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ABSTRACT
Since its identification in the early 1990’s, the physiological roles of the nuclear
hormone receptor peroxisome proliferator-activated receptor-β/δ (PPARβ/δ) have
become better understood. This ligand-activated transcription factor is known to be a key
regulator of glucose and lipid homeostasis. PPARβ/δ exhibits markedly higher
expression in epithelial tissues such as the skin; therefore, this nuclear receptor been
investigated in skin tumorigenesis. Most evidence has suggested that ligand activation of
PPARβ/δ inhibits skin tumorigenesis, and the results of mechanistic studies have
established that these effects are due to receptor-dependent alterations in tumor
promotion. The studies within this dissertation examined if PPARβ/δ modulates another
critical component of carcinogenesis, namely tumor initiation, and sought to delineate if
PPARβ/δ modulates the balance between carcinogen bioactivation and detoxification.
Utilizing in vivo and in vitro mouse and human skin models, it was observed that
Pparβ/δ-null mice exhibited reduced cytochrome P450 (Cyp) mRNA induction in
response to polycyclic aromatic hydrocarbons (PAHs) such as benzo[a]pyrene (B[a]P)
and 7,12-dimethylbenz[a]anthracene (DMBA). Cyp mRNA induction was also found to
be attenuated in Pparβ/δ-null keratinocytes at multiple times and with eleven different
PAHs. Furthermore, results generated from a PPARβ/δ shRNA model in human
keratinocytes revealed a similar attenuation of PAH-mediated Cyp mRNA induction.
Additionally, experimental results with mouse keratinocytes indicated that PAH-mediated
phase II enzyme mRNA induction is reduced in Pparβ/δ-null keratinocytes. The aryl
hydrocarbon receptor (AHR) is the known transcriptional regulator of PAH-dependent
phase I and II enzyme mRNA induction. Therefore, subsequent studies were designed
to delineate how PPARβ/δ modulates AHR-dependent signaling in mouse and human
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keratinocytes. Data generated from mechanistic studies indicated that the expression of
AHR and several accessory proteins were not altered by PPARβ/δ expression. The
ability of AHR to bind a ligand and translocate to the nucleus were also not modulated in
a PPARβ/δ-dependent manner. Additionally, PPARβ/δ did not appear to physically
interact with the AHR. Surprisingly, Pparβ/δ-null keratinocytes exhibited lower AHR
occupancy and histone acetylation at the Cyp1a1 promoter in response to B[a]P, as
assessed by chromatin immunoprecipitation (ChIP). These findings suggested that the
chromatin structure of xenobiotic metabolism promoters may be modulated by PPARβ/δ.
Since DNA methylation is a common method of altering chromatin structure, this
mechanism of gene regulation was examined using DNA methylation inhibitors and
bisulfite sequencing. Interestingly, methylation within the Cyp1a1 promoter was
enhanced in Pparβ/δ-null keratinocytes. Additionally, inhibition of DNA methylation
resulted in a PPARβ/δ-dependent modulation of basal Cyp mRNA expression. These
results suggest that epigenetic regulation by PPARβ/δ contributed to the modulation of
AHR signaling. To determine if modulated AHR signaling in keratinocytes results in
functional changes in skin tumorigenesis, a complete skin carcinogen bioassay was
performed in wild-type and Pparβ/δ-null mice. The multiplicity of B[a]P- or DMBAinduced skin lesions was found to be lower in Pparβ/δ-null mice. These observations
appear to be mediated by decreased DNA adduct formation in Pparβ/δ-null
keratinocytes as compared to wild-type cells. However, PAH exposure in keratinocytes
did not change mRNA expression of the DNA damage markers activating transcription
factor 3 (Atf3) or p53 in either genotype. Tumorigenesis by N-methyl-N′-nitro-Nnitrosoguanidine (MNNG), a carcinogen that does not require AHR signaling or P450
bioactivation, resulted in enhanced tumorigenesis in Pparβ/δ-null mice. The enhanced
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tumorigenesis in MNNG-treated Pparβ/δ-null mice supports previous evidence that
PPARβ/δ modulates tumor promotion. The absence of PPARβ/δ also caused increased
lesion size, more malignant tumor conversion, and increased inflammation upon MNNG
or B[a]P treatment, which further indicates that PPARβ/δ functionally reduces tumor
promotion. Collectively, the experiments within this dissertation identified PPARβ/δ as a
critical modulator of PAH-mediated skin tumorigenesis by altering both tumor initiation
and promotion. Mechanistically, the effects on tumor initiation were mediated by
PPARβ/δ-dependent modulation of AHR signaling in keratinocytes. This dissertation
thus established a novel molecular mechanism by which PPARβ/δ can alter skin
tumorigenesis. Collectively, the results of these studies help to clarify the biological
functions of PPARβ/δ in skin homeostasis and carcinogenesis.
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INTRODUCTION

2
1.1 Nuclear receptor identification and characterization

1.1.1 Introduction to nuclear receptors
Responding to external and internal stimuli is a principal component to the
maintenance of cellular, organ, and organism homeostasis. Many central biological
processes are controlled at the transcriptional level to facilitate rapid and stimuli-specific
biological responses. Some examples include development, cell differentiation, and the
detoxification of toxicants. Modulated gene transcription is implicated in a plethora of
human diseases, with a particularly strong linkage to cancer. Hormones were the first
transcriptional regulatory candidates due to the inherent lipophilic nature of these
compounds that would facilitate diffusion across cell membranes. Some examples
include steroids, thyroid hormones, vitamin D3, retinoids, and estrogens. The
development and use of radiolabeled hormones in the 1960’s led to the identification of
hormone binding proteins that were capable of nuclear translocation [1, 2]. In the 1970’s,
Ashburner linked steroid exposure to chromosome “puffing” in Drosophila [3, 4]. This
discovery was the first direct observation of altered chromatin structure in response to
steroids [3, 4]. The cumulative findings of Jensen and Ashburner provided a critical link
between physiological responses to hormones and gene transcription [3, 4]. Future
studies sought to identify and characterize the tissue- and hormone-specific receptors
that regulate gene expression by DNA binding. Today these receptors are known as
nuclear hormone receptors (NHRs) [5].

The existence of NHRs remained an enigma until the mid-1980’s, when the
discovery and characterization of several receptors ushered in a new era of
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endocrinology. The first NHRs identified were the human glucocorticoid receptor (GR) [6,
7] and the human estrogen receptor (ER) [8, 9]. The reported homology of these
receptors to the v-erbA oncogene facilitated the discovery of the thyroid receptor (TR)
[10, 11]. Due to the high similarities in the cDNA coding sequence between these
receptors, it was hypothesized that novel receptors could be identified through sequence
homology before endogenous ligands or biological function were elucidated [12]. This
method of receptor identification, termed reverse endocrinology, was used to identify the
retinoic acid receptor (RAR) that mediates vitamin A-derived retinol responsiveness [13,
14]. The method of reverse endocrinology directly facilitated the discovery of a multitude
of NHRs, and most of these receptors were classified as orphan receptors due to the
lack of identified ligands [12]. Further application of this technique led to the identification
of many nuclear hormone receptors. Furthermore, the discovery of the retinoid X
receptor (RXR) [15], and its function as a nuclear receptor heterodimerization partner,
signified a critical advance in our understanding of NHR function [16-22].

NHRs are generally activated by small, lipophilic molecules, such as steroids,
and regulate receptor- and tissue-specific target gene transcription. The classic model of
nuclear receptor transcriptional regulation (Figure 1.1) begins with ligand binding and
activation of the receptor. A ligand-dependent conformation change in the receptor leads
to dissociation of receptor-bound corepressors and the recruitment of specific
coactivators involved in chromatin remodeling. NHRs can then homodimerize or
heterodimerize (through RXR) and bind to receptor-specific DNA sequences in target
gene promoter and enhancer regions, termed “hormone response elements” (HREs).
The recruitment of receptors and coactivators to the promoter leads to chromatin
modifications, such as histone acetylation, that “open” the promoter region and allows
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subsequent recruitment of RNA polymerase II and the transcription initiation complex
(Reviewed in [23]). This causes the accumulation of processed target gene mRNA
(Reviewed in [24-27]) that can be translated to functional protein and a biological effect
(Reviewed in [28-33]). Collectively, these described observations are a brief synopsis of
our current understanding of NHR signaling.

5

Figure 1.1: Ligand-dependent nuclear receptor signaling. In the absence of ligand,
nuclear receptors, such as peroxisome proliferator-activated receptors (PPARs), are
included in a repression complex. Associated proteins include histone deacetylases
(HDACs) and corepressor such as nuclear co-repressor (NCoR) and silencing mediator
of retinoid and thyroid receptors (SMRT). The enzymatic function of this complex
maintains chromatin closure and transcriptional repression. Upon ligand binding, nuclear
receptor releases corepressors and recruits coactivators, such as histone
acetyltransferases (HATs) and CREB binding protein (CBP), to target gene promoters.
The coactivator complex leads to histone acetylation and a relaxation of the chromatin
structure. This open structure is more accessible to the general transcriptional
machinery that includes TATA binding protein (TBP), transcription factor II family (TFII)
of transcription factors, and RNA polymerase II (RNA Pol II). These proteins facilitate
target gene mRNA production, mRNA translation, and biological effects.
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1.1.2 Nuclear receptor structure
NHRs possess a modular structure with distinct domains that correspond to
different receptor functions. The prototypical nuclear receptor contains five functional
domains, including the NH2-terminal A/B domain, the highly conserved DNA binding
domain (DBD) within domain C, the hinge region (D domain), the ligand binding domain
(LBD) (E), and the COOH-terminal (F) domain. The evolutionary conservation of these
domains highlights the functionality of the nuclear receptor protein structure.
Furthermore, NHRs possess modular ligand-dependent and -independent functions [34]
(Figure 1.2).

Figure 1.2: Nuclear receptor structural domains. The N-terminal region, known as the
A/B domain, contains the ligand-independent AF-1 transactivation domain. The C
domain contains the highly conserved DBD. The D domain comprises the hinge region
of nuclear receptors. The E/F domain contains the LBD and the ligand dependent AF-2
transactivation domain, and this domain is involved in receptor dimerization, coactivator
recruitment, and transactivation.
The NH2-terminal A/B region is the most variable domain in size and sequence,
and receptor isoforms are typically generated by alternative A/B domain mRNA splicing.
This region also contains the ligand-independent transactivation domain, known as AF1, which mediates promoter- and cell-specific activities [34]. Additionally, this domain is a
target of post-translation modifications (PTMs), such as phosphorylation and
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sumoylation, that modulate ligand-dependent and -independent functions [35-41]. The
DBD, which recognizes and binds specific DNA sequences, is the most conserved
domain among the NHRs. This domain contains dual zinc finger domains and the Cterminal extension (CTE) that is primarily responsible for DNA binding [34, 42]. The
results of nuclear magnetic resonance (NMR) and x-ray crystallography studies have
indicated that each zinc finger contains 4 invariable cysteine residues that tetrahedrically
coordinate a zinc ion [43, 44]. Located at the base of the first zinc finger is a region
termed the “P box” that is responsible for discrimination of DNA recognition motifs [34].
Additionally, the “D box” within the second zinc finger mediates dimerization with other
receptors [34]. The DBD also consists of two α-helical structures. The first helix in the P
box facilitates binding within the DNA major groove, while the second helix in the CTE
forms a right angle with the “recognition helix’ [34, 45]. The D region of nuclear
receptors, also known as the hinge region, serves as a rotational axis between the DBD
and the LBD. This poorly conserved region also contains the nuclear localization signal
for receptors, as well as corepressor interaction domains [34]. The most COOH-terminal
region (E/F) within nuclear receptors is the LBD. This multi-functional region is known to
facilitate ligand binding, homo- or heterodimerization, interaction with heat shock
proteins, nuclear localization, ligand-dependent transactivation, and transcriptional
repression [34, 46-48]. The results of sequence alignments of nuclear receptor LBDs
identified two highly conserved regions: a “signature motif” and the conserved liganddependent transactivation domain, termed AF-2, located near the COOH terminus [34,
49]. Structural analyses have determined that the ligand binding pocket, a three layered
anti-parallel sandwich, is formed by 12 conserved α-helices numbered H1 through H12
and a conserved β-turn between H5 and H6 [34, 50-52]. The size of pocket can also
vary [53]. Within this structure is a hydrophobic central core cavity, the ligand binding
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pocket, created by three helices packed between the two additional layers [34, 51].
Ligand-bound receptors are known to be more compact than an unliganded counterpart,
which suggests that a conformational change occurs upon ligand binding. The “mouse
trap” model of receptor action suggests that the ligand bound AF-2 domain folds to close
the binding pocket and exposes a functional interface for coactivator recruitment [51,
54]. Extending beyond the LDB is the COOH-terminal F domain. Notably, not all nuclear
receptors possess this domain, which does not have a known function [34].

1.1.3 Nuclear receptor classifications
The application of reverse endocrinology methods largely expanded the number
of identified nuclear receptors, and these receptors were found to be metazoan-specific
[55]. These receptors were defined as members of the NHR superfamily, and more than
one hundred distinct proteins fall within this family [56]. These include the 47, 48, and 49
receptors characterized in rats, humans, and mice, respectively [56, 57]. The results of
phylogenetic analyses have indicated that nuclear receptors diverged to six distinct
subfamilies. These classifications are based upon the ability of NHRs to bind DNA as
homo- or heterodimers [58]. The described subfamilies became the basis for the nuclear
receptor unified nomenclature system that was devised in 1999 [58]. The nomenclature
was based upon the cytochrome P450 naming system (Table 1.1) [59]. The first and
largest subfamily (NR1) is the thyroid hormone receptor-like family. Receptors within this
subfamily include the TRs, the RARs, the peroxisome proliferator-activated receptors
(PPARs), the Rev-erbs, the retinoid-related orphan receptors (RORs), the liver X
receptors (LXRs), the farnesoid X receptors (FXRs), the vitamin D receptor (VDR), the
pregnane X receptor (PXR), and the constitutive androstane receptor (CAR). The
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second subfamily, known as the retinoid X receptor-like subfamily, includes the
hepatocyte nuclear factor 4 receptors (HNF4s), the RXRs, the testicular receptors (TRs),
and the chicken ovalbumin upstream promoter transcription factors (COUP-TFs). The
third subfamily is the ER-like subfamily, and its constituents include the ERs, the
estrogen-related receptors (ERRs), the GRs, the mineralocorticoid receptor (MR), the
progesterone receptor (PR), and the androgen receptors (AR). The fourth subfamily is
known as the nerve growth factor IB-like subfamily, and the steroidogenic factor-like
receptors comprise the fifth subfamily. The sixth subfamily contains the germ cell nuclear
factor-like receptors. There is group of nuclear receptors that contain only one of the two
conserved domains, and these receptors were assigned to the miscellaneous subfamily
0. To date, several isoforms and endogenous ligands have been identified for many
NHRs (Table 1.1).
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Table 1.1: Classification and nomenclature of mammalian nuclear hormone receptors
Class

Common Name

Receptor

Isoforms

Ligands

Reference

NR1A

Thyroid hormone receptor

TR

α, β

Thyroid hormone

[60]

NR1B

Retinoic acid receptor

RAR

α, β, γ

Retinoic acid

[14]

PPAR

α, β, γ

NR1C

Peroxisome proliferator-activated
receptor

Fatty acids,
fibrates, TZDs

[61]

NR1D

Reverse ErbA

RevErb

α, β

Unknown

[34]

NR1F

Retinoid-related orphan receptor

ROR

α, β, γ

Unknown

[62]

NR1H3

Liver X receptor

LXR

α, β

Oxysterols

[63]

NR1H4

Farnesoid X receptor

FXR

Bile acids

[64]

NR1I1

Vitamin D receptor

VDR

Vitamin D3

[65]

NR1I2

Pregnane X receptor

PXR

NR1I3,4

Constitutive androstane receptor

CAR/MB67

α, β

Androstanes

[67]

NR2A

Hepatocyte nuclear factor 4

HNF4

α, β, γ, δ

Unknown

[68]

NR2B

Retinoid X receptor

RXR

α, β, γ

Retinoids

[19]

NR2C

Testicular receptor

TR

1-11

Unknown

[69]

COUP-TF

α, β, γ

Unknown

[70]

NR2F

Chicken ovalbumin upstream promoter
transcription factor

Pregnanes, C21
steroids

[66]

NR3A

Estrogen receptor

ER

α, β

Estrodiol

[71]

NR3B

Estrogen-related receptor

ERR

α, β, γ

Unknown

[34]

NR3C1

Glucocorticoid receptor

GR

Glucocorticoids

[72]

NR3C2

Mineralocorticoid receptor

MR

Mineralocorticoids

[34]

NR3C3

Progesterone receptor

PR

Progestins

[73]

NR3C4

Androgen receptor

AR

Androgens

[74]

NR4A

NGF-induced clone B

NGFI-B

α, β, γ

Unknown

[34]

Steroidogenic factor 1/Fushi Tarazu

SF-1/FTZ-

factor 1

F1

α, β

Unknown

[75]

Germ cell nuclear factor

GCNF

Unknown

[76]

DAX/SHP

Unknown

[34]

NR5
NR6
NR0B

Dosage-sensitive sex reversal/ small
heterodimeric partner
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1.1.4 Nuclear receptor ligands
The scope of hormones serving as NHR transcriptional activators has expanded
as novel endogenous ligands have been identified. NHR ligands are generally small,
hydrophobic, and lipid soluble, and these include metabolic products, endocrine
molecules, and modified lipids (Reviewed in [77]). The specificity of ligands for receptor
is determined by the shape, volume, and residue interactions of the ligand-binding
pocket. Endogenous ligands are still unknown for many nuclear receptors (Table 1.1).
There is strong pharmaceutical interest in identifying and characterizing the therapeutic
potential of ligand activated nuclear receptors due to the ability of these receptors to
modulate lipid and glucose homeostasis. The term “ligand” generally defines any
molecule that binds to a receptor. Several classes of ligands exist, including pure
agonists, pure antagonists, inverse agonists, and partial agonists-antagonists. Generally,
pure agonists lock the receptor in an active conformation and facilitate coactivator
recruitment via the “mouse trap” (Reviewed in [77]). In contrast, pure antagonists
prevent the formation of active receptor structure (Reviewed in [77]). Inverse agonists
were postulated as ligands that could inhibit basal transcription through increased
corepressor recruitment [78, 79]. Synthetic retinoids for RARs were the first identified
molecules possessing this function [78, 79]. Inverse agonists act similarly to antagonists
by blocking the structural changes that facilitate corepressor release and coactivator
recruitment. While ER has low corepressor affinity in the absence of exogenous ligands,
some ER-specific antagonists have been shown to enhance corepressor interactions
[80-83]. The PPARα antagonist GW6471 also causes a unique receptor conformation
resulting in high corepressor affinity [48]. Partial agonists-antagonists are another poorly
understood classification of nuclear receptor ligands. The function of these ligands is
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often context-specific, as is the case with the PPARγ ligand GW0072. This molecule
binds a novel region within the ligand pocket and serves as an agonist or antagonist [8486]. Selective nuclear receptor modulators (SNuRMs), a type of partial agonistantagonist, exert mixed ligand properties associated with tissue-specific differential
recruitment of coactivators and corepressor [87-89]. Tamoxifen was the first identified
SNuRM because of its estrogen-like activity in the uterus and an anti-estrogen effect in
the breast (Reviewed in [90]). SNuRMs have been identified for several nuclear
receptors systems (Reviewed in [90]), and the future application of these ligands as
therapeutic agents highlights the importance in delineating the context-specific cues that
mediate agonistic or antagonistic ligand effects.

1.1.5 Nuclear receptor coregulators
NHR signaling predicates on a multi-step process that includes ligand binding,
the dissociation of corepressors, the recruitment of coactivators to modulate chromatin
structure, and the formation of the pre-initiation transcriptional complex. A large number
of proteins contribute to coregulation of NHR signaling, and these factors were shown to
biochemically modify histones, remodel chromatin structure, or serve as bridging
proteins. There is also documented evidence that ligand-activated NHRs directly interact
with the transcription initiation complex [38, 91-97]. However, these interactions typically
require further coactivator recruitment or enzymatic activity to exert full regulatory
effects. The prevailing model is that, in the absence of exogenous ligands, receptors are
DNA-bound at response elements in association with the corepressors nuclear receptor
corepressor (NCoR) and silencing mediator for retinoid and thyroid hormone receptors
(SMRT) [98-102]. This interaction occurs within a region of the LBD termed the
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corepressor nuclear receptor (CoRNR) box [34, 103, 104]. Although NCoR and SMRT
do not possess intrinsic enzymatic activity, these proteins recruit HDACs to modify
histones and condense chromatin structure [77]. Upon ligand binding, nuclear receptors
undergo a conformational change that alters the corepressor interface, thus causing
corepressor dissociation [54]. The closure of the “mouse trap” caused by ligand binding
creates a new interface for coregulator interactions that includes ligand-dependent
coactivators and corepressors (Reviewed in [105]). Coactivators represent the majority
of identified nuclear receptor coregulators (Reviewed in [106]). However, the
identification and characterization of receptor interacting protein 140 (RIP140) and
ligand-dependent corepressor (LCoR) as ligand-dependent corepressors have sparked
interested in repressive nuclear receptor transcriptional regulation [107-112]. The
discovery of steroid receptor-coactivator-1 (SRC-1) as the first NHR coactivator ushered
in a new era to delineate receptor transcriptional regulation and to identify novel
regulatory proteins [113, 114]. This coactivator possesses intrinsic enzymatic activities to
biochemically modify histones and subsequently modulate higher order chromatin
structure [114]. In addition to the originally identified acetyltransferase activity of SRC-1
[114], coactivators can also directly modulate transcription through histone methylation,
phosphorylation, and ubiquitination (Reviewed in [115]). The proposed “histone code”
model was devised to predict the cumulative regulatory effects of histone modifications
(Reviewed in [116]). While studies are beginning to dissect the step-wise progression of
histone modifications in transcriptional regulation, the overall knowledge of the histone
code has remained limited. In addition to coactivators and corepressors, gene regulation
is also modulated through adenosine triphosphate (ATP)-dependent reorganization of
chromatin structure. The reorganization occurs via the SWItch/Sugar Nonfermentable
(SWI/SNF) family. This coregulator family was originally identified in S. cerevisiae [117],
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and highly conserved eukaryotic homologues were subsequently identified and
characterized [117-121]. Presumably, ligand-activated NHRs utilize SWI/SNF factors to
“loosen” the promoter chromatin structure and promote recruitment of the transcription
initiation complex. Therefore, it is not surprising that several NHRs employ SWI/SNF
factors in ligand-dependent transcriptional regulation [122-127]. A third class of
coregulators, termed “cointegrators”, aid in ligand-dependent NHR transcriptional
regulation. These cointegrators include cAMP-response element-binding protein
(CREB)-binding protein (CBP) and p300. These factors can serve as protein “bridges”
between nuclear receptors [128-130], coactivators [128, 131, 132], and the transcription
initiation complex [133-135].

The orchestrated recruitment of coactivators, corepressors, cointegrators, and
chromatin remodeling complexes by nuclear receptors facilitates ordered responses to
biological stimuli at the transcriptional level. Most coregulators interact with multiple NHR
signaling systems, and cross-talk between receptors may also play an important role in
responding to endogenous and synthetic ligands. Additionally, coregulators can undergo
PTMs, and this adds another level of complexity to the function of NHR coregulators
(Reviewed in [106]).

1.2 Peroxisome proliferator-activated receptors

1.2.1 Overview of PPARs
The historical basis of PPAR biological function began with the description of the
peroxisome, a single membrane-bound organelle originally identified in the liver and
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kidney [136]. Crucial lipid metabolic enzymes reside within the peroxisome, and these
enzymes are involved in fatty acid oxidation, β-oxidation, and cholesterol synthesis
[137]. Throughout the 1960’s and 1970’s, several research groups observed that the
hypolipidemic drug clofibrate caused hepatomegaly with a significant increase in the size
and number of hepatic peroxisomes in rodents [138-141]. Compounds exhibiting similar
hepatic biological effects became known as “peroxisome proliferators”, and this diverse
class of chemicals includes hypolipidemic drugs, herbicides, and industrial plasticizers
[142-147]. Peroxisome proliferators, in addition to increasing rodent peroxisome number,
cause enhanced hydrogen peroxide (H2O2) production via increased peroxisomal fatty
acid β-oxidation. The resulting increase in H2O2 can produce oxidative stress, DNA
damage, and initiation of tumorigenesis. This mechanism of indirect DNA damage, via
oxidative stress, typifies peroxisome proliferators as non-genotoxic carcinogens.
Throughout the 1970’s and 1980’s, the biochemical mechanism by which peroxisome
proliferators exerted biological effects remained elusive. However, the results from
several studies suggested the existence of a ligand-binding protein [148, 149]. The
knowledge that peroxisome proliferators modulate gene transcription led to the
hypothesis that these compounds worked in a similar fashion as steroid hormones and
the steroid hormone receptors [150-152]. A breakthrough in peroxisome proliferator
signaling occurred in 1990 when Isabelle Issemann and Stephen Green cloned and
characterized PPAR as the receptor mediating these ligand-dependent biological effects
[61].

Knowledge of PPARs leapt forward in 1992 with the cloning of three Xenopus
PPARs [153]. PPAR isoforms have been identified in several organisms [153-157], and
all PPAR isoforms, termed α, β/δ, and γ, are now known as members of the NHR
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superfamily of ligand-activated transcription factors [153-157]. The three distinct PPARs
are classified as PPARα, PPARβ (also known as PPARδ, NUC1, FAAR, and further
referred to as PPARβ/δ), and PPARγ. The distinguishing features separating the PPARs
are the ligands, tissue distribution, and biological effects of ligand activation (Table 1.2).
To date, the knowledge of PPARα and PPARγ biological functions far outweighs the
knowledge of PPARβ/δ function. The following sections will provide in-depth information
of the distinct functions of the PPAR isoforms.
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Table 1.2: A summary of the ligands, tissue distribution, and physiological roles of the PPAR
isoforms
PPARα
Fatty acids,
Hypolipidemic drugs
Ligands

(fibrates),
Plasticizers (Reviewed in
[147])

Liver,
Tissue
distribution

Heart,
Kidney,
Adipose tissue
[161, 162]

Physiological
role

PPARγ

PPARβ/δ

Polyunsaturated fatty acids,

Fatty acids,

Thiazolidinediones,

L-165041 [158],

Eicosanoids (Reviewed in

GW0742 [159],

[147])

GW501516 [160]

Adipose tissue,
Heart,

Ubiquitous,

Colon,

Highly expressed in

Intestines,

keratinocytes, liver, brain,

Immune system

intestines [161-163]

[161, 162]

Fatty acid catabolism,

Adipose differentiation,

Fatty acid catabolism,

Lipid homeostasis,

Glucose homeostasis,

Epidermal differentiation,

Rodent

Macrophage/immune

Colon/skin carcinogenesis

hepatocarcinogenesis

response

(Reviewed in [164])

Ligand binding of PPARs induces a conformational change that allows the
release of corepressors, the binding to the obligate heterodimerization partner RXRα,
and the recruitment of coactivators [18] (Figure 1.3). DNA-binding is mediated through a
direct repeat 1 (DR1) sequence of AGGTCAnAGGTCA, termed a peroxisome
proliferator response element (PPRE), located within the promoter region or introns of
target genes [165]. Cis elements surrounding the PPRE can also influence the selectivity
and relative strength of the response element [166]. The recruitment of coactivators by
PPARs leads to histone modifications that “loosen” the DNA/chromatin interaction and
facilitates the assembly of transcription initiation complex (Figure 1.3). Several different
classes of coactivators are known to interact with PPARs, including p300/CBP [167],
SRC-1 [168, 169], and RIP140 [170]. In the absence of exogenous ligands, PPARs bind
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copresssors, such as NCoR and SMRT, to cause histone deacetylation and closure of
the chromatin structure. These protein associations repress basal transcriptional activity.
Notably, PPARβ/δ possesses a strong interaction with HDACs and repression of
transcriptional activity [171-173] (Figure 1.3). In addition to DNA-dependent
transcriptional regulation, PPARs have also been shown to antagonize other
transcription factors through a mechanism termed “transrepression” (Figure 1.3). One
such transrepressive mechanism is physical interaction with transcription factors. PPARs
have been shown to competitively bind with nuclear factor κB (NFκB) and activator
protein-1 (AP-1) subunits to modulate inflammatory responses [174-179]. Additionally,
PPAR transrepression results in altered basal and activated kinase signaling [180-182].

19

Figure 1.3: Mechanisms of PPAR transcriptional regulation. (A) The classic mechanism
of PPAR transcriptional regulation is initiated by ligand binding. A conformational change
in the receptor facilitates release of copressors, heterodimerization with RXRα, DNA
binding, and recruitment of coactivators. The heterodimer complex binds to PPREs in
target gene promoters. This leads to chromatin remodeling and recruitment of the
transcriptional initiation complex. The increased production of target gene mRNA directly
leads to increased target gene protein and a biological effect. (B) The PPAR/corepressor
complex has been shown to bind target gene promoters in the absence of exogenous
ligands and inhibits target gene mRNA production. Ligand activation of PPARs can
reverse transcriptional repression. (C) PPARs can modulate transcription by DNAindependent mechanisms through directly interacting and competitively binding with
other transcription factors.

1.2.2 General properties of PPARα
The initial breakthrough in understanding the molecular events of peroxisome
proliferation occurred when Pparα was cloned from murine liver by Issemann and Green
[61]. This isoform has since been cloned from multiple organisms, including Xenopus
[153], rat [183], rabbit [184], fish [185, 186], and human [187]. Mouse and human
PPARα have an 85% sequence similarity and 91% amino acid similarity [188].
Comparisons of the human PPAR isoforms have indicated a high conservation of the
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DBD (83-86%) and moderate conservation within the LBD (68-70%) [188]. PPARα is
highly expressed in tissues of high metabolic and energy capacity, including the liver,
kidney, heart, brown adipose tissue, and skeletal muscle [162, 189, 190]. Additionally,
PPARα has functional effects in monocytes [191], vascular endothelial cells [192], and
smooth muscle cells [178].

The ligands for PPARα encompass classes of structurally diverse compounds,
including the originally classified peroxisome proliferators (Figure 1.4). Natural activators
of PPARα include fatty acids, such as linoleic, palmitic, and arachidonic acids. These
natural ligands activate PPARα with relatively lower affinity (micromolar range) [183,
193]. Derivatives of fatty acids have also been proposed to activate PPARα, and the
hydroxyeicosatetraenoic acid (HETE) lipoxygenase metabolite 8(S)-HETE has been
identified as a high affinity PPARα ligand [194]. Arachidonic acid metabolites, including
leukotrienes and prostaglandins (PGs), have been shown to modulate inflammatory
responses by serving as PPARα ligands [174, 195]. Phosphocholine [196] and
ethanolamide [197] derivatives have also been described as physiologically relevant
endogenous ligands. Synthetic PPARα ligands are also widely studied and include
phthalate monoesters, herbicides, and the fibrate class of hypolipidemic drugs. Some
pertinent examples of fibrates include clofibrate, fenofibrate, bezafibrate, and Wy-14,643
(Reviewed in [187]).
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Figure 1.4: Structures of representative PPARα ligands. PPARα ligands encompass a
variety of structurally similar chemicals. Natural ligands include fatty acids and fatty acid
derivatives. Synthetic ligands include phthalate monoesters, herbicides, and the fibrate
class of hypolipidemic drugs.
The promise of PPARα ligands to treat dyslipidemia was challenged when
hypolipidemic drugs were shown to induce hepatic peroxisome proliferation,
hepatomegaly, and liver cancer in rodent models [198, 199]. Surprisingly, the
carcinogenic effect of PPARα ligands have not been observed in primates or humans
(Reviewed in [200, 201]). Additionally, long-term administration of two peroxisome
proliferators did not cause hepatocarcinogenesis in Syrian hamsters [202]. Several
hypotheses have been brought forth to explain why PPARα ligands cause cross-species
receptor activation, but rodent-specific hepatocarcinogenesis. First, species differences
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in receptor expression were proposed to mediate rodent carcinogenesis. Rodent hepatic
PPARα expression was found to be 10-fold higher than humans [203]. However, a
primary hepatocyte cell culture system has cast uncertainty onto species-specific
differences in receptor expression [204]. The results of RNA analyses found that human
samples expressed a truncated PPARα protein lacking exon 6 [203]. A larger study
further reported that 20-50% of human Pparα mRNA encodes this truncated protein that
is unable to bind a target gene response element [203]. The ligand affinity of human and
mouse PPARα was also examined in an in vitro transactivation assay. The ligand affinity
for mouse PPARα was found to be greater than the affinity for human receptor [200].
Therefore, the expression and functionality of PPARα may cause the species differences
in hepatocarcinogenesis. The genomic sequence of PPARα target gene promoters was
assessed for species differences. The human acyl CoA oxidase (ACO) promoter PPRE
was found to have several mutations that rendered ACO mRNA unresponsive to PPARα
ligand activation [205]. Thus, species differences in PPARα target gene nucleotide
sequence may also contribute to peroxisome proliferator-dependent enhancement of
rodent hepatocarcinogenesis. To address the species-specific differences in liver
tumorigenesis, the Pparα-null mouse [206] and the humanized PPARα mouse [207]
have been developed to delineate species differences in carcinogenesis. The results of
comprehensive studies indicated that PPARα ligands alter lipid metabolizing enzymes in
a species-independent manner. However, peroxisome proliferation, mitogenic activity,
and hepatocarcinogenesis are a rodent-specific effect of PPARα ligand activation [207,
208]. Recently, rodent-specific regulation of the microRNA (miRNA) let-7C was found to
alter the mRNA degradation of c-myc, a known proto-oncogene [209, 210]. While further
mechanistic studies are warranted to delineate species-specific differences, the use of
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the null and humanized PPARα mouse models are the best opportunity to clarify the role
of this nuclear receptor in hepatocarcinogenesis.

1.2.3 Physiological roles of PPARα
PPARα is a critical regulator of lipid metabolism by altering the transcription of
genes involved in fatty acid transport and metabolism. Indeed, fatty acid transport
protein (FATP) and fatty acid translocase (FAT) have been shown to be PPARα target
genes involved in the transportation of fatty acids across the cell membrane [211, 212].
Additionally, ligand activation of PPARα has been shown to directly regulate the
transcription of acetyl-CoA [213], ACO [153, 214], enoyl-CoA hydratase/dehydrogenase
multifunctional enzyme [215], liver fatty acid binding protein (L-FABP) [216, 217], and
keto-acyl-CoA thiolase [218]. Collectively, these enzymes all contribute to β-oxidation of
fatty acids. The mitochondrion is the primary site of fatty acid metabolism, and PPARα
directly regulates the transcription of carnitine palmitoyl transferase I (CPTI). This gene
is involved in the translocation of activated fatty acids to the inner membrane of the
mitochondrion [219]. PPARα has also been shown to regulate the cytochrome P450
(CYP) 4A subclass (CYP4A) of enzymes involved in hepatic fatty acid metabolism [220,
221]. The specificity of PPARα in regulating these processes has been confirmed
through use of the Pparα-null mice [206]. The absence of PPARα expression renders
hypolipidemic drug incapable of inducing mRNA transcription of β-oxidation genes [206].
The results generated from transcriptional studies and null-mouse models conclusively
indicate that PPARα regulates a battery of genes involved in fatty acid metabolism and
utilization.
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PPARα has also been implicated as a lipid sensor and modulator of cholesterol
and triglyceride profiles. Dysregulation of cholesterol and free lipid levels are known risk
factors for obesity, type 2 diabetes, and cardiovascular disease (Reviewed in [222]). The
lipid lowering effect of PPARα ligands is thought to be through increased high-density
lipoprotein (HDL) levels by direct regulation of apolipoprotein synthesis and secretion.
Ligand activation of PPARα has been shown to increase HDL levels [223, 224],
decrease very low-density lipoprotein (VLDL) levels [225], and decrease serum
triglycerides [223, 226-230]. ApoC-III is a major component of VLDL, and several studies
have indicated that PPARα ligands reduce apoC-III expression [225-227, 230-235].
Conversely, apoA-I, a component of HDL, has been shown to be upregulated by PPARα
ligands [223, 224, 230, 236]. Hydrolysis of lipoproteins by lipoprotein lipase (LPL) has
also been implicated in disease states, and several studies have observed a PPARαdependent regulation of LPL expression [225, 234, 235]. Fatty acid β-oxidation and lipid
sensoring also converge at several enzymes, including FABP and pyruvate
dehydrogenase kinase 4 (PDK4), and both these genes have been shown to be
regulated in a PPARα-dependent manner [227, 228, 237-239]. In addition to liganddependent regulation of lipid sensoring, PPARα polymorphisms have also been shown
to alter basal apolipoprotein and serum triglyceride levels. A valine to alanine
polymorphisms at amino acid 227 (V227A) in the PPARα protein sequence indicated
positive health prospects by lowered cholesterol and serum triglyceride levels [240].
Conversely, the PPARα L162V polymorphism caused negative health consequences by
increasing low-density lipoprotein (LDL), apoB, apoC-III, and triglyceride levels [241244]. HDL levels were also found to be decreased in populations possessing this
polymorphism [241, 245], thus L126V increases the risk for obesity, diabetes, and
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cardiovascular disease. The cumulative polymorphic and ligand activation studies
indicated that PPARα plays an important role in several disease states.

The expression of PPARα in vascular-associated cell types, including
macrophages [191], monocytes [191], endothelial cells [246], and vascular smooth
muscle cells (VSMC) [178], suggests that PPARα may alter the development of
atherosclerosis. Indeed, administration of PPARα ligands has been shown to reduce
atherosclerotic lesions in a PPARα-dependent manner [246-250]. Ligand activation of
PPARα reduced inflammation by decreasing monocyte-macrophage migration and
adhesion to endothelial cells [251, 252]. A primary mechanism of these antiinflammatory effects is PPARα-dependent reduction of vascular cell adhesion molecular1 (VCAM-1). PPARα has also been shown to cross-talk with several inflammatory
signaling pathways, including NFκB [247, 248, 251, 253-256] , AP-1 [254, 256, 257],
thioredoxin-1 [258], nitric oxide synthase [247], endothelin-1 [254, 259], angiotensin II
[260]. PPARα ligands also reduced interleukin-6 (IL-6) [178, 254] , monocyte
chemoattractant protein-1 (MCP-1) [256], cylcooxygenase-2 (COX2) [178, 256], and proinflammatory cytokine [261] mRNA induction in smooth muscle cells, T cells, and
macrophage. Macrophage lipid accumulation also contributes to atherosclerosis, and
PPARα directly regulated expression of the cholesterol efflux pump ATP binding
cassette transporter A1 (ABCA1) [191, 248, 262]. Cumulatively, these studies indicate
several possible PPARα-dependent mechanisms exist to modulate vascular cell
inflammation and plaque formation in the treatment and prevention of atherosclerosis.

As well as the anti-inflammatory effects in the vasculature system, PPARα also
modulates inflammation in other organ systems. This effect was first observed in
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comparative inflammation studies using wild-type and Pparα-null mice. Treatment with
arachidonic acid or its primary metabolite, leukotriene B4 (LTB4), manifested prolonged
inflammation in Pparα-null mice as compared to wild-type controls. The modulated
inflammatory response was shown to be specific, as phorbol ester-dependent
inflammation did not cause a genotype-specific differential inflammation [174]. Further
investigations observed that LTB4 is a PPARα ligand and mediates anti-inflammatory
effects by LTB4 catabolism [174]. The neutrophil chemoattractant 8S-HETE [194], the
immunomodulator DHEA-S [263], 17-beta-estradiol (E2) [264], and modified
epoxyeicosatrienoic acids [265, 266] can also been described as anti-inflammatory
PPARα ligands. Additionally, ligand activation of PPARα inhibits NFκB signaling [247,
248, 251, 253-256], inhibits AP-1 signaling [254, 256, 257], reduced IL-6 mRNA
production and plasma section [178, 254], and induced nuclear factor of kappa light
polypeptide gene enhancer in B-cells inhibitor α (IκBα) transcription [255]. These facts all
demonstrate that ligand activation of PPARα can reduce inflammation by multiple
mechanisms.

PPARα has also been implicated in the progression of several cancers. In
addition to causing rodent hepatocarcinogenesis [267], PPARα has also been implicated
in the development of pancreatic carcinoma [267] and Leydig adenomas [268]. The
dependence of PPARα in carcinogenesis has been investigated with Pparα-null mice
[206]. Peroxisome proliferators have been shown to cause hepatocarcinogenesis [198]
that is not seen in similarly treated Pparα-null mice [199, 269]. Several hypotheses have
been have been proposed to explain the carcinogenic effect of PPARα ligands. One
proposed mechanism has basis in PPARα-dependent lipid metabolism. A byproduct of
β-oxidation is reactive oxygen species, including H2O2, which can cause oxidative stress
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and DNA damage [270-273]. Ligand activation of PPARα has also been shown to
promote hepatocyte proliferation [199, 274-276] and decrease apoptosis [277-279] by
several mechanisms, and the regulation of these functions directly alters carcinogenesis.
Ligand activation of PPARα has been shown to modulate the expression of growth
factors, oncogenes, and cell cycle control proteins. This list includes cyclin-dependent
kinase 1 (CDK-1) [276, 280, 281], CDK-2 [276, 281], CDK-4 [276, 281], c-myc [276, 282284], c-fos [282, 285], c-jun [285], c-Ha-Ras [282], proliferating cell nuclear antigen
(PCNA) [276, 280, 281], early growth response factor-1 (EGR-1) [286], p53 [280], and
p21 [280]. The PPARα-dependent regulation of many proliferative genes has been
validated using the Pparα-null mouse model [199, 276]. PPARα has also been shown to
regulate B-cell lymphoma-2 (Bcl-2) and Bak expression to suppress liver apoptosis [277279]. The modulation of apoptosis by peroxisome proliferators and PPARα has been
attributed to tumor necrosis factor α (TNFα) expression and oxidant production in liver
kupffer cells that caused activation of hepatocytes [287-289]. Conflicting evidence
suggests that kupffer cells express PPARα and activate hepatocytes [290]. Clearly more
studies are needed to delineate what, if any, role PPARα plays in kupffer cells and
peroxisome proliferation in the liver.

It is widely accepted that ligand activation of PPARα caused rodent-specific
hepatocarcinogenesis [199, 200, 291]. Humanized PPARα mouse models have provided
another method to examine why hepatocarcinogenesis by peroxisome proliferators is
specific to rodents. Initial characterization of the humanized model indicated that
PPARα-dependent regulation of β-oxidation is intact in both human and rodent models.
However, the regulation of cell cycle regulatory genes is only observed in rodents [207,
208]. Rodent-specific regulation of miRNAs may contribute to PPARα-dependent
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regulation of c-myc regulation and liver tumorigenesis [209, 210]. The lack of defined
mechanisms highlights the need for further species-specific studies to delineate the
safety of PPARα ligands.

In summary, there is clear evidence that PPARα plays critical roles in many
physiological relevant pathways and disease states. The role of PPARα in β-oxidation
and lipid sensoring has implications in atherosclerosis and dyslipidemia, which are early
markers for diabetes and coronary artery disease. The utilization of PPARα ligands for
the treatment and prevention of metabolic disorders and atherosclerosis has strong
potential. However, PPARα-dependent rodent hepatocarcinogenesis has hindered the
advancement of PPARα ligand therapies. Recent results from human and humanized
mouse model systems have revealed the absence of human tumorigenic effects. Further
investigations using PPARα-humanized models and ligands are necessary to delineate
the species-specific differences in tumorigenesis. The role of PPARα in β-oxidation, lipid
sensoring, and inflammation demonstrates how PPARα ligands could be used to prevent
or treat many diseases (Figure 1.5).

29

Figure 1.5: PPARα-dependent physiological functions. Ligand activation of PPARα
enacts numerous downstream effects. Ligand activation of PPARα leads to speciesindependent transcriptional regulation of genes involved in fatty acid catabolism in a
variety of tissues. PPARα acts as a lipid sensor by responding to fatty acid ligands and
directly lowering triglyceride levels while increasing HDL levels. These effects clearly
implicate PPARα in metabolic syndromes and atherosclerosis. In macrophage, PPARα
negatively regulates the transcription of specific cytokines through DNA-dependent and independent mechanisms, which serves to inhibit inflammation. Activation of PPARα has
been shown to cause rodent hepatocarcinogenesis that is not observed in human
models. The rodent-specific carcinogenic effect of PPARα is caused by increased
expression of cell cycle control genes and non-genotoxic DNA damage by reactive
oxygen species. Furthermore, decreases in apoptosis and regulation of c-myc by miRNA
have been demonstrated to be rodent-specific mechanisms of hepatocarcinogenesis
that are not observed in human models.
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1.2.4 General properties of PPARγ
The basis and cloning of PPARγ originally focused on a novel regulator of the
adipocyte fatty acid binding protein (aP2) gene. The protein that bound to the aP2
promoter region was termed ARF6 [292]. This protein was later shown to be a member
of the PPAR nuclear receptor superfamily and termed PPARγ [293]. This PPAR isoform
has since been cloned in Xenopus, human, and mouse [153-155, 294, 295]. A 99%
homology was found between human and mouse PPARγ, and this high conservation
suggests that critical biological functions are shared in both species [188]. The human
PPARγ coding sequence also contains three distinct splice variants, termed PPARγ1,
PPARγ2, and PPARγ3 [296]. While PPARγ1 and PPARγ3 encode the same eight exon
protein, the PPARγ1 transcript is transcribed from a further downstream promoter than
PPARγ3 [296]. The PPARγ2 protein, containing only 7 exons, is transcribed from a third
promoter that adds twenty-eight amino acids to the N-terminus [297]. In addition to
PPARγ having distinct tissue distribution, the PPARγ subtypes are also expressed in a
tissue-specific manner. PPARγ1 is known to be broadly expressed, while PPARγ2 is
expressed mostly in adipose tissue [296]. PPARγ3 is mostly expressed in adipose
tissue, macrophage, and colon epithelium [298, 299].

Much like PPARα, PPARγ is activated by a vast number of synthetic and natural
ligands (Figure 1.6). Polyunsaturated fatty acids (PUFAs), including linoleic, arachidonic,
and eicosapentanoic acid, display preferential binding to PPARγ [300, 301]. 9- and 13hydroxyoctadienoic acid (9-HODE and 13-HODE) and hexadecyl azelaoyl
phosphatidylcholine (azPC), components of oxidized low-density lipoproteins (oxLDL),
have also been shown to activate PPARγ [302, 303]. Arachidonic acid and PG
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derivatives have also been shown to act as weak PPARγ ligands, including 15-deoxy
PGJ2 and 12-HETE [302]. PG-H1 and PG-H2 have also been shown to be less potent
PPARγ ligands [304]. The anti-diabetic thiazolidinediones (TZDs) were long used for
therapeutic purposes before they were identified as PPARγ agonists. TZDs had been
shown to induce adipocyte differentiation through activation of aP2 [305, 306], and the
identification of PPARγ binding sites in the aP2 promoter validated TZDs as potent
PPARγ ligands [307]. To date, several TZDs, including troglitazone, rosiglitazone, and
ciglitazone, have been described as PPARγ ligands [308-310]. The therapeutic effects of
TZDs include lowered plasma glucose levels and insulin sensitization in animal and
human models of type 2 diabetes [311, 312]. Several nonsteriodal anti-inflammatory
drugs (NSAIDs) have also been reported to be synthetic PPARγ ligands [313].
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Figure 1.6: Structures of representative PPARγ ligands. PPARγ ligands encompass a
variety of structurally similar chemicals. Natural ligands include fatty acids and fatty acid
derivatives. Synthetic ligands include the TZD class of anti-diabetic drugs.
Since the discovery of TZDs as PPARγ ligands, considerable interest has been
placed on elucidating the physiological effects of PPARγ ligands. In the following
sections, there is a discussion of how synthetic and natural PPARγ ligands modulate
physiological functions in humans and rodents.

