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Abstract  

Activating mutations in the Wnt pathway drive a variety of cancers, but the 

specific targets and pathways activated by Wnt ligands are not fully understood. To 

bridge this knowledge gap, we performed a comprehensive time-course analysis of 

Wnt-dependent signaling pathways in an orthotopic model of Wnt-addicted pancreatic 

cancer, using a PORCN inhibitor currently in clinical trials, and validated key results 

in additional Wnt-addicted models. The analysis of temporal changes following Wnt 

withdrawal demonstrated direct and indirect regulation of  >3,500 Wnt activated 

genes (23% of the transcriptome). Regulation was both transcriptional via Wnt/β-

catenin, and through the modulation of protein abundance of important transcription 

factors including MYC via Wnt/STOP. Our study identifies a central role of Wnt /β-

catenin and Wnt/STOP signaling in controlling ribosomal biogenesis, a key driver of 

cancer proliferation.  
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Introduction 

Wnts are a family of 19 secreted proteins that play key roles in cell proliferation, 

cell-cell communication and differentiation and are essential during embryonic 

development and in adult tissue homeostasis (Nusse and Clevers, 2017). The binding 

of Wnts to their receptors and co-receptors results in the regulation of multiple 

downstream signaling pathways (Acebron and Niehrs, 2016). Our knowledge of the 

specific events and signals regulated by Wnts derives from a variety of genetic, 

molecular, and biochemical approaches that has generated a rich map of these 

downstream pathways (Ramakrishnan and Cadigan, 2017; Yu, 2014).  

The Wnt/β-catenin pathway, also known as canonical WNT signaling, has been 

intensively studied. In the presence of Wnts, β-catenin is stabilized and translocates to 

the nucleus where it drives expression of target genes in a context specific manner via 

binding to TCF7L2 and other factors (Ju et al., 2014; Nakamura et al., 2016; 

Ramakrishnan and Cadigan, 2017). In addition to the Wnt/β-catenin pathway, Wnts 

regulate signaling through diverse β-catenin independent non-canonical pathways 

such as the PCP (planar cell polarity) pathway and the Wnt/STOP (Wnt-dependent 

stabilization of proteins) pathway that are less well characterized (Acebron et al., 

2014; Chien et al., 2009; Koch et al., 2015; Taelman et al., 2010; Zhang et al., 2012).  

While the downstream mutations that stabilize β-catenin (e.g. in the adenomatous 

polyposis coli (APC) gene) clearly cause human cancers, genetic lesions that cause 

Wnt over-expression have not been found (Nusse and Varmus, 2012). A subset of 

mutations that block Wnt receptor internalization and confer dependency on Wnt 

ligands have been identified in a range of carcinomas. These include loss of function 

mutations in RNF43, an E3-ligase, and translocations leading to increased R-spondin 

levels (Jiang et al., 2013; Ong et al., 2012; Seshagiri et al., 2012). RNF43 
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mutations(Cancer Genome Atlas Research Network, 2017) and translocations 

involving RSPO2 and RSPO3 are found in 7% of pancreatic adenocarcinoma (PDAC) 

and 10% of colorectal cancers respectively (Seshagiri et al., 2012). Cancers with 

RNF43 or RSPO3 mutations have a markedly increased abundance of Frizzled 

receptors on the cell surface and are uniquely Wnt-addicted (Madan et al., 2016; 

Madan and Virshup, 2015).  

Wnts are palmitoleated by a membrane bound O-acyltransferase, PORCN. This 

modification is(Rios-Esteves and Resh, 2013) essential for binding to chaperone WLS 

and Frizzled receptors, and is therefore required for the activity of all Wnts. 

Pharmacological PORCN inhibitors such as ETC-159 and LGK-974 have progressed 

to Phase I clinical trials due to their efficacy in preclinical models of RNF43-mutant 

pancreatic and RSPO3-translocated colorectal cancers (Jiang et al., 2013; Madan et 

al., 2016; Proffitt et al., 2013). The recent development of these PORCN inhibitors 

that block all Wnt secretion provides an opportunity to investigate how Wnt regulated 

genes change over time following withdrawal of signaling (Chen et al., 2009; Coombs 

et al., 2010; Janda et al., 2012; Liu et al., 2013; Madan et al., 2016; Takada et al., 

2006). In order to provide the most relevant data, it is important to use the most 

predictive pre-clinical models.  A large body of literature demonstrates that cancers in 

vivo behave very differently than cancers in tissue culture (Killion et al., 1998). These 

differences have led to the development of orthotopic xenograft models and patient-

derived xenografts that better reflect the behavior of Wnt-addicted cancers in a 

complex cancer-host environment (Byrne et al., 2017).  

Here we investigated the temporal impact of acute withdrawal of Wnt ligands on 

the perturbed transcriptome of a Wnt-addicted human pancreatic cancer in an 

orthotopic mouse model. The time-series analysis identified direct and indirect Wnt 
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targets based on their dynamics, distinguishing immediate early, early and late 

response genes. This analysis led to identification of an important role of the 

Wnt/STOP pathway in regulating tumor growth. We further disentangled the WNT vs 

MYC dependencies in these cancers. This comprehensive time course analysis in an 

in vivo Wnt-addicted cancer provides both a valuable resource and new insights into 

the central role of Wnt/β-catenin and Wnt/STOP signaling in regulation of ribosomal 

biogenesis pathway. 
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Results 

Time-dependent global transcriptional changes follow PORCN inhibition in 

a Wnt-addicted pancreatic cancer model 

We aimed to identify the genes and biological processes that are directly or 

indirectly regulated by Wnt ligands in a Wnt-addicted cancer in vivo. To mirror the 

tumor microenvironment and recapitulate tumor stromal interactions, we established 

an orthotopic mouse model using a highly WNT-dependent HPAF-II cell line with 

RNF43 inactivating mutation (Jiang et al., 2013; Madan et al., 2016). As expected, 

ETC-159 significantly inhibited the growth of HPAF-II orthotopic xenografts (Fig. 

1A), and led to pronounced histomorphological changes (Fig. 1B) (Madan et al., 

2016). Tumors from the control group were characterized by the presence of 

neoplastic cells with poorly defined acini and cell boundaries. Treatment with ETC-

159 induced changes in cellular organization and by 7 days the tissue appeared more 

differentiated with a decreased nuclear cytoplasmic ratio, and diminished anisocytosis 

and anisokaryosis.  

To identify immediate early, early and late responses to Wnt inhibition, mice with 

established HPAF-II orthotopic xenografts were treated with ETC-159 and tumors 

were collected at 3, 8, 16, 32, 56 hours and at 7 days after treatment (Fig. 1C). 

Comprehensive gene expression analysis was performed using RNA-seq of 4-7 

independent tumors at each time point (Fig. S1A). Inhibition of WNT signaling led to 

a marked change in the transcriptome, with the expression of 11,673 genes (75% of 

all expressed genes) changing over time (false discovery rate (FDR) < 10%) (Table 

S1). Expression of 773 genes changed as early as 8 h after the first dose of ETC-159. 

1,578 and 1,883 genes were upregulated or downregulated, respectively after 56 h 
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(FDR < 10%, absolute fold-change > 1.5) (Figs 1D, S1B-C). The majority of genes 

that exhibited significant differences at 56 h were also differentially expressed at 7 

days, suggesting that the effect of Wnt inhibition is primarily established within 3 

days. 

To better understand how the withdrawal of Wnt signaling affected gene 

expression over time we performed time-series clustering (Hensman et al., 2015) of 

differentially expressed genes. Genes with significant changes in response to 

treatment were grouped into 64 clusters, with each cluster consisting of genes 

exhibiting similar dynamic responses following PORCN inhibition (Fig. S1D, Table 

S2). Further analysis of these clusters to identify consistent global patterns of 

transcriptional response identified two major robust patterns (Fig. S1E-F), a 

supercluster comprising of genes consistently down-regulated (Wnt-activated genes) 

and a supercluster containing genes consistently upregulated following PORCN 

inhibition (Wnt-repressed genes) (Fig. 1E). Here, to demonstrate the usefulness of this 

data resource, we focus on Wnt-activated genes, and we provide the analysis of Wnt-

ligand regulated genes in Tables S1-S2.  

