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Abstract
Multiple lines of evidence indicate that Wnt/β-catenin 
signaling plays a fundamental role in colorectal cancer 
(CRC) initiation and progression. Recent genome-wide 
data have confirmed that in CRC this pathway is one 
of the most frequently modified by genetic or epigen-
etic alterations affecting almost 90% of Wnt/β-catenin 
gene members. A major challenge is thus learning how 
the corrupted coordination of this pathway is tied to 
other signalings to enhance cell growth. Peroxisome 
proliferator activated receptor γ (PPARγ) is emerging 
as a growth-limiting and differentiation-promoting fac-

tor. In tumorigenesis it exerts a tumor suppressor role 
and is potentially linked with the Wnt/β-catenin path-
way. Based on these results, the identification of new 
selective PPARγ modulators with inhibitory effects on 
the Wnt/β-catenin pathway is becoming an interest-
ing perspective. Should, in fact, these molecules dis-
play such properties, new research avenues would be 
opened aimed at developing new molecular targeted 
drugs. Herein, we review the basic principles and pres-
ent new hypotheses underlying the crosstalk between 
Wnt/β-catenin and PPARγ signaling. Furthermore, we 
discuss the advances in our understanding as to how 
their altered regulation can culminate in colon cancer 
and the efforts aimed at designing novel PPARγ ago-
nists endowed with Wnt/β-catenin inhibitory effects to 
be used as therapeutic and/or preventive agents.
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Core tip: Genetic and epigenetic modifications of the 
Wnt/β-catenin pathway play a fundamental role in the 
initiation and progression of colorectal cancer (CRC). 
The nuclear receptor peroxisome proliferator activated 
receptor γ (PPARγ) acts as a differentiation-promoting 
transcription factor with a potential link with Wnt/
β-catenin. In this review, we discuss the basic prin-
ciples underlying the crosstalk between Wnt/β-catenin 
and PPARγ signaling, present the most recent progress 
in understanding as to how their alterations can culmi-
nate in CRC and, finally, suggest new hypotheses and 
perspectives on the identification of selective PPARγ 
modulators endowed with Wnt/β-catenin inhibitory ef-
fects to be used as molecular targeted drugs.
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INTRODUCTION
More than 1.2 million colorectal cancers (CRC) are di-
agnosed every year, accounting for approximately 10% 
of  all cancers worldwide. Despite the progress made in 
surgical and therapeutic management, still 600000 deaths 
are caused every year by CRC representing over half  of  
all gastrointestinal cancer deaths. CRC survival is highly 
dependent on the tumor stage at the time of  diagnosis; 
over one-third of  patients die within five years from the 
initial diagnosis and most of  fatal outcomes result from 
liver metastases[1,2].

Colorectal cancer can have a hereditary (10%) or spo-
radic (90%) origin; in both cases, environmental factors 
contribute to its development. Interestingly, one third 
of  patients have an increased risk of  developing a CRC 
due to familial factors synthesized by yet unidentified 
genes. It is well established that CRC results from the 
cumulative effects of  sequential genetic and epigenetic 
alterations, leading to a progressive and irreversible loss 
of  cell growth and differentiation control[3]. In the last 
decades, a large number of  investigations have identified 
several “driver genes” in CRC initiation and progression, 
including wingless-type (WNT) MMTV integration site 
family, RAS, mitogen-activated protein kinase (MAPK), 
phosphatidyl-inositol3-kinase (PI3K), trasforming 
growth factor β  (TGF-β ), tumor protein p53 (TP53) and 
DNA mismatch-repair genes. The various and sequential 
pathways in which these genes are involved support the 
theory that CRC is a heterogeneous, complex and mul-
tifactorial disease[3]. Indeed, at least three well-defined 
pathways, the traditional (adenoma-carcinoma sequence 
or Vogelstein’s model[4,5]), the alternative and the serrated 
pathway underlie these malignancies, leading to genomic 
instability that perpetuates a widespread loss of  DNA 
integrity. Thus, genomic instability is emerging as a hall-
mark of  the carcinogenic process and at least three dis-
tinct types have been described: chromosomal instability 
(CIN); microsatellite instability (MSI) and CpG island 
methylator phenotype (CIMP). CIN is the most com-
mon type of  genomic instability, occurs in 60%-80% of  
CRCs and results in an imbalance of  the chromosome 
number “manifested as aneuploidy”. MSI is an alterna-
tive pathway that accounts for 15%-20% of  sporadic 
CRCs in which the characteristic signature is deletion of  
repetitive regions of  DNA that in most cases generates 
frameshift mutations in the coding sequences of  genes 
leading to their inactivation. CIMP is a novel instability 
pathway characterized by the widespread hypermethyl-

ation of  CpG islands at several genomic loci[2,6,7]. These 
data suggest that CRC is a highly heterogeneous disease, 
i.e., clinicopathologically similar tumors strikingly differ 
as distinct biological subtypes and, consequently, in their 
response to treatment and patient’s survival. Extensive 
molecular profiling, genome-wide studies and the in-
tegrative analysis of  genomic data support the notion 
that clinically distinct subtypes exist and provide insights 
into the pathways that are dysregulated in CRC[8,9]. Mul-
tiple lines of  evidence indicate that Wnt signaling plays 
a fundamental role in CRC development as it is altered 
from the very early stages[10]. Consistently, almost 90% 
of  CRCs present genetic or epigenetic alterations of  
Wnt players such as adenomatous polyposis coli (APC), 
AXIN, β-catenin, sex determining region Y (SRY)-box 
9 (SOX9), regardless of  the CIN or MSI signature, ac-
cording to the cancer genome atlas[11]. These observa-
tions support the hypothesis that mutationally corrupted 
cancer (stem) cells, distributed among normal epithelial 
colonic cells, are the driving force of  initiation and pro-
gression. Along with driver genes mutations implicated 
in tumor initiation, Wnt signaling alterations may influ-
ence the CRC course and prognosis and be instrumental 
in determining the optimal patients’ treatment.