1.2.5 Physiological roles of PPARγ
The most widely studied PPAR isoforms is PPARγ, and this is mostly attributed
to the physiological functions of documented ligands. In general, PPARγ is highly

33
expressed in the adipose, macrophages, and colon [296-299]. Lower, but detectable,
expression of PPARγ has also been reported in the heart, small intestines, kidney,
pancreas, spleen, and skeletal muscle [307, 314, 315]. The results of preliminary
functional studies in adipocytes indicated that ligand activation of PPARγ is sufficient to
initiate adipocyte differentiation via expression of aP2 [307, 315]. PPARγ has since been
shown to regulate the expression of lipid metabolism and lipid uptake genes in
adipocytes, including phosphoenolpyruvate carboxykinase (PEPCK) [316], acyl-CoA
synthase [213], LPL [317], FATP [211], and CD36 [318]. Surprisingly, PPARγ-null mice
are lethal at two developmental stages, which highlights the importance of PPARγ
biological functions [319]. Heterozygous PPARγ mice were found to be viable, and these
mice had reduced adipose stores. [319-321]. PPARγ-dependent adipogenesis was
further recognized when a dominant negative PPARγ mutant inhibited adipocyte
differentiation in the 3T3-L1 cell line [322, 323]. The results of these collective studies
indicate a critical role of PPARγ in adipocyte biology.

The pharmacological interest in the TZDs stemmed from the utilization of these
drugs to treat type 2 diabetes. It has been well characterized that TZDs, through
activation of PPARγ, increased insulin sensitivity, reduced plasma glucose, and reduced
insulin levels in animal and human models of hyperglycemia [311, 312, 324, 325].
Glucose metabolism is known to occur predominantly in the skeletal muscle. Therefore,
how does low expression of PPARγ in the muscle cause striking differences in plasma
glucose levels? Additionally, how does increased adipocyte differentiation by TZDs
cause beneficial health effects via PPARγ? To address these apparent conflicting
biological phenomena, several hypotheses have been put forth. First, PPARγ expression
is several orders of magnitude higher in adipocytes, but PPARγ protein is still likely
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functional in skeletal muscle and liver. The adipocyte-independent functions of TZDs
have been examined in adipose-deficient mice. Surprisingly, TZD altered insulin
resistance and glucose levels [326]. The results from mechanistic studies have indicated
that ligand activation of PPARγ increased mitochondrial uncoupling proteins 1-3 (UCP13) [327] and repressed leptin mRNA production [328, 329]. These effects resulted in
increased lipid metabolism and energy expenditure. Additionally, PPARγ has been
reported to regulate glucose transporter type 4 (GLUT4) in insulin-responsive tissues,
including muscle and fat, to regulate glucose homeostasis [330, 331]. Tissue-specific
transcriptional regulation of LPL and FATP-1 by PPARγ has also been shown to
contribute to blood glucose levels and diabetes [332]. LPL and FATP-1 were found to be
regulated by PPARγ in adipocytes, but this regulation was not observed in muscle tissue
[332]. Moreover, increased fatty acid hydrolysis and decreased muscle fatty acid uptake
have been shown to improve insulin sensitivity [333]. The relative size of the adipocyte
can also modulate insulin sensitivity, glucose uptake, and lipid metabolism [334]. Ligand
activation of PPARγ has been observed to increase the number of small adipocytes
produced [335, 336]. TZDs have also been shown to reduce muscle triglyceride levels in
rodent diabetic models, and several mechanisms may contribute to these effects [337].
The modulation of muscle triglyceride levels is likely mediated through scavenging by
PPARγ-dependent regulation of CD36, but TNFα levels have also been shown to be
reduced in a PPARγ ligand-dependent manner [335, 336, 338]. Insulin resistance has
been positively correlated to TNFα levels [338]. Therefore, PPARγ ligands may also
contribute to glucose and lipid homeostasis by modulation of inflammatory signaling.
Collectively, these results from a number of studies demonstrate that PPARγ plays a
multi-faceted role in preventing diabetes.
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PPARγ may also play a role in atherosclerosis. Initially, PPARγ was suggested to
be pro-atherosclerotic because of the high receptor expression in macrophage and foam
cells. Surprisingly, rosiglitazone reduced the formation of atherosclerotic lesions in mice
[339]. The contributing mechanism was shown to be through regulation of the nuclear
oxysterol receptor LXRα and cholesterol efflux in macrophage. LXRα has been reported
to regulate ABC family members and initiate cholesterol efflux in macrophage [340].
Combined, the increased cholesterol efflux and anti-inflammatory effects caused by
TZDs indicate that PPARγ ligands could be used in the prevention of atherosclerosis.

The reduction in TNFα signaling in response to PPARγ ligands strongly suggests
that this receptor modulates other inflammatory signaling pathways [338]. Subsequent
molecular studies have shown that PPARγ interacts with several factors in several
tissues to reduce inflammatory signaling. In addition to reduced TNFα signaling in
macrophages, PPARγ has additionally been shown to reduce inducible nitric oxide
synthase (iNOS), metalloproteinase 9 (MMP9), and scavenger receptor A expression.
[299]. PPARγ ligands reduced IL-6 and IL-1β expression in monocytes, a direct
precursor to macrophages [341]. Endothelial cells also exhibited PPARγ-dependent antiinflammatory effects by reducing interferon-induced protein 10 (IP-10), interferoninducible T-cell α chemoattractant, and endothelin-1 [254, 342]. PPARγ also been shown
to interfere with AP-1 signaling [343], as well as interfere with NFκB signaling by
competitive binding to the p50 and p65 subunits [344]. Collectively, PPARγ can reduce
inflammatory responses by cross-talk with several signaling pathways.

The coupled anti-inflammatory effects of TZDs and ligand-dependent adipocyte
differentiation suggest that ligand activation of PPARγ can modulate proliferation and
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tumorigenesis. A wide variety of evidence has shown that PPARγ inhibited human and
mouse cancer cell line proliferation. These anti-proliferative effects have been observed
in several tissue and cell types, including lung [345], prostate [346, 347], colon [348352], endothelial [353], liver [354], myeloma [355], bronchial epithelium [356], stomach
[357], pancreas [358], breast [359], melanoma [360-363], smooth muscle [364], ovarian
[365], neuroblastoma [366], leukemia [367], and thyroid [368]. Additionally, ligand
activation of PPARγ was shown to trigger cell cycle arrest in malignantly transformed
adipogenic HIB-1B cells [369] and primary liposarcoma cells [370]. PPARγ ligands also
reduced tumor growth or differentiation state in several rodent models of mammary
carcinogenesis [371-373]. While most cell line data suggests that PPARγ is an antiproliferative transcriptional regulator, the role of this nuclear receptor in colon
carcinogenesis has remained controversial. Several studies have shown that PPARγ
expression is elevated in human colon tumors and colon cancer cell lines [351, 374,
375]. The increased expression of PPARγ in colon cells has been attributed to
decreases in cell proliferation and morphological changes indicative of colon
differentiation [348-352]. PPARγ ligands also reduced tumor growth in colon xenografts
in nude mouse models [375]. However, two independent studies have shown that TZDs
increased colon polyp multiplicity in the adenomatous polyposis coli (APC) mouse colon
cancer model, termed Apc+/min [376-378]. Higher levels of β-catenin and increased colon
tumorigenesis were observed in Pparγ+/- mice as compared to wild-type mice in the
azoxymethane (AOM) chemically-induced model of colon carcinogenesis [379]. Ligand
activation of PPARγ also reduced the initiation and progression of colon carcinogenesis
in the AOM model [380, 381]. The 1,2-dimethylhydrazine dihydrochloride (DMH) model
of chemically-induced colon carcinogenesis similarly increased tumorigenesis in Pparγ+/mice [352]. Surprisingly, colon carcinogenesis was found to be independent of PPARγ

37
heterozygosity in APC models [379]. Collectively, these data do not clearly delineate if
PPARγ is pro- or anti-tumorigenic. The fact that PPARγ is an embryonic lethal
phenotype does not allow clear assessment of this receptor in tumorigenesis [319].
However, tissue-specific deletion of PPARγ did not alter cancer incidence in several
tissues [382]. The lack of a clear consensus suggests that further investigations and
novel model systems are needed to delineate the role of PPARγ in cancer initiation and
progression.

PPARγ polymorphisms have also been shown to correlate with biological
consequences. The interest of PPARγ polymorphisms in the alteration of biological
function has led to numerous investigations to find polymorphism-dependent
phenotypes. To date, eighteen PPARγ polymorphisms have been identified (Reviewed
in [383]), although there is not a clear consensus on how each polymorphism alters
receptor function. The two most common identified polymorphisms are the proline to
alanine (Pro12Ala) polymorphism and the silent histidine (His477His) polymorphism. The
Pro12Ala allele was shown to encode a receptor that is less responsive to ligands, thus
influencing type 2 diabetes and obesity. The consensus appears that the Ala-12 allele is
protective or non-effective against type 2 diabetes in normal populations. Surprisingly,
the Ala-12 allele was found to be deleterious in obese subjects (Reviewed in [383, 384]).
Insulin sensitivity was improved with the Ala-12 allele, although the effects of this
polymorphism on body mass index (BMI) remains inconclusive (Reviewed in [383-385]).
The silent His477His polymorphism, a cytosine to thymidine transition at nucleotide 1431
(C1431T) was observed to lower BMI levels for any given leptin level in obese subjects
(Reviewed in [384]). Additionally, the T-1431 allele reduced the risk of cardiovascular
disease; however, this polymorphism is considered a risk factor for polycystic ovarian
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syndrome (Reviewed in [384]). Collectively, the functions of PPARγ polymorphisms
remain largely undefined, but several studies have indicated that polymorphisms may
alter receptor function.

While PPARγ modulates several normal physiological functions, mutations in the
PPARγ gene may also alter tumorigenesis. Several research groups have examined
what contribution PPARγ mutations play in human tumors. Collectively, less than 10% of
cancers were found to possess PPARγ mutations (Reviewed in [386]). Thus, PPARγ
mutations did not appear to cause tumorigenesis. While the observed mutations may
contribute to carcinogenesis, it is unclear whether the mutation is causal or a secondary
effect of tumorigenesis. Thus, polymorphisms appear to be more relevant to
physiological function than mutations are to tumorigenesis.

In summary, a wealth of evidence suggests that PPARγ plays a critical role in
normal physiology (Figure 1.7). Ligand activation of PPARγ has been targeted in the
treatment of type 2 diabetes, atherosclerosis, and inflammatory disorders. Although a
clear role in tumorigenesis has not been established, the general consensus is that
PPARγ is protective against tumorigenesis. These facts support the use of PPARγ
ligands in clinical trials (Reviewed in [387-391]). The lack of a null-mouse model, due to
embryonic lethality, has made clarifying the role of this receptor difficult. However, recent
advances in transgenic and tissue-specific expression mouse models may soon allow
thorough dissection of PPARγ function in normal physiological function, disease states,
and tumorigenesis.
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Figure 1.7: PPARγ-dependent physiological functions. PPARγ has been shown to
regulate the gene transcription involved in various cellular processes. Ligands for
PPARγ have been utilized to prevent or treat various human diseases, including type 2
diabetes and atherosclerosis. PPARγ induced adipocyte differentiation and enhanced
global insulin sensitivity. Ligand activation of PPARγ dampened numerous inflammatory
pathways and activated lipid scavenging in macrophage. PPARγ has also been
examined in numerous cancer models, and the consensus is that PPARγ is antitumorigenic by decreased cell proliferation, increased differentiation, and increased
apoptosis.

1.2.6 General properties of PPARβ/δ
The identification of PPARβ/δ proved to be more difficult than other PPAR
isoforms, and this confusion resulted in a variety of names given to this receptor. This
isoform was named PPARβ when it was cloned from Xenopus in 1992 [153]. In
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subsequent cloning from a human osteosarcoma cDNA library, it was identified as NUCI
[157]. The murine isoform was then cloned from three independent laboratories and
given the names PPARδ, NUCI, and fatty acid activated receptor (FAAR) [155, 392,
393]. The current convention to be used when referring to this receptor is PPARβ/δ. The
human and mouse LBDs are 90% homologous and 72% homologous to the Xenopus
receptor [188, 394, 395]. PPARβ/δ is ubiquitously expressed in rat tissues [161, 162].
Human tissues have shown similar ubiquitous expression, with notably higher
expression in tissues involved in lipid metabolism, including the liver, intestine, kidney,
adipose, and skeletal muscle [189]. Other analyses of PPARβ/δ distribution observed
similar patterns of expression in tissues of high metabolism [155, 163, 394, 396]. Murine
PPARβ/δ expression is predominantly nuclear and co-immunoprecipitates with RXRα in
the absence of exogenous ligands [163]. Thus, PPARβ/δ may possess a constitutive
nuclear function in the presence of yet unidentified endogenous ligands.

PPARβ/δ, like the other PPAR isoforms, has been shown to be activated by a
diverse group of endogenous and synthetic ligands (Figure 1.8). Saturated and
unsaturated fatty acids are well known activators of PPARβ/δ, although the affinity for
these ligands is intermediate compared to PPARα and PPARγ [300]. PUFAs, including
linoleic acid, arachidonic acid, dihomo-γ-linoleic acid, and eicosapentanoic acid, have
also been shown to activate PPARβ/δ in the low micromolar range [155, 300, 397].
Arachidonic acid metabolites, including 15-HETE, have also recently been shown to bind
PPARβ/δ [398]. Additionally, palmitic acid and the metabolite 2-bromopalmitic acid have
also been demonstrated to serve as natural PPARβ/δ ligands [392]. Eicosanoids have
also been described as functional PPARβ/δ ligands, as PG A2, D1, and D2 have also
been observed to activate PPARβ/δ [194]. Carbaprostacyclin, a semi-synthetic PG
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analogue has been suggested to be a potent PPARβ/δ activator [397], although recent
investigations have challenged this observation [399]. Retinoic acid (RA) has recently
been described to bind PPARβ/δ and modulate tumorigenesis [400, 401]. In contrast,
two recent investigations have excluded RA as a PPARβ/δ activator [402, 403]. While
the search for potent endogenous ligands for PPARβ/δ has yielded intriguing
candidates, synthetic compounds have shown great promise for the pharmacological
activation of PPARβ/δ. The first synthetic ligand was designed by Merck in 1997, and
this compound, known as L-631033, demonstrated high selectivity for PPARβ/δ as
compared to the other PPARs [404]. Another ligand, L-165041, was subsequently
described and exhibited a 10-fold higher selectivity for human PPARβ/δ than other
PPARs [158]. A three component library screen of ureidofibrates also categorized
GW2433 as a dual activator of human PPARα and PPARβ/δ [405]. Recently, two highly
potent PPARβ/δ ligands, GW0742 and GW501516, have shown 1000-fold selectivity for
PPARβ/δ, with EC50s of 1.1 nM (human) and 20 nM (mouse) [159, 160]. Synthetic
propenoic acid derivatives have also been recently described as PPARβ/δ activators
[406]. Recently, three PPARβ/δ antagonists have been identified, although thorough
examination of these compounds is needed to define the specific and off-target effects of
receptor antagonism [407-410].
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Figure 1.8: Structures of representative PPARβ/δ ligands. PPARβ/δ ligands encompass
a variety of structurally similar chemicals. Natural ligands include fatty acids, fatty acid
derivatives, and eicosanoids. A number of high affinity synthetic ligands for PPARβ/δ
have recently been developed, including L-165041, GW501516, and GW0742.

1.2.7 Physiological role of PPARβ/δ
Among the PPAR isoforms, the functional role of PPARβ/δ is considerably less
well understood. The recent advent of high affinity synthetic agonists and null-mouse
models has propelled investigations into the biological functions of PPARβ/δ in multiple
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tissue types. Expression of PPARβ/δ has been detected in early embryogenesis [411]
and is ubiquitously distributed [162, 163]. Notably high, and predominantly nuclear,
expression of this receptor has also been observed in the liver, keratinocytes, and
intestine [162, 163]. Three independent Pparβ/δ-null mouse models have been
characterized (Table 1.3). The first Pparβ/δ-null mouse, termed the Peters model, was
created in 2000 by targeting a neomycin-resistance cassette to the LBD in C57Bl/6 mice
[412]. The absence of PPARβ/δ resulted in reduced litter size, reduced body weight and
fat deposits, increased epidermal hyperplasia in response to phorbol esters, and
decreased sensitivity to NSAIDs [412]. In 2002, a Pparβ/δ-null mouse, termed the Barak
model, was created by targeted deletion of the DBD using the Cre recombinase/loxP
system. Using this model, full and conditional null mouse lines were created [413].
Pparβ/δ-null mice were mostly embryonic lethal due to placento-decidual contacting
loosening, but the surviving pups were found to have reduced adipose stores [413]. A
third Pparβ/δ-null mouse, termed the Nadra model, was created by neomycin-resistance
targeted replacement of the PPARβ/δ DBD [414]. These mice had high embryonic
lethality due to alterations in trophoblast giant cells [414]. The Nadra PPARβ/δ-null
model also exhibited a hyperplastic epidermal response to phorbol esters [414], much
like the Peters model [412]. Collectively, observations from all three mouse models
indicate a role for PPARβ/δ in lipid metabolism by reduced adipose stores or lipid droplet
formation [412-414]. The discrepancy between the models appears to be in the
embryonic lethality of Pparβ/δ-null mice. Two of the three null models resulted in
embryonic lethality [413, 414], while the Peters model had normal Mendelian
distributions [412]. Several possibilities may explain the differences in lethality. First, the
Peters mouse model was created by LBD disruption, as compared to the targeted
deletion models. It is thus possible that the Peters model expresses a ligand-binding
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mutant receptor that still possesses DNA-binding ability. However, protein expression of
PPARβ/δ was not detected in this mouse model [412]. Furthermore, the Peters model
was created in the C57Bl/6 mouse background and is a congenic mouse strain.
However, the other models were created on mixed genetic backgrounds. It has been
well established that mixed genetic backgrounds cause significantly different phenotypes
[415-417], and this observation seems to be a likely explanation for the embryonic
lethality observed in other Pparβ/δ-null mouse models [413, 414]. Collectively, results
from null mouse models indicate that PPARβ/δ may be key regulator of physiological
responses, disease states, and tumorigenesis (Table 1.3).
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Table 1.3: Pparβ/δ-null Mouse Models
Peters Model (2000)

Barak Model (2002)

Nadra Model

[412]

[413]

(2006) [414]

Targeted

Ligand-binding

DNA-binding

DNA-binding

Disruption

domain

domain

domain

Method of
Disruption

Phenotype

Neomycin-

Neomycin-resistance
cassette inserted into

Cre-loxP system

the last exon

resistance cassette
inserted into exons
4 and 5

Frequent

Frequent

Viable on C57BL/6

embryonic lethality

embryonic lethality

background

on mixed genetic

on mixed genetic

background

background
Placental defects

Smaller than wild-type
littermates in early life

Trophoblast giant
cell differentiation

Decreased gonadal

Placental defects

defect

Stunted growth

Smaller than wild-

before puberty

type littermates in

adipose stores

Observations

Altered myelination in
corpus collossum

early life
Decreased adipose

Enhanced epidermal

mass

Enhanced

hyperplasia in

epidermal

response to phorbol

hyperplasia in

esters.

response to phorbol
esters.
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The decreased size and fat stores caused by PPARβ/δ disruption suggested that
lipid homeostasis, fatty acid metabolism, and adipose biology are regulated by
PPARβ/δ-dependent mechanisms. Evidence that PPARβ/δ regulates fatty acid
metabolism has been observed in several skeletal muscle model systems. Ligand
activation of PPARβ/δ has been shown to increase myogenesis and an oxidative
phenotype [418-421]. Researchers have also examined the role of PPARβ/δ in lipid and
cholesterol homeostasis, and L-165041 increased HDL cholesterol levels [422].
Similarly, GW501516 improved lipid profiles in insulin-resistant obese rhesus monkeys,
including decreased fasting glucose, insulin, and LDL levels and increased HDL levels
[160]. GW501516 also reduced adiposity and improved insulin resistance in several
mouse models of obesity [418, 423]. Furthermore, Pparβ/δ-null mice placed on a high fat
Westernized diet had increased serum triglycerides due to elevation of VLDL and
reduction of LPL as compared to wild-type mice [424]. Ligand activation of PPARβ/δ also
improved insulin sensitivity in a high fat diet model that was not observed in similarly
treated Pparβ/δ-null mice [425]. Regulation of lipid homeostasis occurs in multiple
tissues, and the known role of PPARβ/δ in lipid signaling suggests that this receptor can
elicit biological effects in adipose tissue. Indeed, when an adipose-specific constitutively
active PPARβ/δ transgenic mouse model was investigated, the presence of activated
receptor correlated to a lean phenotype with reduced serum triglycerides. Further
dissection of this phenotype found high fatty acid oxidation in brown adipose tissue
[423]. Administration of GW501516 further promoted fat burning and was found to be
protective against obesity [423]. Ligand activation of PPARβ/δ therefore reduced
adipose stores by increased fatty acid catabolism and consumption of the free fatty acid
pool. Mechanistic studies in adipocyte models have shown that PPARβ/δ ligands and
receptor over-expression induced expression of early markers of adipose differentiation,
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including adipocyte lipid binding protein (ALBP) [392, 426]. PPARβ/δ also increased
expression of PPARγ and increased adipocyte differentiation, which suggests a
synergism between these PPAR isoforms in regulating adipose biology [426].
Furthermore, studies using wild-type and Pparβ/δ-null pre-adipocytes revealed that lipid
accumulation and expression of differentiation markers were markedly lower in Pparβ/δnull pre-adipocytes [427]. These effects appeared to involve cyclic adenosine
monophosphate (cAMP) [428]. Collectively, these results indicate that PPARβ/δ plays a
key role in adipose biology and functions to improve insulin sensitivity and increase fatty
acid oxidation.

Energy expenditure, lipid metabolism, and glucose homeostasis are all regulated
by complex interactions between multiple organs, including adipose tissue and skeletal
muscle. These observations suggest that PPARβ/δ regulates fatty acid metabolism in
the muscle. PPARβ/δ is the predominant PPAR in skeletal muscle [429], and ligand
activation of receptor increased fatty acid oxidation in L6 myotubes [429, 430].
Treatment of a myoblast cell line, C2C12, with a synthetic PPARβ/δ ligand or long chain
fatty acids increased mRNA production of several lipid metabolism genes, including
heart-FABP, FAT, LPL, and CPTI [431]. PPARβ/δ over-expression also enhanced
receptor signaling while a dominant-negative receptor eliminated upregulation of lipid
metabolism target genes [431]. Microarray and transcript profiling studies from two
independent laboratories have shown a clear linkage between ligand activation of
PPARβ/δ and lipid metabolism [418, 432]. Ligand activation of PPARβ/δ also improved
insulin resistance in C2C12 muscle cells by preventing NFκB activation and
diacylglycerol (DAG) accumulation [433]. Results from another study linked PPARβ/δdependent expression of adipophilin to increased insulin sensitivity in muscle cells, thus
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presenting a novel target gene that regulates insulin sensitivity [434]. A role of PPARβ/δ
in muscle energy expenditure and metabolic disorders was also established when
muscle-specific expression of PPARβ/δ converted type II muscle to type I muscle [435].
This observation was pivotal because type I muscle possess higher mitochondrial and
oxidative enzyme levels than type II muscle [435]. These collective results indicated that
PPARβ/δ is a critical regulator in lipid metabolism and energy expenditure. These facts
also suggest that PPARβ/δ ligands can be utilized in the prevention or treatment of
disease states including dyslipidemia, obesity, and atherosclerosis.

Altered lipid homeostasis correlates with diseases such as atherosclerosis, and
macrophages primarily regulate this disease state. PPARβ/δ has also been shown to
play a critical role in macrophage function. Ligand activation of PPARβ/δ was shown to
increase triglyceride accumulation by causing oxLDL-dependent lipid redistribution in
macrophages. These effects were attributed to the expression of adipose differentiationrelated protein (ADRP) and the loading of macrophages with VLDL [436]. Furthermore,
PPARβ/δ ligands increased reverse cholesterol transport and increased HDL by
upregulation of ABC-A1, increased lipid scavenging by scavenger receptor A and B
expression, and by decreasing apoE expression [437, 438]. The results from these
studies indicated that PPARβ/δ ligands reduced atherosclerotic lesions by increased
lipid accumulation in peripheral tissues and increased HDL [439]. A seminal investigation
utilizing wild-type and Pparβ/δ-null macrophages revealed that PPARβ/δ reduced
atherosclerosis. Ligand activation of PPARβ/δ in wild-type macrophages was shown to
cause dissociation between PPARβ/δ and the transcriptional repressor BCL-6 in LDL
receptor-deficient mice fed a high fat diet [179]. This resulted in reduced inflammation by
decreased production of multiple cytokines and chemokines [179]. Mechanistic
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investigations have also shown that MCP-1 and IL-1β expression was repressed by
PPARβ/δ ligands. Additionally, MCP-1 and IL-1β expression was increased by a
mutation in PPARβ/δ that prevents corepressor dissociation [179]. Studies from several
independent laboratories have also observed that ligand activation of PPARβ/δ
attenuated inflammatory responses in macrophages, including interferon γ (IFNγ)- and
lipopolysaccharide (LPS)-induced inflammation [440-443]. A further correlation between
PPARβ/δ and atherosclerosis was uncovered when PPARβ/δ was shown to increase the
expression of genes involved in carnitine biosynthesis and lipid mobilization [444, 445].
There is also evidence that PPARβ/δ regulated intestinal absorption and secretion of
cholesterol in macrophage. Ligand activation of PPARβ/δ in mice devoid of HDL
expression was found to increase fecal cholesterol excretion and decrease absorption
by repression of Niemann-Pick C1-like 1 (NPC1L1) [446]. Subsequent investigations
linked ligand activation of PPARβ/δ to NPC1L1 repression by enhanced excretion of
macrophage or HDL-derived cholesterol in feces [438]. Recent evidence has also
suggested that macrophage can be alternatively activated, termed M2 macrophage, and
modulate inflammation and insulin resistance (Reviewed in [447]). While one report
suggested that PPARβ/δ plays no role in M2 activation [448], two other reports observed
that ligand activation of PPARβ/δ improved insulin sensitivity by shuttling macrophage to
the M2 state [449, 450]. Many disease states also have foundations in macrophage
immune responses. PPARβ/δ expression has been shown to be elevated in engulfing
macrophage, and this indicates that PPARβ/δ modulates macrophage self tolerance and
inflammation [451]. Collectively, these studies have shown that PPARβ/δ plays an
important role in glucose and cholesterol homeostasis and may be used in the treatment
of metabolic disorders (Figure 1.9).
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Figure 1.9: Effect of PPARβ/δ on metabolic disorders. Ligand activation of PPARβ/δ
enhanced fatty acid catabolism in adipose and muscle tissues, lowered serum
triglycerides by reduced VLDL, increased HDL production in macrophage, increased
alternative M2 macrophage activation. These collective effects suggest that PPARβ/δ
ligands can serve as chemotherapeutic agents for the treatment and prevention of
diseases associated with metabolic disorders, including dyslipidemia, type 2 diabetes,
and atherosclerosis.
The expression of PPARβ/δ in tissues associated with the central nervous
system (CNS) has lead to several investigations to define the function of PPARβ/δ in the
brain. PPARβ/δ is expressed in fetal [411] and adult [162] brain. High receptor
expression has also been observed in the hypothalamus, cerebellum, and cerebral
cortex [452-455]. In contrast, PPARβ/δ expression is lower in the medulla oblongata and
spinal cord [452-455]. The brain is a highly metabolic organ; therefore it is not surprising
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that high PPARβ/δ expression correlates to high lipid metabolism. Analysis of female
brains revealed that PPARβ/δ-dependent modulation of phospholipid and esterified fatty
acid production could significantly alter lipid metabolism [456]. Ligand activation of
PPARβ/δ by L-165041 has also been shown to induce expression of acyl-CoA
synthetase 2 in rat brain culture [457]. Lipids serve an important function by coating and
insulting neurons (Reviewed in [458]). PPARβ/δ has been shown to play a role in the
myelination of neurons, as the absence of PPARβ/δ caused neuron demyelination [412].
Ligand activation of PPARβ/δ has also been shown to cause differentiation and
myelination in oligodendrocytes, the primary lipid-producing cell-type in the brain [459].
Ligand activation of PPARβ/δ also increased neuroblastoma differentiation and
regulated oligodendrocyte proliferation [460, 461]. The role of PPARβ/δ in inflammatory
brain diseases, including multiple sclerosis (MS) and Parkinson’s disease, has also been
investigated. The PPARβ/δ ligands GW0742 and GW501516 were observed to reduce
clinical MS symptoms [462, 463]. CNS cytotoxicity and cell death are also clinical factors
in Parkinson’s disease and other neurological diseases. In models of CNS cell injury and
death, ligand activation of PPARβ/δ protected against toxicity and cell death [464-466].
The results of these studies suggest that PPARβ/δ ligands can be neuroprotective or
utilized to treat acute neurotoxicity. More recently, PPARβ/δ has been examined in
experimental autoimmune encephalomyelitis (EAE), an autoimmune inflammatory
disease of the CNS. Pparβ/δ-null mice exhibited severe inflammation by increased
CD4+ T helper cell proliferation and cytokine production [467]. Additionally, ligand
activation of PPARβ/δ decreased cytokine production, including IFNγ and the IL-12
family members, in human and mouse immune cells [467]. Collectively, the high
expression of PPARβ/δ in the CNS suggests that ligand activation caused strong
biological effects in these tissues.
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Advances in genomic analyses have recently established that PPARβ/δ
polymorphisms may affect metabolic disorders and other disease states. The most
common polymorphisms exist in exon 4, termed +294 T/C. This polymorphism has been
associated with metabolic trait phenotypes, including increased LDL [468, 469], high
baseline plasma triglyceride levels [470], and coronary lesions [470]. Surprisingly, this
polymorphism was associated with decreased BMI in a Caucasian population [471].
Another common polymorphism, rs2016520, has also been linked to metabolic traits.
This polymorphism was associated with reduced height, a risk factor for metabolic trait
[472]. In contrast, another study linked this polymorphism to decreased BMI and
increased HDL [473]. Three additional PPARβ/δ polymorphisms have been shown to
increase whole body insulin sensitivity [474]. Furthermore, several other studies have
associated many polymorphisms with increased diabetes [475], plasma glucose [476,
477], insulin sensitivity [476], BMI [477, 478], and interactions with calpains [478]. For all
these studies suggesting a linkage between PPARβ/δ polymorphisms and metabolic
disorders, three studies found no association between PPARβ/δ and metabolic diseases
[477, 479, 480]. Alzheimer’s disease has also been linked to dysregulated cholesterol
levels, but no association was found between PPARβ/δ and Alzheimer’s disease [481,
482]. Polymorphisms in PPARβ/δ have also been examined in NSAID protection of
colorectal cancer. Only two studies have investigated this linkage, with one study finding
no PPARβ/δ polymorphism linkage [483] and the other study describing a polymorphic
enhancement of NSAID-dependent protection of colorectal cancer [484]. Apart from a
role in disease states, PPARβ/δ polymorphisms have also been examined in exercise
physiology and endurance. The exon 4 294 T/C was not found to be associated with
exercise endurance in athletes [485]. However, a combination of this polymorphism and
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a peroxisome proliferator-activated receptor gamma coactivator-1 polymorphism was
associated with elite level endurance athletes [485]. Another polymorphism in exon 4 of
PPARβ/δ resulted in smaller increases in training-induced oxygen consumption and
increased HDL expression [486]. Although these studies revealed that PPARβ/δ
polymorphisms are associated with changes in disease states and susceptibility, more
studies are necessary in varying populations and ethnicities to link these polymorphisms
to disease states. Additionally, these polymorphisms need to be examined with other
disease state polymorphisms to assess the complex interactions between signaling
pathways.

PPARβ/δ ligands have also been shown to reduce inflammation in multiple
models. A common cell type that modulates inflammation is the endothelial cells. These
cells line the vasculature and form the interface between the circulatory system and all
other tissue systems. The predominant inflammatory molecules in these cells are TNFα
or C-reactive protein (CRP). Several PPARβ/δ ligands, including GW0742, GW501516,
and L-165041, reduced TNFα- or CRP-dependent induction of VCAM-1 [487-490],
intracellular cell adhesion molecule-1 (ICAM-1) [487, 489] , E-selectin [487, 489], MCP-1
[488, 490, 491], and growth regulated oncogene α (GROα) [489]. Another component of
the endothelial system is VSMCs and the pulmonary system. PPARβ/δ ligands reduced
LPS-dependent induction of granulocyte macrophage-colony stimulating factor (GMCSF) [492], TNFα [492], IL-6 [492], IL-1β [491, 492], MCP-1 [491], and transforming
growth factor β (TGFβ) [491]. As discussed earlier, PPARβ/δ modulated inflammatory
responses in disease states such as atherosclerosis. Early mechanistic studies in
macrophages revealed that PPARβ/δ reduced inflammation through interaction with
BCL-6 [179, 442, 493]. Furthermore, PPARβ/δ inhibited expression of MCP-5 [493], IL-
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1β [179], TNFα [442], IL-6 [442], and VCAM-1 [442]. Ligand activation of PPARβ/δ has
also been examined in atherosclerosis, and activation of the receptor reduced or
prevented atherosclerosis [179, 440-442, 493]. Additionally, the absence PPARβ/δ in
monocytes prevented the transition to M2 activated macrophages, which may also
reduce atherosclerosis [449]. PPARβ/δ ligands have also been shown to redirect
dendritic cells to be less stimulatory to monocyte-derived inflammation [494]. In several
models of cardiac inflammation, ligand activation of PPARβ/δ decreased inflammation
caused by ischemia/reperfusion or LPS. Inflammatory markers known to be blunted by
PPARβ/δ ligands include TNFα [495, 496], NFκB [495], ICAM-1 [497], IL-6 [497], and
MCP-1 [497]. Furthermore, the absence of PPARβ/δ expression led to exaggerated
TNFα expression in LPS-mediated inflammation [496]. Ligand activation of PPARβ/δ has
also been examined in liver toxicity caused by diet or chemicals. The methionine- and
choline-deficient (MCD) diet is a mouse model of non-alcoholic steatohepatitis (NASH) in
the liver, and ligand activation of PPARβ/δ inhibited the inflammatory markers IL-6, IL1β, MCP-1, TNFα, and NFκB [498]. Carbon tetrachloride (CCl4) is a chemical model of
liver hepatotoxicity and inflammation that revealed PPARβ/δ-dependent reduction of
inflammation. Pparβ/δ-null mice displayed enhanced NFκB signaling by increased
expression of TNFα, TNF-like weak inducer of apoptosis receptor (TWEAKr), and S100
calcium-binding protein A6 in response to CCl4 [499]. Ligand activation of PPARβ/δ
reduced the expression of these inflammatory markers in wild-type mice, and this effect
was not observed in similarly treated Pparβ/δ-null mice [499]. IL-6 is another inducer of
liver inflammation. Hepatocytes and a human cancer cell line treated with GW501516
inhibited IL-6 inflammation through suppression of signal transducer and activator of
transcription 3 (STAT3) [500]. Additionally, genome-wide analyses of mouse liver
indicated that PPARβ/δ prevented the expression of inflammatory genes [501]. A role for
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PPARβ/δ in skin inflammation and wound healing has also been examined using mouse
genetic models and ligand treatments. PPARβ/δ protected against phorbol ester-induced
hyperplasia and inflammation in two independent Pparβ/δ-null mouse models [412, 502].
Furthermore, ligand activation of PPARβ/δ attenuated these inflammatory responses
[412, 502, 503]. It was established that inflammatory signaling, such as that caused by
phorbol esters and TNFα, enhanced the expression of PPARβ/δ in skin and
keratinocytes [412, 502, 504]. It was then proposed that increased PPARβ/δ expression
upon skin injury enacted survival, differentiation, and remodeling signals [504, 505].
Consistent with these previous observations, a deficiency in PPARβ/δ expression
reduced skin wound healing [502, 504, 506]. Furthermore, ligand activation of PPARβ/δ
increased permeability barrier repair [503]. These receptor-dependent effects have been
attributed to upregulation of AKT [504] and the Rho-GTPase pathways [505].
Coordinated autocrine signaling between the keratinocytes and underlying fibroblasts
has also been proposed to aid in tissue repair by modulating IL-1β inflammatory
responses in the fibroblasts [507]. This model has yet to be fully investigated, but it does
represent an eloquent model of PPARβ/δ-dependent functionality in epithelial wound
repair. Consistent with previous observations, ligand activation of PPARβ/δ prevented
inflammation in the colon [508], adipocytes [509], microglia/astrocytes [463], and
aggregating brain cultures [462]. Collectively, the results of these studies suggest that
PPARβ/δ reduced inflammation in multiple tissues types and disease states that could
be used in the prevention or treatment of multiple inflammatory diseases.

The high expression of PPARβ/δ in epithelial tissues suggests that this PPAR
isoforms serves a pivotal role in epithelial proliferation and tumorigenesis. The
maintenance of epithelial tissues, including skin and colon tissues, relies on a delicate
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balance between cell proliferation and terminal differentiation. The function of PPARβ/δ
in epithelial differentiation was first examined in keratinocytes and mouse skin. In both
models, exposure to phorbol esters increased Pparβ/δ mRNA levels and increased
keratinocyte differentiation marker expression [510]. These observations suggest that
phorbol esters may produce an endogenous PPARβ/δ ligand to induce terminal
differentiation. Treatment of human keratinocytes with the PPARβ/δ ligands L-165041 or
tetradecylthioacetic acid also increased the mRNA production of several differentiation
markers, such as transglutaminase (Tg) and involucrin [511]. Additionally, wild-type
neonatal skin possessed a higher number of cornified envelopes, a morphological
marker of differentiation, than Pparβ/δ-null skin [512] without overt changes in epidermal
morphology [412]. The PPARβ/δ ligand GW0742 also increased differentiation marker
expression and cornified envelope formation in wild-type primary keratinocytes, an
observation that was absent in similarly treated Pparβ/δ-null primary keratinocytes [512].
Surprisingly, no differences in phorbol ester- or calcium-mediated differentiation of
keratinocytes were observed between wild-type and Pparβ/δ-null keratinocytes [412,
512]. This observation suggests that PPARβ/δ is dispensable for differentiation in the
presence of more potent differentiation signals. These observations have also been
reported by several independent laboratories using different Pparβ/δ-null mouse models
[502-504, 511]. In addition to the role in skin differentiation, PPARβ/δ caused
differentiation in a growing list of tissues and cells. This list includes oligodendrocytes
[459], macrophage [437], intestinal epithelium [513, 514], human keratinocytes [515],
breast cancer cell lines [516], colon cancer cell lines [516, 517], trophoblasts [414],
osteoblasts [518], hepatic embryonic stem cells [519], C6 glioma cells [520], primary
keratinocytes [502-504, 511, 512], neonatal stratum corneum [521], and undifferentiated
F9 cells [522]. Collectively, these observations indicate that ligand activation of PPARβ/δ
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induces terminal differentiation by increased expression of proteins required for this
process.

It has also been previously established that terminal differentiation is associated
with concomitant decreases in cell proliferation. Thus, PPARβ/δ likely modulates cell
proliferation. While PPARβ/δ promoted differentiation, the role of PPARβ/δ in cell
proliferation has remained controversial (Reviewed in [164, 523]). In three independent
Pparβ/δ-null mouse models, the absence of PPARβ/δ led to enhanced skin hyperplasia
and proliferating cell nuclear antigen (PCNA) positive cells as compared to wild-type
controls [412, 506, 524, 525]. Furthermore, Pparβ/δ-null primary keratinocytes were
observed to proliferate faster than wild-type cells [402, 406, 526], and ligand activation of
PPARβ/δ further decreased cell proliferation in a PPARβ/δ-dependent manner [402,
406, 512]. These effects were attributed to cyclin A expression [504] or altered protein
turnover of the MAP kinase (MAPK) signaling pathway [526]. Additionally, treatment with
the PPARβ/δ agonist GW1514 increased differentiation with no effect on epidermal cell
proliferation [503]. Human keratinocytes and keratinocyte cell lines have also been
examined for PPARβ/δ-responsiveness and cell proliferative effects. Several ligands
have been examined, including L-165041, GW0742, and di(2-ethylhexyl)phthalate
(DEHP). Ligand activation of PPARβ/δ inhibited cell proliferation in normal human
keratinocytes [511], the N/TERT-1 human keratinocyte cell line [515], the NCTC 2544
keratinocyte cell line [527], and the HaCaT keratinocyte cell line [402]. In contrast,
treatment with PPARβ/δ ligands L-165041 and GW501516 increased cell proliferation in
keratinocytes isolated from psoriasis patients [528]. Retinoic acid- and epidermal growth
factor-stimulated cell proliferation has also been cooperatively linked to PPARβ/δ ligand
activation [401, 529]. However, these observations have been disputed by two
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independent research groups [402, 403]. Ligand activation of PPARβ/δ has also been
examined in somatic cells types. In the absence of PPARβ/δ, primary mouse endothelial
cells [530], mouse primary hepatocytes [499], and primary mouse stellate cells [499]
were observed to proliferate faster than wild-type cells. In contrast, over-expression of
PPARβ/δ in mouse embryonic fibroblasts increased cell proliferation [531]. Prostacyclin
analogs have been reported to modulate cell proliferation by activation of PPARβ/δ, and
treatment with prostacyclins or over-expression of prostacyclin synthase inhibited
proliferation in bovine endothelial cells [532], rat vascular smooth muscle cells [533-535],
bovine vascular smooth muscle cells [532], human vascular smooth muscle cells [536],
human and mouse lung fibroblasts [537], and the human embryonic kidney epithelial cell
line HEK-293 [538]. The PPARβ/δ ligand GW501516 has shown conflicting effects on
cell proliferation. In several human endothelial types, GW501516 caused increased cell
proliferation [539-541]. However, GW501516 inhibited cell proliferation in rat cardiac
fibroblasts [542, 543] and mouse inner medulliary collecting duct (IMCD-K2) cell line
[544]. The use of cancer cell lines confounds the understanding of PPARβ/δ function in
cell proliferation. Surprisingly, most reports of proliferative PPARβ/δ ligands focused on
GW501516, and this ligand increased cell proliferation in the ER-positive breast cancer
cell lines [540], lung cancer cell lines [545-547], liver cancer cell lines [548, 549],
cholangiocarcinoma cell lines [550], and prostate cancer cell lines [540]. Additionally, L165041 has been shown to increase proliferation in a rat glioma cell line [551]. In
contrast to these observations, several PPARβ/δ ligands, including GW501516,
exhibited no, or inhibitory, effects on cell proliferation. These examples include colon
cancer cells lines [540, 552, 553], ER-positive and -negative breast cancer cells lines
[540, 554], lung cancer cell lines [555, 556], liver cancer cell lines [552], neoplastic skin
cancer cell lines [524, 557], melanoma cell lines [554, 558, 559], a skin carcinoma cell
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line [406], a mammary gland cancer cell line [560], a rat glioma cell line [551], myeloma
cell lines [561], a neuroblastoma cell line [460], a renal carcinoma cell line [562], and
prostate cancer cell lines [540]. Collectively, the described observations indicate that
ligand activation of PPARβ/δ exerted mixed effects on cell proliferation in tissues and
cancer cell lines. The lack of consensus suggests that standardized methods of analysis
should be used to clarify the role of PPARβ/δ in cell proliferation.

Another underlying cellular process modulating cell number and tumorigenesis is
apoptosis, a highly programmed method of cell death. Similar to the conflicted role in
differentiation and cell proliferation, the effect of PPARβ/δ expression and ligand
activation on apoptosis has remained controversial. In terms of intrinsic apoptotic
signaling, ligand activation of PPARβ/δ in human HaCaT keratinocytes increased
annexin-V staining, a marker of apoptosis, in a dose-dependent manner [402]. However,
these effects were not caused by poly (ADP-ribose) polymerase (PARP)-dependent
pathways [402]. The increased annexin-V staining was also observed in response to
PPARβ/δ ligands in a mouse mammary gland cancer cell line [560]. Similarly, GW0742
increased apoptosis in HIT-T15 hamster pancreatic β cells [563]. Other studies in normal
bladder cells [564], human liver cancer cell lines [552], human colon cancer cell lines
[552], medullary collecting duct cells [544], and vascular smooth muscle cells [565] have
shown negligible effects of PPARβ/δ ligands on apoptosis. The majority of studies
examining PPARβ/δ as an apoptosis modulator have focused on serum withdrawaldependent or chemically-induced apoptosis. The first studies examining serum
starvation-induced apoptosis found that ligand activation of PPARβ/δ by GW501516
inhibited apoptosis in human colon cancer cell lines [566-568]. The protective effect of
PPARβ/δ ligands to serum starvation was similarly observed in the Sp1 keratinocyte cell
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line [569]. While the results of these studies suggest that ligand activation of PPARβ/δ
reduced apoptosis in the absence of serum, examination of other human colon cancer
cells with this approach resulted in contrasting findings. Treatment with two PPARβ/δ
ligands did not alter the proliferation of HCT116, HT29, and LS174T colon cancer cell
lines in the absence of culture medium serum [552]. These effects were similarly
observed in human liver cancer cell lines [552], a human breast cancer cell line [554], a
mouse mammary gland cancer cell line [560], a human melanoma cell line [554], and a
human keratinocyte cell line [402]. Ligand activation of PPARβ/δ also been examined in
multiple models of induced apoptosis, such as ischemia and hypoxia. PPARβ/δ ligands
prevented hypoxia-induced apoptosis in endothelial progenitor cells [541]. Apoptosis
was also examined in ischemia-dependent kidney dysfunction, apoptosis, and organ
injury. Surprisingly, ischemic wild-type mice had less kidney dysfunction and injury as
compared to Pparβ/δ-null or heterozygous mice. Treatment with L-165041 further
protected wild-type mice from injury through activation of the AKT signaling pathway
[570]. H2O2 is a common chemical inducer of apoptosis in endothelial cells, and
PPARβ/δ ligands prevented H2O2 apoptosis in these cells by direct regulation of the antiapoptotic protein 14-3-3ε and prevention of Bad-dependent signaling [571]. Researchers
have also examined how PPARβ/δ modulated apoptosis during short- and long-term
administration of H2O2 in endothelial cells. Surprisingly, short-term administration of H2O2
decreased expression of PPARβ/δ [572], while repeated low-dose exposure enhanced
PPARβ/δ expression [573]. Although the length of exposure caused large differences in
PPARβ/δ expression, ligand activation of PPARβ/δ protected against H2O2 apoptosis in
both models [572, 573]. Furthermore, reduced expression of PPARβ/δ by anti-sense
oligonucleotides increased apoptosis during the short-term H2O2 exposure model [573].
Additional chemical mediators of apoptosis have also been examined for PPARβ/δ-
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dependent modulation, and ligand activation of PPARβ/δ inhibited apoptosis caused by
palmitate [563], oxLDL [565], cisplatin [547], and TNFα [574]. Cumulatively, the function
of the PPARβ/δ in apoptosis remains controversial due to inconsistencies in the model
systems, tissue types, and ligands examined. These conflicted observations
demonstrate the need for consensus model systems and ligands to delineate the role of
PPARβ/δ in modulating apoptosis.

Consistent with the controversial role of PPARβ/δ in cell proliferation and
apoptosis, the role of this nuclear receptor in tumorigenesis is equally controversial. The
colon is the most controversial tissue examined for PPARβ/δ-dependent modulation of
carcinogenesis, and two contrasting hypotheses have emerged to explain the function of
PPARβ/δ in colon tumorigenesis. The first hypothesis suggests that PPARβ/δ is a target
of the APC/β-catenin pathway. Dysregulation of APC leads to increased PPARβ/δ
expression and modulation of apoptosis. This hypothesis proposed that NSAIDs prevent
carcinogenesis through reduced COX-dependent production of PPARβ/δ ligands. The
second hypothesis postulates that ligand activation of PPARβ/δ decreases colon
carcinogenesis by induction of terminal differentiation and inhibition of cell proliferation.
The first hypothesis was bound on evidence that PPARβ/δ expression increased in
colorectal cancers [575, 576]. Furthermore, NSAIDs decreased PPARβ/δ expression
and APC signaling [575]. The expression of PPARβ/δ in colon cancers was
subsequently shown to be correlated to wide-spread expression of the receptor in
transformed cells, much like COX2 expression [577]. The Apc+/min mouse is a commonly
used to examine predisposition to colon carcinogenesis, and these mice form
spontaneous tumors. First, PPARβ/δ expression was reported to be higher in Apc+/min
mice [578, 579], and this was also observed in human familial colon cancers [578].
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Ligand activation of PPARβ/δ increased polyp number in a PPARβ/δ-dependent manner
in the Apc+/min model [566, 568]. Results from a APC/PPARβ/δ dual genetic model
indicated that that Apc+/min/Pparβ/δ-null mice were protected against colon
carcinogenesis and the purported tumor promoting effects of GW501516 [580]. Genetic
disruption of PPARβ/δ in the colon epithelium reduced AOM-dependent colon
carcinogenesis [581], although these observations contrasted with other Pparβ/δ-null
mouse observations [513, 582]. Common treatments for colon cancer are NSAIDs and
APC/β-catenin inhibitors. Several reports revealed that these compounds reduce APCmediated carcinogenesis through down-regulation of PPARβ/δ and receptor-dependent
modulation of vascular endothelial growth factor (VEGF) expression [579, 583, 584]. The
hypothesis that PPARβ/δ enhanced colon carcinogenesis follows a similar model that
has been proposed for the oncogene cyclin D1. In this model, mutations in APC result in
dysregulated PPARβ/δ expression and increased tumorigenesis.