Analysis of Wnt-activated genes 

The Wnt-activated genes supercluster contained 11 clusters with distinct 

dynamics, consisting of 3,549 genes (23% of the transcriptome). For each of these 

clusters, we calculated the time to 50% inhibition (TI50) based on its mean profile. We 

operatively classified these clusters into four waves with TI50 ranging from 5.3 to 46.6 

hours (Fig. 1E) (first wave, 5-3-9.8 h; second, 12.9-15.1; third, 20.3-26.5; fourth, 

40.8-46.6). Well-established Wnt target genes had distinct time courses and were 

present throughout the first three waves with TI50 ranging from 5.3 to 26.5 hrs. For 

example, Cluster 9 (TI50 = 8.5 h) included well-known β-catenin targets (e.g. AXIN2, 
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NKD1, RNF43, BMP4 and LGR5) and was significantly enriched for pathways and 

processes relating to Wnt signaling and development (Fig. 1F). C5 and C12 in the 

third wave (TI50 20.6 and 22.9) similarly contained known Wnt target genes e.g. 

NOTUM (Giraldez et al., 2002). We speculate that these complex dynamics and broad 

range of response times of the various β-catenin targets relates to the cell-type specific 

context of the co-regulatory elements of these genes and the stability of the specific 

mRNAs.  

Interestingly, we observed that the early-changing clusters such as C9 contained 

genes that are not known to be direct β-catenin target genes (Fig. S2) and thus may be 

β-catenin independent and rely on mechanisms such as Wnt/STOP. These included 

well-studied regulators of ribosomal biogenesis (e.g. NPM1, DKC1, NOL6, RRS1) 

and nucleocytoplasmic transport (e.g. XPO5, NUP37) (van Riggelen et al., 2010). 

Other smaller rapidly responding clusters in the first and second waves similarly 

contained genes not known to be β-catenin target genes. These clusters were also 

enriched for processes associated with ribosome biogenesis (e.g. C20: POLR1A, 

POLR1B; C25: NOP14, RRP9). The slowest responding genes, found in the fourth 

wave clusters 7 and 21 (TI50 40.8-46.6 h) are likely to be regulated by processes 

downstream of initial Wnt signaling events and were also enriched for processes 

relating to ribosomal biogenesis (Fig. 1E & F). In addition to ribosome biogenesis, 

there was a broad enrichment throughout the clusters for genes involved in nucleic 

acid metabolism and cell cycle, especially in the third wave, C1, C5 and C12 (Fig. 

1F). Selected examples of Wnt-activated genes with differences in their pattern of 

response to Wnt inhibition are depicted in Fig. 1G. 

 Our dataset provides a comprehensive resource of genes whose expression is 

highly dependent on Wnt signaling in vivo (Table S1). As several of the early 
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changing genes are not known to be direct targets of β-catenin, this analysis identified 

genes that may depend on additional pathways such as Wnt/STOP. Importantly, the 

dataset highlights that in addition to its recognized role in cell cycle regulation, an 

early consequence of blocking Wnt signaling is the down-regulation of genes 

involved in ribosome biogenesis and its associated processes. 

A common core of Wnt-regulated gene expression changes are more robust 

in orthotopic xenografts 

To test if the gene expression changes seen in the HPAF-II pancreatic cancer were 

generalizable to other Wnt-addicted cancers, we compared our data to our previously 

published dataset of a Wnt-addicted RSPO3-translocation patient-derived colorectal 

cancer xenograft (CRC PDX) (Table S3) (Madan et al., 2016). The strength of the 

correlation between the expression changes induced by PORCN inhibition at 56 h in 

the two experimental systems (r2 = 0.36, Fig. 2A) indicated that regardless of the 

upstream mutation and tissue of origin, the downstream effect of Wnt inhibition on 

tumor gene expression was similar. In keeping with the central role of Wnts in 

regulating the differentially expressed genes, the majority of Wnt-activated genes 

(62%, FDR < 10%, absolute fold-change > 1.5) were also down regulated at 56 h in 

the CRC PDX (Fig. 2B). Within C9, 69% of the genes expressed in both systems 

were down-regulated in CRC PDX, suggesting that these genes may be direct targets 

of WNT signaling in both of these tumor models. This highlights that the core 

processes and mechanisms responsible for the Wnt-activated genes are shared 

between the CRC PDX and HPAF-II orthotopic xenografts. Notably, the overlapping 

set of Wnt-activated genes was enriched for genes involved in cell cycle regulation 

and ribosome biogenesis (Fig. S3A), again suggesting the centrality of these pathways 

in Wnt-addicted cancers.  
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The shared response of the Wnt-addicted pancreatic and colorectal cancers led us 

to evaluate the importance of the stromal microenvironment in regulating the response 

to Wnt inhibition. We compared the effects of ETC-159 on the transcriptome of 

HPAF-II cells implanted as orthotopic xenografts, subcutaneous xenografts or 

cultured in vitro. The response to Wnt inhibitor treatment in orthotopic xenografts 

was correlated to the response in both the subcutaneous model (r2 = 0.64, Fig. 2C) and 

the in vitro model (r2 = 0.46, Fig. 2D). However, the magnitude of the responses 

varied widely between the models. Differential expression analysis of the three 

HPAF-II models identified 4,409 genes whose response to ETC-159 was significantly 

different (interaction test, FDR < 10%) between models. These genes were enriched 

for processes including cell cycle, ribosome biogenesis (Fig. S3B). 51% of all Wnt-

activated genes responded differently to ETC-159 across the three systems, with 

many more genes showing robust fold changes in the orthotopic model compared 

with the other systems (Fig. 2E). In particular, cell cycle associated genes changed 

most robustly in the orthotopic model (Figs 2C-D and F). For example, AURKA 

decreased by 3.7 fold at 56 hours after the start of PORCN inhibition in the orthotopic 

system, 2.1 fold in the subcutaneous model and only 1.7 fold in vitro. Cyclin E1 did 

not change in vitro but decreased by 1.7 fold and 3.8 fold in the subcutaneous and 

orthotopic model, respectively (Fig. 2F). Negative regulators of the cell cycle such as 

CDKN2B also exhibited differences in their magnitude of response to PORCN 

inhibition. In addition to cell cycle associated genes we identified several other genes 

that did not respond to Wnt inhibition in vitro but behaved as WNT targets in vivo 

(i.e. EPHB3 and TGFBI, Fig. S3C). Thus, the overall response to Wnt inhibition was 

reduced in the subcutaneous model and further blunted in vitro (Figs 2C-F). 
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Further highlighting the importance of the orthotopic model was the considerable 

difference in baseline gene expression between models ~30% of all expressed genes 

(4,992 genes) were differentially expressed even before treatment when comparing in 

vitro and orthotopic xenografts. This included greater than two-fold increases 

(moving from cultured cells to the orthotopic model) in Wnt pathway genes WNT11, 

WNT2B, FZD8, FZD4, and LRP5, as well as the Wnt target genes NKD1, SP5, LGR5 

and AXIN2 (Table S4). Additionally, 3,515 genes were differentially expressed at 

baseline when comparing subcutaneous xenografts with the orthotopic model 

(absolute fold change > 1.5, FDR < 10%) (Figs S3D-E). Not surprisingly, a number of 

genes more highly expressed in the orthotopic xenografts compared to in vitro were 

associated with multicellularity, innate immunity, extracellular matrix organization 

and cell adhesion (Fig. S3D).  

The much less pronounced effect of ETC-159 on the expression of cell cycle 

genes in cell culture is consistent with our previous observations that PORCN 

inhibitors do not inhibit the growth of Wnt-addicted cancer cells in short-term 2D cell 

culture (Proffitt et al., 2013). This data illustrates that the orthotopic and PDX mouse 

models more accurately recapitulate the tissue-specific tumor microenvironment and 

highlights the value of the orthotopic model in identifying core Wnt regulated genes.  