In this context, peroxisome proliferator-activated 
receptor gamma (PPARγ) signaling is drawing increasing 
attention because of  its role in CRC pathogenesis and 
because novel compounds identified as selective ligands 
could be used as pharmaceutics to improve therapies’ 
efficacy[12,13]. A number of  studies have shown that 
PPARγ levels within primary tumors correlate with pa-
tients’ prognosis[14-16]. Evidence has also been provided 
that PPARγ tumor suppressive activity can be altered at 
multiple levels through aberrant phosphorylation, DNA 
promoter hypermethylation and microRNAs modula-
tion. Thus, modifications of  PPARγ appropriate levels, 
subcellular localization and activity presumably play a 
key role in colorectal tumorigenesis[13-15].

In this review, we present recent evidence and new 
hypotheses that underscore the growing impact of  dys-
regulated Wnt and PPARγ signaling in CRC initiation 
and progression. Furthermore, we discuss the advances 
in our understanding as to how these pathways crosstalk 
and impact colon cancer biology and response to the 
therapy. Finally, we discuss new therapeutic perspec-
tives of  molecular target drugs represented by selective 
PPARγ modulators endowed with Wnt/β-catenin inhibi-
tory effects.

Wnt/β-catenin pathway and CRC 
initiation and progression
The epithelial cells of  the intestine have a relatively 
short life span compared to cells of  other epithelial tis-
sues. They, in fact, orchestrate a unique mechanism of  
constant cell migration starting from the bottom of  the 
crypts and going upwards to the luminal surface. It is 
well established that long-lived multipotent intestinal 
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stem cells (ISCs) reside at the bottom of  the intestinal 
crypts and give rise to transit amplifying progenitors 
that, upon constant upward migration, undergo cell cycle 
arrest and terminally differentiate into the diverse intes-
tinal cell lineages. Once a differentiated cell has reached 
the villus tip or the colonic surface, it undergoes apop-
tosis and is shed into the lumen. The intestinal renewal 
system is tightly controlled and depends on the spatial 
organization of  signals that emanate from supportive 
mesenchymal as well as from differentiated epithelial 
cells[17]. Until recently, ISCs were a rather elusive entity 
at the bottom of  the intestinal crypt; only in the last few 
years, important efforts have been made in the stem cell 
research field to characterize their existence, position 
and function. In 2007 Van der Flier et al[18], through both 
a Wnt transcriptome analysis and in situ studies, identi-
fied a panel of  17 putative stem cell markers expressed 
at the crypt base[17]. Two genes displayed the strongest 
relationship with the Wnt signaling: Leucine rich repeat 
containing G protein coupled receptor 5 (Lrg5) and 
achaete-scute like2 (Ascl2). Lgr5 was subsequently local-
ized at the crypt base of  the mouse small intestine and 
positive cells were shown to be able to differentiate into 
all epithelial cell lineages. These studies suggest that 
Lgr5 and Ascl2 are intestinal-specific stem cell markers 
and emphasize a “crucial role” of  the Wnt cascade not 
only during embryonic development but also in adult or-
gans, particularly in tissue homeostasis, cell renewal and 
ISC maintenance[18-20]. Wnt is the “fusion of  two terms” 
the segment polarity gene wingless (wg) discovered in 
Drosophila and the proto-oncogene integration-1 (int-1). 
The first direct connection of  the Wnt pathway with 
CRC came out in the early 1990s. The APC gene was 
found to be involved in a hereditary cancer syndrome, 
termed familial adenomatous polyposis (FAP) but also 
in sporadic CRC[4,5]. Soon thereafter, the large “scaffold” 
cytoplasmic APC protein was found to interact with 
β-catenin providing the molecular basis of  the seminal 
work by Fearon and Vogelstein: CRC develops as a step-
wise accumulation of  genetic hits in specific genes and 
pathways[4,5]. From that time, many additional compo-
nents of  the pathway and disease connections have been 
identified so that the list of  new target genes, as well as 
new interacting pathways, constantly grows. Recent stud-
ies have disclosed that the interplay between Wnt and 
Hippo signaling pathways is indispensable to coordinate 
proliferation and differentiation during organ growth. 
Interaction of  Wnt ligands with their receptor complex-
es triggers two major intracellular signaling cascades that 
are traditionally indicated according to the role played 
by β-catenin[21,22]. The Wnt “canonical” signaling is “acti-
vated” upon the binding of  one of  multiple Wnt factors, 
a family of  soluble secreted proteins, to one of  ten pos-
sible Frizzled receptors (Fzd) in the presence of  a low 
density lipoprotein receptor related co-receptor (LRP5 or 
6). This interaction generates a cascade of  events involv-
ing the cytosolic adapter protein, Disheveled (Dvl), that 
promotes the dissociation of  a multiprotein “destruction 

