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ABSTRACT OF THE DISSERTATION 

 

Regulation and Therapeutic Targeting of  

Wnt Signaling in Pancreatic Cancer 

 

by 

 

Michael Dawson Arensman 

Doctor of Philosophy in Cellular & Molecular Pathology 

University of California, Los Angeles, 2015 

Professor David Wayne Dawson, Chair 

 

Pancreatic cancer, or pancreatic ductal adenocarcinoma (PDAC), is the fourth most 

common cause of cancer-related death and carries a dismal five-year survival rate of 

only 6%.  Although our understanding of the molecular basis of the disease has 

improved over the past several decades, this increase in knowledge has not translated 

to improved therapeutics.  PDAC is a highly heterogeneous disease, with a complex 

array of variable mutations, alterations of gene expression, and tumor subtypes.  It is 

often unclear as to what is driving tumor progression and difficult to target candidate 

pathways.  It has recently become evident that the Wnt/β-catenin pathway is one such 

network that drives PDAC initiation, growth and metastasis, and that this critical 

developmental signaling cascade has the potential to be therapeutically targeted.  This 
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dissertation examined the molecular mechanisms driving the Wnt/β-catenin pathway 

and evaluated compounds to inhibit it in in vitro and in vivo models of PDAC.  

Endogenous Wnt/β-catenin activity was found to be highly variable across PDAC cell 

lines and patient tumors, with WNT7B and SUMO2 identified as key activators and 

inhibitors of pathway activity, respectively.  WNT7B activation of Wnt/β-catenin signaling 

mediated an anchorage-independent growth phenotype, suggesting that this pathway 

represents a rational target for pharmacologic manipulation.  Accordingly, the CBP/β-

catenin inhibitor ICG-001 effectively prolonged survival through induction of G1 arrest in 

PDAC models.  However, ICG-001 inhibition of growth could not be attributed to effects 

on the Wnt signaling pathway, rather it acted through direct modulation of key regulators 

of G1/S transition.  Alternatively, the vitamin D analog calcipotriol was investigated as a 

potential Wnt/β-catenin inhibitor.  Calcipotriol inhibited PDAC proliferation and Wnt/β-

catenin activity through upregulation of LDLRAP1 and destabilization of the Wnt co-

receptor LRP6.  Vitamin D receptor was also identified as a potential biomarker to 

predict and monitor response to vitamin D-based or Wnt/β-catenin-targeted 

therapeutics.  This dissertation provided valuable insights towards mechanisms 

regulating PDAC aggressiveness and characterized compounds currently under clinical 

evaluation for the treatment of PDAC.   
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REGULATION AND THERAPEUTIC TARGETING OF WNT SIGNALING IN 

PANCREATIC CANCER 

INTRODUCTION 

Pancreatic ductal adenocarcinoma (PDAC), commonly referred to as pancreatic cancer, 

originates from the acinar cells in the pancreas which undergo acinar to ductal 

metaplasia (ADM) and pass through several stages of pre-malignant pancreatic 

intraepithelial neoplasias (PanINs)(1).  PanINs ultimately progress to invasive 

adenocarcinoma and often metastasize to local lymph nodes, the liver, and other distant 

sites(2).  During PanIN progression, mutations in key oncogenes and tumor 

suppressors including KRAS, CDKN2A, TP53, and SMAD4 are commonly acquired(1, 

3).  However, PDAC becomes an incredibly heterogeneous disease, with an average of 

63 genetic alterations per tumor(4) and innumerable changes in gene expression 

resulting in a myriad of tumor subtypes(5).  While it remains unclear whether individual 

alterations are drivers or merely passengers of the disease, evidence is accumulating 

that the Wnt/β-catenin pathway promotes tumorigenesis and may be a druggable target.    

 

The Wnt/β-catenin pathway, commonly referred to as the canonical Wnt pathway, is a 

critical developmental signaling cascade that is involved in nearly every aspect of 

embryonic development, especially axis patterning, as well as adult tissue homeostasis 

including maintenance of the colonic crypt and hair follicle(6, 7).  In the absence of the 

Wnt ligand, constitutively expressed β-catenin is phosphorylated by components of the 

destruction complex, including APC, GSK3, Axin1/2 and CK1.  Phosphorylation of β-
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catenin leads to ubiquitination and subsequent degradation in proteasomes.  Wnt 

ligands, of which there are 19, are palmitoylated and secreted by Porcupine and WLS, 

respectively.  Wnt ligands, acting through either autocrine or paracrine signaling, bind to 

the Frizzled (Fz) receptors which cooperate with LRP5/6 coreceptors.  Upon ligand 

binding a phosphorylation cascade is initiated involving LRP6, CK1, GSK3, Axin and 

Dsh, resulting in inactivation of the destruction complex and stabilization of β-catenin.  

β-catenin translocates to the nucleus where it interacts with TCF/LEF family 

transcription factors as well as other transcriptional co-activators including CBP, and 

activates the transcription of target genes.  Multiple mechanisms exist to render cells 

more or less susceptible to Wnt signaling, including direct inhibitors (i.e., DKK1, sFRP1 

and RNF43) and activators (i.e., RSPO2 and LGR5)(7-10), as well as cross talk with 

other signaling pathways such as Notch, Hedgehog and ATDC(11).   

 

While Wnt signaling is one of the core signaling pathways mutated in PDAC(4), these 

mutations do not appear in key components of the pathway.  For example, APC and 

CTNNB1 are commonly mutated in colon cancer resulting in hyper-activated canonical 

Wnt signaling.  However, these mutations are rare in PDAC, and levels of Wnt/β-catenin 

activation are variable across patient samples(11).  While it is unclear what is driving 

Wnt/β-catenin signaling in PDAC, mounting evidence suggests that this pathway is a 

driver of the disease.  For example, knockdown of β-catenin in PDAC cell lines inhibits 

proliferation in vitro(12) and inhibition of Wnt signaling prevents PanIN formation in 

vivo(13).  Therefore it is prudent to further explore the regulation and possibility of 

targeting Wnt signaling for the treatment of PDAC.   
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New treatments are desperately needed for PDAC as it carries one of the worst 

prognoses of all cancers, with an overall mean survival of only about 6 months(14) and 

a 5-year survival rate of about 6% in the United States(15).  Surgical resection can 

significantly improve lifespan, but greater than 80% of patients present with locally 

advanced or metastatic disease which renders them surgically inoperable(1).  Not only 

is PDAC aggressive in nature, it is also characteristically resistant to current cytotoxic 

chemotherapy.  For example, the standard-of-care Gemcitabine only improves median 

survival by about 6 months(16), while newer combination therapies extend median 

overall survival to at most to one year(17).  Failure of chemotherapy and the inability to 

target the most common driver, KRAS(18),  suggests that PDAC must not be treated as 

a single disease but that therapeutics must be designed to target tumors based on their 

reliance on specific signaling pathways, such as Wnt/β-catenin.   

 

This dissertation seeks to better understand the regulators of Wnt signaling in PDAC as 

well as our ability to specifically target this pathway.  Wnt7B was identified as the 

individual ligand driving activation of Wnt/β-catenin signaling while SUMO2-modification 

was found to be a general inhibitor of the Wnt pathway in PDAC.  Identification of these 

mediators will allow for the better design of Wnt-targeted therapeutics.  The existing 

Wnt/β-catenin inhibitors ICG-001 and calcipotriol were also investigated.  ICG-001 

effectively arrested PDAC growth in vitro and in vivo, but its growth inhibitory effects 

were found to be unrelated to its suppression of Wnt signaling.  Calcipotriol, the vitamin 
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D analog, inhibited growth and Wnt activity to a similar extent as other tumor types, but 

we were able to uncover a novel mechanism of Wnt/β-catenin pathway regulation.  

Insights towards these compounds will better guide future trials on how to administer 

ICG-001 and calcipotriol alone and in combination with other therapeutics.  While 

significant work is still needed to improve the management of pancreatic cancer, 

targeting of the Wnt pathway, if applied correctly, remains a viable option for a subset of 

individuals with this devastating disease.   
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CHAPTER 1: WNT7B MEDIATES AUTOCRINE WNT/β-CATENIN SIGNALING AND 

ANCHORAGE-INDEPENDENT GROWTH IN PANCREATIC DUCTAL 

ADENOCARCINOMA 

 

Abstract 

Developmental and cancer models show Wnt/β-catenin-dependent signaling mediates 

diverse phenotypic outcomes in the pancreas that are dictated by context, duration and 

strength of activation. While generally assumed to be pro-tumorigenic, it is unclear to 

what extent dysregulation of Wnt/β-catenin signaling impacts tumor progression in 

pancreatic adenocarcinoma (PDAC). In the present study, Wnt/β-catenin activity was 

characterized across a spectrum of PDAC cell lines and primary tumors. Reporter and 

gene expression-based assays revealed wide heterogeneity in Wnt/β-catenin 

transcriptional activity across PDAC cell lines and patient tumors, as well as variable 

responsiveness to exogenous Wnt ligand stimulation. An experimentally generated, 

pancreas-specific gene expression signature of Wnt/β-catenin transcriptional activation 

was used to stratify pathway activation across a cohort of resected, early-stage PDAC 

tumors (N=41). In this cohort, higher Wnt/β-catenin activation was found to significantly 

correlate with lymphovascular invasion and worse disease-specific survival (median 

survival time 20.3 versus 43.9 months, log-rank P=0.03). Supporting the importance of 

Wnt ligand in mediating autocrine Wnt signaling, Wnt/β-catenin activity was significantly 

inhibited in PDAC cell lines by WLS gene silencing and the small-molecule inhibitor 

IWP-2, both of which functionally block Wnt ligand processing and secretion. 

Transcriptional profiling revealed elevated expression of WNT7B occurred in PDAC cell 
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lines with high levels of cell autonomous Wnt/β-catenin activity. Gene-knockdown 

studies in AsPC-1 and HPAF-2 cell lines confirmed WNT7B-mediated cell autonomous 

Wnt/β-catenin activation, as well as an anchorage-independent growth phenotype. Our 

findings indicate WNT7B can serve as a primary determinant of differential Wnt/β-

catenin activation in PDAC. Disrupting the interaction between Wnt ligands and their 

receptors may be a particularly suitable approach for therapeutic modulation of Wnt/β-

catenin signaling in PDAC and other cancer contexts where Wnt activation is mediated 

by ligand expression rather than mutations in canonical pathway members. 

 

Introduction 

Pancreatic ductal adenocarcinoma (PDAC) is a highly lethal cancer noteworthy for its 

rapid clinical progression and resistance to therapy (19).  While there has been recent 

significant progress in our understanding of the cellular and molecular basis of PDAC 

(2, 20), this knowledge has not yet translated into significant improvements in clinical 

outcomes.  PDAC incidence has been slowly rising, while 5-year overall survival is 6% 

(21).  A primary complicating factor is the remarkable genetic and epigenetic 

heterogeneity of pancreatic cancer (4, 22, 23).  High throughput sequencing of the 

human PDAC exome reveals individual tumors average 63 genetic mutations, including 

a small number of high frequency mutations and a much larger number of 

heterogeneous lower frequency mutations (4).  Interestingly, these highly variable 

alterations also define a core set of twelve signaling pathways and cellular processes in 

most PDAC tumors, including Wnt signaling (4). 
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The Wnt signaling pathway is highly conserved throughout vertebrate species and plays 

critical roles in development, tissue self-renewal and human diseases, including cancer 

(24).  Wnts are secreted glycoproteins able to act as short-range ligands to activate 

receptor-mediated signaling via Frizzled (Fzd) receptors and LRP5/6 co-receptors or 

other novel receptor complexes.  Numerous additional extracellular and intracellular 

proteins further transduce or regulate Wnt signaling (24-26).  Multiple Wnt and Fzd 

isoforms exist and are variably expressed spatially and temporally during development 

and in adult organs.  This complex pattern of expression contributes to a broad range of 

signaling outcomes that are highly context-dependent (25-27).  Wnt signaling occurs 

through either Wnt/β-catenin-dependent (“canonical”) or β-catenin-independent (“non-

canonical”) pathways.  Wnt/β-catenin signaling involves an intracellular signaling 

cascade that stabilizes β-catenin (encoded by CTNNB1), a highly versatile protein 

involved in both cell adhesion and nuclear transcription.  The net result is accumulation 

of β-catenin in the cytosol and its translocation to the nucleus where it complexes with 

the TCF/LEF family of transcription factors to activate target gene expression (24, 25).   

 

Our understanding of Wnt/β-catenin signaling in PDAC is evolving.  While mutations in 

CTNNB1, AXIN1 or APC are only rarely detected in PDAC (28-30), both pancreatic 

intraepithelial neoplasia (PanIN) and up to two-thirds of PDAC tumors have 

demonstrable Wnt/β-catenin activation based on the surrogate measure of increased 

nuclear and/or cytoplasmic β–catenin (11, 12, 31).  Most in vitro and in vivo studies 

addressing the biologic effects of Wnt/β-catenin signaling in human PDAC cell lines 

indicate it is pro-tumorigenic (12, 32-34).  While offering important insights into the 
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biochemical, transcriptional and phenotypic consequences of Wnt/β-catenin signaling in 

PDAC, these studies commonly rely on a small number of PDAC cell lines and do not 

address the potentially confounding effects of variations in Wnt/β-catenin signal 

strength, duration or context.  As an example, in vivo developmental and cancer models 

reveal Wnt/β-catenin signaling can mediate diverse and sometimes opposing 

phenotypic outcomes in the pancreas depending on its spatiotemporal context and 

relative levels of activation (11, 35).  Moreover, even if the function of Wnt/β-catenin 

signaling is consistently pro-tumorigenic in PDAC, it is unclear to what extent the 

pathway is variably activated in human tumors or whether such variations impact clinical 

behavior. 

 

In this study we examine variations in Wnt/β-catenin activation across a spectrum of 

PDAC cell lines and patient samples, identifying a subset of tumors that are 

distinguished by higher levels of Wnt/β-catenin transcriptional activation and more 

aggressive clinical behavior.  We further describe an important relationship between 

WNT7B expression, Wnt/β-catenin signaling and anchorage-independent growth in 

PDAC cell lines with elevated pathway activation.  We also conclude autocrine Wnt/β-

catenin signaling in PDAC can be primarily initiated and regulated by a single Wnt 

ligand, WNT7B, acting alone or in conjunction with other Wnt ligands.  These results are 

of significance for future attempts to successfully deploy Wnt-directed therapy in this or 

other cancers. 
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Results 

Wnt/β-catenin signaling varies widely across pancreatic cancer cell lines 

In order to determine the variability of Wnt/β-catenin-dependent signaling across 

pancreatic cancer, Wnt/β-catenin-dependent luciferase-based reporter assays were 

performed on multiple PDAC cell lines.  Cell lines were transiently transfected with 

plasmid containing BAR (β-catenin activated reporter) driving luciferase expression or 

FUBAR (found unresponsive β-catenin activated reporter) identical to BAR with the 

exception of a mutation in the TCF/LEF binding motif abrogating β-catenin 

responsiveness.  This BAR system has been previously described and shown to have 

greater sensitivity and dynamic range for β-catenin transcriptional activity relative to 

TOPFlash or SuperTOPFlash(36).  HPDE, a non-transformed pancreatic ductal 

epithelial cell line, and several PDAC cell lines were found to have minimal baseline 

Wnt/β-catenin reporter activity as reflected by BAR/fuBAR ratios of 0.5-2.0, hereafter 

referred to as “Low BAR” cell lines.  In contrast, a subset of PDAC cell lines including 

AsPC-1, Capan-1 and HPAF-2 had far more significant baseline activation with 

BAR/fuBAR ratios of 5-20 (Figure 1-1A), hereafter referred to as “High BAR” cell lines.  

Expression of AXIN2, a widely documented endogenous transcriptional target of Wnt/β-

catenin activation (37), was also increased in High BAR lines compared to Low BAR 

lines (Figure 1-1B), confirming the validity of the BAR reporter.   

 

Treatment of cell lines with either WNT3A ligand or the small-molecule GSK3β inhibitor 

CHIR99021 significantly increased Wnt/β-catenin signaling as measured by BAR-

luciferase reporter assays (Figure 1-1C) and endogenous AXIN2 expression (Figure 1-
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1D).  However, the relative-fold change observed after drug or ligand stimulation was 

greatest in Low BAR lines, reflecting their initial lower baseline.  Therefore, while most 

PDAC cell lines had the capacity to respond to exogenous Wnt stimulation, only a 

subset demonstrated appreciable levels of cell autonomous Wnt/β-catenin activity.   

 

High Wnt/β-catenin transcriptional signature predicts worse disease-specific survival 

Given wide variation in baseline Wnt/β-catenin activation across PDAC cell lines, we 

next explored the consequences of such variations in patient tumor samples.  To date, 

the determination of Wnt/β-catenin signaling in patient tumors has been primarily 

addressed by immunohistochemistry (IHC) for nuclear and/or cytoplasmic β-catenin 

expression, a widely recognized surrogate for Wnt pathway activation (26).  However, 

published data regarding β-catenin IHC in PDAC are hard to interpret given significant 

differences in the reported frequencies of nuclear and/or cytoplasmic β-catenin 

expression, as well as variable and contradictory results for β-catenin IHC and its 

correlation with survival and other clinicopathologic variables (11).  We therefore 

evaluated a pancreatic cancer-specific Wnt/β-catenin transcriptional signature as an 

alternative measurement of Wnt/β-catenin activation in patient tumors.  To define this 

signature, the High BAR PDAC line AsPC-1 was transfected with either control or 

CTNNB1 siRNA to generate gene expression profiles of Wnt/β-catenin activation and 

inhibition, respectively.  These profiles were then used as a training set to statistically 

model pancreas-specific Wnt/β-catenin transcriptional activity in CREATE SIGNATURE, 

a publically available web-based application that employs Bayesian methods to 

determine and analyze gene expression signatures (38).  The generated statistical 
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model (see Arensman et al (39)) assigned a relative Wnt/β-catenin activity score that 

ranged from 0 (inactive) to 1 (high activity).  The model was then used to evaluate a 

published microarray dataset (22) of 41 PDAC patient tumors linked to clinicopathologic 

information and survival data (see Arensman et al (39)).  A variable and continuous 

range of low to high Wnt/β-catenin transcriptional activity was noted across the 41 

PDAC tumors (Figure 1-2A).   

 

The potential clinical relevance of our defined pancreas-specific Wnt/β-catenin signature 

was next evaluated by stratifying tumors into quartiles based on their activity score.  

Tumors in the lowest quartile of activity showed a trend toward improved survival 

relative to the top three quartiles (Figure 1-2B).  Thereafter, patients were divided into 

two groups encompassing either low (bottom quartile) or high (combined top three 

quartiles) Wnt/β-catenin transcriptional activity.  These dichotomized groups showed no 

significant relationships with a variety of baseline clinicopathologic variables with the 

exception of a statistically significant correlation between high Wnt/β-catenin activity and 

the presence of lymphovascular invasion (P=0.01, data not shown, see Arensman et al 

(39)).  In univariate analysis, high Wnt/β-catenin activity was associated with worse 

disease-specific survival (Hazard Ratio = 2.75, 95% CI 1.03-7.32, P=0.039) with 

lymphovascular invasion and increased tumor size also trending toward worse survival 

(data not shown, see Arensman et al (39)).  Multivariate Cox regression analysis 

indicated high Wnt/β-catenin activity was an independent predictor for worse disease-

specific survival in a model with all other significant clinicopathologic variables retained 

after backward selection (Hazard Ratio = 3.16, 95% CI 1.19-8.40, P=0.021, data not 
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shown, see Arensman et al (39)).  Kaplan-Meier analysis also verified high Wnt/β-

catenin activity was correlated with reduced disease-specific survival in the patient 

cohort (Figure 1-2C, median disease-specific survival time 20.3 vs. 43.9 months, log 

rank P = 0.03).   