In direct contrast to this first hypothesis, a second colon cancer model suggests
that PPARβ/δ inhibits colon carcinogenesis through regulation of colonic differentiation.
The first evidence in support of this hypothesis arose when another Pparβ/δ-null genetic
model was bred to the Apc+/min strain. In this model, enhanced colon tumorigenesis was
observed in Apc+/min/Pparβ/δ-null [582]. Additionally, Pparβ/δ-null mice had enhanced
AOM-dependent colon carcinogenesis [582]. These observations confirmed the previous
report that PPARβ/δ is dispensable for APC-mediated colon carcinogenesis [413].
Ligand activation of PPARβ/δ also increased colonic differentiation and apoptosis, which
likely resulted in reduced AOM-dependent colon carcinogenesis in wild-type mice [513].
The combination of NSAIDs and PPARβ/δ ligands was also examined as a therapeutic
treatment in colon carcinogenesis. Ligand activation of PPARβ/δ inhibited colon polyp
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formation in a PPARβ/δ-dependent manner [582, 585]. Nimesulide, a prototypical
NSAID, reduced polyp formation independent of PPARβ/δ expression, and the combined
treatment did not exert additive benefits or effects on polyp formation [585]. These
results indicated that PPARβ/δ and NSAID anti-tumorigenic effects are mediated by
independent mechanisms [585]. Recent evidence in Apc+/min mice has shown that
PPARβ/δ expression is unchanged in tumors and administration of nitrogen-donating
NSAIDs increased PPARβ/δ expression [586]. These results challenge the observation
that NO-donating NSAIDs inhibit colon carcinogenesis by reducing PPARβ/δ expression
[579]. However, this examination solely relied on immunohistochemistry to examine
protein expression [579]. Collectively, the role of PPARβ/δ in colon carcinogenesis
remains controversial, and a clear consensus in colon carcinogenesis must be sought
before PPARβ/δ ligands can be used as preventative and therapeutic agents.

In contrast to the highly disputed role of PPARβ/δ in colon carcinogenesis,
PPARβ/δ has a more defined role in skin carcinogenesis. In the two-stage
(initiation/promotion) skin chemical carcinogenesis model, Pparβ/δ-null mice were found
to have enhanced tumor incidence, multiplicity, and size as compared to wild-type mice
[525]. Subsequent studies revealed that PPARβ/δ protected against carcinogenesis by
directly modulating the ubiquitin pool and the degradation of protein kinase C α (PKCα)
signaling components [525, 526]. GW0742 inhibited chemically-induced skin
carcinogenesis in a PPARβ/δ-dependent manner [524]. The results from other studies
have indicated that PPARβ/δ ligands and NSAID co-administration prior to, during, or
after tumor formation alters two-stage skin carcinogenesis. The presence of the NSAID
sulindac, a pan COX inhibitor, prior to and throughout the bioassay inhibited tumor
formation in a PPARβ/δ-independent manner through decreased PG synthesis [587]. A
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second study found that the administration of the COX2-selective NSAID nimesulide with
PPARβ/δ ligands after tumor formation reduced skin carcinogenesis [557]. While ligand
activation of PPARβ/δ had no effect on tumor progression, nimesulide reduced tumor
multiplicity in both genotypes [557]. The combined treatment of PPARβ/δ ligand and
COX inhibition synergistically reduced tumor multiplicity in wild-type mice for the first
twenty-five percent of the treatment protocol, and this effect was not observed in
similarly treated Pparβ/δ-null mice [557]. These effects were attributed to decreased PG
production and increased differentiation in wild-type mice. These observations suggest
that PPARβ/δ ligands could be used as a chemopreventive or chemotherapeutic agent
in combination with current treatments [557]. In contrast to the disputed roles of
PPARβ/δ in colon carcinogenesis, PPARβ/δ reduced skin carcinogenesis and may be
utilized as a therapeutic target in skin cancer.

The ability of PPARβ/δ to alter tumorigenesis in other tissue types has also been
examined. PPARβ/δ expression was examined in two models of lung cancer [547, 588].
In an examination of two lung cancer tissue arrays, PPARβ/δ protein expression was
reported to be elevated in tumor tissues as compared to adjacent non-tumorous tissues
[547]. The results from immunostaining further revealed that cancerous cells were more
immunoreactive to a PPARβ/δ antibody [547]. The ability of PPARβ/δ to alter RAFinduced lung tumorigenesis was also examined, and the absence of PPARβ/δ
expression increased the incidence and score of lung adenomas [588]. Furthermore,
PPARβ/δ expression was not altered as compared to non-transgenic controls in the RAF
transgenic mouse model [588]. Ligand activation of PPARβ/δ also enhanced
adenosquamous and squamous cell carcinoma in the mammary gland [589].
Additionally, the enhancement of mammary tumorigenesis by retinoic acid is mediated
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by ligand activation of PPARβ/δ and modulation of the ratio of cellular retinoic acid
binding protein-II (CRABP-II) to FABP5 [590]. In contrast, ligand activation of PPARβ/δ
decreased cell proliferation, increased apoptosis, and decreased clonogenecity in the
C20 mouse mammary cancer cell line [560]. PPARβ/δ expression, as observed by in situ
hybridization, was also found to be enhanced in endometrial adenocarcinomas [591],
although quantitative protein expression was not examined. PPARβ/δ expression was
also examined in gastric tumors and found to be unchanged between tumors and
adjacent normal tissues [592]. Reduced expression of PPARβ/δ in melanomas was also
observed to cause superficial spreading [559], which may suggest a role for PPARβ/δ in
tumor invasion and metastasis. Preliminary investigations in liver tissues using PPARβ/δ
genetic models indicated that PPARβ/δ reduced chemically-induced liver hepatotoxicity
by modulating the expression of inflammatory markers [499, 593]. Collectively,
preliminary investigations have not conclusively revealed whether the expression of
PPARβ/δ or ligand activation of receptor alters tumorigenesis, and further studies are
needed to specifically delineate the role in this nuclear receptor in tumorigenesis.

The collective literature suggests that PPARβ/δ is multi-functional nuclear
receptor that can modulate numerous biological responses (Figure 1.10). Understanding
these functions is critical because PPARβ/δ may be utilized as a pharmacological target
to prevent or treat diseases. Although several receptor functions are strongly disputed,
PPARβ/δ clearly modulates lipid homeostasis, metabolic diseases, inflammation, cell
proliferation, and differentiation. Future investigations must therefore focus on
delineating the mechanisms by which PPARβ/δ is reported to function within these
controversial topics.
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Figure 1.10: Summary of PPARβ/δ functions. PPARβ/δ is a multi-functional nuclear
receptor modulates many signaling pathways, including central nervous system function,
adipocyte function, fatty acid catabolism, cholesterol homeostasis, insulin sensitivity, and
inflammation. These functions play a key role in the development of disease states that
include obesity, diabetes, and atherosclerosis. PPARβ/δ may also modulate
tumorigenesis through regulation of cell differentiation, cell proliferation, and apoptosis.
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1.3 Skin carcinogenesis

1.3.1 Structure and physiology of the skin
The skin is the largest organ in the body in terms of surface area and accounts
for approximately fifteen percent of the total body weight [594]. The skin serves as the
first line of defense between the host and the environment [595]. This organ also
protects against many insults, including pathogenic agents, toxic chemicals,
microorganisms, environmental threats, radiation, and loss of body fluids [595]. The skin
can be divided into three distinct layers, termed the hypodermis, dermis, and epidermis
[594]. The hypodermis is the deepest layer of the skin and primarily functions to regulate
temperature and protects against mechanical injury (Reviewed in [594]). The dermis is
the middle layer of the skin and is composed of fibroblasts, dendrocytes, and mast cells
[594]. This layer is tightly connected to the epidermis by the basement membrane and
contains connective tissue, hair follicles, blood vessels, nerve endings, and multiple
glands [594]. The epidermis is the outermost layer of the skin protecting against the
external environment. Continual cell proliferation is needed to maintain the epidermis,
and the constant exposure of this tissue to environmental toxicants can cause cancer
[594, 596, 597].

The epidermis is composed of five defined layers [594]. These layers
(Figure 1.11) are termed the stratum germinativum (basal), stratum spinosum (spinous),
stratum granulosum (granular), stratum licidum, and stratum corneum (cornified) [594,
596, 597]. The epidermis is primarily composed of keratinocytes (95%), but
melanocytes, Langerhans cells, and Merkel cells also populate the epidermis [594]. The
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basal layer is the innermost layer of the epidermis and contains a population of
keratinocyte stem cells that facilitate self-renewal and re-population of the upper layers
(Reviewed in [597-599]. The progression of cells away from the basal layer begins a
process termed terminal differentiation. This orchestrated and apoptotic-like process
directly creates the protective and impermeable layers of the skin (Reviewed in [597599]). The next layer of the epidermis is the spinous layer. Cells within this layer have
started the process of terminal differentiation and are cuboidal in shape. These cells are
physically joined by an intercellular adhesion complex termed desmosomes and begin to
synthesize differentiation proteins that include keratins and cross-linking enzymes
(Reviewed in [597-599]). The spinous layer also contains the dendritic-like Langerhans
cells that serve as the anti-presenting cells of the epidermis [594]. The granular layer is
composed of several layers of squamous and partially differentiated cells that contain
assembled granular structures. These granules are composed of differentiation-related
proteins and enzymes that will execute terminal differentiation. The stratum lucidum is a
few thin layers of flattened, dead keratinocytes that predominantly exists in epidermal
areas of high friction [594]. The cornified layer is the outermost epidermal layer and
contains dead keratinocytes that are devoid of nuclei and cellular organelles. Cells in this
layer have formed an intracellular matrix of lipids from the lamellar bodies (Reviewed in
[597-599]). The dead keratinocytes are also surrounded by an insoluble intercellular
matrix of proteins that are known as the cornified envelop (Reviewed in [597-599]). The
insoluble and lipophilic nature of the cornified envelop and the intracellular lipid matrix
protects the body from the outside environment (Reviewed in [597-599]). As cornified
cells are sloughed off, new basal cells enter into terminal differentiation to maintain the
dynamic integrity of the skin.
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Figure 1.11: Schematic structure of the epidermis. The epidermis is composed of four
primary layers that expression layer-specific protein markers. The basal layer is the sole
proliferative layer of the epidermis and is known to expression of keratin 5 (K5) and K14.
Induction of terminal differentiation progresses cells into the spinous layer and expression
of K1, K10, and involucrin begin to be expressed. Further progression of cells away from
basement membrane leads to further differentiation marker expression, followed by intraand inter-cellular crosslinking. The final layer of the epidermis is the cornified layer, which
contains enucleated, dead, cross-linked cells that protect the body from external insults.
The structure and stability of the skin, mediated through epidermal keratinocytes,
is maintained by a diverse group of proteins. The stabilizing component in the skin is a
class of proteins termed keratins. These proteins are intermediate filament proteins that
form the strong and insoluble cytoskeletal network of the skin. There are two classes of
keratins, termed acidic and basic, that are based upon the protein amino acid sequence.
Acidic keratins, also termed Type I, have molecular masses of 40-60 kiloDaltons (kDa)
(Reviewed in [598-600]). In contrast, basic keratins, also known as Type II, have
molecular masses of 50-70 kDa (Reviewed in [598-600]). During differentiation, acidic
and basic keratins heterodimerize to form a strong filamentous structure (Reviewed in
[598-600]). The expression of specific keratins is tightly regulated and serves as
biochemical markers of keratinocyte differentiation. Keratin 5 (K5), K14, and K15 are
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expressed in the basal layer and compose approximately thirty percent of the proteins in
this layer (Reviewed in [598-601]). As cells release from the basement membrane and
begin to differentiate, expression of K5, K14, and K15 is downregulated and replaced by
expression of K1 and K10 (Reviewed in [598-601]). In addition to the exchanged keratin
expression in the spinous layer, other proteins are expressed to commit cells to terminal
differentiation. These proteins include involucrin and Tg (Reviewed in [602]). As cells
progress into the granular layer, loricrin, filagrin, and small proline rich proteins (SPRs)
are expressed and accumulate at the plasma membrane of cells (Reviewed in [602]). Tg
is the executioner of terminal differentiation by cross-linking involucrin, loricrin, filagrin,
and SPRs into a complex protein network by catalyzing ε-(γ-glutamyl)lysine isopeptide
bonds between the proteins [603]. The granular layer cells exhibit greater plasma
membrane permeability that allows an influx of calcium into the cell. Calcium is a crucial
activator of Tg, and this initiates the cross-linking process (Reviewed in [599]). The
cross-linking of insoluble proteins, in addition to the deposition of lipid at the plasma
membrane, forms the insoluble and water impenetrable protective complex known as the
cornified envelope (Reviewed in [598-602]). The cornified cells compose the outermost
layer of the epidermis and function as the protective barrier of the skin (Reviewed in
[598-602]). Collectively, the expression of many proteins determines the formation of the
layers of the epidermis (Figure 1.11).

A critical balance between proliferation and differentiation is necessary to
maintain the integrity of the skin while allowing responses to physical and chemical
stimuli. A prominent mediator of differentiation is calcium. It is widely known that primary
keratinocyte proliferate in vitro under calcium concentrations below 0.05 mM. However,
concentrations of calcium between 0.12 and 1.2 mM rapidly modulate the expression of
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proteins involved in terminal differentiation [604, 605]. Increased calcium concentrations
initiates terminal differentiation by altering the expression of differentiation related
proteins, such as keratins, and by modulating the enzymatic activity of Tg (Reviewed in
[599, 606]). A key regulator in this process is the PKC family of kinases, with PKCδ
being a crucial initiator of terminal differentiation (Reviewed in [606]). Phorbol esters,
such 12-O-tetradecanoylphorbol-13-acetate (TPA), have also been shown to modulate
differentiation by causing growth arrest and induction of differentiation-related proteins
[607]. Additionally, hydrocortisone [608, 609] and vitamin D [610] expression have also
been shown to cause terminal differentiation in keratinocytes. Several other signaling
molecules and chemicals have also been shown to promote keratinocyte proliferation,
thus preventing terminal differentiation. Epidermal growth factor (EGF) and TGFα are
potent keratinocyte mitogens necessary for wound repair (Reviewed in [599]). Retinoic
acids have also been shown to inhibit differentiation by direct transcriptional regulation of
keratins and differentiation-related proteins (Reviewed in [611]). TGFβ is another
signaling molecule known to regulate differentiation. Interestingly, keratinocyte
proliferation is inhibited at low concentrations of TGFβ and enhanced by high
concentrations of TGFβ [612]. Proliferation and differentiation must be balanced during
wound healing, also termed activation [613]. This process is critical to re-epithelialization
of the wound site and the initiation of the healing process. The hallmark of activated
keratinocytes is the expression of K6, K16, and K17, as well as increased proliferation
and increased cellular migration [613]. Cytokines and chemokines are also released to
produce paracrine and autocrine signaling [613]. These events cause the recruitment of
additional cell types to the wound area [613]. Proliferation must then be reduced as the
wound heals, which illustrates the importance of balancing keratinocyte proliferation and
differentiation.

72
1.3.2 Mechanisms of skin carcinogenesis
Skin cancer is an emerging public health concern with world-wide increases in
incidence. Cancer is a clinical disease in which uncontrolled cell growth leads to the
formation of a tumor. The relative long latency of cancer has made identifying the
initiating agents of skin carcinogenesis difficult. However, mouse models of skin
carcinogenesis have been invaluable in ascertaining initiators and promoters of cancer.
Several extra-cellular factors contribute to skin carcinogenesis, including viruses,
ultraviolet (UV) radiation, and chemical toxicants (Reviewed in [614-617]). These factors
have been shown to act independently or cooperatively, termed co-carcinogenesis, to
promote tumorigenesis [616]. Tumors can be divided into two broad categories, benign
or malignant, characterized by the ability of the tumor to invade the surrounding tissues
[618]. Benign tumors are unable to invade the surrounding tissue and are typically
encapsulated within a tissue. Examples of benign tumors in humans include papillomas
and keratoacanthomas (KAs) [618]. However, KAs can progress to a malignant tumor
type in murine models [619]. Malignant tumors possess the inherent ability to invade
surrounding tissues and metastasize to other organ systems. Examples of malignant
tumors include basal cell carcinomas (BCCs), squamous cell carcinomas (SCCs), and
melanomas [618]. In general, cancers arise through a three-step process that includes
initiation, promotion, and progression (Reviewed in [617, 620, 621]). Initiation is an
irreversible step which causes inherent cellular damage (Reviewed in [617, 620, 621]).
Promotion, on the other hand, is considered a non-mutagenic and non-carcinogenic
reversible change that cannot solely cause tumorigenesis (Reviewed in [617, 620, 621]).
Progression is the transformation of a benign tumor into a malignant and invasive tumor
[622]. Clearly, understanding the various causes and mechanisms of skin
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carcinogenesis will provide critical insights into the treatment and prevention of this
increasingly deadly disease.

Viral skin carcinogenesis is the least understood of the three mediators of skin
carcinogenesis. This is mostly attributed to the latent onset of carcinogenesis and poor
identification of the initiators [615]. Viruses can also serve as co-carcinogens in concert
with other tumorigenic factors, including immunity and inflammation [615, 616]. To date,
three viruses conclusively cause skin neoplasms, and these include human papilloma
virus (HPV), Kaposi’s sarcoma (KS)-associated herpesvirus (KSHV), and human T-cell
leukemia virus type 1 (HTLV-1) [615]. HPV, in addition to being a causative agent in
cervical cancer, has been shown to cause SCCs [615, 623, 624]. KSHV is causative in
skin lesions of immuno-compromised individuals by altering host expression of cell
cycle, angiogenesis, and inflammatory genes [615]. HTLV-1 skin carcinogenesis is
attributed to the oncoprotein Tax and direct alteration of NFκB signaling [615]. Clearly,
further understanding of the causative mechanisms of viruses in skin carcinogenesis is
an important issue that must be addressed.

UV radiation is a predominant cause of skin cancer in humans, and constant
exposure to UV, particularly in developing countries, has led to the increasing incidence
of skin tumorigenesis. The UV spectrum encompasses the 10-400 nanometer (nm)
spectrum and is composed three distinct bands: UVC (below 280 nm), UVB (280-315
nm) and UVA (315-400 nm) (Reviewed in [614]). While stratospheric ozone blocks UVC
and some UVB (280-290 nm) radiation, UVB and UVA radiation does reach the earth’s
surface (Reviewed in [614]). The primary mechanisms of UV-induced skin
carcinogenesis are DNA mutagenesis, DNA strand breaks, lipid peroxidation, and
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protein cross-linking (Reviewed in [614]). While there is not a specific targeting of UVinduced DNA damage, there is a strong propensity for cyclobutane-type pyrimidine
dimers and pyrimidine (6-4) pyrimidine photoproducts [625-627]. These damaging
effects predominantly cause cytosine to thymidine transitions at mono- and di-pyrimidine
sequences. The damaged nucleotide bases are typically replaced by adenosine
nucleotides at unreadable lesion sites by semi-conservative DNA replication (Reviewed
in [614]). Further studies have identified DNA transitions as the hallmark of UV-induced
DNA damage [628]. UV radiation is also known to cause cytosine photohydrates, purine
photoproducts, and singe-strand DNA breaks [629-631]. Preliminary studies in UV skin
carcinogenesis surprisingly revealed that greater than eighty percent of pre-cancerous
skin lesions have specific DNA mutations in the p53 tumor suppressor gene loci. Further
investigations also found a strong correlation between p53 mutations and malignant skin
cancers (Reviewed in [632, 633 , 634]). Decades of investigations have revealed that UV
radiation is a causative agent in skin carcinogenesis, and persistent human exposure
necessitates further investigations into the prevention and treatment of skin cancer.

In addition to UV-induced skin carcinogenesis, epidermal exposure to pollutants
and chemical agents are similarly known to be causative mediators of tumorigenesis.
Studies throughout the past century have described many chemicals that function as
tumor initiators or promoters (Reviewed in [635]). In general, three broad chemical
classes have been identified that cause irreversible DNA damage, and these classes
include polycyclic aromatic hydrocarbons (PAHs), nitrosamines, and alkylating agents
[621]. PAHs are metabolized by the CYP family and microsomal epoxide hydrolase
(mEH) to form highly reactive diol epoxides [636-638]. The epoxide moiety is highly
electrophilic and forms stable DNA adducts by covalent binding to exocyclic amino
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groups of guanine and adenosine [636-638]. Alkylating agents and nitrosamines cause
irreversible damage by the addition of an alkyl or methyl groups to DNA (Reviewed in
[639]). N-methyl-N’-nitro-N-nitrosoguanidine (MNNG) (Reviewed in [639]) and βpropiolactone [621] are prototypical alklyating carcinogens. The electrostatic nature of
the nitrogen 7 position (N7) of guanine residues makes this position highly susceptible to
methylation. O6 of guanine and N3 of adenine are nucleotide sites susceptible to
alkylation (Reviewed in [639]). The damage caused by nitrosamines and alkylating
agents causes carcinogenesis by nucleotide mutations or DNA strand breaks (Reviewed
in [621, 639]). Several mechanisms exist to repair the diol-epoxide, methylated, or
alkylated DNA damage, but absent or reduced DNA repair results in permanent DNA
mutations [640]. Although DNA damage should occur randomly, several cancer studies
using PAHs and MNNG have reported a propensity for DNA mutations in the H-ras and
p53 genes [641-643]. As stated previously, tumor promoters do not possess the inherent
ability to cause tumorigenesis, but these compounds enhance cancer through clonal
selection and expansion of initiated cells. Prototypical promoters include TPA, anthralin,
and benzoyl peroxide. These chemicals promote tumorigenesis through alteration of
proliferative and inflammatory signaling pathways (Reviewed in [621]). TPA, which is
functionally analogous to DAG, is able to activate the PKC pathway and enhance
ornithine decarboxylase (ODC) activity, both of which are important roles in tumor
promotion [617]. As chemical carcinogenesis is the more well-studied models to study
mechanisms of skin carcinogenesis, subsequent discussions will focus on chemical
mediators of skin tumorigenesis.

Throughout several decades of detailed skin tumorigenesis studies, two
predominating models have emerged to examine the effects of chemical carcinogens as
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initiators or promoters. The two models are the two-stage carcinogenesis model and the
complete carcinogen model. The purpose of these different models is to discern the
ability of a chemical to serve as an initiator, promoter, or both (complete) [644]. The twostage model involves a single, subthreshold, treatment with an initiator that this followed
by repeated exposure to a promoter (Reviewed in [617, 621, 644-646]). The complete
carcinogen model utilizes a single or repeated dose of a carcinogen (Reviewed in [617,
621, 644-646]). The key difference between these models is that the two-stage model
allows mechanistic and operational separation of initiation and promoter that cannot be
examined in the complete carcinogen model [644]. A clear difference in endpoint tumor
types has also been observed with these two models. Papillomas are the predominant
tumor in the two-stage model, while carcinomas are the predominant tumor in the
complete carcinogen model (Reviewed in [617, 620, 621]). As stated previously,
mutations in the H-ras oncogene have been observed in a great majority of PAH-initiated
skin tumors [642]. Additionally, initiation with MNNG has also been shown to cause
mutations in H-ras [647]. Future studies utilizing these models of skin carcinogenesis
must focus on identifying new carcinogens and examination of putative chemoprevention
agents (Reviewed in [648-650]).

1.3.3 Mechanisms of PAH-dependent skin carcinogenesis
PAHs cause tumorigenesis through direct DNA mutation of tumor suppressors
and oncogenes such as H-ras and p53. As discussed earlier, PAHs are metabolized by
the CYPs and mEH to form diol epoxides [636-638]. The creation of reactive
carcinogens, term bioactivation, by the P450 system is a by-product of PAH
detoxification. A two-step cellular mechanism exists to hydroxylate (phase I) and
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subsequently conjugate large hydrophilic groups (phase II) to the PAH (Figure 1.12).
These modifications increase the solubility and excretion of the PAH. Upon PAH insult,
cellular responses lead to increased protein expression of CYPs and subsequent
hydroxylation of the PAH [636-638]. A reactive, yet highly unstable, epoxide moiety can
be formed. This moiety can be acted upon by mEH to form a diol that can be
metabolized by phase II enzymes [636-638]. However, further hydroxylation of PAHs by
CYPs causes the formation of a diol-epoxide that can adduct to and mutagenize DNA
[636-638]. The main CYP contributors to bioactivation of PAHs are CYP1A1, CYP1A2,
and CYP1B1, and tissue-specific expression and induction of these isoforms is tightly
regulated [636-638]. The direct transcriptional responsiveness of phase I and II enzymes
to PAHs suggested that these carcinogens could be ligands for a transcription factor.
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Figure 1.12: Schematic of prototypical metabolism of PAHs by phase I and II enzymes.
B[a]P is enacted upon by the cytochrome P450 enzymes to create B[a]P-7,8-epoxide.
The epoxide functional group is hydrolyzed by epoxide hydrolase to form B[a]P-7,8 diol.
Further chemical modification by P450s creates the highly reactive diol-epoxide group
that can form DNA adducts. B[a]P-7,8-diol can also be chemically modified by phase II
enzymes, such as UDP-glucoronosyltransferase (UGT) to generate a hydrophilic
molecule capable of being excreted.
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Researchers in the 1970’s examined the ability of PAHs to induce liver CYP
activity in the various strains of mice. Surprisingly, strains were found to be “responsive”
or “non-responsive” to PAHs [651, 652]. Selective inter-breeding of the “responsive” and
“non-responsive” strains identified an autosomal dominant trait, subsequently termed the
aryl hydrocarbon (AH) locus [653]. This locus was hypothesized to be a ligand-binding
transcriptional activator termed the AH receptor (AHR). Subsequent studies using a
reversible, tritiated form of the prototypical PAH 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD) determined that the ligand-bound AHR could bind DNA [654] and undergo
nuclear localization [655, 656]. The AHR coding sequence was subsequently cloned and
characterized, and sequence analysis identified this receptor as a member of the basichelix-loop-helix (bHLH) PER/ARNT/SIM (PAS) family of transcription factors [657].
Further detailed studies throughout the past few decades have shown that the inactive
cytosolic AHR exists as a heterotetrameric complex with a dimer of the heat shock
protein 90 (HSP90) and hepatitis B virus X-associated protein 2 (XAP2) [658-662]. Upon
nuclear translocation, the AHR was found to heterodimerize with the AH receptor
nuclear transporter (ARNT) [663] and bind a DNA at dioxin response elements (DREs)
of the consensus sequence 5’-TNNGCGTG-3’ [664, 665].

The classic AHR signaling pathway (Figure 1.13) has the unliganded AhR in the
cytsol as part of a heterotetrameric complex that includes two molecules of HSP90 and
one molecule of XAP2 [659-662]. Upon ligand binding, AHR undergoes a conformational
change that results in shedding of heterotetrameric complex and nuclear translocation
[666]. The ligand-bound AHR heterodimerizes with ARNT and binds to DREs located
within target gene promoters. The DNA-bound heterodimer recruits histone modifying
enzymes and other coactivators to loosen the DNA/histone interactions. These actions
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cause the recruitment of the transcription initiation complex and production of target
gene mRNAs. The group of phase I and II enzymes that are known to be regulated by
the AHR has generally been termed the “AH battery”. Members of this battery include
CYP1A1 [667], CYP1A2 [668], CYP1B1 [669], UDP-glucoronosyltransferase (UGT) 1a1
and 1a6, [670], NAD(P)H:quinone oxidoreductase (NQO1) [671, 672], and the
glutathione S-transferase Ya subunit (GSTA1) [673]. Interestingly, AHR has also been
shown to induce the expression of the oxidative stress-induced transcription factor NRE2-related-factor 2 (NRF2) [674], which is also known to regulate the expression of
phase II enzymes (Reviewed in [675]).
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Figure 1.13: AHR signaling pathway in response to PAHs. (A) In the absence of ligand,
AHR is located in a cytosolic complex with a HSP90 dimer and XAP2. (B) Ligand binding
to PAHs results in a conformational change in AHR that causes shedding of the
HSP90/XAP complex and nuclear translocation. (C) AHR heterodimerizes with ARNT.
(D) The heterodimer binds to receptor-specific DNA sequences, termed DREs, located
within target gene promoters. (E) The heterodimer recruits histone modifying enzymes,
coactivators, and the transcription initiation complex to target gene promoters. This
results in increased mRNA (F) and protein (G) production of the target gene. (H) CYP
expression then causes metabolism of the PAH.
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1.4 Hypothesis and objectives
Previous evidence supports a clear role for PPARβ/δ in skin carcinogenesis.
Pparβ/δ-null mice exhibit enhanced tumorigenesis as compared to similarly treated wildtype mice in two-stage models of skin carcinogenesis [525, 557]. This model utilizes a
single dose of a mutagen followed by continued tumor promotion over the course of the
study. While this model has been used to demonstrate a PPARβ/δ-dependent reduction
in skin tumorigenesis, whether PPARβ/δ alters tumor initiation and/or promotion has not
been examined to date. PPARβ/δ was first suggested to alter tumor promotion when
Pparβ/δ-null mouse skin exhibited a hyperplastic response to the tumor promoter TPA.
Furthermore, Pparβ/δ-null primary keratinocytes have been shown to proliferative faster
than wild-type cells [402, 406, 512]. Notably, PPARβ/δ-dependent regulation of tumor
initiation has not been specifically examined. The standard model for studying skin
carcinogenesis is PAH exposure. AHR-dependent regulation of phase I and II enzymes
maintains a critical balance between carcinogen bioactivation and detoxification.
Considering these facts, the overall hypothesis of this dissertation is that PPARβ/δ
modulates AHR signaling in the skin, resulting in altered tumor initiation and PAHdependent skin carcinogenesis.

The following chapters seek to clarify the role PPARβ/δ in modulating the AHR
signaling pathway and skin carcinogenesis. The objective of chapter 2 is to determine if
PPARβ/δ modulates AHR signaling in human and mouse keratinocyte models.
Keratinocytes are the proliferative component of the skin and the known target of PAHdependent DNA mutagenesis. Therefore, the data generated within this chapter will be
used to examine the functional components of the AHR signaling pathway in wild-type
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and Pparβ/δ-null keratinocytes. These studies will include examination of AHR and
accessory protein expression, ligand binding, nuclear translocation, heterodimerization,
target gene promoter occupancy, coactivator recruitment, and the induction of target
gene mRNA. Additional studies will also determine the inherent DNA structure of AHR
target genes using epigenetic inhibitors and physical examination of chromatin structure.
To assess whether this modulation is relevant to human skin cancer, a human
keratinocyte PPARβ/δ shRNA cell line will be created and characterized. Experiments
within this investigation will specifically address the in vitro mechanism(s) by which
PPARβ/δ modulates AHR-dependent signaling in human and mouse keratinocytes and
establish preliminary evidence for altered PAH-dependent skin carcinogenesis. Chapter
3 will focus on whether PPARβ/δ modulation of AHR-dependent signaling alters tumor
initiation and skin tumorigenesis. The objective of chapter 3 is to determine if decreased
AHR signaling in PPARβ/δ-null mice causes functional changes in PAH-dependent skin
carcinogenesis. Furthermore, it is predicted that inherent genotype-specific differences
in tumor promotion will result in PPARβ/δ-dependent differences in malignant
conversion. These hypotheses will be specifically addressed using a complete
carcinogen skin carcinogenesis bioassay and PAHs B[a]P and DMBA. These two PAHs
are known to be metabolized through AHR-dependent regulation of phase I and II
enzymes. This bioassay will examine if reduced tumor initiation in Pparβ/δ-null mice
translates into reduced tumor onset, multiplicity, size, or malignant conversion as
compared to wild-type mice. Furthermore, MNNG, a carcinogen that is not bioactivated
through AHR signaling, will be used to delineate genotype-specific differences in tumor
initiation and tumor promotion. This investigation will delineate the functional role of
PPARβ/δ-dependent modulation of AHR signaling in the skin and how modulated
carcinogen metabolism alters tumorigenesis and malignant tumor conversion.
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Combined, these chapters will address the specificity and mechanism(s) by
which PPARβ/δ modulates AHR-dependent signaling in vivo and in vivo and the
consequence of this modulation on skin tumorigenesis. By clearly defining the
mechanistic components of this modulation, a novel mechanism by which PPARβ/δ
modulates skin carcinogenesis will be present that can thus be exploited for future
assessments of skin cancer risk.

Chapter 2

MODULATION OF AHR-DEPENDENT SIGNALING BY PPARβ/δ IN
MOUSE AND HUMAN KERATINOCYTES
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2.1 Abstract
The nuclear hormone receptor peroxisome proliferator-activated receptor-β/δ
(PPARβ/δ) is emerging as a novel target in skin tumorigenesis. While the exact
mechanism(s) mediating PPARβ/δ-dependent biological effects have yet to be
delineated, it has been shown that PPARβ/δ exerts anti-proliferative, pro-differentiation,
and pro-apoptotic effects in several skin models. Studies with Pparβ/δ-null mice have
indicated that the absence of PPARβ/δ increased tumorigenicity and malignant
conversion in a two-stage model of skin chemical carcinogenesis. These observations
could be due to PPARβ/δ-dependent modulation of tumor initiation and/or promotion.
The results from previous studies revealed that PPARβ/δ alters keratinocyte proliferation
and tumor promotion. However, tumor initiation has not been specifically examined.
Surprisingly, Pparβ/δ-null mice exhibited attenuated induction of cytochrome P450
(CYP) genes in response to polycyclic aromatic hydrocarbons (PAHs). Thus, it was
hypothesized that PPARβ/δ alters carcinogen metabolism and tumor initiation in the
skin. As the aryl hydrocarbon receptor (AHR) is the key transcriptional regulator of
xenobiotic metabolism, this pathway was examined for PPARβ/δ-dependent modulation.
Using a primary keratinocyte model, Pparβ/δ-null keratinocytes had reduced PAHdependent mRNA induction of phase I and II xenobiotic metabolism enzymes, including
the mRNAs encoding for Cyp1a1, Cyp1b1, NAD(P)H:quinone oxidoreductase 1 (Nqo1),
and glutathione S-transferase alpha 1 (Gsta1), as compared to wild-type keratinocytes.
The attenuated PAH-dependent induction of these mRNAs in Pparβ/δ-null keratinocytes
was not found to be caused by PPARβ/δ-dependent alterations of AHR expression,
ligand binding, or nuclear translocation. However, PAH-dependent AHR promoter
occupancy and histone acetylation at the Cyp1a1 promoter were found to be significantly
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reduced in Pparβ/δ-null keratinocytes. Thus, the chromatin structure of the Cyp1a1
promoter may be altered in a PPARβ/δ-dependent manner. Indeed, DNA methylation
was found on the Cyp1a1 promoter in the absence of PPARβ/δ expression. A similar
modulation of PAH-mediated AHR signaling was observed in a human PPARβ/δ shRNA
keratinocyte model, thereby demonstrating a human relevance to skin carcinogenesis.
Collectively, these observations describe a novel epigenetic mechanism by which
PPARβ/δ can modulate xenobiotic metabolism mRNA induction in the skin by
dysregulation of AHR signaling. The results of these studies indicate that PPARβ/δ may
alter the balance between carcinogen bioactivation and detoxification in the skin.
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2.2 Introduction
Peroxisome proliferator-activated receptors (PPARs) are members of the nuclear
hormone receptor superfamily of ligand activated transcription factors and are critical
regulators of lipid homeostasis. Ligand-dependent biological responses are mediated by
tissue-specific expression of three PPAR isoforms, termed PPARα, PPARβ/δ, and
PPARγ. Detailed studies have delineated pharmacological functions for ligand activation
of PPARα and PPARγ, including the use of fibrates as PPARα-dependent modulators of
dyslipidemia (Reviewed in [291]) and the use of thiazolinediones as PPARγ-dependent
modulators of insulin-sensitization (Reviewed in [188]). Compared to other PPAR
isoforms, much less is understood about the intrinsic functions of PPARβ/δ. This isoform
is ubiquitously expressed and exhibits higher expression in epithelial tissues such as the
skin [163, 523]. The exact role of PPARβ/δ in carcinogenesis has not reached a clear
consensus. However, a large body of evidence suggests that PPARβ/δ inhibits
tumorigenesis by inhibiting proliferation, inducing terminal differentiation, and increasing
apoptosis (Reviewed in [164, 523]). Several lines of evidence have described a direct
role for PPARβ/δ-dependent inhibition of skin tumorigenesis. First, Pparβ/δ-null mice
have a hyperplastic response to the tumor promoter 12-O-tetradecanoylphorbol 13acetate (TPA), and this effect has been observed in two independent null-mouse models
[412, 506]. It has also been observed that Pparβ/δ-null primary keratinocytes, the
proliferative cell type in the epidermis, proliferate faster than wild-type cells [402, 406,
525]. Furthermore, ligand activation of PPARβ/δ reduced cell proliferation in several
mouse and human skin models (Reviewed in [164]). Additional studies have investigated
the role of PPARβ/δ in skin carcinogenesis. Ligand activation of PPARβ/δ reduced tumor
incidence, size, multiplicity, and malignant conversion in several two-stage skin chemical
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carcinogenesis bioassays [524, 525, 557, 587]. Although these known effects on cell
proliferation and tumorigenesis have been consistently observed, detailed studies have
not delineated the mechanism(s) by which PPARβ/δ attenuated skin tumorigenesis.

The reported PPARβ/δ-dependent decreases in keratinocyte cell proliferation
and two-stage skin carcinogenesis suggests that PPARβ/δ reduces tumor promotion.
However, PPARβ/δ-dependent modulation of tumor initiation in the skin cannot be
excluded. The prerequisite DNA mutagenesis for tumor initiation is commonly mediated
by polycyclic aromatic hydrocarbons (PAHs) such as benzo[a]pyrene (B[a]P) and 7,12dimethylbenz[a]anthracene (DMBA). These compounds are chemically modified by the
phase I and II xenobiotic metabolism system, which facilitates the detoxification and
excretion of chemical carcinogens. Phase I enzyme expression is induced in response to
PAHs and causes direct hydroxylation of xenobiotics. However, this process also
creates bioactivated PAHs that can form stable DNA adducts [676, 677]. Phase II
enzymes, in addition to being induced by PAHs, mediate antioxidant responses and
conjugation reactions that ultimately detoxify bioactivated compounds [677]. The critical
transcriptional regulator of phase I and II enzymes is the aryl hydrocarbon receptor
(AHR), a member of the basic helix-loop-helix (bHLH) Per-ARNT-SIM (PAS) family of
transcription factors that is activated by a wide variety of structurally diverse compounds
[657, 678].

As a sensor of PAH exposure and the primary direct transcriptional effector, the
AHR is considered a key modulator of carcinogenesis. In its unliganded state, AHR is
relegated to the cytosol in a complex with co-chaperones, including heat shock protein
90 (HSP90), hepatitis B virus associated protein 2 (XAP2), and p23 [662, 679-681].
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Upon ligand binding, AHR undergoes a conformational change that lead to chaperone
dissociation, nuclear translocation, heterodimerization with AHR nuclear translocator
(ARNT), and DNA binding at dioxin response elements (DREs) [682]. The AHR/ARNT
complex then causes chromatin remodeling, coactivator recruitment, and transcription of
target genes, which includes, but is not limited to, phase I and II enzymes involved in the
metabolism of PAHs [683, 684]. Due to the classic use of PAHs as skin carcinogens,
AHR expression and activation have been extensively studied in many skin models.
Studies utilizing Ahr-null mice have indicated that the absence of AHR drastically
reduced genotoxic and PAH-dependent DNA adducts [685-687]. Interestingly, Ahr-null
mice exhibited a different PAH metabolite profile than wild-type mice. This observation
suggests that secondary metabolic pathway(s) can compensate for deficient AHR
signaling [685]. Additionally, Ahr-null mice were found to be highly resistant to PAHdependent skin tumorigenesis, as examined by PAH injections and complete skin
carcinogen bioassays [686, 688]. These observations highlight the importance of PAHdependent AHR signaling in skin tumorigenesis and how perturbation of this pathway
altered carcinogen bioactivation and tumor initiation. Therefore, identifying new
regulators of AHR signaling and carcinogen bioactivation will build upon current
knowledge of how modulated xenobiotic metabolism causes skin carcinogenesis.

The current study examined whether PPARβ/δ can alter tumor initiation by
modulating the balance between carcinogen bioactivation and clearance. As the AHR
signaling pathway is a critical regulator of most PAH metabolism, it was hypothesized
that PPARβ/δ modulates AHR-dependent metabolism of PAHs and shifts the balance of
carcinogen bioactivation and detoxification. Specifically, these studies examined how
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PPARβ/δ modulates AHR-dependent signaling in mouse and human keratinocyte
models.
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2.3 Materials and Methods

2.3.1 Chemicals and materials
GW0742 [159] was synthesized by GlaxoSmithKline (Research Triangle Park,
NC). B[a]P, DMBA, dexamethasone, all-trans retinoic acid (RA), 9-cis RA, and 5-Aza-2’deoxycytidine (5-Aza-dC) were purchased from Sigma-Aldrich (St. Louis, MO). 2,3,4,7,8pentachlorodibenzofuran (PeCDF) was purchased from AccuStandard (New Haven,
CT), and β-naphthoflavone (β-NF) was obtained from IndoFine (Hillsborough, NJ).
Indolo[3,2-b]carbazole (ICZ) and 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) were
generous gifts provided by Dr. Jan Bergman (Karolinska Institute, Sweden) and Dr.
Steven Safe (Texas A&M, College Station, TX), respectively. Chrysene, 5-methyl
chrysene (5-me chrysene), 6-methyl chrysene (6-me chrysene), dibenzo[a,l]pyrene
(DiB[a,l]P), and M50354 were synthesized by Dr. Shantu Amin (Penn State University,
Hershey, PA). 2-Azido-3-[125I]iodo-7,8-dibromodibenzo-p-dioxin ([125I]N3Br2DpD) and 2[125I]iodo-7,8-dibromo-p-dioxin ([125I]Br2DpD) were graciously synthesized by Dr. Gary
Perdew (Penn State University, University Park, PA) following previously described
methods [689, 690]. All treatment compounds were dissolved in dimethylsulfoxide
(DMSO) except all-trans RA and 9-cis RA, which were dissolved in ethanol (EtOH).
Lipofectamine® and Plus Reagent® were purchased from Invitrogen (Carlsbad, CA).
Protein A/G sepharose resin was purchased from Santa Cruz Biotechnology (Santa
Cruz, CA) and glutathione-coated magnetic beads were purchased from Thermo
Scientific (Rockford, IL). The Wizard® Genomic DNA Purification kit was purchased from
Promega (Madison, WI), and puromycin was obtained from EMD Biosciences
(Gibbstown, NJ). Protease inhibitor cocktail was purchased from Roche Diagnostics
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(Indianapolis, IN). All primers for quantitative real-time PCR (qPCR) and bisulfite
sequencing were purchased from Integrated DNA Technologies (IDT, Coralville, IA).

2.3.2 Plasmids
The MISSION™ shRNA plasmid constructs for non-target (SHC002) and human
PPARβ/δ (TRCN0000010647) were purchased from Sigma Aldrich. pBOS-GST-AHR,
pBOS-GST-ARNT, pcDNA3.1-Flag-AHR, and pcDNA3.1-Flag-ARNT were kindly
provided by Dr. Gary Perdew [691], and pSG5-mPPARβ/δ was generously provided by
Dr. Curt Omiecinski (Penn State University, University Park, PA).

2.3.3 Cell culture
HEK293T and HaCaT human keratinocytes were generously provided by Dr.
Yanming Wang (Penn State University, University Park, PA) and Dr. Stuart Yuspa
(National Cancer Institute, Bethesda, MD), respectively. These cell lines were
propagated in Dulbecco’s minimal essential medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), 100 IU/mL penicillin, and 100 μg/mL streptomycin. Hepa1c1c7
cells were provided by Dr. Gary Perdew and were propagated in αMEM supplemented
with 10% FBS, 100 IU/mL penicillin, and 100 μg/mL streptomycin. All cells were cultured
at 37°C and 5% CO2.
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2.3.4 Isolation and treatment of primary mouse keratinocytes, fibroblasts, and
hepatocytes
Primary keratinocytes and fibroblasts from wild-type and Pparβ/δ-null mice were
isolated from newborn skin and cultured as previously described [692]. Keratinocytes
were cultured in low calcium (0.05 mM) Eagle’s MEM supplemented with 8% chelexed
FBS, 20 IU/mL penicillin, and 20 μg/mL streptomycin. Dermal fibroblasts were cultured in
DMEM supplemented with 10% FBS, 100 IU/mL penicillin, and 100 μg/mL streptomycin.
Primary hepatocytes from wild-type and Pparβ/δ-null mice were isolated as previously
described [693], and propagated in HepatoZYME SFM media (Invitrogen) supplemented
with 2.5% DMSO, 10 nM dexamethasone, 1% glutamine, 100 IU/mL penicillin, and 100
μg/mL streptomycin. All cells were cultured at 37°C and 5% CO2. Fibroblasts and
hepatocytes were treated for 8 h with vehicle (0.02% DMSO) or the indicated treatment.
Primary keratinocytes for mRNA expression analyses were treated for 8 h with vehicle
(0.02% DMSO) or the indicated treatment. A temporal analysis of PAH-dependent
induction of AHR target genes was completed by treatment of primary keratinocytes with
vehicle (0.02% DMSO) or 1 μM B[a]P for 1, 2, 4, 6, 8, 12, and 24 h. Total RNA was then
prepared using RiboZol RNA Extraction Reagent (AMRESCO, Solon, OH) and the
manufacturer’s recommended protocol.

2.3.5 In vivo studies
For skin analyses, wild-type and Pparβ/δ-null mice in the resting phase of hair
cycle were shaved and treated with acetone (control) or 50 μg of DMBA. After 8 h, mice
were euthanized and the dorsal skin region was isolated. For mRNA analyses, skin
samples were immediately homogenized in RiboZol RNA Extraction Reagent, and total
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RNA was prepared using the manufacturer’s recommended protocol. For skin protein
analysis, dorsal skin was pulverized using liquid nitrogen-cooled mortar and pestle. Skin
microsomes were prepared by Dounce homogenizing the pulverized skin in
homogenizing buffer (10 mM Tris/0.25 M sucrose, pH 7.4) containing protease inhibitor
cocktail (Roche). Lysates were then centrifuged at 700 x g for 10 min, followed by
centrifugation of the supernatant at 105,000 x g for 45 min. The pellets were then
resuspended in 0.15 M Tris buffer and immediately used for western blotting.

Liver mRNA analyses were completed by oral gavage of wild-type and Pparβ/δnull mice with 50 mg/kg β-NF or vehicle (corn oil) for 8 h. Mice were euthanized and
livers were removed and immediately homogenized in RiboZol RNA Extraction Reagent.
Total RNA was again prepared using the manufacturer’s recommended protocol.

