groups (n = 6/group) and treated with vehicle or 15 884 

mg/kg ETC-159 once every day (q.d.). Tumor progression was monitored by measuring 885 

luciferase activity weekly. Sequential images from two representative mice and luminescence 886 

quantification (mean ± SEM) for all mice are shown. p value of two-tailed unpaired t-test for 887 

tumor luminescence between vehicle and ETC-159 arms at the last time point is shown.  888 

(C, D) ETC-159 did not reduce the development of ascites and liver metastasis in Patu8988T 889 

orthotopic xenograft model. (C) Frequency of mice with ascites or liver metastasis at the end 890 

of study in (B). (D) Representative gross images of mouse liver with metastasis and H&E 891 

staining of the liver sections. 892 

(E) Ki67 staining of sections of primary Patu8988T orthotopic tumors and liver metastasis. 893 

The percentage of Ki67 positive cells (mean ± SD) is shown on top of the images. 6 regions 894 

from primary tumors of 2 mice per group and 10 liver metastases per group were quantified. 895 

(F, G) H&E staining (F) and Alcian Blue (pH 2.5) mucin staining (G) of sections of Patu8988S 896 

and Patu8988T orthotopic tumors. 897 

(H) Relative mRNA abundance of Wnt target genes AXIN2 and LGR5 determined by RT-qPCR 898 

(mean ± SD). Orthotopic tumors from three mice per group were analyzed, with technical 899 

replicates for each sample.  900 
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Figure 2. In vivo CRISPR screens identified genes whose loss caused resistance to PORCN 901 

inhibition. 902 

(A) Schematic representation of CRISPR screens in RNF43-mutant pancreatic cancer model. 903 

Please refer to the text for detailed description. 904 

(B) Custom small-scale sgRNA libraries were designed and constructed for in vivo CRISPR 905 

screens. GPCR, G protein-coupled receptor; NHR, nuclear hormone receptor; DUB, 906 

deubiquitylase; Hh, Hedgehog. Wnt-regulated genes were selected from differentially 907 

expressed genes upon ETC-159 treatment in HPAF-II tumors (17). 908 

(C-E) Change of the abundance of sgRNAs targeting Wnt and Hippo pathways. The values 909 

indicated are the relative median abundance of all the five sgRNAs targeting a specific gene. 910 

The values are set to 100 for all genes in the lentivirus libraries. 911 

(F, G) In vivo CRISPR screens identified genes loss of which conferred resistance to PORCN 912 

inhibitor ETC-159 in RNF43-mutant pancreatic cancer. (F) The frequency distribution of each 913 

sgRNA abundance ratio (Log2 Fold Change) in ETC-159 (5 mg/kg q.d.) treated tumors versus 914 

vehicle treated tumors is shown on the top. The overall frequency distribution of all sgRNAs 915 

corresponds to the grey color shown in the bottom panels. For a specific gene, all the five 916 

sgRNAs are shown in the bottom panels. Red line or orange line indicate p value calculated by 917 

MAGeCK for that specific sgRNA < 0.05 or > 0.05, respectively. The gene level sgRNA 918 

enrichment FDRs calculated by MAGeCK are shown next to the panels. 919 

(G) Individual sgRNA read count change in all the samples for representative hits shown in F. 920 

For each gene, the five sgRNAs are shown. For each sgRNA, its read count in the lentivirus 921 

library is normalized to 100. Each dot represents the read count in an individual tumor (n = 6).  922 
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Figure 3. PORCN inhibitor-resistant RNF43-mutant pancreatic cancer cell lines harbor 923 

loss-of-function genetic alterations in EP300. 924 

(A) mRNA levels of EP300 and CREBBP in a cohort of pancreatic cancer cell lines. The 925 

log2RMA values of EP300 and CREBBP were extracted from the gene expression database of 926 

CCLE for pancreatic cancer cell lines. Each dot represents an individual cell line. RNF43-927 

mutant cell lines are labelled as green dots for PORCN inhibitor-sensitive ones and as red dots 928 

for resistant ones. 929 

(B) p300 protein and H3K27Ac abundance in a panel of RNF43-mutant pancreatic cancer cell 930 

lines. 931 

(C) Visualization of the genomic deletion in the EP300 locus in Patu8988T cells. Patu8988T 932 