complex” resulting in the stabilization of  β-catenin and 
its translocation to the nucleus. Upon displacement of  
the transcriptional repressor Groucho, β-catenin inter-
acts with and activates members of  the T cells factors 
and lymphoid enhancing factors (TCF/LEF) to promote 
the expression of  target genes involved in cell differen-
tiation and proliferation such as c-myc (MYC), cyclin D1 
(CCND1), axin 2 (AXIN2), CD44 and Survivin (Figure 
1A)[23]. When the Wnt pathway is “inactive”, β-catenin 
binds to its destruction complex formed by the scaffold 
proteins, APC and axin, and is phosphorylated by the 
specific kinases glycogen synthase kinase 3β (GSK3β) 
and casein kinase 1 (CK1)[23,24]. This leads to its ubiqui-
tination and subsequent targeting to the proteasome for 
degradation. β-catenin consists of  three main domains: 
the N-terminal region of  141 aminoacids, a central core 
domain of  513 aminoacids, and a C-terminus of  107 
aminoacids, which contains the transactivation domain. 
Phosphorylation of  β-catenin by GSK3β and CK1 oc-
curs at aminoacids S33, S37, T41 and S45, generating a 
recognition tag for ubiquitination and subsequent prote-
asomal degradation[25,26]. The central “core region” con-
tains 12 imperfect armadillo repeats each formed by 42 
aminoacids; the repeats consist of  three α-helices and, 
together, the twelve repeats form a superhelix containing 
a long positively charged groove[27]. This structure ap-
pears to facilitate the binding to the negatively charged 
β-catenin binding domains (CBD) within TCF/LEF[28,29] 
or other interacting proteins such as APC, axin, and cad-
herins. Recent studies have identified two lysines, K312 
and K435, defined “charged buttons”, within the arma-
dillo repeats 5 to 9 of  β-catenin, that form salt bridges 
with negatively charged glutamate or aspartate in the 
CBD of  the interacting proteins[28]. Mutations of  one of  
the components of  the pathway (APC, axin, β-catenin) 
or autocrine signaling due to constitutive Wnt produc-
tion by tumor cells cause an “active” Wnt signaling. In 
most cases, APC loss-of-function mutations result in a 
truncated and inactive protein; in other cases, mutations 
in β-catenin phosphoacceptor sites turn into an active 
oncogene; for instance, S37A β-catenin is expressed at 
high levels in several human carcinomas[30]. β-catenin 
phosphorylation is also hampered through GSK3β se-
questration into multivesicular compartments and/or 
other still unknown mechanisms.

The critical step in the Wnt canonical pathway ap-
pears then to be the ratio of  cytosolic and/or mem-
brane-associated β-catenin levels vs its nuclear counter-
part[30]. Consistently, nuclear β-catenin is an indicator of  
an active Wnt signaling, likely operating in cancer initiat-
ing cells, and is a useful biomarker associated with CRC 
disease progression and poor prognosis; more recently, 
it has predominantly been observed at the invasive front 
of  CRC tissues. According to these data, a recent meta-
analysis suggests that increased cytoplasmic expression 
of  β-catenin, not accompanied by nuclear accumulation, 
has no relationship with the prognosis[31]. Finally, grow-
ing evidence indicates that aberrant activation of  the 
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Figure 1  Schematic representation of the Wnt/β-catenin signaling in epithelial cells. The Wnt signaling pathway can be subdivided into a “canonical” or 
β-catenin-dependent and “non-canonical” or β-catenin-independent. A: In the absence of Wnt ligands, a multi-subunit destruction complex, composed by adenoma-
tous polyposis coli (APC), Axin, GSK3β, CKI, binds and phosphorylates β-catenin tagging for ubiquitination and subsequent proteasomal degradation (βTrCP). The 
“canonical” Wnt signaling is initiated by the binding of one of 19 Wnt ligands to one of 10 Frizzled receptors (Fzd), in the presence of the co-receptor LRP5 or 6. This 
leads to recruitment of Disheveled and inhibition of the APC destruction complex. Accumulation of β-catenin in the cytoplasm leads to its translocation to the nucleus 
where it interacts with TCF/LEF to drive transcription of Wnt target genes including c-myc, cyclin D1, axin2 and others; B: The “non-canonical” Wnt signaling is initi-
ated by the binding of Wnt5a to ROR2, alone or in combination, with a Frizzled receptor leading to the activation of the planar-cell polarity (PCP) pathway through 
Rock2, RhoA, Rac or JNK. Alternatively, Wnt11 can bind a Frizzled receptor alone and activate the Wnt/calcium pathway that involves the calcium/calmodulin depen-
dent Kinase II (CamKII), protein-kinase-C (PKC) and nuclear factor of activated T cells (NFAT). Importantly, the “non-canonical” Wnt pathway inhibits the “canonical“ 
one either impairing β-catenin accumulation in the cytoplasm or the β-catenin/TCF/LEF complex formation.
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Wnt cascade leads to stem cell expansion, proliferation 
and disturbed tissue architecture (Figure 1A).

The so-called Wnt “non-canonical” signaling is inde-
pendent of  β-catenin function and is less characterized 
than the “canonical” one. It is initiated by the binding 
of  Wnt5a to receptor tyrosine kinase-like orphan recep-
tor 2 (ROR2), alone or in combination with a Frizzled 
receptor, leading to the activation of  the planar-cell 
polarity (PCP) pathway through Rock2, RhoA, Rac or 
JNK. Alternatively, Wnt11 can bind a Frizzled recep-
tor alone and activate the Wnt/calcium pathway that 
involves the calcium/calmodulin-dependent kinase Ⅱ 
(CamKⅡ), protein-kinase-C (PKC) and nuclear factor 
of  activated T cells (NFAT) (Figure 1B)[32]. Importantly, 
the Wnt “non-canonical” pathway inhibits the canoni-
cal one either impairing β-catenin accumulation in the 
cytoplasm or the β-catenin/TCF/LEF complex forma-
tion. In this review, for space reasons, we will focus only 
on the Wnt “canonical”, β-catenin-dependent signaling. 
In epithelial cells, membrane-bound β-catenin interacts 
with E-cadherin forming cell adhesion complexes that 
anchor the extracellular matrix to the cytoskeleton[33]. 
Upon β-catenin nuclear translocation, the interactions 
with E-cadherin are reduced, impairing cell-cell interac-
tions and providing cells a migration and invasion poten-
tial into the neighbouring tissues and, eventually, into the 
circulation. These events are the basis of  the epithelial 
mesenchymal transition (EMT), a process implicated 
in tumor progression and metastasis[34]. Both activation 
of  the Wnt/β-catenin signaling and E-cadherin loss are 
important effectors of  EMT in CRC. β-catenin nuclear 
accumulation at the invasive front of  CRCs has been 
associated with migrating cancer stem cells (MCSCs), 
metastatic spreading and EMT. Conversely, the serrated 
pathway has been associated with a lower frequency of  
nuclear β-catenin localization or reduced membrane-
bound β-catenin expression than the traditional one 
(adenoma-carcinoma sequence), suggesting that the Wnt 
“non-canonical” pathway may influence metastasis for-
mation especially in right-sided tumors[6,14].

