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Abstract  

Colorectal carcinogenesis (CRC) progression requires additional molecular mechanisms to APC 

mutations/aberrant β-catenin signaling.  PPARD is a druggable ligand-activated nuclear receptor 

that regulates essential genes involved in cell fate.  PPARD is upregulated in intestinal epithelial 

cells (IECs) of human colorectal adenomas and adenocarcinomas. The mechanistic significance of 

PPARD upregulation in CRC remains unknown.  Here we show that targeted PPARD 

overexpression in IECs of mice strongly augmented β-catenin activation via BMP7/TAK1 signaling, 

promoted intestinal tumorigenesis in Apcmin mice, and accelerated CRC progression and 

invasiveness in mice with IEC-targeted ApcΔ580 mutation.  Human CRC invasive fronts had higher 

PPARD expression than their paired adenomas.  A PPARD agonist (GW501516) enhanced 

APCΔ580 mutation-driven CRC, while a PPARD antagonist (GSK3787) suppressed it. Functional 

proteomics analyses and subsequent validation studies uncovered PPARD upregulation of multiple 

pro-invasive pathways that drive CRC progression (e.g. PDGFRβ, AKT1, CDK1 and EIF4G1).  Our 

results identify novel mechanisms by which PPARD promotes CRC invasiveness and provide the 

rational for the development of PPARD antagonists to suppress CRC.      
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Introduction 

APC mutations activate aberrant β-catenin signaling to drive colorectal tumorigenesis(1). However, 

colorectal cancer (CRC) progression, especially invasiveness, requires additional molecular 

mechanisms (2, 3). The presence of CRC invasion in colorectal polyps profoundly worsen patients’ 

outcomes (4).  Identification of critical invasiveness-regulating mechanisms can therefore open 

opportunities for molecular targeting. 

   The ligand-activated nuclear receptor peroxisome proliferator-activated receptor-δ/β (PPARD) has 

pleiotropic effects on cell homeostasis (5). PPARD is upregulated in human colorectal polyps and CRC 

(6-9)and has been identified as a downstream target of the β-catenin/TCF4 complex in CRC cell lines 

(6). However, this proposed mechanistic link between β-catenin and PPARD has been questioned on 

the basis of in vitro and in vivo data(10). More importantly, germline PPARD knockout (KO) in Apcmin 

mice produced conflicting results, both increasing (11) and decreasing (12)intestinal tumorigenesis. 

Nevertheless, other studies suggested that PPARD increases β-catenin activation in human 

cholangiocarcinoma cells (13) and in normal osteocytes(14). Recently, a high-fat diet was reported to 

increase β-catenin activation via PPARD in progenitor intestinal cells of Apcmin mice (15). Clearly, the 

role of PPARD in colorectal tumorigenesis, especially in relation to APC and aberrant β-catenin 

activation, remains highly controversial (16, 17).  Filling this knowledge gap is important because 

PPARD is a druggable protein for which agonists and antagonists have been developed. Although the 

clinical testing and pharmaceutical development of PPARD agonists by large pharmaceutical companies 

to treat noncancerous conditions (e.g., obesity) has been halted in many instances, these agents (e.g., 

cardarine [GW501516]) are still sold on the internet black market to athletes wishing to enhance muscle 

endurance. Therefore, preclinical data clarifying the role of PPARD in CRC are urgently needed to 

educate the public about the potential risk of promoting colorectal tumorigenesis with PPARD agonists. 

    We therefore tested PPARD’s effects on aberrant β-catenin activation-driven colon tumorigenesis 

using murine genetic models of human CRC with representative APC mutations(18) with concomitant 

PPARD overexpression in intestinal epithelial cells (IECs). Our data showed that PPARD strongly 
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enhanced aberrant β-catenin activation and more importantly it robustly activated CRC proinvasive 

pathways to promote CRC progression and invasion. 
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Results 

PPARD activates β-catenin in IECs  

Aberrant β-catenin activation via APC mutations upregulates PPARD (6). We therefore tested whether 

PPARD upregulation is sufficient to increase β-catenin activation independently of APC mutations by 

using PD mice with wild-type (WT) APC (Supplementary Fig. 1a). PPARD overexpression markedly 

increased active β-catenin protein levels in IECs (Fig.1a). The PPARD agonist GW501516 augmented 

the effects of PPARD in PD mice compared to their WT littermates (Supplementary Fig. 1b). PPARD 

overexpression also significantly increased mRNA levels of Axin2 and cyclinD1, downstream targets of 

active β-catenin, in IECs (Fig. 1b). Aberrant β-catenin activation expands the dedifferentiated intestinal 

stem cell population to promote colorectal tumorigenesis(19). Intestinal organoid formation, especially 

in its primitive spheroid form, was markedly higher when IECs were derived from PD mice than from 

their WT littermates (Fig. 1c).  

    We further examined whether PPARD activates β-catenin independently of APC mutations using 

HCT-116 human CRC cells, which have WT APC but a heterozygous β-catenin-activating mutation(1). 

Genetic deletion of PPARD in HCT-116 cells (KO1) significantly decreased active β-catenin protein 

expression (Fig. 1d), transcriptional activity (measured by a TCF/LEF luciferase reporter assay [TOP-

Flash/FOP-Flash]) (Fig. 1e), and target gene expression (Axin2, cyclin D1, and c-Myc) (Fig. 1f). In 

contrast, PPARD overexpression in HCT-116 cells increased active β-catenin protein levels (Fig. 1g). 

Furthermore, the PPARD agonist GW501516 significantly increased active β-catenin protein levels and 

augmented Wnt3a-induced β-catenin activation in HCT-116 cells (Fig. 1h). Another PPARD agonist, 

GW0742, increased c-Myc mRNA expression in HCT-116 parental cells (WT) but not in KO1 cells (Fig. 

1i), whereas the PPARD antagonist GSK3787 decreased c-Myc mRNA expression even in GW0742-

treated cells (Fig. 1i). We confirmed PPARD activation by GW0742 and inhibition by GSK3787 in HCT-

116 cells by measuring expression of angiopoietin-like 4 (AngPTL4) (Supplementary Fig. 1c), a well-

established PPARD target gene.  
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PPARD enhances aberrant β-catenin signaling in IECs with APC mutations 

Apcmin mice mainly develop small intestinal adenomas, unlike humans, in whom intestinal 

tumorigenesis is essentially colorectal and can progress to invasive cancer. In contrast to Apcmin mice, 

targeting the APC mutation into the intestine via CDX2 promoter-driven Cre recombinase expression to 

produce a codon 580 frame-shift mutation, as in ApcΔ580-flox; CDX2-Cre (ApcΔ580) mice,  results in the 

development of CRCs.(18) Breeding ApcΔ580 with PD mice generated ApcΔ580-PD mice (Supplementary 

Fig. 1d), which had significantly higher expression levels of PPARD (Supplementary Fig. 1e and Fig. 

2a), active β-catenin protein (Fig. 2a,b and Supplementary Fig. 1f), and mRNA of β-catenin 

downstream targets Axin-2, c-Myc, and cyclin D1 in IECs than did ApcΔ580 mice (Fig. 2c). The PPARD 

agonist GW501516 also significantly increased active β-catenin protein expression in the IECs of 

ApcΔ580 mice (Fig. 2d, e). ApcΔ580-PD mice and GW501516-treated ApcΔ580 mice also had significantly 

longer colonic crypt proliferative zones than control ApcΔ580 mice (Fig. 2f,g). 

 

PPARD activates β-catenin via BMP7/TAK1 signaling in IECs  

To determine the molecular mechanisms by which PPARD enhanced β-catenin activation, we used 

comparative transcriptome profile analyses (RNA sequencing) of HCT-116-WT and KO1 (HCT-116 

PPARD KO) cells (9). These analyses revealed that bone morphogenetic protein 7 (BMP7) mRNA 

expression was 11-fold higher in WT cells than in KO1 cells (Supplementary Fig. 2a). Independent 

quantitative real-time polymerase chain reaction (qRT-PCR) measurements confirmed this finding (Fig. 

3a). BMP7 phosphorylates mitogen-activated protein kinase kinase kinase 7 (TAK1) to activate β-

catenin(20). BMP7 and phosphorylated TAK1 (p-TAK1) protein levels were lower in HCT-116 KO1 cells 

than in WT cells (Fig. 3b). PPARD overexpression by lentivirus transduction in SW480 colon cancer 

cells with low BMP7 expression significantly increased expression of BMP7 mRNA (Fig. 3c), BMP7 

protein, p-TAK1, phosphorylated P38 (p-p38), and active β-catenin protein (Fig. 3d). We next examined 

whether PPARD transcriptionally regulates BMP7 expression via binding to a potential PPARD binding 

site (pPDBS) in the BMP7 promoter (Fig. 3e). An in silico search using Genomatix MatInspector online 
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software identified a pPDBS in the BMP7 promoter region near the transcription start site (Fig. 3e). 