 

Wnt/β-catenin activity in pancreatic cancer is mediated by autocrine Wnt ligand 

secretion 

Wnt/β-catenin reporter activity was next measured in PDAC cell lines following 

treatment with either IWP-2 or XAV939, small molecule compounds that inhibit Wnt/β-

catenin signaling by discrete mechanisms.  IWP-2 inactivates the N-

palmitoyltransferase PORCN to selectively inhibit the palmitoylation and secretion of 

Wnt ligands (40).  XAV939 is a tankyrase inhibitor that augments β-catenin degradation 

through its stabilization of AXIN (41).  IWP-2 significantly inhibited Wnt/β-catenin 

reporter activity of High BAR lines at nanomolar concentrations (Figure 1-3A).  XAV939 

only partially inhibited Wnt/β-catenin reporter activity at low micromolar concentrations, 

while higher concentrations were associated with increasing cytotoxicity (Figure 1-3B 

and data not shown).  The reporter activities of Low BAR lines L3.6pl, MiaPaCa-2 and 

PANC-1 were unaffected by treatment with either IWP-2 or XAV939 (data not shown).  

Treatment with recombinant sFRP1, which can sequester Wnt ligands and prevent their 

binding to Fzd receptors, also significantly inhibited reporter activity in dose-dependent 

fashion (Figure 1-3C).  The strong inhibitory effects of IWP-2 and sFRP-1 suggested 

that Wnt/β-catenin activation in High BAR lines required effective Wnt ligand 

processing, secretion and receptor engagement.  To address this further, BAR reporter 
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activity was measured following siRNA-mediated gene knockdown of CTNNB1 or WLS, 

a key gene involved in the trafficking and secretion of Wnt ligands (42).  Quantitative 

real-time PCR (qPCR) verified CTNNB1 and WLS gene knockdown of 75-90% (data not 

shown).  Inhibition of reporter activity seen with WLS knockdown was nearly identical to 

that observed with CTNNB1 knockdown (Figure 1-3D), indicating that autocrine Wnt/β-

catenin signaling in High BAR lines is heavily dependent upon Wnt ligand secretion.   

 

WNT7B mediates high levels of autocrine Wnt/β-catenin activity in pancreatic cancer 

Given the link between Wnt/β-catenin activation and Wnt ligand secretion in PDAC cell 

lines, we sought to identify the specific ligands mediating this effect.  Published RT-PCR 

and expression microarray analyses indicate nearly every one of the 19 Wnt genes is 

expressed in at least subsets of pancreatic cell lines (12, 22, 43).  Therefore, to 

determine which Wnt genes are most abundant in pancreatic cancer cells we performed 

in silico-based analysis of published SAGE (serial analysis of gene expression) dataset 

of 24 human pancreatic tumors that excluded non-malignant cells through serial 

passage as in vitro cell lines or in vivo xenografts(4).  WNT3, WNT4, WNT5A, WNT7B, 

WNT10A and WNT11 were determined to be the most abundant WNT genes in 

pancreatic cancer cells on a per sequence tag basis (Figure 1-4A).  Gene expression 

microarray analysis was next performed on multiple high BAR and low BAR PDAC cell 

lines to measure relative expression of Wnt genes.  This revealed WNT7B expression to 

be the most highly and consistently increased Wnt gene in High BAR lines (Figure 1-

4B).  Direct evaluation of WNT7B expression by qPCR confirmed it was elevated in 

High BAR lines compared to Low BAR lines (Figure 1-4C).  To directly link WNT7B 
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expression and Wnt/β-catenin reporter activity, the High BAR lines AsPC-1 and HPAF-2 

were transiently transfected with siRNAs targeting WNT7B.  Knockdown of WNT7B 

significantly reduced WNT7B gene expression (Figure 1-4D) and resulted in 

corresponding significant reductions in Wnt/β-catenin reporter activation (Figure 1-4E) 

and endogenous AXIN2 expression (Figure 1-4F).   

 

Additional knockdown of WLS in combination with WNT7B knockdown had no further 

effect on reporter activity or endogenous AXIN2 expression (Figures 1-5A-B), 

suggesting other Wnt ligands provided no significant additive or complementary effects 

on WNT7B and its regulation of autocrine Wnt/β-catenin signaling in these cell lines.  

Furthermore, individual siRNA-mediated knockdowns of various other Wnt ligands, 

including WNT3, WNT3A, WNT4, WNT5A, WNT10A and WNT16, did not significantly 

inhibit reporter activity in AsPC-1 (Figure 1-5C).  Altogether, these data suggest that 

WNT7B is the key ligand driving Wnt/β-catenin activity in PDAC lines.   

 

 

WNT7B promotes an anchorage-independent growth phenotype  

To determine cellular phenotypes linked to WNT7B-dependent autocrine Wnt/β-catenin 

signaling, we stably depleted WNT7B in both AsPC-1 and HPAF-2 cell lines using two 

separate lentiviral shRNAs (Figure 1-6A).  Stable WNT7B depletion significantly 

inhibited Wnt/β-catenin transcriptional reporter activity in both cell lines (Figure 1-6B), 

but had no significant effect on cell viability or proliferation in standard monolayer 

culture as measured by MTT assay (Figure 1-6C) or BrdU incorporation (data not 
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shown).  In contrast, stable WNT7B depletion significantly inhibited colony formation in 

both monolayer culture (Figure 1-6D) and soft agar (Figure 1-6E).  HPAF-2 tumorsphere 

formation in serum-free, non-adherent conditions was also significantly inhibited by 

WNT7B depletion (Figure 1-6F), while AsPC-1 failed to form tumorspheres and was not 

evaluated.   

 

Next, WNT7B knockdown was addressed in an in vivo orthotopic xenograft model of 

PDAC.  AsPC-1 stably transduced with either control (N=7) or WNT7B (N=8) lentiviral 

shRNA were surgically implanted into the distal pancreas of immunocompromised mice.  

Survival was followed for 75 days until all but one mouse (shWNT7B) was sacrificed.  

While there was a trend towards increased survival in mice with tumors depleted of 

WNT7B, Kaplan-Meier survival curves revealed that there was not a statistically 

significant difference compared to control (P=0.3 Figure 1-6G).  However, subsequent 

analysis of WNT7B expression in the tumors demonstrated that WNT7B knockdown 

was not maintained throughout the course of the study (Figure 1-6H).  Therefore it is 

unclear if Wnt7B maintains an aggressive phenotype in vivo.   

 

Further supporting Wnt ligand secretion and its role in autocrine signaling anchorage-

independent growth, IWP-2 also significantly inhibited the non-adherent growth of High 

BAR PDAC lines in both soft agar and tumorsphere assays (Figure 1-7A-B).  Likewise, 

treatment of High BAR PDAC cell lines with anti-WNT7B antibody partially but 

significantly inhibited Wnt/β-catenin reporter activation and tumorsphere formation 

(Figure 1-7C-D).   
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Discussion 

The origin and biological significance of heterogeneous levels of Wnt/β-catenin 

activation across patient PDAC tumors remains unclear.  Here we have interrogated 

variable Wnt/β-catenin transcriptional activation across patient tumors and cell lines as 

assessed by promoter-reporter assays, endogenous AXIN2 gene expression and an 

experimentally defined Wnt/β-catenin transcriptional signature.  We find that Wnt7B is 

the key ligand driving canonical Wnt/β-catenin signaling and anchorage independent 

growth (Figure 1-7E).  Our results parallel those of previous reports surveying PDAC 

cell lines by β-catenin-dependent transcriptional reporter assays (12, 32, 33) or 

endogenous AXIN2 expression (44).  We identify subsets of PDAC cell lines with either 

(i) minimal/low or (ii) higher levels of autocrine Wnt/β-catenin activation and hypothesize 

that these and other variations in the context and/or strength of pathway activation could 

significantly alter the biochemical and phenotypic effects of Wnt/β-catenin signaling in 

subsets of PDAC tumors.  This variability may be a confounding factor when 

experimentally manipulating the Wnt/β-catenin pathway to study its function in PDAC.  

For instance, it is unclear whether loss-of-function approaches employed in cell lines 

without appreciable Wnt/β-catenin transcriptional activation truly reflect biological 

activities linked to Wnt/β-catenin signaling.  For example, Pasca di Magliano et al(12) 

and Wang et al(33) assess in vitro and in vivo proliferation in the context of β-catenin 

depletion in BxPC-3, L3.6pl, MiaPaCa-2 and PANC-1 PDAC lines, all of which were 

identified herein as having low endogenous Wnt/β-catenin activity.  Likewise, gain-of-

function approaches that act to stabilize β-catenin will result in constitutively 
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hyperactivated levels of Wnt/β-catenin signaling that are not typical of PDAC.  Genetic 

mutation in APC, AXIN or CTNNB1 that hyperactivate Wnt/β-catenin signaling are rare 

in PDAC and instead occur at high frequencies in solid-psudopapillary tumors, 

pancreatoblastomas and acinar carcinomas of the pancreas (11).  Not surprisingly, 

transgenic mice expression a pancreas-specific CTNNB1 mutation that stabilizes β-

catenin develop solid-pseudopapillary tumors instead of PDAC.  This mutation also 

blocks the formation of acinar-to-ductal metaplasia, mPanIN and PDAC when 

introduced into transgenic mice carrying oncogenic Kras (45, 46), indicating that high 

constitutive levels of Wnt/β-catenin actually may actually inhibit the initiation of PDAC.  

We propose that a more accurate view of Wnt/β-catenin signaling in PDAC required in 

vitro and in vivo studies that better account for variations in Wnt dosage and 

spatiotemporal context during pancreatic tumor development and progression.   

 

Wnt ligand secretion was required for autocrine signaling in High BAR lines as 

demonstrated by both WLS gene silencing and IWP-2 treatment.  Both Low and High 

BAR cell lines were able to respond to further exogenous Wnt ligand treatment, 

indicating paracrine sources of Wnt ligand originating from the tumor microenvironment 

could further impact pathway activity in vivo.  In addition to paracrine-mediated Wnt 

ligand signaling, a variety of additional extracellular factors and signals have been 

previously shown to modulate Wnt/β-catenin signaling PanIN and/or PDAC.  

Downregulation of secreted Wnt inhibitors from the tumor (34) or its associated stromal 

compartment (47, 48), as well as upregulation of RSPO2 (8) and sulfatases that 

potentiate Wnt ligand signaling (32), have been shown to promote Wnt/β-catenin 
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signaling and pancreatic tumorigenesis.  Additional extracellular signaling pathways that 

promote pancreatic tumorigenesis have also been shown to cross-talk with Wnt/β-

catenin signaling in PDAC, including TGFβ, Hedgehog, Notch and fibroblast growth 

factor signaling (11).  Beyond such extracellular mechanisms, tumor cell-associated 

changes in the expression, localization and/or activation of intracellular mediators of the 

pathway also facilitate Wnt/β-catenin activation in PDAC (23, 33).  Recently, additional 

factors including RNF43 and RSPO2 have been identified as critical mediators of WNT-

dependent growth response in PDAC.  RNF43 is a negative feedback regulator of Wnt 

signaling that suppresses membrane expression of the Wnt receptor Fzd.  Several 

PDAC cell lines have RNF43 inactivating mutations, rendering them sensitive to Wnt 

stimulation and susceptible to the Wnt inhibitor LGK974(10). Indeed, HPAF-2 and 

Capan-2, two cell lines used in this study, harbor RNF43 mutations, which could explain 

their high endogenous Wnt activity and sensitivity to depletion of Wnt ligand.   

Expression of the Wnt enhancer RSPO2 is upregulated in PDAC cells with high 

endogenous Wnt activity, as well as a subset of patient tumors, and RSPO2 mediates 

stemness in PDAC cells(49).   Overexpression of RSPO2 could provide additional 

means for Wnt pathway activation and aggressive tumor phenotype.  These various 

mechanisms for augmenting Wnt/β-catenin activation in PDAC appear to share the 

common requirement of a Wnt ligand/receptor-initiated signaling event.   

 

Gene expression analysis and RNAi depletion studies presented here identify a 

significant role for WNT7B in PDAC cell lines with higher levels of autocrine Wnt/β-

catenin signaling.  Our array profiling studies of Wnt ligands combined with the 
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observation that Wnt/β-catenin pathway activation in High BAR PDAC lines is readily 

inhibited by knockdown of a single Wnt ligand supports a model in which Wnt/β-catenin 

signaling can be regulated by the tissue-specific expression of specific ligands without 

appreciable ligand redundancy.  This type of model would suggest that the targeting of 

an individual Wnt ligand may be sufficient to manipulate the pathway for therapeutic 

purposes if the ligand context is well understood (50).  These cell lines offer a potential 

opportunity to further explore the function of WNT7B or other Wnt ligands that work 

individually or in synergy to initiate pathway activation.  

 

Phenotypically, WNT7B was required for anchorage-independent cell growth and tumor 

sphere formation.  Although we saw no specific effects on anchorage-dependent cell 

proliferation, our results are otherwise consistent with various reports that indicate 

Wnt/β-catenin facilitates anchorage-independent growth and in vivo tumorigenicity in 

PDAC (12, 32-34).  Recently, Wnt signaling has been implicated in pancreatic 

metastasis through its promotion of anchorage-independent growth and anoikis 

resistance (51).  Wnt2 and a non-canonical Wnt signature are enriched in circulating 

tumor cells from mouse and human PDAC, while growth of human PDAC cell lines as 

tumorspheres variably induces the expression of multiple Wnt ligands, including WNT7B 

(51).  Unfortunately, knockdown of WNT7B did not prolong survival in an orthotopic 

xenograft model of PDAC.  However, recent studies suggest that depletion of Wnt/β-

catenin signaling in vivo prevents PDAC initiation and diminishes tumor growth(8, 13).  

It is therefore reasonable to speculate that a well-powered study with sustained 

reduction in Wnt7B levels would result in a less aggressive disease burden with 
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prolonged survival.  Overall, accumulating data presented here and elsewhere in the 

literature indicate that both canonical and non-canonical Wnt signaling can facilitate 

anchorage-independent growth and metastasis in PDAC.   

 

IHC for nuclear and/or cytoplasmic β-catenin is the most widely used surrogate for 

detecting Wnt/β-catenin activation in patient tumors.  However, the literature is plagued 

by variable and confounding conclusions regarding β-catenin IHC staining in PDAC(11).  

As an alternative to measuring the status Wnt/β-catenin activation in primary human 

tumors, we adopted the novel approach of generating a pancreas-specific Wnt/β-

catenin transcriptional signature using a publically available web-based application, 

CREATE SIGNATURE (38).  We identified a continuous range of low to high Wnt/β-

catenin transcriptional activity across tumors, suggesting that an ON/OFF model for Wnt 

signaling in PDAC is probably too simplistic and inadequate for describing its apparent 

range of activation and variable phenotypic consequences.  Patients with a higher 

Wnt/β-catenin transcriptional signature had significantly worse disease-free survival and 

increased histologic evidence of lymphovascular invasion.  This finding must be viewed 

cautiously as it involved the retrospective analysis of a small cohort of patients and does 

not account for possible heterogeneity of signaling within a tumor due to spatiotemporal 

differences or associated non-malignant cell types.  However, the findings are 

compatible with the various aforementioned in vitro and in vivo studies linking Wnt/β-

catenin to increased pancreatic tumorigenicity.  As an example, the observed increase 

in lymphovascular invasion could be the consequence of augmented anchorage-

independent growth and survival of circulating tumor cells.  Similarly, high WNT2B 
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expression has been correlated with increased perineural invasion and decreased 

survival(52).  Further retrospective and prospective evaluation of larger patient cohorts 

using a refined Wnt/β-catenin transcriptional signature derived from multiple PDAC cell 

lines will be necessary to evaluate its potential clinical utility as a prognostic or 

predictive biomarker for PDAC.   

 

The dependency on Wnt ligand (autocrine or paracrine) for initiating Wnt/β-catenin 

signaling in PDAC suggests these tumors may be especially responsive to therapeutic 

approaches that inhibit Wnt ligand or extracellular receptors.  IWP-2, which blocks Wnt 

ligand secretion, was an effective inhibitor of Wnt/β-catenin activation and anchorage 

independent growth in high BAR PDAC lines.  Unfortunately, IWP-2 is not suitable for in 

vivo use and existing approaches for inhibiting Wnt/β-catenin in vivo are limited (11).  

However, the monoclonal antibody OMP-18R5, which binds to multiple FZD receptors 

to inhibit Wnt/β-catenin signaling, was recently shown to effectively block in vivo tumor 

growth and improve chemotherapeutic response of primary human xenografts derived 

from pancreas and breast adenocarcinomas (53).  LGK974, the small molecule 

Porcupine inhibitor, also impedes in vivo growth of multiple Wnt-driven diseases, 

including PDAC(10, 54).  These preclinical data suggest promise for pharmacologic or 

genetic approaches that disrupt Wnt ligand interactions with their extracellular 

receptors.  The role of Wnt/β-catenin signaling as a master regulator of cellular 

transcription and cell fate also raise the possibility that variations in pathway activation 

may regulate the response of PDAC cells to chemotherapeutic agents.  Given the 

potential efficacy of approaches targeting the proximal arm of the Wnt pathway, future 
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work will also need to focus on the development and optimization of predictive clinical 

biomarkers that identify subsets of tumors most likely to respond to Wnt/β-catenin 

inhibitors.   

 

Materials and Methods 

Cell lines and Reagents 

All human pancreatic cancer cell lines were cultured as previously described(55).  

AsPC-1, BxPC-3, Capan-1, HPAF-2, MiaPaCa-2 and PANC-1 were obtained from the 

American Type Culture Collection (ATCC, Rockville, MD).  Dr. Timothy Donahue 

(University of California, Los Angeles) provided L3.6pl.  HPDE, an immortalized, non-

transformed pancreatic ductal epithelial cell line was kindly provided by Dr. Ming-Sound 

Tsao (Princess Margaret Hospital, Toronto, Canada) and cultured as previously 

described(55).  Control and Wnt3A-expressing L cells (ATCC) were cultured in 

Dulbecco's Modified Eagle's Medium + 10% fetal calf serum.  Conditioned media were 

collected in full growth media at 96 hours.  Recombinant human sFRP-1 (R&D Systems, 

Minneapolis, MN) and anti-WNT7B antibody (Q-13, sc-26363) and corresponding 

isotype control normal goat IgG antibody (sc-2028) (Santa Cruz Biotechnology, Santa 

Cruz, CA) were purchased and used as indicated. 

 

Quantitative Real-time PCR 

RNA extraction, cDNA synthesis and SYBR Green-based quantitative PCR were 

performed as previously described(55) using an ABI-Prism 7700 sequence detector 

(Applied Biosystems, Foster City, CA).  For primer sequences see Arensman et al(39).   
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Gene Knockdown 

For transient gene knockdown, cell lines were transfected with 10-20 nM of duplexed 

siRNAs using Lipofectamine 2000 (Invitrogen/Life Technologies, Grand Island, NY).  

For stable WNT7B knockdown, cells were infected with lentiviral shRNA particles and 

selected in puromycin (1µg/ml).  WNT7B shRNAs TRCN0000061873 (shWnt7B #73) 

and TRCN0000061877 (shWnt7B #77) in pLKO.1 backbone were purchased from Open 

Biosystems (Lafayette, CO).  For RNAi sequences see Arensman et al(39).   

 

MTT Assay 

AsPC-1 and HPAF-2 cells were plated at 5,000 and 2,000 cells per well, respectively in 

96-well plates under normal growth conditions.   MTT assays (ATCC) were carried out 

per manufacturer’s instructions.   