PPARγ signaling pathway in CRC 
initiation and progression
PPARs are ligand-activated transcription factors belong-
ing to the nuclear receptor superfamily. PPARs activate 
transcription by recognizing specific sequence motifs, 
defined PPRE (peroxisome proliferator response ele-
ments), located in the regulatory regions of  target 
genes as heterodimers with the retinoid X receptors 
(RXR)[12,35-37]. In the absence of  ligand, PPARs are com-
plexed with corepressor proteins such as the nuclear 
receptor corepressor (NCoR) or silencing mediator 
of  retinoid and thyroid receptors (SMRT) and act as 
transcriptional repressors. Ligand binding induces con-
formational changes that allow displacement of  the co-
repressor complexes and recruitment of  transcriptional 
coactivators, including members of  the steroid recep-

tor coactivator (SRC) family and histone acetyltrans-
ferases, such as p300/CBP (Figure 2)[12,35-37]. A variety 
of  endogenous and exogenous lipophilic molecules, 
such as polyunsaturated fatty acids, prostaglandines, 
leukotrienes and hypolipidemic drugs, have been identi-
fied as PPAR ligands. The structural heterogeneity of  
these compounds seems to reflect the conformation of  
the ligand binding domain (LBD), that forms a large 
Y-shaped hydrophobic pocket with relatively low ligand 
specificity (Figure 3A). Yet these compounds display 
selective binding for each of  the three PPAR isotypes 
identified so far PPARα (NR1C1), PPARβ/δ (NR1C2) 
and PPARγ (NR1C3) that, in addition to their ligand 
specificity, display distinct tissue expression patterns. 
PPARγ, in particular, is expressed in adipose tissue, 
muscle, gastrointestinal tract, blood cells, macrophages 
and liver. PPARγ modulates cellular and whole-body 
glucose and lipid homeostasis, increases insulin sensitiv-
ity in adipose and muscle tissues following activation by 
the antidiabetic agents thiazolidinediones (TZDs)[12,35-37]. 
PPARγ has also been implicated in the modulation 
of  immune and inflammatory processes, vascular ho-
meostasis and cell differentiation both in normal and 
neoplastic tissues[13,37,38]. In line with this, PPARγ is 
expressed in a variety of  tumors and its role in can-
cer initiation/progression has been debated for long 
time[13,37]. In vitro studies have shown that PPARγ activa-
tion induces growth arrest of  epithelial-derived cancer 
cell lines, including those from thyroid, lung, prostate, 
breast, pituitary and colon[36]. Consistently, some PPARγ 
downstream targets, such as p18, p21, and p27 are 
induced, determining a cell cycle block[39,40]. PPARγ-
dependent upregulation of  the tumor suppressor gene 
phosphatase and tensin homolog (PTEN) inhibits PI3-
kinase and AKT phosphorylation reducing cell migra-
tion and proliferation[41]. The anti-proliferative effects 
are reinforced by downregulation of  the anti-apoptotic 
protein B-cell CLL/lymphoma 2 (Bcl-2)[42]. More re-
cently, PPARγ has been endowed with anti-angiogenic 
activity through inhibition of  VEGF and its receptors 
in various cells[43] and with anti-inflammatory activity 
through inhibition of  NFκB-mediated gene transcrip-
tion[44]. Finally, PPARγ hampers the EMT and thus me-
tastasis formation[45]. All these data strongly support for 
PPARγ a role as a tumor suppressor; other studies, in 
contrast, support a role as tumor promoter[46,47]. A more 
recent work suggests for PPARγ a dual function as a tu-
mor promoting factor in neuroblastoma cells and tumor 
suppressor in breast cancer cells[48]. Also in vivo, con-
tentious results have been reported: administration of  
PPARγ ligands increases the incidence of  colon tumors 
in Apc+/Min mice[49,50]. In contrast, PPARγ has no ef-
fects on tumor incidence in Apc/1638N and 1309 mice, 
using both genetic and pharmacological models[51,52]. Re-
cently, exposure to pioglitazone, a TZD family member, 
suppresses colon tumor growth in Apc+/Min mice[52]. 
Data obtained by a Pparg tissue-specific biallelic knock-
out in ApcMin/+ mice have apparently solved these 
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contraddictory observations. In this mouse strain, an 
increased tumor incidence and tumor size is observed, 
consistent with the in vitro data: PPARγ ligands inhibit 
cell growth even in the presence of  APC mutations[53]. 
In azoxymethane (AOM)-treated mice, the most widely 
used preclinical model of  sporadic CRC in rodents, 
PPARγ inhibits colon carcinogenesis and TZDs act as 
potent suppressors of  tumor formation[54]. Of  note, 
some of  the effects attributed to TZDs can be due to 
PPARγ-independent effects[55]. A direct role of  PPARγ 
as tumor suppressor is confirmed by the observation 
that hemizygous Pparg colon-specific knockout mice 
display a significantly higher incidence of  colon tumors 
following AOM treatment[56]. Epidemiological studies in 
humans have clearly established a link between chronic 
inflammatory conditions, such as inflammatory bowel 
diseases (IBD), and a higher risk of  CRC[57]. In colitis-
associated cancers (CAC), tumor promotion is mainly 
due to the presence of  a leucocyte infiltration and to 
inflammatory mediators; moreover, administration of  
nonsteroidal anti-inflammatory drugs to IBD patients 
reduces the risk of  CRC development[57,58]. In spite of  

