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Abstract

APC mutations activate aberrant f-catenin signaling to drive initiation of colorectal cancer (CRC),
however, CRC progression requires additional molecular mechanisms. PPAR-delta (PPARD), a
downstream target of B-catenin, is upregulated in CRC. However, promotion of intestinal
tumorigenesis following deletion of PPARD in Apc™" mice has raised questions about the effects
of PPARD on aberrant B-catenin activation and CRC. In this study, we used mouse models of
PPARD overexpression or deletion combined with APC mutation (Apc2589) in intestinal epithelial
cells (IEC) to elucidate the contributions of PPARD in CRC. Overexpression or deletion of
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PPARD in IEC augmented or suppressed B-catenin activation via up- or downregulation of BMP7/
TAKTU signaling and strongly promoted or suppressed CRC, respectively. Depletion of PPARD in
human CRC organoid cells inhibited BMP7/B-catenin signaling and suppressed organoid self-
renewal. Treatment with PPARD agonist GW501516 enhanced CRC tumorigenesis in ApcA580
mice, whereas treatment with PPARD antagonist GSK3787 suppressed tumorigenesis. PPARD
expression was significantly higher in human CRC invasive fronts versus their paired tumor
centers and adenomas. Reverse-phase protein microarray and validation studies identified PPARD-
mediated upregulation of other pro-invasive pathways: connexin 43, PDGFRpB, AKT1, EIF4G1,
and CDK1. Our data demonstrate that PPARD strongly potentiates multiple tumorigenic pathways
to promote CRC progression and invasiveness.

PPAR-delta; Beta-catenin; colorectal cancer; invasion; PDGFR

INTRODUCTION

APC mutations activate aberrant p-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 a door for molecular targeting of crucial genes for CRC treatment.

The ligand-activated nuclear receptor peroxisome proliferator-activated receptor-6/p
(PPARD) has pleiotropic effects on cell homeostasis (5). PPARD is upregulated in human
colorectal polyps and CRCs (6-8) and has been identified as a downstream target of the -
catenin/TCF4 complex in CRC cell lines (6). However, this proposed mechanistic link
between B-catenin and PPARD has been questioned on the basis of /n vitroand /n vivo data
(9). More importantly, germline PPARD knockout (KO) in Apc™ mice produced
conflicting results, both increasing (10) and decreasing (11) intestinal tumorigenesis.
Recently, a high-fat diet was reported to increase B-catenin activation via PPARD in
progenitor intestinal cells of Apc™n mice (12). Nevertheless, the role of PPARD in
colorectal tumorigenesis, especially in relation to APC and aberrant p-catenin activation,
remains highly controversial (13). 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 individuals such as 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 CRC with PPARD agonists.

We therefore tested PPARD’s effects on aberrant B-catenin activation-driven colon
tumorigenesis using murine genetic models of human CRC with representative APC
mutations (14) with concomitant PPARD overexpression or deletion in intestinal epithelial
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cells (IECs). Our data showed that PPARD strongly enhanced aberrant p-catenin activation

and more importantly it robustly activated multiple pro-invasive pathways to promote CRC
tumorigenesis.

MATERIALS AND METHODS

Cell lines

Cell lines were grown as described previously (8). SW480, SW620, and CT26 cells were
purchased from ATCC; and HCT116 wild-type and HCT116 with PPARD genetic KO
(KO1) cells were kindly provided by Dr. Bert Vogelstein. The cell lines were authenticated
by short tandem repeat analyses, and mycoplasma was routinely tested.

Human tissue materials

Human colorectal tissue samples were collected after obtaining written informed consent
from the patients. The current studies using these tissue samples were conducted in
accordance with the recognized ethical guidelines (Declaration of Helsinki, CIOMS,
Belmont Report, and U.S. Common Rule) and approved by the University of Texas MD
Anderson Cancer Center Institutional Review Board. De-identified sections from paraffin-
embedded tissue blocks of archived surgical pathology materials were obtained from the
colorectal tumor tissue repository at the University of Texas MD Anderson Cancer Center.
These sections from 41 CRC patients, who underwent surgical resection of CRC without
prior exposure to chemotherapy or radiation therapy, contained areas of adenomatous polyps
and cancer arising within the polyps and paired normal-appearing colonic mucosa in the
same hematoxylin and eosin (H&E)-stained section for each case, confirmed by an
experienced colon pathologist (R.B.).

De-identified fresh CRC tissues were obtained from patients undergoing surgical resection
of CRC at MD Anderson Cancer Center to derive CRC organoids. RNA samples from
paired normal and malignant colonic mucosa from patients with stage 111 colon cancer were
obtained from MD Anderson Cancer Center as described previously (8).

Mouse models

Mouse care and experimental protocols were approved 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 the mice with targeted PPARD overexpression in
IECs via a villin promoter (designated as PD mice) as described previously (15). C57BL/6J-
ApcViny (Apc™in, 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. Apc2°89-flox mice, in which APC exon 14 is
flanked with foxPsites, were a gift from Dr. Kenneth E. Hung (16). PPARD-flox mice, in
which PPARD exon 4 is flanked with /oxPsites (designated as PD-flox mice), were a gift
from Dr. Ronald Evans (17). Breeding of Apc2580-flox mice with Cre recombinase-
expressing mice (CDX2-cre or CDX2-CreERT?2) deleted APC exon 14 and consequently
generated a codon 580 frame-shift mutation without (Apc2580-flox;CDX2-Cre, designated
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as Apc2580 mice) or with tamoxifen treatment (Apc2580-flox;CDX2-CreERT2, designated as
ApCASSO—TMX mice).

Mouse intestinal tumorigenesis evaluation and survival experiments

1) Apc™n mice were bred with PD mice to generate Apc™"-PD mice. Apc™" and Apc™in-
PD mice were followed to the age of 8 weeks. 2) Apc2280 mice were bred with PD mice to
generate Apc2580-pD. ApcA580 and Apc2580-PD mice were followed until the age of either
14 weeks or 20 weeks. 3) Apc2580 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. The chemical GW501516 was synthesized by the Translational Chemistry Core
Facility at MD Anderson Cancer Center, and its authenticity was confirmed by liquid
chromatography-mass spectrometry (LC-MS) using standard GW501516 (Sigma). 4)
ApcA580-TMX mice were bred with PD mice to generate Apc2580-TMX_pp mice.
Apch580-TMX and ApcA580-TMX_pp mice 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. 5) Apc2°80 mice were bred with PPARD-flox mice to generate PPARD
knockout (KO) via deletion of PPARD’s exon 4 in Apc2580 mice, designated as Apc2580-
PD-KO mice. Apc2580 and Apc2580-PD-KO mice were followed until the age of 14 weeks.
6) Apc2580 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. GSK3787 was
synthesized by the Applied Cancer Science Institute at MD Anderson Cancer Center, and its
authenticity was confirmed by LC-MS analyses using standard GSK3787 (Sigma).