 

Soft Agar Assay 

Stably transduced AsPC-1 or HPAF-2 cells (5,000 or 15,000 cells per well of 24 well 

plate, respectively) were plated as single cell suspensions in 0.4% Noble Agar overlaid 

on a base layer of 0.8% Noble Agar.  Media (RPMI-1640 + 10% FBS) was replaced 

every 3 days.  After 2-3 weeks, colonies were visualized by incubation with 10% MTT 

Reagent for 5 hours.  Colonies greater than 200 microns in diameter were counted.   
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Clonogenic Assay 

Stably transduced AsPC-1 or HPAF-2 cells were plated at 300 cells per well in 6-well 

plates in RPMI-1640 and 10% FBS.  After 14 days, cell colonies were fixed in methanol, 

stained with crystal violet and counted.   

 

Sphere Assay 

HPAF-2 cells were suspended in Neurobasal Media (Invitrogen/Life Technologies) 

containing Glutamax, bFGF (20 ng/ml), EGF (20ng/ml) N-2 and B27 at 10,000 cells/well 

in 6-well ultra-low attachment plates (Corning, Lowell, MA).  After 8 days, tumor spheres 

were visualized and counted by phase contrast microscopy.   

 

β-catenin activated reporter (BAR) assays 

Cell lines were transiently transfected with plasmid (pGL3 backbone) or stably 

transduced with lentiviral construct containing a β-catenin activated reporter (BAR) 

driving luciferase expression and separate construct with constitutive EF1α promoter 

driving Renilla expression (normalization control).  The BAR reporter construct has been 

previously described and is comprised of a 12 TCF/LEF binding motifs (5′-

AGATCAAAGG-3′), each separated by distinct 5–base pair linkers upstream of a 

minimal promoter and firefly luciferase open reading frame  (36).  FUBAR (found 

unresponsive β-catenin activated reporter) is identical to BAR with the exception of a 

mutation in the TCF/LEF binding motifs that abrogates β-catenin responsiveness.  Dual 

luciferase assays (Promega, Madison, WI) were performed to simultaneously measure 

firefly luciferase and Renilla expression.   
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Gene expression microarray and data analysis 

Gene expression microarray analysis with Affymetrix U133 plus 2.0 oligonucleotide 

arrays was performed in the UCLA Clinical Microarray Core Facility.  To determine 

relative expression of Wnt ligands across PDAC lines, total RNA was extracted from 

cells grown under normal conditions to 70-80% confluence.  Microarray analysis was 

performed in the dChip Analysis software package using invariant set normalization.  

The signal intensity was summarized using the model-based expression index (MBEI) 

algorithm with mismatch probe option for background subtraction.  For the pancreatic 

cancer-specific Wnt/β-catenin-dependent gene signature, gene expression microarrays 

were performed on total RNA extracted from AsPC-1 cells 48 hours post transfection 

with either control or CTNNB1 siRNAs to represent “Wnt activated” or “Wnt inhibited” 

training sets, respectively.  These training sets were used to generate a statistical model 

in CREATE SIGNATURE, a publically available application utilizing Bayesian methods 

to process gene expression via a web-based interface in GenePattern (38).  Default 

parameters were selected in CREATE SIGNATURE utilizing BinReg algorithm version 2 

with both quantile and shiftscale normalization.  A final statistical model of 50 genes and 

1 metagene was generated and used to predict levels of pancreatic-specific Wnt/β-

catenin transcriptional activation in a previously published (22) microarray dataset of 41 

PDAC patient tumor samples (deposited in NCBI GEO, GSE32688).   
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Orthotopic xenograft tumor assay 

Animal work was performed with oversight by the UCLA Division of Laboratory Animal 

Medicine and approval from the UCLA Animal Research Committee.  Orthotopic tumors 

were established and survival was measured as previously described(56).   

 

Statistical Methods 

SPSS 20.0 for Windows (IBM, Armonk, NY) was used for all statistical analyses.  

Continuous variables were evaluated using Student t-tests.  Chi square tests were used 

to evaluate the significance of dichotomized patient groups in relation to baseline 

clinicopathologic factors.  Kaplan-Meier survival curves were evaluated by log-rank test.  

Univariate Cox regression analyses were performed to determine the prognostic 

significance of individual clinicopathologic variables.  Multivariate Cox regression 

analysis was performed in stepwise fashion with backward selection using the Akaike 

Information Criterion.  The level of significance for all statistical tests was defined as α = 

0.05.   
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Figures 

 

Figure 1-1.  Endogenous Wnt/β-catenin activity varies across PDAC cell lines.  (A) 

BAR/fuBAR ratios for indicated cell lines as measured by dual luciferase assays 48 h 

after transfection with control Renilla and either BAR-luciferase or fuBAR-luciferase 

constructs. (B) AXIN2 expression for indicated cell lines by qPCR. (C) BAR-luciferase 

activity and (D) AXIN2 expression after treatment with CHIR990221 or Wnt3a-

conditioned media shown relative to vehicle alone (dimethyl sulfoxide) or control L-cell-
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conditioned media, respectively, as measured in cell lines with stable BAR-luciferase 

reporter. ACTB served as normalization control for qPCR. 
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Figure 1-2 
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Figure 1-2.  A high Wnt/β-catenin signature predicts worse survival.  (A) Wnt/β-

catenin transcriptional activity scores for primary human PDAC tumors (N=41) 

calculated using a model of pancreas-specific Wnt/β-catenin activation generated in 

CREATE SIGNATURE. (B–C) Kaplan–Meier analysis of disease-specific survival for 

PDAC patients grouped by Wnt/β-catenin transcriptional activity scores and separated 

into either (B) individual quartiles with Q1 to Q4 progressively indicating bottom to top or 

(C) bottom quartile (solid line) versus combined top three quartiles (dashed line). 

P=0.03, log-rank test. 

 

 

Figure 1-3.  Wnt/β-catenin signaling is dependent upon ligand secretion.  Dose–

response curves for (A) IWP-2, (B) XAV939 or (C) recombinant sFRP-1 in cell lines with 
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stable BAR-luciferase reporter. BAR-luciferase activity was measured 24–48h after 

treatment and normalized to treatments with an equivalent volume of vehicle alone 

(dimethyl sulfoxide). (D) BAR-luciferase activity for AsPC-1 transfected with control, 

CTNNB1 or WLS siRNAs. ***P<0.001. 
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Figure 1-4 
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Figure 1-4.  WNT7B drives Wnt/β-catenin activity.  (A) Overall combined average ± 

standard deviation of In silico analysis of Wnt ligand expression of pancreatic cancer 

based on a published SAGE (serial analysis of gene expression) dataset of 24 PDAC 

tumors passaged either as in vitro cell lines or xenografts in nude mice.  (B) Heatmap 

showing relative fold change in gene expression for each Wnt ligand across PDAC cell 

lines as determined by Affymetrix U133 plus 2.0 oligonucleotide arrays. (C) Relative 

WNT7B expression for indicated cell lines by qPCR. (D–F) Cell lines with stable BAR-

luciferase reporter were transiently transfected with control or WNT7B siRNAs. At 48h 

post transfection, cells were analyzed by qPCR for (D) WNT7B or (F) AXIN2 

expression, as well as (E) BAR-luciferase activity. ACTB served as normalization 

control for qPCR.  *P<0.05, **P<0.01, ***P<0.001. 
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 Figure 1-5.  WNT7B is the primary ligand driving pathway activation.  AsPC-1 with 

stable BAR-luciferase reporter were transiently transfected with 10nM each of the 

indicated individual or combinations of siRNAs. At 48 hours post-transfection, cells were 

analyzed for (A, C) BAR-luciferase reporter activity or (B) AXIN2 expression by qPCR 

with ACTB as normalization control for qPCR. All data were normalized to 

measurements observed with corresponding control siRNAs. The dashed line in panel 

C indicates position of normalized control siRNA and shows that only WNT7B siRNA 

Figure 5 
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transfection led to appreciable inhibition of BAR-luciferase reporter. At least 75% 

knockdown of each gene by its corresponding siRNA was confirmed by qPCR (data not 

shown). *P<0.05, *** P<0.001. 
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Figure 1-6 
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Figure 1-6.  Wnt7B promotes anchorage-independent growth in vitro.  (A-F) AsPC-

1 and HPAF-2 cells stably transduced with either control or WNT7B short-hairpin RNA 

lentiviral constructs were assayed for (A) WNT7B expression by qPCR, (B) BAR/fuBAR 

ratios by dual luciferase, (C) adherent cell growth by MTT, (D) clonogenicity in 

monolayer cultures, (E) colony formation in soft agar and (F) tumorsphere growth in 

non-adherent conditions. All data are shown relative to control short- hairpin RNA for 

the corresponding cell line. Representative images of clonogenic, soft agar and 

tumorsphere assays show HPAF-2 cells (D-F). (G) Kaplan-Meier survival curve for mice 

after orthotopic implantation of AsPC-1 stably transduced with either control or WNT7B 

short-hairpin RNA lentiviral constructs.  (H) WNT7B expression by qPCR in 

representative tumors from deceased mice as in (G).  ACTB served as normalization 

control for qPCR. Scale bar, 100 µm. **P<0.01, ***P<0.001. 
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Figure 1-7.  Pharmacologic Wnt inhibitor IWP-2 reduces anchorage-independent 

growth.  (A) AsPC-1 soft agar growth or (B) HPAF-2 tumorsphere growth was 

measured in the context of vehicle (dimethyl sulfoxide) or 0.1 µM IWP-2 treatment every 

72 h. (c) BAR-luciferase reporter assays at 48 h in indicated cell lines with stable BAR-

luciferase reporter and (D) HPAF-2 tumorsphere growth were measured following 

treatment every 48h with 20 µg/ml anti-WNT7B antibody or matched isotype control 

antibody.  (E) Schematic demonstrating the role of Wnt7B in PDAC.  *P=0.05, **P=0.01.  

Figure 1-7 
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CHAPTER 2: SUMO2 MODIFICATION INHIBITS WNT/β-CATENIN SIGNALING IN 

PANCREATIC CANCER 

 

Abstract 

Pancreatic ductal adenocarcinoma (PDAC) is currently the fourth leading cause of 

cancer-related death and is characterized by its aggressive nature and resistance to 

cytotoxic chemotherapy.  Recent studies reveal the importance of Wnt/β-catenin 

signaling in pancreatic cancer progression and aggressive clinical behavior.  Further 

insights into mechanisms responsible for dysregulation of Wnt/β-catenin signaling in 

PDAC should provide a deeper understanding of its role in tumorigenesis and could 

lead to the identification of novel clinical biomarkers or therapeutic approaches.  Here 

we investigated the action of sumoylation in altering Wnt/β-catenin signaling in PDAC.  

Individual knockdown of key genes regulating various steps in the sumoylation cascade 

activated Wnt/β-catenin-mediated transcriptional activity, suggesting that sumoylation 

acts as an inhibitor of Wnt/β-catenin signaling.  This effect was specifically mediated 

through SUMO2, as SUMO2 knockdown, but not SUMO1 knockdown, activated Wnt 

reporter activity.  Global proteomic analysis identified several known and novel SUMO2 

substrates that may suggest a role of sumoylation in the regulation of nuclear import or 

nuclear sequestration of key Wnt transcription factors.   
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Introduction 

Wnt/β-catenin signaling is under the control of a variety of post-translational 

modifications (57), most notably phosphorylation, acetylation and ubiquitination.  

Another important post-translational modification is sumoylation, which involves 

covalent attachment of small ubiquitin-like modifier (SUMO) proteins to target proteins.  

SUMO’s are a family of 12 kDa ubiquitin-like proteins that act on cellular targets similar 

to, but distinct from that of ubiquitin.  In mammals, SUMO has four isoforms, SUMO1, 

SUMO2, SUMO3 and SUMO4.  SUMO2 and SUMO3 have 95% sequence homology 

and are commonly referred to as SUMO2/3(58, 59).  Similar to ubiquitination, the 

process of covalently attaching SUMO to target proteins requires sequential enzymatic 

reactions involving SUMO activating enzymes (E1), SUMO conjugating enzymes (E2) 

and SUMO ligases (E3) (58, 59).  Unlike ubiquitin modification, which primarily target 

proteins for degradation, SUMO modifications have much more diverse functions 

including modification of protein-protein interactions, subcellular localization, stability 

and activity(59).   

 

Sumoylation is involved in many cellular processes and pathways including DNA repair, 

transcriptional activation, nuclear body formation, protein turnover and signal 

transduction(58, 60).  Several components of the Wnt pathway are known to be 

sumoylated, which can result in both positive and negative regulation of the pathway.  

For example, sumoylation of LEF1, a β-catenin/TCF co-transcription factor, negatively 

regulates its transcriptional activity by promoting its sequestration into nuclear 

bodies(61).  Conversely, TCF4 is also sumoylated and subsequently localized to 
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nuclear bodies, but this results in positive regulation of Wnt signaling(62).  Sumoylation 

of TBL1 and TBLR1, two β-catenin transcriptional coactivators, enhances the formation 

of the TBL1-TBLR1-β-catenin complex and recruitment to β-catenin-target promoters, 

resulting in transcriptional activation of Wnt target genes (63).  β-catenin itself is also 

sumoylated, resulting in active Wnt signaling (64).  Additionally, sumoylation of Wnt 

pathway components can have effects on different pathways, such as SUMO-modified 

Axin, which increases JNK signaling (65).   Finally, some sumoylation events remain 

unexplained, such as sumoylation of GSK3 which affects its subcellular localization and 

kinase activity, but has unknown consequences on downstream Wnt signaling (66).  

 

Given these multiple potential connections between sumoylation and Wnt signaling, and 

the importance of Wnt signaling in PDAC, we sought to investigate the global effect of 

sumoylation on Wnt/β-catenin activity in PDAC.  Using gene knockdown and a Wnt 

transcriptional reporter, we found that sumoylation has a net-negative regulatory effect 

on the Wnt/β-catenin pathway that was mediated specifically by SUMO2/3 (hereafter 

collectively referred to as SUMO2) and not SUMO1.  We additionally identified several 

known and novel SUMO2 substrates in PDAC cells through global proteomic analysis 

that provide putative targets for further exploring the mechanism linking sumoylation to 

Wnt pathway inhibition.   
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Results 

Knockdown of sumoylation activates Wnt signaling in PDAC cell lines 

An siRNA screen previously performed in the Dawson lab measuring BAR-luciferase 

activity in the AsPC-1 cell line revealed that knockdown of SUMO2, PIAS1, UBE2I and 

SAE2 (UBA2) resulted in an increase in reporter activity (Figure 2-1A).  To further 

explore the effects of sumoylation on Wnt signaling in PDAC, Wnt/β-catenin activity was 

measured using a Wnt/β-catenin-dependent luciferase-based reporter BAR (36, 39) in 

the context of siRNA-mediated knockdown of the aforementioned key regulators of the 

sumoylation cascade, including SUMO2, PIAS1 (an E3 ligase), UBA2 (SAE2 protein, an 

E1 activating enzyme) and UBE2I (an E2 conjugating enzyme) (Figure 2-2A).  Wnt 

reporter activity was increased after knockdown of all four components of the 

sumoylation cascade in the PDAC cell line AsPC-1 (Figure 2-2B), a cell line with high 

endogenous Wnt/β-catenin activity (39).  Similar experiments were also performed in 

MiaPaCa-2 and PANC-1 cells, two PDAC lines with low endogenous Wnt/β-catenin 

activity(39), but knockdown of SUMO2 and PIAS1 had no effect on BAR (Figure 2-2C-D 

and data not shown).  However, upon stimulation with Wnt3A conditioned media, 

knockdown of SUMO2 and PIAS1 lead to a further significant increase in BAR activity 

induced in response to Wnt3A treatment (Figure 2-2D).  Therefore, sumoylation 

appears to function as a negative rheostat for Wnt/β-catenin transcriptional activity in 

circumstances where the Wnt pathway is activated in PDAC.   
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We also further investigated the global effects of sumoylation on the 293T human 

embryonic kidney cell line.  Previously, sumoylation has been shown to be responsible 

for the sequestration of LEF1 into nuclear bodies resulting in inhibition of Wnt/β-catenin 

signaling (61).  As seen with PDAC lines, siRNA knockdown of SUMO2, PIAS1, UBA2 

and UBE2I all significantly increased BAR activity in 293T cells (Figure 2-2E).  This is in 

line with our PDAC findings and others in the literature(61), suggesting that sumoylation 

may act as a global inhibitor of Wnt/β-catenin activity.   

 

Since knockdown of sumoylation-related genes increased Wnt/β-catenin signaling, we 

assessed whether overexpression of SUMO2 might have an opposing effect on Wnt 

activity.  BAR activity was measured in AsPC-1 stably overexpressing histidine-tagged 

SUMO2 (8HisSUMO2, Figure 2-2F Input lanes).  However, SUMO2 overexpression had 

no significant effect on BAR activity compared to control cells expressing GFP (Figure 

2-2G).  This suggests that additional enzymes or signals may be necessary for SUMO2 

to impinge upon Wnt signaling.   

 

Inhibition of Wnt signaling by sumoylation is mediated through SUMO2 and not SUMO1 

Many studies of sumoylation and its relationship to Wnt/β-catenin signaling focus on 

SUMO1(62, 63, 65, 67, 68).  However, there is precedence that there may be context-

dependent utilization of different SUMO isoforms.  For instance, SUMO modification of 

LEF1 by PIAS was shown to preferentially favor SUMO2/3 over SUMO1 (61).  

Therefore, we established whether inhibition of Wnt signaling was specific to either 

SUMO1 or SUMO2 in PDAC.  While knockdown of SUMO2 significantly increased BAR 
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activity, knockdown of SUMO1 had no effect on the Wnt reporter (Figure 2-3A-B), 

indicating that SUMO2 specifically mediates inhibition of Wnt/β-catenin signaling to the 

exclusion of SUMO1.   

 

Identification of SUMO2-modified proteins 

Given that SUMO2 had an overall inhibitory effect on Wnt/β-catenin activity, we sought 

to identify which proteins were SUMO2-modified in PDAC in an attempt to identify key 

mediators of Wnt/β-catenin signaling.  Lysates from AsPC-1 cells stably expressing 

Histidine-tagged SUMO2 were affinity purified using Nickel beads (Figure 2-2F and 

Figure 2-4A) followed by mass spectrometry.  Western blot for RanGAP1, a known 

SUMO2 substrate, confirms specificity of the affinity purification (Figure 2-4B).  Mass 

spectrometry analysis revealed enrichment for over 200 SUMO2-modified proteins, 

although none of the aforementioned sumoylated Wnt regulators were identified.  A list 

of SUMO2-modified proteins that may have potential roles in Wnt/β-catenin signaling is 

presented in Figure 2-4C.   

 

Discussion 

It is becoming clear that Wnt/β-catenin signaling is a driver of PDAC in at least a subset 

of tumors.  For example, Wnt/β-catenin is required for initiation of PDAC(13) and 

mediates anchorage-independent growth as well as stemness in a subset of PDAC 

lines(39, 49).  While Wnt/β-catenin signaling is aberrantly active in a subset of patients 

(11, 12, 31, 39), mutations in key components of the pathway, such as CTNNB1, AXIN1 

and APC, are only rarely detected(28-30), so it remains unclear as to what is driving 
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Wnt/β-catenin activity.  One possibility is through post-translational modifications such 

as sumoylation.  Therefore, sumoylation was evaluated in an attempt to identify 

additional key regulators of Wnt/β-catenin signaling in PDAC.   