the results obtained in murine models, evidence of  a 
PPARγ involvement in human colon carcinogenesis is 
still circumstantial. PPARγ is expressed at high levels in 
about 60% of  sporadic human CRCs and specific loss-
of-function gene mutations have been reported in 8% 
of  primary CRCs[59]. Increasing evidence suggests that 
PPARγ activity is attenuated during the transition from 
adenoma to carcinoma, likely explaining why PPARγ 
agonists can block the early stages of  tumorigenesis, 
inhibiting the aberrant crypt focus (ACF) formation 
but with little or no effect on advanced tumor stages[36]. 
PPARγ phosphorylation operated by the mitogen acti-
vated kinases ERK1 and 2 and its ligand-independent 
SUMOylation negatively regulate its function[44,60]. Both 
loss-of-function mutations and the reduced activity due 
to posttranslational modifications, however, do not fully 
explain the low PPARγ levels found in 35%-40% of  
sporadic CRCs[61]. Interestingly, they are associated with 
a more aggressive course, EMT activation, and patients’ 
worse prognosis, suggesting that PPARγ can be consid-
ered an independent prognostic factor[16,62]. PPARG has 
recently been shown to be post-transcriptionally modu-
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receptor interacts with transcription factors such as NFκB, STAT or JUN and represses their target genes transcription. This is attained through the recruitment and 
stabilization of corepressor complexes at the promoter regions of proinflammatory or protumorigenic genes by a functionally distinct pool of PPARγ that is specifically 
SUMOylated at susceptible aminoacid residues in the presence of selected agonists.
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lated by miRNAs[48,63].

WNT/β-CATENIN AND PPARγ SIGNALING 

CROSSTALK IN CRC
Recent reports suggest that, in addition to members 
of  the canonical Wnt signaling pathway, β-catenin can 

interact with a variety of  coactivators and transcription 
factors, implying an even wider involvement in physi-
ologic and pathologic processes[17,22]. Specific interactions 
of  β-catenin with nuclear receptors signaling pathways 
seem to be fundamental in gut physiology. Such cross-
regulation, in addition, provides a molecular platform to 
evaluate alterations in cell adhesion and transcription oc-
curring during tumor progression[64]. All components of  

7143 June 21, 2014|Volume 20|Issue 23|WJG|www.wjgnet.com

PPARγ1

K107 s112

NH2

AF-1

A/B domain
DNA-binding

domain (DBD)
Hinge Ligand-binding domain (LBD)

Catenin binding domain (CBD)

Receptor dimerization

COOH

477
AF-2

 (helix 12)

1                              110                      175         241

K365s273
E367 F372

Sumoylation
Phosphorylation

PPARγ binding domain (PBD)Frequently mutated 
in cancer

b-catenin

NH2

s33,37,45
K312T41

141 K435

664 771

COOH

Ubiquitination 
sites

GSK-3 beta and CKI 
phosphorylation 

sites
a-catenin

Armadillo repeats Transactivation domain
E-cadherin

TCF

APC and AXIN 

A

B
4.5

4.0

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0

Lu
ci

fe
ra

se
 a

ct
iv

ity

0 μ
mol/

L

0.2
 μ

mol/
L

0.4
 μ

mol/
L

0.6
 μ

mol/
L

1 μ
mol/

L

0.8
 μ

mol/
L

5 μ
mol/

L

RGZ

Drug 1

1.2

1.0

0.8

0.6

0.4

0.2

0.0

Pr
ot

ei
n 

le
ve

l 
(r

el
at

iv
e 

to
 c

on
tr

ol
)