PORCN inhibition leads to early downregulation of MYC and its targets 

The time-series clustering analysis (Fig. 1E) identified sets of genes (clusters) 

having similar dynamics of response to PORCN inhibition, suggesting that each 

cluster may be regulated by distinct mechanisms. To investigate the differences in the 

transcriptional regulation of these genes, we performed a Transcription Factor 

Binding Site (TFBS) motif analysis on the promoters of the Wnt-activated genes (Fig. 

3A).  
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Unexpectedly, the promoters of genes downregulated immediately following Wnt 

withdrawal (e.g. C9, TI50 = 8.5 h) did not show significant enrichment for TCF7L2 

binding sites (p-value=0.21). The majority of TCF7L2 binding events are found to be 

intergenic rather than promoter-associated (Fig. S4) (Stevens et al., 2017). The 

promoters of genes in the most rapidly responding clusters (i.e. C9, C10, C20, C24 

and C25, TI50 < 20 h) were rather significantly enriched for canonical E-box motifs, 

bound by transcription factors including MYC, HEY1, CLOCK and ID2 (Fig. 3A). 

The genes in clusters that responded later (TI50 > 20 h) were enriched for E2F, NRF 

and NFYB binding sites(Dolfini and Mantovani, 2013). 

The enrichment of E-box binding motifs occurred in some early responding Wnt-

activated genes (e.g. C20, C9) whose expression fell even before MYC mRNA 

decreased, suggesting additional levels of regulation (Fig. 3A). Upon PORCN 

inhibition, MYC mRNA responded like a direct WNT target gene with an early and 

sustained decrease (C9), albeit only to ~50% of its initial mRNA abundance (Fig. 

3B). This is consistent with the well-established role of β-catenin signaling in the 

regulation of MYC expression(Myant and Sansom, 2011). In addition to being a 

transcriptional target of Wnt signaling, MYC protein abundance can be directly 

regulated by GSK3 by phosphorylating it at Threonine 58, thus priming it for 

ubiquitylation and proteasomal degradation (Acebron et al., 2014; Arnold et al., 2009; 

Sears et al., 2000; Taelman et al., 2010). As Wnt signaling inhibits AXIN-associated 

GSK3, blocking Wnt signaling increases the activity of GSK3 and promotes MYC 

degradation. Indeed, we observed a more pronounced change in MYC protein (2.8-

14.5 fold reduction) than MYC mRNA (2.0-2.2 fold reduction) in both HPAF-II 

orthotopic tumors and the colorectal PDX models 56 h after PORCN inhibitor 

treatment (Figs 3B-C). These results suggest that the Wnt-dependent decrease in MYC 
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transcripts was coupled with post-transcriptional regulation of MYC protein 

abundance, i.e. a Wnt/STOP effect in Wnt addicted tumors.  

Wnt signaling regulates MYC via WNT/STOP and Wnt/β-catenin pathway  

To assess the relative contributions of Wnt-regulated MYC mRNA expression 

(Wnt/β-catenin) and Wnt/GSK3-regulated MYC protein stability, we generated 

HPAF-II cell lines stably overexpressing either Myc (MYC OE) or GSK3-resistant 

Myc (MYC T58A) under the control of the Wnt-independent CMV promoter. The 

CMV promoter drove 10-15 fold higher Myc mRNA expression in orthotopic tumors 

(Fig. 4A). We then compared the effect of PORCN inhibition on the growth of 

HPAF-II, HPAF-II (MYC OE) and HPAF-II (MYC T58A) orthotopic xenografts.  

The MYC OE orthotopic tumors had a marked increase in MYC protein but there 

was no overall increase in tumor growth and remarkably they still responded 

significantly to PORCN inhibition (Figs 4B-C). Thus, restoration of MYC by over-

expression does not rescue tumors from the effects of Wnt inhibition. This could be 

either because MYC protein is not rate-limiting for tumor growth in this setting, or 

that PORCN inhibition was able to drive MYC degradation. Consistent with this 

Wnt/STOP effect, we found that PORCN inhibition caused a decrease in MYC 

protein abundance despite no change in ectopic MYC mRNA levels (Figs 4A, 4C). 

We next examined if blocking the Wnt/STOP effect on MYC protein altered the 

response to PORCN inhibition. The abundance of MYC T58A did not change upon 

PORCN inhibition (Fig. 4C) and tumors with stabilized MYC grew larger and showed 

a partial response to PORCN inhibition (Fig. 4B). Taken together, these findings 

indicate that in addition to its transcriptional regulation, inhibiting Wnt signaling 

regulates the growth of the tumors by directly regulating MYC protein abundance via 

a GSK-dependent mechanism. Further, the finding that tumors with stabilized and 
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over-expressed MYC still partially respond to PORCN inhibition shows that Wnts 

regulate the growth of the pancreatic tumors via both Myc-dependent and Myc-

independent pathways. This is similar to findings in the murine intestine, where MYC 

is essential for the oncogenic effects of APC deletion (Sansom et al., 2007) but alone 

is insufficient to drive tumorigenesis (Finch et al., 2009). 

Distinguishing between Myc-dependent and Myc-independent regulation of 

Wnt target genes  

To directly identify MYC-independent and MYC-dependent WNT target genes, 

we performed an additional set of RNA-seq experiments to examine gene expression 

changes in orthotopic tumors generated from HPAF-II WT, MYC OE or MYC T58A 

cells. We selected as the time points 0, 8 and 56 hours after the start of therapy to 

allow us to examine early direct targets of both Wnt/β-catenin and Wnt/GSK3/MYC 

signaling. Consistent with the previous experiment, ETC-159 treatment reduced MYC 

protein by ~70% in 56 h in HPAF-II WT tumors, while protein levels in MYC T58A 

tumors showed no decrease (Fig. 5A).  

We identified 2,131 genes whose transcriptional response to PORCN inhibition in 

vivo was dependent on MYC status (FDR < 10%, Table S5). These genes, whose 

response to PORCN inhibition was different between WT, MYC OE or MYC T58A 

tumors, were classified as MYC-dependent Wnt target genes. Of these genes, 827 

(23%) were found in our set of Wnt-activated genes. In each of the clusters of Wnt-

activated genes we determined the fraction that exhibited MYC-dependent or MYC-

independent responses (Fig. 5B). The majority of genes that were downregulated most 

rapidly upon Wnt inhibition (i.e C9, C10, C20, and C25, TI50 < 20 h) (Fig. 1E) were 

MYC-independent. Selected examples of well-established Wnt-regulated MYC-

independent genes such as AXIN2 and NKD1 are illustrated in Fig. 5D, examining 
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both the relative transcript abundance (top panel) and the log fold changes (bottom 

panel). Not surprisingly, the MYC-independent Wnt target genes in C9 were 

associated with Wnt signaling pathways and embryonic patterning (Fig. 5C).  

Only third wave clusters C5 and C1, changing with TI50 of 20.6 and 26.5 h, 

contained a sizeable fraction (> 25%) of MYC-dependent genes (Fig. 5B) that were 

enriched in ribosome biogenesis and cell cycle processes discussed below. We did not 

observe enrichment for E-boxes in the clusters C1 and C5 (Fig. 3A). Interestingly, the 

subset of genes in these clusters that were MYC-dependent were also not specifically 

enriched for MYC TFBS, suggesting either they are indirect targets of MYC or that 

TFBS analysis is not powerful enough to detect a clear enrichment for these MYC 

motifs. 

Regulation of cell cycle by Wnts in Wnt-addicted cancers is Wnt/GSK3 

dependent 

Our initial analysis (Fig. 1) demonstrated that cell cycle and ribosomal biogenesis 

are two key pathways that are transcriptionally regulated by Wnt inhibition, with 

multiple genes regulating cell cycle changing in a time-dependent manner, including 

CDK1, E2F2, E2F1, CDKN2B and CDKN2A (Fig. 6A). Consistent with this robust 

regulation of cell cycle genes, Ki67 positive cells were significantly reduced in the 

tumors as early as 56 hours after starting ETC-159 and were further reduced at 7 days 

of treatment (Fig. 6B).  