The mice were euthanized, and the intestines from the rectum to the base of the stomach
were removed, opened, washed with phosphate-buffered saline and fixed with 10% neutral
formalin overnight. Tumors were counted under a stereotype microscope (Nikon SMZ1000).
The intestines were rolled up using a paper clip with a small loop to make Swiss rolls. The
rolls were cut in half, and placed in a paraffin cassette for embedding in paraffin for further
analysis. Classification and grading of H&E-stained sections, including scoring tumor
invasiveness, were performed by an experienced pathologist (R.B).

Survival experiments were performed for the following groups: 1) Apc2°80 and Apc2580-pD
mice; and 2) Apc2580 mice on a diet containing 50 mg/kg GW501516 or a control diet. 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/and (2)
weight loss of more than 20%.

Intestine organoid culture and organoid cell viability assay

Mouse intestines and human CRC tissues were harvested and digested for 3-dimensional (3-
D) organoid culture using the method as described by Clevers and colleagues (18). On day 7
of culture, mouse intestinal organoids were imaged, counted, and quantified for organoid
cell viability by using CellTiter-Glo Luminescent Cell Viability Assay (Promega) according
to the manufacturer’s protocol.

Human CRC organoids were passaged at least 3 generations and then digested into single
cells with TrypLE (Thermo Scientific) and plated in 24-well plates with the Ultra-Low
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Attachment surface (Corning). The cells were then transfected with 30 nM of ON-
TARGETDplus PPARD small interfering RNA (siRNA) SMARTpool (Dharmacon) or a
nonspecific control siRNA (Dharmacon) using Lipofectamine RNAIMAX (Invitrogen).
Forty-eight hours after transfection, cells were harvested for RNA measurement. In addition,
the organoid cells were seeded with Matrigel for 3-D organoid culture 24 hours after sSiRNA
transfection. Seventy-two hours after the cells were with Matrigel, organoid cell viability
was measured as described above.

Western blotting and functional proteomics reverse-phase protein array analysis

Western blotting was performed as described before (8). Reverse-phase protein array
(RPPA) analysis was performed on isolated 1ECs from Apc2°80 mice and their Apc2°80-pD
littermates according to the standard protocol at the RPPA Core Facility at MD Anderson
(19). Information about the RPPA antibodies is available at https://www.mdanderson.org/
research/research-resources/core-facilities/functional-proteomics-rppa-core/antibody-
information-and-protocols.html.

Statistical analyses

RESULTS

Quantifiable outcome measures for 1 factor in experimental conditions were compared using
unpaired Student #test or 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 accommaodate 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 £< 0.05.

Additional experimental method details are included in the online Supplemental Methods
section.

PPARD enhances B-catenin activation in IECs

Aberrant B-catenin activation via APC mutations upregulates PPARD (6). We therefore
tested whether PPARD upregulation is sufficient to increase p-catenin activation
independently of APC mutations by using PD mice with WT APC (Fig. S1A). PPARD
overexpression markedly increased active B-catenin protein levels (Fig. 1A) and mRNA
levels of Axin2 and cyclinD1, downstream targets of active B-catenin, in IECs (Fig. 1B). The
PPARD agonist GW501516 augmented pB-catenin activation by PPARD in PD mice (Fig.
S1B). Aberrant B-catenin activation expands the dedifferentiated intestinal stem cell
population to promote colorectal tumorigenesis (20). Intestinal organoid formation,
especially primitive spheroids, was significantly higher when derived from PD mice than
WT-littermates (Fig. 1C; Fig. S1C).
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We examined whether PPARD activates p-catenin independently of APC mutations in
HCT116 human CRC cells, which have WT APC but a heterozygous p-catenin-activating
mutation (1) and found that PPARD knock-out (KO1) significantly decreased active p-
catenin expression (Fig. 1D), transcriptional activity (Fig. 1E), and target gene expression
(Axin2, cyclin D1, and c-Myc) (Fig. 1F). PPARD overexpression in HCT116 cells increased
active p-catenin protein levels (Fig. 1G). GW501516 significantly increased active p-catenin
protein levels with and without Wnt3a in HCT116 cells (Fig. S1D). Another PPARD
agonist, GWO0742, increased c-Myc mRNA expression in HCT116 parental cells (WT) but
not in KO1 cells, whereas the PPARD antagonist GSK3787 decreased c-Myc mRNA
expression even in GWO0742-treated cells (Fig. S1E). GWO0742 increased while GSK3787
decreased angiopoietin-like 4 (AngPTL4), a PPARD target gene, expression in HCT116
cells (Fig. S1F). PPARD downregulation by siRNA in primary human CRC organoids (Fig.
S1G) decreased active p-catenin, Axin-2, c-Myc, and cyclin D1 levels and organoid
regeneration (Fig. 1H-J).

Apc™in mice mainly develop small intestinal adenomas, unlike humans, in whom intestinal
tumorigenesis is essentially colorectal and can progress to invasive cancer. However, APC
mutation targeting into the intestines via CDX2 promoter-driven Cre recombinase
expression to produce a codon 580 frame-shift mutation (Apc2°80 mice) induces CRCs (14).
ApcA580_pD mice generated by breeding Apc2980 with PD mice (Fig. S1H) had significantly
higher PPARD (Fig. S11), active p-catenin, Axin-2, c-Myc, and cyclin D1 levels (Fig. 1K-
M) in IECs than did Apc2580 mice. GW501516 also significantly increased active p-catenin
levels in Apc2280 mice’s IECs (Fig. 1N). PPARD KO in IECs of Apc2580 mice decreased
active p-catenin and cyclin D1 levels (Fig 10, Fig. S1J). Colonic crypt proliferative zones
length significantly increased in Apc2580-PD mice and GW501516-treated Apc2580 mice but
decreased in Apc2580-PD-KO mice (Fig. S1K and L).