2.3.6 RNA isolation and qPCR
The mRNA encoding AHR target genes, Pparβ/δ, and angiopoietin protein-like 4
(Angptl4), a PPARβ/δ target gene, were measured by qPCR analysis. cDNA was
generated from 2.5 μg of total RNA using MultiScribe Reverse Transcriptase kit (Applied
Biosystems, Foster City, CA). The qPCR analysis was carried out using SYBR® Green
PCR Supermix for IQ (Quanta Biosciences, Gaithersburg, MD) in the iCycler and
detected using the MyiQ Realtime PCR Detection System (Bio-Rad Laboratories,
Hercules, CA). The following PCR reaction was used for all genes: 95°C for 10 s, 60°C
for 30 s, and 72°C for 30 s, repeated for 45 cycles. Each PCR reaction included a notemplate control reaction to control for contamination, and all real-time PCR reactions
had greater than 85% efficiency. The relative mRNA value for each gene was
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normalized to the relative mRNA value of the housekeeping gene glyceraldehyde 3phosphate dehydrogenase (Gapdh). The following genes were examined: AhR
repressor (Ahrr), Angptl4, cyclooxygenase 2 (Cox2), cytochrome P450 1a1 (Cyp1a1),
Cyp1a2, Cyp1b1, Cyp26a1, epigregulin (Ereg), FK506 binding protein 5 (Fkbp5),
glucocorticoid-induced leucine zipper (Gilz), glutathione S-tranferase alpha 1 (Gsta1),
heme oxygenase 1 (Hox1), NAD(P)H:quinone oxidoreductase 1 (Nqo1), NF-E2-related
factor 2 (Nrf2), Pparβ/δ, and UDP-glucoronsyltransferase 1a2 (Ugt1a2) (Table 2.1).
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Table 2.1: Primers used for quantitative real-time PCR (qPCR)
Species

Gene

Accession

Forward Primer

Reverse Primer

Ahrr

NM_009644

CTGTCTGATGAAAGCCCAGA

Cox2

NM_011198

Cyp1a1

NM_009992

Cyp1a2

NM_009993

Cyp1b1

NM_009994

Cyp26a1

NM007811

Ereg

NM_007950

Fkbp5

NM_010220

Gapdh

NM_008084

Gilz

NM_010288

Gsta1

NM_008181

Hox1

NM_010442

Nqo1

NM_008706

Nrf2

NM_010902

Ugt1a2

NM_013701

CTGCTGCTGGAGTCTCTCA
A
TTGCTGTACAAGCAGTGGC
AAAGG
AGGTTAACCATGACCGGG
AACTGT
ACATTCCCAAGGAGCGCT
GTATCT
GCTAGCCAGCAGTGTGAT
GATATT
TTCTGCAGATGAAGCGCA
GG
TGGGTCTTGACGCTGCTTT
GTCTA
AGGCGAGGGATACTCAAA
CCCAAA
AAATGGTGAAGGTCGGTG
TGAACG
TGTATGAGACCCCCATGGA
G
ACTAGACCGTGAACCACA
GTTGCT
CCTCACTGGCAGGAAATCA
TC
AGATGGCATCCAGTCCTCC
AT
AGCACTCCGTGGAGTCTTC
CATTT
AAGGCTTTCTGACCACATG
GA

Angptl4

NM_139314

Cyp1a1

NM_000499

Cyp1b1

NM_000104

Gapdh

NM_002046

Pparβ/δ

NM_006238

Mouse

TGCAGCCATTTCCTTCTCTCCTG
T
TTCGCTTGCCCAAACCAAAGAG
AG
GTCGATGGCCGAGTTGTTATTG
GT
GGTTAGCCTTGAAATTGCACTG
AT
TTTCGCTGCTTGTGCGAGGA
AAGCAGTAGCCGTCCATGTCAG
AA
TGTCGATCCCAATCGGAATGTC
GT
TGGCAACAATCTCCACTTTGCCA
C
TCCATGGCCTGCTCAATCTT
ACCATGGGCACTTGGTCAAACA
TC
CCTCGTGGAGACGCTTTACATA
TTAGTCCCTCGGCCATTGTT
TGTGTTTAGGGCCGTTCTGTTTG
GGCAAATGTACTTCAGGACCAG
AT

Human
TCACAGCCTGCAGACACAA
CTCAA
AGTGGCAGATCAACCATGA
CCAGA
CATGCGCTTCTCCAGCTTT
GT
TGCACCACCAACTGCTTAG
C
GACAGTGACCTGGCCCTA
TTCA

CCAAACTGGCTTTGCAGATGCT
GA
CCGCTTGCCCATGCCAAAGATA
AT
GGCCACTTCACTGGGTCATGA
GGCATGGACTGTGGTCATGAG
AGGATGGTGTCCTGGATAGCCT
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2.3.7 Western blot analysis
Protein samples were isolated from dorsal skin, primary keratinocytes, and
HaCaT shRNA stable cell lines as described. A total of 40 μg (skin microsomes) or 50
μg (all other samples) of protein was resolved using SDS-polyacrylamide gels and
transferred to polyvinylidene fluoride (PVDF) or nitrocellulose membranes using an
electroblotting method. The membranes were blocked with 5% dried milk in Tris buffered
saline/Tween-20 (TBST) for rabbit and mouse antibodies and 0.5% porcine gelatin TBST
for goat antibodies. Primary antibodies were incubated overnight with gentle agitation.
After incubation with biotinylated secondary antibody (Jackson ImmunoResearch
Laboratories, West Grove, PA), immunoreactive proteins on the membrane were
detected after incubation with 125I-labeled streptavidin. Hybridization signals for specific
proteins were normalized to hybridization signal for ACTIN or lactate dehydrogenase
(LDH). The following antibodies were used: anti-AHR (Affinity Bioreagents, Golden, CO,
RPT1), anti-ARNT (Santa Cruz sc-8076), anti-HSP90 [694], anti-XAP2 (Novus
Biologicals), anti-CYP1A1 (Santa Cruz sc-20772), anti-CYP1B1 (Dr. Craig B. Marcus,
Oregon State University, Corvallis, OR), anti-COX2 (Santa Cruz sc-7591), antimicrosome epoxide hydrolase (mEH, Dr. James P. Hardwick, Northeastern Ohio
University College of Medicine, Rootstown, OH), anti-human PPARβ/δ (Abcam
ab21209-100) anti-LDH (Rockland, Gilbertsville, PA) and anti-ACTIN (Rockland,
Gilbertsville, PA, 600-401-886).
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2.3.8 Photoaffinity ligand ([125I]N3Br2DpD) binding assay
Wild-type and Pparβ/δ-null primary keratinocytes were isolated and cultured as
previously described [692]. Cytosolic lysates were prepared from 150 mm culture plates.
Cells were trypsinized, pelleted, and were homogenized in MENG buffer (25 mM MOPS,
2 mM EDTA, 0.02% NaN3, 10% glycerol pH 7.4) containing 20 mM sodium molybdate
and protease inhibitors (Roche). The cytosolic fraction was obtained by centrifugation at
100,000 × g for 1 h. All binding experiments were conducted in the dark until ultraviolet
(UV) cross-linking of [125I]N3Br2DpD. Briefly, one hundred fifty micrograms of cytosolic
protein was incubated at room temperature with increasing amounts of [125I]N3Br2DpD.
Ligand was allowed to bind the lysate for 20 min at room temperature, then samples
were photolyzed at 8 cm with 402 nm UV light. Three percent dextran-coated charcoal
was added to the photolyzed samples to remove unbound ligand. Labeled samples were
resolved using 8% acrylamide-SDS-PAGE, transferred to a PVDF membrane and
visualized using autoradiography. Radioactive bands corresponding to AHR relative
mobility (Mr) were then excised and counted using a γ-counter.

2.3.9 Reversible ligand ([125I]Br2DpD) nuclear translocation sucrose gradient
ultracentrifugation
Wild-type and Pparβ/δ-null primary keratinocytes were isolated and cultured as
previously described [692]. Cells were grown on 150 mm cell culture dishes and treated
for 1 h with [125I]Br2DpD. Following treatment, cells were washed twice with Dubecco’s
phosphate buffered saline (DPBS), trypsinized, and pelleted. Nuclear lysates were
prepared using a Dounce homogenizer and MENG buffer containing 20 mM sodium
molybdate and protease inhibitors. Nuclear protein pellets were isolated by
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centrifugation at 1,000 x g for 20 min. The nuclear pellet was resuspended in MENG
buffer containing 20 mM sodium molybdate, 400 mM potassium chloride, and protease
inhibitors. Following a 1 h incubation on ice, soluble nuclear proteins were isolated by
centrifugation at 100,000 × g for 1 h. Lysates were then layered onto 5.1-ml sucrose
gradients (10-30%) prepared in MENG buffer containing 400 mM potassium chloride and
centrifuged at 416,000 x g for 135 min. After centrifugation, 200 μL fractions were
collected with an Isco Model 640 density gradient fractionator and counted using a γcounter. Bovine serum albumin (4.4S) and catalase (11.3S) were routinely applied to
independent sucrose gradients as external markers of mobility.

2.3.10 Glutathione S-transferase (GST) pulldown
Cos-1 cells were grown to 50% confluence before transfection with PPARβ/δ and
the GST- and Flag- AHR and ARNT proteins using the Lipofectamine® transfection
reagent and manufacturer’s recommended protocol. Forty-eight h post-transfection,
soluble protein lysates were isolated in MENG buffer with 150 mM sodium chloride and
protease inhibitor cocktail using a Dounce homogenizer. Five hundred μg of respective
lysates were added to 100 μL of glutathione-coated magnetic beads (Pierce) and gentle
agitation for 3 h. Magnetic beads were washed three times with MENG buffer with 150
mM sodium chloride and protease inhibitors before the addition of loading dye and
resolution of proteins by western blotting. The direct interaction of proteins was
assessed by probing for AHR or PPARβ/δ protein expression using anti-AHR (Affinity
Bioreagents, Golden, CO, RPT1) and anti-PPARβ/δ [163].

101
2.3.11 Chromatin immunoprecipitation (ChIP)
Wild-type and Pparβ/δ-null primary keratinocytes were treated for 2 h with vehicle
or 1 μM B[a]P. Cross-linking was performed by the addition of formaldehyde to a final
concentration of 1% and sample rocking for 10 min. The cross-linking was quenched by
the addition of glycine to a final concentration of 125 mM and gently rocked for an
additional 10 min. Cells were washed twice with PBS before the addition of lysis buffer
(50 mM Tris-HCl pH 8, 1% SDS, 10 mM EDTA, and protease inhibitor cocktail). DNA
was sheared to obtain chromatin in the range of 500-1500 bp with the Diagenode
Bioruptor™ (Diagenode, Sparta, NJ). One hundred micrograms of sheared chromatin
was precleared by the addition of protein A/G agarose (Santa Cruz Biotechnology, Santa
Cruz, CA) for 1 h that was previously blocked with bovine serum albumin (BSA)/salmon
sperm DNA (Invitrogen, Carlsbad, CA). The precleared chromatin was
immunoprecipitated by gentle agitation with specific antibodies for either AHR [695], antiacetylated histone H4 (Upstate Biotechnology, Lake Placid, NY) as a positive control, or
rabbit IgG (Santa Cruz Biotechnology, Santa Cruz, CA) as a negative control. After 4 h,
the immune complexes were captured by the addition of preblocked protein A agarose
(Santa Cruz Biotechnology, Santa Cruz, CA) and an agitated overnight incubation. The
beads were washed three times with a low salt wash buffer (20 mM Tris-HCl pH 8, 2 mM
EDTA, 0.1% sodium deoxycholate, 1% Triton-X, 150 mM sodium chloride, and protease
inhibitor cocktail) and once with a high salt wash buffer (20 mM Tris-HCl pH 8, 2 mM
EDTA, 0.1% sodium deoxycholate, 1% Triton-X, 500 mM sodium chloride, and protease
inhibitor cocktail). The beads were washed once with TE8 (10 mM Tris-HCl pH 8, 1 mM
EDTA) and the immune complexes were released by the addition of elution buffer (100
mM sodium bicarbonate and 1% SDS). The formaldehyde cross-links were reversed by
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overnight incubation at 65°C. Immunoprecipitated DNA was purified by
phenol/chloroform/isoamylalcohol (25:24:1) extraction and subject to PCR analysis for
occupancy at the Cyp1a1 promoter. The primers for Cyp1a1 enhancer region were 5’GTCGTTGCGCTTCTCACGCGA -3’ (forward) and 5’- CACTGAGGGAGGGGTTTGAGG
-3’ (reverse). The amplification was carried out at the following reaction: 95°C for 30 s,
60°C for 30 s, and 72°C for 60 s, repeated for 35 cycles. Band intensity was quantified
using Image J Software (version 1.37, National Institutes of Health, Bethesda, MD). The
specific values were normalized to treatment-specific inputs and verified to be greater
than rabbit IgG controls. One biological replicate is displayed from a pool of N = 3
neonates used to isolate primary keratinocytes.

2.3.12 Epigenetic studies
To examine whether methylation alters transcriptional regulation, the methylation
inhibitor 5-Aza-dC was supplemented into the culture media of primary keratinocytes
from wild-type and Pparβ/δ-null mice. Keratinocytes were isolated and cultured as
previously described [692], and 5 μM 5-Aza-dC was supplemented during the plating
and propagation of the cells. The inhibitor was in the media for 64 h. Keratinocytes were
treated 8 h with vehicle (0.02% DMSO) or 1 μM B[a]P, with the addition of fresh 5-AzadC.

For bisulfite sequencing, primary keratinocytes from wild-type and Pparβ/δ-null
mice were isolated and cultured as described in Materials and Methods. Bisulfite
conversion was completed using the EZ DNA Methylation-Direct kit (Zymo Research,
Orange, CA) and the manufacturer’s recommended protocol. A total of 2 x 105 cells per
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genotype were utilized for the DNA bisulfite conversion. The promoter of Cyp1a1 was
analyzed and PCR amplification primers were designed for a putative cytosinephosphate-guanine (CpG) islands using MethylPrimer Express (Applied Biosystems).
Primers for amplification were 5’-GTTTTGGTTATAGAGTAGATATTAATG (Forward) and
5’-TTAAACTAACTCTATACCCCACAAATT (Reverse). The bisulfite converted region of
the Cyp1a1 promoter was amplified using the following protocol: 95°C for 1 min, 60°C for
1 min, and 72°C for 2.5 min, repeated for 35 cycles. The amplicon of interested was
cloned using the TOPO TA Cloning® kit (Invitrogen) and the manufacturer’s
recommended protocol. Five plasmids per genotype containing the Cyp1a1 promoter
amplicon were sequenced at the Penn State University Nucleic Acid Facility. The
generated sequencing data was then compared to the unmodified Cyp1a1 promoter
sequence to identify methylated cytosine using the Cytosine Methylation Analysis Tool
for Everyone (CyMATE) program [696].

2.3.13 shRNA lentivirus stable cell creation and characterization
Briefly, the viral packaging plasmids and non-target or shPPARβ/δ plasmids were
cotransfected into HEK293Tcells to produce retrovirus using the Lipofectamine®
transfection reagent and manufacturer’s recommended protocol. Forty eight h after
transfection, the cellular supernatant containing the retrovirus was filtered with a 0.22 μm
filter and used to spinoculate HaCaT cells [697]. Two days post-infection, HaCaT cells
were selected with culture media supplemented with 1 μg/mL puromycin and propagated
below 50% confluence for 7 d to select for stable plasmid integration. Cells were
maintained in selection media throughout all subsequent experiments. For protein
expression analyses, triplicate 100 mm dishes of HaCaT non-target and shPPARβ/δ
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soluble lysates were prepared using MENG buffer containing 20 mM sodium molybdate,
500 mM sodium chloride, and protease inhibitor cocktail. Fifty micrograms of proteins
from each sample was examined by western blotting, as described in Materials and
Methods, to assess the basal expression of PPARβ/δ, AHR, ARNT, HSP90, and XAP2
as compared to the loading control ACTIN. To characterize the responsiveness of the
non-target and cell lines to AHR and PPARβ/δ ligands, the HaCaT shRNA cell lines
were treated with vehicle (0.02% DMSO), 0.2 μM GW0742, or 1 μM B[a]P for 8 h. Total
RNA was then prepared using RiboZol RNA Extraction Reagent (AMRESCO) and the
manufacturer’s recommended protocol. qPCR was utilized to examine the expression of
Pparβ/δ, Angptl4, Cyp1a1, and Cyp1b1. A temporal analysis of PAH-dependent
inducibility of Cyp1a1 and Cyp1b1 was completed by treatment of the non-target and
shPPARβ/δ cell lines with vehicle (0.02% DMSO) or 1 μM B[a]P for 1, 2, 4, 6, 8, 12, and
24 h. Total RNA was then prepared using RiboZol RNA Extraction Reagent and the
manufacturer’s recommended protocol to examine the mRNA expression of Cyp1a1 and
Cyp1b1 by qPCR. To examine whether methylation alters transcriptional regulation, the
methylation inhibitor 5-Aza-dC was supplemented into the culture media of HaCaT
shRNA cell lines. 5-Aza-dC (5 μM) was supplemented during the plating and
propagation of the cells. The inhibitor was in the media for 72 h, and cells were treated
with 1 μM B[a]P and fresh 5-Aza-dC for the last 8 h of the study. Total RNA was then
prepared using RiboZol RNA Extraction Reagent and the manufacturer’s recommended
protocol to examine the mRNA expression of Cyp1a1 and Cyp1b1 by qPCR.
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2.3.14 Statistical analyses
Data were analyzed for statistical significance using either the Student’s t-test,
one-way analysis of variance (ANOVA), or two-way ANOVA with the Bonferroni’s
multiple comparison test as described in the figure legends using Prism 5.0 (GraphPad
Software Inc., La Jolla, CA).
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2.4 Results

2.4.1 PPARβ/δ modulates AHR-dependent signaling in the skin and keratinocytes
To determine if PPARβ/δ modulates PAH-dependent signaling in the skin, wildtype and Pparβ/δ-null mice were topically treated with the PAH DMBA. Consistent with
reports describing PAH-dependent induction of P450 enzymes [685], the mRNA and
protein expression of both CYP1A1 and CYP1B1 were increased in PAH-treated wildtype mice (Figure 2.1A, B). Surprisingly, Pparβ/δ-null mice had attenuated induction of
CYP1A1 and CYP1B1 mRNA and protein in response to DMBA (Figure 2.1A, B). The
protein expression of COX2 and mEH, other known PAH metabolic enzymes, were not
found to be altered in either genotype following PAH treatment (Figure 2.1B). The finding
that topical exposure of PAH in Pparβ/δ-null mice did not cause the typical P450 mRNA
and protein induction suggests that PPARβ/δ can modulate skin xenobiotic metabolism.
The skin is composed of multiple cell types, including dermal and epidermal
constituents, which could be mediating these PPARβ/δ-dependent changes in Cyp
mRNA induction. Since the basal keratinocytes are the proliferative component of the
epidermis and are known to be a key cellular target in skin carcinogenesis, the effect of
PAHs on Cyp mRNA expression was examined in wild-type and Pparβ/δ-null primary
keratinocytes. Consistent with the in vivo observations, Pparβ/δ-null keratinocytes had a
significant reduction in Cyp1a1 (Figure 2.1C) and Cyp1b1 (Figure 2.1D) mRNA induction
upon PAH exposure as compared to wild-type cells. It should also be noted that the
basal expression of Cyp1a1 and Cyp1b1 were found to be lower in Pparβ/δ-null
keratinocytes (Figure 2.1C, D). Collectively, these observations indicate that both
CYP1A1 and CYP1B1 are critical components of PAH-dependent phase I metabolism in
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the skin (Reviewed in [698]). As the AHR is a documented sensor and regulatory
effector of PAH exposure (Reviewed in [698, 699]), the results of these studies suggest
that PPARβ/δ modulates AHR signaling. Furthermore, the primary mouse keratinocyte
model can be used to examine the mechanism by which PPARβ/δ modulates PAHdependent signaling in the skin.
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Figure 2.1: PPARβ/δ modulates PAH-induced changes in P450 mRNA and protein
expression in mouse skin and keratinocytes. Wild-type ( / ) and Pparβ/δ ( / ) mice
(A,B) were topically treated with vehicle (acetone) or 50 μg DMBA for 8 h, and primary
keratinocytes from ( / ) and ( / ) neonates (C,D) were treated 8 h with vehicle (0.02%
DMSO) or 1 μM B[a]P or DMBA, as described in Materials and Methods. (A) qPCR was
performed using total RNA isolated from skin to quantify the expression of Cyp1a1 and
Cyp1b1. Values are the average normalized fold change as compared to control and
represent the mean ± S.E.M of N = 3 biological replicates. Values with different letters
are significantly different, P < 0.05, as determined by Bonferroni’s multiple comparison
test. (B) Protein expression in skin microsomes of phase I enzymes CYP1A1, CYP1B1,
mEH, and COX2 compared to the LDH loading control. PC = positive control (TCDD
treated liver microsome protein). (C, D) Quantitative real-time PCR was performed using
total RNA isolated from primary keratinocytes to quantify the expression of Cyp1a1 (C)
and Cyp1b1 (D). Values are normalized to ( / ) vehicle control and present mean ±
S.E.M. of N = 4 biological replicates. Different letters indicate statistically different, P <
0.05, groups, as determined by Bonferroni’s multiple comparison test.
The tissue specificity of AHR modulation was further scrutinized in the liver,
primary hepatocytes, and primary dermal fibroblasts to determine if PPARβ/δ globally
regulates AHR signaling. Liver cells and hepatocytes were chosen because the liver and
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hepatocytes are a primary target of PAH metabolism and toxicity. Dermal fibroblasts
were chosen because this cell type is directly adjacent to epidermal keratinocytes. Wildtype and Pparβ/δ-null mice were orally gavaged with the AHR ligand β-NF to examine
Cyp mRNA induction. Surprisingly, both genotypes had similarly increased Cyp1a1
(Figure 2.2A) and Cyp1a2 (Figure 2.2B) mRNA expression in response to β-NF. Primary
hepatocytes from wild-type and Pparβ/δ-null mice were then treated with B[a]P to
determine whether specific liver cells exhibit PPARβ/δ-dependent modulation of AHR
signaling. Consistent with the tissue observations, PAH-dependent Cyp1a1
(Figure 2.2C) and Cyp1a2 (Figure 2.2D) mRNA expression was not found to be
differentially modulated between the genotypes. To examine a cell-type directly adjacent
to basal keratinocytes, primary dermal fibroblasts were treated with B[a]P, and Cyp
mRNA expression was examined. Similar to the liver cell observations, PPARβ/δ
expression had no effect on PAH-dependent induction of Cyp1a1 (Figure 2.2E) and
Cyp1b1 (Figure 2.2F) mRNA in primary dermal fibroblasts. These experimental results
provide strong evidence that PPARβ/δ-dependent modulation of AHR signaling is
specific to the skin, and more explicitly, keratinocytes.
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Figure 2.2: PAH-dependent induction of Cyp mRNA is not modulated by PPARβ/δ
expression in the liver cells or dermal fibroblasts. For liver analyses (A, B), wild-type
( / ) and Pparβ/δ-null ( / ) mice were isolated and treated with vehicle (corn oil) or 50
mg/kg β-NF for 8 h as described in Materials and Methods. Primary hepatocytes (C, D)
and primary dermal fibroblasts (E, F) from ( / ) and ( / ) neonates were isolated and
treated for 8 h with vehicle (0.02% DMSO) or 1 μM B[a]P as described in Materials and
Methods. (A-F) qPCR was performed using total RNA isolated from liver (A, B), primary
hepatocytes (C, D), or primary dermal fibroblasts (E, F) to quantify the expression of
Cyp1a1 (A, C, E), Cyp1a2 (B, D) or Cyp1b1 (F). Values are normalized to vehicle control
and present mean ± S.E.M. of N = 3 biological replicates. Different letters indicate
statistically different, P < 0.05, groups, as determined by Bonferroni’s multiple
comparison test.
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Several other nuclear receptors have also been shown to mediate liganddependent transcriptional effects in the skin. Thus, the ability of PPARβ/δ to modulate
glucocorticoid receptor (GR)-, retinoic acid receptor (RAR)-, and retinoid X receptor
(RXR) ligand-dependent signaling was examined in primary keratinocytes.
Dexamethasone treatment in keratinocytes increased mRNA production of the GR target
genes Gilz (Figure 2.3A) and Fkbp5 (Figure 2.3B). However, these effects were not
differentially modulated between the genotypes (Figure 2.3A, B). RA isomers are also
known to modulate overlapping target gene mRNAs, such as Cyp26a1, via RAR and
RXR signaling in the skin (Reviewed in [700]). Therefore, Cyp26a1 mRNA induction was
used as a marker of RA-dependent activation of two nuclear receptor signaling
pathways. Cyp26a1 mRNA expression was increased with both retinoic acid treatments
(Figure 2.3C, D), but PPARβ/δ expression had no effect on RA-dependent mRNA
induction of this target gene. Collectively, PPARβ/δ did not modulate the liganddependent transcriptional regulation of three independent nuclear receptors, thus
indicating that the observed PPARβ/δ-dependent modulation of AHR signaling in the
skin is relatively specific.
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Figure 2.3: Ligand-dependent gene regulation by GR, RAR, and RXR is not modulated
by PPARβ/δ expression in primary keratinocytes. Wild-type ( / ) and Pparβ/δ-null ( / )
primary keratinocytes were treated 8 h with vehicle (0.02% DMSO), 100 nM
dexamethasone (A, B), 1 μM all-trans RA (C), or 1 μM 9-cis RA (D) as described in
Materials and Methods. (A-D) qPCR was performed using total RNA isolated from
primary keratinocytes to quantify the expression of Gilz (A), Fkbp5 (B), or Cyp26a1 (C,
D). Values are normalized to vehicle control and present mean ± S.E.M. of N = 3
biological replicates. Different letters indicate statistically different, P < 0.05, groups, as
determined by Bonferroni’s multiple comparison test.

2.4.2 PPARβ/δ modulates the PAH-mediated inducibility of xenobiotic metabolism
enzymes
The AHR is known to be activated by a wide range of ligands, including PAHs,
arachidonic acid metabolites, flavonoids, and tryptophan oxidation products (Reviewed
in [701]. Thus, the ability of PPARβ/δ to modulate AHR signaling via these structurally
diverse compounds was examined in primary keratinocytes. In total, eleven AHR ligands
were examined for Cyp1a1 (Figure 2.4A) and Cyp1b1 (Figure 2.4B) mRNA induction in
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wild-type and Pparβ/δ-null primary keratinocytes. All the AHR ligands tested had
significantly reduced PAH-mediated Cyp1a1 and Cyp1b1 mRNA induction in Pparβ/δnull keratinocytes as compared to wild-type cells (Figure 2.4A, B). This muted response
appeared to be more pronounced for Cyp1b1 induction (Figure 2.4B) than Cyp1a1
induction (Figure 2.4A). Additionally, TCDD exposure caused the greatest genotypespecific modulation of Cyp mRNA induction. Collectively, PAH-dependent Cyp1a1 and
Cyp1b1 mRNA induction was reduced by at least 40% and 60%, respectively, in
Pparβ/δ-null keratinocytes. Cyp1a1 mRNA was observed to be generally more
responsive to the AHR ligands, with some ligands increasing mRNA expression by
greater than 100-fold (Figure 2.4A). It is also noteworthy that the PPARβ/δ ligand
GW0742 did not alter the mRNA expression of Cyp1a1 or Cyp1b1 in either genotype
(Figure 2.4A, B). AHR-dependent regulation of Cyp mRNA expression was then
examined temporally. The PAH-mediated induction of Cyp1a1 and Cyp1b1 mRNA was
found to be attenuated in Pparβ/δ-null keratinocytes at every time point examined
(Figure 2.4C, D). Interestingly, a bi-phasic change in the induction of Cyp1a1 and
Cyp1b1 mRNA was observed in both genotypes, (Figure 2.4C, D). These collective
observations revealed that PPARβ/δ modulated ligand-dependent AHR function in
primary keratinocytes, and this effect was not due to ligand specificity or changes in
temporal AHR signaling.

114

Figure 2.4: Cyp ligand-dependent and temporal mRNA induction is modulated by
PPARβ/δ expression in primary keratinocytes. Wild-type ( / ) and Pparβ/δ-null ( / )
primary keratinocytes were treated 8 h with vehicle (0.02% DMSO), the indicated
compounds (A, B), or 1 μM B[a]P for the indicated amount of time (C, D), as described in
Materials and Methods. (A-D) qPCR was performed using total RNA isolated from primary
keratinocytes to quantify the expression of Cyp1a1 (A, C) and Cyp1b1 (B, D). Values are
normalized to vehicle control and present mean ± S.E.M. of N = 3 biological replicates.
Values with an asterisk, *, indicate statistically different, P < 0.05, groups, as determined
by Student’s t-test comparing genotype-specific induction by compound (A, B) or time (C,
D).
In addition to directly regulating the mRNA and protein expression of phase I
enzymes, the AHR has also been shown to control mRNA levels of a diverse set of
target genes (Reviewed in [702]). The AHR is classically known to modulate xenobiotic
metabolism, but recent studies have identified receptor-dependent regulation of cell
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cycle kinetics, differentiation, inflammation, and immune responses (Reviewed in [703705]). The collection of phase I and II enzymes that are known to be directly regulated
by AHR has been termed the “AHR gene battery” [706], and the coordinated expression
of these genes facilitates the metabolism and excretion of carcinogens [707]. With a
PPARβ/δ-dependent modulation of phase I enzyme mRNA induction established, the
ability of PPARβ/δ to modulate other classes of AHR target genes was examined in
mouse keratinocytes. The PAH-dependent induction of phase II enzymes and the
antioxidant sensor Nrf2 were examined in wild-type and Pparβ/δ-null primary
keratinocytes. The mRNA for phase II enzymes Nqo1, Ugt1a2, and Gsta1 were all found
to be significantly increased in response to PAHs in wild-type keratinocytes, and this
effect was not observed in the absence of PPARβ/δ (Figure 2.5A-C). Interestingly, Nqo1
and Gsta1 basal mRNA levels were significantly higher in Pparβ/δ-null primary
keratinocytes, but PAH exposure did not alter the mRNA expression (Figure 2.5A, C).
Furthermore, PAH-mediated induction of Nrf2 mRNA was also reduced in Pparβ/δ-null
keratinocytes as compared to similarly treated wild-type cells (Figure 2.5D). NRF2 is a
well described transcription factor that regulates antioxidant responses, and a recent
hypothesis suggests that NRF2 assists in regulating the “AHR gene battery”. These
observations suggest that PPARβ/δ may indirectly modulate NRF2 antioxidant signaling
in response to PAHs. To delineate if all AHR target genes are regulated by PPARβ/δ,
the PAH-dependent induction of two known target genes, Ahrr and Ereg, that do not
contribute to phase I or II metabolism were examined. In contrast to the phase I and II
mRNA modulations, PPARβ/δ expression did not alter the basal or PAH-dependent
induction of Ahrr and Ereg mRNA (Figure 2.6A, B). These observations may be caused
by intrinsic differences in promoter structure or AHR coregulator occupancy in the skin
that prevents PPARβ/δ-dependent modulation of some AHR target genes. The
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expression of metabolism enzymes not specifically regulated by AHR, namely Cox2 and
Hox1, were examined in response to PAHs. COX2 has been implicated in the
bioactivation of B[a]P and other genotoxic carcinogens [708, 709], and HOX1 expression
is increased upon oxidative stress (Reviewed in [677]). The expression of Cox2 and
Hox1 mRNAs were increased upon PAH exposure in wild-type keratinocytes, but this
effect was not observed in similarly treated Pparβ/δ-null keratinocytes (Figure 2.6C, D).
Collectively, the reduced PAH-dependent induction of phase I and II enzymes in
Pparβ/δ-null keratinocytes indicates that PPARβ/δ modulates AHR signaling and
antioxidant responses to PAHs.
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Figure 2.5: PAH-dependent induction phase II enzymes and an antioxidant sensor are
modulated by PPARβ/δ expression in primary keratinocytes. Wild-type ( / ) and
Pparβ/δ-null ( / ) primary keratinocytes were treated 8 h with vehicle (0.02% DMSO) or
1 μM B[a]P or DMBA as described in Materials and Methods. (A-D) qPCR was
performed using total RNA isolated from primary keratinocytes to quantify the expression
of Nqo1 (A), Ugt1a2 (B), Gsta1 (C), or Nrf2 (D). Values are normalized to ( / ) vehicle
control and present mean ± S.E.M. of N = 4 biological replicates. Different letters
indicate statistically different, P < 0.05, groups, as determined by Bonferroni’s multiple
comparison test.
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Figure 2.6: PAH-dependent induction of AHR target genes and phase I enzymes not
specifically regulated by AHR are differentially modulated by PPARβ/δ expression in
primary keratinocytes. Wild-type ( / ) and Pparβ/δ-null ( / ) primary keratinocytes were
treated 8 h with vehicle (0.02% DMSO) or 1 μM B[a]P or DMBA as described in
Materials and Methods. (A-D) qPCR was performed using total RNA isolated from
primary keratinocytes to quantify the expression of Ahrr (A), Ereg (B), Cox2 (C), or Hox1
(D). Values are normalized to ( / ) vehicle control and present mean ± S.E.M. of N = 4
biological replicates. Different letters indicate statistically different, P < 0.05, groups, as
determined by Bonferroni’s multiple comparison test.

2.4.3 Intrinsic cytosolic functions of AHR are not modulated by PPARβ/δ
To assess the mechanism by which AHR signaling is modulated by PPARβ/δ,
the intrinsic cytosolic functions of AHR, including protein expression, ligand binding, and
nuclear translocation, were examined in wild-type and Pparβ/δ-null primary
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keratinocytes. Soluble protein lysates were prepared to examine the protein expression
of AHR and its accessory signaling partners, including ARNT, HSP90, and XAP2.
Quantitative western blot analysis revealed that the protein expression of AHR, ARNT,
HSP90, or XAP2 was similar in wild-type or Pparβ/δ-null keratinocytes (Figure 2.7).
Thus, PPARβ/δ does not appear to regulate the protein expression of critical AHR
signaling components. The next steps in AHR signaling are the binding of ligand to the
cytosolic receptor and nuclear translocation. These events were examined utilizing
irreversible and reversible radioaffinity dioxin derivatives (Figure 2.8A), known as
[125I]N3Br2DpD and [125I]Br2DpD [689, 690]. The azide derivative, [125I]N3Br2DpD, was
used to assess ligand affinity because it irreversibly cross-links to interacting proteins
upon ultraviolet (UV) light exposure. Incubation of this ligand with soluble cytosolic
lysates from wild-type and Pparβ/δ-null keratinocytes revealed a dose-dependent
increase in ligand binding in both genotypes (Figure 2.8B). Furthermore, the relative
binding of cytosolic receptor was similar between wild-type and Pparβ/δ-null
keratinocytes (Figure 2.8B), which indicates that PPARβ/δ does not alter AHR ligand
binding. It is also well established that a ligand-dependent conformational change in
AHR causes dissociation from the HSP90/XAP2 complex (Reviewed in [702]). Results
from biochemical studies using [125I]Br2DpD and sucrose gradient ultracentrifugation
have described a distinct difference in sedimentation between the unliganded cytosolic
(9S) and the liganded nuclear (6S) receptor [690]. Treatment of wild-type and Pparβ/δnull keratinocytes with [125I]Br2DpD resulted in a similar pattern of 6S receptor formation
(Figure 2.8D). The sedimentation pattern of keratinocytes was identical, but at relatively
lower levels, to that found in the Hepa1c1c7 cell line that expresses notably high levels
of AHR (Figure 2.8D versus 2.8C) [710]. Collectively, the results of these investigations
provide evidence that PPARβ/δ does not modulate cytosolic AHR functions.
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Figure 2.7: Expression of AHR and accessory proteins is not modulated by PPARβ/δ.
Quantitative protein expression of AHR and accessory proteins in wild-type ( / ) and
Pparβ/δ-null ( / ) primary keratinocytes. Expression values are fold expression relative
to ( / ) and represent mean ± S.E.M. of N = 3 biological replicates. Different letters
indicate statistically different, P < 0.05, groups, as determined by Student’s t-test.
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Figure 2.8: PPARβ/δ does not alter the cytosolic functions of AHR in keratinocytes. The
functionality of AHR cytosolic protein, including radioaffinity ligand binding (B), and
radioaffinity ligand-induced nuclear translocation (C) was evaluated in wild-type ( / )
and Pparβ/δ-null ( / ) primary keratinocytes. (A) Chemical structure of the two AHR
radioaffinity ligands, [125I]N3Br2DpD and [125I]Br2DpD. (B) Affinity of cytosolic AHR for
[125I]N3Br2DpD. Cytosol from ( / ) and ( / ) keratinocytes was incubated with
radioaffinity ligand as described in Materials and Methods with N = 2 technical replicates.
Relative binding was determined by scintillation counting and normalized to the ( / )
0.05 pmol average signal. (C, D) Analysis of AHR nuclear translocation using
[125I]Br2DpD in Hepa1c1c7 cells (C) or primary keratinocytes (D). Cells were treated 1 h
with [125I]Br2DpD and nuclear protein was subjected to sucrose gradient
ultracentrifugation as described in Materials and Methods. Fractions were quantified by
scintillation counting. The proteins bovine serum albumin (4.4S) and catalase (11.3)
were used as external sedimentation standards.
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2.4.4 The nuclear functions of AHR are modulated by PPARβ/δ
The nuclear functions of AHR, including heterodimerization and gene regulatory
activities, were examined to determine whether PPARβ/δ modulated these aspects of
AHR functionality. Upon nuclear translocation, AHR is known to heterodimerize with
ARNT (Reviewed in [702]), and PPARβ/δ has not been described as a binding partner
for the regulatory AHR complex to date. A physical interaction between AHR, ARNT, and
PPARβ/δ was examined in a Cos-1 over-expression system utilizing GST- and FlagAHR and ARNT expression constructs [691]. At wash conditions that displayed the
documented interaction between AHR and ARNT (Figure 2.9A, Lane 8, 10, and 12),
PPARβ/δ was observed to non-specifically pull-down with the capture resin (Figure 2.9A,
Lane 6). The subsequent analysis considered this non-specific binding as background
and was controlled for to assess the ability of PPARβ/δ to interact with the AHR
complex. When GST-AHR, Flag-ARNT, and PPARβ/δ were co-expressed (Figure 2.9A,
Lane 11), an increased association of PPARβ/δ with the AHR complex was observed.
However, this putative interaction did not appear to be significant when compared to the
inputs and the total increase from background (Figure 2.9A, Lane 11 compared to Lane
1, 2, and 6). Therefore, the results from these studies suggest that PPARβ/δ does not
specifically interact with the AHR nuclear regulatory complex.

Upon binding with ARNT, the AHR/ARNT heterodimer binds to response
elements within target gene promoters and recruits coactivators and nucleosome
remodeling complexes. Collectively, these proteins alter the promoter structure of target
genes, which causes the recruitment of the transcription initiation complex and increased
target gene mRNA production. ChIP was performed in wild-type and Pparβ/δ-null
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primary keratinocytes to assess whether PPARβ/δ modulated the ability of AHR to bind
a target promoter and cause chromatin remodeling. Upon treatment with B[a]P,
increased occupancy of AHR and increased acetylation of histone 4, a common marker
of transcriptional activity, were observed at a known Cyp1a1 promoter enhancer element
in wild-type keratinocytes (Figure 2.9B) [711-713]. These changes in AHR occupancy
and histone acetylation were not observed in similarly treated Pparβ/δ-null primary
keratinocytes (Figure 2.9B). The results of these studies suggest that AHR is not able to
access the Cyp1a1 promoter in the absence of PPARβ/δ expression at the observed
treatment time (2 h).
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Figure 2.9: PPARβ/δ modulates the nuclear functions of AHR. The functionality of AHR
nuclear protein, including interaction with ARNT and PPARβ/δ (A) and promoter
occupancy in response to PAH (B) was evaluated in Cos-1 cells (A) and wild-type ( / )
and Pparβ/δ-null ( / ) primary keratinocytes (B). (A) Protein expression of GST- and
Flag-tagged AHR and PPARβ/δ after GST-pulldown in Cos-1 cells over-expressing
AHR, ARNT, and PPARβ/δ compared to 10% input control, as described in Materials
and Methods. There does not appear to be an interaction when compared to background
PPARβ/δ signal. (B) ChIP to assess promoter occupancy at the Cyp1a1 enhancer
element in response to B[a]P in ( / ) and ( / ) primary keratinocytes. Keratinocytes
were treated 2 h with vehicle (0.02% DMSO) or 1 μM B[a]P. ChIP and PCR
quantification were carried out as described in Materials and Methods. One biological
replicate is displayed as pooled from keratinocytes isolated from N = 3 neonates. IgG
immunoprecipitation is used as a negative control, and AcH4 immunoprecipitation is
used as a positive marker of transcriptional activation.
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2.4.5 Cyp mRNA induction is modulated by DNA methylation in mouse
keratinocytes
Thus far, PPARβ/δ appeared to modulate the occupancy of AHR at the Cyp1a1
promoter in mouse keratinocytes. Several chromatin biochemical alterations could
underlie this phenomenon. A common regulator of endogenous chromatin structure is
DNA methylation and the formation of expression-silencing cytosine-phosphate-guanine
(CpG) islands (Reviewed in [714, 715]). To examine whether DNA methylation causes
modulated AHR signaling, 5-Aza-dC, a DNA methylation inhibitor, was supplemented
into the media of mouse keratinocytes to ablate DNA methylation patterns. The basal
and PAH-dependent expression of Cyp1a1 and Cyp1b1 was investigated by qPCR.
Upon 72 h in control media, the PPARβ/δ-dependent modulation of AHR signaling, as
assessed by Cyp mRNA expression, was observed in mouse keratinocytes
(Figure 2.10A, B). Surprisingly, a significant increase in basal Cyp1a1 and Cyp1b1
mRNA expression was observed upon 5-Aza-dC treatment (Figure 2.10A, B). It is also
noted that the expression of the mRNA loading control, Gapdh, was unchanged upon 5Aza-dC treatment (data not shown). Maximal PAH-induced expression level of Cyp1a1
was not affected by 5-Aza-dC in wild-type keratinocytes (Figure 2.10A), and these
results indicate that maximal Cyp1a1 message is not altered by DNA methylation. When
normalized to genotype-specific vehicle controls, 5-Aza-dC abolished PPARβ/δdependent modulation of Cyp1a1 and Cyp1b1 mRNA responses to PAH (data not
shown), and this further established that DNA methylation may be causing the PPARβ/δdependent modulation of AHR signaling.
Bisulfite sequencing was utilized to directly examine whether methylation at the
Cyp1a1 promoter contributes to PPARβ/δ-dependent modulation of AHR signaling.
MethylPrimer Express® analysis of the Cyp1a1 promoter identified a putative 933
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basepair CpG island at approximately -1481 to -548 basepairs upstream of the Cyp1a1
transcription start site (Figure 2.10C). Bisulfite-converted DNA encompassing this region
was amplified and sequenced to assess the DNA methylation status of the Cyp1a1
promoter. Five independent sequencing plasmid amplicons were analyzed from wildtype and Pparβ/δ-null keratinocyte bisulfite-converted DNA using the CyMATE program
[696] (Figure 2.10C). Examination of the resulting CyMATE methylation map revealed
that Pparβ/δ-null keratinocytes possess higher DNA methylation at the Cyp1a1 promoter
as compared to wild-type cells (Figure 2.10C). Enhanced promoter methylation is known
to repress gene expression (Reviewed in [716]), and Pparβ/δ-null keratinocytes had
reduced basal mRNA levels of Cyp1a1 (Figure 2.10C). However, the number of sites
and frequency of methylated cytosines is much lower than the CyMATE predicted
methylation status for the Cyp1a1 promoter (Figure 2.10C). These observations suggest
that DNA methylation may contribute, but is not required, to altered basal Cyp mRNA
expression and PAH-mediated induction.

127

Figure 2.10: PPARβ/δ alters Cyp promoter methylation in mouse keratinocytes. Wildtype ( / ) and Pparβ/δ-null ( / ) primary keratinocytes were isolated as described in
Materials and Methods. (A, B) qPCR was performed using total RNA isolated from
primary keratinocytes to quantify the expression of Cyp1a1 (A) and Cyp1b1 (B).
Keratinocytes were treated with 5 μM 5-Aza-dC for 64 h prior to a 8 h B[a]P treatment,
as described in Materials and Methods. Values are normalized to ( / ) vehicle control
and represents mean ± S.E.M. of N = 4 biological replicates. Different letters indicate
statistically different, P < 0.05, groups, as determined by Student’s t-test. (C) Bisulfite
sequencing results using bisulfite converted DNA from ( / ) and ( / ) primary
keratinocytes to amplify a putative methylation region within the Cyp1a1 promoter, as
described in Materials and Methods. Five sequencing plasmids were sequenced for
each genotype, and CyMATE [696] was used to map and examine methylation patterns.
Percent (%) methylation indicates the incidence of methylation at a particular cytosine
residue.
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2.4.6 Reduced PPARβ/δ expression in a human keratinocyte model modulated
AHR-dependent signaling
To examine whether PPARβ/δ-dependent modulation of AHR signaling was
specific to murine keratinocytes, a stable PPARβ/δ shRNA model was developed in the
human HaCaT keratinocyte cell line. This cell line was chosen because it is generally
used as cell line model to examine normal human keratinocyte functions [717]. Stable
non-target and shPPARβ/δ heterogeneous cell populations were characterized for
PPARβ/δ protein and mRNA expression. A 35% decrease in PPARβ/δ protein
(Figure 2.11A) and 60% reduction in PPARβ/δ mRNA (Figure 2.11B) were observed in
the shPPARβ/δ cell line as compared to the non-target cells. The functionality of this
knockdown was assessed by examining the ligand-dependent regulation of the PPARβ/δ
target gene Angptl4. The shPPARβ/δ cell line had significantly reduced liganddependent induction of Angptl4 mRNA as compared to the similarly treated non-target
cell line (Figure 2.11C). The results from these studies indicate that the human shRNA
model system can be utilized to examine PPARβ/δ-dependent modulation of AHR
signaling and predict human PAH responses.
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Figure 2.11: Characterization of PPARβ/δ shRNA knockdown in human HaCaT
keratinocytes. The effect of the MISSION™ shRNA plasmid system on PPARβ/δ
expression and functionality in human HaCaT keratinocytes was assessed at the protein
(A), mRNA (B), and ligand-dependent transcriptional regulation (C) levels. (A)
Quantitative protein expression of PPARβ/δ, AHR, and accessory proteins in the HaCaT
shRNA cell lines was normalized to ACTIN expression. Expression values are fold
expression relative to the non-target cell line and represent mean ± S.E.M. of N = 3
biological replicates. Different letters indicate statistically different, P < 0.05, groups, as
determined Student’s t-test. PC = positive control (lysate of Cos-1 cells transfected with
hPPARβ/δ). (B, C) Quantitative real-time PCR was performed using total RNA isolated
from the HaCaT shRNA cell lines to quantify the basal expression of Pparβ/δ (B) and
ligand-dependent induction of Angptl4 after 8 h GW0742 treatment (C). Values are the
average normalized fold change as compared to the non-target cell line and represent
the mean ± S.E.M of N = 3 biological replicates. Values with different letters are
significantly different, P < 0.05, as determined by Student’s t-test (B) or Bonferroni’s
multiple comparison test (C).
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The human relevance of PPARβ/δ-dependent modulation AHR signaling was
examined utilizing the characterized HaCaT shRNA model. First, the expression of AHR
and the previously described accessory proteins were examined. The protein expression
of AHR, ARNT, HSP90, and XAP2 were not found to be significantly altered by reduced
PPARβ/δ protein expression (Figure 2.11A). With the HaCaT model established as a
relevant human model, the effect of PAH exposure was examined. Following 8 h B[a]P
treatment, the shPPARβ/δ cell line had reduced Cyp1a1 (Figure 2.12A) and Cyp1b1
(Figure 2.12B) mRNA induction as compared to similarly treated non-target cells. Thus,
human keratinocytes (Figure 2.12A, B) mimicked the observed PPARβ/δ-dependent
modulation of AHR signaling in mouse keratinocytes (Figure 2.12C, D). PPARβ/δ also
modulated the temporal PAH-dependent induction of Cyp1a1 and Cyp1b1 mRNA at
exposure times beyond 1 h (Figure 2.12C, D). These observations are strikingly similar
to the modulated Cyp mRNA induction observed in mouse keratinocytes (Figure 2.4C,
D). Interestingly, the shPPARβ/δ cell line displayed enhanced Cyp1a1 mRNA inducibility
at 2 h as compared to the non-target cell line (Figure 2.12C). Although this observation
cannot be discounted, the greater majority of data, including the mouse keratinocyte
data, indicated that PPARβ/δ modulated AHR signaling in mouse and human
keratinocytes.
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Figure 2.12:Effect of reduced PPARβ/δ expression on PAH-dependent induction of Cyp
mRNA in the HaCaT shRNA model system. PPARβ/δ-dependent modulation of AHR
signaling was examined at 8 h (A, B) and throughout a time-course of PAH exposure (C,
D). (A-D) qPCR was performed using total RNA isolated from the HaCaT shRNA cell
lines to quantify the expression of Cyp1a1 (A, C) and Cyp1b1 (B, D). HaCaT shRNA cell
lines were treated with vehicle (0.02% DMSO) or 1 μM B[a]P for 8 h (A, B) or the
indicated treatment time (C, D), as described in Materials and Methods, to assess the
mRNA expression of Cyp1a1 (A, C) or Cyp1b1 (B, D). Values are the average
normalized fold change as compared to vehicle and represent the mean ± S.E.M of N =
3 biological replicates. Values with different letters are significantly different, P < 0.05, as
determined by Bonferroni’s multiple comparison test (A, B). Values with an asterisk, *,
indicate a significant difference, P < 0.05, as determined by Student’s t-test at each time
point (C, D).
The ability of PPARβ/δ to modulate DNA methylation patterns in human
keratinocytes was examined in the HaCaT shRNA model using the methylation inhibitor
5-Aza-dC. Under normal growth conditions, muted Cyp mRNA induction in response to
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B[a]P was observed in the shPPARβ/δ cell line (Figure 2.13A, B). However, a significant
reduction in basal Cyp mRNA was not observed in the shPPARβ/δ cell line
(Figure 2.13A, B). The addition of 5-Aza-dC also did not increase basal Cyp mRNA
expression (Figure 2.13A, B) in accordance with the mouse keratinocyte observations
(Figure 2.10A, B). The ablation of DNA methylation did result in comparable Cyp1a1 and
Cyp1b1 mRNA responses in the non-target and shPPARβ/δ cell lines (Figure 2.13A, B).
The results of these studies indicate that PPARβ/δ-dependent DNA methylation
contributed to reduced PAH-mediated Cyp mRNA induction in human keratinocytes.
Collectively, these observations establish that PPARβ/δ modulated AHR-dependent
signaling in human skin.
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Figure 2.13: Effect of reduced human PPARβ/δ expression on epigenetic regulation of
Cyp mRNA induction in the HaCaT shRNA model system. (A, B) PPARβ/δ-dependent
modulation of AHR signaling was examined in the presence of a DNA methylation
inhibitor. qPCR was performed using total RNA isolated from the HaCaT shRNA cell
lines to quantify the expression of Cyp1a1 (A) and Cyp1b1 (B). HaCaT shRNA cell lines
were treated with 5 μM 5-Aza-dC for 72 h prior to an 8 h B[a]P treatment, as described in
Materials and Methods. Values are the average normalized fold change as compared to
vehicle and represent the mean ± S.E.M of N = 3 biological replicates. Values with
different letters are significantly different, P < 0.05, as determined by Bonferroni’s
multiple comparison test
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2.5 Discussion
The results from this study indicated that PPARβ/δ modulated AHR signaling
through skin-specific alteration of endogenous DNA structure and ligand-dependent
promoter occupancy. AHR protein was found to be functional in mouse and human
keratinocytes by measureable assays of receptor biochemistry. Interestingly, PPARβ/δ
appeared to change the endogenous chromatin structure of xenobiotic metabolism
target genes. This resulted in altered ability of AHR to occupy a phase I enzyme
promoter in response to PAH. The PPARβ/δ-dependent modulation of xenobiotic
metabolism mRNA induction in response to PAH was observed in both mouse and
human keratinocyte models. These data provided direct evidence that PPARβ/δ may
alter PAH tumor initiation in mouse and human skin.