Genes associated with mitotic cell cycle processes and DNA replication were 

enriched in the third wave of clusters (C1, C5, C12; TI50 20.6-26.5 hrs) (Fig. 1F). 

These clusters were enriched for binding sites for the E2F and NFY families of 

transcription factors (Fig. 3A) that cooperatively regulate cell cycle genes (Dolfini 

and Mantovani, 2013; Ly et al., 2013; van den Heuvel and Dyson, 2008). 
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Interestingly, E2F1 and E2F2 gene expression decreased at the same rate as the other 

cell cycle genes, suggesting that the early decrease in the expression of cell-cycle 

related genes was not due to changes in these E2F mRNAs (Fig. 6A). E2F activity is 

also regulated by cyclin dependent kinase signaling through p105/Rb. Indeed, the 

expression of the CDK inhibitors increased as early as 8 h after PORCN inhibition in 

orthotopic tumors, associated with a subsequent decrease in Rb phosphorylation (Figs 

6A and C). Thus, CDK inhibition and decreased Rb phosphorylation is likely to be a 

major mechanism driving the decrease in the transcription of E2F target cell cycle 

genes.  

Notably, the abundance of cell cycle regulators such as Cyclin D1 and E1, 

amongst others, is also regulated by Wnt/STOP signaling (Acebron et al., 2014). 

Similar to MYC, after 56 h of ETC-159 treatment the protein abundance of CCND1 

was reduced by ~3 fold (Fig. 6C) while CCND1 transcript levels were only reduced 

by ~1.5 fold in both HPAF-II xenografts and colorectal PDX (Figs 6A and D). Thus, 

our in vivo data in Wnt driven cancers support the data from in vitro studies (Acebron 

et al., 2014) that Wnt signaling regulates CCND1 and MYC by both transcriptional 

and post-transcriptional mechanisms.  

We further examined the role of MYC in the regulation of cell cycle genes. 

Notably, MYC overexpression had no effect on baseline expression of the cell cycle 

genes and Wnt inhibition reduced their expression, albeit to differing extents even in 

the presence of stabilized MYC (Figs 6E-F). Stabilized MYC blunted the effect of 

PORCN inhibition on the expression of a subset of the cell cycle genes, e.g. CDK1 

and MKI67 (Fig. 6E). However, a number of other cell cycle genes (e.g. CDKN2B, 

CDC7, RBBP8 and RPA3) were MYC-independent and responded to Wnt inhibition 

even in MYC-stabilized tumors (Fig. 6F). Consistent with the observed transcriptional 
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response, there was a partial reduction of Ki67 staining in ETC-159 treated MYC-

stabilized tumors (Fig. 6G). Taken together these findings indicate that Wnt regulates 

the cell cycle in cancers via multiple pathways, both dependently and independently 

of MYC, and through both transcriptional and Wnt/STOP mechanisms. 

Wnt signaling regulates Ribosomal Biogenesis 

The enrichment for rRNA processing and ribosomal biogenesis in the Wnt 

activated gene clusters (Fig. 1F) suggested that PORCN inhibition would lead to a 

reduction in ribosome formation and protein synthesis. Indeed, nearly all genes 

encoding ribosomal protein subunits (RPSs and RPLs) were downregulated (Fig. 7A), 

with 94% of differentially regulated RPSs and RPLs being present in late responding 

clusters, C7 (TI50 46.6 h) or C1 (TI50 26.5 h). Although the expression of RPS and 

RPL genes was reduced by only ~30-40 %, the changes were largely coherent albeit 

with some outliers of unknown significance. The changes were more apparent 

following 32 h of treatment, suggesting that these genes are indirectly regulated by 

Wnt signaling. We next examined if this was reflected in the abundance of ribosomal 

subunit proteins. In a parallel mass spectrometry experiment that only detected high 

abundance proteins (see Methods), we confirmed that the RPS and RPL proteins were 

also coherently downregulated at 56 h (Fig. 7B, Table S6). Given the high abundance 

of ribosomal proteins, this suggests a dramatic shift in ribosome biogenesis. 

Ribosomal biosynthesis requires multiple processes including nucleocytoplasmic 

transport and rRNA expression and processing (van Riggelen et al., 2010). We found 

that genes required for nucleocytoplasmic export including exportins and 

nucleoporins were similarly coherently downregulated implicating the regulation of 

ribosome assembly by Wnt signaling (Fig. 7C). Multiple components of the 

machinery required for rRNA transcription, including several subunits of RNA 
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polymerases POLR1 and POLR3 (Fig. 7D) and rRNA processing factors (e.g. NPM1, 

DKC1) were also downregulated (Fig. 7E). Finally, consistent with the changes in 

gene and protein expression, the size of nucleolar organizer regions was reduced by 

ETC-159 treatment (Fig. 7F). Taken together, these data indicate that ribosomal 

biogenesis is globally regulated by Wnt signaling. A global decrease in protein 

synthesis coupled with a halt in the cell cycle likely explains how PORCN inhibition 

blocks tumor progression in Wnt-addicted cancers (Ruggero and Pandolfi, 2003).  

We asked if Wnt regulation of ribosome biogenesis was explained by its effect on 

MYC, a recognized regulator of ribosome biogenesis (van Riggelen et al., 2010). In 

contrast to the cell cycle genes, the baseline expression of ribosome subunit and 

biogenesis genes was increased by stabilized MYC (Figs 7G-H). However, a number 

of these genes remained sensitive to PORCN inhibition and decreased after 56 h of 

ETC-159 treatment even in cells with MYC T58A (Fig. 7G). These Wnt-regulated, 

Myc-independent ribosome genes includes virtually all of the RPLs and RPSs (C1 and 

C7) (Figs. 7G and S5). Another subset of genes involved in rRNA synthesis and 

processing (e.g., NPM1, DKC1, POLR1B) were MYC-dependent WNT target genes. 

These genes were both highly MYC responsive at baseline, and consistent with their 

regulation by Wnt/STOP regulation of MYC protein abundance, did not respond to 

Wnt inhibition if MYC T58A was present (Fig. 7H). These MYC-dependent genes 

are enriched for E-boxes in their promoters.  

Our analysis thus establishes a key role of Wnt signaling in ribosome biogenesis 

via two routes. One route, via MYC, is regulated both through Wnt-driven MYC 

expression and via the Wnt/STOP pathway. The other route is MYC-independent and 

is a downstream effect of WNT signaling on the transcription of ribosomal genes. 
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Discussion 

The development of targeted drugs that rapidly and robustly inhibit PORCN 

provides a unique opportunity to examine in real time the consequences of Wnt 

withdrawal in Wnt-addicted human cancers. This time-based analysis of Wnt 

signaling and its interaction with MYC, provides a comprehensive assessment of the 

role played by Wnt ligands in driving Wnt-addicted cancer. Importantly, the high 

concordance of the transcriptional changes in Wnt-addicted RSPO3-mutant colorectal 

and RNF43-mutant pancreatic cancers reveals core shared pathways regulated by Wnt 

signaling in cancer. Previous studies examining the targets of Wnt signaling in cancer 

have focused on models that are driven by loss of function mutations in APC. Here, 

the use of Wnt ligand driven cancer mouse models casts a broader net, identifying a 

unexpectedly large number of genes whose expression depends on continued presence 

of Wnt ligand many of which are independent of β-catenin.  

The genes whose expression changes most rapidly after PORCN inhibition, the 

early wave clusters, were predictably enriched for well-established β-catenin target 

genes (Moon and Gough, 2016). However, our analysis revealed a large number of 

co-regulated genes that were not known β-catenin targets. DNA sequence-based 

analysis of enrichment for TCF/LEF binding sites was not a useful approach to 

discriminate if these early changing genes could be additional β-catenin targets or 

they could be regulated by multiple non-canonical pathways. Indeed, while many 

individual studies find TCF/LEF sites in the promoters of selected genes, our findings 

support the results from genome-wide analyses showing that functional TCF/LEF 

sites are often present at large distances from transcriptional start sites (Ramakrishnan 

and Cadigan, 2017). Additionally, recent studies have established that even β-catenin 
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promoter binding is not sufficient to identify β-catenin transcriptionally regulated 

genes5,40.  