PPARD overexpression in SW480 cells significantly increased PPARD binding (measured by a 

chromatin immunoprecipitation/quantitative PCR assay) to this pPDBS in the BMP7 promoter (Fig. 3f).  

   To further clarify PPARD’s mechanistic significance to the BMP7-TAK1-β-catenin signaling 

pathway, we employed a TAK1-specific inhibitor, 5z-7, to treat SW480 cells in which this signaling 

pathway was activated by PPARD overexpression. 5z-7 inhibited the increase in active β-catenin 

protein levels induced by PPARD overexpression in SW480 cells (Fig. 3g), thus confirming TAK1’s 

mechanistic contribution to PPARD activation of β-catenin. In SW620 cells with intrinsic activation of 

BMP7-TAK1-β-catenin signaling,(20) the specific PPARD inhibitor GSK3787 reduced active β-catenin 

protein levels to those achieved with 5z-7 (Fig. 3h). In vivo, PPARD increased BMP7 mRNA levels (Fig. 

3i) and BMP7, p-TAK1, and p38 protein levels (Fig. 3j-l and Supplementary Fig. 2b) in IECs of PD mice. 

Similarly, BMP7 mRNA levels (Fig. 3m) and BMP7, p-TAK1, p38, and p-p38 protein levels were 

significantly higher in IECs of ApcΔ580-PD mice than in IECs of ApcΔ580 mice (Fig. 3n). 

 

PPARD accelerates APC mutation-driven intestinal tumorigenesis  

Germline KO of PPARD in Apcmin mouse models produced contradictory results (11, 12). PPARD is, 

however, overexpressed in IECs of human CRC (6-9). We therefore sought to test the effects of 

PPARD overexpression in IECs of APC-mutant mice. Breeding Apcmin and PD mice generated Apcmin-

PD mice (Supplementary Fig. 3a), which rapidly developed a large intestinal tumor burden and required 

euthanasia. Apcmin-PD mice had significantly more and larger intestinal tumors than did their littermate 

Apcmin mice (Fig. 4a,b). We also tested the effects of PPARD overexpression in IECs on tumorigenesis 

in ApcΔ580 mice, which better simulate human APC mutation- driven CRC tumorigenesis than do Apcmin 

mice(18).  ApcΔ580-PD mice had significantly more and larger intestinal tumors than did their littermate 

ApcΔ580 mice (Fig. 4c,d and Supplementary Fig. 3b,c). In addition, ApcΔ580-PD mice had shorter colonic 

lengths (Supplementary Fig. 3d) and lower body weights (Supplementary Fig. 3e) than did ApcΔ580 
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mice. In longitudinal survival experiments, ApcΔ580 mice survived for longer durations (mean = 191 

days) than did ApcΔ580-PD mice (mean = 99 days) (Fig. 4e). 

   We next tested the effects of the PPARD agonist GW501516 in ApcΔ580 mice using a diet 

containing 50 mg/kg GW501516. GW501516 diet produced significantly more and larger intestinal 

tumors than did the control diet (Fig. 4f,g and Supplementary Fig. 3f,g). The median survival of 

GW50106-treated ApcΔ580 mice was shorter (mean = 140 days) than that of ApcΔ580 mice fed a control 

diet (mean = 191 days) (Fig. 4h). In complementary testing, ApcΔ580 mice fed a diet containing 200 

mg/kg GSK3787 (a highly specific PPARD antagonist (21)) had significantly fewer and smaller colonic 

tumors than did mice fed a control diet (Fig. 4i, j). In particular, the number of tumors larger than 3 mm 

decreased from 1.33 tumors per control-treated mouse (95% confidence interval [CI]: 0.99-1.67) to 0.67 

tumors per GSK3787-treated mouse (95% CI: 0.37-0.96) (Fig. 4j). 

   We also examined the effects of PPARD overexpression on adult-onset APC mutation using 

tamoxifen-inducible ApcΔ580 mice (ApcΔ580-TMX) to simulate the most common form of human CRC (i.e., 

sporadic) with an adult-onset APC mutation (Supplementary Fig. 3a, Row #3). ApcΔ580-TMX mice with 

heterozygote APC mutations induced at 5 weeks of age had no visible intestinal tumors (only 1 small 

adenoma was detected microscopically), even after 55 weeks of follow-up. In contrast, their littermates 

with PPARD overexpression in IECs (ApcΔ580-TMX-PD) developed visible tumors, including large CRCs 

(P = 0.025) (Fig. 4k,l and Supplementary Fig. 3h). 

 

PPARD promotes CRC invasiveness  

The transformation to invasive CRC occurs in large adenomas (3). PPARD overexpression in IECs 

significantly increased the number of large tumors in Apcmin-PD, ApcΔ580-PD, and ApcΔ580-TMX-PD mice 

and in GW501516-treated ApcΔ580 mice (Fig. 4b,d,g,j,l). We found invasive intestinal tumors in 86% of 

ApcΔ580-PD mice but only 16% of their littermate ApcΔ580 mice (P = 0.029) (Fig. 5a,b). The mean number 

of invasive tumors per mouse increased from 0.14 (95% CI: 0.2-0.49) in ApcΔ580 mice to 2.29 (95% CI: 

1-3.56) in ApcΔ580-PD mice (P = 0.0056) (Fig. 5b). When APC mutation was delayed until the mice 
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reached adulthood, invasive tumors developed in ApcΔ580-TMX-PD mice but not in their ApcΔ580-TMX 

littermates (Fig. 5c). To assess the clinical relevance of these findings, we compared PPARD 

expression in paired samples of human colorectal adenomas and the centers and fronts of invasive 

tumors (N = 41 patients). Immunohistochemistry composite expression scores of PPARD expression 

were significantly higher in the CRC invasive fronts than in their paired tumor centers or adenomas 

(Fig. 5d,e). 

 

PPARD regulates PDGFRβ expression in CRC tumorigenesis 

We screened for downstream target genes of PPARD that promoted intestinal tumorigenesis using 

comparative functional proteomics reverse phase protein array analyses of IECs from ApcΔ580 and 

ApcΔ580-PD mice. These analyses showed different proteomic patterns for the ApcΔ580-PD and ApcΔ580 

mice (Fig. 6a). Volcano plot analyses identified 7 differentially expressed proteins with at least a 2-fold 

expression change and 2-sided t-test P values of less than .05. Six of these proteins were upregulated 

(connexin 43, AKT serine/threonine kinase 1 [AKT1], platelet-derived growth factor receptor β 

[PDGFRβ], cyclin-dependent kinase 1 [CDK1], eukaryotic translation initiation factor 4 γ [EIF4G], and 

phosphorylated ribosomal protein S6 [rpS6] at residues 235/236 and 240/244), while only 1 protein 

(caspase 7-cleaved) was downregulated (Fig. 6b). Independent experiments confirmed PPARD 

upregulation of PDGFRβ protein and mRNA expression in ApcΔ580-PD mice (Fig. 6c,d) and PD mice 

(Fig. 6e,f). In subsequent clinical relevance assessments using paired normal and CRC tissue samples 

from MD Anderson colorectal cancer patients (n = 22), PPARD and PDGFRβ mRNA levels were 

concomitantly higher in CRC tissues than in paired normal tissues in 20 of 22 patients. Relative mRNA 

level (cancer vs. normal) ratios were above 2 for PDGFRβ (mean ± SEM: 33.76 ± 15.5; 95% CI: 2.46-

65.05; P < 0.0001) and PPARD (8.88 ± 2.4; 95% CI: 3.9-13.87; P < 0.0001) (Fig. 6g,h). In data from 

The Cancer Genome Atlas (TCGA) provisional colorectal cancer database, PDGFRβ and PPARD 

mRNA levels were significantly correlated, with a tendency towards co-occurrence (log odds ratio = 

2.348; P < 0.001) (Fig. 6i). On examining PDGFRβ’s mechanistic significance to PPARD’s promotion of 
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CRC invasion, we found that PPARD overexpression in CT26 mouse CRC cells significantly increased 

cell migration and that DMPQ (a specific PDGFRβ inhibitor(22)) reduced cell migration promoted by 

PPARD (Fig. 6j). 