 

Sumoylation has been previously shown to affect Wnt/β-catenin signaling through 

multiple mechanisms.  Specific SUMO1-modification of TCF4 increases its interaction 

with β-catenin(62), and SUMO1 modification of TBL1, and TBLR1 releases them from 

their repressor complex to recruit β-catenin to target promoters(63, 69).  However, these 

mechanisms do not appear to be relevant in our study, as we observed SUMO1 to have 

no significant impact on Wnt/β-catenin activity in PDAC.  Additionally, our data 

conversely suggests sumoylation has a net inhibitory effect on Wnt signaling.  In this 

regard our observations are in line with several other proposed mechanisms for 

sumoylation, such as stabilizing and promoting the activity of GSK3β or Axin in the 

destruction complex or segregation of LEF1 into nuclear bodies(61, 65, 66, 70).   

However, these previously proposed mechanisms also focused on the role of SUMO1 

modifications, without addressing the specific role of SUMO2.  These mechanisms also 

do not appear to be at work in PDAC because our mass spectrometry analysis of 

SUMO2-modified proteins did not reveal GSK3, Axin, LEF1 or any other key component 

of canonical Wnt signaling.   

 

We found that stable overexpression of SUMO2 has no effect on Wnt/β-catenin activity 

when it was expected that increased SUMO2-modification would inhibit Wnt activity.  It 

has been documented that cells already contain a large free pool of SUMO2 and that 
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SUMO2 is not the rate-limiting step for sumoylation, so overexpression of SUMO2 may 

have no additional effect(71).  Another possible explanation is the reversible nature of 

SUMO(72), where any additional SUMO2 conjugation would be rapidly reversed by 

SENPs (SUMO proteases)(71), limiting the ability of additional SUMO2 to modify its 

targets.  This desumoylation, as well as the observation that only a small fraction of a 

particular SUMO-modified substrate exists under steady-state(71) could also contribute 

to the difficulty in detecting relevant SUMO2-modified proteins by mass spectrometry.  

 

While our mass spectrometry did not reveal previously described SUMO-modified 

proteins involved in Wnt signaling, we did identify several proteins that may have 

connections with the Wnt/β-catenin pathway.  RanGAP1 and RanBP2 are both part of 

the nuclear pore complex and are involved in the nuclear import of β-catenin and TCF-

4(68).  SUMO2-modification of either of these proteins could disrupt the nuclear 

localization of the critical Wnt transcription factors.  PML is critical for nuclear body 

formation, and its sumoylation could be responsible for sequestration of LEF1 or other 

proteins involved in β-catenin mediated transcription(71, 73). TRIM28 is a binding 

partner of WTX, which modulates Wnt signaling(74) andTRIM28 is also part of a family 

of SUMO E3 enzymes and could have a role in PML nuclear bodies(75).  SP100 also 

interacts with PML nuclear bodies(76).  Therefore, it is temping to speculate that 

SUMO2 could inhibit Wnt signaling by preventing nuclear import of critical Wnt 

transcription factors or by sequestering key Wnt transcription factors such as β-catenin, 

TCF or LEF into nuclear bodies.   
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In conclusion we have shown that the sumoylation cascade along with SUMO2, but not 

SUMO1, inhibit Wnt/β-catenin signaling in PDAC and possibly in other mammalian 

systems (Figure 2-4D).  While it remains unclear what is the direct target of SUMO2-

modification, our mass spectrometry analysis revealed several candidates involved in 

nuclear transport and nuclear body formation.  More work is required to determine the 

effects of sumoylation on these targets and how it relates to Wnt signal transduction.  

Additionally it will be pertinent to determine growth phenotypes when sumoylation is 

affected as Wnt signaling has been shown to be critical for PDAC progression.   

 

Materials and Methods 

Cell lines and reagents 

All human cell lines were cultured as previously described(39).  AsPC-1, MiaPaCa-2, 

PANC-1 and 293T were obtained from the American Type Culture Collection (ATCC).  

Control and Wnt3A conditioned media were collected from L cells (ATCC) as previously 

described(39).   

 

Real-time PCR 

RNA extraction, cDNA synthesis and SYBR Green-based quantitative PCR were 

performed as previously described(39).  All values were normalized to ACTB 

expression.  Primers used are ACTB Forward 5’- CCAACCGCGAGAAGATGA and 

Reverse 5’- CCAGAGGCGTACAGGGATAG, SUMO2 Forward 5’- 

CAGGATGGTTCTGTGGTGCAGTTT and Reverse 5’- 

TTGATTGGTTGCCCGTCAAATCGG, PIAS1 Forward 5’- 
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GCGGACAGTGCGGAACTAAA and Reverse 5’- ATGCAGGGCTTTTGTGAGAAG, 

UBE2I Forward 5’- TCCTCCACCTGTCCGCTAC and Reverse 5’- 

GCCACGAAACCAAATGGGTG, and UBA2 Forward 5’- AGGAAACCTCCAGTTCCGTT 

and Reverse 5’- GTTTGCAGCAGAGGTGACAA.   

 

Gene knockdown 

Cells were transfected for 48 hours with 5nM Invitrogen stealth siRNA SUMO2 

(18420622), PIAS1 (18175978), UBA2 (18178676), Invitrogen silencer select siRNA 

UBE2I (4390824), Santa Cruz siRNA SUMO1 (sc-29498) or Invitrogen negative 

universal control siRNA (12935-200) in combination with Lipofectamine 2000 (Life 

Technologies) per manufacturer’s instructions.  

 

Wnt reporter assays 

Baseline Wnt reporter activity was measured in dual luciferase assays (Promega, 

Madison, WI) as previously described(39) following transient co-transfection with control 

plasmid with constitutive EF1α promoter driving Renilla expression (serving as a 

normalization control) and either BAR (beta-catenin activated reporter, 12 TCF 

response elements driving luciferase expression) or fuBAR (found unresponsive BAR, 

contains mutated TCF response elements).  In other experiments, Wnt reporter activity 

was measured in AsPC-1, 293T or MiaPaCa-2 stably transduced with the BAR reporter 

and Renilla control as previously described(56).   
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Western blots 

Lysates were prepared using RIPA buffer with 1% SDS.  SDS-PAGE and 

immunoblotting were performed as previously described(56) with antibodies specific for 

SUMO2 (Abcam ab81371), SUMO1 (Cell Signaling 4930), PIAS1, (Cell Signaling 3550) 

or tubulin (Santa Cruz sc-5546).  Silver stain (Life Technologies 24612) was performed 

per manufacturer’s instructions.   

 

SUMO2 overexpression 

SUMO2 with N-terminal 8xHistitine tag was cloned into the MSCV-GFP-IRES-PURO 

retroviral vector and transduced into AsPC-1 cells as previously described(55).  Primers 

for PCR amplification of human SUMO2 cDNA are Forward 5’- 

GTACACCGGTGCCGCCATGCATCATCACCATCACCATCACCACGCCGACGAAAAG

CCCAAG and Reverse 5’- 

TGCATGCATGCGGCCGCTCAGTAGACACCTCCCGTCTGC.   

 

Affinity purification and mass spectrometry 

5 sub-confluent 15cm plates of AsPC-1 cells were collected with trypsin and trypsin 

inhibitor, and washed in phosphate buffered saline.  Cells were then lysed in 1mL lysis 

buffer (pH 7.4, 50mM imidazole, 300mM sodium chloride, 20mM sodium phosphate, 8M 

urea) for 1 hour at 4 degrees Celsius.  Cells were sonicated 3x for 10 seconds, while 

resting on ice between steps.  Ni-NTA agarose beads were prewashed 2x in lysis 

buffer.  From the lysis supernatant, protein concentration was measured by Bradford 

assay, and 10mg of protein was added to 20µL of Ni-NTA agarose beads; total volume 
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was brought to 1mL with lysis buffer, and solution was rocked at 4 degrees Celsius 

overnight.  Beads were then washed 10x in 500µL lysis buffer, and either used for mass 

spectrometry or eluted in 10µL 6x SDS buffer and 50µL lysis buffer by boiling.  20µL of 

the resultant solution was then loaded to 10% polyacrylamide gels for analysis.  Mass 

spectrometry and analysis was performed by Ben Major (University of North Carolina at 

Chapel Hill).   
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Figures 

 

Figure 2-1.  Sumoylation genes in an siRNA screen for Wnt/β-catenin regulators.  

(A) Previously performed siRNA screen measuring BAR-luciferase activity reveals 

components of sumoylation cascade.   

  

Figure 2-1 
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Figure 2-2.  Sumoylation negatively regulates Wnt signaling.  (A) qPCR for 

indicated genes and (B) BAR-luciferase activity after 48 hour transfection with 5nM 

siRNA in AsPC-1.  (C) Western blot for SUMO2, PIAS1 and tubulin (loading control) 
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after 48 hour treatment of MiaPaCa-2 with indicated siRNA and 50% L-cell (control) or 

Wnt3A conditioned media.  (D) BAR-luciferase activity after treatment as in (C).  (E) 

BAR-luciferase activity in 293T after treatment as in (A).  (F) Western blot for SUMO2 

and tubulin (loading control) after AsPC-1 were stable transduced with GFP control or 

Histidine-tagged SUMO2 expression vector (8HisSUMO2).  Input lanes demonstrate 

overexpression of SUMO2 with 8HisSUMO2 vector.  Eluate lanes demonstrate 

enrichment of SUMO2-modified proteins after affinity purification with Nickel beads.  (G) 

BAR/fuBAR ratios for AsPC-1 after treatment as in (H) as measured by dual luciferase 

assays 48 h after transfection with control Renilla and either BAR-luciferase or fuBAR-

luciferase constructs.  For SUMO2 western blots, brackets indicate sumoylated proteins 

and arrowheads indicate free-SUMO2. All values for indicated siRNA are shown relative 

to control siRNA.  ***P<0.001.   
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Figure 2-3.  SUMO1 does not inhibit Wnt signaling in PDAC.  (A) Western blots for 

SUMO1, SUMO2, and tubulin (loading control) and (B) BAR-luciferase activity were 

determined for AsPC-1 cells at 48 hours post-transfection with 20nM of indicated 

siRNA. All values are shown relative to control siRNA.  For SUMO western blots, 

brackets indicate sumoylated proteins and arrowheads indicate free-SUMO. **P<0.01.   
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Figure 2-4.  Identification of SUMO2-modified proteins in PDAC.  Lysates from 

AsPC-1 cells stably transduced with either GFP control or histidine-tagged-SUMO2 

(8HisSUMO2) were affinity purified with Ni-NTA agarose beads.  (A) Silver stain of final 

Ni-NTA purified fractions demonstrates enrichment of proteins covalently bound to 

8HisSUMO2.  (B) Western blot for RanGAP1 before (input) and after (eluate) affinity 

purification of AsPC-1 lysates treated as in (A).  (C) List of SUMO2-modified proteins 

identified in mass spectrometry of AsPC-1 that may be involved in the regulation of the 

Wnt/β-catenin pathway.  (D) Schematic representing effects of sumoylation on Wnt 

signaling.   
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CHAPTER 3: THE CREB BINDING PROTEIN INHIBITOR ICG-001 SUPPRESSES 

PANCREATIC CANCER GROWTH 

 

Abstract 

Pancreatic ductal adenocarcinoma (PDAC) is a highly lethal cancer due in part to a lack 

of highly robust cytotoxic or molecular-based therapies. Recent studies investigating 

ligand-mediated Wnt/β-catenin signaling have highlighted its importance in pancreatic 

cancer initiation and progression, as well as its potential as a therapeutic target in 

PDAC. The small-molecule ICG-001 binds cAMP-responsive element binding (CREB)-

binding protein (CBP) to disrupt its interaction with β-catenin and inhibit CBP function as 

a coactivator of Wnt/β-catenin-mediated transcription. Given its ability to inhibit Wnt/β-

catenin-mediated transcription in vitro and in vivo, as well as its efficacy in preclinical 

models of colorectal cancer and other Wnt-driven diseases, we examined ICG-001 and 

its potential role as a therapeutic in PDAC. ICG-001 alone significantly inhibited 

anchorage-dependent and -independent growth of multiple PDAC lines, and augmented 

in vitro growth inhibition when used in combination with gemcitabine. ICG-001 had only 

variable modest effects on PDAC apoptosis and instead mediated PDAC growth 

inhibition primarily through robust induction of G₁ cell-cycle arrest. These effects, 

however, seemed decoupled from its inhibition of Wnt/β-catenin-mediated transcription. 

DNA microarrays performed on PDAC cells in the context of ICG-001 treatment 

revealed ICG-001 altered the expression of several genes with well-established roles in 

DNA replication and cell-cycle progression, including direct actions on SKP2 and 

CDKN1A. ICG-001 also significantly prolonged survival in an in vivo orthotopic 
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xenograft model of PDAC, indicating ICG-001 or derived compounds that disrupt CBP 

activity are potentially useful small-molecule therapeutics for pancreatic cancer. 

 

Introduction 

Pancreatic ductal adenocarcinoma (PDAC) is among the deadliest of cancers, with an 

overall five-year survival rate of approximately 6%(77).  PDAC is difficult to treat 

because it frequently presents at an advanced, non-operative stage and is highly 

resistant to cytotoxic or targeted molecular therapy(19).  While our understanding of the 

molecular and cellular basis of PDAC continues to expand, present therapeutic options 

remain limited and offer only modest survival benefits for most patients.   

 

Wnt/β-catenin signaling is a critical developmental signaling pathway whose 

dysregulation is strongly implicated in the pathogenesis of many types of cancers(7).  

Canonical mutations in CTNNB1, APC and AXIN that lead to constitutive 

hyperactivation of the pathway occur only infrequently in PDAC(11, 35).  Nevertheless, 

perturbations in the timing, context and strength of Wnt/β-catenin signaling promote the 

development and progression of PDAC(11, 35).  Ligand-mediated Wnt/β-catenin 

signaling is essential for pancreatic cancer initiation and progression(13) and has been 

linked to aggressive tumor behavior(39).  Wnt pathway activation as detected by 

nuclear and/or cytoplasmic accumulation of β-catenin is observed in 10-65% of 

pancreatic intraepithelial neoplasia (PanIN)(12, 31), increasing with higher PanIN grade 

and in invasive PDAC(33).  Genetic or pharmacologic inhibition of various steps in the 
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Wnt pathway has also been shown to prevent in vitro (12, 33, 39) and in vivo tumor 

growth (10, 13, 33, 53, 78), implicating Wnt signaling as therapeutic target in PDAC.   

 

Although previously plagued by poor in vivo pharmacokinetics, several novel Wnt/β-

catenin inhibitors have demonstrable in vivo activity and are now in various stages of 

preclinical or early clinical development.  These include naturally occurring compounds, 

small molecule inhibitors, blocking antibodies and peptide antagonists (11, 79, 80).  

Among them is ICG-001, identified in a screen of small molecules that inhibited Wnt/β-

catenin transcriptional activity in a colorectal cancer cell line(81).  ICG-001 selectively 

blocks the interaction of β-catenin with its transcriptional co-activator cyclic-AMP-

response-element-binding protein (CBP) without disrupting β-catenin interaction with 

highly homologous p300.  One significant effect ascribed to ICG-001 and its disruption 

of Wnt/β-catenin transcription is decreased expression of the apoptosis inhibitor BIRC5 

(aka survivin protein), which leads to activation of caspase-3/7-mediated apoptosis(81-

84).  ICG-001 was first shown to slow colorectal cancer xenograft growth and intestinal 

polyp formation in the Apcmin mouse model(81) and has been subsequently shown to 

have in vivo efficacy in other Wnt-driven disease models, including rodent models of 

pulmonary fibrosis(85), renal interstitial fibrosis(86), acute lymphoblastic leukemia(87), 

chronic myocardial infarction(88), dermal fibrosis(89) and salivary tumorigenesis(90).  

The ICG-001-derived compound PRI-724 is now under investigation as a Wnt inhibitor 

in early phase clinical trials for advanced solid tumors (NCT01302405) and myeloid 

malignancies (NCT01606579)(91).   
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Given the importance of Wnt signaling in pancreatic carcinogenesis, we have now 

explored therapeutic potential and mechanism of action of ICG-001 in PDAC.  ICG-001 

significantly inhibited in vitro and in vivo PDAC growth by inducing G1 cell cycle arrest 

through effects that were largely decoupled from its activity as a Wnt inhibitor.  Instead, 

ICG-001 appeared to more broadly impact CBP function as a co-transcriptional 

activator, directly or indirectly perturbing the expression of numerous genes with key 

roles in cell cycle progression.   

 

Results 

ICG-001 inhibits in vitro PDAC cell line growth 

ICG-001 (Figure 3-1A) effects on in vitro anchorage-dependent PDAC cell growth were 

addressed by MTT cell viability assays.  ICG-001 showed dose dependent cell growth 

inhibition of AsPC-1, L3.6pl, PANC-1 and MiaPaCa-2 cell lines at IC50 values of 5.48 

µM, 14.07 µM, 3.43 µM and 3.31 µM, respectively (Figure 3-1B).  ICG-001 also 

significantly inhibited anchorage-independent growth in soft agar assays (Figure 3-1C).  

Addressing the potential for combined use of ICG-001 with cytotoxic chemotherapy, 

concurrent treatment with 5 µM ICG-001 and 5 nM gemcitabine further increased 

growth inhibition relative to individual treatments (Figure 3-1D).   

 

ICG-001 inhibits in vivo PDAC tumor growth 

ICG-001 was next addressed in an in vivo orthotopic xenograft model of PDAC.  AsPC-

1 tumor cells were injected into the distal pancreas of nude mice 10 days prior to the 

start of treatment.  Tumor-bearing mice were then randomized into four different 
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treatment arms, including vehicle (N=12), ICG-001 (N=12), gemcitabine (N=11) or ICG-

001 + gemcitabine (N=12).  Treatment was continued for a total of 8 weeks, after which 

all surviving animals were followed until the end of the study (120 days).  ICG-001 

significantly improved survival compared to vehicle alone as determined by Cox 

proportional hazard analysis (HR=0.207, 95%CI: 0.079-0.543, P=0.001).  Gemcitabine 

also significantly improved survival compared to vehicle (HR=0.123, 95%CI: 0.045-

0.334, P< 0.001).  There was no survival difference between gemcitabine alone versus 

ICG-001 alone (HR=0.592, 95% CI: 0.250-1.399, P=0.23).  In line with in vitro results, 

the greatest survival benefit relative to vehicle was seen with combined gemcitabine + 

ICG-001 (HR= 0.074, 95%CI: 0.026, 0.212, P<0.001).  Although this combination 

improved survival relative to ICG-001 alone (HR=0.360, 95% CI: 0.152-0.848, P=0.02), 

there was no significant improvement relative to gemcitabine alone (HR=0.608, 95% CI: 

0.254-1.455, P=0.66).  Kaplan-Meier survival curves (Figure 3-2A) also demonstrated 

improved survival relative to vehicle control (mean survival 46 ± 3.1 days) for ICG-001 

(mean survival 64 ± 7.1 days, log-rank P=0.01), gemcitabine (mean survival 83 ± 5.1 

days, log-rank P<0.00001) and combined ICG-001 + gemcitabine (mean survival 95 ± 

6.0 days, log-rank P<0.00001) treatments.    

 

The in vivo biological effects of ICG-001 were further addressed by gross and histologic 

analysis of mice at necropsy.  Using a previously described scoring system that awards 

points based on tumor infiltration and metastasis (92), tumor dissemination was 

quantified at the time of death.  No differences were observed between the four 

treatment arms (Figure 3-2B), indicating that animals were reproducibly sacrificed at 
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time points of equal tumor burden.  All tumors significantly involved the pancreas with 

direct extension into adjacent spleen.  Metastatic tumor deposits were observed in all 

animals, most frequently involving the lung, small bowel and diaphragm (Figure 3-2C-

H).   