PPARD accelerates APC mutation-driven intestinal tumorigenesis

PPARD overexpression in IECs of Apc™" mice (Apc™i"-PD mice) (Fig. S2A) rapidly and
markedly increased intestinal tumor burden requiring mice euthanasia by 8 week of age (Fig.
2A and B). Apc2580-pD mice had also significantly large intestinal tumor burden (Fig. 2C
and D; Fig. S2B and C), shorter colonic lengths (Fig. S2D), and lower body weights (Fig.
S2E) than did Apc2580 mice. In longitudinal survival experiments, Apc2%80 mice survived
longer (mean = 191 days) than did Apc2280-PD mice (mean = 99 days) (Fig. 2E). Dietary
GWS501516 treatment of Apc2°80 mice produced significantly more and larger intestinal
tumors (Fig. 2F and G; Fig. S2F and G) and shorter survival (mean = 140 days) than that of
Apch580 mice fed a control diet (mean = 191 days) (Fig. 2H).

We further examined the effects of PPARD overexpression on adult-onset APC mutation-
driven tumorigenesis using tamoxifen-inducible Apc2580 (ApcA580-TMX) mice to simulate
the most common form of human CRC (i.e., sporadic) with an adult-onset APC mutation
(Fig. S2A). ApcA580-TMX mice with heterozygote APC mutations induced with tamoxifen at
6 weeks of age had no visible intestinal tumors, even after 55 weeks of follow-up (only 1
small adenoma was detected microscopically). In contrast, Apc2%80-TMX_pD developed
visible tumors, including large CRCs (£ = 0.025) (Fig. 21 and J; Fig. S2H).
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In contrast, PPARD KO in IECs of Apc2580 mice (Fig. S2A), or feeding Apc2%80 mice with
a PPARD antagonist (GSK3787) containing diet significantly reduced colonic tumor
numbers and sizes especially the numbers of tumors larger than 3 mm (Fig. 2K-N).

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

We screened for the molecular mechanisms by which PPARD enhanced B-catenin activation
using comparative transcriptome profile analyses (RNA-seq) of HCT116 WT and KO1 cells
(8) (GSE89729), and identified BMP7 mRNA expression 11-fold higher in WT cells than in
KO1 cells (Fig. S3A). Independent qRT-PCR measurements confirmed this finding (Fig.
3A). BMP7 activates B-catenin by phosphorylating mitogen-activated protein kinase kinase
kinase 7 (TAK1) (21). BMP7 and phosphorylated TAK1 (p-TAK1) protein levels were lower
in KOL1 cells than in HCT116 WT, but higher in HCT116 cells with PPARD overexpression
(DDK-PPARD-HCT116) than in control vector-transfected cells (Ctrl-HCT116) (Fig. 3B).
PPARD overexpression in SW480 human CRC cells with low BMP7 expression
significantly increased expression of BMP7 mRNA (Fig. 3C), BMP7 protein, p-TAK1,
phosphorylated P38 (p-p38), and active p-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, identified near the transcription start
site by an in silico search using Genomatix Matlnspector online software (Fig. 3E). PPARD
overexpression in SW480 cells significantly increased PPARD binding to this pPDBS in the
BMP7 promoter (Fig. 3F). In human CRC organoid cells, PPARD downregulation by siRNA
decreased BMP7 mRNA levels (Fig. 3G).

To examine PPARD’s mechanistic significance to the BMP7-TAK1-B-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 increased
active p-catenin levels by PPARD overexpression in SW480 cells (Fig. 3H). In SW620 cells
with intrinsic activation of BMP7-TAK1-B-catenin signaling (21), GSK3787 reduced active
[B-catenin levels to those achieved with 5z-7 (Fig. 3I). In in vivo studies, PPARD increased
BMP7 mRNA (Fig. 3J) and BMP7, p-TAK1, p38 and active B-catenin protein levels in IECs
of PD mice (Fig. 3K; Fig. S3B and C). PPARD also increased BMP7, p-TAK1, and active (-
catenin protein levels in IECs of Apc™ mice (Fig. 3L and M; Fig. S3D). Similarly, BMP7
mRNA (Fig. 3N) and BMP7, p-TAK1, p38, p-p38 and active p-catenin protein levels (Fig.
30) were significantly higher in IECs of Apc2°80-PD mice than their WT-littermates. Also,
GW501516 treatment of Apc2280 mice increased BMP7, p-TAKZ, and active -catenin
protein levels in IECs of Apc2580 mice (Fig. 3P). In contrast, PPARD KO or GSK3787
treatment decreased BMP7, p-TAK1, and active B-catenin protein levels in IECs of Apc2580
mice (Fig. 3Q; Fig. S3E)

PPARD promotes CRC invasiveness

The transformation to invasive CRC occurs in large adenomas (3). PPARD overexpression
or pharmacological activation in IECs significantly increased (Fig. 2B, D, G, and J) while
PPARD KO or pharmacological inhibition decreased (Fig. 2L and N) the number of large
tumors in APC mutant mice. When tested for invasive intestinal tumors, 86% of Apc2580-pD
mice but only 16% of their littermate Apc2°80 mice had invasive tumors (2= 0.029) (Fig.
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4A and B). The mean number of invasive tumors per mouse increased from 0.14 (95% CI:
0.2-0.49) in Apc2580 mice to 2.29 (95% Cl: 1-3.56) in Apc2580-PD mice (2= 0.0056) (Fig.
4B). When APC mutation was delayed until the mice reached adulthood, invasive tumors
developed in Apc2580-TMX_pD mice but not in their ApcA580-TMX |ittermates (Fig. 4C).

To assess the clinical relevance of these findings, we compared PPARD expression in paired
samples of human colorectal adenomas, CRC tumor centers and CRC invasive fronts in 41
patients. Immunohistochemistry composite expression scores (CES) of PPARD expression
were significantly higher in CRC invasive fronts than in their paired CRC tumor centers or
adenomas (Fig. 4D and E; Table S1).

B-catenin nuclear localization in invasive front cells has been implicated as a mechanism for
CRC invasiveness (22). We therefore measured B-catenin expression in the same paired
human CRC sections used for PPARD IHC and found that while the total active p-catenin
expression was higher in invasive fronts than paired adenomas in 76.9% of the cases, only
approximately 22% of the cases had higher p-catenin nuclear expression levels in invasive
fronts than in paired tumor centers (Fig. S4A and B; Table S1). 13 out of 32 CRCs without
nuclear p-catenin upregulation in invasive fronts had PPARD upregulation in invasive fronts
compared to paired tumor centers (Table S2), which suggested that PPARD might promote
CRC invasiveness via additional mechanisms beyond modulating p-catenin nuclear
localization. CT26 is a mouse CRC line that lacks APC and p-catenin mutations but exhibits
aggressive and undifferentiated phenotype (23). We used CT26 to examine the effect of
PPARD expression/activity modulation on CT26 cell invasion. PPARD overexpression in
CT26 significantly increased CT26 cell invasion while GSK3787 blocked PPARD’s
promotion of cell invasion (Fig. 4F).