Interestingly our analysis revealed that E-box transcription factor binding sites are 

enriched in the early changing genes, followed at later time points by enrichment for 

E2F-binding sites. Finally, the fourth wave of genes was enriched for a broader set of 

TFBS that are likely to be regulated as secondary, downstream events. The 

enrichment for E-boxes strongly suggested a role for MYC. MYC is a potent 

oncogene and its activation is a hallmark of cancer initiation and maintenance (Dang, 

2010; Gabay et al., 2014). MYC is required for tumorigenesis following β-catenin 

activation by APC loss in the gut but not in the liver (Reed et al., 2008; Sansom et al., 

2007). Hence, it was an open question if MYC would be important downstream of 

RNF43 mutations in pancreatic cancers, where many additional pathways are 

activated by the Wnt addiction (Sansom et al., 2007; Wilkins and Sansom, 2008). 

Using a model of Wnt-addicted human cancer with stabilized MYC we were able to 

disentangle the interaction of Wnt and MYC and stratify the role of Wnts and MYC in 

regulating cell cycle and ribosomal biogenesis. One notable difference was that 

stabilization of MYC did not enhance the expression of cell cycle genes. However, 

stabilized MYC could partially overcome the effect of Wnt inhibition on expression 

of a subset of cell cycle genes (Annibali et al., 2014). Whereas, Myc overexpression 

and stabilization more profoundly affected genes regulating various processes 

associated with ribosomal biogenesis. Here too, the response to Wnt inhibition was 

variable as a large subset of genes, including ribosomal proteins, responded to 

PORCN inhibitors with similar fold changes, while others were “immune” to Wnt 

inhibition in the presence of stabilized MYC. This suggests a complex interaction of 

MYC and Wnt-regulated pathways driving these processes.  
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Ribosomes are overexpressed in cancer and have become novel targets for 

anticancer therapies, for instance, by triggering nucleolar stress (Pelletier et al., 2018; 

Quin et al., 2014; Ruggero and Pandolfi, 2003; Sulima et al., 2017). While MYC is 

known to regulate ribosome biogenesis (van Riggelen et al., 2010), the role of Wnts 

has been less clear (Kraushar et al., 2015; Pfister and Kühl, 2018). Here we show for 

the first time that Wnt signaling globally impacts multiple steps in ribosomal 

biogenesis both directly and by regulating the transcription and protein abundance of 

Myc via the Wnt/STOP pathway and this is shared in both Wnt-addicted pancreatic 

and colorectal cancers.  

Comparing the effect of PORCN inhibition across different models confirmed the 

value of studying Wnt signaling in an orthotopic microenvironment or in the present 

of native stroma (CRC PDX). The experimental value of the orthotopic model using a 

cell line is that it is more amenable to genetic manipulation such as the introduction of 

stabilized MYC, allowing a more detailed analysis of the role of downstream drivers. 

The stabilization of MYC via the Wnt/GSK3 signaling axis highlights how this 

mechanism can target MYC and other cell cycle proteins in cancer, impacting 

aberrant cell growth (Dang et al., 2017). The Wnt/STOP pathway is likely to have 

multiple additional targets (Koch et al., 2015; Taelman et al., 2010) that may also play 

a role in these pancreatic and colorectal cancers. Future studies with high-resolution 

mass spectrometry at early time points after Wnt inhibition may facilitate their 

identification. The data provided in this study can facilitate biomarker discovery for 

patients suffering from Wnt addicted cancers and provides a significant resource for 

the Wnt and cancer community. 
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Material and Methods 

Tumor growth and mice treatment  

Mouse xenograft models from HPAF-II cells were established by orthotopic 

injection of HPAF-II cells in NOD scid gamma mice as described in the supplemental 

methods.  

Western Blot analysis  

Tumors were homogenized in 4% SDS buffer and proteins were resolved on 10% 

SDS-polyacrylamide gel. Western blots were performed according to standard 

methods.  

Immunohistochemistry and AgNOR staining  

Formalin fixed and paraffin embedded tissue sections were then stained with 

hematoxylin and eosin, Ki67 or nucleolar organizer regions using standard protocol. 

Images were acquired using Nikon E microscope. 

RNA isolation and Data analysis 

Tumors were homogenized in RLT buffer and total RNA was isolated using 

RNAeasy kit (Qiagen) according to manufacturer’s protocol. The RNA-seq libraries 

were prepared using the Illumina TruSeq stranded Total RNA protocol with 

subsequent PolyA enrichment. Details for QC and data processing for RNA-seq, 

transcription factor binding site analysis, time series clustering and ChIP-seq analysis 

are provided in the supplemental methods. 
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Proteomics 

Tumors were homogenized on dry ice and solubilized with 8M urea and 20 mM 

HEPES. Trypsin digested Peptides in 0.1% TFA were separated using an Ultimate 

3000 RSLC nano liquid chromatography system coupled to a Q-Exactive mass 

spectrometer. Following data-dependent acquisition, raw data files were loaded and 

analyzed using Progenesis QI.  
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Figure 1: PORCN inhibition remodels the transcriptome of RNF43 mutant 
pancreatic cancer 

A. ETC-159 treatment prevents the growth of orthotopic HPAF-II xenografts. HPAF-II 
cells (106) were injected into the tail of the mouse pancreas. Following establishment 
of tumors (~3 weeks), the mice were treated daily with 30 mg/kg ETC-159. Tumor 
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growth was monitored by measuring luciferase activity. Data represent mean +/- 
standard deviation (SD). N = 8/group.  

B. Inhibition of Wnt signaling promotes histological changes in HPAF-II xenografts. 
Hematoxylin & eosin stained images of HPAF-II xenografts treated with ETC-159 
for 28 days. 

C. Schematic representation of the Experimental plan. HPAF-II cells (106) were 
injected into the tail of the mouse pancreas. Following establishment of tumors (28 
d), the mice were treated twice daily with 37.5 mg/kg/dose ETC-159. Tumors were 
harvested at the indicated time points.  

D. ETC-159 treatment leads to widespread changes in the transcriptome. Total number 
of genes whose expression changes after PORCN inhibition over time compared to 0 
h. Genes whose expression was up or downregulated at the previous time point are 
also indicated (absolute fold change > 1.5, FDR < 10%).  

E. Time series clustering of Wnt-activated genes reveals distinct patterns of response to 
PORCN inhibition. Genes differentially expressed over time (FDR < 10%) in 
response to PORCN inhibition were clustered by expression pattern using GPClust. 
The cluster number (C) and TI50 (time to a 50% decrease in gene expression) for 
each cluster is indicated.  

F. GO Biological Process enrichments of each cluster of Wnt-activated genes. 
Enrichment of Wnt-activated genes highlights processes including Wnt signaling, 
ribosome biogenesis and the cell cycle. 

G. Illustration of the various time courses of gene expression following PORCN 
inhibition. Representative Wnt-activated genes from selected clusters are shown. 
(TPM, transcripts per million reads)  

H. Well-established Wnt/β-catenin target genes change with distinct dynamics 
following PORCN inhibition.  
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Figure 2: Multi-model comparison identifies core Wnt-activated genes most 
effectively in pancreatic orthotopic and colorectal PDX models 

A. Gene expression changes in the HPAF-II orthotopic xenografts are highly correlated 
with those in a colorectal patient derived xenograft model (CRC PDX) with a RSPO3 
translocation (described in (Madan et al., 2016)) (p < 2.2 x 10-16). Diagonal dashed 
line is where genes would fall if they changed equally in the two models. Horizontal 
and vertical dashed lines indicate a 1.5 fold change.  

B. Genes identified as Wnt-activated in the HPAF-II orthotopic model are also 
significantly downregulated in the CRC PDX. Proportion of genes in each indicated 
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time-series cluster that was also downregulated (FDR < 10%) in the CRC PDX is 
shown.  