RG
Z 1

 μ
mol/

L

CT
RL

RG
Z 1

0 μ
mol/

L

Dru
g1

 1 
μm

ol/
L

Dru
g1

 10
 μ

mol/
L

b-catenin

b-actin

Figure 3  Structural and functional domains of PPARγ and β-catenin. A: The mature PPARγ protein consists of four structural/functional domains: (1) the variable 
A/B region at the N terminus contains the ligand-independent transactivation domain AF1 (residues 1–71 of PPARγ1); lysine 79 and serine 84 residues are targets of 
SUMOylation and phosphorylation events, respectively; (2) the C region is the DNA binding domain, characterized by two C4 Zinc-finger motifs, that interact with the 
major groove of the DNA; (3) the D or hinge region allows receptor dimerization and DNA binding; and (4) the E/F region is the ligand binding domain (LBD) constitut-
ed by 12 α-helices and 4 β-strands where the agonist accommodates. This region (helices 7 and 8) includes a β-catenin binding domain (CBD) essential for the inter-
action with β-catenin. The most important aminoacid residues implicated in PPARγ activity regulation are shown. The full length β-catenin is essentially composed by 
three domains: (1) the N-terminal domain involved in the ubiquitin-mediated degradation; (2) the arm repeat domain, containing 12 armadillo repeats that mediate the 
binding with cadherins, APC, TCF/LEF, CREB binding protein (CBP) and PPARγ; and (3) the carboxy terminal (CTD) or transactivating domain interacts with coactiva-
tors such as CBP or corepressors such as β-catenin inhibitor and TCF-4 (ICAT). The most important aminoacid residues implicated in β-catenin activity regulation are 
shown; B: Luciferase activity from HEK293T cells transfected with a PPRE-driven luciferase reporter gene and exposed to the compound indicated as Drug1 is lower 
than that obtained from cells exposed to rosiglitazone, indicating a reduced transactivation potential in line with the notion of a partial agonist. HT29 colon cancer cells 
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nuclear export and proteasome-mediated degradation.
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the Wnt pathway can affect nuclear receptors functions 
by events including transcriptional activation or repres-
sion and protein phosphorylation. Conversely, nuclear 
receptors and their ligands confer a dynamic impact 
upon Wnt functions as shown by the effects on their 
target genes. In this context, liver receptor homologue 
1 (LRH-1) is activated upon association with β-catenin, 
promotes cyclin D1 and cyclin E transcriptional activa-
tion and governs the self-renewal of  intestinal crypt 
cells. Proliferation of  epithelial cells is thus enhanced, 
contributing to CRC development[65]. In contrast, 
β-catenin activity is repressed by association with reti-
noic acid receptor, vitamin D receptor and androgen 
receptor. Retinoic acid and its synthetic derivatives, 1α, 
25-dihydroxyvitamin D3, the active form of  vitamin D 
and its synthetic derivatives, have shown chemopreven-
tive effects in animal models of  CRC and are employed 
in cancer therapy[64]. Although the mechanism by which 
these receptors inhibit the Wnt/β-catenin pathway is 
not fully understood, several hypotheses have been 
put forward. In the case of  the androgen receptor, the 
complex with β-catenin represses β-catenin activity and 
tumor formation in some target tissues[66]. Molecular 
interactions between components of  the Wnt/β-catenin 
and PPARγ signalings have been reported in several 
studies, suggesting the potential for cross-regulation at 
different levels (Figure 3A). PPARγ protein is generally 
elevated in human CRC specimens and altered in colon 
tissues from the APC/Min mice; these results are cor-
related with and attributed to high β-catenin levels and 
activation[25,56,67,68]. Girnun and collaborators provided 
the first evidence that PPARγ is capable of  inhibiting 
colon carcinogenesis by suppressing β-catenin in cells 
that express a functional Wnt/β-catenin pathway[56]. 
Loss of  one Pparg allele is sufficient to increase sensitiv-
ity to chemical carcinogenesis likely due to the higher 
β-catenin levels that may prime the colonic epithelium to 
respond more rapidly to a carcinogenic insult. Addition 
of  PPARγ selective ligands can alter the balance between 
this nuclear receptor and β-catenin in preadipocytes by 
activating PPARγ and inducing β-catenin proteasomal 
degradation in a GSK3β-dependent manner[68]. Onco-
genic β-catenin mutants in the phosphoacceptor sites at 
residues S33, S37, T41 and S45 of  the N terminal region 
of  the protein, escape phosphorylation by GSK3β and 
proteasomal degradation by several hypothesized molec-
ular routes[25] (Figure 3A). The accumulated protein can 
translocate to the nucleus and suppress PPARγ activity 
as assessed by lack of  transcription of  selected target 
genes[25]. Interestingly, despite the reduced activity, the 
total amount of  PPARγ in these cells is higher likely due 
to posttranscriptional and not transcriptional events[67]. 
The selective inhibition of  target genes expression may 
alternatively be ascribed to the interaction of  β-catenin 
with PPARγ-associated transcriptional complexes re-
cruited on the DNA that results in transcription inhibi-
tion or squelching of  critical PPARγ coactivators[25] (Fig-
ure 3A). Notably, β-catenin interaction with the PPARγ 

transcriptional complexes involves the same sequence 
motifs of  the central region that are required for bind-
ing to TCF/LEF without affecting the transcriptional 
activation of  the target genes of  this latter complex[25]. 
TCF factors may form binary complexes with β-catenin 
or ternary complexes including PPARγ. Indeed, ternary 
complexes containing β-catenin/PPARγ/TCF4 have 
already been found in tumor tissues although their bio-
logical significance remains elusive[67]. In cells with an 
intact form of  APC or β-catenin, a dominant model can 
be hypothesized whereby PPARγ suppresses tumorigen-
esis by activating transcription of  its own target genes 
but also facilitating the GSK3β-dependent degradation 
of  β-catenin. In CRC-derived HT29 cells, that harbor a 
mutated APC and a wild type β-catenin, selective ligands 
activate PPARγ stimulating not only target gene expres-
sion but also interaction with β-catenin leading to its 
proteasomal degradation (our unpublished data). Given 
the fact that the canonical Wnt signaling pathway may 
be altered at multiple levels, PPARγ could exert its tu-
mor suppressive activity in a context-dependent manner. 
Data in the literature, in fact, suggest that the cellular re-
sponse to extracellular effectors and intracellular signal-
ings depends on the relative amounts of  β-catenin and 
PPARγ present in a given cell and on changes of  this 
ratio that can influence their crosstalk (Figure 4). Fur-
thermore, the molecular mechanisms by which PPARγ 
ligands can elicit transcription of  different target genes 
owing to the differential recruitment of  co-activators 
have not been completely elucidated and the reciprocal 
effects of  PPARγ activation on Wnt signaling pathway 
are only at the beginning to emerge. We and others have 
shown that the overall survival of  CRC patients is mark-
edly better when PPARγ expression in primary tumours 
is detectable[14,16,61,62]. Notably, reduced PPARγ expression 
is not correlated with “activated” β-catenin (i.e. nuclear 
β-catenin) suggesting that these pathways signal differ-
ently in cancer and that there may be subtle tissue spe-
cific differences in their regulation. Defining how PPARγ 
influences the Wnt/β-catenin activities will be important 
to modulate downstream effectors as possible treatment 
of  intestinal diseases.

Old and new compounds 
targeting both β-catenin and 
PPARγ pathways
In this section we discuss how natural and synthetic 
compounds can affect β-catenin and PPARγ activity. The 
rationale for targeting β-catenin stems from the impor-
tant functions that this protein serves in cell-adhesion 
and in the Wnt signaling. Thus, drugs targeting aberrant-
ly activated members of  the pathway have the potential 
as cancer therapeutics. In addition to the known muta-
tions, the Cancer Genome Atlas Network has identified 
mutations in other genes of  the Wnt pathway such as 
transcription factor 7-like 2 (TCF7L2; previously known 
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as TCF4), SOX9, CTNNB1 and Wilms tumour gene on 
the X chromosome (WTX; also known as FAM123B) 
known to activate the Wnt/β-catenin signaling[11]. Fur-
thermore, many of  the cell surface markers (including 
LGR5/GPR49, CD44, CD24 and Epcam) used to iden-
tify tumor stem cell populations are Wnt direct targets[17]. 
Similar considerations underlie PPARγ targeting. Given 
that PPARγ acts as a tumor suppressor in CRC, attempts 
have been made to identify and/or synthesize new mole-
cules that can enhance this activity. The list of  natural or 
synthetic compounds able to interfere with either Wnt/
β-catenin and/or PPARγ signaling is long and constantly 
growing (Table 1). Herein we will describe the effects of  
only some of  them.