Identification of PPARD downstream targets to promote CRC invasiveness

We screened for the downstream target genes of PPARD that promoted intestinal tumor
invasiveness using comparative functional proteomics RPPA analyses of IECs from Apc2580
and Apc2°80-pD mice that have the same APC mutation background. Apc2580-pD and
ApcA580 mice had different proteomic patterns (Fig. 5A). Volcano plot analyses identified 7
differentially expressed proteins with at least a 2-fold expression change and 2-sided #test P
values of < 0.05. Six of these proteins were upregulated (connexin 43, AKT serine/threonine
kinase 1 [AKT1], platelet-derived growth factor receptor p [PDGFR], cyclin-dependent
kinase 1 [CDK1], eukaryotic translation initiation factor 4y [EIF4G1], and phosphorylated
ribosomal protein S6 [rpS6] at residues 235/236 and 240/244), while only 1 protein (caspase
7-cleaved) was downregulated (Fig. 5B).

PPARD upregulates PDGFRp expression in IECs

Independent experiments confirmed PPARD upregulation of PDGFRp protein and mRNA
expression in Apc2580-PD mice (Fig. 5C and D) and PD mice (Fig. 5E and F). In clinical
relevance assessments of these findings, PPARD and PDGFRP mRNA levels were
concomitantly higher in CRC tissues than in paired normal tissues in 20 of 22 colorectal
cancer patients. (Fig. 5G and H). In The Cancer Genome Atlas (TCGA) provisional
colorectal cancer database, PDGFRp and PPARD mRNA levels were significantly
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correlated, with a tendency towards co-occurrence (log odds ratio = 2.348; £< 0.0001) (Fig.
51). PPARD overexpression in CT26 cells significantly increased cell migration and DMPQ
(a specific PDGFR inhibitor) (24) reduced PPARD promotion of cell migration (Fig. 5J).

PPARD activates AKT1/p-rpS6 signaling in IECs

PPARD upregulated AKT1 protein and mRNA expression in PD and Apc2%89-PD mice in
independent confirmatory experiments (Fig. 6A-D). In contrast, AKT2 expression remained
unchanged (Fig. 6A and B; Fig. S5A and B). PPARD also increased AKT1 phosphorylation
and activation as measured by phosphorylation levels of AKT1, and downstream target
proteins rpS6 and glycogen synthase kinase 3 (GSK3p) (Fig. 6A and B; Fig. S5C and D).
Interrogation of TCGA colorectal cancer showed strong correlation between PPARD and
AKT1 mRNA expression levels (Fig. 6E). PPARD overexpression in HCT116 cells
increased AKT1 mRNA and protein expression and phosphorylation (Fig. 6F and G), while
PPARD KO in KO1 cells decreased AKT1 and p-rpS6 expression levels (Fig. S5E). PPARD
downregulation using 2 independent PPARD siRNAs in SW480 cells reduced AKT1 mRNA
and protein levels and phosphorylation (Fig. 6H and 1). PPARD overexpression increased
PPARD binding to an in-silico predicted pPDBS in AKT1 promoter in SW480 cells (Fig. 6J
and K). Finally, an AKT-selective inhibitor, MK2206 significantly inhibited cell migration
promotion by PPARD overexpression in HCT116 cells (Fig. 6L).

PPARD promotes intestinal tumorigenesis via upregulation of EIF4G1 and CDK1 in IECs

Independent follow-up experiments confirmed RPPA results that CDK1 and EIF4G1 protein
expression was significantly higher not only in Apc2580-PD mice but also in PD mice than
in their control littermates (Fig. 7A and B). Because EIF4GL1 is critical to the initiation of
protein translation (25), 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 Apc2%89-PD mice compared to
their control littermates (Fig. S6A). The clinical relevance of PPARD upregulation of
EIF4AG1 and CDK1 in mouse IECs was assessed by measuring EIF4G1 and CDK1
expression in the same 41 paired colorectal adenomas, CRC tumor centers and CRC invasive
fronts as used for PPARD and active B-catenin studies. EIF4G1 IHC scores were
significantly higher in CRCs than in paired adenomas, and also in invasive fronts than paired
tumor centers (Fig. 7C and D; Table S1). EIF4G1 upregulation was significantly correlated
with PPARD upregulation in invasive fronts (Fig. 7E). Similarly, the percentage of positive
CDK1 nuclear IHC staining was significantly higher in CRCs than in paired adenomas (Fig.
S6B and C; Table S1). Mechanistically, PPARD downregulation by siRNA significantly
decreased EIF4G1 (Fig. 7F) and CDK1 (Fig. 7G) mRNA expression in primary human CRC
organoids. Furthermore, treatment with 4EGI-1, a specific inhibitor of EIF4GL1 interaction
with EIF4E, or CDK1 inhibitor RO-3306 suppressed PPARD overexpression promaotion of
cell invasion and migration in CT26 cells (Fig. 7H and71).

DISCUSSION

We found that PPARD potentiated B-catenin activation in IECs via upregulation of BMP7/
TAK1 signaling and promoted CRC progression and invasion by also upregulating multiple
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other important pro-tumorigenic proteins, including PDGFRB, AKT1, EIF4G1, and CDK1
(Fig. 7J).