C. The HPAF-II orthotopic model is markedly more responsive than a subcutaneous 
model to Wnt inhibition. Gene expression changes in ETC-159 treated HPAF-II 
orthotopic compared to subcutaneous xenografts are plotted as in 2A, above. Genes 
annotated as mitotic cell cycle processes (GO BP1903047, purple dots) are far less 
responsive to PORCN inhibition in the subcutaneous model. 

D. The HPAF-II orthotopic model is dramatically more responsive to Wnt inhibition than 
are HPAF-II cells cultured in vitro, data are plotted as in 2C, above. HPAF-II cells in 
culture were treated for 48 h with 100 nM ETC-159.  

E. The distribution of expression changes for the downregulated genes (fold change < 
0.5, FDR < 10%) illustrates that the orthotopic model has the most robust response 
across three different HPAF-II models.  

F. Cell cycle gene expression changes were more robust in CRC PDX and HPAF-II 
orthotopic xenografts compared to subcutaneous and in vitro models. Representative 
cell cycle genes are shown. 
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Figure 3: The waves of Wnt-activated genes are associated with distinct sets 
of transcription factor binding sites with enrichment for E-boxes in the early 
responding clusters.  

A. Clusters of Wnt-activated genes are enriched (FDR < 5%) for distinct transcription 
factor binding site motifs. Promoters of genes in each cluster were scanned for motifs 
present in JASPAR 2016 using using FIMO (Grant et al., 2011), and enrichment for 
each cluster was calculated. Promoters of genes in the early downregulated clusters 
are enriched for canonical E-boxes.  

B. MYC gene expression is partially inhibited by ETC-159 treatment of HPAF-II 
orthotopic tumors and a colorectal PDX (Madan et al., 2016).  

C. MYC protein abundance is reduced in both HPAF-II orthotopic xenografts and 
colorectal PDX following 56 h treatment with ETC-159. The ratio of MYC protein 
compared to β-actin protein abundance for each lane is indicated.  
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Figure 4: Stabilized MYC partially reverses the effects of Wnt inhibition 
A. Expression of non-endogenous Myc transcripts in MYC OE or MYC T58A tumors 

does not change with ETC-159 treatment in contrast to the response of the 
endogenous MYC transcript in the HPAF-II tumors. 

B. MYC T58A tumors are partially responsive to Wnt inhibition. HPAF-II cells, MYC 
OE or MYC T58A HPAF-II cells were injected into the pancreas as before. Following 
the establishment of tumors, mice were treated daily with 30 mg/kg ETC-159. Tumor 
weights after 28 days of treatment are shown. N = 5-9 mice/group. Differences 
between conditions were assessed using Mann-Whitney test (two-tailed). TGI, tumor 
growth inhibition. 

C. Ectopically expressed MYC is sensitive to GSK3-mediated degradation. ETC-159 
treatment reduces the protein abundance of both endogenous and ectopically 
expressed MYC in HPAF-II and MYC OE tumors. Mutation of the GSK3 
phosphorylation site prevents the decrease in MYC protein abundance in response to 
Wnt inhibition in the HPAF-II (T58A) tumors. Ratio of MYC levels compared to β-
actin levels for each lane is indicated.   
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Figure 5: The majority of early responding Wnt-activated genes are Myc-
independent. 
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A. Treatment with ETC-159 for 56 h reduces the protein abundance of MYC in HPAF-II 
WT xenografts but not HPAF-II T58A xenografts. Ratio of MYC levels compared to 
β-actin levels for each lane is indicated.  

B. The majority of Wnt-activated genes are Myc-independent. Wnt-activated genes were 
classified as either Myc-dependent or Myc-independent based on whether they 
responded differently to ETC-159 treatment (interaction test, q-value < 10%) across 
the three xenograft models studied (HPAF-II, MYC OE and MYC T58A). 

C. MYC-dependent and -independent Wnt-activated genes in each time-series cluster 
regulate distinct biological processes (GO:BP). Annotated WNT target genes (i.e. 
Wnt signaling and anterior/posterior patterning) are MYC-independent. Ribosomal 
biogenesis and cell cycle genes are regulated both by MYC-dependent and -
independent pathways. 

D. Representative examples of early responding MYC-independent Wnt-activated target 
genes. Expression and log2 fold changes in HPAF-II, MYC OE and MYC T58A 
xenograft model systems treated with ETC-159 for 56 hours.   
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Figure 6: Wnt regulated cell cycle changes are only partially influenced by 
Myc 
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A. Robust changes in the expression of representative cell cycle genes over 7 days of 
PORCN inhibition in HPAF-II orthotopic xenografts. The dotted line is at 1.5 fold 
(log2 0.58).  

B. Significant decrease in proliferating cells over time. Ki67 positive cells (left) were 
quantitated (right) on an entire section that was scanned and analyzed using NIS-
Elements software. 

C. CCND1 protein changes more robustly compared to mRNA. CCND1 mRNA 
decreases 33% (see 6A, and 6D) while CCND1 protein decreases ~65% after 56 h 
treatment in both HPAF-II and CRC PDX models. Each lane is from an independent 
tumor. Ratio of CCND1 levels compared to the β-actin levels for each lane is 
indicated. ETC-159 treatment reduces levels of pRb (S780) in the both HPAF-II 
tumors and Colorectal PDX. 

D. Changes in the expression of CCND1 after 56h in CRC PDX model.  
E. Representative cell cycle genes whose expression is influenced by MYC over-

expression (i) plotted as relative expression (TPM), (ii) plotted as log2 fold change. 
F. Representative cell cycle genes whose expression is independent of MYC over-

expression. (i) plotted as relative expression (TPM), (ii) plotted as log2 fold change.  
G. MYC stabilization only partially rescues proliferation upon PORCN inhibition. Ki-67 

staining quantitated as in B above. 
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Figure 7: Wnt and Myc co-regulate ribosome biogenesis  
A. Coherent changes in the expression of genes encoding ribosomal proteins 

(RPLs/RPSs) over time following PORCN inhibition.  
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B. Coherent changes in the abundance of ribosomal proteins over time as assessed by 
mass spectrometry following PORCN inhibition. 

C. Coherent changes in the expression of nucleoporin genes over time following PORCN 
inhibition. 

D. Gene expression of RNA polymerases subunits, including POLR1B and POLR3G, 
that transcribe ribosomal RNA are Wnt regulated. 

E. Key regulators of ribosome biogenesis NPM1, BOP1, NUP58 and DKC1 change over 
time following PORCN inhibition.  

F. Wnt inhibition reduces nucleoli but this is rescued by expression of stabilized MYC. 
Changes in nucleolar size and abundance in tumor sections was assessed by silver 
staining.  

G. Expression of ribosomal subunit genes (RPLs/RPSs) is enhanced by stabilized MYC 
T58A but remains sensitive to PORCN inhibition. The outlier in HPAF-II tumors is 
RPS27L, as in 7A. 

H. Representative Wnt-activated ribosome biogenesis genes that are MYC-dependent. 
Changes in selected genes in MYC OE and T58A tumors are shown. (i) plotted as 
relative expression (TPM), (ii) plotted as log2 fold change.  
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Supplementary Information 

Material and Methods 

Animal care 

NOD scid gamma mice were purchased from InVivos, Singapore or Jackson 

Laboratories, Bar Harbor, Maine. The Duke-NUS Institutional Animal Care and Use 

Committee approved all the animal studies, which complied with applicable 

regulations. Animals were housed in standard cages and were allowed access ad 

libitum to food and water. 