 

Pharmacologic inhibition of Wnt signaling could have potential deleterious effects on 

normal somatic stem cell maintenance and tissue homeostasis(91).  However, no 

clinical evidence of ICG-001 cytotoxicity was observed on the basis of body weight 

measurements, as there was no significant difference in weight across treatment arms 

throughout the study (data not shown).  Furthermore, H&E evaluation of uninvolved liver 

and intestine revealed no histologic changes to suggest cytotoxicity in animals 

sacrificed during treatment with ICG-001 or vehicle control.  Small bowel from both 

treatment groups revealed normal villous-crypt ratios and no changes in apoptotic or 

mitotic activity within crypts, while liver showed no evidence of hepatitis, cholestasis or 

hepatocellular injury (i.e., ballooning change or apoptosis) (Figure 3-2I-N).   

 

A mitotic index calculated on tumors harvested during drug treatment revealed a 

significant decrease in mitotic activity in ICG-001 versus vehicle control treated tumors 

(Figure 3-2O).  Quantitative real-time PCR (qPCR) for three well-established Wnt target 

genes in tumors harvested during drug treatment also revealed a significant decrease in 

MMP7 expression with ICG-001 versus vehicle control treatment, but no differences in 

BIRC5 or AXIN2 expression (Figure 3-2P).   
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ICG-001 induces G1 arrest and has variable effects on Wnt/β-catenin signaling 

We next explored mechanisms underpinning ICG-001 effects on pancreatic growth.  As 

previously shown in colorectal cancer(81), ICG-001 disrupted the interaction between 

CBP and β-catenin in AsPC-1 cells as measured by co-immunoprecipitation (Figure 3-

3A).  To examine ICG-001 effects on Wnt/β-catenin signaling, PDAC cell lines 

transduced with a β-catenin-activated luciferase reporter (BAR) (36, 39) were treated 

with increasing concentrations of ICG-001.  ICG-001 exhibited a strong, dose-

dependent inhibition of reporter activity in AsPC-1 (Figure 3-3B), a cell line 

characterized by higher levels of autocrine Wnt/β-catenin activity(39).  By comparison, 

high concentrations of ICG-001 only weakly inhibited reporter activity in PANC-1 and 

MiaPaCa-2 cells, and not at all in L3.6pl cells (Figure 3-3B).  Parallel effects of ICG-001 

on the expression of the endogenous Wnt/β-catenin target gene AXIN2 were also 

observed, with the exception of L3.6pl cells demonstrating disparate inhibition of AXIN2 

expression at high ICG-001 concentration (Figure 3-3C).  Of note, ICG-001 significantly 

inhibited the growth of multiple PDAC cell lines at lower concentrations of ICG-001 that 

had corresponding little or no effect on Wnt/β-catenin transcriptional activity (compare 

Figure 3-1B and Figure 3-3B-C).   

 

ICG-001 has been shown to induce apoptosis via downregulation of the apoptosis 

inhibitor BIRC5 (survivin), a known Wnt/β-catenin target gene (81-84).  ICG-001 

treatment decreased the expression of BIRC5 transcript and survivin protein levels in all 

four PDAC cell lines (Figure 3-3D-E).  Despite this significant inhibition of survivin 

expression, ICG-001 had no significant effects on AsPC-1 apoptosis as determined by 
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cleaved PARP, caspase-3, caspase-7 or annexin-V-propidium iodide (PI) flow cytometry 

(Figure 3-3F-G).  PANC-1 and MiaPaCa-2 cells showed mild increases in cleaved 

PARP, caspase-3 and caspase-7 with no appreciable differences in apoptosis by 

annexin-V-PI staining, while only L3.6pl showed significantly increased apoptosis as 

measured by annexin-V-PI flow staining (Figure 3-3F-G).  These modest changes 

indicated apoptosis was not the primary mechanism for the observed inhibition of PDAC 

growth by ICG-001.   

 

In order to account for the dramatic growth inhibitory effects of ICG-001, it was 

hypothesized that instead of inducing apoptosis ICG-001 perturbed cell cycle.  

Therefore, ICG-001 effects on cell cycle were assessed by propidium iodide staining 

and flow cytometry.  ICG-001 treatment robustly induced G1 arrest in all PDAC cell lines 

(Figure 3-4A), a finding consistent with the decreased mitotic activity observed in ICG-

001 treated orthotopic tumors (Figure 3-2O).  Notably, significant G1 arrest was 

observed in all four cell lines at 10µM ICG-001, a concentration for which only AsPC-1 

showed appreciable inhibition of Wnt transcriptional activity.   

 

If ICG-001 exerts anti-proliferative effects by inhibiting β-catenin-mediated transcription, 

this effect should be phenocopied by knockdown of β-catenin expression.  However, 

siRNA-mediated CTNNB1 gene knockdown failed to induce G1 arrest in AsPC-1 cells, 

whereas parallel ICG-001 treatment did induce significant G1 arrest (Figure 3-4B).  

Furthermore, while exogenous Wnt3A ligand stimulation fully rescued ICG-001 inhibition 

of Wnt reporter activity across the cell lines (Figure 3-4C), it had no effect on ICG-001 
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mediated G1 cell cycle arrest (Figure 3-4D).  Altogether, these data indicate that ICG-

001 mediates growth arrest in PDAC cell lines through mechanisms discrete from its 

action as an inhibitor of Wnt signaling.   

 

ICG-001 inhibits the expression of genes involved in cell cycle 

To explore mechanisms underlying ICG-001 inhibition of cell cycle in PDAC, gene 

expression microarrays were performed on AsPC-1 cells after 6 and 24 hours of 

treatment with ICG-001.  In total, 569 transcripts (419 upregulated and 150 

downregulated) showed altered expression in response to ICG-001 treatment (P < 0.01; 

1.67-fold change at 6 hours or 2-fold change at 24 hours; 0.2% median false discovery 

rate) (Figure 3-5A, for complete list see Arensman et al (56)).  Several of these changes 

were further validated by qPCR in separate ICG-001 treatment experiments (Figure 3-

5B).  To explore biological processes linked to ICG-001 treatment, we performed 

enrichment analysis of gene ontology (GO) functional annotations.  In line with 

phenotypic observations, the top five GO terms for genes downregulated by ICG-001 

were DNA replication, DNA metabolic processes, DNA replication initiation, DNA-

dependent DNA replication and cell cycle (p < 0.00013). Top GO terms for genes 

upregulated by ICG-001 included multicellular organismal homeostasis, negative 

regulation of cell proliferation, cell cycle arrest, regulation of angiogenesis and 

regulation of cell proliferation  (p < 0.001).  

 

Although its inhibition of PDAC cell proliferation did not appear mechanistically linked to 

its effects on Wnt/β-catenin transcriptional activity, ICG-001 did inhibit several known 
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Wnt transcriptional targets, including MMP7 and LGR5 that were further validated by 

qPCR (Figure 3-5B).  To address ICG-001-regulated genes representing actual Wnt 

transcriptional targets in PDAC, we compared ICG-001 results with a second microarray 

study comparing gene expression changes in AsPC-1 transfected with either control or 

CTNNB1 siRNA.  In the context of greater than 80% CTNNB1 knockdown, there were 

441 altered transcripts (absolute fold change ≥ 1.33; median false discovery rate 

10.4%), including 228 upregulated and 213 downregulated genes (for complete list see 

Arensman et al (56)).  Top GO terms for genes downregulated by CTNNB1 knockdown 

included cell fate commitment, tube morphogenesis, tube development, morphogenesis 

of a branching structure and angiogenesis (p < 0.0005).  Top GO terms for genes 

upregulated by CTNNB1 siRNA included response to wounding, cell adhesion, 

biological adhesion, response to inorganic substance and regulation of cell migration (p 

< 0.0002).  Cross-referencing both ICG-001 and CTNNB1 siRNA microarray results 

revealed 117 overlapping transcripts (Figure 3-5C, for complete list see Arensman et al 

(56)).  GO functional annotations were only marginally enriched in this overlapping 

dataset (P < 0.01), but included regulation of cell proliferation, positive regulation of 

developmental processes, homeostatic process, response to wounding and regulation 

of cell cycle.  Therefore, ICG-001 regulates a set of genes distinct from β-catenin.   

 

Among the most highly regulated genes identified in the ICG-001 arrays were SKP2 and 

CDKN1A (p21), both key regulators of G1 progression.  We therefore explored whether 

these genes were direct transcriptional targets of CBP that are altered in response to 

ICG-001 treatment.  After 1 hour ICG-001 treatment, chromatin immunoprecipitation 
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(ChIP) revealed reduced CBP occupancy at SKP2 and increased CBP occupancy at 

CDKN1A (Figure 3-6A), corresponding respectfully to aforementioned decreased SKP2 

and increased CDKN1A gene expression results (Figure 3-5A).  Further detailed time-

course analysis of gene and protein expression revealed SKP2 transcript levels were 

reduced within 4 hours while CDKN1A transcript levels were increased within 2 hours 

following ICG-001 treatment (Figure 3-6B-C).  Corresponding decreased SKP2 protein 

expression and increased p21 protein expression were also seen within 4-6 hours of 

ICG-001 treatment (Figure 3-6D).  MYC protein levels were also decreased after 6 

hours, although MYC transcript levels were unchanged (Figure 3-6D-E), indicating a 

post-transcriptional mechanism of MYC protein levels occurs with ICG-001 treatment.   

 

Discussion 

At least subsets of PDAC are dependent upon Wnt/β-catenin signaling for initiation and 

progression (12, 13, 31, 33, 39, 43), warranting exploration of ICG-001 and other Wnt 

inhibitors as potential therapeutics.  PRI-724, an ICG-001 derivative, is presently under 

investigation in combination with gemcitabine in a phase 1 clinical trial for patients with 

metastatic pancreatic cancer (NCT01764477).  Additional compounds with greater 

specificity for Wnt pathway antagonism are also undergoing clinical evaluation in PDAC, 

including the function-blocking Fzd7 antibody Vantictumab (NCT02005315), the Fzd8 

fusion protein OMP-54F28 (NCT02050178), and the small-molecule Porcupine inhibitor 

LGK974 (NCT01351103).   
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We have demonstrated that ICG-001 significantly inhibits in vitro PDAC growth through 

induction of G1 cell cycle arrest and improves survival in an in vivo orthotopic xenograft 

model of PDAC.  Despite augmented PDAC growth inhibition in vitro, combined ICG-

001 and gemcitabine did not further improve survival over gemcitabine alone in the 

xenograft model.  It is possible that robust induction of G1 arrest with ICG-001 

compromises the action of cytotoxic chemotherapy such as gemcitabine, which 

primarily kills cancer cells undergoing DNA synthesis in S phase.  An analogous 

situation has been observed with CDK4 inhibitors that also induce G1 arrest and can 

reduce the efficacy of cytotoxic chemotherapy in certain circumstances(93).  Further 

optimization of the dosing and delivery of ICG-001 (or PRI-724) is obviously needed to 

resolve whether ICG-001 can be used effectively in combination with gemcitabine.  

Intriguingly, ICG-001 reduced expression of RRM1 in AsPC-1 microarrays.  RRM1 

expression directly correlates with gemcitabine resistance(94) and worse overall 

survival in PDAC(95, 96).  Furthermore, ICG-001 was shown to act synergistically with 

conventional chemotherapy to prolong survival in NOD/SCID mice engrafted with 

primary acute lymphoblastic leukemia(87).  Thus, when used appropriately in 

combination with cytotoxic regimens ICG-001 may still ultimately provide additional 

survival benefit in PDAC or other tumors.   

 

ICG-001 treatment and β-catenin knockdown regulated an overlapping set of genes in 

AsPC-1, including known targets of canonical Wnt signaling (i.e., MMP7, EDN1, LGR5, 

RNF43 and PORCN).  Originally identified in a small molecule library screen of 

compounds that inhibited β-catenin/TCF-dependent reporter activity, ICG-001 inhibits 
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Wnt transcriptional activity by binding to the N-terminal domain of CBP and preventing 

its interaction with β-catenin(81).  This not only has the potential to disrupt CBP-

dependent β-catenin-TCF transcription, but also may increase the pool of β-catenin 

available to interact with p300.  Like CBP, p300 functions as a transcriptional co-

activator or co-repressor in a context-dependent manner (91, 97, 98).  Kahn and 

colleagues have proposed a model of CBP/p300 differential co-activator usage whereby 

TCF-β-catenin-CBP-mediated transcription drives a non-differentiated proliferative state 

and ICG-001 induces a switch to TCF-β-catenin-p300 mediated transcription that favors 

cellular differentiation(97, 99).  In keeping with this model, ICG-001 strongly induced G1 

cell cycle arrest in PDAC cell lines and inhibited the expression of certain genes linked 

to pluripotency, including LGR5 that marks progenitor cells in intestinal crypts and 

DCLK1 which was recently shown to mark a unique tumor initiating cell population in 

PDAC(100).  ICG-001 also regulated many additional genes unaltered by β-catenin 

knockdown, including several linked to DNA replication and cell cycle regulation.  

Beyond β-catenin, ICG-001 may more generally alter gene expression by disrupting 

CBP interaction with any of a number of its known protein binding partners which 

includes many transcription factors(101).  As an example, ICG-001 was recently shown 

to block CBP binding to γ-catenin, resulting in increased p300/γ-catenin interaction and 

decreased BIRC5 expression(87, 102).   

 

ICG-001 can induce caspase-3/7-mediated apoptosis in colon cancer cells via 

downregulation of BIRC5/survivin (81).  Although ICG-001 treatment reduces BIRC5 

transcript and survivin protein levels, there were only variable and modest effects on 



	  

 
 

69 

apoptosis in PDAC cell lines.  Rather, ICG-001 induced robust G1 cell cycle arrest, 

which is perhaps not unexpected given CBP/p300 histone acetyltransferase activity is 

essential for cell proliferation and orderly G1/S transition(103).  Several groups find 

Wnt/β-catenin signaling promotes cellular proliferation in PDAC(12, 35) and while 

Wnt/β-catenin transcriptional targets MYC or CCND1 are commonly linked to its 

regulation of cell cycle, transcript levels of these genes were not altered in PDAC cell 

lines in response to ICG-001 treatment.   

 

ICG-001 dramatically inhibited both anchorage-dependent (MTT assay) and anchorage-

independent (soft agar assay) growth in all four PDAC lines that were examined.  

Inhibition of anchorage-dependent growth was not expected because we have 

previously shown that knockdown of the canonical ligand WNT7B and subsequent 

inhibition of Wnt/β-catenin signaling did not decrease anchorage-dependent growth(39).  

Another unexpected finding was that ICG-001 inhibited the growth of PDAC cell lines 

that have relatively low to absent levels of endogenous Wnt/β-catenin activity(39) and 

presumably do not rely on Wnt/β-catenin for growth.  Moreover, growth inhibition and 

G1 cell cycle arrest was observed in multiple PDAC cell lines at ICG-001 concentrations 

with little or no measurable effect on Wnt reporter activity or endogenous AXIN2 

expression.  Altogether these data indicate that ICG-001 inhibition of PDAC cell 

proliferation is decoupled from its function as a Wnt inhibitor.   

 

ICG-001 treatment altered the expression of numerous genes linked to DNA replication 

and cell cycle in AsPC-1 microarray analysis, both downregulating genes that promote 
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(i.e., SKP2, CDC25A, CDC7, CCNE and MCM2-MCM6) and upregulating genes that 

block (i.e., CDKN1A, CDKN1C, CDKN2B, MXD1, MXI1 and BTG1) cell cycle 

progression.  ICG-001 induced rapid changes in CBP occupancy on SKP2 and 

CDKN1A regulatory regions with corresponding changes in mRNA and protein levels, 

implicating SKP1 and CDKN1A as direct targets of ICG-001-mediated cell cycle arrest 

(Figure 17F).  SKP2 is a substrate component of the SCF E3 ubiquitin-protein ligase 

complex that promotes cell cycle progression through ubiquitination and subsequent 

degradation of several proteins linked to cell cycle inhibition, including p21, p27, p57, 

p130 and RASSF1A among others(104).  In contrast, ICG-001 increased CBP 

occupancy at CDKN1A promoter site in AsPC-1 cells, perhaps by increasing the 

availability of CBP to different subsets of transcription factors mediating CDKN1A 

expression.  CDKN1A encodes the cyclin-dependent kinase inhibitor p21 that oppose 

the function of multiple cyclin-CDK complexes that mediate G1 and S cell cycle 

progression.  Increased p21 levels with ICG-001 could be due to increased CDKN1A 

expression via CBP co-transcriptional activation as well as decreased SKP2 mediated 

degradation.   

 

Although MYC transcript levels were unchanged, ICG-001 reduced MYC protein levels 

within 6 hours with corresponding increases in several known targets of MYC-mediated 

transcriptional repression involved in cell cycle (i.e., CDKN1A, CDKN1C and CDKN2B).  

It is intriguing to further speculate how ICG-001 might directly antagonize MYC though 

additional post-translational mechanisms linked to its protein stability or function.  MXD1 

and MXI1, which were both upregulated in response to ICG-001 treatment, can inhibit 
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the transcriptional activity of MYC by competing for its important heterodimerization 

partner MAX(105).  CBP/p300-mediated acetylation has been shown to stabilize MYC 

protein and function(106), which could also be perturbed by ICG-001.  Finally, ICG-001 

could indirectly disrupt MYC activity through its aforementioned downregulation of 

SKP2, which has been shown to ubiquitylate MYC to license its function as a 

transcriptional activator (107).   

 

In conclusion, ICG-001 appears to robustly inhibit PDAC growth through both direct and 

indirect mechanisms that mutually reinforce the induction of G1 cell cycle arrest.  While 

further studies are needed to expand upon precise mechanisms underpinning its 

transcriptional and phenotypic activities, ICG-001 appears to more broadly disrupt CBP 

function beyond its role as co-transcriptional activator of Wnt/β-catenin signaling (Figure 

3-6F).  These studies should not only further examine the therapeutic potential of ICG-

001 and its derivatives in PDAC and other cancers, but also hopefully better inform 

future drug combination approaches and patient selection.   

 

Materials and Methods 

Cell Lines and Reagents 

All cell lines were cultured as previously described(39).  AsPC-1, MiaPaCa-2 and 

PANC-1 were obtained in 2005 from the American Type Culture Collection.  L3.6pl was 

obtained in 2010 from Hong Wu (UCLA).  ICG-001 was purchased from Selleck Chem 

and gemcitabine was kindly provided by Timothy Donahue (UCLA).  Wnt3a and L-cell 

conditioned media were prepared as previously described(39).   
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Cell growth, proliferation and apoptosis assays 

MTT cell viability assays (ATCC) were carried out per manufacturer’s instructions and 

initial plating at 5,000 (AsPC-1 and L3.6pl) or 3,000 (MiaPaCa-2 and PANC-1) cells per 

well in 96-well plates.  Soft agar assays were performed as previously described(39) in 

48-well format.  Media and drug were replenished once every 3-4 days.  For cell cycle 

analysis, treated cells were stained using hypotonic DNA staining buffer: 0.1mg/ml 

propidium iodide (Calbiochem), 20µg/ml RNaseA, 1mg/ml sodium citrate and 0.3% 

Triton X-100.  Flow cytometry analysis was performed in the UCLA Flow Cytometry 

Core using a Becton Dickinson FACSCalibur cytometer and using ModFit LT v3.1 

software.  Annexin V-PI flow cytometry analysis was performed with Cellquest v3.3 

software using an Annexin V FITC Apoptosis Detection Kit (BD Biosciences).   