The specificity of modulated AHR signaling by PPARβ/δ in the skin is of great
interest because PAHs are used as the initiating agents in skin tumorigenesis studies. It
was very surprising that altered AHR signaling was not observed in the liver
(Figure 2.2A, B), a tissue that commonly exhibits high xenobiotic metabolism in
response to PAHs (Reviewed in [677]). The observation that dermal fibroblasts
(Figure 2.2D, E) did not exhibit modulated AHR signaling (Figure 2.1C, D) provided
further evidence for the tissue specificity. The differences between fibroblast and
keratinocyte PAH-dependent mRNA induction was fascinating because a recently
proposed model suggested that PPARβ/δ initiates a paracrine signaling loop between
keratinocytes and fibroblasts to alter mitogenic signaling [507]. While not specifically
examined in the current study, cross-talk between keratinocytes displaying modulated
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AHR signaling and the underlying fibroblasts that do not exhibit AHR modulation could
contribute to PAH-dependent mitogenic or inflammatory responses. Additionally,
PPARβ/δ is known to modulate inflammatory responses in several tissues, which can
significantly alter tumor promotion and inflammatory signals (Reviewed in [164, 718]).
While understanding the complex interactions that occur in the skin upon PAH exposure
is beyond the context of these investigations, future studies should investigate PPARβ/δmediated paracrine signaling in skin tumorigenesis and malignant progression.

The tissue-specificity of modulated AHR signaling is hypothesized to be partly
based on differences in PPARβ/δ expression. Previous studies utilizing a specific mouse
antibody have shown that receptor expression is markedly higher in the skin than in the
liver [163] and significantly higher in primary mouse keratinocytes than primary dermal
fibroblasts [410]. These two observations indicate that relatively high PPARβ/δ
expression is necessary to modulate AHR signaling. Whether this effect occurs in other
tissues of high PPARβ/δ expression, such as the colon and small intestine [163], has not
been specifically investigated to date. PPARβ/δ has been previously shown to reduce
azoxymethane (AOM)-induced colon carcinogenesis [513, 582]. However, tumor
initiation was not specifically examined, and AOM, the initiating agent, is not known to be
metabolized by AHR-dependent P450s. While not previously addressed, these
observations suggest that AOM colon carcinogenesis is not modulated through
PPARβ/δ-dependent regulation of AHR signaling. Collectively, the described studies
suggest that the relative expression level of PPARβ/δ is a critical indicator of how PAH
bioactivation and detoxification is balanced, but more investigations are necessary to
clarify this hypothesis.
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AHR is widely considered a master regulator of PAH-dependent tumorigenesis
(Reviewed in [719]). The fact that Pparβ/δ-null keratinocytes did not exhibit complete
ablation of AHR signaling (Figure 2.1A-D) indicates that PPARβ/δ is a secondary
coregulator of xenobiotic metabolism. The use of Ahr-null mouse models has
established that the loss of AHR expression decreased PAH-dependent skin
carcinogenesis [685-688, 720]. Furthermore, PAH tumorigenesis has also been shown
to be modulated in null mouse models of phase I and II xenobiotic metabolism enzymes.
Decreased PAH-dependent tumorigenesis has been observed in Phase I null mice; in
contrast, phase II null mice have increased PAH-dependent tumorigenesis (Reviewed in
[721, 722]). The biological significance of modulated AHR signaling by PPARβ/δ in skin
carcinogenesis is difficult to predict because PAH-dependent xenobiotic metabolism
mRNA induction is not ablated in Pparβ/δ-null keratinocytes (Figure 2.1C, D). In vivo
studies will be necessary to examine whether modulated AHR signaling in keratinocytes
correlated to altered tumor initiation and cancer.

The novel observation of this investigation is that PPARβ/δ modulated AHR
signaling in the skin by altering the chromatin structure of specific target genes. These
observations are the first report of PPARβ/δ-dependent alteration in DNA methylation.
Surprisingly, the promoter methylated by PPARβ/δ is not a documented target gene.
Despite the decades of research examining AHR signaling, epigenetic regulation of AHR
signaling has only recently been explored. The first AHR epigenetic studies examined
how 5-Aza-dC and the AHR ligand 3-methylchloranthracene (3MC) altered Cyp1a1
mRNA induction. Specific ablation of DNA methylation patterns caused enhanced 3MCdependent induction of Cyp1a1 mRNA [723]. Recent results in several mouse and
human cell lines have also indicated that methylation of the Cyp1a1 and Cyp1b1
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promoters causes biological effects [724-728]. Most of these studies have utilized the
DNA methylation inhibitor 5-Aza-dC [723-728] and bisulfite sequencing [724, 727]. The
currently described study is the first mechanistic description of perturbed Cyp1a1
methylation patterns by a receptor other than AHR. Results of these current studies
revealed that ablation of DNA methylation patterns caused higher Cyp1a1 basal mRNA
levels in wild-type keratinocytes (Figure 2.10A). Interestingly, the bisulfite sequencing
analysis did not detect cytosine methylation in wild-type keratinocytes at the putative
Cyp1a1 CpG island (Figure 2.10C). Therefore, alternative PPARβ/δ-dependent
epigenetic regulatory mechanisms may exist to modulate AHR signaling. The bisulfite
sequencing also indicated that methylation of the Cyp1a1 promoter in Pparβ/δ-null
keratinocytes, albeit its low incidence, altered basal Cyp mRNA expression. This effect
manifested in reduced Cyp1a1 mRNA levels in the absence of PPARβ/δ (Figure 2.1C).
To more thoroughly define whether PPARβ/δ establishes the putative methylation
patterns in P450 promoters, the sample size of the bisulfite sequencing analysis must be
increased. Several groups have reported that a sample size of twenty to thirty
independent sequencing reads are necessary to establish the presence of a CpG island
[696]. A second putative PPARβ/δ-dependent mechanism of epigenetic regulation
emerged from the 5-Aza-dC inhibitor study, in which basal Cyp1a1 and Cyp1b1 mRNA
levels were increased upon inhibitor treatment (Figure 2.10A, B). The results of these
studies indicate that the Cyp1a1 promoter was methylated, but this did not correspond to
the bisulfite sequencing analysis. It is conceivable that an unidentified AHR coregulator
is directly repressed by DNA methylation in a PPARβ/δ-dependent manner. In the
presence of 5-Aza-dC, the mRNA expression of this co-regulator would be increased to
alter basal Cyp1a1 mRNA levels. Clearly, these newly hypothesized mechanisms of
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epigenetic regulation should be tested with null mouse models and current epigenetic
tools to shed light onto how PPARβ/δ caused epigenetic regulation.

The current investigations examined a novel nuclear receptor regulatory
mechanism. The fact that the observed effects were ligand-independent added a level of
complexity to the investigations. Identifying the epigenetic- and PPARβ/δ-dependent
regulator(s) of AHR signaling is critical to elucidate the mechanism(s) causing modulated
AHR signaling (Figure 2.14). New model systems and analysis techniques are
necessary to identify the PPARβ/δ target gene(s) that are regulated by receptordependent DNA methylation. The use of bisulfite sequencing and methylation inhibitors
with null-mouse models provided a clear advantage to delineate the epigenetic
regulatory mechanisms being described. Future investigations into PPARβ/δ and AHR
signaling should rely on these approaches to clearly define the molecular mechanisms
mediating these effects. While the current studies establish that PPARβ/δ modulates
AHR signaling in human keratinocytes, this model exhibited insufficient knockdown of
receptor expression to fully examine epigenetic regulation. The use of more efficient
shRNAs or siRNAs directed against PPARβ/δ could provide useful alternatives to the
described stable shRNA model. Another area that should be considered when
elucidating human relevance is how human PPARβ/δ polymorphisms might contribute to
modulation of AHR signaling. Because regulation of AHR signaling is critical in defining
human toxicant exposure and tumorigenesis, creating suitable human models is
necessary to clarify how these two receptors alter PAH-dependent carcinogenesis.
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Figure 2.14: AHR signaling pathway. (A) De novo protein synthesis of the AHR and
accessory proteins ARNT, HSP90, and XAP2. (B) Ligand binding of AHR to PAH. (C)
Nuclear translocation of AHR. (D) Heterodimerization with ARNT and DNA binding. (E)
Coactivator recruitment and nucleosome restructuring. (F) Target gene transcription
(Phase I and II enzymes). (G) Production of target gene protein. (H) Execution of protein
enzymatic function to produce biological effect. The data presented suggests that
PPARβ/δ modulates AHR signaling by altering endogenous promoter structure or AHR
promoter occupancy in response to PAHs.

Collectively, these studies present a novel mechanism by which PPARβ/δ
modulated AHR-dependent signaling in the skin (Figure 2.14). The biological effect of
this modulation has yet to be established in vivo, but in vitro evidence indicated that
PPARβ/δ-dependent alterations in phase I and II xenobiotic metabolism will translate
into differences in skin tumorigenesis. The fact that PPARβ/δ may modulate xenobiotic
metabolism mRNA induction by epigenetic regulation is exciting because the
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biochemical functions of PPARβ/δ have remained largely undefined. Future studies are
necessary to understand the specificity of this modulation and to identify the direct
regulatory effectors. Therefore, understanding how PPARβ/δ modulated the promoter
structure of xenobiotic metabolism genes could provide greater understanding of
PPARβ/δ-dependent anti-tumorigenic effects in the skin (Reviewed in [164]). Since
human AHR polymorphisms have not been able to explain the high variability of PAHmediated Cyp mRNA induction to date (Reviewed in [729]), these described
observations indicate that PPARβ/δ may be a critical effector of AHR signaling in the
skin that contributes to this variability.

Chapter 3

PPARβ/δ MODULATES PAH-INDUCED SKIN CARCINOGENESIS
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3.1 Abstract
Peroxisome proliferator-activated receptor-β/δ (PPARβ/δ) is a ligand-activated
member of the nuclear hormone receptor superfamily that has emerged as a putative
modulator and therapeutic target of skin tumorigenesis. Ligand activation of PPARβ/δ
inhibited skin tumorigenesis in two-stage chemical carcinogenesis bioassays by
attenuation of cell proliferation, increased terminal differentiation, and reduced
inflammatory signaling. These observations indicate that PPARβ/δ can alter tumor
promotion. However, whether PPARβ/δ can also modulate tumor initiation has not been
examined to date. Results from previous studies revealed that polycyclic aromatic
hydrocarbon (PAH) metabolism, bioactivation, and tumor initiation may be modulated by
PPARβ/δ. The hypothesis that PPARβ/δ alters PAH-dependent skin tumorigenesis was
examined using a complete chemical carcinogen bioassay. Two PAHs that require AHRdependent bioactivation to cause DNA damage were used and compared to N-methylN’-nitro-nitrosoguanidine (MNNG), a carcinogen that does not require AHR-dependent
xenobiotic metabolism to mutate DNA. Interestingly, reduced tumorigenecity was
observed in Pparβ/δ-null mice in response to the PAHs benzo[a]pyrene (B[a]P) and
7,12-dimethylbenz[a]anthracene (DMBA) as compared to wild-type mice. In contrast,
Pparβ/δ-null mice had enhanced tumorigenecity in response to MNNG as compared to
wild-type mice. Histopathological analysis revealed that Pparβ/δ-null mice had more
malignant tumor types following B[a]P and MNNG carcinogenesis than wild-type mice,
but this effect was not observed with DMBA-mediated skin carcinogenesis. Furthermore,
Pparβ/δ-null mice generally exhibited enhanced infiltration of inflammatory cells within
the tumors and in the tumor stroma. Further interrogation into PAH-dependent
tumorigenesis revealed that Pparβ/δ-null primary keratinocytes possess less B[a]P-
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dependent DNA adducts than similarly treated wild-type cells. However, this effect was
not due to altered mRNA expression of the DNA damage markers activating
transcription factor 3 (Atf3) and p53. Collectively, the results of these studies indicate
that PPARβ/δ-dependent modulation of AHR signaling functionally altered PAHmediated skin cancer. In the absence of PPARβ/δ expression, AHR-dependent PAHmediated skin cancer is reduced, likely due to decreased bioactivation of PAHs.
However, the results from these studies also demonstrate that PPARβ/δ can modulate
tumor promotion based on the finding that MNNG-dependent skin cancer is enhanced in
Pparβ/δ-null mice. Thus, PPARβ/δ has important functional roles in both tumor initiation
and promotion in the skin.
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3.2 Introduction
Peroxisome proliferator-activated receptors (PPARs) are members of the nuclear
hormone receptor superfamily and function as ligand-activated transcription factors.
Upon activation, PPARs cause tissue-specific biological responses via three distinct
isoforms, termed PPARα, PPARβ/δ, and PPARγ. Ligand activation of PPARs results in a
myriad of biological effects, including modulation of lipid and glucose homeostasis. While
the pharmacological functions of PPARα and PPARγ have been extensively examined
(Reviewed in [188]), knowledge of PPARβ/δ biological functions and the
pharmacological utility of ligands have yet to be conclusively evaluated. PPARβ/δ
expression is high in epithelial tissues, such as the skin, and is predominantly found as a
nuclear protein in a constitutive complex with its obligate heterodimerization partner
retinoid X receptor (RXR) [163]. These described observations indicate that PPARβ/δ is
functional in the presence or absence of endogenous ligands and may exert diverse
biological effects relative to the occupancy, or lack thereof, of the ligand binding domain.
PPARβ/δ expression is notably higher in many tissues that are highly proliferative
and susceptible to cancer, including the liver, colon, lung, and mammary tissues.
Because of this, many studies have examined the role of PPARβ/δ expression in cancer
or if ligand activation of PPARβ/δ can modulate tumorigenesis. In terms of liver disease
and cancer, PPARβ/δ has been predominantly examined in response carbon
tetrachloride (CCl4) and alcohol exposure. Although one report suggested that
hepatocyte proliferation is enhanced by PPARβ/δ expression [730], the majority of
evidence indicated that PPARβ/δ reduced liver inflammation and damage [499-501, 593,
731, 732] by modulating tumor necrosis factor α (TNFα) and interleukin-6 (IL-6)
expression [499, 500, 593] or nuclear factor κB (NFκB) activity [593]. The role of
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PPARβ/δ in colon cancer has also been examined, although a consensus function for
PPARβ/δ in this model has yet to be achieved. Initial investigations hypothesized that
dysregulation of adenomatosis polyposis coli (APC)/β-catenin signaling and
cyclooxygenase (COX)-dependent production of endogenous ligands contributed to
PPARβ/δ-dependent enhancement of colon tumorigenesis [567, 568, 575, 577, 578,
581]. However, several models of tumorigenesis and ligand treatments have shown that
PPARβ/δ reduced colon tumorigenesis or had no effect [413, 508, 513, 582, 585, 586,
733-735]. Similarly, a function for PPARβ/δ in lung and mammary cancer has not
reached consensus. Some studies have shown that increased expression and ligand
activation of PPARβ/δ enhanced tumorigenesis [547, 589, 736]. In contrast, other
studies have reported decreased inflammation and tumorigenesis [588, 737].
Collectively, these findings illustrate the uncertainty of how PPARβ/δ modulates
tumorigenesis. Importantly, these receptor-dependent effects must be examined in
greater detail before pharmacological targeting of PPARβ/δ can be utilized for the
treatment or prevention of diseases.
Non-melanoma skin tumorigenesis is emerging as a world-wide epidemic. While
the exact mechanisms of skin cancer are not clearly defined, the relatively high
expression PPARβ/δ in the skin suggests that a functional role for this receptor in skin
homeostasis exists. Furthermore, elucidating whether PPARβ/δ causes functional
effects on skin tumorigenesis may lead to novel preventative or therapeutic approaches.
The first report of a PPARβ/δ-dependent function in skin tumorigenesis was that the
tumor promoter 12-O-tetradecanoylphorbol 13-acetate (TPA) caused exacerbated
hyperplasia in Pparβ/δ-null mice [412]. This noted hyperplasia in Pparβ/δ-null mice has
since been confirmed by another laboratory using a Pparβ/δ model [506]. The
hyperproliferative phenotype of Pparβ/δ-null mouse skin has also been localized to the
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keratinocyte layer [402, 502, 512, 526]. Further research found that changes in cell
proliferation were mediated by PPARβ/δ-dependent regulation of kinase signaling [512,
525, 526] and keratinocyte differentiation [503, 524, 557]. Inflammation is another
contributing factor to skin tumorigenesis (Reviewed in [738, 739]), and it is important to
note that ligand activation of PPARβ/δ reduced inflammation in the skin [502, 512]. The
functions of PPARβ/δ in skin tumorigenesis have also been investigated using two-stage
chemical carcinogenesis bioassays. In these studies, ligand activation of PPARβ/δ
inhibited the onset of tumor formation, tumor multiplicity, tumor size, and malignant
conversion [524, 525, 557, 587]. Co-administration of PPARβ/δ ligands with other
chemopreventive or chemotherapeutic approaches, such as COX inhibitors, have also
indicated that PPARβ/δ can be cooperatively targeted to enhance cancer therapies [557,
587]. Collectively, these findings demonstrate that PPARβ/δ inhibited skin tumorigenesis
by modulation of tumor promotion and inflammation, although the molecular
mechanisms of these effects have yet to be functionally defined.

Recent evidence has suggested that PPARβ/δ modulated AHR-dependent
signaling in keratinocytes to alter the balance between carcinogen bioactivation and
detoxification. To assess whether these described observations result in functional
differences in skin tumorigenesis, a complete chemical carcinogen bioassay was
performed in wild-type and Pparβ/δ-null mice. The PAHs benzo[a]pyrene (B[a]P) and
7,12-dimethylbenz[a]anthracene (DMBA) were used to examine PPARβ/δ-dependent
modulated of AHR signaling in the skin carcinogenesis. The carcinogen N-methyl-N'nitro-N-nitrosoguanidine (MNNG), a carcinogen that is not bioactivated through AHRdependent signaling, was used to dissect genotype-specific differences in tumor
initiation and promotion. Histopathological analyses were also performed to identify
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differences in tumor types or malignant conversion between wild-type and Pparβ/δ-null
mice. Collectively, these studies examined if PPARβ/δ-dependent modulation of AHR
signaling results in functional changes in tumorigenesis and malignant conversion.

148
3.3 Materials and Methods

3.3.1 Chemicals and reagents
B[a]P, DMBA, and MNNG were purchased from Sigma-Aldrich (St. Louis, MO).
All primers for quantitative real-time PCR (qPCR) were purchased from Integrated DNA
Technologies (IDT, Coralville, IA).

3.3.2 Complete chemical carcinogenesis bioassay
Female, wild-type ( / ) and Pparβ/δ-null ( / ) mice [412], in the resting phase of
the hair cycle (6-8 weeks of age) were shaved and topically treated weekly with 100 μg
of DMBA or B[a]P or 300 μg of MNNG dissolved in 200 μL acetone. The B[a]P and
DMBA dosing regimen was chosen based on previous bioassays completed in a mouse
strain of similar sensitivity as the C57BL/6 strain [740-742]. The studies were carried out
for 27 weeks (DMBA) or 34 (B[a]P) weeks, respectively. This time frame is known to
result in one hundred percent carcinoma incidence and multiple carcinomas per mouse
[742]. The MNNG dosing was chosen based on a previous study demonstrating that a
high percentage of carcinoma incidence and multiplicity can be observed within 25
weeks [743] in a mouse strain of similar sensitivity as the C57BL/6 strain [740]. The
onset of lesion formation, lesion number, and lesion size was assessed weekly, and
mice were euthanized by overexposure to carbon dioxide at the end of the study.
Lesions of greater than 2 mm in diameter were fixed in 10% neutral-buffered formalin,
stored in 70% ethanol, and then paraffin embedded. Tissue sections were stained with
hematoxylin and eosin (H&E) and were examined by a pathologist. The tumor
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classifications defined were squamous cell carcinoma (SCC), basal cell tumor (BCT),
keratoacanthoma (KA), papilloma (Pap), SC hyperplasia, and BC hyperplasia.

3.3.3 Primary keratinocyte culture and treatment
Primary keratinocytes from wild-type ( / ) and Pparβ/δ-null ( / ) mice were
isolated from newborn skin and cultured as previously described [692]. Keratinocytes
were cultured in low calcium (0.05 mM) Eagle’s minimal essential medium supplemented
with 8% chelexed fetal bovine serum (FBS), 20 IU/mL penicillin, and 20 μg/mL
streptomycin. Keratinocytes were cultured at 37°C and 5% CO2 until 80-90% confluence.
Cells were then treated for 8 h or 24 h with vehicle (0.02% DMSO) or 1 μM B[a]P. The 8
h treatment was examined because previous studies have demonstrated that attenuated
PAH-mediated inducibility of Cyp1a1 and Cyp1b1 mRNA occurs in Pparβ/δ-null
keratinocytes at this time. The 24 h treatment for mRNA and DNA adduct analysis was
chosen because DNA adduct formation has been observed at this time in cultured
mouse keratinocytes [685, 744].

3.3.4 RNA isolation and qPCR
Total RNA from keratinocytes was prepared using RiboZol RNA Extraction
Reagent (AMRESCO, Solon, OH) and the manufacturer’s recommended protocol. The
mRNA encoding p53 and activating transcription factor 3 (Atf3) were measured by qPCR
analysis. cDNA was generated from 2.5 μg of total RNA using MultiScribe Reverse
Transcriptase kit (Applied Biosystems, Foster City, CA). The qPCR analysis was carried
out using SYBR® Green PCR Supermix for IQ (Quanta Biosciences, Gaithersburg, MD)
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in the iCycler and detected using the MyiQ Realtime PCR Detection System (Bio-Rad
Laboratories, Hercules, CA). The following PCR reaction was used for all genes: 95°C
for 10 s, 60°C for 30 s, and 72°C for 30 s, repeated for 45 cycles. Each PCR reaction
included a no-template control reaction to control for contamination, and all real-time
PCR reactions had greater than 85% efficiency. The relative mRNA value for each gene
was normalized to the relative mRNA value for the housekeeping gene glyceraldehyde
3-phosphate dehydrogenase (Gapdh). The following primers were used to assess the
relative mRNA expression of Gapdh (NM_008084), Atf3 (NM_007498), and p53
(NM_001127233): 5’-AAATGGTGAAGGTCGGTGTGAACG (Gapdh forward), 5’TGGCAACAATCTCCACTTTGCCAC (Gapdh reverse),
5’-TCAAGGAAGAGCTGAGATTCGCCA (Atf3 forward),
5’ GTTTCGACACTTGGCAGCAGCAAT (Atf3 reverse),
5’-AAAGGATGCCCATGCTACAGAGGA (p53 forward), and
5’-GCAGTTTGGGCTTTCCTCCTTGAT (p53 reverse).

3.3.5 B[a]P DNA adduct post-labeling
Wild-type ( / ) and Pparβ/δ-null ( / ) primary keratinocytes were isolated and
propagated, as described in Materials and Methods, to examine B[a]P-dependent DNA
adduct formation. Briefly, triplicate 100 mm dishes of wild-type and Pparβ/δ-null primary
keratinocytes were treated for 24 h with 1 μM B[a]P. Genomic DNA was isolated using
the Wizard® Genomic DNA Purification kit (Promega, Madison, WI) and the
manufacturer’s recommended protocol. Five μg of genomic DNA was labeled with [γ32

P]-ATP and polynucleotide kinase as previously described [745-747]. Ammonium

sulfate thin layer chromatography was used to separate and identify [γ-32P]-labeled
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B[a]P-adducted nucleotides as compared to standards. The labeled signal was
quantified and normalized to the total amount of nucleotides examined, being
represented as adducts per 109 nucleotides.

3.3.6 Statistical analyses
Tumor data and DNA adduct data were analyzed for statistical significance using
Fischer’s exact test or Student’s t-test as described in the figure legends. qPCR data
was analyzed for statistical significance using two-way analysis of variance (ANOVA)
with the Bonferroni’s multiple comparison test as described in the figure legends. All
results are reported as percentage incidence or mean ± S.E.M. using Prism 5.0
(GraphPad Software Inc., La Jolla, CA).
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3.4 Results

3.4.1 PPARβ/δ modulates PAH-dependent skin chemical carcinogenesis
To determine if modulation of AHR signaling by PPARβ/δ functionally alters skin
tumorigenesis, a complete carcinogen bioassay was performed in wild-type and
Pparβ/δ-null mice. The PAHs B[a]P and DMBA were both examined to determine if
differential bioactivation of these compounds (Reviewed in [638]) caused PPARβ/δdependent differences in skin tumorigenesis. MNNG, a chemical carcinogen that does
not bind AHR and is not metabolized by the cytochrome P450 enzymes, was also
examined to identify PPARβ/δ-dependent modulation of tumor promotion during
complete chemical carcinogenesis.

PAH complete chemical carcinogenesis resulted in tumor formation in both
genotypes, and several genotype-dependent differences in tumorigenesis were
observed between wild-type and Pparβ/δ-null mice. The onset of tumor formation was
similar between genotypes treated with either B[a]P or DMBA (Figure 3.1A, B). A
significant increase in lesion multiplicity was observed in wild-type mice compared to
Pparβ/δ-null mice (Figure 3.1D, E), and this effect was observed with both B[a]P and
DMBA (Figure 3.1D, E). It is also worth noting that the differences in lesion multiplicity
were not observed until the late stage of the bioassay, specifically the final 2 weeks for
B[a]P treatment and the final 5 weeks for DMBA treatment. Interestingly, there was a
significant increase in average lesion size in Pparβ/δ-null mice treated with B[a]P for the
last five weeks of the bioassay (Figure 3.1G). In contrast to the effects found with B[a]P
and DMBA, the onset of lesion formation was earlier in Pparβ/δ-null mice treated with
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MNNG (Figure 3.1C). Lesion multiplicity and average lesion size were also found to be
enhanced in Pparβ/δ-null mice treated with MNNG as compared to wild-type mice
(Figure 3.1F, I). The enhanced tumorigenesis in Pparβ/δ-null mice was not observed
until the latter third of the bioassay, with a significant difference in lesion onset from
week 16 to 21 (Figure 3.1C) and a significant difference in lesion multiplicity and average
lesion size from week 21 to 25 (Figure 3.1F, I). Collectively, the described observations
revealed a distinct PPARβ/δ-dependent alteration in lesion multiplicity, as wild-type mice
exhibited increased PAH-mediated lesion multiplicity and Pparβ/δ-null mice exhibited
increased MNNG tumorigenesis.
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Figure 3.1: PPARβ/δ modulates complete skin carcinogenesis. Complete chemical
carcinogen testing was performed on wild-type ( / ) and Pparβ/δ-null ( / ) as described
in the Materials and Methods. (A-C) The incidence and onset of lesion formation in mice
treated with B[a]P (A), DMBA (B), or MNNG (C). (D-F) Skin lesion multiplicity in mice
treated with B[a]P (D), DMBA (E), or MNNG (F). (G-I) Average skin lesion size in mice
treated with B[a]P (G), DMBA (H), or MNNG (I). An asterisk, *, indicates a statistically
significant, p < 0.05, difference between genotypes as calculated by Fischer’s exact test
(A-C) or one tailed Student’s t-test (D-I).

3.4.2 PPARβ/δ modulates malignant conversion and inflammation
Histopathological analysis was performed to determine if differences in tumor
lesions existed between the genotypes. Of particular interest with complete carcinogen
bioassays was the presence of malignant tumor types [740], including squamous cell
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carcinomas (SCCs), basal cell tumors (BCTs), and keratoacanthomas (KAs). Malignant
tumor types are commonly generated in complete chemical carcinogen bioassays, as
opposed to the propensity for non-malignant papillomas typically observed in two-stage
chemical carcinogenesis bioassays [619, 740, 741]. The percentage of mice with SCCs
was greater in Pparβ/δ-null mice treated with B[a]P as compared to similarly treated
wild-type mice (Figure 3.2A). However, the average number of SCCs per mouse was not
different between wild-type and Pparβ/δ-null mice treated with B[a]P (Figure 3.2B).
While the percentage of mice with BCT was not different between wild-type and Pparβ/δnull mice treated with either PAH (Figure 3.2C), DMBA treatment resulted in more BCTs
per mouse in Pparβ/δ-null mice than wild-type mice (Figure 3.2D). The percentage of
mice with KAs was also found to be greater in Pparβ/δ-null mice treated with both PAHs
as compared to similarly treated wild-type mice (Figure 3.2E). Pparβ/δ-null mice treated
with both PAHs also exhibited greater KAs per mouse as compared to wild-type mice
(Figure 3.2F). PPARβ/δ-dependent alterations in tumor malignancy were also observed
with MNNG treatment, with Pparβ/δ-null mice having a greater percentage of SCCs and
KAs (Figure 3.2A, E) than similarly treated wild-type mice. Moreover, Pparβ/δ-null mice
treated with MNNG possessed more SCCs and KAs per mouse than similarly treated
wild-type mice (Figure 3.2B, F).
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Figure 3.2: PPARβ/δ modulates chemically-induced tumor malignancy. Complete
chemical carcinogen testing was performed on wild-type ( / ) and Pparβ/δ-null ( / ) as
described in the Materials and Methods. Lesions were examined and classified by a
pathologist. (A, C, E) The incidence of SCCs (A), BCTs(C) and KAs (E) in mice treated
with B[a]P, DMBA, MNNG. (B, D, F) The multiplicity of SCCs (B), BCTs (D) and KAs (F)
in mice treated with B[a]P, DMBA, or MNNG. An asterisk, *, indicates a statistically
significant, p < 0.05, difference between genotypes as calculated by Fischer’s exact test
(A, C, E) or one tailed Student’s t-test (B, D, F).
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Examination of the distribution of tumor pathologies also revealed interesting
observations. The distribution of tumor pathologies observed in response to B[a]P were
found to be different between wild-type and Pparβ/δ-null mice (Figure 3.3A). A higher
incidence of malignant tumor types was observed in Pparβ/δ-null mice treated with B[a]P
as compared to wild-type mice (Figure 3.3B). This was due to a higher incidence of KAs
(26% versus 13%) and SCCs (32% versus 29%) in Pparβ/δ-null mice (Figure 3.3A). In
contrast, the distribution of tumor pathologies was not different between wild-type and
Pparβ/δ-null mice treated with DMBA (Figure 3.4). Striking differences in the distribution
of tumor pathologies were also observed in response to MNNG (Figure 3.5A). A higher
percentage of malignant tumor types were found in MNNG-treated Pparβ/δ-null mice as
compared to similarly treated wild-type mice (Figure 3.5B). The malignant shift in
Pparβ/δ-null mice was due to a greater conversion of SCC hyperplasia (orange) to SCCs
(blue) and the higher percentage of KAs (green) as compared to wild-type mice
(Figure 3.5A). In general, the alterations in tumor pathologies by B[a]P and MNNG in
Pparβ/δ-null mice were due to increased SCC conversion (Figure 3.3A and 3.5A).
Representative tumor histopathology shows the increased epidermal invasion (E) into
the muscle tissues (M) that was observed in Pparβ/δ-null mice treated with B[a]P and
MNNG more often than similarly treated wild-type mice (Figure 3.6).
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Figure 3.3: PPARβ/δ modulates B[a]P-induced skin tumor distribution. Complete
chemical carcinogen testing, utilizing B[a]P, was performed on wild-type ( / ) and
Pparβ/δ-null ( / ) mice as described in the Materials and Methods. (A) The percentage
of each pathologically classified tumor type (SCCs, BCTs, KAs, Paps, SC hyperplasias,
or BC hyperplasias) in each genotype, as a percentage of total genotype tumors. (B)
The percentage of pathologically examined tumors being classified as malignant (SCCs,
BCTs, KAs) or benign (Paps, SC hyperplasias, and BC hyperplasias) in each genotype,
as a percentage of total genotype tumors. An asterisk, *, indicates a statistically
significant, p < 0.05, difference between genotypes as calculated by Fischer’s exact test.
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Figure 3.4: PPARβ/δ does not modulate DMBA-induced skin tumor distribution.
Complete chemical carcinogen testing, utilizing DMBA, was performed on wild-type ( / )
and Pparβ/δ-null ( / ) mice as described in the Materials and Methods. (A) The
percentage of each pathologically classified tumor type (SCCs, BCTs, KAs, Paps, SC
hyperplasias, or BC hyperplasias) in each genotype, as a percentage of total genotype
tumors. (B) The percentage of pathologically examined tumors being classified as
malignant (SCCs, BCTs, KAs) or benign (Paps, SC hyperplasias, and BC hyperplasias)
in each genotype, as a percentage of total genotype tumors. An asterisk, *, indicates a
statistically significant, p < 0.05, difference between genotypes as calculated by
Fischer’s exact test.
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Figure 3.5: PPARβ/δ modulates MNNG-induced skin tumor distribution. Complete
chemical carcinogen testing, utilizing MNNG, was performed on wild-type ( / ) and
Pparβ/δ-null ( / ) mice as described in the Materials and Methods. (A) The percentage
of each pathologically classified tumor type (SCCs, BCTs, KAs, Paps, SC hyperplasias,
or BC hyperplasias) in each genotype, as a percentage of total genotype tumors. (B)
The percentage of pathologically examined tumors being classified as malignant (SCCs,
BCTs, KAs) or benign (Paps, SC hyperplasia, and BC hyperplasias) in each genotype,
as a percentage of total genotype tumors. An asterisk, *, indicates a statistically
significant, p < 0.05, difference between genotypes as calculated by Fischer’s exact test.
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Figure 3.6: PPARβ/δ modulates tumor invasiveness. Representative histology
demonstrating enhanced tumor invasion in B[a]P-treated Pparβ/δ-null ( / ) mice as
compared to similarly treated wild-type ( / ) mice. Arrows indicate tumor invasion from
epidermis (E) to underlying muscle (M) tissue.
Inflammation has also been implicated in cancer progression and metastasis in
many organ model systems (Reviewed in [738, 739]). Examination of tumor pathologies
revealed that Pparβ/δ-null mice had increased incidence of inflammatory cell infiltrates
within the tumor and in the tumor stroma (Figure 3.7). While the severity of inflammation
was not quantified, this observation supports previously described PPARβ/δ-dependent
anti-inflammatory functions in the skin [502, 512].
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Figure 3.7: PPARβ/δ reduces tumor inflammation. Complete chemical carcinogen testing
was performed on wild-type ( / ) and Pparβ/δ-null ( / ), as described in the Materials
and Methods. Lesions were examined microscopically, and the incidence of tumors
presenting with inflammatory infiltrates was determined. There was not a statistical
difference between the genotypes when analyzed by Fischer’s exact test.

3.4.3 PPARβ/δ alters DNA damage
To determine whether the increased PAH-dependent lesion multiplicity in wildtype mice was due to genotoxic damage, the expression of DNA damage markers and
DNA adduct formation was examined in wild-type and Pparβ/δ-null primary
keratinocytes. The PAH-mediated mRNA induction of DNA damage markers Atf3 and
p53 were examined at 8 and 24 h. The mRNA expression of Atf3 and p53 were
unchanged in both genotypes following B[a]P treatment (Figure 3.8A, B). Furthermore,
mRNA changes were not observed at either the 8 or 24 h B[a]P exposures (Figure 3.8A,
B). Despite the lack of Atf3 and p53 mRNA induction upon PAH exposure, the ability of
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PPARβ/δ to alter DNA adduct formation was examined in keratinocytes using a [γ-32P]B[a]P-postlabeling method [745-747]. There was not a significant difference in adduct
formation between the genotypes (Figure 3.9). However, a p-value of 0.07 between the
DNA adduct values for wild-type and Pparβ/δ-null keratinocytes suggests that there was
decreased DNA adduct formation in Pparβ/δ-null keratinocytes. Overall, PPARβ/δ did
not modulate the mRNA expression of DNA damage markers Atf3 and p53 in response
to B[a]P (Figure 3.8A, B). However, Pparβ/δ-null keratinocytes appeared to have
decreased B[a]P-dependent DNA adduct formation (Figure 3.9). These observations
indicated that DNA adduct formation is a contributing mechanism to the decreased PAHdependent lesion multiplicity observed in Pparβ/δ-null mice (Figure 3.1D, E).
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Figure 3.8: PAH-dependent induction of DNA damage markers is not modulated by
PPARβ/δ expression in primary keratinocytes. Wild-type ( / )and Pparβ/δ-null ( / )
primary keratinocytes were treated 8 or 24 h with vehicle (0.02% DMSO) or 1 μM B[a]P
as described in Materials and Methods. (A, B) qPCR was performed using total RNA
isolated from primary keratinocytes to quantify the expression of Atf3 (A) or p53 (B).
Values are normalized to ( / ) vehicle control and present mean ± S.E.M. of N = 3
biological replicates. Different letters indicate statistically different, P < 0.05, groups, as
determined by Bonferroni’s multiple comparison test.
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Figure 3.9: PAH-dependent DNA adduct formation is reduced in Pparβ/δ-null
keratinocytes. Wild-type ( / ) and Pparβ/δ-null ( / ) primary keratinocytes were treated
24 h with 1 μM B[a]P and subjected to the [γ-32P]-post-labeling protocol, as described in
Materials and Methods. Quantitative DNA adduct formation was determined by [γ-32P]post-labeling of B[a]P-adducted nucleotides. Values are normalized to ( / ) nucleotide
content and represent the mean ± S.E.M. of quantified adducts per 109 basepairs from N
= 3 biological replicates. The one-tailed Student t-test p-value of the difference was 0.07.
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3.5 Discussion
These described studies mark the first time a complete chemical skin
carcinogenesis bioassay has been performed in Pparβ/δ mouse models. Previous
studies in primary keratinocytes have shown that PPARβ/δ modulated the PAHmediated mRNA induction of Cyp1a1 and Cyp1b1 through alteration of AHR signaling.
The purpose of these investigations was to examine if modulation of AHR signaling by
PPARβ/δ in keratinocytes caused functional alterations in PAH-dependent skin
tumorigenesis. Indeed, Pparβ/δ-null mice exhibited reduced lesion multiplicity upon
B[a]P and DMBA treatment as compared to similarly treated wild-type mice (Figure 3.1D,
E). This observation was likely due to decreased PAH bioactivation, and in vitro DNA
adduct analysis demonstrated that Pparβ/δ-null keratinocyte possessed less B[a]Pdependent DNA adducts than similarly treated wild-type keratinocytes (Figure 3.8C).
Previous evidence has also described that PPARβ/δ modulated AHR signaling in human
keratinocytes. Because decreased PAH-dependent AHR signaling in Pparβ/δ-null
keratinocytes resulted in a reduction of lesion multiplicity in Pparβ/δ-null mice, it is
plausible that human PAH-dependent skin carcinogenesis would also be modulated by
PPARβ/δ expression. Interestingly, the induction of Cyp1a1 and Cyp1b1 mRNAs in
response to PAHs are greatly varied in humans, but AHR polymorphisms have not been
identified that account for this variability. The fact that PPARβ/δ modulated AHR
signaling in human keratinocytes suggests that PPARβ/δ contributes to the variation in
human PAH-mediated Cyp mRNA induction. Collectively, the results of these studies
indicated that PPARβ/δ-dependent modulation of AHR signaling leads to functional
differences in murine tumor initiation and susceptibility to skin chemical carcinogenesis.
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The use of the chemical carcinogen MNNG greatly enhanced these studies by
allowing tumor initiation and promotion to be specifically dissected in Pparβ/δ mouse
models. MNNG caused tumor initiation and mutagenesis through DNA methylation.
Therefore, MNNG carcinogenesis does not require AHR-dependent induction of
xenobiotic metabolism enzymes for bioactivation, and therefore caused cancer through a
mechanism that is independent of the AHR. Surprisingly, Pparβ/δ-null mice treated with
MNNG exhibited an earlier onset of lesion formation, enhanced lesion multiplicity, and
enhanced average lesion size than wild-type mice. Additionally, the resulting tumor
pathology revealed that MNNG-treated Pparβ/δ-null mice had more malignant tumor
types than wild-type mice. The results from these studies indicate that PPARβ/δ
modulated tumor promotion, which validated previously described PPARβ/δ-dependent
reductions in two-stage skin chemical carcinogenesis and malignant conversion [524,
525, 557, 587]. Enhanced average tumor size and malignant conversion were also
observed in Pparβ/δ-null mice treated with B[a]P as compared to wild-type mice.
Surprisingly, this observation revealed that Pparβ/δ-null mice exhibited reduced PAHmediated lesion multiplicity, yet possessed enhanced B[a]P-dependent average lesion
size. Collectively, PPARβ/δ modulated tumor promotion and further suggests a
paradoxical role of PPARβ/δ in modulating skin tumor initiation and promotion.

The complete chemical carcinogen bioassay used in these studies specifically
examined two modes of DNA mutagenesis. Surprisingly, PPARβ/δ differentially
modulated these modes of skin carcinogenesis. PAHs cause mutagenesis through P450
bioactivation and subsequent DNA adduct formation (Reviewed in [748]). While PAHs
such as B[a]P and DMBA are structurally similar, these two carcinogens are differentially
metabolized by P450s to form the ultimate carcinogens benzo[a]pyrene-7,8-diol-9,10-
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epoxide (BPDE) and DMBA-3,4-diol-1,2-epoxide (DMBADE) [749-752]. The bulky DNA
adducts formed by PAHs are commonly repaired by the nucleotide excision repair (NER)
system [753]. MNNG mutations, on the other hand, are commonly repaired by the base
excision repair (BER) system (Reviewed in [639]). The fact that PAHs and MNNG had
opposing effects on lesion multiplicity between wild-type and Pparβ/δ-null mice indicates
that NER and/or BER may be regulated by PPARβ/δ. This hypothesis has never been
specifically examined, but receptor-dependent alterations of BER and/or NER could
explain the documented PPARβ/δ-dependent differences in chemical carcinogenesis
observed in several tissues (Reviewed in [164]).

PPARβ/δ has also been shown to reduce inflammation in several models of
tumorigenesis and organ damage [499-501, 508, 513, 524, 557, 582, 585-587, 593, 731,
732]. The observed increase in inflammatory infiltrates within the tumor and in the tumor
stroma of Pparβ/δ-null mice confirmed these previous conclusions (Figure 3.87).
Inflammation is a known contributing factor to tumorigenesis (Reviewed in [738, 739]),
although the complete mechanisms have yet to be delineated. It is known that diverse
inflammatory cell populations alter the tumor environment, thus affecting invasion and
chemotherapeutic treatments (Reviewed in [738, 739]). The fact that wild-type mice had
reduced inflammatory cells infiltrates indicated that inflammatory signaling or the
populations of skin inflammatory cells may be modulated by PPARβ/δ. While immunophenotyping of wild-type and Ppparβ/δ-null mice has not thoroughly established
genotype-dependent changes in immune cell populations, preliminary evidence revealed
that PPARβ/δ modulated immunological inflammatory responses (Reviewed [164, 718]).
Identifying differential PPARβ/δ immune responses in skin tumorigenesis, invasion, and
metastasis would drastically shift the biological relevance and therapeutic targeting of
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this nuclear receptor. Additionally, the complete carcinogen bioassay would be a highly
useful method to assess the in vivo effects of PPARβ/δ-dependent alteration in tumor
immunity.

Collectively, the results from these studies indicated that PPARβ/δ-dependent
modulation of AHR signaling in keratinocytes leads to functional differences in skin
tumorigenesis. Reduced PAH-mediated lesion multiplicity was observed in Pparβ/δ-null
mice, and this appears to be caused by decreased DNA adduct formation and tumor
initiation. The use of two classes of chemical carcinogens also revealed that PPARβ/δ
modulated both tumor initiation and tumor promotion in the skin. Further studies are
necessary to delineate the molecular mechanisms mediating these effects, but
preliminary observations indicated that tumor inflammation or differences in inflammatory
responses contributed to the enhanced tumor malignancy in Pparβ/δ-null mice. It should
also be emphasized that these differences in tumorigenesis between wild-type and
Pparβ/δ-null mice were observed in the absence of exogenous PPARβ/δ ligands. Future
studies should focus on delineating the effects of PPARβ/δ ligands or combined
chemotherapeutic regimens on skin complete chemical carcinogenesis in Pparβ/δ
mouse models. Collectively, the results of these studies indicated that PPARβ/δ is a
critical effector of murine skin tumorigenesis by modulating tumor initiation, promotion,
and inflammation. Given that PPARβ/δ also modulated AHR signaling in human
keratinocytes, further investigations are necessary to determine whether the described
PPARβ/δ-dependent alterations in murine skin tumorigenesis will exist in humans.