 

PPARD activates AKT-rpS6 signaling to promote intestinal tumorigenesis 

Independent experiments confirmed that PPARD upregulated AKT1 protein expression in PD (Fig. 7a) 

and ApcΔ580-PD mice (Fig. 7b). In contrast, AKT2 expression remained unchanged (Fig. 7a,b and 

Supplementary Fig. 4a,b). PPARD also increased AKT1 phosphorylation and activation as measured 

by phosphorylation of downstream target proteins rpS6 and glycogen synthase kinase 3β (GSK3β) 

(Fig. 7a,b and Supplementary Fig. 4c,d). Furthermore, we found that PPARD overexpression 

upregulated AKT1 mRNA levels in IECs of PD and ApcΔ580-PD mice (Fig. 7c,d). When we integrated 

data from the TCGA colorectal cancer databases to determine the relevance of these results to human 

CRC, we found significant correlation between PPARD and AKT1 mRNA expression levels (Fig. 7e). 

Furthermore, PPARD overexpression via lentivirus transduction increased AKT1 mRNA and protein 

expression and phosphorylation (Fig. 7f,g). PPARD KO HCT-116 cells (KO1) had lower AKT1 and p-

rpS6 expression levels than did parental HCT-116 WT cells (Supplementary Fig. 4e). PPARD 

downregulation using 2 independent PPARD small interfering RNAs (siRNAs) in SW480 cells reduced 

AKT1 mRNA and protein levels and phosphorylation (Fig. 7h,i). Finally, we evaluated whether PPARD 

as a transcriptional factor acted directly by binding to the AKT1 promoter by identifying a pPDBS in an 

in silico search (Fig. 7j). PPARD overexpression in SW480 cells via PPARD lentivirus transduction 

significantly increased PPARD binding activity at the identified pPDBS site of the AKT1 promoter (Fig. 

7k). 

   We examined the biological significance of AKT upregulation by PPARD for CRC invasiveness by 

conducting a cell migration assay using an AKT-selective inhibitor, MK2206. PPARD overexpression in 

HCT-116 cells significantly increased the number of migrated cells, and MK2206 attenuated these 

effects (Fig. 7l,m). 
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PPARD increases protein synthesis to promote intestinal tumorigenesis 

In further independent reverse phase protein array experiments, we confirmed that CDK1 expression 

was significantly higher in PD and ApcΔ580-PD mice than in their control littermates at both the mRNA 

(Fig. 8a,b) and protein (Fig. 8c,d) levels. Similarly, EIF4G protein expression was higher in PD and 

ApcΔ580-PD mice than in their ApcΔ580 littermates (Fig. 8c,d). Because EIF4G is critical to the initiation of 

protein translation,(23) we investigated whether intestinal PPARD overexpression increased protein 

translation by measuring ribosomal RNA . Intestinal PPARD overexpression markedly increased 

ribosomal RNA levels in both PD and ApcΔ580-PD mice compared to their control littermates (Fig. 8e,f). 
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DISCUSSION  

 We found that PPARD potentiated β-catenin activation in IECs via upregulation of BMP7/TAK1 

signaling and promoted colorectal tumorigenesis progression and invasion by upregulating multiple pro-

invasive pathways, including PDGFRβ, AKT1, CDK1, EIF4G, and connexin 43(Fig. 8g). 

  Our new data provide important new insights that address the controversy regarding PPARD’s 

effects on β-catenin promotion of CRC. Using in vivo and in vitro models with genetic and 

pharmacological modulation of PPARD expression and activation, we clearly demonstrated that 

PPARD increased β-catenin activation downstream of APC mutations. In these models, PPARD 

activated β-catenin and upregulated its target genes, including c-Myc, which enhances progenitor 

colonic crypt cell proliferation to promote CRC (24). Indeed, PPARD upregulation in mouse IECs 

dramatically increased intestinal progenitor cell self-renewal, especially in the form of immature 

spheroid organoids.  Activation of PPARD via high-fat diet or pharmaceutical ligands has been reported 

to enhance intestinal organoid formation in cells of Apcmin mice(15).  Our findings, however, 

demonstrate for the first time that PPARD overexpression in APC-WT IECs is sufficient to enhance 

intestinal progenitor cell self-renewal in the absence of APC mutations. These data address the issues 

of ligand off-target effects and whether PPARD’s effects depend on APC mutations. Our finding that 

PPARD overexpression in IECs increased β-catenin activation both in APC-WT mice and in APC-WT 

HCT-116 cells also indicates that these effects of PPARD are downstream of APC. 

  We found that PPARD activates β-catenin via upregulating BMP7 to phosphorylate TAK1. Our data 

demonstrate for the first time that PPARD transcriptionally upregulates BMP7 expression, which 

subsequently activates TAK1/β-catenin signaling. Previously, the BMP7/TAK1/β-catenin signaling 

pathway was reported to be selectively active in APC- and KRAS-mutant colon cancer cells and to 

contribute to therapeutic resistance(20). We showed that a PPARD inhibitor, GSK3787, suppressed β-

catenin activation in APC- and KRAS-mutant SW620 colon cancer cells. More importantly, we 

demonstrated for the first time that PPARD upregulation activated BMP7/TAK1/β-catenin signaling not 

only in colon cancer cell lines with both APC and KRAS mutations (i.e., SW480 cells) or with WT APC 
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and mutant KRAS (i.e., HCT-116 cells), but also in vivo in mice with and without APC mutations (PD 

and ApcΔ580-PD). These data clearly demonstrate that PPARD regulates this therapeutic resistance 

pathway. 

  In addition, we determined that PPARD transcriptionally upregulates BMP7 to activate TAK1. Prior 

reports have been inconsistent regarding PPARD’s relation to TAK1. PPARD agonists have been 

reported to inhibit TAK1 phosphorylation in rodent renal tubular (25) and peritoneal mesothelial cells 

(26). However, the concentrations of PPARD agonists in these experiments were above the specific 

PPARD activation range and PPARD downregulation or overexpression failed to alter the agonist’s 

effects (25), thus suggesting that non-PPARD-mediated mechanisms are involved. Other researchers 

have questioned whether PPARD affects TAK1 activity because PPARD downregulation via siRNA in 

HeLa cells reduced TAK1 phosphorylation, whereas PPARD overexpression in HEK293T cells failed to 

increase TAK1 phosphorylation (27). In contrast with these ambiguous results, our data clearly show 

that PPARD increases TAK1 phosphorylation in both in vitro and in vivo PPARD gain- and loss-of-

function models. Moreover, our results elucidate the mechanism by which PPARD regulates TAK1: 

transcriptional upregulation of BMP7. BMP7, which is upregulated or amplified in 16% to 24% of human 

colorectal cancers in the TCGA databases (Supplementary Fig. 5a), negatively affects CRC patients’ 

survival (Fig. 5d,e and Supplementary Fig. 5c) and promotes colon cancer invasiveness (28). TAK1 

phosphorylation is being investigated clinically as a molecular target in the treatment of human cancers 

(29). Our identification of PPARD, a druggable protein, as a regulator of the BMP7/TAK1 signaling 

pathway suggests a novel approach to therapeutically target BMP7/TAK1. 

  Our findings also provide important new insights regarding PPARD’s effects on APC mutation-

driven CRC tumorigenesis. Our novel mouse models of PPARD overexpression in IECs with APC 

mutations clearly show that PPARD strongly promotes CRC tumorigenesis. Prior studies were limited to 

PPARD KO modeling in APC-mutant mice. PPARD is, however, upregulated (6-9), not deleted, in 

human CRC (Supplementary Fig. 5d). Thus, we tested PPARD’s effects not only in Apcmin mice, which 

develop small intestinal adenomas, but also in ApcΔ580 mice, in which intestinally targeted APC 
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mutations better simulate human CRC. In contrast with the conflicting data from experiments with 

Apcmin mice with germline PPARD KO, in all of our models, PPARD strongly potentiated APC mutation-

driven CRC tumorigenesis.  Other researchers have reported that PPARD activation with GW501516 

significantly increased tumor numbers and sizes in the small intestines in Apcmin mice(30).  Our data 

showed not only that GW501516 significantly increased intestinal tumorigenesis in large intestines of 

ApcΔ580 mice but also, for the first time, that a PPARD inhibitor, GSK3787, had antitumorigenic activity 

in in vivo CRC models. APC mutations occur later in life in the majority of patients with CRC; fewer than 

1% have germline APC mutations(31). Our novel ApcΔ580-TMX mouse model, in which the onset of APC 

mutation is delayed to early adulthood to better simulate the most common human CRC pattern, 

showed even more striking protumorigenic effects of PPARD overexpression in IECs. Thus, our 

extensive and in-depth modeling of intestinal PPARD in relation to APC mutations clearly establishes 

PPARD’s role in promoting CRC tumorigenesis. 