WGS data from SRX5466648 (23) was visualized using the Integrative Genomics Viewer 933 

(IGV). A zoom-in view of the deleted region provided in Supplementary Fig. S5B. 934 

(D) The deletion in EP300 locus is specific to Patu8988T and absent in the sister line 935 

Patu8988S. Primers flanking the deleted region (labelled in Supplementary Fig. S5B) were 936 

used to amplify the genomic DNA from Patu8988T or Patu8988S cells. The expected PCR 937 

amplicon from wildtype is 8362 bp. 938 

(E) A single nucleotide insertion in EP300 exon 28 led to frameshift and premature stop codon 939 

in Panc10.05 and PL45 cells. Genomic DNA from Panc10.05, PL45, and Patu8988S (as 940 

wildtype control) was PCR amplified. The amplicon was purified and subject to Sanger 941 

sequencing. 942 

(F) The domain architecture of p300 (85). Bromo, bromodomain; HAT, histone 943 

acetyltransferase domain. The effects of genetic alterations in Patu8988T, Panc10.05, and 944 

PL45 on p300 protein are labelled above the architecture illustration.  945 
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Figure 4. Loss of p300 mediated Wnt/β-catenin-independent tumor growth in RNF43-946 

mutant pancreatic cancer. 947 

(A) p300 protein was undetectable in EP300 knockout HPAF-II tumors while the global 948 

H3K27Ac was not affected. Each lane represents an independent tumor. HPAF-II NTC, HPAF-949 

II transduced with a non-targeting control sgRNA. 950 

(B) EP300 knockout HPAF-II tumors were less sensitive to PORCN inhibitor. HPAF-II NTC 951 

or EP300 knockout cells (Supplementary Fig. S6E) were subcutaneously injected into NSG 952 

mice. Tumor-bearing mice were treated with vehicle, 5 mg/kg, or 15 mg/kg ETC-159 q.d. (n = 953 

7-8 tumors/arm) 8 days post-injection. Figures show mean + SEM. p values of two-tailed 954 

unpaired t-test between vehicle and 5 mg/kg ETC-159 arms at time of sacrifice are shown. 955 

(C) Ki67 and β-catenin staining of tumor sections from B. 956 

(D, E) Re-expressing wildtype EP300 in RNF43/EP300-mutant PL45 cells rescued the Wnt 957 

dependency. (D) mRNA abundance was assessed by RT-qPCR using primers that detected 958 

both endogenous and exogenous EP300 (n = 3 technical replicates). (E) Low-density growth 959 

of the indicated cells was assessed in DMSO (0.1% v/v) or a concentration gradient of ETC-960 

159 for ~2 weeks. The cell viability was measured by crystal violet staining and plotted as 961 

mean ± SD (n = 3 biological replicates). p values of two-tailed unpaired t-test between PL45 962 

and PL45+p300 arms are shown. 963 

(F) Short-term EP300 knockout did not affect the activity nor sensitivity of the Wnt/β-catenin 964 

pathway. Orthotopic xenografts of HPAF-II NTC or EP300 knockout cells were treated with 965 

vehicle, 5 mg/kg, or 15 mg/kg ETC-159 q.d. for 3 days. Tumors were harvested 8 hours after 966 

the last dose and gene expression was analyzed by RNA-seq. Each dot represents an 967 

independent tumor.  968 

(G) Re-expressing wildtype EP300 in PL45 cells up-regulated Wnt target genes. mRNA 969 

abundance was determined by RT-qPCR (n = 3-4 technical replicates).  970 
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Figure 5. Loss of p300 down-regulated GATA6 signaling that determined Wnt 971 

dependency.  972 

(A) Transcription regulator binding enrichment analysis of DE genes. The top 30 enriched 973 

transcription regulators are shown. Bars represent the enrichment score. 974 

(B) EP300 knockout reduced the expression of GATA6 and GATA6 target genes in HPAF-II 975 

orthotopic tumors. Each dot represents an independent tumor. 976 

(C) EP300 mutation correlates with loss of GATA6 protein in RNF43-mutant pancreatic cancer 977 

cell lines. The PORCN inhibitor-resistant EP300-mutant lines are labelled in red. GATA6 has 978 

two isoforms due to alternative translation start sites. 979 

(D) Re-expressing wildtype EP300 in PL45 cells restored GATA6 expression. mRNA 980 

abundance was determined by RT-qPCR (n = 3 technical replicates). 981 

(E) GATA6 knockout conferred resistance to PORCN inhibitor in HPAF-II tumors. The 982 

experiment was performed as in Fig. 4B. HPAF-II cells transduced with sgGATA6 #5 983 