Our findings clearly address the controversy regarding PPARD’s effects on p-catenin
promotion of CRC. These new data from mutliple /n vivo and in vitro models with genetic
or pharmacological modulations of PPARD expression and activation clearly demonstrate
that PPARD increases p-catenin activation to upregulate the expression of tumorigenic
genes. The findings in PD mice without APC mutations and the data obtained from APC-
WT HCT116 cells indicate that PPARD activation of p-catenin occurs at downstream of
APC mutations. While APC mutations and subsequent aberrant B-catenin activation in
intestinal stem cells is sufficient to initiate CRC (26), p-catenin activation occurs in varying
degrees within an individual CRC with the same APC mutation background (22). This p-
catenin activation variability has been interpreted to reflect additional modifiable factors that
promote the transformation of CRC initiating stem cells via hyper-activation of p-catenin
that regulates critical phenotypic features of CRC stem cells such as self-renewal (27). Our
findings support the notion that PPARD is one of these modifiable factors that enhance -
catenin activation. Indeed, PPARD upregulation in mouse IECs increased p-catenin
activation and subseqently increased intestinal progenitor cell self-renewal, especially in the
form of immature spheroid organoids. The relvance of the mouse studies to human CRC is
supported by our fidndings that PAPRD potentiated p-catenin activity, upregulated p-catenin
downstream-target pro-tumorigenic genes (Axin-2, c-Myc, cyclin D1), and increased CRC
stem cell self-renewal in primary human CRC organoids. While PPARD activation via high-
fat diet or pharmaceutical ligands has been reported to enhance intestinal organoid formation
in 1IECs of Apc™M mice (12), our findings demonstrate for the first time that PPARD is
sufficient not only to enhance intestinal progenitor cell self-renewal even without APC
mutations in mouse IECs, but also regulates -catenin signaling and progenitor cell self-
renewal in human CRC organoids.

PPARD strongly promotes APC-mutation-driven CRC tumorigenesis. PPARD promotion of
APC-mutation-driven CRC tumorigenesis is clearly supported by our findings from various
APC mutation mouse models in which PPARD was either genetcially overexpressed or
deleted in IECs or pharmacologically activated or inhibited. In contrast, prior studies were
mainly limited to models of PPARD KO in Apc™n mice. We tested PPARD’s effects not
only in Apc™" mice, which develop small intestinal adenomas, but also in Apc2°80 mice, in
which intestinally targeted APC mutations produces large intestinal CRC and thus better
simulate human CRC. Furthermore, we tested the effects of genetically targeted PPARD
overexpression into IECs to better simulate human CRC in which PPARD is predominately
upregulated in CRC (6-8), not deleted or mutated (Fig. S7A). In contrast to the conflicting
data from experiments with Apc™" mice with germline PPARD KO (10,11), in all of our
models, PPARD strongly potentiated APC-mutation-driven CRC. While genetic
overexpression of PPARD in IECs might be criticized because the observed effects might be
related to super-physiological overexpression levels, our findings also included ones from
other complementary genetic and pharmacological mouse experimental models, in which,
targeted PPARD KO in IECs inhibited, PPARD agonist GW501516 promoted, and PAPRD
antagonist GSK3787 suppressed intestinal tumorigenesis in Apc2%80 mice. Others have
reported that GW501516 significantly increased tumorigenesis in small intestines but not

Cancer Res. Author manuscript; available in PMC 2020 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 11

large intestines of Apc™i" mice (28). We however used Apc2580 mice, in which GW501516
significantly promoted large intestine tumorigenesis. Our data also showed for the first time
that a PPARD inhibitor, GSK3787, suppressed colorectal tumorigenesis /n vivo.
Furthermore, our novel ApcA%80-TMX mouyse model, in which the onset of APC mutation is
delayed to early adulthood to better simulate the delay in APC mutation occurrence in the
common human CRC pattern, showed even more striking pro-tumorigenic effects of PPARD
overexpression in IECs. Thus, our in-depth experimental modulations of intestinal PPARD
in relation to APC mutations clearly establishes PPARD’s role in promoting APC mutation-
driven intestinal tumorigenesis.

PPARD transcriptionally upregulates BMP7 to activate TAK1/B-catenin signaling in 1ECs.
The BMP7/TAK1 signaling pathway increases p-catenin activation and contributes to
therapeutic resistance in APC- and KRAS-mutant CRC cells (e.g., SW620) (21). We have
clearly demonstrated for the first time that PPARD activated BMP7/TAK1/B-catenin
signaling not only in CRC cells with APC and KRAS mutations (i.e., SW620, SW480 cells)
or with WT APC and mutant KRAS (i.e., HCT116 cells), but also /n7 vivo in mice with and
without APC mutations (PD and Apc2°80-pPD mice), and more importantly in primary
human CRC organoids. Prior reports have been inconsistent regarding PPARD’s relation to
TAK1. PPARD agonists have been reported to inhibit TAK1 phosphorylation in rodent renal
tubular (29) and peritoneal mesothelial cells (30). However, PPARD downregulation or
overexpression failed to alter the agonist’s effects (29), thus indicating that non-PPARD-
mediated mechanisms were involved. Others 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
TAKZ1 phosphorylation (31). While these different findings might be attributed to
experimental differences, including using different experimental organs, our new data clearly
showed that PPARD increased TAK1 phosphorylation in both /n vitro and in vivo PPARD
gain- and loss-of-function models. Moreover, our results elucidated the mechanism by which
PPARD regulated TAK1 via transcriptional upregulation of BMP7. BMP7, upregulated/
amplified in 16%-24% of human CRCs in the cBioPortal databases (Fig. S7B), negatively
affects CRC patients’ survival (Fig. S7C and D) and promotes CRC invasiveness (32). TAK1
phosphorylation is being investigated clinically as a molecular target in the treatment of
human cancers (33). Our identification of PPARD, a druggable protein, as a regulator of the
BMP7/TAK1 signaling pathway suggests a novel potential approach to targeting BMP7/
TAK1 signaling.

PPARD promotes CRC invasiveness. In our various tested mouse models, PPARD promoted
especially the formation of large intestinal tumors, in which invasive CRC typically occurs
(3). Our subsequent findings strongly supported PPARD’s role in promoting CRC
invasiveness. While APC mutations are critical to CRC tumorigenesis initiation, APC
mutations alone are insufficient to induce CRC invasiveness (3). We therefore used
comparative protein expression analyses of Apc2°80-PD versus Apc2%80 mice that share the
same APC mutation background to identify differentially regulated pro-tumorigenic targets
by PPARD, which promoted CRC invasiveness in Apc2280-PD. This screen identified
several pro-invasive targets (e.g. PDGFRB, AKT1, EIF4G1, and CDK1) as potential new
PPARD'’s targets.
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PPARD promoted CRC invasiveness via PDGFRp and AKT1. We identified for the first
time that PDGFRp, a key gene in colorectal adenoma-to-carcinoma progression (34), is not
only upregulated by PPARD in mice but also correlated with PPARD expression in human
CRC. Additionally, PPARD promotion of CT26 cell migration was inhibited by selective
PDGFRp inhibitor DMPQ, confirming the mechanistic relevance of PDGFRp to PPARD
promotion of CRC invasiveness. The AKT/mTOR signaling pathway integrates various
upstream oncogenic effector signals (e.g., PDGFRs) to modulate downstream targets (e.g.,
ribosomal protein S6 kinase 1 [S6K1], EIF4E binding proteins) and promote tumor
progression and invasiveness (35). In particular, AKT increases p-catenin nuclear
localization and tumor cell invasion (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 /n vitroand 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 also
increased GSK3p phosphorylation, which enhances various tumorigenic mechanisms,
especially aberrant p-catenin activation (40). PPARD agonists have been reported to increase
AKT and GSK3p phosphorylation in rodent hearts challenged by ischemia or sepsis (41,42).
Our data, however, show for the first time that PPARD increases GSK3p phosphorylation to
drive CRC tumorigenesis. Our new data also demonstrated that PPARD upregulates
connexin 43 in IECs /n vivo, which is in agreement with our previously published /n vitro
data from differential transcriptome analyses of HCT116 and KOL1 cells (8).