Chapter 4

DISCUSSION
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Since it was first cloned nearly two decades ago [153, 155, 157], the biological
functions of the nuclear hormone receptor peroxisome proliferator-activated receptor-β/δ
(PPARβ/δ) have remained a mystery. The last decade has seen great advancements in
the knowledge of this PPAR isoform, and this can be attributed to the development of
Pparβ/δ-null mouse models [412-414] and high affinity synthetic ligands [159, 188, 754].
The use of these novel tools has implicated PPARβ/δ in a number of biological
processes, including glucose and lipid homeostasis, inflammation, and carcinogenesis
(Reviewed in [164, 188]). PPARβ/δ is now recognized as a critical metabolic regulator
and has the potential to be a therapeutic target in metabolic diseases such as diabetes
and obesity. Recent evidence has also suggested anti-inflammatory effects for PPARβ/δ
ligands that may influence metabolic disease progression and cancer (Reviewed in [164,
718]). In keratinocytes, ligand activation of PPARβ/δ increased terminal differentiation,
attenuated cell proliferation, and increased apoptosis (Reviewed in [164). In contrast, it
has been suggested that PPARβ/δ ligands can reduce apoptosis and increase cell
proliferation (Reviewed in [164]). Therefore, clarifying the role of PPARβ/δ in proliferation
and tumorigenesis is vital so that this nuclear receptor can be targeted for disease
prevention and treatments (Reviewed in [164]).

The function of PPARβ/δ in tumorigenesis has mostly been investigated in highly
proliferative epithelial tissues, such as the colon and skin. The role of PPARβ/δ in colon
carcinogenesis remains unclear. Through the use of multiple in vivo and in vitro models,
the greater breadth of investigations have suggested that ligand activation of PPARβ/δ
attenuated colon tumorigenesis (Reviewed in [164, 755]). In contrast, the biological role
of PPARβ/δ in skin tumorigenesis appears to be more clearly defined. In response to the
tumor promoter 12-O-tetradecanoylphorbol-13-acetate (TPA), Pparβ/δ-null mice had
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exacerbated epidermal hyperplasia as compared to wild-type mice [412, 506].
Furthermore, Pparβ/δ-null primary keratinocytes have been shown to proliferate faster
than wild-type cells [402, 406, 512, 526]. Mouse models of skin tumorigenesis have also
consistently observed that ligand activation of PPARβ/δ reduced tumorigenesis [524,
525, 557, 587]. These anti-tumorigenic effects have been attributed to increased
terminal differentiation [512, 524] and decreased keratinocyte proliferation [525, 526].
Results of these studies indicated a functional role for PPARβ/δ in altering tumor
promotion, but tumor initiation, another critical component of tumorigenesis, has never
been examined. The purpose of the described studies was to examine if PPARβ/δ
modulates xenobiotic metabolism in vitro and to define if this modulation results in
functional alterations in skin tumorigenesis. Collectively, mouse and human keratinocyte
models were used to delineate the signaling pathway modulated by PPARβ/δ in vitro,
and the functional significance of this modulation was examined using Pparβ/δ mouse
models and a complete carcinogen bioassay.

The studies described in chapter 2 and 3 were specifically designed to examine if
PPARβ/δ modulates skin tumor initiation. These analyses were dissected into an in vitro
characterization and an in vivo analysis of skin tumorigenesis. First, the in vitro
component determined that Pparβ/δ-null mice have reduced polycyclic aromatic
hydrocarbon (PAH)-dependent cytochrome P450 (Cyp) mRNA induction by attenuation
of aryl hydrocarbon receptor (AHR) signaling. These effects were found to be caused by
reduced occupancy of AHR at the Cyp1a1 promoter in response to PAHs and by
epigenetic regulation of phase I mRNA expression. Secondly, the functional significance
of reduced PAH-dependent AHR signaling in Pparβ/δ-null mice was examined using a
complete carcinogen bioassay. These studies indicated that decreased AHR signaling in
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Pparβ/δ-null mice resulted in decreased PAH-mediated lesion multiplicity that can be
attributed to decreased DNA adduct formation. Increased tumor size was also observed
in Pparβ/δ-null treated with B[a]P and MNNG, and this observation suggests that is also
a potent modulator of tumor promotion. Thus, PPARβ/δ can modulate two critical
components of skin tumorigenesis, namely tumor initiation and promotion.

Several conclusions can be drawn from the studies described in chapters 2 and
3. First, PPARβ/δ modulated AHR signaling in human and mouse keratinocytes in vitro.
Importantly, these effects manifested into receptor-dependent alterations in skin
complete chemical carcinogenesis. The results of these studies indicated that PPARβ/δ
modulated tumor initiation and altered the critical balance between carcinogen
bioactivation and detoxification. Secondly, regulation of DNA methylation contributed to
the observed modulation of AHR signaling by PPARβ/δ in vitro. Finally, Pparβ/δ-null
mice exhibited enhanced tumor promotion and inflammation, which supports previous
hypotheses describing the anti-inflammatory functions of PPARβ/δ (Reviewed in [164,
718]). Collectively, these observations suggest that PPARβ/δ modulated skin
tumorigenesis by specific modulation of critical components of carcinogenesis, including
tumor initiation, promotion, and inflammation.

The global objective of these investigations was to ascertain the biological
functions of PPARβ/δ in skin tumorigenesis. The data presented in chapter 2 indicated
that PPARβ/δ can imprint DNA methylation patterns in the absence of an exogenous
ligand, and this described epigenetic regulation is a novel function for PPARβ/δ. Further
investigations are necessary to determine how exogenous or endogenous PPARβ/δ
ligands alter DNA methylation patterns. Epigenetic regulation in toxicology is an
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emerging field of interest, and future studies are needed to establish the PPARβ/δdependent mechanisms of epigenetic gene regulation. Methylation inhibitors, such as 5Aza-2’-deoxycytidine (5-Aza-dC), and bisulfite sequencing should be utilized to identify
the existence of PPARβ/δ-dependent DNA methylation patterns in phase I and II
enzymes promoters. Genomics approaches, such as microarrays, can also be used to
examine how PPARβ/δ modulates global methylation patterns. These studies should
utilize Pparβ/δ mouse models and DNA methylation inhibitors to uncover information on
PPARβ/δ-dependent epigenetic regulation. Additionally, microarray analyses could be
used to identify novel target genes that are differentially expressed in wild-type and
Pparβ/δ-null keratinocytes exposed to PAHs. Chromatin immunoprecipitationsequencing (ChIP-Seq) (Reviewed in [756]) is another technique that should be used to
examine endogenous and epigenetic gene regulation. Genomic analyses and ChIP-Seq
data could be collectively used in a bioinformatics approach to identify and validate
putative targets of PPARβ/δ-dependent epigenetic regulation. The ChIP-Seq technique
could also be utilized to identify methylation patterns and epigenetic PPARβ/δdependent binding sites. A commonly examined DNA methylation marker is 5methylcytosine, and antibodies have been developed to examine this DNA modification
in ChIP or ChIP-Seq [757]. Additionally, enzymes that modulate DNA methylation, such
as DNA methyltransferase 1 (DNMT1) or DNMT3B, could be examined as PPARβ/δdependent epigenetic effectors [758, 759]. It has recently been described that a PPAR
coregulator PPAR-interacting protein (PRIP)-interacting methyltransferase (PIMT) is a
nucleotide methyltransferase, and this could be the PPARβ/δ-dependent epigenetic
regulator [760]. Clearly, the novelty of PPARβ/δ-dependent epigenetic regulation opens
many avenues that could be investigated to elucidate how PPARβ/δ functions as an
epigenetic gene regulator.
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A key observation (chapter 2) that influenced future studies was the fact that
PAH-dependent AHR occupancy at the Cyp1a1 promoter was not increased in Pparβ/δnull keratinocytes. This observation was supported by the observation that histone
acetylation, a common marker of transcriptional activity, at the Cyp1a1 promoter was not
increased by PAH exposure in Pparβ/δ-null keratinocytes. These preliminary ChIP
observations suggested that the occupancy, or lack thereof, of a specific AHR
coregulator could mediate silencing of the Cyp1a1 promoter. Several AHR coregulators
have been examined by ChIP, including corepressors and coactivators (Reviewed in
[684]). Future investigations should examine differential coregulator occupancy at AHR
target genes upon PAH exposure in wild-type and Pparβ/δ-null keratinocytes. Some
known AHR-dependent coregulators that could be examined include steroid receptor
coactivator-1 (SRC-1) [712, 761], SRC-2 [712], SRC-3 [712], p300 [762], receptor
interacting protein 140 (RIP140) [763], Brahma regulated gene-1 (BRG-1) [713], DNMT1
[764], and histone deacetylase 1 (HDAC1) [764]. Additionally, several histone
modifications, including acetylation of histone H3 lysine 14 (H3K14) or H4K16, have also
been shown to be regulated by AHR coregulators and should be examined in PPARβ/δ
keratinocyte models [764]. Collectively, these ChIP studies will establish if differential
coregulator occupancy at AHR target genes caused Pparβ/δ-null keratinocytes to have
attenuated mRNA induction of phase I and II enzymes mRNA in response to PAHs.

It must be emphasized that the majority of this dissertation investigated the effect
of PPARβ/δ on AHR signaling in the absence of exogenous PPARβ/δ ligands. The work
described in chapter 2 established that ligand activation of PPARβ/δ did not alter Cyp
mRNA expression, and further studies examined the ligand-independent modulation of
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AHR signaling by PPARβ/δ. The novel studies described in chapter 2 revealed that
PPARβ/δ regulated the PAH-dependent production of phase I and II enzyme mRNAs in
the absence of exogenous PPARβ/δ ligands. Research described in chapter 3 also
indicated that ligand-independent functions of PPARβ/δ modulated PAH-mediated tumor
initiation and skin carcinogenesis. As this dissertation focused on the functions of
PPARβ/δ in the absence of an endogenous ligand, future investigations should seek to
understand how PPARβ/δ ligands alter skin complete carcinogenesis. In the two-stage
model of skin carcinogenesis, ligand activation of PPARβ/δ reduced tumorigenesis [524,
525, 557, 587]. These effects are likely mediated by increased differentiation, increased
apoptosis, and decreased proliferation of keratinocytes [402, 406, 502, 503, 512, 521,
524-526, 557, 587]. It can therefore be predicted that wild-type mice treated with
PPARβ/δ ligands will have reduced tumorigenesis in the complete carcinogen bioassay.
Furthermore, ligand-dependent increases in terminal differentiation would likely alter the
PAH-mediated tumor histopathologies in wild-type mice. It is also predicted that ligand
activation of PPARβ/δ would specifically reduce the incidence of malignant tumors in
wild-type mice. Furthermore, the anti-inflammatory effects of PPARβ/δ ligands
(Reviewed in [164, 718]) may also contribute to decreased malignancy or tumor size in
wild-type mice during the complete carcinogen bioassay. Interestingly, several PPARβ/δ
antagonists have recently been described and characterized [407-410]. However,
antagonism of PPARβ/δ has shown contrasting effects on cell proliferation [409, 410].
The use of these antagonists in skin carcinogenesis bioassays could also help to dissect
how the state of the ligand binding domain, antagonized or ligand bound, alters skin
tumorigenesis. Therefore, future research of ligand activation and antagonism of
PPARβ/δ within the complete carcinogen bioassay could support previous evidence for
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the chemopreventive and chemotherapeutic potential of this nuclear receptor in skin
carcinogenesis.

The studies within chapters 2 and 3 focused on how PPARβ/δ modulated AHR
signaling to alter the induction of xenobiotic enzyme mRNA expression and skin
tumorigenesis. To thoroughly address the biological significance of modulated AHR
signaling by PPARβ/δ, future in vitro and in vivo studies should examine one or all three
independently created Ahr-null mouse models [667, 688, 765]. Inclusion of these models
would provide vital information regarding the specificity for PPARβ/δ modulation of PAHdependent tumorigenesis. In particular, the use of Ahr-null primary keratinocytes could
address whether increased production of phase II enzyme mRNA in response to PAHs
was directly caused by AHR. The fact that PAH-mediated Nrf2 mRNA induction was
significantly reduced in Pparβ/δ-null keratinocytes suggests that other pathway(s)
contributed to the observations described in chapter 2. The use of Ahr-null mice in a
complete carcinogen bioassay would also provide a strong context for the significance of
PPARβ/δ-dependent modulation of AHR signaling. Ahr-null mice have previously been
examined in PAH complete carcinogenesis [686, 688] and were found to be completely
resistant to B[a]P complete carcinogenesis [688]. This observation indicated the
essential requirement of AHR-mediated bioactivation of B[a]P to cause skin
tumorigenesis. This same mouse strain was also examined in dibenzo[a,l]pyrene
(DiB[a,l]P) complete carcinogenesis, and Ahr-null mice exhibited significantly reduced
tumorigenesis as compared to wild-type mice [686]. In contrast to B[a]P complete
carcinogenesis, Ahr-null mice were not entirely resistant to DiB[a,l]P-dependent Cyp
mRNA induction, DNA adduct formation, and carcinogenesis [686]. These findings
revealed that DiB[a,l]P can be metabolized by another pathway in the absence of AHR.

178
Similar reductions in PAH-mediated DNA adduct formation have also been observed in
another Ahr-null mouse model, but notable levels of DNA adducts were observed in the
absence of AHR [637]. These effects on DNA adduct formation were thought to be due
to relatively high basal levels of CYP1B1 expression that contributed to AHRindependent PAH metabolism, bioactivation, and DNA adduct formation [637].
Therefore, gaining further understanding of how PPARβ/δ modulates the AHRdependent and -independent mechanisms of PAH carcinogenesis will provide useful
information to understand the mechanisms of PAH-dependent skin carcinogenesis. An
important mouse model within these investigations would be a double Ahr-null/Pparβ/δnull mouse strain. This mouse model would provide valuable information about the
dependency of these two receptors in PAH-mediated skin carcinogenesis. The noted
reductions in litter sizes in both Ahr-null and Pparβ/δ-null mice suggest that a double null
mouse model would be difficult to create [412, 766]. However, tissue-specific null
strategy, such as a keratin-5-regulated Cre/LoxP system, could be employed to create
this double-null mouse model in the skin. Collectively, the inclusion of new mouse
models addressing PPARβ/δ-dependent modulation of AHR signaling will help elucidate
the specificity of AHR functions in response to PAHs and to define the effects of
PPARβ/δ on PAH-dependent skin tumorigenesis.

The combined purpose of the work described in chapters 2 and 3 was to
delineate the role of PPARβ/δ in modulating tumor initiation. These results from these
studies indicated that PPARβ/δ modulated tumor initiation in skin tumorigenesis.
Research described in chapter 2 established that PPARβ/δ modulated the PAHdependent mRNA induction of many phase I and II enzymes involved in carcinogen
bioactivation and detoxification. Significant reductions in PAH-mediated phase I and II
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enzyme mRNA induction were observed in Pparβ/δ-null keratinocytes. It was reported in
chapter 3 that Pparβ/δ-null mice had reduced PAH-dependent lesion multiplicity. These
results indicated that tumor initiation, and DNA adduct formation, are altered in a
PPARβ/δ-dependent manner. Surprisingly, modulation of AHR signaling by PPARβ/δ did
not result in a statistically significant change in DNA adduct formation between wild-type
and Pparβ/δ-null mouse keratinocytes. The p-value of difference between adduct values
was 0.07, which indicated that Pparβ/δ-null keratinocytes have less B[a]P-mediated DNA
adducts than wild-type cells. There are several contributing factors that may account for
the similar levels of B[a]P-dependent DNA adducts between the genotypes. First, the [γ32

P]-B[a]P-postlabeling technique is a qualitative measure of adduct formation that does

not specifically identify the types of stable adducts formed. The metabolites formed
during PAH-specific exposure and metabolism have been extensively examined,
including the identification of the ultimate carcinogen chemical moieties for B[a]P and
DMBA [744, 767-771]. A metabolomics-based approach [772-774], utilizing liquid
chromatography-mass spectrometry (LC-MS), would facilitate precise identification of
different PAH-dependent metabolites formed in wild-type and Pparβ/δ-null keratinocytes
or mice. Furthermore, the inclusion of Ahr-null mice or keratinocytes in these
metabolomics studies could delineate AHR-dependent and -independent metabolites
and to further profile the specific reactive metabolites created by PAH-mediated AHR
signaling in these mouse strains.

The collective results from chapters 2 and 3 established that PPARβ/δ is a
coregulator of xenobiotic metabolism that altered the balance between carcinogen
bioactivation and detoxification. To date, numerous effectors of AHR signaling have
been examined in ligand-dependent signaling and tumorigenesis (Reviewed in [684,
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703]). Classic coregulators of AHR signaling include the heterodimerization partner AHR
nuclear translocator (ARNT) and the accessory proteins hepatitis B associated protein 2
(XAP2), p23, and heat shock protein 90 (HSP90). Surprisingly, null models for these
critical coregulators are embryonic lethal [775-778]. Recently, an epidermal-specific
Arnt-null mouse model revealed that this protein is required for B[a]P-dependent tumor
initiation [779], thus establishing the necessity of AHR/ARNT heterodimer in skin
tumorigenesis. The studies in chapter 2 established that PPARβ/δ did not alter the
protein expression of AHR, ARNT, XAP2, and HSP90 in human or mouse keratinocytes.
Several phase I and II enzyme null models have also been developed to examine the
effect of altered carcinogen bioactivation during tumorigenesis. Although CYPs are
highly conserved and serve important functions in xenobiotic metabolism, viable null
mouse models have been created for Cyp1a1 [780], Cyp1a2 [781, 782], and Cyp1b1
[783, 784]. As expected, these null mouse models each exhibited marked differences in
PAH-dependent xenobiotic metabolism, carcinogen bioactivation, and carcinogenesis
[780-784]. Microsomal epoxide hydrolase (mEH) is another critical effector of PAH
bioactivation that has been examined with a null mouse model, and this enzyme is also
required for PAH-dependent carcinogenesis [785]. Several phase II enzyme null mouse
models have also been examined in tumorigenesis. Specific deletion of
NAD(P)H:quinone oxidoreductase 1 (Nqo1) [786] and glutathione s-transferase pi (Gstp)
[787] exhibited enhanced PAH tumorigenesis. The enhanced tumorigenesis in phase II
enzyme-null mice is not surprising, given the fact that the enzymes are necessary for the
detoxification of bioactivated carcinogens. Collectively, the results of this dissertation
indicated that PPARβ/δ should be considered a critical AHR coregulator that is involved
in balancing carcinogen bioactivation and detoxification.
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PPARβ/δ also modulated AHR signaling in human keratinocytes (chapter 2), but
the exact mechanism(s) have yet to be conclusively defined. The human HaCaT shRNA
model was used to show that reduced PPARβ/δ expression resulted in reduced PAHmediated induction of Cyp mRNAs. Other models of modulated PPARβ/δ expression
could be exploited in the HaCaT cell line to delineate specific receptor-dependent
mechanisms of gene regulation. The Migr1 retroviral expression system has been
utilized to stably expression proteins in numerous cell model systems [697]. This
bicistronic enhanced green fluorescent protein (eGFP) expression system allows for the
isolation of cells expressing a protein of interest cooperatively with eGFP. In particular,
this model could be used to dissect whether PPARβ/δ modulated AHR signaling by
DNA-dependent mechanisms or by corepressor/coactivator recruitment to AHR target
gene promoters. Additionally, expression systems for several functional PPARβ/δ
mutations have been previously described, including mutations in the DNA binding
domain [172], a corepressor-interacting domain [172], a coactivator-interacting domain
[538], and the ligand binding domain [788]. Exploitation of these mutations in a HaCaT
Migr1 model system could dissect the mechanism(s) by which AHR signaling was
modulated by PPARβ/δ in human keratinocytes. The DNA binding mutant model could
be specifically used to examine if PPARβ/δ must bind within AHR target gene promoters
to enhance PAH-mediated Cyp mRNA induction, or whether PPARβ/δ is an indirect
transcriptional regulator of AHR signaling. Furthermore, other mutant models would
establish if PPARβ/δ modulated AHR signaling by the dissociation or recruitment of
coregulators to phase I and II enzyme promoters in response to PAHs. These HaCaT
mutant models could also be used in bioinformatics approaches such as microarrays or
ChIP-Seq to identify the functional effects of PPARβ/δ mutations. In addition to the utility
of these models to examine modulated AHR signaling by PPARβ/δ, a methodical and

182
comprehensive examination of PPARβ/δ mutations in a single cell line could quell
discrepancies and provide great insight into the true biological function of PPARβ/δ.

While the effects of human PPARβ/δ polymorphisms on PAH-mediated AHR
signaling were not addressed within this dissertation, alterations in PPARβ/δ function
due to polymorphisms may cause significant biological effects. It has been established
that humans exhibit great variability in Cyp mRNA induction in response to PAHs, but
polymorphisms in AHR have not been identified to date to explain this phenomenon
(Reviewed in [729]). It has been shown within this dissertation that PPARβ/δ modulated
PAH-mediated AHR signaling in human keratinocytes (chapter 2). It is thus plausible that
PPARβ/δ polymorphisms may contribute to the variability of Cyp mRNA induction in
response to PAHs. Several human PPARβ/δ polymorphisms have been described [468486, 789], but the functions of these polymorphisms have not provided any direct
evidence as to how PPARβ/δ modulates AHR signaling. The use of the Migr1
expression model might be of great use to delineate the functionality of these
polymorphisms in a cell line model system, such as HaCaT cells. In addition to defining
which, if any, polymorphisms alter the ability of PPARβ/δ to modulate AHR signaling, this
model could establish which receptor polymorphisms are biomarkers of susceptibility for
PAH exposed populations. This information could then be utilized in risk assessment
analyses to establish exposure risks in populations possessing specific PPARβ/δ
polymorphisms.

The development of new Pparβ/δ mouse models could also greatly aid in
elucidating the functional roles of this nuclear receptor in skin tumorigenesis. First, an
epidermal-specific Pparβ/δ-null mouse model would allow PAH-mediated skin
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tumorigenesis to be evaluated without the confounding effects from other organs or cell
types, such as inflammatory cells. This model could be created through a keratin 5regulated Cre/LoxP system to specifically delete PPARβ/δ in the mouse epidermis.
Mouse strains that have equivalent immunological responses would allow specific
dissect of whether the reduced malignant conversion and inflammation in wild-type mice
was due to genotype-dependent inflammatory responses (chapter 3). As discussed
earlier, a PPARβ/δ DNA-binding mutant mouse model could also be used to determine if
PPARβ/δ-dependent alters complete chemical carcinogenesis by DNA-dependent or independent mechanisms. These mouse models could be created globally or be
epidermal-specific, as both models would help dissect how PPARβ/δ modulated AHR
signaling. Furthermore, these models could also be highly valuable in defining epigenetic
regulatory mechanisms exerted by PPARβ/δ.

PPARβ/δ ligands are known to reduce inflammation and tumorigenesis in the
skin (Reviewed in [164, 718]). There have also been attempts to establish the
chemotherapeutic potential of PPARβ/δ ligands and the combined use of these ligands
with known therapeutic agents. Specifically, ligand activation of PPARβ/δ has been
investigated in cooperation with COX inhibitors in colon and skin carcinogenesis. First,
co-administration of GW0742 and the COX2 inhibitor nimesulide was examined in colon
tumorigenesis. Co-treatment of GW0742 did not enhance the therapeutic effects of
nimesulide [585]. Similarly, nimesulide treatment was examined in combination with
GW0742 in skin chemical carcinogenesis. This purpose of this study was to examine
how co-administration of PPARβ/δ ligands and nimesulide affected tumorigenesis in
mice possessing tumors. While GW0742 or nimesulide did not markedly alter
tumorigenesis, co-administration of these agents reduced tumorigenesis in a PPARβ/δ-
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dependent manner [557]. These results indicated that PPARβ/δ ligands could be used in
combination with other chemotherapeutic agents to attenuate tumorigenesis. Several
types of chemotherapeutic agents are currently being tested as cancer treatments,
including plant polyphenols, curcumin, resveratrol, lycopene, retinoids, and NSAIDs
(Reviewed in [790-798]). Future studies combing these agents with PPARβ/δ ligands in
Pparβ/δ mouse models could establish if ligand activation of PPARβ/δ increases the
efficacy of these chemotherapeutic agents. Additionally, these studies could identify
novel PPARβ/δ-interacting pathways in skin tumorigenesis that could be investigated in
the future.

The presence of basal cell tumors (BCTs) was a surprising observation of the
complete carcinogen bioassay. This tumor type is the most common form of skin
malignancy (Reviewed in [799, 800]), but BCTs are generally only observed in rat skin
carcinogenesis models [741]. BCTs are predominantly formed by ultraviolet (UV) light
exposure (Reviewed in [799, 800]). The presence of this tumor type, and subsequent
enhancement in DMBA-treated Pparβ/δ-null mice, was a novel observation that must be
further investigated. The C57BL/6 strain of mice, on which the Pparβ/δ mouse models
are based [412], are known to be highly sensitive to complete chemical carcinogenesis
[740]. Therefore, it is not unexpected that a highly sensitive mouse strain could develop
a rare tumor type. The results of this bioassay indicate that DMBA-treated Pparβ/δ-null
mice may possess a unique susceptibility to BCTs in a complete carcinogenesis model.
Furthermore, PPARβ/δ could significantly alter BCT formation in a UV-induced skin
carcinogenesis model. Interestingly, UV radiation has been proposed to create
endogenous AHR ligands [801-804], and modulated AHR signaling by PPARβ/δ could
contribute to the DNA damage caused by UV-induced skin tumorigenesis.
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The observation that PPARβ/δ significantly reduced skin tumorigenesis suggests
that this nuclear receptor may also modulate PAH-dependent tumorigenesis in other
epithelial tissues, such as the breast or colon. Surprisingly, many models of breast
tumorigenesis rely on DMBA initiation (Reviewed in [805]), and PPARβ/δ-dependent
modulation of AHR signaling could be a contributing mechanism of breast
tumorigenesis. While the function of PPARβ/δ has not been broadly examined in breast
cancer, several studies have investigated the effects of PPARβ/δ ligands on breast
cancer cell line growth. Ligand activation of PPARβ/δ caused contrasting effects on cell
proliferation and differentiation [516, 540, 554, 560, 590]. These observations indicated
that ligand activation of receptor exerted some effects on cell proliferation and
differentiation, but conclusive investigations are still necessary. It would be of great
interest for future studies to examine breast tumorigenesis in Pparβ/δ mouse models,
specifically to delineate if PPARβ/δ also alters tumor initiation in this tissue. Proof of
concept studies in a PPARβ/δ shRNA human breast cancer cell line could establish if
altered PAH metabolism occurs in this tissue. Similarly, colon carcinogenesis could be
examined to determine if PPARβ/δ modulated AHR signaling and tumor initiation in this
tissue. Pparβ/δ mouse models have been used to investigate colon chemical
carcinogenesis; however the initiating agent was azoxymethane (AOM) (Reviewed in
[755]). This carcinogen is metabolized by CYP2E1 and causes DNA damage through
alkylation [806]. Because CYP2E1 is not known to be regulated by AHR [806], these
observations indicate that AOM initiation in colon carcinogenesis may not be modulated
by PPARβ/δ. PAH-mediated colon carcinogenesis has not been vastly studied because
most PAH exposure comes from soil or food contamination [807, 808]. However, Cyp
mRNAs are induced in response to PAHs, and DNA adducts have been observed [807-
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809]. These observations suggest that PPARβ/δ-dependent modulation of tumor
initiation should be investigated in other models of epithelial tumorigenesis. It will be of
great interest for future investigations to determine if PPARβ/δ modulates PAH-mediated
tumor initiation in other epithelial tissues by modulating AHR signaling. These studies
could then establish if PPARβ/δ expression can be utilized as a biomarker of modulated
PAH-dependent tumor initiation and carcinogenesis.

Overall, the results from this dissertation support the hypothesis that PPARβ/δ
modulates the balance between carcinogen bioactivation and detoxification in mouse
skin tumorigenesis by specific modulation of AHR-dependent signaling. Reduced Cyp
mRNA induction in response to PAHs was observed in human and mouse Pparβ/δ
keratinocyte models. These results suggest that tumor initiation and PAH-dependent
skin tumorigenesis would be modulated in both species. In support of this hypothesis,
Pparβ/δ-null mice exhibited decreased PAH-mediated lesion multiplicity. However, the
effect of modulated AHR signaling by PPARβ/δ on human skin tumorigenesis was not
examined. It was also observed that PPARβ/δ potentially reduced tumor promotion, as
observed by genotype-dependent changes in tumor size upon B[a]P- and MNNGdependent skin carcinogenesis. This may be due to changes in cell proliferation or
genotype-dependent inflammatory responses. Thus, PPARβ/δ can modulate many
components of skin tumorigenesis, including tumor initiation, tumor promotion, and
inflammation. Further research is necessary to dissect and mechanistically define how
PPARβ/δ modulated AHR signaling and tumor initiation, but the conclusion of this
dissertation is that PPARβ/δ is a critical modulator of mouse and human skin
tumorigenesis.

BIBLIOGRAPHY

188
1.
2.
3.

4.

5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.

17.

18.

19.

20.
21.

Jensen, E.V., On the mechanism of estrogen action. Perspect Biol Med, 1962. 6:
p. 47-59.
Jensen, E.V., et al., A two-step mechanism for the interaction of estradiol with rat
uterus. Proc Natl Acad Sci U S A, 1968. 59(2): p. 632-8.
Ashburner, M., Sequential gene activation by ecdysone in polytene
chromosomes of Drosophila melanogaster. I. Dependence upon ecdysone
concentration. Dev Biol, 1973. 35(1): p. 47-61.
Ashburner, M., Sequential gene activation by ecdysone in polytene
chromosomes of Drosophila melanogaster. II. The effects of inhibitors of protein
synthesis. Dev Biol, 1974. 39(1): p. 141-57.
Mangelsdorf, D.J., et al., The nuclear receptor superfamily: The second decade.
Cell, 1995. 83(6): p. 835-839.
Hollenberg, S.M., et al., Primary structure and expression of a functional human
glucocorticoid receptor cDNA. Nature, 1985. 318(6047): p. 635-41.
Miesfeld, R., et al., Genetic complementation of a glucocorticoid receptor
deficiency by expression of cloned receptor cDNA. Cell, 1986. 46(3): p. 389-99.
Green, S., et al., Structural and functional domains of the estrogen receptor. Cold
Spring Harb Symp Quant Biol, 1986. 51 Pt 2: p. 751-8.
Green, S., et al., Human oestrogen receptor cDNA: sequence, expression and
homology to v-erb-A. Nature, 1986. 320(6058): p. 134-9.
Sap, J., et al., The c-erb-A protein is a high-affinity receptor for thyroid hormone.
Nature, 1986. 324(6098): p. 635-40.
Weinberger, C., et al., The c-erb-A gene encodes a thyroid hormone receptor.
Nature, 1986. 324(6098): p. 641-6.
Kliewer, S.A., J.M. Lehmann, and T.M. Willson, Orphan nuclear receptors:
shifting endocrinology into reverse. Science, 1999. 284(5415): p. 757-60.
Giguere, V., et al., Identification of a receptor for the morphogen retinoic acid.
Nature, 1987. 330(6149): p. 624-9.
Petkovich, M., et al., A human retinoic acid receptor which belongs to the family
of nuclear receptors. Nature, 1987. 330(6147): p. 444-50.
Mangelsdorf, D.J. and et al., Nuclear receptor that identifies a novel retinoic acid
response pathway. Nature., 1990. 345(6272): p. 224-9.
Yu, V.C., et al., RXR beta: a coregulator that enhances binding of retinoic acid,
thyroid hormone, and vitamin D receptors to their cognate response elements.
Cell, 1991. 67(6): p. 1251-66.
Kliewer, S.A., et al., Retinoid X receptor interacts with nuclear receptors in
retinoic acid, thyroid hormone and vitamin D3 signalling. Nature, 1992.
355(6359): p. 446-9.
Kliewer, S.A., et al., Convergence of 9-cis retinoic acid and peroxisome
proliferator signalling pathways through heterodimer formation of their receptors.
Nature, 1992. 358(6389): p. 771-774.
Leid, M., et al., Purification, cloning, and RXR identity of the HeLa cell factor with
which RAR or TR heterodimerizes to bind target sequences efficiently. Cell,
1992. 68(2): p. 377-95.
Mangelsdorf, D.J. and R.M. Evans, The RXR heterodimers and orphan
receptors. Cell, 1995. 83(6): p. 841-50.
Bugge, T.H., et al., RXR alpha, a promiscuous partner of retinoic acid and thyroid
hormone receptors. Embo J, 1992. 11(4): p. 1409-18.

189
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.

38.

39.

40.

41.

42.
43.

Zhang, X.K., et al., Retinoid X receptor is an auxiliary protein for thyroid hormone
and retinoic acid receptors. Nature, 1992. 355(6359): p. 441-6.
Greenblatt, J., RNA polymerase II holoenzyme and transcriptional regulation.
Curr Opin Cell Biol, 1997. 9(3): p. 310-9.
Bentley, D., Coupling RNA polymerase II transcription with pre-mRNA
processing. Curr Opin Cell Biol, 1999. 11(3): p. 347-51.
Bentley, D., The mRNA assembly line: transcription and processing machines in
the same factory. Curr Opin Cell Biol, 2002. 14(3): p. 336-42.
Moore, M.J. and N.J. Proudfoot, Pre-mRNA processing reaches back to
transcription and ahead to translation. Cell, 2009. 136(4): p. 688-700.
Shatkin, A.J. and J.L. Manley, The ends of the affair: capping and
polyadenylation. Nat Struct Biol, 2000. 7(10): p. 838-42.
Gebauer, F. and M.W. Hentze, Molecular mechanisms of translational control.
Nat Rev Mol Cell Biol, 2004. 5(10): p. 827-35.
Kapp, L.D. and J.R. Lorsch, The molecular mechanics of eukaryotic translation.
Annu Rev Biochem, 2004. 73: p. 657-704.
Moldave, K., Eukaryotic protein synthesis. Annu Rev Biochem, 1985. 54: p.
1109-49.
Nakamoto, T., Evolution and the universality of the mechanism of initiation of
protein synthesis. Gene, 2009. 432(1-2): p. 1-6.
Rhoads, R.E., Signal transduction pathways that regulate eukaryotic protein
synthesis. J Biol Chem, 1999. 274(43): p. 30337-40.
Sonenberg, N. and A.G. Hinnebusch, Regulation of translation initiation in
eukaryotes: mechanisms and biological targets. Cell, 2009. 136(4): p. 731-45.
Aranda, A., Nuclear hormone receptors and gene expression. Physiological
Reviews, 2001. 81(3): p. 1269-1304.
Faus, H. and B. Haendler, Post-translational modifications of steroid receptors.
Biomed Pharmacother, 2006. 60(9): p. 520-8.
Shao, D. and M.A. Lazar, Modulating nuclear receptor function: may the phos be
with you. J Clin Invest, 1999. 103(12): p. 1617-8.
Hentschke, M., U. Susens, and U. Borgmeyer, Transcriptional ERRgamma2mediated activation is regulated by sentrin-specific proteases. Biochem J, 2009.
419(1): p. 167-76.
Rochette-Egly, C., et al., Stimulation of RAR alpha activation function AF-1
through binding to the general transcription factor TFIIH and phosphorylation by
CDK7. Cell, 1997. 90(1): p. 97-107.
Taneja, R., et al., Phosphorylation of activation functions AF-1 and AF-2 of RAR
alpha and RAR gamma is indispensable for differentiation of F9 cells upon
retinoic acid and cAMP treatment. Embo J, 1997. 16(21): p. 6452-65.
Tirard, M., et al., Sumoylation and proteasomal activity determine the
transactivation properties of the mineralocorticoid receptor. Mol Cell Endocrinol,
2007. 268(1-2): p. 20-9.
Yamashita, D., et al., The transactivating function of peroxisome proliferatoractivated receptor gamma is negatively regulated by SUMO conjugation in the
amino-terminal domain. Genes Cells, 2004. 9(11): p. 1017-29.
Carson-Jurica, M.A., W.T. Schrader, and B.W. O'Malley, Steroid receptor family:
structure and functions. Endocr Rev, 1990. 11(2): p. 201-20.
Luisi, B.F., et al., Crystallographic analysis of the interaction of the glucocorticoid
receptor with DNA. Nature, 1991. 352(6335): p. 497-505.

190
44.

45.
46.

47.

48.
49.
50.
51.
52.
53.
54.
55.
56.
57.

58.
59.
60.

61.

62.

63.

Schwabe, J.W., et al., The crystal structure of the estrogen receptor DNA-binding
domain bound to DNA: how receptors discriminate between their response
elements. Cell, 1993. 75(3): p. 567-78.
Umesono, K. and R.M. Evans, Determinants of target gene specificity for
steroid/thyroid hormone receptors. Cell, 1989. 57(7): p. 1139-46.
Moraitis, A.N., V. Giguere, and C.C. Thompson, Novel mechanism of nuclear
receptor corepressor interaction dictated by activation function 2 helix
determinants. Mol Cell Biol, 2002. 22(19): p. 6831-41.
Picard, D. and K.R. Yamamoto, Two signals mediate hormone-dependent
nuclear localization of the glucocorticoid receptor. Embo J, 1987. 6(11): p. 333340.
Xu, H.E., et al., Structural basis for antagonist-mediated recruitment of nuclear
co-repressors by PPARalpha. Nature, 2002. 415(6873): p. 813-7.
Wurtz, J.M., et al., A canonical structure for the ligand-binding domain of nuclear
receptors. Nat Struct Biol, 1996. 3(1): p. 87-94.
Rochel, N., et al., The crystal structure of the nuclear receptor for vitamin D
bound to its natural ligand. Mol Cell, 2000. 5(1): p. 173-9.
Giguere, V., Orphan Nuclear Receptors: From Gene to Function. Endocrin. Rev.,
1999. 20(5): p. 689-725.
Bourguet, W., et al., Crystal structure of the ligand-binding domain of the human
nuclear receptor RXR-alpha. Nature, 1995. 375(6530): p. 377-82.
Uppenberg, J., et al., Crystal structure of the ligand binding domain of the human
nuclear receptor PPARgamma. J Biol Chem., 1998. 273(47): p. 31108-12.
Renaud, J.P., et al., Crystal structure of the RAR-gamma ligand-binding domain
bound to all-trans retinoic acid. Nature, 1995. 378(6558): p. 681-9.
Escriva, H., et al., Evolution and diversification of the nuclear receptor
superfamily. Ann N Y Acad Sci, 1998. 839: p. 143-6.
McKenna, N.J., R.B. Lanz, and B.W. O'Malley, Nuclear receptor coregulators:
cellular and molecular biology. Endocr Rev, 1999. 20(3): p. 321-44.
Zhang, Z., et al., Genomic analysis of the nuclear receptor family: new insights
into structure, regulation, and evolution from the rat genome. Genome Res,
2004. 14(4): p. 580-90.
Laudet, V., Evolution of the nuclear receptor superfamily: early diversification
from an ancestral orphan receptor. J Mol Endocrinol, 1997. 19(3): p. 207-26.
Nebert, D.W., et al., The P450 gene superfamily: recommended nomenclature.
DNA, 1987. 6(1): p. 1-11.
Magnuson, M.A., B. Dozin, and V.M. Nikodem, Regulation of specific rat liver
messenger ribonucleic acids by triiodothyronine. J Biol Chem, 1985. 260(10): p.
5906-12.
Issemann, I. and S. Green, Activation of a member of the steroid hormone
receptor superfamily by peroxisome proliferators. Nature, 1990. 347(6294): p.
645-50.
Apfel, R., et al., A novel orphan receptor specific for a subset of thyroid hormoneresponsive elements and its interaction with the retinoid/thyroid hormone
receptor subfamily. Mol Cell Biol, 1994. 14(10): p. 7025-35.
Willy, P.J., et al., LXR, a nuclear receptor that defines a distinct retinoid response
pathway. Genes Dev, 1995. 9(9): p. 1033-45.

191
64.

65.
66.
67.

68.

69.

70.
71.
72.
73.
74.

75.
76.
77.
78.
79.

80.

81.

82.
83.

Seol, W., H.S. Choi, and D.D. Moore, Isolation of proteins that interact
specifically with the retinoid X receptor: two novel orphan receptors. Mol
Endocrinol, 1995. 9(1): p. 72-85.
McDonnell, D.P., et al., Molecular cloning of complementary DNA encoding the
avian receptor for vitamin D. Science, 1987. 235(4793): p. 1214-7.
Kliewer, S.A., et al., An orphan nuclear receptor activated by pregnanes defines
a novel steroid signaling pathway. Cell, 1998. 92(1): p. 73-82.
Baes, M., et al., A new orphan member of the nuclear hormone receptor
superfamily that interacts with a subset of retinoic acid response elements. Mol
Cell Biol, 1994. 14(3): p. 1544-52.
Sladek, F.M., et al., Liver-enriched transcription factor HNF-4 is a novel member
of the steroid hormone receptor superfamily. Genes Dev, 1990. 4(12B): p. 235365.
Hirose, T., D.A. O'Brien, and A.M. Jetten, RTR: a new member of the nuclear
receptor superfamily that is highly expressed in murine testis. Gene, 1995.
152(2): p. 247-51.
Wang, L.H., et al., COUP transcription factor is a member of the steroid receptor
superfamily. Nature, 1989. 340(6229): p. 163-6.
Walter, P., et al., Cloning of the human estrogen receptor cDNA. Proc Natl Acad
Sci U S A, 1985. 82(23): p. 7889-93.
Miesfeld, R., et al., Characterization of a steroid hormone receptor gene and
mRNA in wild-type and mutant cells. Nature, 1984. 312(5996): p. 779-81.
Jeltsch, J.M., et al., Cloning of the chicken progesterone receptor. Proc Natl
Acad Sci U S A, 1986. 83(15): p. 5424-8.
Chang, C.S., J. Kokontis, and S.T. Liao, Molecular cloning of human and rat
complementary DNA encoding androgen receptors. Science, 1988. 240(4850): p.
324-6.
Honda, S., et al., Ad4BP regulating steroidogenic P-450 gene is a member of
steroid hormone receptor superfamily. J Biol Chem, 1993. 268(10): p. 7494-502.
Chen, F., et al., Cloning of a novel orphan receptor (GCNF) expressed during
germ cell development. Mol Endocrinol, 1994. 8(10): p. 1434-44.
Germain, P., et al., Overview of nomenclature of nuclear receptors. Pharmacol
Rev, 2006. 58(4): p. 685-704.
Germain, P., et al., Co-regulator recruitment and the mechanism of retinoic acid
receptor synergy. Nature, 2002. 415(6868): p. 187-92.
Klein, E.S., et al., Identification and functional separation of retinoic acid receptor
neutral antagonists and inverse agonists. J Biol Chem, 1996. 271(37): p. 226926.
Jackson, T.A., et al., The partial agonist activity of antagonist-occupied steroid
receptors is controlled by a novel hinge domain-binding coactivator L7/SPA and
the corepressors N-CoR or SMRT. Mol Endocrinol, 1997. 11(6): p. 693-705.
Lavinsky, R.M., et al., Diverse signaling pathways modulate nuclear receptor
recruitment of N-CoR and SMRT complexes. Proc Natl Acad Sci U S A, 1998.
95(6): p. 2920-5.
Shang, Y., et al., Cofactor dynamics and sufficiency in estrogen receptorregulated transcription. Cell, 2000. 103(6): p. 843-52.
Zhang, X., et al., A nuclear receptor corepressor modulates transcriptional
activity of antagonist-occupied steroid hormone receptor. Mol Endocrinol, 1998.
12(4): p. 513-24.

192
84.

85.

86.

87.

88.

89.

90.

91.

92.

93.
94.

95.

96.

97.

98.
99.

Bishop-Bailey, D. and T.D. Warner, PPARgamma ligands induce prostaglandin
production in vascular smooth muscle cells: indomethacin acts as a peroxisome
proliferator-activated receptor-gamma antagonist. Faseb J, 2003. 17(13): p.
1925-7.
Oberfield, J.L., et al., A peroxisome proliferator-activated receptor gamma ligand
inhibits adipocyte differentiation. Proc Natl Acad Sci U S A, 1999. 96(11): p.
6102-6.
Pascual, G., et al., A SUMOylation-dependent pathway mediates transrepression
of inflammatory response genes by PPAR-gamma. Nature, 2005. 437(7059): p.
759-63.
Liu, Z., et al., Coactivator/corepressor ratios modulate PR-mediated transcription
by the selective receptor modulator RU486. Proc Natl Acad Sci U S A, 2002.
99(12): p. 7940-4.
Smith, C.L., Z. Nawaz, and B.W. O'Malley, Coactivator and corepressor
regulation of the agonist/antagonist activity of the mixed antiestrogen, 4hydroxytamoxifen. Mol Endocrinol, 1997. 11(6): p. 657-66.
Webb, P., P. Nguyen, and P.J. Kushner, Differential SERM effects on
corepressor binding dictate ERalpha activity in vivo. J Biol Chem, 2003. 278(9):
p. 6912-20.
Smith, C.L. and B.W. O'Malley, Coregulator function: a key to understanding
tissue specificity of selective receptor modulators. Endocr Rev, 2004. 25(1): p.
45-71.
Blanco, J.C., et al., Transcription factor TFIIB and the vitamin D receptor
cooperatively activate ligand-dependent transcription. Proc Natl Acad Sci U S A,
1995. 92(5): p. 1535-9.
Ford, J., et al., Involvement of the transcription factor IID protein complex in gene
activation by the N-terminal transactivation domain of the glucocorticoid receptor
in vitro. Mol Endocrinol, 1997. 11(10): p. 1467-75.
Ing, N.H., et al., Members of the steroid hormone receptor superfamily interact
with TFIIB (S300-II). J Biol Chem, 1992. 267(25): p. 17617-23.
McEwan, I.J. and J. Gustafsson, Interaction of the human androgen receptor
transactivation function with the general transcription factor TFIIF. Proc Natl Acad
Sci U S A, 1997. 94(16): p. 8485-90.
Sadovsky, Y., et al., Transcriptional activators differ in their responses to
overexpression of TATA-box-binding protein. Mol Cell Biol, 1995. 15(3): p. 155463.
Schulman, I.G., et al., Interactions between the retinoid X receptor and a
conserved region of the TATA-binding protein mediate hormone-dependent
transactivation. Proc Natl Acad Sci U S A, 1995. 92(18): p. 8288-92.
Schwerk, C., et al., Identification of a transactivation function in the progesterone
receptor that interacts with the TAFII110 subunit of the TFIID complex. J Biol
Chem, 1995. 270(36): p. 21331-8.
Chen, J.D. and R.M. Evans, A transcriptional co-repressor that interacts with
nuclear hormone receptors. Nature, 1995. 377(6548): p. 454-457.
Chen, J.D., K. Umesono, and R.M. Evans, SMRT isoforms mediate repression
and anti-repression of nuclear receptor heterodimers. PNAS, 1996. 93(15): p.
7567-7571.

193
100.

101.
102.

103.
104.
105.
106.
107.
108.
109.

110.

111.

112.
113.
114.
115.
116.
117.
118.
119.

Horlein, A.J., et al., Ligand-independent repression by the thyroid hormone
receptor mediated by a nuclear receptor co-repressor. Nature, 1995. 377(6548):
p. 397-404.
Ordentlich, P. and et al., Unique forms of human and mouse nuclear receptor
corepressor SMRT. Proc Natl Acad Sci U S A., 1999. 96(6): p. 2639-44.
Park, E.J., et al., SMRTe, a silencing mediator for retinoid and thyroid hormone
receptors-extended isoform that is more related to the nuclear receptor
corepressor. Proc Natl Acad Sci U S A, 1999. 96(7): p. 3519-24.
Gurevich, I., A.M. Flores, and B.J. Aneskievich, Corepressors of agonist-bound
nuclear receptors. Toxicol Appl Pharmacol, 2007. 223(3): p. 288-98.
Privalsky, M.L., The role of corepressors in transcriptional regulation by nuclear
hormone receptors. Annu Rev Physiol, 2004. 66: p. 315-60.
Moras, D. and H. Gronemeyer, The nuclear receptor ligand-binding domain:
structure and function. Curr Opin Cell Biol, 1998. 10(3): p. 384-91.
Lonard, D.M. and W. O'Malley B, Nuclear receptor coregulators: judges, juries,
and executioners of cellular regulation. Mol Cell, 2007. 27(5): p. 691-700.
Carascossa, S., et al., Receptor-interacting protein 140 is a repressor of the
androgen receptor activity. Mol Endocrinol, 2006. 20(7): p. 1506-18.
Cavailles, V., et al., Nuclear factor RIP140 modulates transcriptional activation by
the estrogen receptor. Embo J, 1995. 14(15): p. 3741-51.
Fernandes, I., et al., Ligand-dependent nuclear receptor corepressor LCoR
functions by histone deacetylase-dependent and -independent mechanisms. Mol
Cell, 2003. 11(1): p. 139-50.
Hall, J.M. and D.P. McDonnell, The estrogen receptor beta-isoform (ERbeta) of
the human estrogen receptor modulates ERalpha transcriptional activity and is a
key regulator of the cellular response to estrogens and antiestrogens.
Endocrinology, 1999. 140(12): p. 5566-78.
Palijan, A., et al., Ligand-dependent corepressor LCoR is an attenuator of
progesterone-regulated gene expression. J Biol Chem, 2009. 284(44): p. 3027587.
Pettersson, K., F. Delaunay, and J.A. Gustafsson, Estrogen receptor beta acts as
a dominant regulator of estrogen signaling. Oncogene, 2000. 19(43): p. 4970-8.
Onate, S.A., et al., Sequence and characterization of a coactivator for the steroid
hormone receptor superfamily. Science, 1995. 270(5240): p. 1354-7.
Spencer, T.E., et al., Steroid receptor coactivator-1 is a histone
acetyltransferase. Nature, 1997. 389(6647): p. 194-8.
Li, B., M. Carey, and J.L. Workman, The role of chromatin during transcription.
Cell, 2007. 128(4): p. 707-19.
Jenuwein, T. and C.D. Allis, Translating the histone code. Science, 2001.
293(5532): p. 1074-80.
Cote, J., et al., Stimulation of GAL4 derivative binding to nucleosomal DNA by
the yeast SWI/SNF complex. Science, 1994. 265(5168): p. 53-60.
Kwon, H., et al., Nucleosome disruption and enhancement of activator binding by
a human SW1/SNF complex. Nature, 1994. 370(6489): p. 477-81.
Kadam, S. and B.M. Emerson, Transcriptional specificity of human SWI/SNF
BRG1 and BRM chromatin remodeling complexes. Mol Cell, 2003. 11(2): p. 37789.