(Supplementary Fig. S10B) were used. Treatment was started 14 days post-injection. Data 984 

are represented as mean + SEM (n = 8 tumors/arm). p value of two-tailed unpaired t-test for 985 

tumor volumes at the last time point is shown. 986 

(F, G) Ectopic expression of the short isoform of GATA6 in EP300 knockout HPAF-II cells 987 

rescued ETC-159 sensitivity in vitro and in vivo. (F) GATA6 mRNA abundance was 988 

determined by RT-qPCR (n = 4 technical replicates). Cells seeded in 24-well plates at low 989 

density were treated with DMSO or 100 nM ETC-159 until the DMSO wells reached 990 

confluency. Cell viability was measured by crystal violet staining (n = 4 biological replicates). 991 

Data are represented as mean ± SD. (G) The effect of GATA6S expression was assessed as in 992 

Fig. 4B. Treatment was started 11 days post-injection. Data are represented as mean ± SEM (n 993 

= 8 tumors/arm). p value of two-tailed unpaired t-test comparing tumor volumes at the last time 994 

point is shown.  995 



A 5 kb

GATA6

AC091588.1 RNU6-702P AC091588.3GATA6-AS1

hg38 chr18:22,163,000-22,212,000

[0–60]

[0–20]

[0–20]

[-0.5–4]

p300

H3K27Ac

Conservation

HPAF-II 
NTC

0

10

20

30

En
ric

hm
en

t f
ol

d/
Ig

G

H3K27Ac

0

2

4

6

8
GATA6 promoter

HPAF-II E
P300

KO

Panc10.05 EP300
mt

GATA6 enhancer

HPAF-II 
NTC

HPAF-II E
P300

KO

Panc10.05 EP300
mt

B

poly(A) signal poly(A) signal
MCS

GATA6 promoter region
(1173 bp)

GATA6 intronic enhancer region
(2749 bp)

Luc2 (1652 bp) vector backbone (~2 kb)

EV-Luc

pro-Luc

pro-Luc-en

C

0

20

40

60

80

100

R
el

at
iv

e 
Fi

re
fly

 L
uc

/R
en

illa
 L

uc

EV-Luc
pro-Luc
pro-Luc-en#1
pro-Luc-en#2
p300
p300HAT-

+
+

+
+

+
+

+
+

+
+

+
+

+ + + +
+ + + +

D



  
Page 34 of 36 

Figure 6. p300 maintains GATA6 expression via activating its promoter and an intronic 996 

enhancer. 997 

(A) The UCSC conservation track (100 vertebrate species), ENCODE p300 ChIP-seq track 998 

(upper: K562 cells, ENCSR000EGE; lower: HepG2 cells, ENCSR000BLW), and H3K27Ac 999 

ChIP-seq track (HPAF-II cells, extracted from GSE64557) in the GATA6 locus. The potential 1000 

intronic enhancer region is highlighted. 1001 

(B) EP300 knockout diminished H3K27Ac in the GATA6 promoter region and intronic 1002 

enhancer region. H3K27Ac was assessed by the Cut&Run assay in HPAF-II NTC, EP300 1003 

knockout, and Panc10.05 cells. Data are represented as mean ± SD (n = 3 technical replicates). 1004 

(C) Schematic representation of the luciferase reporter constructs. The GATA6 promoter region 1005 

and enhancer region (highlighted in A) were cloned into pGL4.10[luc2] vector. MCS, multiple 1006 

cloning site. Luc2 encodes a firefly luciferase. 1007 

(D) The GATA6 intronic enhancer sequence and p300 boosted GATA6 promoter-driven 1008 

luciferase expression. Dual-luciferase reporter assay using firefly luciferase reporter constructs 1009 

shown in C and a constitutively expressed Renilla luciferase performed in HEK293 cells (n = 1010 