PPARD promoted CRC invasion via alternative mechanisms to increasing B-catenin nuclear
localization. Enhancement of pB-catenin nuclear localization beyond its activation by APC
mutations is considered as an important mechanism to promote CRC invasiveness. This
concept is based especially on observations that p-catenin nuclear localization is higher in
human CRC invasive fronts than their paired tumor centers despite having the same APC
mutation background (22). This increase in p-catenin nuclear localization has been reported
to occur in 40%-89%of CRC invasive fronts in studies that were limited to well-
differentiated CRCs (22,43). A more recent study reported that this differential p-catenin
nuclear localization in invasive CRC fronts was observed in 26.92% of well-moderately-
differentiated and 4.26% in poorly differentiated-mucinous CRC cases (44). Similar to this
last report (44) , we found differential p-catenin nuclear localization in CRC invasive fronts
in only 22% of our studied CRC cases. Our unselected CRC cases, unlike the other two prior
studies (22,43), had 5% well-differentiated, 85% moderately-differentiated, and 10% poorly-
differentiated CRCs. This distribution is relatively similar to the proportion expected in the
general CRC patient population: 10% well-differentiated, 70% moderately differentiated,
and 20% poorly differentiated (45). Differential p-catenin nuclear localization in CRC
invasive fronts varied in our cases with CRC differentiation: 2/2 of well-differentiated, 7/35
of moderately differentiated, and 0/4 of poorly differentiated CRCs. Therefore, the majority
of CRCs with moderately to poorly differentiated histology lacked this differential p-catenin
nuclear localization in invasive fronts, which suggested that these CRCs employed the
mechanisms other than p-catenin nuclear localization to promote invasiveness. We found
that in 40.6% of these CRC cases without B-catenin nuclear localization in invasive fronts,
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PPARD was differentially upregulated compared to paired tumor centers (Table S2), which
suggests that PPARD promotes CRC invasiveness via additional mechanisms to -catenin
nuclear localization. In agreement with notion, PPARD overexpression in CT26 cells that
lacks APC and B-catenin mutations significantly increased, while PPARD inhibitor
GSK3787 significantly suppressed cancer cell invasion.

PPARD upregulated EIF4G1 and CDK1 to promote CRC invasiveness. Our data identified
EIF4AG1 and CDK1 as novel downstream targets of PPARD in mouse IECs and human CRC
organoids to promote CRC invasiveness. EIF4G1, an essential scaffold protein for
assembling EIF4F protein complex to initiate mMRNA translation (46), plays an important
role in cancer progression (47). CDK1 regulates cell cycle-dependent (e.g., chromosome
segregation, DNA repair) (48) and -independent (e.g., protein translation independent of
AKT) (49) functions to promote tumorigenesis progression (50). Dysregulation of mMRNA
translation promotes tumorigenesis progression via multiple mechanisms that are
unrestricted to p-catenin (46). In our study, EIF4G1 and nuclear CDK1 nuclear localization
were differentially upregulated in CRC invasive fronts in 53.1%, and 31.3% of CRC cases
that lacked nuclear p-catenin localization (Table S2). These finding support the potential
roles of EIF4G1 and CDK1 as alternative mechanisms to nuclear p-catenin localization in
promoting CRC invasiveness. Specific inhibition of EIFAG1 interaction with EIF4E by
EIFAG1 inhibitor 4EGI-1 or CDK1 pharmacological inhibition suppressed PPARD
promotion of CT26 cell invasion and migration, which further support the roles of EIFAG1
and CDKZ1 in promoting CRC invasiveness.

In conclusion, our findings demonstrate that PPARD strongly accelerates APC mutation-
driven CRC progression and invasion via multiple important pro-tumorigenic pathways,
including BMP7/TAK1/B-catenin, PDGFRpB, AKT1, EIF4G1, and CDK1 (Fig. 7J). These
findings establish PPARD’s pivotal role in promoting CRC progression and its potential as a
preventive and therapeutic target.
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Significance:

Findings address long-standing, important, and unresolved questions related to the
potential role of PPAR-delta in APC-mutation-dependent colorectal tumorigenesis by
showing PPAR-delta activation enhances APC-mutation-dependent tumorigenesis.
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PPARD activates B-catenin signaling in IECs. A and B, Active B-catenin protein levels (A)
and mRNA levels of B-catenin target genes (Axin2 and cyclin D1) (B) in IECs of PD mice
and WT littermates at age 10 weeks. Lm indicates littermate. C, The organoid-initiating
capacity of IECs derived from PD mice and WT littermates at 6 weeks (n = 6 per group).