A large number of  natural compounds derived from 
dietary intake, plants and marine organisms, fungi and 
microrganisms, display chemopreventive and/or che-
motherapeutic activity through modulation of  the Wnt/
β-catenin signaling[69-71]. Direct targeting of  this pathway 
has been difficult, largely owing to the lack of  pathway-

specific targets and the potential redundancy of  many 
components; moreover, inhibition of  β-catenin signal-
ing could cause side effects in normal, adult cells. To 
overcome these difficulties, it has been suggested to 
specifically target Wnt factors and Wnt receptors as an 
attractive cancer therapeutic strategy. Promising results 
have been obtained with Wnt3A or FZD7-neutralizing 
antibodies in vivo.

Among the small-molecule inhibitors, the non-ste-
roidal anti-inflammatory drugs (NSAIDs) (indometha-
cin, sulindac, aspirin) and the selective COX-2 inhibitor 
(celecoxib) prevent β-catenin-dependent transcription 
in colorectal cells. Other existing drugs include molecu-
lar targeted agents such as the CBP/β-catenin antago-
nist ICG-001[71]. The common mechanism by which 
NSAIDs and their derivatives act is through inhibition 
of  β-catenin/TCF pathway transcriptional activity and, 
consequently, down-regulation of  target genes such as 
cyclin D1.

Indomethacin is a COX-1 and COX-2 inhibitor and 
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Table 1  Natural and synthetic compounds targeting Wnt/β-catenin and PPARγ pathways

exhibits anti-inflammatory and analgesic properties. In 
addition to the more general inhibition of  the β-catenin/
TCF pathway mentioned above, indomethacin im-
pairs β-catenin gene expression itself  at early times, as 
shown by the significant reduction of  the corresponding 
mRNA. Furthermore, indomethacin stimulates β-catenin 
degradation in an APC/GSK3β and proteasome-inde-
pendent manner (Wnt “non-canonical” pathway) even in 
cells bearing a mutated APC or β-catenin. These results 
support the potential chemotherapeutic activity of  the 
molecule[71-73].

Sulindac inhibits β-catenin/TCF pathway and re-
duces β-catenin levels in human colon cancer cells. The 
antiproliferative effects of  sulindac and its derivatives are 
confirmed in different mouse models of  multiple intes-
tinal adenomas and also in human colorectal adenomas. 
Like indomethacin, also sulindac causes β-catenin deg-
radation mainly through an APC/GSK3β-independent 
mechanism, while the canonical pathway and, in turn, 
the proteasomal degradation are activated at late times, 
especially after induction of  apoptosis[71,74]. Finally, a 
third alternative degradation mechanism in CRC cells 
is mediated by an increase of  cGMP levels due to the 
cGMP phosphodiesterase (PDE) inhibition. High cGMP 
levels activate the cGMP-dependent kinase (PKG) that, 
in turn, stimulates β-catenin phosphorylation reducing 
its protein levels. It has been proposed that phosphoryla-
tion by PKG is an alternative way to induce proteasomal-
mediated β-catenin degradation in cells with an inactive 
APC/GSK3β-destruction complex[75].

Aspirin also down-regulates the Wnt/β-catenin path-
way in CRC cells leading to reduced transcription of  
target genes. Unlike other NSAIDs, this effect seems to 
be mediated by stabilization of  β-catenin in its transcrip-
tionally inactive form (i.e., phosphorylated form), ham-
pering its activity as transcription factor[76].

All NSAIDs, in addition to their effects on β-catenin 
and related pathway, act as PPARγ ligands[77]. As such, 
they stimulate PPARγ-dependent effects as cell cycle 
block, differentiation and apoptosis, adding to those re-

ported on β-catenin and providing the basis of  a double 
benefit in cancer therapy.

The active form of  vitamin D, 1α, 25-dihydroxyvi-
tamin D3, plays a relevant role in chemoprevention in 
animal models of  colon cancer by targeting the Wnt/
β-catenin pathway. Although the molecular mechanisms 
have not been elucidated yet, the vitamin D receptor 
has been proposed to specifically interact with β-catenin 
competing for TCFs binding. The resulting complex is 
no longer able to activate transcription of  β-catenin tar-
get genes. Indeed ternary complexes have been reported 
and their putative functions suggested; in the case of  
the vitamin D receptor, the active complex is no lon-
ger formed, the novel is not functional thus explaining 
the negative results[78,79]. Also small molecules, such as 
PKF115-584, CGP049090, PKF222-815, derived from 
fungi, and PKF118-744, PKF222-310 from actinomycete 
strains, inhibit colon cancer cell proliferation by blocking 
β-catenin/TCF4 interaction and, subsequently, repress-
ing their target genes[80].

Resveratrol, a polyphenol belonging to the stilbene 
phytochemical family, is found in dark grapes, red wine, 
peanuts and shown to block colon cancer cell prolifera-
tion through inhibition of  the Wnt/β-catenin pathway. 
Specifically, low (subapoptotic) concentrations of  resve-
ratrol reduce the expression of  Bcl9, Pygo Ⅰ and Ⅱ and 
interfere with β-catenin nuclear localization[81]. In addi-
tion, resveratrol displays a PPARγ agonist effect inducing 
cell growth arrest and apoptosis doubling its beneficial 
antitumor activity. The molecular mechanisms underly-
ing these activities are currently under investigation.

Different classes of  new molecules have been iso-
lated and/or synthesized as putative PPARγ ligands. 
When administered to cells in culture they are assessed 
for PPARγ-dependent effects and compared with full 
agonists. Among all molecules tested, only TZDs can 
interfere with the Wnt/β-catenin pathway, indicating 
that they function not only as PPARγ transcriptional 
activators[82]. Therefore, it would be useful to examine 
whether other partial agonists could display such a 
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Subcategory Drug Pathways Effects Target tissues Ref.