2-3 biological replicates). Wildtype p300 or a p300 mutant harboring inactivating mutations in 1011 

its HAT domain (p300HAT-) were co-transfected. pro-Luc-en#1/2 are clones with two SNVs 1012 

near a microsatellite site in the enhancer region.  1013 
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Figure 7. Down-regulation of p300/GATA6 led to pancreatic cancer subtype transition 1014 

and Wnt independence.  1015 

(A) mRNA expression levels of pancreatic lineage, differentiation-related, epithelial, and 1016 

classical subtype genes in orthotopic xenografts of HPAF-II NTC cells or EP300 knockout 1017 

cells analyzed by RNA-seq. The data are represented as mean and individual data points. Each 1018 

dot represents an independent tumor. 1019 

(B, C) EP300 or GATA6 knockout changed tissue morphology in HPAF-II tumors. Vehicle-1020 

treated tumors from Fig. 4B and Fig. 5E were subject to H&E staining. (B) The entire sections 1021 

were scanned and the areas of regions with the defined tissue morphology were quantified. 1022 

Tumors from 4 mice per group were analyzed. (C) Representative images of H&E staining 1023 

results are shown. 1024 

(D) EP300 or GATA6 knockout prevented upregulation of differentiation genes. TFF3 and 1025 

AGR2 mRNA abundance was measured in control and ETC-159-treated subcutaneous HPAF-1026 

II xenografts (Fig. 4B and Fig. 5E). Three independent tumors per group were analyzed by 1027 

RT-qPCR with technical replicates for each sample. p values of two-tailed unpaired t-test 1028 

between vehicle and ETC-159 treated samples are shown. 1029 

(E) Schematic model of the p300/GATA6 differentiation axis whose deficiency bypasses Wnt 1030 

dependency. Please refer to the text for detailed description.  1031 
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Figure 8. Wnt/β-catenin signaling is low in basal-like/squamous subtype pancreatic 1032 

tumors and metastases. 1033 

(A) Relative expression levels of lineage factors (GATA6 and HNF4A), detectable Wnt ligands, 1034 

and selected Wnt target genes (AXIN2, LGR5, RNF43, ZNRF3, and SP5) in a cohort of 1035 

treatment-naïve primary pancreatic tumors, extracted from (7) and normalized as z-score. 1036 

Tumors were classified into four subtypes according to the original study. ADEX (abnormally 1037 

differentiated endocrine exocrine), immunogenic, and pancreatic progenitor subtypes largely 1038 

correspond to the classical subtype. Wnt ligands were classified as cancer cell-derived, or 1039 

tumor microenvironment-derived, based on single-cell RNA-seq results of pancreatic tumors 1040 

(Supplementary Fig. S16) (73). The median expression levels of each Wnt in pancreatic 1041 

tumors of the TCGA cohort and normal pancreatic tissues from TCGA and GTEx databases 1042 

were extracted through the GEPIA website. 1043 

(B) Schematic representation of the transcriptomic study in HPAF-II orthotopic xenografts in 1044 

response to PORCN inhibition (17). H&E staining of a HPAF-II orthotopic tumor shows a 1045 

large amount of mouse stromal cells surrounding the glandular structures of HPAF-II epithelial 1046 

cancer cells. 1047 

(C) Diverse responses to Wnt pathway inhibition of Wnt ligand expression. The mRNA 1048 

abundances of human genes expressed by HPAF-II cells or mouse genes expressed by stromal 1049 

cells in orthotopic tumors following ETC-159 treatment are shown. Data are represented as 1050 

boxplots. Each dot represents an independent tumor (n = 4-7/time point). FDRs computed using 1051 

the Benjamini-Hochberg procedure are shown. 1052 

(D) Schematic model of the Wnt expression patterns and the corresponding GATA6 and 1053 

Wnt/β-catenin signaling in pancreatic tumors. 1054 

(E) GATA6 signaling and Wnt/β-catenin signaling are low in liver metastases of pancreatic 1055 

cancer. mRNA abundances of GATA6, WNT2, and Wnt target genes were extracted from 1056 

GSE151580 (76) for pancreatic primary tumors and matched liver metastases from same 1057 

patients (n = 13). p values of Wilcoxon matched-pairs signed rank test are shown. 1058 
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