  APC mutations alone are insufficient to induce CRC invasiveness (3, 32). Our findings demonstrate 

the mechanistic significance of PPARD overexpression in IECs for CRC invasiveness. PPARD 

overexpression in intestinal cells significantly increased CRC invasiveness in both our early- and late-

onset APC mutation mouse models. These novel findings are relevant to human CRC; using CRC 

patient samples, we found that PPARD was more strongly upregulated in CRC invasive fronts (an 

indicator of CRC invasiveness in humans (33, 34)) than in paired adenomas or even invasive cancer 

centers. 

   Furthermore, functional proteomic analyses identified multiple pathways, including PDGFRβ, 

AKT1, CDK1, EIF4G, and connexin 43, that strongly promote CRC tumorigenesis and invasiveness.  

PPARD upregulated connexin 43 in IECs in vivo, which is in agreement with our previously published 

data from differential transcriptome analyses of HCT-116 and KO1 cells (9).  Our results however 

demonstrate for the first time that PDGFRβ, a key gene in colorectal adenoma-to-carcinoma 

progression(35), is upregulated by PPARD to promote CRC tumorigenesis. The AKT/mTOR signaling 

pathway integrates various upstream oncogenic effector signals (e.g., PDGFRs) to modulate 
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downstream targets (e.g., ribosomal protein S6 kinase 1 [S6K1], EIF4E binding proteins) and promote 

tumor progression and invasiveness (36). PPARD has been reported to activate AKT in mouse 

keratinocytes (37), A549 non-small cell lung cancer cells (38), and mammary epithelial cells (39). Our 

data demonstrate for the first time that: (1) PPARD specifically upregulates AKT1, but not AKT2, 

expression and phosphorylation in in vitro and in vivo CRC tumorigenesis models; (2) PPARD 

transcriptionally regulates AKT1; and (3) PPARD is strongly correlated with AKT1 expression in human 

CRC. In addition, PPARD increased GSK3β phosphorylation, which enhances various protumorigenic 

mechanisms, especially aberrant β-catenin activation(40). PPARD agonists have been reported to 

increase AKT and GSK3β phosphorylation in rodent hearts challenged by ischemia or sepsis (41, 42). 

Our data, however, show for the first time that PPARD increases GSK3β phosphorylation to drive 

colorectal tumorigenesis. 

   Dysregulation of mRNA translation plays a very important role in tumorigenesis and cancer 

progression(43). Tumorigenesis enhances aberrant mRNA translation via multiple mechanisms, 

including AKT/mTOR activating phosphorylation of S6K1/2 and inactivating phosphorylation of EIF4E-

binding proteins to release EIF4E, which subsequently forms a protein complex with other eukaryotic 

translation initiation factors (e.g., EIF4G) and initiates mRNA translation(43). Enhancement of the 

EIF4E-EIF4G interaction promotes the development of cancer-cell resistance to BRAF and MEK 

inhibitors (44), and EIF4G overexpression in solid tumors promotes tumor progression(43).  Our novel 

finding that PPARD upregulated EIF4G expression in IECs is an additional mechanism by which 

PPARD promotes tumorigenesis and progression. We also demonstrated for the first time that PPARD 

upregulated CDK1 in IECs. CDK1 regulates cell cycle-dependent (e.g., chromosome segregation, DNA 

repair(45)) and -independent functions (e.g., promotion of protein translation independent of AKT (46)) 

to promote tumorigenesis and progression and therefore is considered a potential cancer therapeutic 

target(47). In sum, these novel findings demonstrate PPARD’s pleiotropic effects in IECs to enhance 

RNA translation and cancer invasiveness.  
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    In conclusion, our findings demonstrate that PPARD strongly accelerates APC mutation-driven 

colorectal tumorigenesis and tumor invasion via multiple important protumorigenic pathways, including 

BMP7/TAK1/β-catenin, PDGFRβ, AKT1, EIF4G, CDK1, and connexin 43 (Fig. 8g). These findings 

establish PPARD’s pivotal role in promoting CRC progression and its potential as a preventive and 

therapeutic target.  
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METHODS 

Mouse models  

Mouse care and experimental protocols were approved by and conducted in accordance with the 

guidelines of the Animal Care and Use Committee of The University of Texas MD Anderson Cancer 

Center. We generated mice with targeted PPARD overexpression in IECs (PD mice) via a villin promoter 

as described previously (48). C57BL/6J-ApcMin/J (Apcmin/+, stock #002020), B6.Cg-Tg (CDX2-

Cre)101Erf/J (CDX2-Cre, stock # 009350), and B6.Cg-Tg(CDX2-Cre/ERT2)752Erf/J (CDX2-CreERT2, 

stock #022390) mice were purchased from Jackson Laboratory. ApcΔ580 floxed (ApcΔ580-flox) mice, in 

which APC exon 14 is flanked with loxp sites, were a gift from Dr. Kenneth E. Hung(49). Breeding 

ApcΔ580-flox mice with Cre recombinase-expressing (CDX2-cre or CDX2-CreERT2) mice deleted APC 

exon 14 and consequently generated a codon 580 frame-shift mutation without (ApcΔ580 mice) or with 

tamoxifen treatment (ApcΔ580-TMX mice) (49).  

 

Cell lines  

The human colon cancer cell lines SW480 and SW620 and the mouse colon cancer cell line CT26 were 

purchased from ATCC; HCT-116 parental and peroxisome proliferator-activated receptor-δ (PPARD)-

knockout (KO1) cells were kindly provided by Dr. Bert Vogelstein (Johns Hopkins University, Baltimore, 

MD). HCT-116 and KO1 cells were authenticated by short tandem repeat analyses by the Characterized 

Cell Line Core Facility at The University of Texas MD Anderson Cancer Center. HCT-116 and KO1 cells 

were cultured in McCoy’s 5A medium. SW480, SW620, and CT26 cells were cultured in RPMI-1640 

medium supplemented with 10% fetal bovine serum (FBS) (VWR International). All culture media were 

supplemented with 10% FBS, 2 mM L-glutamine, and 1% penicillin/streptomycin (Life Technologies). 

 

Clinical samples  

De-identified sections from paraffin-embedded tissue blocks of archived surgical pathology materials 

were obtained from the colorectal tumor tissue repository at MD Anderson Cancer Center with 
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Institutional Review Board (IRB) approval. These sections contained areas of adenomatous polyps and 

cancer arising within the polyps and paired normal-appearing colonic mucosa from at least 5 cm from 

the tumor edge. Residual surgical pathology samples were obtained from 41 colon cancer patients who 

underwent surgical resection of primary colon cancer without prior exposure to chemotherapy or 

radiation therapy and consented to the future use of their residual tissue for research. An experienced 

colon pathologist (R.B.) confirmed that these sections contained colonic adenoma and colon cancer with 

the tumor center and its invasive front in the same hematoxylin and eosin (H&E)-stained section for 

each case. 

    RNA samples from paired normal and malignant colonic mucosa from patients with stage III colon 

cancer were obtained with IRB approval as described previously.(9) 

 

Mouse intestinal tumorigenesis testing  

Apcmin mice with or without PPARD overexpression in intestinal epithelial cells  

Apcmin mice were bred with villin-PPARD mice (PD mice) to generate Apcmin;PPARD (Apcmin-PD) mice. 

Apcmin and Apcmin-PD mice (n = 6 mice per group) were followed to the age of 8 weeks and then 

euthanized and necropsied.  

 

ApcΔ580 mice with or without specific PPARD overexpression in the intestines  

ApcΔ580 mice were bred with PD mice to generate double-transgene ApcΔ580;PPARD (ApcΔ580-PD) mice. 

ApcΔ580 and ApcΔ580-PD mice were followed until the age of either 14 weeks (n = 15 mice per group) or 

22 weeks (n = 7 mice per group) and then euthanized to evaluate intestinal tumorigenesis. 

 

Treatment of ApcΔ580 mice with PPARD agonist GW501516  

ApcΔ580 mice at age 4 weeks were fed a diet containing 50 mg/kg GW501516 or the same diet without 

GW501516 (control diet) (Envigo) for 10 consecutive weeks (n = 10 mice per group). The mice were 

then euthanized and examined for intestinal tumorigenesis. The chemical GW501516 was synthesized 
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by the Translational Chemistry Core Facility at MD Anderson Cancer Center, and its authenticity was 

confirmed by liquid chromatography-mass spectrometry standard GW501516 purchased from an 

independent source (Cat# SML1491, Sigma).  