 

Orthotopic Xenograft Tumor Assay 

Animal work was performed with oversight by the UCLA Division of Laboratory Animal 

Medicine and approval from the UCLA Animal Research Committee.  Orthotopic tumors 

were established by injecting 5x105 AsPC-1 cells suspended in 50% Matrigel (BD 

Biosciences)/RPMI into surgically-exposed pancreatic tails of 6-week old female 

athymic nude mice (Charles River) as previously described(108).  Intraperitoneal drug 

injections were begun 10 days after tumor cell injections in animals randomized to four 

treatment arms: vehicle alone (20% PEG300, 5% solutol, 3.75% dextrose, 1% DMSO in 

PBS) (n=12), ICG-001 (5 mg/kg 6 days/week) (n=12), gemcitabine (25 mg/kg 2 

days/week) (n=11) or ICG-001 + gemcitabine (n=12).  Treatment was for 8 weeks and 
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then discontinued for the remaining duration of the study (up to 120 days post-surgery).  

Animals were monitored daily and sacrificed when reaching a Body Conditioning Score 

of 2 (109) or palpable tumor of 1.5 cm in diameter per institutional guidelines.  Full 

necropsy was performed at the time of death with snap frozen and formalin-fixed tissue 

sections taken of primary and metastatic tumors, as well as normal spleen, lung, liver, 

small and large intestine.  Histologic analysis was performed with H&E stained sections 

by a practicing surgical pathologist (DWD) blinded to treatment arms.  Ten random high 

power fields per tumor were analyzed for mitotic counts.  A previously described 

dissemination score awarding points based on tumor infiltration and metastasis was 

used to quantify tumor spread(92).   

 

Wnt reporter assays 

Dual luciferase assays (Promega) were performed as previously described(39) on cell 

lines stably transduced with lentiviral constructs containing β-catenin-activated reporter 

(BAR) driving firefly luciferase expression and separate normalization control construct 

with constitutive EF1α promoter driving Renilla expression.   

 

Gene Knockdown 

Lipofectamine 2000 was used per manufacturer’s instructions to transfect AsPC-1 cells 

with 20 nM control siRNA (#12935-200) or CTNNB1 s437 (#4390824) siRNA (all 

purchased from Life Technologies).  Western blots to verify knockdown were performed 

using β-catenin (Sigma, C2206) and tubulin (Santa Cruz, sc-5546) antibodies.   
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Real-time PCR 

RNA extraction, cDNA synthesis and SYBR Green-based quantitative PCR were 

performed as previously described(39).  For a list of primers used see Arensman et 

al(56).   

 

Western Blots and Immunoprecipitation  

Western blots were performed as previously described (39) using antibodies specific for 

β-catenin (Sigma C2206), PARP (Cell Signaling Technology (CST) 9542), Cleaved 

Caspase-3 (CST 9664), Cleaved Caspase-7 (CST 9491), SKP2 (CST 2652), MYC 

(Santa Cruz sc-40), p21 (CST 2947) or tubulin (Santa Cruz sc-5546).  CBP co-

immunoprecipitations were performed on nuclear extracts as previously described(110) 

with anti-CBP (Santa Cruz, sc-369) or control isotype-matched IgG (Abcam, ab46540) 

antibodies.   

 

Chromatin Immunoprecipitation 

AsPC-1 cells (70% confluency) were crosslinked with formalin.  Chromatin 

immunoprecipitation (ChIP) was performed using the Pierce Agarose ChIP Kit (Thermo 

Scientific) on chromatin digested with 2U micrococcal nuclease.  Digested chromatin 

extracts were precleared with 20 ug agarose beads and incubated overnight with beads 

pre-bound with either 5 µg IgG control or CBP antibody (Abcam, ab46540 and ab2832, 

respectively) blocked with 1µg fish sperm DNA.  PCR was performed using primers (see 

Arensman et al(56)) covering gene regulatory regions for CDKN1A (-231 to -117, 

relative to transcriptional start site, TSS) and SKP2 (+1772 to +1870 relative to TSS). 
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Gene expression microarray and data analysis 

RNA was extracted from three biological replicates of AsPC-1 cells 6 and 24 hours post-

treatment with 10 µM ICG-001 or vehicle control (DMSO) or in separate experiments 

from two biological replicates of AsPC1 cells transfected for 48 hours with either 20 nM 

control or CTNNB1 siRNA.  Affymetrix U133 plus 2.0 oligonucleotide arrays were 

processed in the UCLA Clinical Microarray Core.  Arrays are available in Gene 

Expression Omnibus database repository (GSE57728).  Data analysis was performed 

with dChip Analysis software package(111) using invariant set normalization and signal 

intensities summarized using the MBEI (model-based expression index) algorithm with 

mismatch probe option for background subtraction.  Initial gene filtering criteria was set 

at >10% present call and variance across samples of 0.4<standard 

deviation/mean<1000.  ICG-001-regulated genes were determined by comparative 

analysis of ICG-001 versus vehicle control (selection criteria >1.67-fold change and 

P<0.01 at 6 hours or >2-fold change and P<0.01 at 24 hours).  β-catenin-regulated 

genes were determined by comparative analysis of CTNNB1 versus control siRNA 

transfection (selection criteria ≥1.33-fold change and >50 absolute change).  Functional 

enrichment was examined using default parameters in the web-based Database for 

Annotation, Visualization and Integrated Discovery (DAVID, v6.7) 

(http://david.abcc.ncifcrf.gov) (112).  Analysis was limited to the GO biological process 

FAT (GOTERM_BP_FAT) category terms and ranked on P-values after removal of 

categories with less than 6 annotated genes. 
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Statistics 

Student t tests were used to compare continuous variables. The Cox proportional 

hazard model was used to estimate hazard ratios between treatment groups. The 

assumption of proportionality was assessed both by visual inspection of Kaplan-Meier 

survival curves and formal analysis of Schoenfeld residuals (p.val=0.13).  Kaplan-Meier 

survival curves and log rank tests were performed using GraphPad Prism.   
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Figure 3-1.  ICG-001 inhibits in vitro anchorage dependent and independent 

growth of pancreatic cancer lines.  (A) Chemical structure of ICG-001.  (B) MTT cell 

viability and (C) soft agar assays were performed at the indicated concentrations of 

ICG-001.  (D) MTT assay on AsPC-1 cells treated for 6 days with vehicle (V), 5 µM ICG-

001 (I), 5 nM gemcitabine (G) or 5 µM ICG-001 plus 5 nM gemcitabine (I+G).  

Representative experiment from at least three replicates is presented for each cell line.  

*P<0.05, **P<0.01, ***P<0.001, ns=not significant. 
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Figure 3-2.  ICG-001 shows in vivo efficacy against pancreatic cancer.  (A) Kaplan-

Meier survival curves for mice treated with vehicle (V), ICG-001 (I), gemcitabine (G) or 

ICG-001 plus gemcitabine (I+G).  (B) Tumor dissemination scores were determined at 

the time of sacrifice for all mice in the four treatment arms.  (C-N) Representative H&E 

images (20x objective) of the orthotopic xenograft model include (C) viable primary 

tumor, (D) primary tumor with large area of geographic necrosis, (E) direct extension of 

tumor into spleen and distant metastatic tumor nodules involving (F) lung, (G) small 

bowel and (H) diaphragm.  Representative sections of normal tissues with no 

histopathologic abnormalities are shown for mice sacrificed 28-32 days into their 

treatment course with (I-K) vehicle or (L-N) ICG-001.  Sections include (I,L) small bowel, 

(J,M) colon and (K,N) liver showing no architectural or cytologic abnormalities to 

suggest cytotoxicity.  (O) Mitotic counts in 10 random high power fields and (P) qPCR 

analysis of indicated Wnt gene targets normalized to ACTB housekeeping gene were 

determined in primary tumors taken from mice still receiving treatment at time of death.  

*P<0.05, **P<0.01, ***P<0.001, ns=not significant.   
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Figure 3-3.  ICG-001 variably influences Wnt transcriptional activity and 

apoptosis.  (A) Nuclear extracts from AsPC-1 cells treated with vehicle or 30 µM ICG-

001 for 6 hours were immunoprecipitated with anti-CBP or control IgG antibodies 

followed by western blots for β-catenin and CBP.   (B) PDAC cell lines carrying stably 

integrated Wnt/β-catenin luciferase reporter (BAR) were treated with indicated 

concentrations of ICG-001 and measured in dual luciferase reporter assays at 24 hours.  

Luciferase is normalized to Renilla and shown relative to vehicle.  (C) AXIN2 and (D) 

BIRC5 transcript levels were determined by qPCR in PDAC cell lines treated with 

indicated concentrations of ICG-001.  All values were normalized to ACTB and shown 

relative to vehicle.  One representative experiment from at least two biological replicates 

is shown.  (E) Western blot for survivin and tubulin (loading control) after 48 hours 

vehicle or 10 µM ICG-001.  (F) Cells were incubated with vehicle, 10 µM ICG-001 or 

500 nM staurosporine (Stauro, positive control for apoptosis) for 24 hours and analyzed 

by western blot for PARP, cleaved-caspase 3, cleaved-caspase 7 and tubulin  (loading 

control).  (G) Vehicle or 10 µM ICG-001 treated cells were analyzed by flow cytometry 

for apoptosis by annexin V-PI staining at 48 hours.  One representative experiment from 

three replicates is shown.  *P<0.05, **P<0.01, ***P<0.001, ns=not significant.   
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Figure 3-4.  ICG-001 robustly induces G1 cell cycle arrest.  (A) Vehicle or 10 µM 

ICG-001 treated cells were analyzed by flow cytometry for cell cycle by propidium iodide 

staining at 24 hours.  (B) Cell cycle distribution was determined for AsPC-1 cells treated 

simultaneously with indicated combinations of vehicle, 10 µM ICG-001, control siRNA 

(20 nM) or CTNNB1 siRNA (20nM) for 48 hours.  Western blot confirmed >75% 

knockdown of β-catenin with CTNNB1 siRNA.  One representative experiment of three 

replicates is shown.  Wnt3a conditioned media (C) rescued ICG-001 inhibition of the 

BAR reporter but (D) did not rescue ICG-001 mediated G1 arrest.  Indicated cell lines 

were treated with either 50% Wnt3a media or L-cell conditioned media (control) in 

combination with specified concentrations of ICG-001 or vehicle control.  Dual luciferase 

reporter assays and propidium iodide flow analysis were performed at 24 hours.  

*P<0.05, **P<0.01, ***P<0.001, ns = not significant.   
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Figure 3-5.  ICG-001 alters the expression of cell cycle genes. (A) Gene expression 

was determined with Affymetrix Human U133 plus 2.0 arrays using RNA collected from 

AsPC1 following 6 or 24 hour treatment with vehicle or 10 µM ICG-001.  Biological 

replicates are shown on the heatmap of significantly regulated genes along with a 
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partial curated list of genes based on known roles in tumorigenesis, cell cycle control, 

cancer diagnosis/prognosis or Wnt/β-catenin transcriptional targets.  (B) qPCR 

validation was performed on selected genes in AsPC-1 cells separately treated with 

vehicle or 10 µM ICG-001 for 24 hours.  (C) Venn diagram comparing AsPC-1 gene 

expression microarray changes observed with either 10 µM ICG-001 treatment or 

CTNNB1 siRNA transfection.   
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Figure 3-6.  ICG-001 directly regulates change in SKP2 and CDKN1A expression.  

(A) Chromatin immunoprecipitation results for CBP association with SKP2 and CDKN1A 

regulatory elements in AsPC-1 cells following 1 hour treatment with vehicle or 10 µM 

ICG-001.  Data were normalized to input DNA and are presented as fold change of 
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CBP/IgG.  Representative experiments of three replicates are shown.  (B-E) Time 

course study following treatment of AsPC-1 cells with vehicle or 10 µM ICG-001 

measuring (B) SKP2 and (C) CDKN1A gene expression by qPCR, (D) SKP2, MYC, p21 

and tubulin (loading control) protein expression by western blot and (E) MYC gene 

expression by qPCR.  All qPCR values were normalized to ACTB and shown relative to 

0 hour.  (F) Schematic illustrating ICG-001 effects on cell cycle.  Representative 

experiments from at least two replicates are shown for all qPCR and western blots.  

*P<0.05, **P<0.01, ***P<0.001, ns=not significant. 
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CHAPTER 4:  CALCIPOTRIOL TARGETS LRP6 TO INHIBIT WNT SIGNALING IN 

PANCREATIC CANCER 

 

Abstract 

Pancreatic ductal adenocarcinoma (PDAC) is an aggressive malignancy in need of 

more effective therapeutic approaches.  One potential therapeutic target is Wnt/β-

catenin signaling, which plays important roles in PDAC tumor initiation and progression.  

Among Wnt inhibitors with suitable in vivo biological activity is vitamin D, which has 

been shown to antagonize Wnt/β-catenin signaling in colorectal cancer and has been 

documented to have anti-tumor activity in PDAC.  For this study the relationship 

between vitamin D signaling, Wnt/β-catenin activity and tumor cell growth in PDAC was 

investigated through the use of calcipotriol, a potent non-hypercalcemic vitamin D 

analog.  PDAC tumor cell growth inhibition by calcipotriol was positively correlated with 

vitamin D receptor (VDR) expression and Wnt/β-catenin activity.  Furthermore, vitamin 

D and Wnt signaling activity were functionally linked to one another through reciprocal 

feedback regulation.  Furthermore, calcipotriol was found to inhibit Wnt/β-catenin 

signaling in PDAC cell lines through a novel mechanism involving transcriptional 

upregulation of low-density lipoprotein receptor adaptor protein 1 (LDLRAP1).  

Calcipotriol-mediated induction of LDLRAP1 inhibited autocrine Wnt/β-catenin signaling 

in PDAC lines by decreasing levels of low-density lipoprotein receptor-related protein 6 

(LRP6), a requisite co-receptor for ligand-dependent canonical Wnt signaling. 
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Introduction 

Pancreatic ductal adenocarcinoma (PDAC) is a highly recalcitrant malignancy with an 

overall five-year survival rate of 6%(15).  Its poor prognosis is linked to its typical 

advanced stage at diagnosis, rapid disease progression and resistance to cytotoxic 

chemotherapy(19).  Improved therapeutic approaches based on a detailed 

understanding of the molecular and cellular basis of PDAC are needed.  One 

therapeutic target now receiving attention is Wnt/β-catenin signaling, one of twelve core 

pathways and processes genetically altered in most PDAC(4).   

 

Wnt signaling plays pivotal roles in embryogenesis and adult tissue homeostasis 

through its regulation of diverse biological functions, including cell fate specification, 

proliferation and cell migration.  Wnt ligands are secreted glycoproteins that signal 

through Frizzled (FZD) receptor and low-density lipoprotein receptor-related protein 5 or 

6 (LRP5 or LRP6) co-receptor.  Activation of canonical Wnt signaling (or Wnt/β-catenin-

dependent signaling) culminates in the cytoplasmic accumulation of β-catenin and its 

translocation to the nucleus where it forms complexes with transcription factors and co-

activators to drive context-dependent target gene expression(113).  Deregulation of 

Wnt/β-catenin signaling occurs in many types of cancer, typically through key driver 

mutations or increased Wnt ligand-mediated receptor activation.  In PDAC, Wnt/β-

catenin signaling is required for tumor initiation(13) and confers traits associated with 

“stemness” in susceptible cell lines(49). Furthermore, Wnt/β-catenin signaling supports 

various pro-tumorigenic phenotypes in established PDAC cell lines and correlates with 

aggressive clinical behavior in primary PDAC tumor samples(11, 13, 39).   
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Several Wnt inhibitors are now at various stages of preclinical and early clinical 

development(80).  They include small molecule inhibitors, blocking antibodies, inhibitory 

fusion proteins, peptide antagonists and naturally occurring compounds, including 

vitamin D.  Calcitriol, the biologically active metabolite of vitamin D and ligand of the 

vitamin D receptor, has been shown to disrupt Wnt/β-catenin signaling through various 

mechanisms.  In colon cancer lines, calcitriol induces the vitamin D receptor (VDR) to 

directly bind β-catenin and increases E-cadherin expression to retain β-catenin at 

adherens junctions, ultimately resulting in reduced β-catenin/TCF interaction and target 

gene expression(114).  Calcitriol also indirectly increases the expression of DKK1, a 

secreted protein antagonist of Wnt/β-catenin signaling(115).   

 

Vitamin D is acquired through dietary intake and ultraviolet-light mediated metabolism of 

its precursors in the skin.  Vitamin D metabolites bind to VDR, a transcription factor 

which functions as an obligate heterodimer with the retinoid X receptor (RXR) to 

regulate the expression of target genes with vitamin D response elements.  In addition 

to regulating calcium homeostasis, vitamin D exhibits anti-cancer action through a 

variety of anti-proliferative, pro-apoptotic and differentiation effects.  Accordingly, 

vitamin D and its analogs are promising chemopreventative and chemotherapeutic 

agents for numerous malignancies(116).  In relation to PDAC, certain epidemiologic 

studies show higher intake or increased plasma levels of vitamin D correlates with 

decreased incidence of PDAC(117, 118).  Although a published meta-analysis 

concludes there is no significant association between vitamin D levels and PDAC 
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risk(119),  a recent study detected a high prevalence of vitamin D insufficiency in 

patients with advanced pancreatic cancer(120).  Published studies show vitamin D and 

its synthetic analogs inhibit the in vitro and in vivo growth of some but not all PDAC cell 

lines through pro-apoptotic and anti-proliferative actions (121-123).  A more recent 

study by Sherman, et al., finds VDR serves as a master transcriptional regulator of 

pancreatic stellate cell quiescence with the vitamin D analog calcipotriol able to 

suppress pancreatitis and mediate stromal remodeling to improve chemotherapeutic 

drug delivery and survival in a Kras-driven mouse model of PDAC(124).   

 

Here we examined potential interplay between Wnt/β-catenin and vitamin D signaling in 

PDAC.  The ability of calcipotriol to inhibit PDAC growth was strongly correlated with 

expression of VDR, which was correlated with and regulated by Wnt signaling.  We 

further show calcipotriol induces expression of low-density lipoprotein receptor adaptor 

protein 1 (LDLRAP1) that, in turn, mediates rapid reduction in LRP6 protein and 

corresponding inhibition of Wnt signaling, offering a novel mechanism by which vitamin 

D is able to negatively regulate Wnt signaling activity.  Our data indicate that, in addition 

to their use as stromal targeting agents, vitamin D analogs may be suitable direct anti-

cancer agents for subsets of PDAC tumors and precursor lesions with higher levels of 

Wnt-dependent growth activity and VDR expression.   
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Results 

PDAC growth inhibition by calcipotriol is linked to VDR expression and Wnt signaling 

In previous work, we have described a distinct subset of PDAC cell lines with high levels 

of autocrine Wnt/β-catenin signaling and whose tumor growth is distinctly responsive to 

genetic or pharmacologic inhibition of Wnt(39).  Given that vitamin D inhibits Wnt 

signaling in colon cancer(114, 115), we examined the correlation between the growth-

inhibitory effects of calcipotriol and variable autocrine Wnt/β-catenin signaling activity 

across a panel of PDAC cell lines.  Baseline Wnt/β-catenin signaling was measured in 

dual luciferase promoter-reporter assays by determining the ratio of BAR (beta-catenin 

activated reporter, 12 TCF response elements driving luciferase expression) to fuBAR 

(found unresponsive BAR, contains mutated TCF response elements)(36).  AsPC1, 

HPAF-2, YAPC and Suit2 each had higher levels of autocrine Wnt activity (High-BAR), 

while MiaPaCa-2, PANC-1 and HCG25 each had lower or absent levels of autocrine 

Wnt activity (Low-BAR)(Figure 4-1A).  Interestingly, these levels of autocrine Wnt 

activity paralleled VDR protein expression with western blots of High-BAR lines 

demonstrating higher levels of VDR expression (High-VDR) and Low-BAR lines 

showing low or undetectable levels of VDR (Low-VDR) (Figure 4-1A).  Accordingly, 

calcipotriol inhibited anchorage-dependent growth of High-BAR/High-VDR cell lines in a 

dose-dependent manner at concentrations ranging from 10 nM to 1 µM, while 

calcipotriol at concentrations up to 10 µM was unable to inhibit the growth of Low-

BAR/Low-VDR cell lines (Figure 4-1B).  Calcipotriol also inhibited anchorage-

independent growth of High-BAR/High-VDR cell lines in soft agar assays (Figure 4-1C), 

a phenotype we had previously shown to be specifically tied to Wnt signaling in these 
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High-BAR PDAC lines(39).  These results correlate growth inhibition by calcipotriol to 

VDR expression status and suggest variations in vitamin D response in PDAC may be 

linked to Wnt activity, whereby Wnt/β-catenin signaling may serve as a mediator and/or 

target of vitamin D action.   