Natural 
ligands

Polyphenols Quercetin EGCG Cur-
cumin Resveratrol DIF

β-catenin/TCF 
WNT GSK-3β

β-catenin, TCF, cMyc, cyclin D1, 
survivin, conductin reduction

CRC, Adipose 
Tissue, Kidney

[81,91-101]

Phytochemicals Capsaicin Cladosporol 
Thymoquinone

β-catenin GSK-3β β-catenin, cMyc reduction; GSK-
3β, PPARγ activation

CRC [89,102-105]

Vitamins Retinoids 1α25,-
dihydroxy Vitamin D3

β-catenin Dab2 β-catenin reduction CRC [79,106-108]

Synthetic 
ligands

NSAIDs Aspirin Sulindac 
Celecoxib Indometacin 

Diclofenac NS398

β-catenin, TCF, 
PPARγ

β-catenin, TCF cMyc reduction; 
PPARγ activation

CRC [72-74,76,77,109-116]

Small Molecules PNU 74654 2,4-diami-
no-quinazoline ICG-001 

FH535 Others

β-catenin/TCF 
CBP Dv1 Axin 
Tankyrase 1,2

Block Wnt Wnt/β-catenin sup-
pression

CRC [71-80]

PPARγ ligands TZDs Lutein β-catenin/TCF β-catenin degradation; PPARγ 
activation

CRC [82-86,89]

Partial PPARγ 
Agonists

Drug1 β-catenin/TCF β-catenin degradation; PPARγ 
activation

CRC [86-90]
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NSAIDs: Non-steroidal anti-inflammatory drugs; CRC: Colorectal cancer.



repressive effects on β-catenin signaling in order to es-
tablish a structure/function relationship. As mentioned, 
PPARγ displays a Y shaped ligand binding domain in 
which molecules with heterogeneous structures can ac-
commodate. The aminoacid residues of  the receptor 
involved in the interactions with full agonists have been 
identified as well as the conformational changes impli-
cated[83-85]. The new partial agonists could accommodate 
in a distinct binding pocket, induce different confor-
mational changes of  the LBD that, in turn, result in the 
activation of  only a subset of  PPARγ target genes. Such 
an alternative mode of  action has been reported for 
luteolin and appears to be carried out by an additional 
ligand whereby only genes involved in lipid and glucose 
metabolism are transcribed, through a differential re-
cruitment of  coactivators[86].

On the basis of  these considerations, attempts are 
currently made to synthesize or isolate novel molecules 
able to act as PPARγ partial agonists[87,88]. These should 
only partially transactivate the receptor, promote tran-
scription of  genes involved in cell growth arrest, differ-
entiation and/or apoptosis and, additionally, exhibit in-
hibition of  β-catenin at different levels. In line with this, 
we have recently shown that cladosporol A, a secondary 
metabolite from the fungus Cladosporium tenuissimum, 
displays antiproliferative properties in human colorectal 
cancer cells through up-regulation of  p21waf1/cip1 
and down-regulation of  cyclin D1, cyclin E, CDK2 and 
CDK4[89]. The effects observed are mediated through 
activation of  PPARγ as a partial agonist. Interestingly, 
cladosporol A causes β-catenin nuclear export and its 
proteasomal-mediated degradation. Consistently, also 
cyclin D1 and c-Myc are reduced, indicating that the 
β-catenin/TCF pathway is inhibited, further strenghten-
ing the antiproliferative properties of  this drug (Zurlo 
et al[89] submitted for publication). We have also tested a 
new compound belonging to the class of  chiral phen-
oxyacetic acids for its ability to act as a PPARγ ligand 
and activate downstream genes[90]. As shown in Figure 
3B, Drug 1 acts as a partial agonist displaying a transac-
tivation potential that is only 60% of  that obtained with 
rosiglitazone. Interestingly, when tested for the ability 
to downregulate β-catenin, Drug 1 shows a 40% higher 
ability than rosiglitazone, likely through the proteasomal 
destruction machinery. These results suggest that it is 
possible to design novel PPARγ partial agonists with 
the ability to recruit selected coactivators and stimulate 
transcription of  a subset of  genes. The possibility to 
enhance β-catenin degradation and counteract an ac-
tive and oncogenic Wnt signaling is an added value that 
should further stimulate the search for such compounds 
as novel drugs in cancer therapy.

CONCLUSION
CRC remains the fourth most common cause of  cancer 
related death in western countries despite the discovery 
of  a number of  key genetic and epigenetic alterations in-

volved in its initiation/development and the progress in 
the treatment. Therefore, an interdisciplinary approach 
that combines new techniques aimed at the identification 
of  novel biomarkers with the treatment of  advanced 
CRCs will aid in guiding future therapeutic interventions. 
Recent genome-wide studies and the integrative analysis 
of  genomic data support the notion that clinically dis-
tinct CRC subtypes exist and provide insights into the 
pathways that are dysregulated in this malignancy. The 
Wnt/β-catenin signaling is one of  the most frequently 
modified pathways in CRC, suggestig that drugs target-
ing aberrantly activated members have the potential as 
cancer therapeutics. PPARγ is emerging as a growth-
limiting, differentiation-promoting signal with known 
potential link with Wnt/β-catenin signaling. Accumulat-
ing evidence suggests that PPARγ overexpression has 
prominent suppressive activities in CRC growth, acting 
as an independent biomarker of  good prognosis. Natu-
rally occurring and novel synthetic agonists capable of  
differently modulating PPARγ signaling and interfering 
with related pathways show great promise in animal 
models and in preclinical studies. Specifically, novel 
PPARγ agonists, endowed with Wnt/β-catenin pathway 
inhibitory activities, are currently designed and investi-
gated to provide new molecular target therapies in CRC.
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