194
120.

121.
122.

123.
124.
125.

126.

127.

128.
129.
130.

131.
132.

133.

134.
135.
136.

137.
138.

Owen-Hughes, T., et al., Persistent site-specific remodeling of a nucleosome
array by transient action of the SWI/SNF complex. Science, 1996. 273(5274): p.
513-6.
Sif, S., et al., Purification and characterization of mSin3A-containing Brg1 and
hBrm chromatin remodeling complexes. Genes Dev, 2001. 15(5): p. 603-18.
Chiba, H., et al., Two human homologues of Saccharomyces cerevisiae
SWI2/SNF2 and Drosophila brahma are transcriptional coactivators cooperating
with the estrogen receptor and the retinoic acid receptor. Nucleic Acids Res,
1994. 22(10): p. 1815-20.
Fryer, C.J. and T.K. Archer, Chromatin remodelling by the glucocorticoid receptor
requires the BRG1 complex. Nature, 1998. 393(6680): p. 88-91.
Ichinose, H., et al., Ligand-dependent interaction between the estrogen receptor
and the human homologues of SWI2/SNF2. Gene, 1997. 188(1): p. 95-100.
Metivier, R., et al., Estrogen receptor-alpha directs ordered, cyclical, and
combinatorial recruitment of cofactors on a natural target promoter. Cell, 2003.
115(6): p. 751-63.
Underhill, C., et al., A novel nuclear receptor corepressor complex, N-CoR,
contains components of the mammalian SWI/SNF complex and the corepressor
KAP-1. J Biol Chem, 2000. 275(51): p. 40463-70.
Muchardt, C. and M. Yaniv, A human homologue of Saccharomyces cerevisiae
SNF2/SWI2 and Drosophila brm genes potentiates transcriptional activation by
the glucocorticoid receptor. Embo J, 1993. 12(11): p. 4279-90.
Kamei, Y., et al., A CBP integrator complex mediates transcriptional activation
and AP-1 inhibition by nuclear receptors. Cell, 1996. 85(3): p. 403-14.
Chakravarti, D., et al., Role of CBP/P300 in nuclear receptor signalling. Nature,
1996. 383(6595): p. 99-103.
Fronsdal, K., et al., CREB binding protein is a coactivator for the androgen
receptor and mediates cross-talk with AP-1. J Biol Chem, 1998. 273(48): p.
31853-9.
Torchia, J., et al., The transcriptional co-activator p/CIP binds CBP and mediates
nuclear-receptor function. Nature, 1997. 387(6634): p. 677-84.
Voegel, J.J., et al., The coactivator TIF2 contains three nuclear receptor-binding
motifs and mediates transactivation through CBP binding-dependent and independent pathways. Embo J, 1998. 17(2): p. 507-19.
Dallas, P.B., P. Yaciuk, and E. Moran, Characterization of monoclonal antibodies
raised against p300: both p300 and CBP are present in intracellular TBP
complexes. J Virol, 1997. 71(2): p. 1726-31.
Kwok, R.P., et al., Nuclear protein CBP is a coactivator for the transcription factor
CREB. Nature, 1994. 370(6486): p. 223-6.
Swope, D.L., C.L. Mueller, and J.C. Chrivia, CREB-binding protein activates
transcription through multiple domains. J Biol Chem, 1996. 271(45): p. 28138-45.
Rhodin, J., Correlation of ultrastructural organization and function in normal and
experimentally changed proximal tubule cells of the mouse kidney. Aktiebolaget
Godvil, 1954. Karilinska Institutet(Doctoral Thesis).
de Duve, C., The peroxisome: a new cytoplasmic organelle. Proc R Soc Lond B
Biol Sci, 1969. 173(30): p. 71-83.
Hess, R., W. Staubli, and W. Riess, Nature of the hepatomegalic effect produced
by ethyl-chlorophenoxy-isobutyrate in the rat. Nature, 1965. 208(5013): p. 856-8.

195
139.

140.

141.

142.

143.

144.

145.

146.

147.
148.

149.

150.
151.
152.
153.
154.

155.

Paget, G.E., Experimental Studies of the Toxicity of Atromid with Particular
Reference to Fine Structural Changes in the Livers of Rodents. J Atheroscler
Res, 1963. 3: p. 729-36.
Reddy, J.K., S. Rao, and D.E. Moody, Hepatocellular carcinomas in
acatalasemic mice treated with nafenopin, a hypolipidemic peroxisome
proliferator. Cancer Res, 1976. 36(4): p. 1211-7.
Svoboda, D.J. and D.L. Azarnoff, Response of hepatic microbodies to a
hypolipidemic agent, ethyl chlorophenoxyisobutyrate (CPIB). J Cell Biol, 1966.
30(2): p. 442-50.
Lock, E.A., A.M. Mitchell, and C.R. Elcombe, Biochemical mechanisms of
induction of hepatic peroxisome proliferation. Annu Rev Pharmacol Toxicol,
1989. 29: p. 145-63.
Nemali, M.R., et al., Differential induction and regulation of peroxisomal
enzymes: predictive value of peroxisome proliferation in identifying certain
nonmutagenic carcinogens. Toxicol Appl Pharmacol, 1989. 97(1): p. 72-87.
Reddy, J.K., et al., Transcription regulation of peroxisomal fatty acyl-CoA oxidase
and enoyl-CoA hydratase/3-hydroxyacyl-CoA dehydrogenase in rat liver by
peroxisome proliferators. Proc Natl Acad Sci U S A, 1986. 83(6): p. 1747-51.
Reddy, J.K. and N.D. Lalwai, Carcinogenesis by hepatic peroxisome
proliferators: evaluation of the risk of hypolipidemic drugs and industrial
plasticizers to humans. Crit Rev Toxicol, 1983. 12(1): p. 1-58.
Reddy, J.K., et al., Comparison of hepatic peroxisome proliferative effect and its
implication for hepatocarcinogenicity of phthalate esters, di(2-ethylhexyl)
phthalate, and di(2-ethylhexyl) adipate with a hypolipidemic drug. Environ Health
Perspect, 1986. 65: p. 317-27.
Peraza, M.A., et al., The Toxicology of Ligands for Peroxisome ProliferatorActivated Receptors (PPAR). Toxicol. Sci., 2006. 90(2): p. 269-295.
Lalwani, N.D., et al., Peroxisome proliferator-binding protein: identification and
partial characterization of nafenopin-, clofibric acid-, and ciprofibrate-binding
proteins from rat liver. Proc Natl Acad Sci U S A, 1987. 84(15): p. 5242-6.
Lalwani, N.D., W.E. Fahl, and J.K. Reddy, Detection of a nafenopin-binding
protein in rat liver cytosol associated with the induction of peroxisome
proliferation by hypolipidemic compounds. Biochem Biophys Res Commun,
1983. 116(2): p. 388-93.
Beato, M., et al., DNA regulatory elements for steroid hormones. J Steroid
Biochem, 1989. 32(5): p. 737-47.
Evans, R.M., The steroid and thyroid hormone receptor superfamily. Science,
1988. 240(4854): p. 889-95.
Green, S. and P. Chambon, A superfamily of potentially oncogenic hormone
receptors. Nature, 1986. 324(6098): p. 615-7.
Dreyer, C., et al., Control of the peroxisomal beta-oxidation pathway by a novel
family of nuclear hormone receptors. Cell, 1992. 68(5): p. 879-87.
Greene, M.E., et al., Isolation of the human peroxisome proliferator activated
receptor gamma cDNA: expression in hematopoietic cells and chromosomal
mapping. Gene Expr, 1995. 4(4-5): p. 281-99.
Kliewer, S.A., et al., Differential Expression and Activation of a Family of Murine
Peroxisome Proliferator-Activated Receptors, in PNAS. 1994. p. 7355-7359.

196
156.

157.

158.
159.

160.

161.

162.

163.

164.

165.
166.

167.
168.

169.

170.

171.
172.

Mukherjee, R., et al., Human and rat peroxisome proliferator activated receptors
(PPARs) demonstrate similar tissue distribution but different responsiveness to
PPAR activators. J Steroid Biochem Mol Biol, 1994. 51(3-4): p. 157-66.
Schmidt, A., et al., Identification of a new member of the steroid hormone
receptor superfamily that is activated by a peroxisome proliferator and fatty acids.
Mol. Endocrinol., 1992. 6(10): p. 1634-1641.
Brooks, C.D. and J.B. Summers, Modulators of leukotriene biosynthesis and
receptor activation. J Med Chem, 1996. 39(14): p. 2629-54.
Sznaidman, M.L., et al., Novel selective small molecule agonists for peroxisome
proliferator-activated receptor δ (PPARδ)--synthesis and biological activity.
Bioorganic & Medicinal Chemistry Letters, 2003. 13(9): p. 1517-1521.
Oliver, W.R., Jr., et al., A selective peroxisome proliferator-activated receptor
delta agonist promotes reverse cholesterol transport, in PNAS. 2001. p. 53065311.
Escher, P., et al., Rat PPARs: Quantitative Analysis in Adult Rat Tissues and
Regulation in Fasting and Refeeding. Endocrinology, 2001. 142(10): p. 41954202.
Braissant, O., et al., Differential expression of peroxisome proliferator-activated
receptors (PPARs): tissue distribution of PPAR-α, -β, and -γ in the adult rat.
Endocrinology, 1996. 137(1): p. 354-366.
Girroir, E.E., et al., Quantitative expression patterns of peroxisome proliferatoractivated receptor-beta/delta (PPARbeta/delta) protein in mice. Biochem Biophys
Res Commun, 2008. 371(3): p. 456-61.
Peters, J.M. and F.J. Gonzalez, Sorting out the functional role(s) of peroxisome
proliferator-activated receptor-beta/delta (PPARbeta/delta) in cell proliferation
and cancer. Biochim Biophys Acta, 2009. 1796(2): p. 230-41.
Heinaniemi, M., et al., Meta-analysis of primary target genes of peroxisome
proliferator-activated receptors. Genome Biol, 2007. 8(7): p. R147.
Wahli, W., O. Braissant, and B. Desvergne, Peroxisome proliferator activated
receptors: transcriptional regulators of adipogenesis, lipid metabolism and more.
Chem Biol, 1995. 2(5): p. 261-6.
Dowell, P., et al., p300 functions as a coactivator for the peroxisome proliferatoractivated receptor alpha. J Biol Chem, 1997. 272(52): p. 33435-43.
Zhu, Y., et al., Cloning and identification of mouse steroid receptor coactivator-1
(mSRC-1), as a coactivator of peroxisome proliferator-activated receptor gamma.
Gene Expr, 1996. 6(3): p. 185-95.
DiRenzo, J., et al., Peroxisome proliferator-activated receptors and retinoic acid
receptors differentially control the interactions of retinoid X receptor heterodimers
with ligands, coactivators, and corepressors. Mol Cell Biol, 1997. 17(4): p. 216676.
Miyata, K.S. and et al., Receptor-interacting protein 140 interacts with and
inhibits transactivation by, peroxisome proliferator-activated receptor alpha and
liver-X-receptor alpha. Mol Cell Endocrinol., 1998. 146(1-2): p. 69-76.
Shi, Y., et al., Sharp, an inducible cofactor that integrates nuclear receptor
repression and activation. Genes Dev., 2001. 15(9): p. 1140-1151.
Shi, Y., M. Hon, and R.M. Evans, The peroxisome proliferator-activated receptor
δ, an integrator of transcriptional repression and nuclear receptor signaling.
PNAS, 2002. 99(5): p. 2613-2618.

197
173.

174.
175.
176.
177.

178.

179.
180.

181.

182.

183.

184.

185.

186.
187.

188.
189.

Krogsdam, A.M., et al., Nuclear receptor corepressor-dependent repression of
peroxisome-proliferator-activated receptor delta-mediated transactivation.
Biochem J, 2002. 363(Pt 1): p. 157-65.
Devchand, P.R., et al., The PPARalpha-leukotriene B4 pathway to inflammation
control. Nature, 1996. 384(6604): p. 39-43.
Ricote, M., et al., The peroxisome proliferator-activated receptor-gamma is a
negative regulator of macrophage activation. Nature., 1998. 391(6662): p. 79-82.
Jiang, C., A.T. Ting, and B. Seed, PPAR-gamma agonists inhibit production of
monocyte inflammatory cytokines. Nature, 1998. 391(6662): p. 82-6.
Marx, N. and et al., Peroxisome proliferator-activated receptor gamma activators
inhibit gene expression and migration in human vascular smooth muscle cells.
Circ Res., 1998. 83(11): p. 1097-103.
Staels, B., et al., Activation of human aortic smooth-muscle cells is inhibited by
PPARalpha but not by PPARgamma activators. Nature, 1998. 393(6687): p. 7903.
Lee, C.-H., et al., Transcriptional Repression of Atherogenic Inflammation:
Modulation by PPAR δ. Science, 2003. 302(5644): p. 453-457.
Goetze, S. and et al., PPAR gamma-ligands inhibit migration mediated by
multiple chemoattractants in vascular smooth muscle cells. J Cardiovasc
Pharmacol., 1999. 33(5): p. 798-806.
Goetze, S., et al., Peroxisome proliferator-activated receptor-gamma ligands
inhibit nuclear but not cytosolic extracellular signal-regulated kinase/mitogenactivated protein kinase-regulated steps in vascular smooth muscle cell
migration. J Cardiovasc Pharmacol, 2001. 38(6): p. 909-21.
Akaike, M., et al., The hinge-helix 1 region of peroxisome proliferator-activated
receptor gamma1 (PPARgamma1) mediates interaction with extracellular signalregulated kinase 5 and PPARgamma1 transcriptional activation: involvement in
flow-induced PPARgamma activation in endothelial cells. Mol Cell Biol, 2004.
24(19): p. 8691-704.
Gottlicher, M., et al., Fatty acids activate a chimera of the clofibric acid-activated
receptor and the glucocorticoid receptor. Proc Natl Acad Sci U S A, 1992. 89(10):
p. 4653-7.
Guan, Y., et al., Expression of peroxisome proliferator-activated receptors in
urinary tract of rabbits and humans. Am J Physiol, 1997. 273(6 Pt 2): p. F101322.
Boukouvala, E., et al., Molecular characterization of three peroxisome
proliferator-activated receptors from the sea bass (Dicentrarchus labrax). Lipids,
2004. 39(11): p. 1085-92.
Leaver, M.J., et al., Three peroxisome proliferator-activated receptor (PPAR)
isotypes from each of two species of marine fish. Endocrinology, 2005.
Sher, T., et al., cDNA cloning, chromosomal mapping, and functional
characterization of the human peroxisome proliferator activated receptor.
Biochemistry, 1993. 32(21): p. 5598-5604.
Willson, T.M., et al., The PPARs: From Orphan Receptors to Drug Discovery. J.
Med. Chem., 2000. 43(4): p. 527-550.
Auboeuf, D., et al., Tissue distribution and quantification of the expression of
mRNAs of peroxisome proliferator-activated receptors and liver X receptor-alpha
in humans: no alteration in adipose tissue of obese and NIDDM patients.
Diabetes, 1997. 48(8): p. 1319-27.

198
190.

191.

192.

193.

194.
195.

196.
197.

198.

199.

200.
201.

202.

203.
204.

205.

206.

Sundvold, H., E. Grindflek, and S. Lien, Tissue distribution of porcine peroxisome
proliferator-activated receptor alpha: detection of an alternatively spliced mRNA.
Gene, 2001. 273(1): p. 105-13.
Chinetti, G., et al., Activation of proliferator-activated receptors alpha and gamma
induces apoptosis of human monocyte-derived macrophages. J Biol Chem,
1998. 273(40): p. 25573-80.
Inoue, I. and et al., Expression of peroxisome proliferator-activated receptor
alpha (PPAR alpha) in primary cultures of human vascular endothelial cells.
Biochem Biophys Res Commun., 1998. 246(2): p. 370-4.
Banner, C.D., et al., A systematic analytical chemistry/cell assay approach to
isolate activators of orphan nuclear receptors from biological extracts:
characterization of peroxisome proliferator-activated receptor activators in
plasma. J Lipid Res, 1993. 34(9): p. 1583-91.
Yu, K., et al., Differential activation of peroxisome proliferator-activated receptors
by eicosanoids. J Biol Chem, 1995. 270(41): p. 23975-83.
Devchand, P.R. and et al., Chemical probes that differentially modulate
peroxisome proliferator-activated receptor alpha and BLTR, nuclear and cell
surface receptors for leukotriene B(4). J Biol Chem., 1999. 274(33): p. 23341-8.
Chakravarthy, M.V., et al., Identification of a physiologically relevant endogenous
ligand for PPARalpha in liver. Cell, 2009. 138(3): p. 476-88.
Martinez de Ubago, M., et al., Oleoylethanolamide, a natural ligand for PPARalpha, inhibits insulin receptor signalling in HTC rat hepatoma cells. Biochim
Biophys Acta, 2009. 1791(8): p. 740-5.
Reddy, J.K. and S.A. Qureshi, Tumorigenicity of the hypolipidaemic peroxisome
proliferator ethyl-alpha-p-chlorophenoxyisobutyrate (clofibrate) in rats. Br J
Cancer, 1979. 40(3): p. 476-82.
Peters, J.M., R.C. Cattley, and F.J. Gonzalez, Role of PPAR alpha in the
mechanism of action of the nongenotoxic carcinogen and peroxisome proliferator
Wy-14,643. Carcinogenesis, 1997. 18(11): p. 2029-33.
Klaunig, J.E., et al., PPARalpha agonist-induced rodent tumors: modes of action
and human relevance. Crit Rev Toxicol, 2003. 33(6): p. 655-780.
Gonzalez, F.J. and Y.M. Shah, PPARalpha: mechanism of species differences
and hepatocarcinogenesis of peroxisome proliferators. Toxicology, 2008. 246(1):
p. 2-8.
Lake, B.G., et al., Comparison of the hepatic effects of nafenopin and WY-14,643
on peroxisome proliferation and cell replication in the rat and Syrian hamster.
Environ Health Perspect, 1993. 101 Suppl 5: p. 241-7.
Palmer, C.N., et al., Peroxisome proliferator activated receptor-alpha expression
in human liver. Mol Pharmacol, 1998. 53(1): p. 14-22.
Walgren, J.E., D.T. Kurtz, and J.M. McMillan, Expression of PPAR(alpha) in
human hepatocytes and activation by trichloroacetate and dichloroacetate. Res
Commun Mol Pathol Pharmacol, 2000. 108(1-2): p. 116-32.
Lambe, K.G., et al., Species differences in sequence and activity of the
peroxisome proliferator response element (PPRE) within the acyl CoA oxidase
gene promoter. Toxicol Lett, 1999. 110(1-2): p. 119-27.
Lee, S.S., et al., Targeted disruption of the α isoform of the peroxisome
proliferator- activated receptor gene in mice results in abolishment of the
pleiotropic effects of peroxisome proliferators, in Mol. Cell. Biol. 1995. p. 30123022.

199
207.

208.

209.

210.

211.

212.

213.

214.

215.

216.
217.

218.

219.

220.

221.

222.

Cheung, C., et al., Diminished hepatocellular proliferation in mice humanized for
the nuclear receptor peroxisome proliferator-activated receptor alpha. Cancer
Res, 2004. 64(11): p. 3849-54.
Morimura, K., et al., Differential susceptibility of mice humanized for peroxisome
proliferator-activated receptor α to Wy-14,643-induced liver tumorigenesis.
Carcinogenesis, 2006. 27(5): p. 1074-80.
Shah, Y.M., et al., Peroxisome proliferator-activated receptor alpha regulates a
microRNA-mediated signaling cascade responsible for hepatocellular
proliferation. Mol Cell Biol, 2007. 27(12): p. 4238-47.
Yang, Q., et al., The PPAR alpha-humanized mouse: a model to investigate
species differences in liver toxicity mediated by PPAR alpha. Toxicol Sci, 2008.
101(1): p. 132-9.
Martin, G., et al., Coordinate regulation of the expression of the fatty acid
transport protein and acyl-CoA synthetase genes by PPARalpha and
PPARgamma activators. J Biol Chem, 1997. 272(45): p. 28210-7.
Motojima, K., et al., Expression of putative fatty acid transporter genes are
regulated by peroxisome proliferator-activated receptor alpha and gamma
activators in a tissue- and inducer-specific manner. J Biol Chem, 1998. 273(27):
p. 16710-4.
Schoonjans, K., et al., Induction of the acyl-coenzyme A synthetase gene by
fibrates and fatty acids is mediated by a peroxisome proliferator response
element in the C promoter. J Biol Chem, 1995. 270(33): p. 19269-76.
Tugwood, J.D., et al., The mouse peroxisome proliferator activated receptor
recognizes a response element in the 5' flanking sequence of the rat acyl CoA
oxidase gene. Embo J, 1992. 11(2): p. 433-9.
Marcus, S.L., et al., Diverse peroxisome proliferator-activated receptors bind to
the peroxisome proliferator-responsive elements of the rat
hydratase/dehydrogenase and fatty acyl-CoA oxidase genes but differentially
induce expression. Proc Natl Acad Sci U S A, 1993. 90(12): p. 5723-7.
Issemann, I., et al., A role for fatty acids and liver fatty acid binding protein in
peroxisome proliferation? Biochem Soc Trans, 1992. 20(4): p. 824-7.
Kaikaus, R.M., et al., Induction of peroxisomal fatty acid beta-oxidation and liver
fatty acid-binding protein by peroxisome proliferators. Mediation via the
cytochrome P-450IVA1 omega-hydroxylase pathway. J Biol Chem, 1993.
268(13): p. 9593-603.
Zhang, B., et al., Characterization of protein-DNA interactions within the
peroxisome proliferator-responsive element of the rat hydratase-dehydrogenase
gene. J Biol Chem, 1993. 268(17): p. 12939-45.
Yu, G.S. and et al., Co-regulation of tissue-specific alternative human carnitine
palmitoyltransferase Ibeta gene promoters by fatty acid enzyme substrate. J Biol
Chem., 1998. 273(49): p. 32901-9.
Aldridge, T.C., J.D. Tugwood, and S. Green, Identification and characterization of
DNA elements implicated in the regulation of CYP4A1 transcription. Biochem J,
1995. 306 ( Pt 2): p. 473-9.
Kroetz, D.L., et al., Peroxisome proliferator-activated receptor alpha controls the
hepatic CYP4A induction adaptive response to starvation and diabetes. J Biol
Chem, 1998. 273(47): p. 31581-9.
Plutzky, J., Emerging concepts in metabolic abnormalities associated with
coronary artery disease. Curr Opin Cardiol, 2000. 15(6): p. 416-21.

200
223.

224.

225.

226.

227.

228.

229.
230.

231.

232.

233.

234.

235.

236.

237.

238.
239.

Duez, H., et al., Regulation of human apoA-I by gemfibrozil and fenofibrate
through selective peroxisome proliferator-activated receptor alpha modulation.
Arterioscler Thromb Vasc Biol, 2005. 25(3): p. 585-91.
Qin, S., et al., Pioglitazone stimulates apolipoprotein A-I production without
affecting HDL removal in HepG2 cells: involvement of PPAR-alpha. Arterioscler
Thromb Vasc Biol, 2007. 27(11): p. 2428-34.
Schoonjans, K., B. Staels, and J. Auwerx, Role of the peroxisome proliferatoractivated receptor (PPAR) in mediating the effects of fibrates and fatty acids on
gene expression. J Lipid Res, 1996. 37(5): p. 907-25.
Bisgaier, C.L., et al., A novel compound that elevates high density lipoprotein and
activates the peroxisome proliferator activated receptor. J Lipid Res, 1998. 39(1):
p. 17-30.
Minnich, A., et al., A potent PPARalpha agonist stimulates mitochondrial fatty
acid beta-oxidation in liver and skeletal muscle. Am J Physiol Endocrinol Metab,
2001. 280(2): p. E270-9.
Nagasawa, M., et al., Highly sensitive upregulation of apolipoprotein A-IV by
peroxisome proliferator-activated receptor alpha (PPARalpha) agonist in human
hepatoma cells. Biochem Pharmacol, 2007. 74(12): p. 1738-46.
Patterson, A.D., et al., Human urinary metabolomic profile of PPARalpha induced
fatty acid beta-oxidation. J Proteome Res, 2009. 8(9): p. 4293-300.
Peters, J.M., et al., Alterations in lipoprotein metabolism in peroxisome
proliferator-activated receptor alpha-deficient mice. J Biol Chem, 1997. 272(43):
p. 27307-12.
Andersson, Y., et al., Developmental and pharmacological regulation of
apolipoprotein C-II gene expression. Comparison with apo C-I and apo C-III gene
regulation. Arterioscler Thromb Vasc Biol, 1999. 19(1): p. 115-21.
Raspe, E., et al., Modulation of rat liver apolipoprotein gene expression and
serum lipid levels by tetradecylthioacetic acid (TTA) via PPARalpha activation. J
Lipid Res, 1999. 40(11): p. 2099-110.
Schultze, A.E., et al., Administration of a PPARalpha agonist increases serum
apolipoprotein A-V levels and the apolipoprotein A-V/apolipoprotein C-III ratio. J
Lipid Res, 2005. 46(8): p. 1591-5.
Staels, B., et al., The effects of fibrates and thiazolidinediones on plasma
triglyceride metabolism are mediated by distinct peroxisome proliferator activated
receptors (PPARs). Biochimie, 1997. 79(2-3): p. 95-9.
Auwerx, J., et al., Regulation of triglyceride metabolism by PPARs: fibrates and
thiazolidinediones have distinct effects. J Atheroscler Thromb, 1996. 3(2): p. 819.
Dullens, S.P., et al., Differentiated CaCo-2 cells as an in-vitro model to evaluate
de-novo apolipoprotein A-I production in the small intestine. Eur J Gastroenterol
Hepatol, 2009. 21(6): p. 642-9.
Hsu, M.H., et al., Identification of peroxisome proliferator-responsive human
genes by elevated expression of the peroxisome proliferator-activated receptor
alpha in HepG2 cells. J Biol Chem, 2001. 276(30): p. 27950-8.
Beyer, T.P., et al., Peroxisome proliferator-activated receptor alpha agonists
regulate cholesterol ester transfer protein. Lipids, 2008. 43(7): p. 611-8.
Nakajima, T., et al., Bezafibrate at clinically relevant doses decreases serum/liver
triglycerides via down-regulation of sterol regulatory element-binding protein-1c

201

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

in mice: a novel peroxisome proliferator-activated receptor alpha-independent
mechanism. Mol Pharmacol, 2009. 75(4): p. 782-92.
Chan, E., et al., The V227A polymorphism at the PPARA locus is associated with
serum lipid concentrations and modulates the association between dietary
polyunsaturated fatty acid intake and serum high density lipoprotein
concentrations in Chinese women. Atherosclerosis, 2006. 187(2): p. 309-15.
Do, H.Q., et al., Influence of cholesteryl ester transfer protein, peroxisome
proliferator-activated receptor alpha, apolipoprotein E, and apolipoprotein A-I
polymorphisms on high-density lipoprotein cholesterol, apolipoprotein A-I,
lipoprotein A-I, and lipoprotein A-I:A-II concentrations: the Prospective
Epidemiological Study of Myocardial Infarction study. Metabolism, 2009. 58(3): p.
283-9.
Shin, M.J., A.M. Kanaya, and R.M. Krauss, Polymorphisms in the peroxisome
proliferator activated receptor alpha gene are associated with levels of
apolipoprotein CIII and triglyceride in African-Americans but not Caucasians.
Atherosclerosis, 2008. 198(2): p. 313-9.
Tai, E.S., et al., Association between the PPARA L162V polymorphism and
plasma lipid levels: the Framingham Offspring Study. Arterioscler Thromb Vasc
Biol, 2002. 22(5): p. 805-10.
Vohl, M.C., et al., Molecular scanning of the human PPARa gene: association of
the L162v mutation with hyperapobetalipoproteinemia. J Lipid Res, 2000. 41(6):
p. 945-52.
Tai, E.S., et al., The L162V polymorphism at the peroxisome proliferator
activated receptor alpha locus modulates the risk of cardiovascular events
associated with insulin resistance and diabetes mellitus: the Veterans Affairs
HDL Intervention Trial (VA-HIT). Atherosclerosis, 2006. 187(1): p. 153-60.
Delerive, P., et al., Peroxisome Proliferator-activated Receptor α Negatively
Regulates the Vascular Inflammatory Gene Response by Negative Cross-talk
with Transcription Factors NF-κB and AP-1. J. Biol. Chem., 1999. 274(45): p.
32048-32054.
Zuckerman, S.H., R.F. Kauffman, and G.F. Evans, Peroxisome proliferatoractivated receptor alpha,gamma coagonist LY465608 inhibits macrophage
activation and atherosclerosis in apolipoprotein E knockout mice. Lipids, 2002.
37(5): p. 487-94.
Babaev, V.R., et al., Macrophage expression of peroxisome proliferator-activated
receptor-alpha reduces atherosclerosis in low-density lipoprotein receptordeficient mice. Circulation, 2007. 116(12): p. 1404-12.
Corti, R., et al., Fenofibrate induces plaque regression in hypercholesterolemic
atherosclerotic rabbits: in vivo demonstration by high-resolution MRI.
Atherosclerosis, 2007. 190(1): p. 106-13.
Hennuyer, N., et al., PPARalpha, but not PPARgamma, activators decrease
macrophage-laden atherosclerotic lesions in a nondiabetic mouse model of
mixed dyslipidemia. Arterioscler Thromb Vasc Biol, 2005. 25(9): p. 1897-902.
Marx, N., et al., PPARalpha activators inhibit cytokine-induced vascular cell
adhesion molecule-1 expression in human endothelial cells. Circulation, 1999.
99(24): p. 3125-31.
Jackson, S.M., et al., Peroxisome proliferator-activated receptor activators target
human endothelial cells to inhibit leukocyte-endothelial cell interaction.
Arterioscler Thromb Vasc Biol, 1999. 19(9): p. 2094-104.

202
253.

254.

255.

256.

257.

258.

259.

260.

261.

262.
263.

264.
265.

266.
267.
268.
269.

Altman, R., et al., Inhibition of vascular inflammation by dehydroepiandrosterone
sulfate in human aortic endothelial cells: roles of PPARalpha and NF-kappaB.
Vascul Pharmacol, 2008. 48(2-3): p. 76-84.
Delerive, P., et al., Peroxisome proliferator-activated receptor activators inhibit
thrombin-induced endothelin-1 production in human vascular endothelial cells by
inhibiting the activator protein-1 signaling pathway. Circ Res, 1999. 85(5): p. 394402.
Delerive, P., et al., Induction of IkappaBalpha expression as a mechanism
contributing to the anti-inflammatory activities of peroxisome proliferator-activated
receptor-alpha activators. J Biol Chem, 2000. 275(47): p. 36703-7.
Dragomir, E., et al., Aspirin and PPAR-alpha activators inhibit monocyte
chemoattractant protein-1 expression induced by high glucose concentration in
human endothelial cells. Vascul Pharmacol, 2006. 44(6): p. 440-9.
Souissi, I.J., et al., Matrix metalloproteinase-12 gene regulation by a PPAR alpha
agonist in human monocyte-derived macrophages. Exp Cell Res, 2008. 314(18):
p. 3405-14.
Billiet, L., et al., Thioredoxin-1 and its natural inhibitor, vitamin D3 up-regulated
protein 1, are differentially regulated by PPARalpha in human macrophages. J
Mol Biol, 2008. 384(3): p. 564-76.
Martin-Nizard, F., et al., Peroxisome proliferator-activated receptor activators
inhibit oxidized low-density lipoprotein-induced endothelin-1 secretion in
endothelial cells. J Cardiovasc Pharmacol, 2002. 40(6): p. 822-31.
Ji, Y.Y., et al., PPARalpha activator fenofibrate modulates angiotensin II-induced
inflammatory responses in vascular smooth muscle cells via the TLR4-dependent
signaling pathway. Biochem Pharmacol, 2009. 78(9): p. 1186-97.
Marx, N., et al., PPAR activators as antiinflammatory mediators in human T
lymphocytes: implications for atherosclerosis and transplantation-associated
arteriosclerosis. Circ Res, 2002. 90(6): p. 703-10.
Ogata, M., et al., On the mechanism for PPAR agonists to enhance ABCA1 gene
expression. Atherosclerosis, 2009. 205(2): p. 413-9.
Peters, J.M., et al., Peroxisome proliferator-activated receptor alpha required for
gene induction by dehydroepiandrosterone-3 beta-sulfate. Mol Pharmacol, 1996.
50(1): p. 67-74.
Crisafulli, C., et al., PPAR-alpha contributes to the anti-inflammatory activity of
17beta-estradiol. J Pharmacol Exp Ther, 2009. 331(3): p. 796-807.
Cowart, L.A., et al., The CYP4A isoforms hydroxylate epoxyeicosatrienoic acids
to form high affinity peroxisome proliferator-activated receptor ligands. J Biol
Chem, 2002. 277(38): p. 35105-12.
Wray, J.A., et al., The epoxygenases CYP2J2 activates the nuclear receptor
PPARalpha in vitro and in vivo. PLoS One, 2009. 4(10): p. e7421.
Reddy, J.K. and M.S. Rao, Malignant tumors in rats fed nafenopin, a hepatic
peroxisome proliferator. J Natl Cancer Inst, 1977. 59(6): p. 1645-50.
Biegel, L.B., et al., Comparison of the effects of Wyeth-14,643 in Crl:CD BR and
Fisher-344 rats. Fundam Appl Toxicol, 1992. 19(4): p. 590-7.
Hays, T., et al., Role of peroxisome proliferator-activated receptor-{alpha}
(PPAR{alpha}) in bezafibrate-induced hepatocarcinogenesis and cholestasis.
Carcinogenesis, 2005. 26(1): p. 219-227.

203
270.

271.

272.
273.
274.
275.

276.

277.

278.
279.

280.

281.

282.

283.

284.

285.

Reddy, J.K. and M.S. Rao, Oxidative DNA damage caused by persistent
peroxisome proliferation: its role in hepatocarcinogenesis. Mutat Res, 1989.
214(1): p. 63-8.
Yeldandi, A.V., M.S. Rao, and J.K. Reddy, Hydrogen peroxide generation in
peroxisome proliferator-induced oncogenesis. Mutat Res, 2000. 448(2): p. 15977.
Rusyn, I., et al., Novel role of oxidants in the molecular mechanism of action of
peroxisome proliferators. Antioxid Redox Signal, 2000. 2(3): p. 607-21.
Rusyn, I., et al., Phthalates rapidly increase production of reactive oxygen
species in vivo: role of Kupffer cells. Mol Pharmacol, 2001. 59(4): p. 744-50.
Isenberg, J.S., et al., Inhibition of WY-14,643 induced hepatic lesion growth in
mice by rotenone. Carcinogenesis, 1997. 18(8): p. 1511-9.
Marsman, D.S., et al., Relationship of hepatic peroxisome proliferation and
replicative DNA synthesis to the hepatocarcinogenicity of the peroxisome
proliferators di(2-ethylhexyl)phthalate and [4-chloro-6-(2,3-xylidino)-2pyrimidinylthio]acetic acid (Wy-14,643) in rats. Cancer Res, 1988. 48(23): p.
6739-44.
Peters, J.M., et al., Role of peroxisome proliferator-activated receptor alpha in
altered cell cycle regulation in mouse liver. Carcinogenesis, 1998. 19(11): p.
1989-94.
Christensen, J.G., et al., Regulation of apoptosis in mouse hepatocytes and
alteration of apoptosis by nongenotoxic carcinogens. Cell Growth Differ, 1998.
9(9): p. 815-25.
Roberts, R.A., et al., PPAR alpha and the regulation of cell division and
apoptosis. Toxicology, 2002. 181-182: p. 167-70.
Roberts, R.A., et al., Evidence for the suppression of apoptosis by the
peroxisome proliferator activated receptor alpha (PPAR alpha). Carcinogenesis,
1998. 19(1): p. 43-8.
Ma, X., et al., Discordant hepatic expression of the cell division control enzyme
p34cdc2 kinase, proliferating cell nuclear antigen, p53 tumor suppressor protein,
and p21Waf1 cyclin-dependent kinase inhibitory protein after WY14,643 ([4chloro-6-(2,3-xylidino)-2-pyrimidinylthio]acetic acid) dosing to rats. Mol
Pharmacol, 1997. 51(1): p. 69-78.
Rininger, J.A., et al., Discordant expression of the cyclin-dependent kinases and
cyclins in rat liver following acute administration of the hepatocarcinogen [4chloro-6-(2,3-xylidino)-2-pyrimidinylthio] acetic acid (WY14,643). Biochem
Pharmacol, 1996. 52(11): p. 1749-55.
Goldsworthy, T.L., et al., Expression of myc, fos and Ha-ras associated with
chemically induced cell proliferation in the rat liver. Cell Prolif, 1994. 27(5): p.
269-78.
Miller, R.T., et al., Effect on the expression of c-met, c-myc and PPAR-alpha in
liver and liver tumors from rats chronically exposed to the hepatocarcinogenic
peroxisome proliferator WY-14,643. Carcinogenesis, 1996. 17(6): p. 1337-41.
Bardot, O., et al., Delayed effects of ciprofibrate on rat liver peroxisomal
properties and proto-oncogene expression. Biochem Pharmacol, 1995. 50(7): p.
1001-6.
Ledwith, B.J., et al., Activation of immediate-early gene expression by
peroxisome proliferators in vitro. Mol Carcinog, 1993. 8(1): p. 20-7.

204
286.
287.

288.
289.
290.

291.

292.

293.

294.

295.

296.
297.

298.

299.

300.
301.

302.

Ledwith, B.J., et al., Growth regulation by peroxisome proliferators: opposing
activities in early and late G1. Cancer Res, 1996. 56(14): p. 3257-64.
Rolfe, M., N.H. James, and R.A. Roberts, Tumour necrosis factor alpha (TNF
alpha) suppresses apoptosis and induces DNA synthesis in rodent hepatocytes:
a mediator of the hepatocarcinogenicity of peroxisome proliferators?
Carcinogenesis, 1997. 18(11): p. 2277-80.
Rose, M.L., et al., Role of Kupffer cells in peroxisome proliferator-induced
hepatocyte proliferation. Drug Metab Rev, 1999. 31(1): p. 87-116.
Rose, M.L., et al., Kupffer cell oxidant production is central to the mechanism of
peroxisome proliferators. Carcinogenesis, 1999. 20(1): p. 27-33.
Peters, J.M., et al., Peroxisome proliferator-activated receptor alpha is restricted
to hepatic parenchymal cells, not Kupffer cells: implications for the mechanism of
action of peroxisome proliferators in hepatocarcinogenesis. Carcinogenesis,
2000. 21(4): p. 823-6.
Peters, J.M., C. Cheung, and F.J. Gonzalez, Peroxisome proliferator-activated
receptor-alpha and liver cancer: where do we stand? J Mol Med, 2005. 83(10): p.
774-85.
Graves, R.A., P. Tontonoz, and B.M. Spiegelman, Analysis of a tissue-specific
enhancer: ARF6 regulates adipogenic gene expression. Mol Cell Biol, 1992.
12(3): p. 1202-8.
Tontonoz, P., et al., Adipocyte-specific transcription factor ARF6 is a
heterodimeric complex of two nuclear hormone receptors, PPAR gamma and
RXR alpha. Nucleic Acids Res, 1994. 22(25): p. 5628-34.
Elbrecht, A., et al., Molecular cloning, expression and characterization of human
peroxisome proliferator activated receptors gamma 1 and gamma 2. Biochem
Biophys Res Commun, 1996. 224(2): p. 431-7.
Zhu, Y., et al., Cloning of a new member of the peroxisome proliferator-activated
receptor gene family from mouse liver. J. Biol. Chem., 1993. 268(36): p. 2681726820.
Fajas, L., et al., The organization, promoter analysis, and expression of the
human PPARgamma gene. J Biol Chem, 1997. 272(30): p. 18779-89.
Mukherjee, R., et al., Identification, characterization, and tissue distribution of
human peroxisome proliferator-activated receptor (PPAR) isoforms
PPARgamma2 versus PPARgamma1 and activation with retinoid X receptor
agonists and antagonists. J Biol Chem., 1997. 272(12): p. 8071-6.
Fajas, L., J.C. Fruchart, and J. Auwerx, PPARgamma3 mRNA: a distinct
PPARgamma mRNA subtype transcribed from an independent promoter. FEBS
Lett., 1998. 438(1-2): p. 55-60.
Ricote, M., et al., Expression of the peroxisome proliferator-activated receptor
gamma (PPARgamma) in human atherosclerosis and regulation in macrophages
by colony stimulating factors and oxidized low density lipoprotein. Proc Natl Acad
Sci U S A., 1998. 95(13): p. 7614-9.
Xu, H.E., et al., Molecular recognition of fatty acids by peroxisome proliferatoractivated receptors. Mol Cell., 1999. 3(3): p. 397-403.
Kliewer, S.A., et al., Fatty acids and eicosanoids regulate gene expression
through direct interactions with peroxisome proliferator-activated receptors alpha
and gamma. Proc Natl Acad Sci U S A, 1997. 94(9): p. 4318-23.
Nagy, L., et al., Oxidized LDL regulates macrophage gene expression through
ligand activation of PPARgamma. Cell, 1998. 93(2): p. 229-40.

205
303.

304.
305.

306.

307.
308.

309.

310.

311.
312.
313.

314.

315.

316.
317.

318.

319.
320.

Davies, S.S., et al., Oxidized alkyl phospholipids are specific, high affinity
peroxisome proliferator-activated receptor gamma ligands and agonists. J Biol
Chem, 2001. 276(19): p. 16015-23.
Ferry, G., et al., Binding of prostaglandins to human PPARgamma: tool
assessment and new natural ligands. Eur J Pharmacol, 2001. 417(1-2): p. 77-89.
Harris, P.K. and R.F. Kletzien, Localization of a pioglitazone response element in
the adipocyte fatty acid-binding protein gene. Mol Pharmacol, 1994. 45(3): p.
439-45.
Kletzien, R.F., S.D. Clarke, and R.G. Ulrich, Enhancement of adipocyte
differentiation by an insulin-sensitizing agent. Mol Pharmacol, 1992. 41(2): p.
393-8.
Tontonoz, P., et al., mPPAR gamma 2: tissue-specific regulator of an adipocyte
enhancer. Genes Dev, 1994. 8(10): p. 1224-34.
Berger, J., et al., Thiazolidinediones produce a conformational change in
peroxisomal proliferator-activated receptor-gamma: binding and activation
correlate with antidiabetic actions in db/db mice. Endocrinology, 1996. 137(10):
p. 4189-95.
Lehmann, J.M., et al., An Antidiabetic Thiazolidinedione Is a High Affinity Ligand
for Peroxisome Proliferator-activated Receptor γ (PPARγ), in J. Biol. Chem.
1995. p. 12953-12956.
Willson, T.M., et al., The structure-activity relationship between peroxisome
proliferator-activated receptor gamma agonism and the antihyperglycemic activity
of thiazolidinediones. J Med Chem, 1996. 39(3): p. 665-8.
Chaiken, R.L., et al., Metabolic effects of darglitazone, an insulin sensitizer, in
NIDDM subjects. Diabetologia, 1995. 38(11): p. 1307-12.
Grossman, S.L. and J. Lessem, Mechanisms and clinical effects of
thiazolidinediones. Expert Opin Investig Drugs, 1997. 6(8): p. 1025-40.
Zheng, S. and A. Chen, Activation of PPARgamma is required for curcumin to
induce apoptosis and to inhibit the expression of extracellular matrix genes in
hepatic stellate cells in vitro. Biochem J, 2004. 384(Pt 1): p. 149-57.
Chawla, A. and M.A. Lazar, Peroxisome proliferator and retinoid signaling
pathways co-regulate preadipocyte phenotype and survival. Proc Natl Acad Sci U
S A, 1994. 91(5): p. 1786-90.
Tontonoz, P., E. Hu, and B.M. Spiegelman, Stimulation of adipogenesis in
fibroblasts by PPAR gamma 2, a lipid-activated transcription factor. Cell, 1994.
79(7): p. 1147-56.
Tontonoz, P., et al., PPAR gamma 2 regulates adipose expression of the
phosphoenolpyruvate carboxykinase gene. Mol Cell Biol, 1995. 15(1): p. 351-7.
Schoonjans, K., et al., PPARalpha and PPARgamma activators direct a distinct
tissue-specific transcriptional response via a PPRE in the lipoprotein lipase gene.
EMBO J, 1996. 15(19): p. 5336-48.
Sfeir, Z., et al., Regulation of FAT/CD36 gene expression: further evidence in
support of a role of the protein in fatty acid binding/transport. Prostaglandins
Leukot Essent Fatty Acids, 1997. 57(1): p. 17-21.
Barak, Y., et al., PPARg is required for placental, cardiac, and adipose tissue
development. Molecular Cell, 1999. 4: p. 585-595.
Kubota, N., et al., PPARg mediates high-fat diet-induced adipocyte hypertrophy
and insulin resistance. Molecular Cell, 1999. 4: p. 597-609.

206
321.
322.

323.

324.
325.
326.
327.

328.

329.

330.

331.

332.

333.

334.

335.

336.

337.