 

To further explore possible mechanistic links between vitamin D and Wnt signaling in 

PDAC, AsPC-1 cells stably transduced with BAR were treated with increasing 

concentrations of calcipotriol.  Calcipotriol significantly inhibited Wnt/β-catenin activity in 

a dose-dependent manner as measured by BAR reporter (Figure 4-2A).  Calcipotriol 

also significantly inhibited expression of the endogenous Wnt/β-catenin transcriptional 

target AXIN2 across the panel of High-BAR/High-VDR cell lines (Figure 4-2B).  To 

confirm calcipotriol inhibited Wnt signaling in a VDR-dependent manner, calcipotriol 

effects on BAR reporter was determined in the context of siRNA-mediated VDR 

knockdown.  VDR knockdown fully rescued inhibition of reporter seen with calcipotriol 

treatment (Figure 4-2C-D), indicating that Wnt inhibition by calcipotriol was VDR-

dependent and not mediated through off-target or receptor-independent actions.   

 

We next explored the mechanism by which calcipotriol inhibits Wnt activity in PDAC.  In 

colon cancer cell lines, ligand-activated VDR directly interacts with β-catenin, leading to 

cytoplasmic/plasma membrane sequestration of β-catenin and inhibition of β-

catenin/TCF mediated transcription(114).  Addressing this possibility in PDAC, cell 

extracts of AsPC-1 treated with either vehicle or calcipotriol were immunoprecipitated 

with anti-β-catenin antibody.  While E-cadherin co-immunoprecipitated with β-catenin as 
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expected, VDR did not co-immunoprecipitate with β-catenin either in the presence of 

absence of calcipotriol (Figure 4-3A).  Reverse co-immunoprecipitation with anti-VDR 

antibody also failed to demonstrate an interaction between VDR and β-catenin (data not 

shown), indicating Wnt inhibition by calcipotriol in PDAC does not occur through ligand-

activated sequestration of β-catenin by VDR.  Calcitriol has also been proposed to 

increase expression of the secreted Wnt inhibitor DKK1 through an indirect 

transcriptional mechanism(115).  While calcipotriol increased DKK1 protein levels in 

AsPC-1, the increase in DKK1 appeared to be functionally decoupled from inhibition of 

Wnt signaling by calcipotriol, as calcipotriol-mediated inhibition of BAR activity was not 

rescued by concurrent siRNA-mediated knockdown of DKK1 (Figure 4-3B-C).  

Together, these results indicate that calcipotriol inhibits Wnt signaling in PDAC through 

an alternative mechanism.   

 

Calcipotriol reduces LRP6 protein levels 

LRP6 is a requisite co-receptor for Wnt ligand, and mediates canonical signaling.  

Notably, LRP6 protein levels decreased within 6 hours of calcipotriol treatment in all 

High-BAR/High-VDR PDAC lines (Figure 4-4A-B), but not in Low-BAR/Low-VDR PDAC 

lines (Figure 4-4C).  In addition, transient overexpression of LRP6 in AsPC-1 partially 

but significantly abrogated the inhibition of BAR activity by calcipotriol (Figure 4-4D), 

leading us to hypothesize that LRP6 might be a key target for the Wnt inhibitory effects 

of calcipotriol.  Further supporting this hypothesis, siRNA knockdown of VDR blocked 

the decrease in LRP6 protein observed with calcipotriol treatment (Figure 4-2C).   
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To discriminate between genomic versus potential non-genomic mechanisms of action 

of VDR on LRP6, the VDR transcriptional co-activators RXRα and RXRβ were 

concurrently knocked down by siRNA transfection.  Combined RXRα/RXRβ knockdown 

also blocked the decrease in LRP6 seen with calcipotriol, arguing in favor of a 

VDR/RXR-dependent transcriptional mechanism (Figure 4-4E).  However, while 

calcipotriol decreased LRP6 protein levels as early as 6 hours in each of the High-

BAR/High-VDR PDAC lines, LRP6 transcript levels were found to only be decreased 

after 24 hours in AsPC-1, HPAF-2 and YAPC (Figure 4-4F-G) and not at all in Suit2 

(Figure 4-4G).  These data suggest calcipotriol inhibits LRP6 expression and Wnt 

signaling in PDAC through an indirect VDR/RXR-dependent transcriptional mechanism 

given that LRP6 protein decreases prior to any effect on LRP6 transcript levels.   

 

LDLRAP1 mediates reduced LRP6 protein levels in response to calcipotriol 

To further explore the mechanism by which LRP6 protein decreases in response to 

calcipotriol, RNA sequencing (RNA-seq) was performed on AsPC-1 cells.  Comparison 

of transcriptomes following calcipotriol treatment confirmed expression of known vitamin 

D transcriptional targets, including CYP24A1 as the most highly upregulated gene 

(Figure 4-5A).  A total of 325 genes (220 upregulated and 105 downregulated) showed 

at least 1.5-fold change in expression at 6 hours (P<0.00001).  Top gene ontology terms 

enriched in the subset of the top 220 upregulated genes included regulation of 

transcription from RNA polymerase II promoter, osteoblast differentiation, positive 

regulation of cellular biosynthetic processes and response to steroid hormone stimulus 

(P<0.0005).  Additionally, for the top 100 calcipotriol-regulated genes at 6 hours we 
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noted enrichment of categories such as the endomembrane system (i.e., LDLRAP1, 

ULK1), wound response (i.e., CEBPB, PDGFA, SHH, THBD), and cellular homeostasis 

(i.e., CLDN1, CSF1), as well as several genes with established roles in BMP and Wnt 

signaling (Figure 4-5A).   

 

In relation to the endomembrane system, the cytoplasmic adapter protein LDLRAP1 

was highly upregulated at both 2 and 6 hours post calcipotriol treatment (Figure 4-5A).  

LDLRAP1 is required for efficient endocytosis of LDL receptors in polarized cells and 

has been shown to interact with LRP1 and LRP2 to facilitate LDL receptor clustering 

into clathrin-coated pits(125-127).  Notably, internalization of LRP6 via clathrin 

antagonizes Wnt signaling(128, 129) and promotes LRP6 degradation through 

endosomal trafficking to lysosomes(130-132).  We speculated that LDLRAP1 could 

decrease LRP6 protein levels through a similar mechanism involving receptor 

internalization and degradation.  To examine this further, we first established whether 

lysosomal activity was needed to decrease LRP6 protein levels in response to 

calcipotriol treatment.  Treatment with Bafilomycin A1, a specific inhibitor of vacuolar-

type H(+)-ATPase that blocks acidification and protein degradation in lysosomes, 

abrogated the decrease of LRP6 protein levels seen with calcipotriol treatment (Figure 

4-5B).  Bafilomycin also increased LRP6 protein levels in the absence of calcipotriol, 

suggesting a role for lysosomal protein degradation in regulating steady-state levels of 

LRP6 in PDAC lines.  We then separately validated RNA-seq data by qPCR, confirming 

LDLRAP1 gene expression was significantly upregulated in AsPC-1 cells within 4 hours 

of calcipotriol treatment (Figure 4-5C).  Western blot analysis confirmed that LDLRAP1 
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protein was also increased with calcipotriol (Figure 4-5D).  In silico analysis of the 

LDLRAP1 locus identified a predicted vitamin D response element (VDRE) at the 3’ end 

of the LDLRAP1 gene.  Evaluation of published ChIP-seq data generated on hepatic 

stellate cells (133) clearly demonstrated VDR occupancy of the site encompassing this 

VDRE, raising the possibility that VDR directly binds to and activates transcription of the 

LDLRAP1 gene in PDAC cells.  Together, these data indicate that LDLRAP1 is a direct 

target of VDR-mediated transcription.  To link calcipotriol-induced LDLRAP1 expression 

to changes in LRP6 protein and Wnt signaling, siRNA-mediated knockdown of 

LDLRAP1 was performed.  Knockdown of LDLRAP1 partially rescued the reduction in 

LRP6 protein (Figure 4-5D) and inhibition of Wnt reporter activity (Figure 4-5E) seen 

with calcipotriol treatment.  These results indicate LDLRAP1 is a transcriptional target of 

ligand-activated VDR and can mediate reduction in LRP6 protein and Wnt pathway 

activity seen with calcipotriol in these PDAC cell lines.   

 

VDR is regulated by Wnt signaling 

Given the observed correlation between VDR expression and autocrine Wnt signaling 

activity across a panel of PDAC cell lines (Figure 4-1A), we addressed whether a similar 

correlation exists in clinical specimens.  Gene set enrichment analysis (GSEA) of a 

previously published cohort of 25 primary PDAC tumors(134) confirmed positive 

enrichment of a PDAC-specific Wnt/β-catenin target gene set in those tumors with 

higher VDR expression (Figure 4-6A, normalized enrichment score = 1.39, false 

discovery rate q value = 0.08).  In order to address whether VDR is directly regulated by 

Wnt/β-catenin signaling in PDAC, AsPC-1 cells with stable BAR reporter were 
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transfected with siRNA against WNT7B, previously shown to be essential for autocrine 

Wnt signaling in this cell line(39).  WNT7B knockdown significantly inhibited BAR 

activity and also decreased VDR expression by ~70% (Figure 4-6B).  Separately, the 

selective GSK3β inhibitor CHIR99021 was used to activate Wnt/β-catenin signaling in 

both High-BAR/High-VDR and Low-BAR/Low-VDR cell lines.  CHIR99021 increased 

Wnt reporter activity as expected, and also increased VDR expression (Figure 4-6C), 

indicating Wnt/β-catenin signaling increases VDR expression in PDAC.  These data 

suggest the potential existence of context-dependent Wnt feedback mechanism 

regulated through VDR when sufficient levels of vitamin D are available to engage VDR.   

 

Discussion 

 

Diverse anti-tumorigenic actions of vitamin D have been shown in numerous in vitro and 

in vivo preclinical studies of pancreatic cancer(121-124, 135-138).  In particular, non-

hypercalcemic analogs of vitamin D that circumvent dose-limiting side effects of 

hypercalcemia and hypercalciuria represent especially attractive chemotherapeutic 

agents for PDAC and other malignancies.  However, to date there are only limited 

published data addressing the clinical efficacy of vitamin D in PDAC.  In a non-

randomized phase II clinical trial of advanced stage PDAC the vitamin D analog 

seocalcitol (EB1089) was well tolerated but did not improve patient survival as a single 

agent(139).  However, this study involved only a small cohort of patients with rapid 

disease progression and patients were not selected based on tumor VDR levels or Wnt 

signaling activity.  It has been observed in colon cancer that VDR expression decreases 
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in late-stage tumors(140) and VDR expression in PDAC is lower in poorly differentiated 

tumors(141, 142), suggesting that the patients in this phase II study may be lacking 

VDR and could explain why they were unresponsive.  Another phase II trial of advanced 

PDAC involving oral vitamin D (calcitriol) in combination with docetaxel demonstrated 

prolonged time to disease progression relative to docetaxel alone(143).  Offering a 

potential explanation for this promising result, VDR was recently shown to be a master 

regulator of PDAC stromal activation with calcipotriol able to inhibit tumor stroma and 

enhance delivery of gemcitabine chemotherapy in a genetically engineered mouse 

model of PDAC(124).  Clinical trials focused on this exciting result are now underway 

(NCT#02030860).  While stromal targeting is a key functional activity to be considered 

in the design of an effective vitamin-D-based therapy in PDAC, any stromal effects will 

also have to be interpreted in relation to potential actions of vitamin D directly on PDAC 

tumor cells themselves.  For instance, calcitriol has been shown directly to potentiate 

the cytotoxic activity of gemcitabine in PDAC cell lines both in vitro and in vivo(122), and 

additional studies have clearly shown VDR expression in pancreatic tumor tissue(141, 

142, 144).  Our findings here also indicate interaction between VDR and Wnt/β-catenin 

signaling in PDAC tumor cells that could dictate their response to vitamin D analogs.  

Pancreatic stromal cells are also influenced by paracrine Wnt signaling(78), so effects 

on Wnt pathway activity could have significant bearing on the clinical and biological 

response of subsets of PDAC tumors to vitamin D analogs.  Importantly, newer 

synthetic vitamin D analogs (i.e., calcipotriol) are resistant to degradation by the product 

of the VDR target gene CYP24A1, which is responsible for rapid feedback inhibition of 

naturally occurring vitamin D (i.e., calcitriol). 
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Our calcipotriol results are in line with previous studies showing vitamin D and its 

analogs inhibit the growth of certain PDAC cell lines (i.e., AsPC-1), while others (i.e., 

MiaPaCa-2 and PANC-1) are largely unresponsive(123).  Our study expands this 

observation to additional PDAC cell lines and indicates growth inhibitory activity is 

dependent on the relative levels of VDR expression, which in turn is positively regulated 

by Wnt/β-catenin signaling.  This bidirectional relationship between Wnt and vitamin D 

signaling could have significant bearing on identifying patients most likely to respond to 

vitamin D-based therapy and raises a potential confounding issue related to the use of 

vitamin D analogs either alone or in combination with other therapeutic Wnt inhibitors.  

Namely, inhibition of Wnt activity by vitamin D will also reduce Wnt/β-catenin-mediated 

expression of VDR, which the potential to blunt the Wnt inhibitory response to vitamin D.  

While positive feed-forward mechanisms (i.e., VDR itself is a direct transcriptional target 

of ligand-activated VDR) may compensate for loss of Wnt signaling-driven VDR 

expression, careful consideration needs to be given to the combination of and order in 

which various targeted agents (i.e., a second Wnt inhibitor drug) are used in 

combination with vitamin D analogs.   

 

Calcipotriol inhibited anchorage-independent growth in cell lines with high endogenous 

Wnt activity, a phenotype we previously attributed to autocrine Wnt signaling in these 

cell lines(39).  However, calcipotriol also inhibited anchorage-dependent growth, a 

phenotype we previously found to be decoupled from Wnt signaling in these cell 

lines(39).  These divergent results are not surprising given known pleiotropic anti-tumor 
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effects attributed to vitamin D that extend beyond its actions as an inhibitor of Wnt 

signaling.  Vitamin D-mediated growth inhibitory effects have previously been attributed 

to cell cycle arrest occurring via upregulation of key regulators of cell cycle such as p21 

and p27(121, 123).  Indeed, our RNA-seq analysis of calcipotriol treated AsPC-1 cells 

revealed altered expression of several key mediators of cell cycle (i.e., SKP2 and 

CDKN1A) as well as apoptosis (i.e., BIRC5 and BCL10).   

 

The effects of vitamin D/calcipotriol could extend beyond inhibition of growth.  It has 

been shown that the vitamin D analog EB1089 inhibits migration, invasion and 

stemness in PDAC lines(141).  Accordingly, our RNAseq revealed significant 

upregulation of several genes involved in wound response and negative regulation of 

differentiation.  These effects could be attributed to vitamin D inhibition of Wnt signaling 

as PDAC tumors with high Wnt/β-catenin transcriptional signature have increased 

lymphovascular invasion and Wnt signaling mediates stemness in a subset of cell 

lines(8, 39).   

 

Calcipotriol significantly inhibited Wnt/β-catenin transcriptional activity in a subset of 

PDAC cell lines characterized by higher levels of Wnt ligand-mediated autocrine 

signaling and VDR expression.  Vitamin D was previously shown to inhibit Wnt/β-

catenin signaling in colon cancer cell lines by inducing an interaction between VDR and 

β-catenin that disrupts β-catenin/TCF mediated transcription(114) and by indirectly 

increasing expression of the secreted Wnt antagonist DKK1(115).  We were unable to 

detect a physical interaction between VDR and β-catenin in PDAC lines either in the 
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presence or absence of calcipotriol. While calcipotriol did induce the expression of 

DKK1 in AsPC-1 cells, this could not be functionally linked to its inhibition of Wnt 

signaling, as DKK1 knockdown did not rescue the inhibition of Wnt signaling seen with 

calcipotriol.  However, our results do not exclude other proposed mechanisms of VDR 

and β-catenin cross-regulation such as the possibility that calcipotriol could alter the 

distribution of β-catenin across the genome(145, 146).   

 

Our study reveals a novel mechanism by which vitamin D signaling negatively regulates 

Wnt signaling.  Protein levels of the Wnt co-receptor LRP6 were reduced as early as 6 

hours post calcipotriol treatment.  This reduction was dependent upon VDR 

transcriptional activity because knockdown of the VDR co-transcriptional activator RXR 

also rescued the reduction of LRP6 protein seen with calcipotriol treatment.  Rapid 

reduction of LRP6 protein was not the result of reduced LRP6 transcript levels, which 

were only altered 24 hours after calcipotriol treatment, a time point in which LRP6 

transcript levels actually increased in vehicle control and not in calcipotriol treated cells.  

We speculate that the dramatic increase in LRP6 transcript seen at 24 hours in vehicle-

treated cell lines may be tied to cell cycle-dependent regulation of LRP6 

expression(147, 148), while calcipotriol treated cells remained in cell cycle arrest with 

lower baseline levels of LRP6 transcript.   

 

Although LRP6 is a critical mediator of Wnt/β-catenin signaling, overexpression of LRP6 

did not completely rescue Wnt activity in the presence of calcipotriol, indicating 

calcipotriol may inhibit Wnt signaling through additional, undefined mechanisms.  RNA-
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seq analysis does provide additional potential regulators of Wnt signaling that could be 

mediated by calcipotriol, including WNT10A and BAMBI.  WNT10A expression was 

decreased by calcipotriol but this gene was not pursued because we previously 

demonstrated that knockdown of WNT10A had no effect on canonical Wnt signaling in 

AsPC-1 cells(39).  BAMBI (BMP and activin membrane bound inhibitor) expression was 

significantly decreased within 2 hours of calcipotriol treatment.  BAMBI is a known 

Wnt/β-catenin agonist that promotes the interaction between Fzd and Dvl(149).  In 

future work we will explore BAMBI as an additional potential mechanism of vitamin D-

mediated Wnt inhibition.   

 

In this study we focus on calcipotriol induction of LDLRAP1 and the role of LDLRAP1 as 

a regulator of LRP6 protein levels.  LDLRAP1, also known as autosomal recessive 

hypercholesteremia (ARH), is an adapter protein that binds to tyrosine motifs in the 

cytoplasmic tail of LDL receptors, which couples them to the endocytic machinery of the 

clathrin coated pit(127, 150).  LDLRAP1 promotes clathrin-mediated endocytosis of 

LRP1 and LRP2(125-127).  Similarly, tyrosine motifs in the cytoplasmic tail of LDL 

receptor family member LRP6 are critical for its clathrin-mediated internalization(151).  

Our data expand the regulatory role of LDLRAP1 to an additional LDL receptor family 

member, LRP6, and we speculate that LDLRAP1 facilitates endocytosis and lysosome-

mediated degradation of LRP6.   