 

Treatment of ApcΔ580 mice with PPARD antagonist GSK3787  

ApcΔ580 mice at age 4 weeks were fed a diet containing 200 mg/kg GSK3787 or the same diet without 

GSK3787 (control diet) (Envigo) for 12 consecutive weeks (n = 18-20 mice per group), then euthanized 

and examined for intestinal tumorigenesis. GSK3787 was synthesized by the Applied Cancer Science 

Institute at MD Anderson Cancer Center, and its authenticity was confirmed by liquid chromatography-

mass spectrometry analyses using standard GSK3787 purchased from Sigma (Cat# G7423). 

 

ApcΔ580-TMX mice with or without specific PPARD overexpression in the intestines 

 ApcΔ580-TMX mice (generated by breeding ApcΔ580-flox  with CDX2-CreERT2) were bred with PD mice to 

generate ApcΔ580-TMX;PPARD (ApcΔ580-TMX-PD) mice. ApcΔ580-TMX and ApcΔ580-TMX-PD mice (n = 8 mice per 

group) were treated with tamoxifen (Sigma) dissolved in corn oil (0.75 mg/10 g mice) by gavage once a 

day for 3 consecutive days and then followed for up to 55 weeks before being euthanized and examined 

for intestinal tumorigenesis.  

 

Mouse tumorigenesis survival experiments 

Two independent mouse intestinal tumorigenesis survival experiments were performed for the following 

groups: (1) ApcΔ580 and ApcΔ580-PD mice (n = 20 mice per group) and (2) ApcΔ580 mice on a diet 

containing 50 mg/kg GW501516 or a control diet (n = 12 mice per group). For each experiment, mice 

were followed until they required euthanasia on the basis of 1 of the following preset criteria: (1) 

persistent rectal bleeding for 3 consecutive days or (2) weight loss of more than 20%.  

 

Mouse intestinal tumorigenesis evaluation  
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The mice were euthanized, and their abdomens were opened. The intestines from the rectum to the 

base of the stomach were removed and washed with phosphate-buffered saline (PBS). For whole 

intestinal mount (Swiss roll) analyses, one end of the intestine was ligated, and the intestine was inflated 

with 10% neutral formalin to fix overnight. The formalin was replaced with 70% ethanol prior to paraffin 

embedding. Tumors were counted under a stereotype microscope (Nikon Eclipse TE2000). The 

intestines were rolled up using a paper clip with a small loop to make Swiss rolls. The rolls were tied off 

on both ends using a 25-gauge syringe needle, cut in half, and placed in a paraffin cassette for 

embedding in paraffin for further analysis (H&E, immunohistochemical [IHC], or immunofluorescence [IF] 

staining). 

 The tissue sections were cut for hematoxylin (Agilent Dako) and eosin (Fisher Scientific) staining, 

and then H&E-stained sections were scanned using an Aperio digital pathology slide scanner (Leica 

Biosystems) for taking photomicrographs and counting tumors. Classification and grading of H&E-

stained sections, including scoring tumor invasiveness, were performed by an experienced pathologist 

using an Olympus BX41 microscope. 

 

Primary organoid culture  

Six-week-old PD mice and wild-type (WT) littermates (n = 6 mice per group) were killed, and their colons 

were harvested. Harvested colon tissues were digested with 10 mM ethylenediaminetetraacetic acid 

(EDTA) in chelation buffer (5.6 mM Na2HPO4, 8.0 mM KH2PO4, 96.2 mM NaCl, 1.6 mM KCl, 43.4 mM 

sucrose, 54.9 mM D-sorbitol, 0.5 mM DL-dithiothreitol) at room temperature for 10 min. Crypts were 

isolated by vigorously shaking the digested tissues for 30 s and then allowing sedimentation for 1 min 

prior to collecting the supernatant. The isolated crypts were counted using a hemocytometer and 

embedded in growth factor-reduced Matrigel (Cat# 356231, Corning) at 20 crypts/µL Matrigel. 

Approximately 20-μL droplets of Matrigel with crypts were seeded onto a flat-bottom 48-well plate (Cat# 

3548, Corning). The Matrigel was solidified for 15 min in a 37°C incubator, and then 250 µL/well 

organoid culture medium (advanced Dulbecco’s modified Eagle medium/F12 supplemented with 
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penicillin/streptomycin, 2 mM GlutaMAX, 10 mM HEPES [all from Invitrogen], 100 ng/mL mouse 

recombinant Wnt-3A [Millipore], 50 ng/mL mouse epidermal growth factor [Invitrogen], 100 ng/mL mouse 

recombinant noggin [Peprotech], 1 µg/mL human R-spondin-1 [Peprotech], 1 mM N-acetyl-L-cysteine 

[Sigma-Aldrich], 1× N-2 [Invitrogen], and 1× B-27 [Invitrogen]) was added. We added 10 µM Y-27632 

(Sigma) to the media for the first 2 days’ culture, then changed the media without Y-27632 for later 

culture. The medium was replaced with fresh medium every 2 or 3 days. Organoids were maintained in 

an incubator with an atmosphere of 5% CO2. Organoids were counted, imaged, and quantified on day 7 

of culture. 

 

IHC and IF staining 

Paraffin-embedded tissue sections 5 µm thick were deparaffinized and rehydrated, and antigen retrieval 

was performed with an antigen unmasking solution (Vector Laboratory). The samples were then 

incubated in blocking buffer (PBS with 1.5% goat serum and 0.3% Triton X-100) for 1 h at room 

temperature and incubated with primary antibodies in a humidified chamber at 4°C overnight. For IHC 

staining, the following primary antibodies were used: β-catenin (Cat# ab32572, Abcam), Ki-67 (Cat# 

RM-9106-S1, Thermo Fisher), BMP7 (Cat# ab129156, Abcam), PPARD (Cat# ARP38765_T100, Aviva 

Systems Biology), phospho-rpS6(S235/236) (Cat# 4858S, Cell Signaling Technology), and phospho-

TAK1(T184/T187) (Cat# 4508S, Cell Signaling Technology). The tissue sections were then incubated 

with biotinylated secondary antibodies (VECTASTAIN Elite ABC-HRP Kit, Cat# PK-6101, Vector 

Laboratories) for 1 h, followed by incubation with avidin-coupled peroxidase (Vector Laboratories) for 30 

min. Diaminobenzidine (Agilent Dako) was used as the chromogen, and the slides were counterstained 

with Mayer’s hematoxylin (Agilent Dako).  

  To obtain a continuous score that took into account the IHC signal intensity and the frequency of 

positively stained cells in the human colon cancer tissue sections, we generated a combined expression 

score (CES) with a full range from 0 to 12. Staining intensity (SI) was scored as follows: 0 = no staining, 

1 = light brown, 2 = brown, and 3 = dark brown. The percentage of positive cells (PP) was scored as 
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follows: 0 = less than 10%, 1 = 10%-25%, 2 = 25%-50%, 3 = 50%-75%, and 4 = more than 75%. The 

CES for the nucleus or cytoplasm was calculated using the formula: CES = 4 (SI−1) + PP. The total 

PPARD CES was the CES of the combination of nucleus and cytoplasm. 

   For IF staining, the following primary antibodies were used: α-SMA (Cat# A5228, Millipore Sigma), 

E-cadherin (Cat# 710161, Thermo Fisher), and rRNA (Cat# sc-33678, Santa Cruz Biotechnology). The 

sections were washed 3 times in PBS-Tween 20 and incubated at room temperature for 2 h with Alexa 

Fluor 594-conjugated goat anti-rabbit immunoglobulin G (IgG) (H+L) secondary antibody (Cat# A-11012, 

Invitrogen) for E-cadherin or with Alexa Fluor 488-conjugated goat anti-mouse IgG (H+L) secondary 

antibody (Cat# A-11029, Invitrogen) for α-SMA and rRNA. The sections were washed 3 times in PBS-

Tween 20 and mounted with ProLong Gold Antifade Mountant with 4′,6-diamidino-2-phenylindole 

(Fisher Scientific).  

 

Generation of cell lines stably transfected with PPARD overexpression plasmid 

The full length of the human PPARD cDNA was subcloned into a pcDNA3.1 plasmid (Life 

Technologies). HCT-116 cells were transfected with a pcDNA3.1 vector containing PPARD cDNA 

(PPARD vector) or pcDNA3.1 empty vector (control vector) and grown in selective medium containing 

hygromycin B (400 µg/mL, Roche Diagnostics). Stably transfected clones of PPARD vector-transfected 

(PPARDSE) and control vector-transfected cells were isolated and expanded. 