Tumor growth and mice treatment  

HPAF-II cells were obtained from ATCC. Mouse xenograft models were 

established by orthotopic injection of HPAF-II cells in NOD scid gamma mice. 1x106 

HPAF-II cells stably expressing luciferase, resuspended in 50% matrigel were used 

for orthotopic injection into the pancreas of NOD-scid-gamma (NSG) mice. The 

growth of the orthotopic tumors was monitored weekly by injecting the mice with a 

150 mg/kg D-Luciferin (Caliper # 122796) and imaging mice using an IVIS imaging 

system (Caliper Lifesciences). Mice were treated with ETC-159 after establishment of 

tumors. ETC-159 was formulated in 50% PEG 400 (vol/vol) in water and 

administered by oral gavage at a dosing volume of 10 µL/g body weight. At sacrifice, 

tumors were resected, weighed and snap frozen in liquid nitrogen or fixed in 10% 

neutral buffered formalin. MSCV Myc IRES GFP plasmid was a gift from Scott 

Lowe (Addgene plasmid # 18770). The T58A site in MSCV Myc IRES GFP plasmid 

was mutated using site directed mutagenesis. These plasmids were used for 
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generating HPAF-II cells stably overexpressing MYC or MYC T58A under the 

control of CMV promoter. 

Western Blot analysis  

Tumors were homogenized in 4% SDS buffer using a polytron homogenizer. 

Equal amount of proteins were resolved on 10% SDS-polyacrylamide gel and 

transferred to PVDF membranes. Western blots were performed according to standard 

methods. Myc antibody (cat# ab32072) was obtained from Abcam and anti-rabbit 

IgG-HRP (cat# P0448) antibody was obtained from Cell Signaling Technology 

(Danvers, MA). The blots were developed using SuperSignal West femto substrate 

(Thermo Scientific; Rockford, IL). The images were captured digitally using the 

LAS-3000 Life Science Imager (Fujifilm; Tokyo, Japan). For stripping and reprobing 

the blots “Restore western blot stripping buffer” from Thermo Fisher was used.  

Immunohistochemistry and AgNOR staining  

Tumors were fixed in 10% neutral buffered formalin and embedded in paraffin. 

Tissue sections were deparaffinized in xylene and rehydrated in a series of ethanol 

gradients. The sections were then stained with hematoxylin and eosin using standard 

protocol. For Ki67 staining, after antigen retrieval with sodium citrate buffer pH 6.0 

for 30 min, the endogenous peroxidase activity was blocked by incubation with H2O2. 

The sections were then incubated overnight with Ki67 antibody (Leica Novocastra, 

Cat #: NCL-Ki67-MM1) followed by incubation with an HRP conjugated secondary 

antibody for 1 hour. Incubation with 3,3’-diaminobenzidine chromogen substrate 

resulted in brown staining of Ki67 positive cells and the nuclei were counterstained 

with Mayer’s hematoxylin. Brightfield images were acquired on a Nikon Eclipse Ni-E 
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microscope. Total percentage of Ki67 positive cells in each sample were quantified 

using the analysis software from Nikon. 

For staining the nucleolar organizer regions, deparaffinized tissue sections were 

reduced using freshly prepared 1% dithiothreitol solution for 15 minutes. The tissue 

sections were incubated for 25 minutes in dark with 50% silver nitrate solution 

prepared in 2% gelatin and 1% formic acid. After staining, the slides were thoroughly 

washed with distilled water and incubated in 5% sodium thiosulfate solution for 5 min 

followed by several washes in water. The sections were dehydrated and mounted 

using DPX (Trerè, 2000). Images were acquired using Nikon E microscope. 

RNA isolation  

Tumors were homogenized in RLT buffer using a polytron homogenizer and total 

RNA was isolated using RNAeasy kit (Qiagen) according to manufacturer’s protocol. 

The RNA-seq libraries were prepared using the Illumina TruSeq stranded Total RNA 

protocol with subsequent PolyA enrichment.  

RNA-seq analysis 

Data processing and QC. Sequences were assessed for quality and reads 

originating from mouse (mm10) were removed using Xenome (Conway et al., 2012). 

The remaining reads were aligned against hg38 (Ensembl version 79) using STAR 

v2.5.2 (Dobin et al., 2013) and quantified using RSEM v1.2.31 (Li and Dewey, 2011). 

Reads mapping to chrM or annotated as rRNA, snoRNA and snRNA were removed. 

Genes which had less than 10 reads mapping on average over all samples were 

removed. We also required that genes had more than 10 reads mapping to them in at 

least 2 replicates across at least 3 conditions. Differential expression analysis was 

performed using DESeq2 (Love et al., 2014). Independent filtering was not used in 
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this analysis. Pairwise comparisons were performed using a Wald test. To control for 

false positives due to multiple comparisons in the genome-wide differential 

expression analysis, we used the false discovery rate (FDR) that was computed using 

the Benjamini-Hochberg procedure. Previously published CRC PDX RNA-seq data 

(Madan et al., 2016) (GSE69687) were re-analyzed using the same processing 

pipeline (above). Expression levels of genes were calculated by converting to counts 

to TPM (Transcripts per Million).  

Comparison of transcriptional response across different models: The 

transcriptional response to PORCN inhibition across the different models was 

assessed by investigating the expression of protein-coding genes (after removing 

histone genes) and their response across three different datasets; orthotopic (0 h and 

56 h), subcutaneous (0 h and 56 h) and in vitro (48 h ETC and 48 h Veh). Reads 

originating from mouse (mm10) were removed using Xenome for both the orthotopic 

and subcutaneous dataset. The reads originating from human aligned against hg38 

(Ensembl version 79) using STAR v2.5.2 and quantified using RSEM v1.2.31. Reads 

mapping to chrM were removed. Genes which had less than 10 reads mapping on 

average over all samples were removed. DESeq2 was used to identify genes that 

responded differently to treatment depending on the model, i.e. we performed an 

interaction test in which the the response is modeled as follows: y ~ model + 

condition + model:condition, where model is orthotopic, subcutaneous or in vivo and 

condition is untreated or treated with ETC-159. Pairwise comparisons to examine 

baseline differences between models were performed using a Wald test. The false 

discovery rate (FDR) was computed using the Benjamini-Hochberg procedure.  

Identification of Myc-dependent and Myc-independent genes: Different models 

were compared by investigating the expression genes and their response across time 
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in the three different conditions; WT, MYC OE and MYC T58A. Reads originating 

from mouse (mm10) were removed using Xenome for both the orthotopic and 

subcutaneous dataset. The reads originating from human aligned against hg38 

(Ensembl version 79) using STAR v2.5.2 and quantified using RSEM v1.2.31. Reads 

mapping to chrM or annotated as rRNA, snoRNA and snRNA were removed. Genes 

which had less than 10 reads mapping on average over all samples were removed. 

DESeq2 was used to to identify genes that responded differently to treatment 

depending on MYC status, i.e. we performed an interaction test in which the response 

is modeled as follows: y ~ model + timepoint + model:timepoint, where model is WT, 

MYC OE or MYC T58A and timepoint is 0h, 8 h, 56 h. Pairwise comparisons to 

examine baseline differences between models were performed using a Wald test. P-

values were corrected for multiple testing using the q-value method (Storey and 

Tibshirani, 2003), with genes with an interaction q-value < 0.1 being classified as 

MYC-dependent. 

Time series clustering 

Gene-level counts were transformed using a variance-stabilising transformation 

and converted to z-scores. Time was transformed using a square root transformation. 

All genes differentially expressed over time (DESeq2, false discovery rate (FDR) < 

10%) were clustered using GPClust (Hensman et al., 2015) using the Matern32 kernel 

with a concentration (alpha) parameter of 0.001 and a length scale of 6.5. Genes were 

assigned to a cluster which they had the highest probability of being a member of. 

Several parameter settings were used to assess the stability and robustness of clusters 

generated, with GPClust found to generate stable clustering across different 

thresholds and runs. Clustering was performed 100 times for a specified set of 
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parameters, with the best clustering taken as the one with the highest variance of 

information compared to the other clusterings, i.e. the most representative.  