 

In summary, we have elucidated a novel feedback loop between Wnt and vitamin D 

signaling (Figure 4-6D).  Upon activation, Wnt signaling induces expression of VDR.  In 
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turn, ligand-activated VDR positively regulates the transcription of LDLRAP1, which 

results in reduced LRP6 that is partially responsible for the inhibition of Wnt/β-catenin 

signaling by calcipotriol.  Activation of Wnt signaling induces the expression of VDR, 

rendering cells susceptible to Wnt inhibition and other anti-tumorigenic effects linked to 

vitamin D.  By offering further mechanistic insight into the bidirectional regulation of 

vitamin D and Wnt signaling, this work informs the use of vitamin D as a therapeutic 

Wnt inhibitor and provides putative biomarkers that may be effective in predicting or 

response to calcipotriol or other vitamin D analogs.   

 

Materials and Methods 

Cell lines and reagents 

All cell lines were cultured as previously described(39).  AsPC-1, HPAF-2, MiaPaCa-2 

and PANC-1 were purchased from the American Type Culture Collection (Rockville, 

MD) in 2005.  YAPC, Suit and HCG25 were kindly provided by Dr. Eric Collisson 

(University of California, San Francisco) in 2012.  All cell lines were determined to be 

mycoplasma free using the MycoAlert PLUS mycoplasma detection kit (Lonza, Basel, 

Switzerland).  Calcipotriol, Bafilomycin A1 and CHIR99021 were purchased from Tocris 

(Minneapolis, MN).   

 

Quantitative real-time PCR 

RNA extraction, cDNA synthesis and SYBR green qPCR were performed as previously 

described(39).  All values were normalized to ACTB housekeeping gene.  Primers used 

are ACTB Forward 5’- CCAACCGCGAGAAGATGA and Reverse 5’- 
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CCAGAGGCGTACAGGGATAG, AXIN2 Forward 5’- 

GAAGCTGGAGTTGGAGAGCCGCC and Reverse 5’- 

TCTCTCTTCATCCTCTCGGATCTGC, LRP6 Forward 5’- 

TACAAGGTGTTCTTGCCCCA and Reverse 5’- TGTTGGAGGTTCTCCACATGAT, 

LDLRAP1 Forward 5’- AGAGCCAGCACAACCAGA and Reverse 5’- 

CTTGGACACCTGCCAAAA, and VDR Forward 5’- ACTTGCATGAGGAGGAGCAT and 

Reverse 5’- TCGGCTAGCTTCTGGATCAT.   

 

Gene Knockdown 

AsPC-1 cells were transfected using Lipofectamine 2000 (Life Technologies, Grand 

Island, NY) per manufacturer’s instructions using 20nM of siRNAs purchased from GE 

Dharmacon (Lafayette, CO), including control (D-001810-10-05), VDR (L-003448-00-

0005), LDLRAP1 (L-013025-00-0005), DKK1 (L-003843-01-0005) or combined 10nM of 

RXRA (L-003448-00-0005) and 10 nM RXRB (L-003444-00-0005).   

 

Western blot and immunoprecipitation 

SDS-PAGE and immunoblots were performed as previously described(56) using 

antibodies for β-catenin (C2206; Sigma, St. Louis, MO), tubulin (sc-5546; Santa Cruz 

Biotechnology, Santa Cruz, CA), VDR (sc-13133), E-cadherin (sc-21791), DKK-1 

(GTX62902; GeneTex, Irvine, CA), LRP6 (CST3395; Cell Signaling Technology, 

Danvers, MA), RXRα (CST3085), RXRβ (CST8715), LDLRAP1 (C20125; LSBio, 

Seattle, WA) or LC3B (ab48394; Abcam, Cambridge, MA).  For LRP6 and LC3B 

immunoblots, lysates were resolved on 4-20% gradient gels.  Co-immunoprecipitations 
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were performed as previously described(152).  Briefly, AsPC-1 lysates were pre-cleared 

with A/G-PLUS agarose beads (Santa Cruz; sc-2003) and immunoprecipitated using 1 

µg antibody to β-catenin (BD Transduction Laboratories; 610153), VDR (Santa Cruz; 

sc-1008) or control isotype-matched IgG (Santa Cruz; sc-2025 or Abcam ab46540).  

After multiple washes, immune complexes were boiled in 6x SDS-load dye, resolved by 

SDS-PAGE and transferred to nitrocellulose membranes for immunoblotting.   

 

Cell growth assays 

MTT assays (ATCC) were carried out per manufacturer’s instructions in 96-well plates 

with initial plating of 500 (Suit2), 1,000 (Tu8988t) or 2,000 (HPAF-2, YAPC, MiaPaCa-2, 

AsPC-1, PANC-1) cells per well.  Cells were allowed to adhere overnight and then 

treated with calcipotriol.  Soft agar assays were performed as previously described(56).   

 

Wnt reporter assays 

Baseline Wnt reporter activity was measured in dual luciferase assays (Promega, 

Madison, WI) as previously described(39) following transient co-transfection with control 

plasmid with constitutive EF1α promoter driving Renilla expression (serving as a 

normalization control) and either BAR (beta-catenin activated reporter, 12 TCF 

response elements driving luciferase expression) or fuBAR (found unresponsive BAR, 

contains mutated TCF response elements).  In other experiments, Wnt reporter activity 

was measured in AsPC-1 stably transduced with the BAR reporter and Renilla control 

as previously described(56).   
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LRP6 overexpression 

LRP6 or GFP (control) expression constructs in pCS2 vector have been previously 

described(153) and were kindly provided by Edward De Robertis (University of 

California, Los Angeles).  Transfections were performed with X-tremeGENE9 (Roche, 

Indianapolis, IN) per manufacturer’s instructions.   

 

RNA isolation, library generation, sequencing and analysis 

Total RNA was isolated from human pancreatic cancer cell lines as previously 

described(124).  Sequencing libraries were prepared from 100–500 ng of total RNA 

using the TruSeq RNA sample preparation kit v2 (Illumina, San Diego, CA) according to 

the manufacturer's protocol. Briefly, mRNA was purified, fragmented and used for first- 

and second-strand cDNA synthesis followed by adenylation of 3′ ends. Samples were 

ligated to unique adaptors and subjected to PCR amplification. Libraries were validated 

using the 2100 BioAnalyzer (Agilent, Santa Clara, CA), normalized and pooled for 

sequencing. RNA-seq libraries from three biological replicates for each experimental 

condition were sequenced on the Illumina HiSeq 2000 using barcoded multiplexing and 

a 100-bp read length.  Image analysis and base calling were done with Illumina 

CASAVA-1.8.2. This yielded a median of 12.4 million usable reads per sample. Short 

read sequences were mapped to a UCSC hg19 reference sequence using the RNA-seq 

aligner STAR(154).  Known splice junctions from hg19 were supplied to the aligner and 

de novo junction discovery was also permitted. Differential gene expression analysis, 

statistical testing and annotation were performed using Cuffdiff 2(155).  Transcript 

expression was calculated as gene-level relative abundance in fragments per kilobase 
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of exon model per million mapped fragments and employed correction for transcript 

abundance bias (156).  RNAseq data can be found on the NCBI Sequence Read 

Archive (SRP057571).  Functional enrichment was limited to analysis of gene ontology 

terms and examined using default parameters in the web-based Database for 

Annotation, Visualization and Integrated Discovery (DAVID, v6.7; 

http://david.abcc.ncifcrf.gov)(112).   

 

Microarray data analysis 

Gene set enrichment analysis (GSEA) method (http://www.broadinstitute.org/gsea)(157) 

was used to determine whether a defined pancreatic-specific Wnt/β-catenin target gene 

set showed statistically significant concordance with VDR expression in a previously 

published gene expression microarray dataset of 25 primary human PDAC samples 

(deposited in NCBI GEO under accession number GSE32688).  GSEA default 

parameter settings and the Pearson metric for ranking genes were used with VDR 

expression as a continuous phenotypic variable.  The pancreatic-specific Wnt/β-catenin 

target gene set represented the overlap of downregulated transcripts observed in AsPC-

1 in response to either Wnt inhibitor ICG-001 or CTNNB1 siRNA transfection that we 

previously published(56).     

 

Statistical methods 

Statistical analyses were performed in GraphPad Prism (ver 5.04, La Jolla, CA).  

Student t tests were used to compare continuous variables.  The level of significance for 

all statistical tests was defined as α=0.05. 
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Figures 

 

Figure 4-1.  Inhibition of pancreatic cancer growth by calcipotriol correlates with 

levels of VDR expression and autocrine Wnt/β-catenin signaling.  (A) Western blot 

for VDR and tubulin (loading control) and mean Wnt reporter activity as indicated by 
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BAR/fuBAR ratios and measured by dual luciferase assays 48 hours after co-

transfection with control Renilla and either BAR-luciferase or fuBAR-luciferase reporter 

constructs in indicated PDAC cell lines (n=3 biological replicates).  (B) MTT growth 

assays (measured at 72 hours) and (C) soft agar colony formation at indicated 

concentrations of calcipotriol.  Representative images of AsPC-1 soft agar colony 

formation are also shown.  Data are normalized to vehicle only and reported as mean ± 

standard deviation (SD) with one representative experiment of 3-5 biological repeats 

shown.  *P<0.05, **P<0.01, ***P<0.001.   

 

 

Figure 4-2.  Calcipotriol mediates inhibition of Wnt signaling through VDR.  (A) 

Dose response curve for calcipotriol on Wnt signaling as measured at 24 hours in 
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AsPC-1 cells with stable BAR-luciferase reporter.  (B) AXIN2 expression measured by 

qPCR at 24 hours following treatment with vehicle or 100 nM (AsPC-1), 5 µM (YAPC) or 

1 µM (HPAF-2 and Suit2) calcipotriol.  (C) VDR, LRP6 and tubulin (loading control) 

western blots and (D) BAR-luciferase activity for AsPC-1 transfected with either control 

or VDR siRNA for 48 hours and an additional 24 hour treatment with vehicle or 100 nM 

calcipotriol.  All values were normalized to respective controls, with BAR reported as 

mean ± SD and qPCR reported as mean ± SEM. One representative experiment from at 

least three biological repeats is shown.  *P<0.05, **P<0.01, ***P<0.001.   
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Figure 4-3.  Calcipotriol does not inhibit Wnt signaling through VDR sequestration 

of β-catenin or induction of DKK1.  (A) AsPC-1 were treated with 100 nM calcipotriol 

for 4 hours and lysates were immunoprecipitated with anti- β-catenin or isotype control 

antibodies followed by western blots for β-catenin, E-cadherin or VDR.  (B) Western blot 

for DKK-1 and tubulin (loading control) and (C) BAR reporter activity for indicated 

conditions.  AsPC-1 were transfected with control or DKK1 siRNA for 48 hours and 

treated with vehicle or 100 nM calcipotriol for an additional 24 hours.  BAR was 

normalized to vehicle and siRNA control and is reported as mean ± SD, with one 

representative experiment of 3 biological repeats shown.     
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Figure 4-4.  Calcipotriol treatment reduces LRP6 expression in PDAC.  (A-C) 

Western blots for LRP6 or tubulin (loading control) were performed on whole cell lysates 

at indicated time points (24 hours for MiaPaCa-2, PANC-1 and HCG25) after cell line 

treatment with vehicle or 100 nM (AsPC-1), 5 µM (YAPC), 1 µM (HPAF-2 and Suit2) or 

10 µM (MiaPaCa-2, PANC-1 and HCG25) calcipotriol.  (D) BAR-luciferase activity for 
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AsPC-1 transfected with full-length LRP6 expression vector or control GFP vector for 48 

hours and measured after a further 24 hour treatment with vehicle or 100 nM 

calcipotriol.  (E) RXRα, RXRβ, LRP6 and tubulin western blots on AsPC-1 whole cell 

lysates after control or tandem RXRA and RXRB siRNA transfection for 48 hours and 

further treatment with vehicle or 100 nM calcipotriol for 24 hours.  (F-G) LRP6 gene 

expression measured by qPCR after 100 nM calcipotriol treatment for indicated times.  

Cells were synchronized by serum-starvation prior to calcipotriol treatment. All values 

were normalized to respective controls, with BAR reported as mean ± SD and qPCR 

reported as mean ± SEM. One representative experiment of 2-3 biological repeats is 

shown.    *P<0.05, **P<0.01, ***P<0.001, ns = not significant.   
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Figure 4-5.  Calcipotriol induces LDLRAP1 to regulate LRP6 protein levels.  (A) 

Heat map of selected genes from RNA-seq after 2 or 6 hours treatment of AsPC-1 cells 

with vehicle or 100 nM calcipotriol.  (B) Western blot for LC3B, LRP6 and tubulin 

(loading control) after AsPC-1 cells were treated with vehicle, 100 nM Calcipotriol, 100 

nM Bafilomycin A1 or a combination of the two for 6 hours.  (C) LDLRAP1 expression 

by qPCR after treatments described in Figure 4-4A.  (D) Western blot for LDLRAP1, 
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LRP6 and tubulin (loading control).  AsPC-1 cells were transfected with control or 

LDLRAP1 siRNA for 48 hours and then treated with vehicle or 100 nM calcipotriol for 24 

hours.  (E) BAR-luciferase activity in AsPC-1 cells treated as in (D).  Values are shown 

normalized to respective controls, with BAR reported as mean ± SD and qPCR reported 

as mean ± SEM. One representative experiment of 3 biological repeats is shown.   

*P<0.05, **P<0.01, ***P<0.001.   
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Figure 4-6.  VDR is regulated by Wnt signaling in PDAC.  (A) Gene set enrichment 

analysis enrichment plot for PDAC-specific Wnt/β-catenin target gene set determined 

relative to VDR expression phenotype using a published gene expression microarray 

dataset of 25 primary PDAC tumor samples.  The top curve shows a running 
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enrichment score for the target gene set, while the middle portion shows a heatmap of 

VDR expression (red – high, blue – low) and bottom portion shows the value of the 

ranking metric down the list of genes.  (B) BAR luciferase activity and VDR expression 

by qPCR 48 hours after transfection of AsPC-1 cells with control or WNT7B siRNA.  (C) 

BAR luciferase activity and VDR expression by qPCR 24 hours after treatment of 

indicated PDAC cell lines with vehicle or 5 µM CHIR99021 (CHIR).  (D) Schematic for 

proposed model of VDR/calcipotriol and Wnt/β-catenin feedback loop.  Values are 

shown normalized to respective controls, with BAR reported as mean ± SD and qPCR 

reported as mean ± SEM. One representative experiment of 3 biological repeats is 

shown.    *P<0.05, **P<0.01, ***P<0.001.   
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FUTURE DIRECTIONS 

This dissertation has identified regulators of Wnt/β-catenin signaling and has 

characterized the ability of several compounds to inhibit this pathway in pancreatic 

cancer.  Sumoylation involving SUMO2 was found to act as a Wnt pathway inhibitor, as 

disruption of the sumoylation cascade resulted in increased Wnt activity.  Wnt7B was 

identified as the key Wnt ligand driving pathway activation and as a critical mediator of 

anchorage-independent growth.  The CBP inhibitor ICG-001, while a potent inhibitor of 

tumor growth, was found to act outside the Wnt signaling pathway through direct 

modulation of key mediators of cell cycle arrest.  The vitamin D analog calcipotriol was 

also found to suppress PDAC growth and inhibited Wnt signaling through a novel 

mechanism involving the destabilization of LRP6.  While this work has significantly 

contributed to our understanding of the driving mechanisms and druggability of PDAC, it 

also opens the door for additional avenues of investigation.   

 

This dissertation has focused on cell-autonomous effects of Wnt signaling.  However, it 

is becoming increasingly clear that the stroma plays important and diverse roles in 

PDAC.   For example, inhibition of sonic hedgehog signaling in the stroma has been 

shown to both shorten and prolong survival depending on temporal context(158, 159).  

The Wnt signaling pathway appears to be at play in the stroma, as pancreatic stellate 

cells have been documented to secrete factors that could modulate Wnt signaling in the 

tumor, such as sFRPs(78) and Wnts(124), but it remains unclear whether this paracrine 

signaling is pro- or anti-tumorigenic.  It is therefore critical to understand the 

consequences of manipulating developmental signaling pathways, such as Wnt/β-
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catenin, on the overall tumor microenvironment, so that we avoid inadvertently 

disrupting anti-tumorigenic factors.  A better understanding of the stroma may also yield 

additional soluble factors that may be therapeutically targetable.   

 

The data presented in this thesis will allow us to transition from in vitro and animal 

models to analysis of human tissues and application of our therapeutics towards 

patients.  Our study found that vitamin D receptor (VDR) expression in tumors predicts 

response to vitamin D analogs and inhibits Wnt/β-catenin signaling.  A clinical trial using 

paricalcitol (a vitamin D analog similar to calcipotriol) in the neoadjuvant setting is 

currently underway (NCT#02030860).  While this trial focuses on the ability of 

paricalcitol to deplete the stroma and facilitate gemcitabine delivery(124), it will be in our 

best interest to assess VDR status in these tumors during treatment, as paricalcitol may 

be less effective in tumors lacking VDR.  We can also utilize this clinical trial to validate 

our in vitro findings by assessing paricalcitol effects on the Wnt pathway in patient 

tumors.   

 

Wnt signaling has been previously shown to be a driver of PDAC(12, 13), but methods 

to assess pathway activity in patient tumors were lacking(11).  To address this need we 

developed a Wnt/β-catenin transcriptional signature to monitor pathway activation 

based on expression of genes controlled by β-catenin transcriptional activity.  While this 

revealed that Wnt signaling mediates an aggressive form of PDAC, we are currently 

pursuing ways to improve upon this transcriptional signature.  We have acquired 

additional PDAC lines and are compiling gene sets enriched in lines with either high or 
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low endogenous Wnt activity in order to encompass a broader range of PDAC tumor 

subtypes.  This revamped transcriptional signature will reveal additional key mediators 

and targets of Wnt signaling and may also be used to predict response to Wnt-targeted 

therapeutics when applied to patient tumors.   

 

An additional component to Wnt signaling that has recently come to light is β-catenin 

independent canonical Wnt signaling, also known as Wnt-dependent stabilization of 

proteins (Wnt/STOP).  Wnt/STOP is the result of ligand-activated Wnt receptor complex 

inhibition of GSK3 kinase activity, which stabilizes potentially thousands of proteins.  

This is critical during G2/M transition in order to maintain cell size and promote growth 

(160), implicating WNT/STOP in tumor proliferation as well.  This largely unexplored 

GSK3 phosphoproteome could explain why knockdown of CTNNB1 results in different 

phenotypes than inhibition of Wnt at the ligand/receptor level, and may also explain 

difficulties experienced in correlating changes in Wnt transcriptional targets to changes 

in phenotypes.  Wnt/STOP is an exciting new aspect of the Wnt cascade that may 

bridge the gap between Wnt ligand inhibition and downstream phenotypic effects, and it 

will be important to consider when evaluating therapeutics targeting the Wnt pathway at 

the level of the receptor or ligand.  Wnt/STOP may also reveal novel downstream 

mediators and druggable targets of Wnt signaling.     

 

While there is still much to be learned about the Wnt signaling pathway alone and in the 

context of pancreatic cancer, this dissertation has helped guide the development of 

Wnt/β-catenin pathway inhibitors for the treatment of PDAC by revealing key regulators 
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and targets of the pathway, as well as by characterizing existing drugs.  Promising 

compounds that specifically target this pathway, such as tankyrase inhibitors(10) and 

function-blocking Fzd antibodies(53), are currently under clinical and pre-clinical 

development, and our work may lead to the identification of additional such 

pharmacologic agents.  Future work will lead to a better understanding of pancreatic 

cancer so that we will be able to target specific pathways in individual patients resulting 

in more precise and effective treatment.   
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