 

PPARD siRNA transfection  

SW480 cells were cultured to 40% to 50% confluence and then transfected with 100 nM of 2 

independent  ON-TARGETplus PPARD small interfering RNAs (siRNAs) (Cat# J-003435-08-0002 and 

Cat# J-003435-09-0002, Dharmacon) or an equal amount of a nonspecific control siRNA (siGLO RISC-

Free siRNA; Cat# D-001600-01-05, Dharmacon) using Lipofectamine 2000 (Invitrogen). The cells were 

harvested at 48 h after siRNA transfection for further analyses. 
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Stable lentivirus transduction 

Lentivirus plasmids for human PPARD (NM_006238) tagged ORF (Cat# RC214735L3, OriGene), 

mouse PPARD (NM011145) tagged ORF (Cat# MR207001L3, OriGene) in pLenti-C-myc-DDK-P2A-

Puro, and a control lentivirus plasmid pLenti-C-Myc-DDK-P2A-Puro (Cat# PS100092, OriGene) were 

packaged into lentivirus particles (mouse PPARD, human PPARD, and control lentiviral particles) by MD 

Anderson’s shRNA and ORFeome Core Facility. Human (HCT-116 and SW480) or mouse (CT26) 

colorectal cancer cells were transduced with human PPARD or mouse PPARD or control lentiviral 

particles (10 MOIs for all lentiviruses) with hexadimethrine bromide (8 µg/mL). After 12 h, the culture 

medium was replaced with fresh medium containing puromycin (0.8 µg/mL for HCT-116, 4 µg/mL for 

SW480 and CT26). The medium was changed once every 48 to 72 h. Clones with stable transduction 

were isolated and expanded for further analyses. 

 

RNA extraction and quantitative real-time polymerase chain reaction 

Mouse intestines were digested with 10 mM EDTA (pH 8.0) at room temperature for 10 min, and then 

digested crypts were harvested from the supernatants for further analysis. Total RNA was extracted 

from digested intestinal crypt cells from the mice or cancer cell lines using TRIzol for cell lines or an 

RNeasy Microarray Tissue Mini Kit (Qiagen) for tissue cells according to the manufacturer’s protocol. 

cDNA was synthesized using a Bio-Rad cDNA Synthesis Kit (Bio-Rad Laboratory). Quantitative real-

time polymerase chain reaction (qRT-PCR) analyses were performed using a FastStart universal probe 

master (Roche) and StepOnePlus PCR system (Applied Biosystems). All the qRT-PCR probes were 

purchased from Applied Biosystems. See Table S2 for probe details. The relative RNA expression levels 

were normalized to the expression of mouse ACTB or human HPRT1 (Applied Biosystems), and 

calculated using a comparative threshold cycle method (ddCt).  
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Western blotting analysis 

Cells or digested intestinal crypts were homogenized in lysis buffer (0.5% Nonidet P-40, 20 mM 3-[N-

morpholino] propanesulfonic acid [pH 7.0], 2 mM ethylene glycol tetraacetic acid, 5 mM EDTA, 30 mM 

sodium fluoride, 40 mM β-glycerophosphate, 2 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl 

fluoride [Sigma], and 1× complete protease inhibitor cocktail [Roche Applied Science]). Fifty-microgram 

samples of each protein were separated onto 10-12% sodium dodecyl sulfate polyacrylamide gel. After 

electrophoresis, the proteins were transferred to a nitrocellulose membrane. The membranes were 

blocked with 5% milk or 5% bovine serum albumin for 2 h at room temperature and hybridized with 

primary antibodies at 4°C overnight. The following primary antibodies were used: BMP7 (for 

mouse/human, Cat# ab129156, Abcam), PPARD (for mouse, Cat# ab8937, Abcam), PPARD (for 

human, Cat# sc-7197, Santa Cruz Biotechnology), AKT1 (for human/mouse, Cat# 75692S, Cell 

Signaling Technology), phospho-AKT1(S473) (for human/mouse, Cat# 9018S, Cell Signaling 

Technology), AKT2 (for human/mouse, Cat# 3063S, Cell Signaling Technology), non-phospho/active β-

catenin (S45) (for human/mouse, Cat# 19807S, Cell Signaling Technology), TAK1 (for human/mouse, 

Cat# 5206, Cell Signaling Technology), phospho-TAK1(T184/T187) (for human/mouse, Cat# 4508S, 

Cell Signaling Technology), PDGFRβ (for human/mouse, Cat# 3169S, Cell Signaling Technology), 

CDK1 (for human/mouse, Cat# 77055S, Cell Signaling Technology), EIF4G (for human/mouse, Cat# 

2498S, Cell Signaling Technology), phospho-p38 MAPK(T180/Y182) (for human/mouse, Cat# 9211S, 

Cell Signaling Technology), phospho-rpS6(S235/236) (for human/mouse, Cat# 4858S, Cell Signaling 

Technology), phospho-GSK3β(S9) (for human/mouse, Cat# 5558, Cell Signaling Technology), β-actin 

(for human/mouse, Cat# sc-47778, Santa Cruz Biotechnology), and DDK (Cat# TA50011, OriGene). 

Next, the blots were hybridized with the secondary antibody for 1 h at room temperature. The blots were 

analyzed using enhanced chemiluminescence (GE Healthcare).  
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Functional proteomics reverse phase protein array analysis 

Reverse phase protein array (RPPA) analysis was performed on isolated intestinal epithelial cells 

from ApcΔ580 mice and their ApcΔ580-PD littermates according to the standard protocol at the RPPA 

Core Facility at MD Anderson. Specifically, relative protein levels for each sample were determined 

by interpolation of each dilution curve from the standard curve (supercurve) of the slide (antibody). 

The supercurve was constructed using a script in R written by the RPPA Core Facility. These values 

were defined as the supercurve log2 value. All data points were normalized for protein loading and 

transformed to a linear value, designated as “normalized linear.” The normalized linear value was 

transformed to a log2 value and then median-centered for further analysis. Median-centered values 

were centered by subtracting the median of all samples of a given protein. The information for the 

RPPA antibodies is available at https://www.mdanderson.org/research/research-resources/core-

facilities/functional-proteomics-rppa-core/antibody-information-and-protocols.html. Student's t-tests were 

used to assess differences in the expression levels of each gene between the ApcΔ580 and ApcΔ580-PD 

groups. In an exploratory analysis, volcano plots of the distributions of fold change (log2 [fold change]) 

for biological significance and Student's t-test P values (−log10 [P value]) for statistical significance were 

used. We considered proteins as altered by PPARD overexpression if the absolute fold-change 

difference was greater than 2 or less than 0.5 and the Student's t-test P value was less than 0.05; 

volcano plots were constructed.   

 

Chromatin immunoprecipitation-quantitative PCR assay 

To determine whether PPARD binds to target gene (BMP7 or AKT1) promoters, we subjected SW480 

cells stably transfected with human DDK-tagged PPARD or DDK-tagged control lentiviral particles to 

chromatin immunoprecipitation (ChIP). The cells were cross-linked by adding formaldehyde to the 

culture medium to a final concentration of 1% and incubating the medium for 10 min at 37°C. ChIP 

assays were performed using an EZ-ChIP Chromatin Immunoprecipitation Assay kit (Cat# 17-295, 
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Millipore) according to the manufacturer’s protocol. Chromatin was immunoprecipitated using a specific 

anti-DDK antibody (Cat# TA50011, OriGene). We also used mouse IgG (Cat# sc-2762, Santa Cruz 

Biotechnology) as a negative control. The indicated gene promoters (−2000 to +500 bp, transcription 

start site was set as 0) were submitted to the online tool Genomatix MatInspector 

(https://www.genomatix.de/), and the calculated PPAR binding sites with matrix scores over 0.75 were 

considered significant. We then designed primers to amplify DNA fragments that contained each 

predicted PPARD binding site (pPDBS). The following primers were used: BMP7 (256 bp): 5′-

CAGCAATTCCAGACAGCAAG-3′ (sense), 5′-CCCCTCAGTCCCTGTATCCT-3′ (antisense); AKT1 (127 

bp): 5′-GTTGTCGGAGGAACTTCTGG-3′ (sense), reverse 5′-AAGTCCACTGGGAGGCAGAT-3′ 

(antisense). qRT-PCR was performed using SYBR Green ROX qPCR Mastermix (Cat# 330520, Qiagen) 

with amplification conditions as follows: 95°C for 10 min and then 95°C for 15 s and 60°C for 1 min, for 

40 cycles. Input from each cell line was used as an endogenous control, and the relative enrichment 

level of IgG and DDK was calculated as 2-ΔCt. To assess the relative binding activity of PPARD to the 

BMP7 or AKT1 promoter region, the IgG enrichment value was normalized to 1, and relative enriched 

DDK values for each group were calculated based on the normalized IgG reading. 