Photomicrographs of primary organoids (left); and organoid cell viability measured by

CellTiter-Glo Luminescent Cell Viability Assay (right). White arrows indicate individual
organoids. D-F, Active B-catenin protein level (D), activity (E) and mRNA levels of Axin2,
c-Myc, and cyclin D1 (F) in HCT116 cells without (WT) or with PPARD knockout (KO1).
G, Active B-catenin protein levels of HCT116 cells stably transduced with control (Ctrl) or
DDK-tagged PPARD (DDK-PPARD) lentiviral particles. H-J, Active B-catenin protein
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expression (H), mRNA levels of Axin2, c-Myc, and cyclin D1 (1), and representative
organoid images and organoid cell viability (J) in human organoid cells transfected with
control siRNA (Ctrl) or PPARD siRNA (siPPARD) for 48 hours (H and I) or 96 hours (J) (n
=3). K-M, Active B-catenin protein expression in normal and tumor IECs by Western blot
(K); expression and localization of p-catenin in colonic normal and tumor tissues IHC (L);
and Axin2, c-Myc, and cyclin D1 mRNA expression levels in normal IECs (M) of Apc2580
and Apc2980_pD mice at age 14 weeks. N, Apc2280 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 B-catenin expression by IHC. O, Active p-catenin protein expression in IECs
of Apc2580 and ApcA580-pD-KO mice at age 14 weeks. Data are shown as mean = SEM.
**P < 0.01, ***P < 0.001, and ****P < 0.0001.
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PPARD accelerates APC mutation-driven intestinal tumorigenesis in mice. A and B, Effects
of PPARD overexpression on intestinal tumorigenesis in Apc™" mice. A, Representative
images of H&E-stained intestines of Apc™" mice and Apc™n-PD littermates at 8 weeks of
age. Upper panel: Photomicrographs of whole-length intestinal sections (Swiss roll). Arrows
indicate tumors. Lower panel: higher-magnification photomicrographs of tumor lesions. B,
Intestinal tumor numbers and sizes for the indicated groups (n = 6 mice per group). ®
indicates tumor maximum diameter. C-E, Effects of PPARD overexpression on intestinal
tumorigenesis in APC2580 mice. C, Representative images of H&E-stained whole-length
intestinal sections of Apc2580 and ApcA580-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 Apc2580 and ApcASe0-
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PD mice (n = 20 mice per group). F-H, Effects of PPARD agonist GW501516 on intestinal
tumorigenesis in Apc2%80 mice. F, Apc2580 mice at age 4 weeks were fed a diet containing
50 mg/kg GW501516 (Apc2580-GW) or a control diet (Apc2580-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 the indicated groups (n = 12 mice per group). | and
J, Effects of PPARD overexpression on intestinal tumorigenesis driven by adult-onset
intestinally targeted APC mutation. Apc2%80 mutation was induced in the mice at age 6
weeks via tamoxifen-controlled Cre-recombinase expression driven by CDX-2 promoter
(ApcAS80-TMX) - ApcAS80-TMX mjce without or with intestinal PPARD overexpression
(Apc2580-TMX_pD) were followed for 55 weeks before they were killed for intestinal
tumorigenesis analyses. |, Upper and lower panel picture descriptions are similar to panel A.
J, Intestinal tumor numbers and sizes for the indicated groups (n = 8 mice per group). K and
L, Effects of PPARD knockout/deletion on intestinal tumorigenesis in APC2580 mijce,
Representative colon photographs (K) and colonic tumor numbers and sizes (L) of ApcA580
and Apc2%80-pD-KO mice at 14 weeks of age (n = 8 mice per group). M and N, Effects of
PPARD antagonist GSK3787 on intestinal tumorigenesis in Apc2580 mice. Apc2580 mice at
age 4 weeks were fed a diet containing 200 mg/kg GSK3787 (Apc2%80-GSK) or a control
diet (Apc2580-Ctrl) for 12 weeks and then killed for intestinal tumorigenesis analyses.
Representative colon photographs (M) and colonic tumor numbers and sizes (N) for the
indicated groups (n = 18-20 mice per group). Data are shown as mean £ SEM. *P < 0.05,
**P < (0,01, and ***P < 0.001.
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Figure 3.
PPARD activates BMP7/TAK1/B-catenin signaling in IECs. A, BMP7 mRNA expression

levels in HCT116 WT or KOL1 cells. B, Protein expression of BMP7, phosphorylated TAK1
(p-TAK1) in HCT116 WT or KO1 cells or HCT116 cells stably transduced with Ctrl or
DDK-PPARD as described in Figure 1G. C, BMP7 mRNA expression levels in SW480 cells
stably transduced with Ctrl or DDK-PPARD. D, Expression levels of BMP7, p-TAK1,
TAKZ, phosphorylated-p38 (p-p38), p38, and active p-catenin in SW480 cells described in
panel C. E, Schematic map of potential PPARD binding site (pPDBS) in the promoter of the
human BMP7 gene according to Genomatix Matlnspector 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
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cells described in panel C. G, BMP7 mRNA expression level in human CRC organoid cells
transfected with Ctrl-siRNA or PPARD siRNA for 48 hours. H, Active B-catenin expression
in SW480 cells described in panel C, treated with the specific TAK1 inhibitor 5z-7 (2.5 M)
or an equal amount of control solvent (DMSO) for 24 hours. |, Active B-catenin expression
levels in SW620 cells treated with 5z-7 (2.5 uM), PPARD antagonist GSK3787 (GSK, 1
uUM), or an equal amount of DMSO for 24 hours. J, BMP7 mRNA expression levels in IECs
of PD mice and their WT littermates. K, Protein expression levels of the indicated genes in
IECs of the mice described in panel J. L and M, Representative IHC images and IHC scores
of BMP-7 (L) and p-TAK1 (M) expression in IECs of the Apc™" and Apc™"-PD mice at 8
weeks (n = 3 mice/group). IHC CES of BMP-7 and average percentage of positive IHC
stained cells of p-TAK1 obtained from 20 glands were presented. N, BMP7 mRNA
expression levels in IECs of Apc2%80 and Apc2580-pD littermates. O, Protein expression
levels of the indicated genes in IECs of the mice described in panel N. P, Protein expression
levels of the indicated genes in IECs of Apc2%80 mice treated with GW501516 or control
diet as described in Figure 2F-H. Q, Protein expression levels of the indicated genes in IECs
of Apc2%80 and Apc2580-PD-KO mice. Data are shown as mean + SEM. *P < 0.05, ***P <
0.001, and ****p < 0.0001.
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Figure 4.