Each cluster produced by GPClust is associated with a defined mean and 

covariance function, which can be discretized to a multivariate normal distribution. In 

order to generate superclusters, the mean function was hierarchically clustered using 

correlation distance, and stability was assessed using pvclust (Suzuki and Shimodaira, 

2006)  with a 10,000 iterations. Groups of clusters found to be stable (approximately 

unbiased p-value > 0.95) were identified and defined as superclusters. Similar results 

were obtained using symmetric Kullback Liebler-divergence (also called relative 

entropy) as a distance metric. TI50 (time to 50% inhibition) for each cluster was 

calculated using the estimated mean function, by calculating the time taken to reach 

50% of the initial estimated starting value. 

Functional enrichment analysis 

Gene Ontology (GO) enrichments performed using GOStats (Falcon and 

Gentleman, 2007)  using all genes differentially expressed (FDR < 10%) as 

background. Terms with an FDR < 5% were defined as significantly enriched. Results 

from GO enrichments were simplified for presentation purposes by filtering terms 

with a high semantic similarity (Yu et al., 2010). 

Transcription factor binding sites (TFBS) analysis 

TFBS motifs were obtained from the JASPAR2016 database (Mathelier et al., 

2016). Due to the impact of background sequence selection on the downstream results 

of motif identification (Roider et al., 2009; Worsley-Hunt et al., 2014), promoters 

(defined as +/- 500bp from the Ensembl annotated transcription start site (TSS)) were 

classified into different sets based on their GC content. Each set of promoters were 
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then scanned using FIMO (Bailey et al., 2009) with a p-value threshold of 5x10-4 

against the appropriate background. Enrichment of motifs in the promoter of genes in 

a specific cluster was calculated using a hypergeometric test and p-values were 

corrected using FDR after removing those motifs that were not present in the cluster 

of interest.  

Comparison with transcriptional responses upon TCF7L2 KD 

Microarray data was obtained from GEO:GSE48367 (Forrest et al., 2013) and 

processed using LIMMA (Linear Models for Microarray and RNA-Seq Data) (Ritchie 

et al., 2015). Normalized expression values were log2-transformed. Microarray probes 

that did not map to an annotated gene in Ensembl version 79 were removed from the 

analysis, and in the case of multiple probes mapping to one gene, the probe with the 

largest interquartile range was retained. Genes were defined as significantly 

downregulated using an FDR threshold of 10% and a fold-change of 0.5. Significance 

of the overlap between genes downregulated in SH-SY5Y following TCFKD and 

Wnt-activated genes was calculated using a hypergeometric with the number of genes 

expressed in both the HPAF-II time course and in the microarray experiment as 

background. Bonferroni correction was used to correct for multiple testing and control 

false positives. 

Analysis of existing TCF7L2 ChIP-seq datasets 

TCF7L2 peaks for various cell lines were obtained from ReMap 2018 (Chèneby et 

al., 2018; Frietze et al., 2012; Hazelett et al., 2014; Ni et al., 2013; Trompouki et al., 

2011). The distance from a TCF7L2 peaks were assigned to their nearest gene 

promoter, defined as the Ensembl defined TSS, were calculated.  
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Proteomics 

Tumors were homogenized on dry ice and solubilized with 8M urea and 20 mM 

HEPES. After reduction and alkylation, proteins were digested with trypsin overnight. 

Peptides in 0.1% TFA were separated using an Ultimate 3000 RSLC nano liquid 

chromatography system coupled to a Q-Exactive mass spectrometer (both Thermo 

Scientific) via an EASY-Spray source. Technical duplicates of 500 ng were loaded 

onto a trap column (Acclaim PepMap 100 C18, 100 µm, 2 cm) at 8 µl/min in 2 % 

acetonitrile, 0.1 % TFA. Peptides were eluted on-line to an analytical column 

(PepMap C18, 75 µm × 25 cm) and separated using a ramped 120 minute gradient, 4-

45 % of buffer B (80 % acetonitrile, 0.1 % formic acid). Following data-dependent 

acquisition, raw data files were loaded into Progenesis QI (PQI v3, Non-linear 

Dynamics), which performed peak detection, chromatographic run alignment, 

combined peak list creation (Mascot mgf file) and protein quantitation. Search results 

(filtered to approximately 1% FDR) were imported back into Progenesis QI and 

relative protein quantitation was performed using non-conflicting peptides only. 

Protein normalization was performed by Progenesis QI (Ritchie et al., 2015). 
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Supplementary Figures  
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Supplemental Figure 1: Time series transcriptomic analysis identifies 

clusters of genes with distinct dynamics in response to PORCN inhibition 

(accompanying Figure 1) 

A. Principal components analysis of HPAF-II orthotopic time course RNA-seq reveals 

coherent gene expression changes in response to ETC-159 over time.  

B. Upset plot of downregulated genes reveals groups of genes that are downregulated 

across different sets of timepoints compared to 0 h (FDR < 10%, fold change < 0.5) 

C. Upset plot of upregulated genes reveals groups of genes that are upregulated across 

different sets of timepoints compared to 0 h in response to PORCN inhibition (FDR < 

10%, fold change > 1.5) 

D. Mean and covariance of all clusters generated using GPclust. Clusters of genes 

defined as Wnt-activated are highlighted. Clusters are ordered by their size. 

E. Heatmap displaying all genes that are differentially expressed over time (FDR < 

10%), grouped into 64 distinct clusters based on their dynamics in response to 

PORCN inhibition.  

F. Hierarchical clustering of the mean function of each cluster. Distinct stable groupings 

(i.e. super-clusters) were identified using pvclust with 1,000 iterations.  
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Supplemental Figure 2: Clusters of WNT-activated genes are enriched for 

WNT targets identified following TCF KD in SH-SY5Y cells (accompanying 

Figure 1). 

The Forrest et al. dataset (Forrest et al., 2013) was reanalyzed (Methods) and the 

TCF-dependent genes identified. Examining the set of genes expressed in both 

datasets, we determined how many of our Wnt-activated genes were also 

downregulated in Forrest et al. (FDR < 10%, fold change < 0.5). The x-axis shows the 

proportion of genes in each Wnt-activated cluster that were also found to be 

downregulated following TCF knockdown. In no case did the cell line data contain 

more than 25% of the genes identified in our orthotopic model.  
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Supplemental Figure 3: Comparison of models of Wnt-addicted cancer reveals 

genes and processes that differ in baseline expression and/or response to ETC-159 

(accompanying Figure 2). 

.CC-BY-NC-ND 4.0 International licenseavailable under a
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 preprint (which wasthis version posted May 20, 2018. ; https://doi.org/10.1101/326819doi: bioRxiv preprint 

https://doi.org/10.1101/326819
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

Page 59 

A. Wnt-activated genes that are downregulated (FDR < 10%) in both orthotopic HPAF-II 

and CRC PDX models are enriched for cell cycle and ribosome biogenesis genes as 

assessed by GO:BP enrichment (FDR < 10%, dotted red line).  

B. Genes whose response to PORCN inhibition differs across models (interaction test, 

FDR < 10%) are enriched for cell cycle processes as assessed by GO:BP enrichment 

(FDR < 5%, dotted red line). 

C. TGBI and EPHB3 do not respond in vitro but are WNT targets in both HPAF-II in 

vivo models. 

D. Volcano plot and GO enrichments show that the genes expressed even before 

treatment differ widely between orthotopic and in vitro models (FDR < 10%). These 

genes are associated with distinct biological processes as assessed by GO:BP 

enrichment (FDR < 5%, dotted line). 

E. Volcano plot and GO enrichments show that the genes expressed before treatment 

also differ between orthotopic and subcutaneous models (FDR < 10%). These genes 

are associated with distinct biological processes as assessed by GO:BP enrichment 

(FDR < 5%, dotted line). 
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Supplemental Figure 4: The majority of TCF7L2 peaks are not located near 

promoters (accompanying Figure 3). 

Analysis of existing TCF7L2 ChIP-seq data reveals that the majority of TCF7L2 

binding peaks are located away (<5kb) from the promoters of genes. 
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Supplemental Figure 5: The response of RPLs and RPSs to PORCN 

inhibition is Myc-independent (accompanying Figure 7). 

Expression of representative RPL and RPS genes is enhanced by MYC and is 

dependent on Wnt signaling. 
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