 

Cell migration assay 

For the migration assay, equal numbers of cells in culture medium with 0.5% FBS were plated on the 

tops of Corning Transwell inserts (8.0-μm pore), and 0.75 mL of chemical mixed whole medium was 

added to the lower compartment of the wells. After 36 h of incubation, cells that had not migrated were 

scraped from the top compartment, and cells that had migrated through the membrane (to the back of 

the membrane) were fixed and stained using the protocol of the HEMA 3 Stain Set (Thermo Fisher 

Scientific). Membranes were excised and mounted on a standard microscope slide (Curtin Matheson 

Scientific). The migrated cells in at least 4 random individual high-power fields per insert membrane 

were photographed with a light microscope and counted.  
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β-catenin/TCF reporter assays 

Cells were transfected with either pMegaTOP-FLASH reporter plasmid (14 WT TCF binding elements: 

CTTTGAT) or pMegaFOP-FLASH reporter plasmid (8 mutant TCF binding elements: CAAAGGG), and 

luciferase activity was measured as described previously.(50) 

 

Statistical analyses 

Quantifiable outcome measures for 1 factor in experimental conditions were compared using 1-way 

analysis of variance, and Bonferroni adjustments were used for all multiple comparisons. We used 2-

way analysis of variance to analyze data involving the simultaneous consideration of 2 factors. Tumor 

incidence was compared using chi-square tests. Survival rates as a function of time were estimated 

using the Kaplan-Meier method. The data were log-transformed as necessary to accommodate the 

normality and homoscedasticity assumptions implicit to the statistical procedures used. Data were 

analyzed using SAS software, version 9.4 (SAS Institute, Cary, NC) or GraphPad Prism 7.01.  All tests 

were 2-sided and conducted at a significance level of P < 0.05.  
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Figure legends 

Fig.1 PPARD activates β-catenin signaling in intestinal epithelial cells. (a, b) Active β-catenin protein 

levels (a) and mRNA levels of β-catenin target-genes (Axin2 and cyclin D1) (b) in intestinal epithelial 

cells (IECs) of PD mice and WT littermates at age 10 weeks. Lm indicate littermate.  (c) The organoid-

initiating capacity of IECs derived from PD mice and WT littermates (n = 6 mice/group). Photographs of 

primary organoids (left); primary organoid counts (right). White arrows indicate individual organoids. (d-f) 

Active β-catenin protein levels (d), β-catenin transcriptional activity (e, TOP/FOP Flash luciferase assay) 

and mRNA levels of Axin2, c-Myc and cyclin D1 (f) in HCT-116 cells without (WT) or with PPARD 

knockout (KO1). (g, h) Active β-catenin protein levels of stably transfected HCT-116 cells with control 

(Ctrl; # represents clone number) or PPARD overexpression plasmid (PPARDSE) (g) and HCT-116 cells 

treated with wnt3a (100 µM) and/or PPARD agonist GW501516 (1 µM) for 24 h (h). (I) c-Myc mRNA 

expression levels in HCT-116 WT and KO1 cells treated with PPARD agonist GW0742 (1 µM) and/or 

PPARD antagonist GSK3787 (1 µM) for 24 h. The experiments were independently replicated three 

times. Error bars: mean ± s.e.m. **P < 0.01, ***P < 0.001, ****P < 0.0001.  

 

Fig. 2 PPARD enhances intestinal β-catenin signaling in ApcΔ580 mutant mice. (a-c) Active β-catenin 

protein expression in intestinal epithelial cells (IECs) (a); immunohistochemistry (IHC) localization of β-

catenin in colonic normal and tumor tissues (b); and Axin2, c-Myc and cyclin D1 mRNA expression 

levels in normal IECs (c) of ApcΔ580 and ApcΔ580-PD mice at age 14 weeks. (d, e) ApcΔ580 mice were fed a 

diet containing the PPARD agonist GW501516 (50 mg/kg) (GW) or a control diet (Ctrl) for 10 weeks, 

then evaluated for β-catenin expression by IHC (d) and active β-catenin protein expression (e) as 

described in panels a and b. (f, g) Representative images of Ki-67 IHC (f) and corresponding colonic 

crypt proliferation zone lengths (g) of normal colons of mice as described in panels a and d. Error bars: 

mean ± s.e.m. **P < 0.01, ***P < 0.001, **** P < 0.0001.  
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Fig. 3 PPARD activates BMP7/TAK1/β-catenin signaling in intestinal epithelial cells. (a) BMP7 mRNA 

expression levels in WT or PPARD knockout (KO1) HCT-116 cells. (b) Protein expression of BMP7, 

phosphorylated TAK1 (p-TAK1) and total TAK1 in the cells described in panel a. (c) BMP7 mRNA 

expression levels in SW480 cells stably transfected with PPARD (PPARDSE) or control (Ctrl) lentivirus 

vector. (d) Expression levels of active β-catenin, BMP7, p-TAK1, TAK1, phosphorylated-p38 (p-p38), 

and total p38 in SW480 cells described in panel c. (e) Schematic map of predicted PPARD binding site 

(pPDBS) in the promoter of the human BMP7 gene according to Genomatix MatInspector online 

software. Nucleotides marked in red indicate core sequences. TSS: transcription start site. (f) PPARD’s 

binding to pPDBS in the promoter of the human BMP7 gene, measured by chromatin 

immunoprecipitation-quantitative PCR (−492 to −470 bp of the BMP7 promoter) in SW480 cells 

described in panel c. The experiments were independently replicated three times. (g) Active β-catenin 

expression in SW480 cells described in panel c, treated with the specific TAK1 inhibitor 5z-7 (2.5 µM) or 

an equal amount of control solvent (DMSO) for 24 h. (h) Active β-catenin expression levels in SW620 

cells treated with 5z-7 (2.5 µM), PPARD antagonist GSK3787 (GSK, 1 µM), or an equal amount of 

DMSO for 24 h. (i) BMP7 mRNA expression levels in IECs of PD mice and their WT littermates. (j) 

Protein expression levels of active β-catenin, BMP7, p-TAK1, TAK1, and p38 in IECs of the mice 

described in panel i. (k, l) Representative IHC images of p-TAK1 expression (k) and the count of 

positively-stained p-TAK1 cells per field (l) in IECs of the mice described in panel i (n = 3 mice/group). 

(m) BMP7 mRNA expression levels in IECs of ApcΔ580 and ApcΔ580-PD littermates. (n) Protein 

expression of active β-catenin, BMP7, p-TAK1, TAK1, p-p38, and p38 in IECs of mice described in panel 

m. Error bars: mean ± s.e.m.  *P < 0.05, ***P < 0.001, **** P < 0.0001. 

 

Fig. 4   PPARD accelerates APC mutation-driven intestinal tumorigenesis in mice. (a, b) Effects of 

PPARD on intestinal tumorigenesis in Apcmin mice. (a) Representative images of H&E-stained intestines 

of Apcmin mice and Apcmin-PD littermates at 8 weeks of age. Upper panel: Pictures of whole-length 

intestinal sections (Swiss roll). Arrows indicate tumors. Lower panel: higher-magnification pictures of 
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tumor lesions (20×). (b) Intestinal tumor numbers and sizes for the indicated groups (n = 6 mice per 

group). Φ indicates tumor maximum diameter. (c, d) Effects of PPARD on intestinal tumorigenesis in 

APCΔ580 mice. (c) Representative images of H&E-stained whole-length intestinal sections of ApcΔ580 and 

ApcΔ580-PD mice at 14 weeks of age. Upper and lower panel picture descriptions are similar to panel a. 