PPARD promotes intestinal tumor invasion. A and B, Intestinal PPARD overexpression
promotes invasion of intestinal tumors in Apc2980 mice. Intestines of Apc2580 and ApcA580-
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. Photomicrographs of low (left) and high (middle)
magnifications of H&E staining and immunofluorescence staining (right) for E-cadherin
(red) and a-SMA (green). T, tumor; SM, submucosa. 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, Apc2%80 mutation was induced by tamoxifen
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treatment of littermate mice without (Apc2580-TMX) or with intestinal PPARD
overexpression (ApcA%80-TMX_pDy) at 6 weeks of age. Mice were followed for 55 weeks
prior to being killed to assess intestinal tumor invasiveness. H&E staining photomicrographs
showing the only microscopically identified adenoma in the Apc2580-TMX group and 2
representative invasive adenocarcinomas in the Apc2580-TMX_pp group. D and E, PPARD
expression in human colorectal cancer invasive fronts. D, Representative PPARD IHC
staining images of human paired colorectal adenomas (Adenoma), CRC tumor centers
(Tumor center), and CRC invasive fronts (Invasive front) of 3 patients. E, Total combined
CES of nucleus and cytoplasm IHC staining of PPARD for the paired adenomas, CRC tumor
centers, and CRC invasive fronts as described in panel D (n = 41 patients). F, Effects of
PPARD inhibitor GSK3787 on PPARD promotion of CT26 mouse CRC cell invasion. CT26
cells stably transduced with a control (Ctrl) or mouse DDK-PPARD lentiviral particles were
treated with GSK3787 (1.0 uM) or vehicle solvent (DMSO) for 48 hours. L eft:
representative photomicrographs of invaded cells. Right: invaded cells in at least 4 random
individual fields per insert membrane were counted. Data are shown as mean + SEM. **P <
0.01, ***P < 0.001, and ****P < 0.0001.
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Figureb.
PPARD transcriptionally upregulates PDGFRp expression in IECs. A and B, RPPA analyses

were performed on normal intestinal epithelial cells (IECs) of Apc2%80 and Apc2580-pp
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, £=0.05. The vertical blue dotted line on the right
indicates where the log, ratio was > 1, and the vertical dotted line on the left indicates where
the logs ratio was < —1. C-F, Effects of PPARD overexpression on PDGFRp protein and
mRNA expression levels in IECs of APC2580 and APC2580-pD (C and D) and PD and WT
littermate (Lm) mice (E and F). G and H, PPARD (G) and PDGFRp (H) mRNA levels in
paired patient colorectal cancer and normal mucosa samples (n = 22). I, Spearman
correlation analysis of PPARD and PDGFRB mRNA expression in the TCGA provisional
colorectal adenocarcinoma database (n = 633). J, Effects of PDGFRp inhibitor DMPQ on
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PPARD promotion of colon cancer cell migration. CT26 mouse colon cancer cells stably
transduced with a mouse DDK-PPARD or control (Ctrl) lentiviral particles were treated with
DMPQ (1.0 uM) or vehicle solvent (DMSO) for 36 hours. L eft: representative
photomicrographs of migrated cells. Right: migrated cells in at least 4 random individual
fields per insert membrane were counted. Data are shown as mean + SEM. **P < 0.01, ***P
<0.01, and ****pP < 0.0001.
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Figure 6.
PPARD transcriptionally activates the AKT1/p-rpS6 pathway in IECs. A and B, Effects of

PPARD on the AKT1 signaling pathway in IECs in the mice. Protein expression levels of
AKT1, p-AKT1 (S473), AKT2, p-GSK3p, and p-rpS6 (S235/236) in IECs of PD mice (A),
ApcA580-pD mice (B), and their corresponding control littermates (Lm). C and D, AKT1
mRNA expression levels in PD (C) and Apc2580-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 (h = 244). F, Protein expression
levels of AKT1 and p-AKT1 (S473) in HCT116 cells stably transfected with a PPARD
expression plasmid (PPARDSE) or a control (Ctrl) plasmid. #: clone number. G, AKT1
mMRNA levels in the HCT116 cells stably transduced with DDK-PPARD or control (Ctrl)
lentiviral particles. 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 siRNAs described in panel H. J, Schematic map
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of the potential PPARD binding site (pPDBS) in the promoter region of human AKT1
(hAKT1) according to Genomatix Matlnspector 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 HCT116 cells used for panel G. L, Effects of AKT1 inhibition on PPARD
promotion of colon cancer cell migration. Migration was assessed in HCT116-DDK-PPARD
and HCT116-Ctrl cells as described in panel G, treated with an AKT inhibitor (MK2206)
(1.0 uM) or vehicle solvent (DMSO) for 36 hours. L eft, representative photomicrographs of
migrated cells. Right, migrated cells in at least 4 random individual fields per insert
membrane were counted. Data are mean = SEM. *P< 0.05, **P < 0.01, ***P < 0.001, and
*HAk P < 0.0001.
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Figure7.
PPARD upregulates EIF4G1 and CDK1 expression in IECs. A and B, EIF4G1 and CDK1

protein expression levels in IECs from PD (A) and Apc2580-PD (B) mice and their
corresponding control littermates. C-E, EIF4G1 expression in human colorectal cancer
invasive fronts. C, Representative EIF4G1 IHC staining images of human paired colorectal
adenomas, CRC tumor centers, and CRC invasive fronts of 2 patients. D, Total combined
CES of nucleus and cytoplasm IHC staining of EIF4G1 for the paired colorectal adenomas,
CRC tumor centers, and CRC invasive fronts (n = 41 patients). E, Correlation analysis of
PPARD and EIF4G1 IHC scores for invasive fronts from 41 patients. F, EIF4G1 mRNA
expression level in human CRC organoid cells transfected with Ctrl-siRNA or PPARD
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siRNA for 48 hours. PPARD downregulation by siRNA decreased EIFAG1 mRNA
expression in human CRC organoid cells. G, PPARD downregulation by siRNA decreased
CDK1 mRNA expression in human CRC organoid cells as described in panel F. H, Effects
of EIF4G1 inhibitor 4EGI-1 on PPARD promotion of CT26 mouse colon cancer cell
invasion. CT26 cells stably transduced with a control (Ctrl) or mouse DDK-PPARD
lentiviral particles were treated with 4EGI-1 (50uM) or vehicle solvent (DMSO) for 48
hours. L eft: representative photomicrographs of invaded cells. Right: invaded cells in at
least 4 random individual fields per insert membrane were counted. |, Effects of CDK1
inhibitor RO-3306 on PPARD promotion of colon cancer cell migration. CT26 mouse colon
cancer cells stably transduced with control (Ctrl) or DDK-PPARD lentiviral particles were
treated with RO3306 (8.0 uM) or vehicle solvent (DMSQ) for 36 hours. L eft: representative
photomicrographs of migrated cells. Right: migrated cells in at least 4 random individual
fields per insert membrane were counted. J, Conceptual scheme of pro-invasive pathways
that are upregulated by PPARD to promote CRC progression and invasion. Data are shown
as mean £ SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and****P < 0.001.
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