(d) Intestinal tumor numbers and sizes for the indicated groups (n = 15 mice per group). (e) Survival 

curves of ApcΔ580 and ApcΔ580-PD mice (n = 20 mice per group). (f-g) Effects of PPARD agonist 

GW501516 on intestinal tumorigenesis in ApcΔ580 mice. (f) ApcΔ580 mice at age 4 weeks were fed a diet 

containing 50 mg/kg GW501516 (ApcΔ580-GW) or a control diet (ApcΔ580-Ctrl) for 10 weeks and then 

killed for intestinal tumorigenesis analyses. Upper and lower panel picture descriptions are similar to 

panel a. (g) Intestinal tumor numbers and sizes for the indicated groups (n = 10 mice per group). (h) 

Survival curves of indicated groups (n = 12 mice per group). (i, j) Effects of PPARD antagonist GSK3787 

on intestinal tumorigenesis in ApcΔ580 mice. ApcΔ580 mice at age 4 weeks were fed a diet containing 200 

mg/kg GSK3787 (ApcΔ580-GSK) or a control diet (ApcΔ580-Ctrl) for 12 weeks and then killed for intestinal 

tumorigenesis analyses. Representative colon pictures (i) and colonic tumor numbers and sizes (j) for 

the indicated groups (n = 18-20 mice per group). (k, l) Effects of PPARD on intestinal tumorigenesis 

driven by adult-onset intestinally targeted APC mutation. ApcΔ580 mutation was induced in the mice at 

age 6 weeks via tamoxifen-controlled Cre-recombinase expression driven by CDX-2 promoter (ApcΔ580-

TMX). ApcΔ580-TMX mice without or with intestinal PPARD overexpression (ApcΔ580-TMX-PD) were followed 

for 55 weeks before they were killed for intestinal tumorigenesis analyses. (k) Upper and lower panel 

picture descriptions are similar to panel a. (l) Intestinal tumor numbers and sizes for the indicated groups 

(n = 8 mice per group). Error bars: mean ± s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001. 

 

Fig.5 PPARD promotes intestinal tumor invasion. (a, b) Intestinal PPARD overexpression promotes 

invasion of intestinal tumors in ApcΔ580 mice.   Intestines of ApcΔ580 and ApcΔ580-PD littermate mice (20 

weeks old) were evaluated for tumor invasiveness. (a) Representative intestinal section photographs of 

noninvasive adenoma (upper) and invasive adenocarcinoma (lower) in the indicated mouse groups. 
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Pictures of low (left) and high (middle) magnifications of H&E staining and immunofluorescence staining 

(right) for E-cadherin (red) and α-SMA (green). T, tumor; SM, submucosa. Arrowheads indicate 

submucosal invasion of cancer cells. (b) Numbers of invasive and noninvasive tumors per mouse for the 

indicated groups, scored in whole-mount intestinal (Swiss roll) sections (n = 7 mice/group). (c, d) ApcΔ580 

mutation was induced by tamoxifen treatment of littermate mice without (ApcΔ580-TMX) or with intestinal 

PPARD overexpression (ApcΔ580-TMX-PD) at 6 weeks of age. Mice were followed for 55 weeks prior to 

being killed to assess intestinal tumor invasiveness. (c) H&E staining photographs showing the only 

microscopically identified adenoma in the ApcΔ580-TMX group and 2 representative invasive 

adenocarcinomas in the ApcΔ580-TMX-PD group. (d) Numbers of invasive and noninvasive tumors per 

mouse for the indicated groups were scored in whole-mount intestinal sections (n = 5-6 mice/group). (e 

,f) PPARD expression in human colorectal cancer invasive front. (e) Representative PPARD IHC 

staining images of human paired colon adenomas, colorectal cancer centers (tumor center), and tumor 

invasive fronts of 3 patients. (f) Total composite expression score (CES) of nucleus and cytoplasm IHC 

staining of PPARD for the paired adenomas, colorectal cancer centers, and invasive fronts as described 

in panel e (n = 41 patients). Error bars: mean ± s.e.m. **P < 0.01, ****P < 0.0001. 

 

Fig. 6 PPARD transcriptionally upregulates PDGFRβ expression in mice with or without APC mutation. 

(a, b) RPPA analyses were performed on normal intestinal epithelial cells (IECs) of ApcΔ580 and ApcΔ580-

PD littermate mice at 10 weeks of age (n = 4 mice per group). Results are presented as a heat map (a) 

and a volcano plot of the differentially expressed genes (b). The horizontal orange dotted line indicates 

the threshold, P = 0.05. The vertical blue dotted line on the right indicates where the log2 ratio was > 1, 

and the black vertical dotted line on the left indicates where the log2 ratio was < −1. (c-f) Effects of 

PPARD overexpression on PDGFRβ protein and mRNA expression levels in IECs of APC Δ580 and APC 

Δ580-PD (c,d) and PD and WT littermate (Lm) mice (e,f). (g, h) PPARD (g) and PDGFRβ (h) mRNA 

levels in paired patient colorectal cancer and normal mucosa samples (n = 22). (i) Spearman correlation 

analysis of PPARD and PDGFRβ mRNA expression in the TCGA Provisional Colorectal 
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Adenocarcinoma database (n = 633). (j) Effects of PDGFRβ inhibitor DMPQ on PPARD promotion of 

colon cancer cell migration. CT26 mouse colon cancer cells were stably transfected with a mouse 

PPARD (PPARDSE) or control (Ctrl) lentiviral vector were treated with DMPQ (1 μM) or vehicle solvent 

(DMSO) for 36 h. Left: representative photomicrographs of migrated cells. Right: migrated cells in at 

least 4 random individual fields per insert membrane were counted. The experiments were 

independently replicated three times.  Error bars: mean ± s.e.m. ** P < 0.01, *** P < 0.01, **** P < 

0.0001. 

 

Fig.7 PPARD transcriptionally activates AKT1 pathway in intestinal epithelial cells. (a, b) Effects of 

PPARD on AKT signaling pathway in intestinal epithelial cells (IECs). Protein expression levels of AKT1, 

p-AKT1(S473), AKT2, p-GSKβ, and p-rpS6(S235/236) in IECs of PD mice (a), ApcΔ580-PD mice (b), and 

their corresponding control littermates (Lm). (c, d) AKT1 mRNA expression levels in PD (c) and ApcΔ580-

PD mice (d) and their control littermate mice. (e) Correlation analysis of PPARD and AKT1 mRNA 

expression in the TCGA Colorectal Adenocarcinoma database (Nature, 2012) database (n = 244). (f) 

Protein expression levels of AKT1 and p-AKT1(S473) in HCT-116 cells stably transfected with a PPARD 

plasmid (PPARDSE) or a control (Ctrl) plasmid. (g) AKT1 mRNA levels in the HCT-116 cells described in 

panel f. (h) AKT1 mRNA levels in SW480 cells transfected with 2 independent PPARD siRNAs or a 

control siRNA. (I) AKT1 and p-AKT1(S473) protein expression levels in the SW480 cells transfected with 

PPARD siRNA described in panel h. (j) Schematic map of the predicted PPARD binding site (pPDBS) in 

the promoter region of human AKT1 (hAKT1) according to Genomatix MatInspector online software. 

Nucleotides in red indicate core sequences. TSS: transcription start site. (k) PPARD binding to the 

pPDBS of the AKT1 promoter shown in panel j, measured by a chromatin immunoprecipitation-

quantitative PCR assay in HCT-116 cells with or without PPARD overexpression, as described in panel 

f. (l , m) Effects of AKT1 inhibition on PPARD promotion of colon cancer cell migration. Migration was 

assessed in HCT-116-PPARDSE and HCT-116-Ctrl cells treated with an AKT inhibitor (MK2206) (1 μM) 

for 36 h. (l) Representative photomicrographs of migrated cells for the indicated treatments and PPARD 
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overexpression conditions. (m) Quantitative data for the experiments described in panel l (at least 4 

random individual fields per insert membrane were counted). The experiments were independently 

replicated three times.  Error bars: mean ± s.e.m.  *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 

 

Fig. 8 PPARD promotes cell cycle and protein synthesis. (a, b) CDK1 mRNA expression levels in 

intestinal epithelial cells (IECs) of PD mice (a), ApcΔ580-PD mice (b), and their corresponding control 

littermates (Lm). (c, d) CDK1 and EIF4G1 protein expression levels in IECs from PD (c) and ApcΔ580-PD 

(d) mice and their corresponding control littermates. (e,f) Immunofluorescence staining of rRNA using a 

Y10b antibody (Green) for the intestinal tissues from PD (e) and ApcΔ580-PD mice (f) and their 

corresponding control littermates. (g) Conceptual scheme of proinvasive pathways that are regulated by 

PPARD to promote colorectal cancer progression and invasion. The solid lines: direct regulation; the 

dotted lines: indirect regulation. Error bars: mean ± s.e.m. *P < 0.05, ***P < 0.001.  
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