Rosen, E.D., et al., PPARg is required for the differentiation of adipose tissue in
vivo and in vitro. Molecular Cell, 1999. 4: p. 611-617.
Gurnell, M., et al., A dominant-negative peroxisome proliferator-activated
receptor gamma (PPARgamma) mutant is a constitutive repressor and inhibits
PPARgamma- mediated adipogenesis. J Biol Chem, 2000. 275(8): p. 5754-9.
Masugi, J. and et al., Inhibition of adipogenesis by a COOH-terminally truncated
mutant of PPARgamma2 in 3T3-L1 cells. Biochem Biophys Res Commun., 1999.
264(1): p. 93-9. [MEDLINE record in process].
Ikeda, H., et al., Effects of pioglitazone on glucose and lipid metabolism in normal
and insulin resistant animals. Arzneimittelforschung, 1990. 40(2 Pt 1): p. 156-62.
Sugiyama, Y., et al., Effects of pioglitazone on glucose and lipid metabolism in
Wistar fatty rats. Arzneimittelforschung, 1990. 40(3): p. 263-7.
Burant, C.F., et al., Troglitazone action is independent of adipose tissue. J Clin
Invest, 1997. 100(11): p. 2900-8.
Kelly, L.J., et al., Peroxisome proliferator-activated receptors gamma and alpha
mediate in vivo regulation of uncoupling protein (UCP-1, UCP-2, UCP-3) gene
expression. Endocrinology., 1998. 139(12): p. 4920-7.
De Vos, P., et al., Thiazolidinediones repress ob gene expression in rodents via
activation of peroxisome proliferator-activated receptor gamma. J Clin Invest,
1996. 98(4): p. 1004-9.
Kallen, C.B. and M.A. Lazar, Antidiabetic thiazolidinediones inhibit leptin (ob)
gene expression in 3T3-L1 adipocytes. Proc Natl Acad Sci U S A, 1996. 93(12):
p. 5793-6.
Wu, Z. and et al., PPARgamma induces the insulin-dependent glucose
transporter GLUT4 in the absence of C/EBPalpha during the conversion of 3T3
fibroblasts into adipocytes. J Clin Invest., 1998. 101(1): p. 22-32.
Young, P.W., et al., Repeat treatment of obese mice with BRL 49653, a new
potent insulin sensitizer, enhances insulin action in white adipocytes. Association
with increased insulin binding and cell-surface GLUT4 as measured by
photoaffinity labeling. Diabetes, 1995. 44(9): p. 1087-92.
Martin, G., et al., PPARgamma activators improve glucose homeostasis by
stimulating fatty acid uptake in the adipocytes. Atherosclerosis, 1998. 137 Suppl:
p. S75-80.
Randle, P.J., Regulatory interactions between lipids and carbohydrates: the
glucose fatty acid cycle after 35 years. Diabetes Metab Rev, 1998. 14(4): p. 26383.
Shearer, B.G. and W.J. Hoekstra, Recent Advances in Peroxisome ProliferatorActivated Receptor Science. Current Medicinal Chemistry, 2003. 10(4): p. 267280.
Hallakou, S., et al., Pioglitazone-induced increase of insulin sensitivity in the
muscles of the obese Zucker fa/fa rat cannot be explained by local adipocyte
differentiation. Diabetologia, 1998. 41(8): p. 963-8.
Okuno, A. and et al., Troglitazone increases the number of small adipocytes
without the change of white adipose tissue mass in obese Zucker rats. J Clin
Invest., 1998. 101(6): p. 1354-61.
Sreenan, S., et al., Effects of troglitazone on substrate storage and utilization in
insulin-resistant rats. Am J Physiol, 1999. 276(6 Pt 1): p. E1119-29.

207
338.

339.

340.

341.

342.

343.

344.

345.

346.
347.

348.

349.

350.

351.

352.

353.

Peraldi, P., et al., Tumor necrosis factor (TNF)-alpha inhibits insulin signaling
through stimulation of the p55 TNF receptor and activation of sphingomyelinase.
J Biol Chem, 1996. 271(22): p. 13018-22.
Li, A.C., et al., Peroxisome proliferator-activated receptor gamma ligands inhibit
development of atherosclerosis in LDL receptor-deficient mice. J Clin Invest,
2000. 106(4): p. 523-31.
Chawla, A., et al., PPAR-gamma dependent and independent effects on
macrophage-gene expression in lipid metabolism and inflammation. Nat Med,
2001. 7(1): p. 48-52.
Peraldi, P., M. Xu, and B.M. Spiegelman, Thiazolidinediones block tumor
necrosis factor-alpha-induced inhibition of insulin signaling. J Clin Invest, 1997.
100(7): p. 1863-9.
Marx, N., et al., Peroxisome proliferator-activated receptor-gamma activators
inhibit IFN-gamma-induced expression of the T cell-active CXC chemokines IP10, Mig, and I-TAC in human endothelial cells. J Immunol, 2000. 164(12): p.
6503-8.
Li, M., G. Pascual, and C.K. Glass, Peroxisome proliferator-activated receptor
gamma-dependent repression of the inducible nitric oxide synthase gene. Mol
Cell Biol, 2000. 20(13): p. 4699-707.
Chung, S.W., et al., Oxidized low density lipoprotein inhibits interleukin-12
production in lipopolysaccharide-activated mouse macrophages via direct
interactions between peroxisome proliferator-activated receptor-gamma and
nuclear factor-kappa B. J Biol Chem, 2000. 275(42): p. 32681-7.
Yan, K.H., et al., The synergistic anticancer effect of troglitazone combined with
aspirin causes cell cycle arrest and apoptosis in human lung cancer cells. Mol
Carcinog, 2010. 49(3): p. 235-46.
Pitulis, N., et al., IL-6 and PPARgamma signalling in human PC-3 prostate
cancer cells. Anticancer Res, 2009. 29(6): p. 2331-7.
Nagata, D., et al., Peroxisome proliferator-activated receptor-gamma and growth
inhibition by its ligands in prostate cancer. Cancer Detect Prev, 2008. 32(3): p.
259-66.
Yaacob, N.S., H.M. Darus, and M.N. Norazmi, Modulation of cell growth and
PPARgamma expression in human colorectal cancer cell lines by ciglitazone.
Exp Toxicol Pathol, 2008. 60(6): p. 505-12.
Schwab, M., et al., PPARgamma is involved in mesalazine-mediated induction of
apoptosis and inhibition of cell growth in colon cancer cells. Carcinogenesis,
2008. 29(7): p. 1407-14.
Cerbone, A., et al., 4-Hydroxynonenal and PPARgamma ligands affect
proliferation, differentiation, and apoptosis in colon cancer cells. Free Radic Biol
Med, 2007. 42(11): p. 1661-70.
Brockman, J.A., R.A. Gupta, and R.N. Dubois, Activation of PPARgamma leads
to inhibition of anchorage-independent growth of human colorectal cancer cells.
Gastroenterology., 1998. 115(5): p. 1049-55.
Dai, Y., et al., Peroxisome proliferator-activated receptor-gamma contributes to
the inhibitory effects of Embelin on colon carcinogenesis. Cancer Res, 2009.
69(11): p. 4776-83.
Desouza, C.V., M. Gerety, and F.G. Hamel, Effects of a PPAR-gamma agonist,
on growth factor and insulin stimulated endothelial cells. Vascul Pharmacol,
2009. 51(2-3): p. 162-8.

208
354.

355.

356.

357.
358.

359.
360.

361.

362.

363.

364.

365.

366.

367.

368.

369.

Zhou, Y.M., et al., Troglitazone, a peroxisome proliferator-activated receptor
gamma ligand, induces growth inhibition and apoptosis of HepG2 human liver
cancer cells. World J Gastroenterol, 2008. 14(14): p. 2168-73.
Huang, H., et al., All-trans retinoic acid can intensify the growth inhibition and
differentiation induction effect of rosiglitazone on multiple myeloma cells. Eur J
Haematol, 2009. 83(3): p. 191-202.
Gras, D., et al., Thiazolidinediones induce proliferation of human bronchial
epithelial cells through the GPR40 receptor. Am J Physiol Lung Cell Mol Physiol,
2009. 296(6): p. L970-8.
Cheon, C.W., et al., Effects of ciglitazone and troglitazone on the proliferation of
human stomach cancer cells. World J Gastroenterol, 2009. 15(3): p. 310-20.
Sun, W.H., et al., Inhibition of COX-2 and activation of peroxisome proliferatoractivated receptor gamma synergistically inhibits proliferation and induces
apoptosis of human pancreatic carcinoma cells. Cancer Lett, 2009. 275(2): p.
247-55.
Yu, H.N., et al., Troglitazone enhances tamoxifen-induced growth inhibitory
activity of MCF-7 cells. Biochem Biophys Res Commun, 2008. 377(1): p. 242-7.
Smith, A.G., et al., PPARgamma agonists attenuate proliferation and modulate
Wnt/beta-catenin signalling in melanoma cells. Int J Biochem Cell Biol, 2009.
41(4): p. 844-52.
Eastham, L.L., C.N. Mills, and R.M. Niles, PPARalpha/gamma expression and
activity in mouse and human melanocytes and melanoma cells. Pharm Res,
2008. 25(6): p. 1327-33.
Freudlsperger, C., et al., Anti-proliferative effect of peroxisome proliferatoractivated receptor gamma agonists on human malignant melanoma cells in vitro.
Anticancer Drugs, 2006. 17(3): p. 325-32.
Freudlsperger, C., et al., The proteasome inhibitor bortezomib augments antiproliferative effects of mistletoe lectin-I and the PPAR-gamma agonist
rosiglitazone in human melanoma cells. Anticancer Res, 2007. 27(1A): p. 207-13.
Heo, K.S., et al., PPARgamma activation abolishes LDL-induced proliferation of
human aortic smooth muscle cells via SOD-mediated down-regulation of
superoxide. Biochem Biophys Res Commun, 2007. 359(4): p. 1017-23.
Vignati, S., et al., Cellular and molecular consequences of peroxisome
proliferator-activated receptor-gamma activation in ovarian cancer cells.
Neoplasia, 2006. 8(10): p. 851-61.
Han, S.W., et al., Novel expression and function of peroxisome proliferatoractivated receptor gamma (PPARgamma) in human neuroblastoma cells. Clin
Cancer Res, 2001. 7(1): p. 98-104.
Asou, H., et al., Growth inhibition of myeloid leukemia cells by troglitazone, a
ligand for peroxisome proliferator activated receptor gamma, and retinoids. Int J
Oncol, 1999. 15(5): p. 1027-31.
Ohta, K., et al., Ligands for peroxisome proliferator-activated receptor gamma
inhibit growth and induce apoptosis of human papillary thyroid carcinoma cells. J
Clin Endocrinol Metab, 2001. 86(5): p. 2170-7.
Altiok, S. and et al., PPARgamma induces cell cycle withdrawal: inhibition of
E2F/DP DNA-binding activity via down-regulation of PP2A. Genes Dev., 1997.
11(15): p. 1987-98.

209
370.

371.

372.
373.

374.
375.
376.

377.
378.

379.
380.

381.

382.

383.
384.
385.
386.

387.

Tontonoz, P., et al., Terminal differentiation of human liposarcoma cells induced
by ligands for peroxisome proliferator-activated receptor gamma and the retinoid
X receptor. Proc Natl Acad Sci U S A, 1997. 94(1): p. 237-41.
Elstner, E. and et al., Ligands for peroxisome proliferator-activated
receptorgamma and retinoic acid receptor inhibit growth and induce apoptosis of
human breast cancer cells in vitro and in BNX mice. Proc Natl Acad Sci U S A.,
1998. 95(15): p. 8806-11.
Mueller, E., et al., Terminal differentiation of human breast cancer through PPAR
gamma. Mol Cell, 1998. 1(3): p. 465-70.
Suh, N., et al., A new ligand for the peroxisome proliferator-activated receptorgamma (PPAR-gamma), GW7845, inhibits rat mammary carcinogenesis. Cancer
Res, 1999. 59(22): p. 5671-3.
DuBois, R.N., et al., The nuclear eicosanoid receptor, PPARgamma, is aberrantly
expressed in colonic cancers. Carcinogenesis, 1998. 19(1): p. 49-53.
Sarraf, P., et al., Differentiation and reversal of malignant changes in colon
cancer through PPARgamma. Nat Med., 1998. 4(9): p. 1046-52.
Lefebvre, A.M., et al., Activation of the peroxisome proliferator-activated receptor
gamma promotes the development of colon tumors in C57BL/6J-APCMin/+ mice.
Nat Med, 1998. 4(9): p. 1053-7.
Saez, E., et al., Activators of the nuclear receptor PPARgamma enhance colon
polyp formation. Nat Med, 1998. 4(9): p. 1058-61.
Yang, K., et al., Peroxisome proliferator-activated receptor gamma agonist
troglitazone induces colon tumors in normal C57BL/6J mice and enhances
colonic carcinogenesis in Apc1638 N/+ Mlh1+/- double mutant mice. Int J
Cancer, 2005. 116(4): p. 495-9.
Girnun, G.D., et al., APC-dependent suppression of colon carcinogenesis by
PPARgamma. Proc Natl Acad Sci U S A, 2002. 99(21): p. 13771-6.
Su, W., et al., The high affinity peroxisome proliferator-activated receptor-gamma
agonist RS5444 inhibits both initiation and progression of colon tumors in
azoxymethane-treated mice. Int J Cancer, 2008. 123(5): p. 991-7.
Osawa, E., et al., Peroxisome proliferator-activated receptor gamma ligands
suppress colon carcinogenesis induced by azoxymethane in mice.
Gastroenterology, 2003. 124(2): p. 361-7.
Cui, Y., et al., Loss of the peroxisome proliferation-activated receptor gamma
(PPARgamma ) does not affect mammary development and propensity for tumor
formation but leads to reduced fertility. J Biol Chem, 2002. 277(20): p. 17830-5.
Heikkinen, S., J. Auwerx, and C.A. Argmann, PPARgamma in human and mouse
physiology. Biochim Biophys Acta, 2007. 1771(8): p. 999-1013.
Meirhaeghe, A. and P. Amouyel, Impact of genetic variation of PPARgamma in
humans. Mol Genet Metab, 2004. 83(1-2): p. 93-102.
Celi, F.S. and A.R. Shuldiner, The role of peroxisome proliferator-activated
receptor gamma in diabetes and obesity. Curr Diab Rep, 2002. 2(2): p. 179-85.
Michalik, L., B. Desvergne, and W. Wahli, PEROXISOME-PROLIFERATORACTIVATED RECEPTORS AND CANCERS: COMPLEX STORIES. Nature
Reviews Cancer, 2004. 4(1): p. 61-70.
Alarcon de la Lastra, C., et al., New pharmacological perspectives and
therapeutic potential of PPAR-gamma agonists. Curr Pharm Des, 2004. 10(28):
p. 3505-24.

210
388.
389.

390.

391.
392.

393.

394.

395.
396.

397.

398.

399.
400.

401.

402.

403.

404.

405.

Lewis, J.D., et al., Rosiglitazone for active ulcerative colitis: a randomized
placebo-controlled trial. Gastroenterology, 2008. 134(3): p. 688-95.
Neuschwander-Tetri, B.A., et al., Improved nonalcoholic steatohepatitis after 48
weeks of treatment with the PPAR-gamma ligand rosiglitazone. Hepatology,
2003. 38(4): p. 1008-17.
Parker, J.C., Troglitazone: the discovery and development of a novel therapy for
the treatment of Type 2 diabetes mellitus. Adv Drug Deliv Rev, 2002. 54(9): p.
1173-97.
Savkur, R.S. and A.R. Miller, Investigational PPAR-gamma agonists for the
treatment of Type 2 diabetes. Expert Opin Investig Drugs, 2006. 15(7): p. 763-78.
Amri, E.Z., et al., Cloning of a protein that mediates transcriptional effects of fatty
acids in preadipocytes. Homology to peroxisome proliferator-activated receptors.
J Biol Chem, 1995. 270(5): p. 2367-71.
Chen, F., S.W. Law, and B.W. O'Malley, Identification of two mPPAR related
receptors and evidence for the existence of five subfamily members. Biochem
Biophys Res Commun, 1993. 196(2): p. 671-7.
Jones, P.S., et al., Chromosomal localisation, inducibility, tissue-specific
expression and strain differences in three murine peroxisome-proliferatoractivated-receptor genes. Eur J Biochem, 1995. 233(1): p. 219-26.
Yoshikawa, T., et al., Assignment of the human nuclear hormone receptor, NUC1
(PPARD), to chromosome 6p21.1-p21.2. Genomics, 1996. 35(3): p. 637-8.
Higashiyama, H., et al., Expression profiling of peroxisome proliferator-activated
receptor-delta (PPAR-delta) in mouse tissues using tissue microarray. Histochem
Cell Biol, 2007. 127(5): p. 485-94.
Forman, B.M., J. Chen, and R.M. Evans, Hypolipidemic drugs, polyunsaturated
fatty acids, and eicosanoids are ligands for peroxisome proliferator-activated
receptors α and δ. PNAS, 1997. 94(9): p. 4312-4317.
Naruhn, S., et al., 15-hydroxyeicosatetraenoic acid is a preferential peroxisome
proliferator-activated receptor beta/delta agonist. Mol Pharmacol, 2009
77(2): p. 171-84.
Fauti, T., et al., Induction of PPARbeta and prostacyclin (PGI2) synthesis by Raf
signaling: failure of PGI2 to activate PPARbeta. Febs J, 2006. 273(1): p. 170-9.
Shaw, N., M. Elholm, and N. Noy, Retinoic Acid Is a High Affinity Selective
Ligand for the Peroxisome Proliferator-activated Receptor β/δ. J. Biol. Chem.,
2003. 278(43): p. 41589-41592.
Schug, T.T., et al., Opposing Effects of Retinoic Acid on Cell Growth Result from
Alternate Activation of Two Different Nuclear Receptors. Cell, 2007. 129(4): p.
723-733.
Borland, M.G., et al., Ligand activation of peroxisome proliferator-activated
receptor-beta/delta inhibits cell proliferation in human HaCaT keratinocytes. Mol
Pharmacol, 2008. 74(5): p. 1429-42.
Rieck, M., et al., Ligand-mediated regulation of peroxisome proliferator-activated
receptor (PPAR) beta/delta: a comparative analysis of PPAR-selective agonists
and all-trans retinoic acid. Mol Pharmacol, 2008. 74(5): p. 1269-77.
Johnson, T.E., et al., Structural requirements and cell-type specificity for ligand
activation of peroxisome proliferator-activated receptors. J Steroid Biochem Mol
Biol, 1997. 63(1-3): p. 1-8.
Brown, P.J. and et al., Identification of peroxisome proliferator-activated receptor
ligands from a biased chemical library. Chem Biol., 1997. 4(12): p. 909-18.

211
406.

407.

408.

409.

410.

411.

412.

413.
414.

415.

416.
417.

418.

419.

420.

421.

422.

Genovese, S., et al., A natural propenoic acid derivative activates peroxisome
proliferator-activated receptor-beta/delta (PPARbeta/delta). Life Sci, 2010. 86(1314): p. 493-8.
Shearer, B.G., et al., Identification and characterization of a selective peroxisome
proliferator-activated receptor beta/delta (NR1C2) antagonist. Mol Endocrinol,
2008. 22(2): p. 523-9.
Shearer, B.G., et al., Identification and characterization of 4-chloro-N-(2-{[5trifluoromethyl)-2-pyridyl]sulfonyl}ethyl)benzamide (GSK3787), a selective and
irreversible peroxisome proliferator-activated receptor delta (PPARdelta)
antagonist. J Med Chem, 2010. 53(4): p. 1857-61.
Zaveri, N.T., et al., A novel peroxisome proliferator-activated receptor delta
antagonist, SR13904, has anti-proliferative activity in human cancer cells. Cancer
Biol Ther, 2009. 8(13): p. 1252-61.
Palkar, P.S., et al., Cellular and pharmacological selectivity of the peroxisome
proliferator-activated receptor-beta/delta antagonist GSK3787. Mol Pharmacol,
2010. 78(3): p. 419-30.
Braissant, O. and W. Wahli, Differential expression of peroxisome proliferatoractivated receptor- alpha, -beta, and -gamma during rat embryonic development.
Endocrinology, 1998. 139(6): p. 2748-54.
Peters, J.M., et al., Growth, Adipose, Brain, and Skin Alterations Resulting from
Targeted Disruption of the Mouse Peroxisome Proliferator-Activated Receptor β
(δ). Mol. Cell. Biol., 2000. 20(14): p. 5119-5128.
Barak, Y., et al., Effects of peroxisome proliferator-activated receptor δ on
placentation, adiposity, and colorectal cancer. PNAS, 2002. 99(1): p. 303-308.
Nadra, K., et al., Differentiation of Trophoblast Giant Cells and Their Metabolic
Functions Are Dependent on Peroxisome Proliferator-Activated Receptor β/δ.
Mol. Cell. Biol., 2006. 26(8): p. 3266-3281.
Peinado, J.R., et al., Strain-dependent influences on the hypothalamo-pituitaryadrenal axis profoundly affect the 7B2 and PC2 null phenotypes. Endocrinology,
2005. 146(8): p. 3438-44.
Threadgill, D.W., et al., Targeted disruption of mouse EGF receptor: effect of
genetic background on mutant phenotype. Science, 1995. 269(5221): p. 230-4.
van Meyel, D.J., et al., Genetic background influences timing, morphology and
dissemination of lymphomas in p53-deficient mice. Int J Oncol, 1998. 13(5): p.
917-22.
Tanaka, T., et al., Activation of peroxisome proliferator-activated receptor delta
induces fatty acid beta-oxidation in skeletal muscle and attenuates metabolic
syndrome. Proc Natl Acad Sci U S A, 2003. 100(26): p. 15924-9.
Gaudel, C. and P.A. Grimaldi, Metabolic Functions of Peroxisome ProliferatorActivated Receptor beta/delta in Skeletal Muscle. PPAR Res, 2007. 2007: p.
86394.
Gaudel, C., et al., Pharmacological activation of PPARbeta promotes rapid and
calcineurin-dependent fiber remodeling and angiogenesis in mouse skeletal
muscle. Am J Physiol Endocrinol Metab, 2008. 295(2): p. E297-304.
Miura, P., et al., Pharmacological activation of PPARbeta/delta stimulates
utrophin A expression in skeletal muscle fibers and restores sarcolemmal
integrity in mature mdx mice. Hum Mol Genet, 2009. 18(23): p. 4640-9.
Leibowitz, M.D., et al., Activation of PPARdelta alters lipid metabolism in db/db
mice. FEBS Lett, 2000. 473(3): p. 333-6.

212
423.
424.

425.
426.

427.
428.

429.

430.

431.

432.

433.

434.
435.
436.

437.

438.

Wang, Y.X., et al., Peroxisome-proliferator-activated receptor delta activates fat
metabolism to prevent obesity. Cell, 2003. 113(2): p. 159-70.
Akiyama, T.E., et al., Peroxisome proliferator-activated receptor beta/delta
regulates very low density lipoprotein production and catabolism in mice on a
Western diet. J Biol Chem, 2004. 279(20): p. 20874-81.
Lee, C.-H., et al., PPARδ regulates glucose metabolism and insulin sensitivity, in
PNAS. 2006. p. 3444-3449.
Bastie, C., et al., Expression of peroxisome proliferator-activated receptor
PPARdelta promotes induction of PPARgamma and adipocyte differentiation in
3T3C2 fibroblasts. J Biol Chem, 1999. 274(31): p. 21920-5.
Matsusue, K., J.M. Peters, and F.J. Gonzalez, PPARβ/δ; potentiates PPARγstimulated adipocyte differentiation, in FASEB J. 2004. p. 04-1944fje.
Hansen, J.B., et al., Peroxisome proliferator-activated receptor delta (PPARdelta
)-mediated regulation of preadipocyte proliferation and gene expression is
dependent on cAMP signaling. J Biol Chem, 2001. 276(5): p. 3175-82.
Muoio, D.M., et al., Fatty acid homeostasis and induction of lipid regulatory
genes in skeletal muscles of peroxisome proliferator-activated receptor (PPAR)
alpha knock-out mice. Evidence for compensatory regulation by PPAR delta. J
Biol Chem, 2002. 277(29): p. 26089-97.
Chevillotte, E., et al., The regulation of uncoupling protein-2 gene expression by
omega-6 polyunsaturated fatty acids in human skeletal muscle cells involves
multiple pathways, including the nuclear receptor peroxisome proliferatoractivated receptor beta. J Biol Chem, 2001. 276(14): p. 10853-60.
Holst, D., et al., Nutritional regulation and role of peroxisome proliferatoractivated receptor delta in fatty acid catabolism in skeletal muscle. Biochim
Biophys Acta, 2003. 1633(1): p. 43-50.
Dressel, U., et al., The peroxisome proliferator-activated receptor beta/delta
agonist, GW501516, regulates the expression of genes involved in lipid
catabolism and energy uncoupling in skeletal muscle cells. Mol Endocrinol, 2003.
17(12): p. 2477-93.
Coll, T., et al., Activation of peroxisome proliferator-activated receptor-{delta} by
GW501516 prevents fatty acid-induced nuclear factor-{kappa}B activation and
insulin resistance in skeletal muscle cells. Endocrinology, 2010. 151(4): p. 15609.
de Wilde, J., et al., Adipophilin protein expression in muscle--a possible
protective role against insulin resistance. Febs J, 2010. 277(3): p. 761-73.
Wang, Y.X., et al., Regulation of muscle fiber type and running endurance by
PPARdelta. PLoS Biol, 2004. 2(10): p. e294.
Vosper, H., et al., The Peroxisome Proliferator-activated Receptor δ Promotes
Lipid Accumulation in Human Macrophages. J. Biol. Chem., 2001. 276(47): p.
44258-44265.
Vosper, H., G. Khoudoli, and C. Palmer, The peroxisome proliferator activated
receptor δ is required for the differentiation of THP-1 monocytic cells by phorbol
ester. Nucl. Recept., 2003. 1(1): p. 1-9.
Briand, F., et al., Both the Peroxisome Proliferator-Activated Receptor (PPAR)
delta agonist, GW0742, and ezetimibe promote reverse cholesterol transport in
mice by reducing intestinal re-absorption of HDL-derived cholesterol. Clin Transl
Sci, 2009. 2(2): p. 127.

213
439.

440.

441.
442.

443.

444.

445.
446.

447.
448.

449.

450.

451.
452.

453.

454.

455.

Vosper, H., et al., Peroxisome proliferator-activated receptor agonists,
hyperlipidaemia, and atherosclerosis. Pharmacology & Therapeutics, 2002.
95(1): p. 47-62.
Li, A.C., et al., Differential inhibition of macrophage foam-cell formation and
atherosclerosis in mice by PPARalpha, beta/delta, and gamma. J Clin Invest,
2004. 114(11): p. 1564-76.
Graham, T.L., et al., The PPAR[delta] agonist GW0742X reduces atherosclerosis
in LDLR-/- mice. Atherosclerosis, 2005. 181(1): p. 29-37.
Takata, Y., et al., PPARdelta-mediated antiinflammatory mechanisms inhibit
angiotensin II-accelerated atherosclerosis. Proc Natl Acad Sci U S A, 2008.
105(11): p. 4277-82.
Namgaladze, D., et al., Phospholipase A2-modified low-density lipoprotein
activates macrophage peroxisome proliferator-activated receptors. Arterioscler
Thromb Vasc Biol, 2010. 30(2): p. 313-20.
Lee, C.-H., et al., Peroxisome proliferator-activated receptor δ promotes very
low-density lipoprotein-derived fatty acid catabolism in the macrophage, in
PNAS. 2006. p. 2434-2439.
Chawla, A., et al., PPARδ is a very low-density lipoprotein sensor in
macrophages. PNAS, 2003. 100(3): p. 1268-1273.
van der Veen, J.N., et al., Reduced cholesterol absorption upon PPARdelta
activation coincides with decreased intestinal expression of NPC1L1. J Lipid Res,
2005. 46(3): p. 526-34.
Fairweather, D. and D. Cihakova, Alternatively activated macrophages in
infection and autoimmunity. J Autoimmun, 2009. 33(3-4): p. 222-30.
Bouhlel, M.A., et al., Unlike PPARgamma, PPARalpha or PPARbeta/delta
activation does not promote human monocyte differentiation toward alternative
macrophages. Biochem Biophys Res Commun, 2009. 386(3): p. 459-62.
Kang, K., et al., Adipocyte-derived Th2 cytokines and myeloid PPARdelta
regulate macrophage polarization and insulin sensitivity. Cell Metab, 2008. 7(6):
p. 485-95.
Odegaard, J.I., et al., Alternative M2 activation of Kupffer cells by PPARdelta
ameliorates obesity-induced insulin resistance. Cell Metab, 2008. 7(6): p. 496507.
Mukundan, L., et al., PPAR-delta senses and orchestrates clearance of apoptotic
cells to promote tolerance. Nat Med, 2009.
Woods, J.W., et al., Localization of PPARdelta in murine central nervous system:
expression in oligodendrocytes and neurons. Brain Res, 2003. 975(1-2): p. 1021.
Cullingford, T.E., et al., Distribution of mRNAs encoding the peroxisome
proliferator-activated receptor alpha, beta, and gamma and the retinoid X
receptor alpha, beta, and gamma in rat central nervous system. J Neurochem,
1998. 70(4): p. 1366-75.
Kremarik-Bouillaud, P., H. Schohn, and M. Dauca, Regional distribution of
PPARbeta in the cerebellum of the rat. J Chem Neuroanat, 2000. 19(4): p. 22532.
Xing, G., et al., Rat PPAR delta contains a CGG triplet repeat and is prominently
expressed in the thalamic nuclei. Biochem Biophys Res Commun, 1995. 217(3):
p. 1015-25.

214
456.

457.

458.

459.
460.
461.

462.

463.

464.

465.

466.

467.

468.

469.

470.

471.

Rosenberger, T.A., J.T. Hovda, and J.M. Peters, Targeted disruption of
peroxisomal proliferator-activated receptor beta (delta) results in distinct gender
differences in mouse brain phospholipid and esterified FA levels. Lipids, 2002.
37(5): p. 495-500.
Basu-Modak, S., et al., Peroxisome proliferator-activated receptor {beta}
regulates acyl-CoA synthetase 2 in reaggregated rat brain cell cultures. J. Biol.
Chem., 1999. 274: p. 35881-35888.
de Vries, H. and D. Hoekstra, On the biogenesis of the myelin sheath: cognate
polarized trafficking pathways in oligodendrocytes. Glycoconj J, 2000. 17(3 -4): p.
181-90.
Saluja, I., J.G. Granneman, and R.P. Skoff, PPAR δ agonists stimulate
oligodendrocyte differentiation in tissue culture. Glia, 2001. 33(3): p. 191-204.
Di Loreto, S., et al., PPARbeta agonists trigger neuronal differentiation in the
human neuroblastoma cell line SH-SY5Y. J Cell Physiol, 2007. 211(3): p. 837-47.
Magge, S.S. and H.M. Guardiola-Diaz, Characterization of the mouse
peroxisome proliferator-activated receptor delta gene. Biochem Biophys Res
Commun, 2002. 290(1): p. 230-5.
Defaux, A., et al., Effects of the PPAR-beta agonist GW501516 in an in vitro
model of brain inflammation and antibody-induced demyelination. J
Neuroinflammation, 2009. 6(1): p. 15.
Polak, P.E., et al., Protective effects of a peroxisome proliferator-activated
receptor-beta/delta agonist in experimental autoimmune encephalomyelitis. J
Neuroimmunol, 2005. 168(1-2): p. 65-75.
Iwashita, A., et al., Neuroprotective efficacy of the peroxisome proliferatoractivated receptor delta-selective agonists in vitro and in vivo. J Pharmacol Exp
Ther, 2007. 320(3): p. 1087-96.
Kalinin, S., J.C. Richardson, and D.L. Feinstein, A PPARdelta agonist reduces
amyloid burden and brain inflammation in a transgenic mouse model of
Alzheimer's disease. Curr Alzheimer Res, 2009. 6(5): p. 431-7.
Smith, S.A., et al., Effect of the peroxisome proliferator-activated receptor beta
activator GW0742 in rat cultured cerebellar granule neurons. J Neurosci Res,
2004. 77(2): p. 240-9.
Dunn, S.E., et al., Peroxisome proliferator-activated receptor {delta} limits the
expansion of pathogenic Th cells during central nervous system autoimmunity. J
Exp Med, 2010.
Skogsberg, J., et al., Evidence that peroxisome proliferator-activated receptor
delta influences cholesterol metabolism in men. Arterioscler Thromb Vasc Biol,
2003. 23(4): p. 637-43.
Skogsberg, J., et al., Peroxisome proliferator activated receptor delta genotype in
relation to cardiovascular risk factors and risk of coronary heart disease in
hypercholesterolaemic men. J Intern Med, 2003. 254(6): p. 597-604.
Chen, S., et al., Effects of PPARalpha, gamma and delta haplotypes on plasma
levels of lipids, severity and progression of coronary atherosclerosis and
response to statin therapy in the lipoprotein coronary atherosclerosis study.
Pharmacogenetics, 2004. 14(1): p. 61-71.
Aberle, J., et al., Association of peroxisome proliferator-activated receptor delta
+294T/C with body mass index and interaction with peroxisome proliferatoractivated receptor alpha L162V. Int J Obes (Lond), 2006. 30(12): p. 1709-13.

215
472.

473.

474.

475.

476.

477.
478.

479.

480.

481.
482.
483.

484.

485.
486.

487.

Burch, L.R., et al., A single nucleotide polymorphism on exon-4 of the gene
encoding PPARdelta is associated with reduced height in adults and children. J
Clin Endocrinol Metab, 2009. 94(7): p. 2587-93.
Burch, L.R., et al., Peroxisome proliferator-activated receptor-delta genotype
influences metabolic phenotype and may influence lipid response to statin
therapy in humans: a genetics of diabetes audit and research Tayside study. J
Clin Endocrinol Metab, 2010. 95(4): p. 1830-7.
Vanttinen, M., et al., Single nucleotide polymorphisms in the peroxisome
proliferator-activated receptor delta gene are associated with skeletal muscle
glucose uptake. Diabetes, 2005. 54(12): p. 3587-91.
Andrulionyte, L., et al., Single nucleotide polymorphisms of PPARD in
combination with the Gly482Ser substitution of PGC-1A and the Pro12Ala
substitution of PPARG2 predict the conversion from impaired glucose tolerance
to type 2 diabetes: the STOP-NIDDM trial. Diabetes, 2006. 55(7): p. 2148-52.
Hu, C., et al., Peroxisome proliferator-activated receptor (PPAR) delta genetic
polymorphism and its association with insulin resistance index and fasting
plasma glucose concentrations in Chinese subjects. Diabet Med, 2006. 23(12): p.
1307-12.
Shin, H.D., et al., Genetic polymorphisms in peroxisome proliferator-activated
receptor delta associated with obesity. Diabetes, 2004. 53(3): p. 847-51.
Saez, M.E., et al., Interaction between Calpain 5, Peroxisome proliferatoractivated receptor-gamma and Peroxisome proliferator-activated receptor-delta
genes: a polygenic approach to obesity. Cardiovasc Diabetol, 2008. 7: p. 23.
Grarup, N., et al., Variation in the peroxisome proliferator-activated receptor delta
gene in relation to common metabolic traits in 7,495 middle-aged white people.
Diabetologia, 2007. 50(6): p. 1201-8.
Lagou, V., et al., Impact of Peroxisome Proliferator-activated Receptors gamma
and delta on Adiposity in Toddlers and Preschoolers in the GENESIS Study.
Obesity (Silver Spring), 2008.
Helisalmi, S., et al., Genetic study between SIRT1, PPARD, PGC-1alpha genes
and Alzheimer's disease. J Neurol, 2008. 255(5): p. 668-73.
Holzapfel, J., et al., PPARD haplotype influences cholesterol metabolism but is
no risk factor of Alzheimer's disease. Neurosci Lett, 2006. 408(1): p. 57-61.
McGreavey, L.E., et al., No evidence that polymorphisms in CYP2C8, CYP2C9,
UGT1A6, PPARdelta and PPARgamma act as modifiers of the protective effect
of regular NSAID use on the risk of colorectal carcinoma. Pharmacogenet
Genomics, 2005. 15(10): p. 713-21.
Siezen, C.L., et al., Protective effect of nonsteroidal anti-inflammatory drugs on
colorectal adenomas is modified by a polymorphism in peroxisome proliferatoractivated receptor delta. Pharmacogenet Genomics, 2006. 16(1): p. 43-50.
Eynon, N., et al., Is there an interaction between PPARD T294C-PPARGC1A
Gly482Ser polymorphisms and endurance performance? Exp Physiol, 2009.
Hautala, A.J., et al., Peroxisome proliferator-activated receptor-delta
polymorphisms are associated with physical performance and plasma lipids: the
HERITAGE Family Study. Am J Physiol Heart Circ Physiol, 2007. 292(5): p.
H2498-505.
Fan, Y., et al., Suppression of pro-inflammatory adhesion molecules by PPARdelta in human vascular endothelial cells. Arterioscler Thromb Vasc Biol, 2008.
28(2): p. 315-21.

216
488.

489.

490.

491.

492.

493.
494.

495.
496.

497.

498.

499.

500.

501.

502.

503.

Liang, Y.J., et al., Comparison of PPARdelta and PPARgamma in inhibiting the
pro-inflammatory effects of C-reactive protein in endothelial cells. Int J Cardiol,
2009.
Piqueras, L., et al., Activation of PPAR{beta}/{delta} inhibits leukocyte
recruitment, cell adhesion molecule expression, and chemokine release. J
Leukoc Biol, 2009.
Rival, Y., et al., PPARalpha and PPARdelta activators inhibit cytokine-induced
nuclear translocation of NF-kappaB and expression of VCAM-1 in EAhy926
endothelial cells. Eur J Pharmacol, 2002. 435(2-3): p. 143-51.
Kim, H.J., et al., Transforming growth factor-beta1 is a molecular target for the
peroxisome proliferator-activated receptor delta. Circ Res, 2008. 102(2): p. 193200.
Haskova, Z., et al., Modulation of LPS-induced pulmonary neutrophil infiltration
and cytokine production by the selective PPARbeta/delta ligand GW0742.
Inflamm Res, 2008. 57(7): p. 314-21.
Barish, G.D., et al., PPARdelta regulates multiple proinflammatory pathways to
suppress atherosclerosis. Proc Natl Acad Sci U S A, 2008. 105(11): p. 4271-6.
Jakobsen, M.A., et al., Peroxisome proliferator-activated receptor alpha, delta,
gamma1 and gamma2 expressions are present in human monocyte-derived
dendritic cells and modulate dendritic cell maturation by addition of subtypespecific ligands. Scand J Immunol, 2006. 63(5): p. 330-7.
Smeets, P.J., et al., Inflammatory pathways are activated during cardiomyocyte
hypertrophy and attenuated by PPARalpha and PPARdelta. J Biol Chem, 2008.
Ding, G., et al., PPARδ modulates lipopolysaccharide-induced TNFα
inflammation signaling in cultured cardiomyocytes. Journal of Molecular and
Cellular Cardiology, 2006. 40(6): p. 821-828.
Yue, T.L., et al., In vivo activation of peroxisome proliferator-activated receptordelta protects the heart from ischemia/reperfusion injury in Zucker fatty rats. J
Pharmacol Exp Ther, 2008. 325(2): p. 466-74.
Nagasawa, T., et al., Effects of bezafibrate, PPAR pan-agonist, and GW501516,
PPARδ agonist, on development of steatohepatitis in mice fed a methionine- and
choline-deficient diet. European Journal of Pharmacology, 2006. 536(1-2): p.
182-191.
Shan, W., et al., Ligand activation of peroxisome proliferator-activated receptor
beta/delta (PPARbeta/delta) attenuates carbon tetrachloride hepatotoxicity by
downregulating proinflammatory gene expression. Toxicol Sci, 2008. 105(2): p.
418-28.
Kino, T., K.C. Rice, and G.P. Chrousos, The PPARdelta agonist GW501516
suppresses interleukin-6-mediated hepatocyte acute phase reaction via STAT3
inhibition. Eur J Clin Invest, 2007. 37(5): p. 425-33.
Sanderson, L.M., et al., Transcriptional profiling reveals divergent roles of
PPARalpha and PPARbeta/delta in regulation of gene expression in mouse liver.
Physiol Genomics, 2010. 41(1): p. 42-52.
Man, M.Q., et al., Deficiency of PPARbeta/delta in the epidermis results in
defective cutaneous permeability barrier homeostasis and increased
inflammation. J Invest Dermatol, 2008. 128(2): p. 370-7.
Schmuth, M., et al., Peroxisome Proliferator-Activated Receptor (PPAR)-β/δ
Stimulates Differentiation and Lipid Accumulation in Keratinocytes. J Investig
Dermatol, 2004. 122(4): p. 971-983.

217
504.
505.

506.

507.

508.
509.

510.

511.

512.
513.

514.

515.

516.

517.

518.

519.

Tan, N.S., et al., Critical roles of PPARβ/δ in keratinocyte response to
inflammation. Genes Dev., 2001. 15(24): p. 3263-3277.
Tan, N.S., et al., The nuclear hormone receptor peroxisome proliferator-activated
receptor beta/delta potentiates cell chemotactism, polarization, and migration.
Mol Cell Biol, 2007. 27(20): p. 7161-75.
Michalik, L., et al., Impaired skin wound healing in peroxisome proliferatoractivated receptor (PPAR) α and PPARβ mutant mice, in J. Cell. Biol. 2001. p.
799-814.
Chong, H.C., et al., Regulation of epithelial-mesenchymal IL-1 signaling by
PPARbeta/delta is essential for skin homeostasis and wound healing. J Cell Biol,
2009. 184(6): p. 817-31.
Hollingshead, H.E., et al., PPARbeta/delta protects against experimental colitis
through a ligand-independent mechanism. Dig Dis Sci, 2007. 52(11): p. 2912-9.
Rodriguez-Calvo, R., et al., Activation of peroxisome proliferator-activated
receptor beta/delta inhibits lipopolysaccharide-induced cytokine production in
adipocytes by lowering nuclear factor-kappaB activity via extracellular signalrelated kinase 1/2. Diabetes, 2008. 57(8): p. 2149-57.
Matsuura, H., et al., Correlation between expression of peroxisome proliferatoractivated receptor β and squamous differentiation in epidermal and
tracheobronchial epithelial cells. Molecular and Cellular Endocrinology, 1999.
147(1-2): p. 85-92.
Westergaard, M., et al., Modulation of Keratinocyte Gene Expression and
Differentiation by PPAR-Selective Ligands and Tetradecylthioacetic Acid. J.
Invest. Dermatol., 2001. 116(5): p. 702-712.
Kim, D.J., et al., PPARbeta/delta selectively induces differentiation and inhibits
cell proliferation. Cell Death Differ, 2006. 13(1): p. 53-60.
Marin, H.E., et al., Ligand Activation of Peroxisome Proliferator-Activated
Receptor β Inhibits Colon Carcinogenesis. Cancer Res., 2006. 66(8): p. 43944401.
Varnat, F., et al., PPARbeta/delta regulates paneth cell differentiation via
controlling the hedgehog signaling pathway. Gastroenterology, 2006. 131(2): p.
538-53.
Burdick, A.D., et al., Ligand activation of peroxisome proliferator-activated
receptor-β/δ (PPARβ/δ) inhibits cell growth of human N/TERT-1 keratinocytes.
Cellular Signalling, 2007. 19(6): p. 1163-1171.
Aung, C.S., et al., Isoform specific changes in PPARα and β in colon and breast
cancer with differentiation. Biochem. Biophys. Res. Commun., 2006. 340(2): p.
656-660.
Yang, L., et al., Knockdown of peroxisome proliferator-activated receptor-beta
induces less differentiation and enhances cell-fibronectin adhesion of colon
cancer cells. Oncogene, 2010. 29(4): p. 516-26.
Still, K., et al., The peroxisome proliferator activator receptor alpha/delta agonists
linoleic acid and bezafibrate upregulate osteoblast differentiation and induce
periosteal bone formation in vivo. Calcif Tissue Int, 2008. 83(4): p. 285-92.
Zhu, D.Y., et al., PPAR-beta facilitating maturation of hepatic-like tissue derived
from mouse embryonic stem cells accompanied by mitochondriogenesis and
membrane potential retention. J Cell Biochem, 2010. 109(3): p. 498-508.

218
520.

521.

522.

523.
524.

525.

526.

527.

528.

529.

530.
531.

532.

533.

534.

535.

Leisewitz, A.V., et al., A PPARs cross-talk concertedly commits C6 glioma cells
to oligodendrocytes and induces enzymes involved in myelin synthesis. J Cell
Physiol, 2008. 217(2): p. 367-76.
Jiang, Y.J., et al., PPARdelta Activation Promotes Stratum Corneum Formation
and Epidermal Permeability Barrier Development during Late Gestation. J Invest
Dermatol, 2009.
Werling, U., et al., Induction of Differentiation in F9 Cells and Activation of
Peroxisome Proliferator-Activated Receptor δ by Valproic Acid and Its
Teratogenic Derivatives. Mol. Pharmacol., 2001. 59(5): p. 1269-1276.
Burdick, A.D., et al., The role of peroxisome proliferator-activated receptor-β/δ in
epithelial growth and differentiation. Cellular Signalling, 2006. 18(1): p. 9-20.
Bility, M.T., et al., Ligand activation of peroxisome proliferator-activated receptor
beta/delta (PPAR beta/delta) inhibits chemically induced skin tumorigenesis.
Carcinogenesis, 2008. 29(12): p. 2406-14.
Kim, D.J., et al., Peroxisome Proliferator-activated Receptor β (δ) -dependent
Regulation of Ubiquitin C Expression Contributes to Attenuation of Skin
Carcinogenesis. J. Biol. Chem., 2004. 279(22): p. 23719-23727.
Kim, D.J., et al., Peroxisome Proliferator-activated Receptor-β/δ Inhibits
Epidermal Cell Proliferation by Down-regulation of Kinase Activity. J. Biol. Chem.,
2005. 280(10): p. 9519-9527.
Martinasso, G., et al., Effects of Di(2-Ethylhexyl) Phthalate, A Widely Used
Peroxisome Proliferator and Plasticizer, on Cell Growth in the Human
Keratinocyte Cell Line NCTC 2544. J. Toxicol. Environ. Health A., 2006. 69(5): p.
353 - 365.
Romanowska, M., et al., PPARdelta Enhances Keratinocyte Proliferation in
Psoriasis and Induces Heparin-Binding EGF-Like Growth Factor. J Invest
Dermatol, 2007.
Liang, P., et al., The role of peroxisome proliferator-activated receptor-beta/delta
in epidermal growth factor-induced HaCaT cell proliferation. Exp Cell Res, 2008.
314(17): p. 3142-51.
Muller-Brusselbach, S., et al., Deregulation of tumor angiogenesis and blockade
of tumor growth in PPARbeta-deficient mice. Embo J, 2007. 26(15): p. 3686-98.
Zeng, L., et al., Peroxisome proliferator-activated receptor-delta induces cell
proliferation by a cyclin E1-dependent mechanism and is up-regulated in thyroid
tumors. Cancer Res, 2008. 68(16): p. 6578-86.
Shirotani, M., et al., U-61,431F, a stable prostacyclin analogue, inhibits the
proliferation of bovine vascular smooth muscle cells with little antiproliferative
effect on endothelial cells. Prostaglandins, 1991. 41(2): p. 97-110.
Hara, S., et al., Overexpression of prostacyclin synthase inhibits growth of
vascular smooth muscle cells. Biochem Biophys Res Commun, 1995. 216(3): p.
862-7.
Li, R.C., et al., Prostacyclin induces apoptosis of vascular smooth muscle cells
by a cAMP-mediated inhibition of extracellular signal-regulated kinase activity
and can counteract the mitogenic activity of endothelin-1 or basic fibroblast
growth factor. Circ Res, 2004. 94(6): p. 759-67.
Lin, H., et al., Molecular mechanisms of the antiproliferative effect of beraprost, a
prostacyclin agonist, in murine vascular smooth muscle cells. J Cell Physiol,
2008. 214(2): p. 434-41.

219
536.

537.

538.
539.

540.

541.

542.

543.

544.

545.

546.

547.

548.

549.

550.

Clapp, L.H., et al., Differential effects of stable prostacyclin analogs on smooth
muscle proliferation and cyclic AMP generation in human pulmonary artery. Am J
Respir Cell Mol Biol, 2002. 26(2): p. 194-201.
Ali, F.Y., et al., Role of prostacyclin versus peroxisome proliferator-activated
receptor beta receptors in prostacyclin sensing by lung fibroblasts. Am J Respir
Cell Mol Biol, 2006. 34(2): p. 242-6.
Hatae, T., et al., Prostacyclin-dependent Apoptosis Mediated by PPARδ. J. Biol.
Chem., 2001. 276(49): p. 46260-46267.
Piqueras, L., et al., Activation of PPARbeta/delta induces endothelial cell
proliferation and angiogenesis. Arterioscler Thromb Vasc Biol, 2007. 27(1): p. 639.
Stephen, R.L., et al., Activation of peroxisome proliferator-activated receptor
delta stimulates the proliferation of human breast and prostate cancer cell lines.
Cancer Res, 2004. 64(9): p. 3162-70.
Han, J.K., et al., Peroxisome proliferator-activated receptor-delta agonist
enhances vasculogenesis by regulating endothelial progenitor cells through
genomic and nongenomic activations of the phosphatidylinositol 3-kinase/Akt
pathway. Circulation, 2008. 118(10): p. 1021-33.
Zhang, H., et al., PPARbeta/delta activation inhibits angiotensin II-induced
collagen type I expression in rat cardiac fibroblasts. Arch Biochem Biophys,
2007. 460(1): p. 25-32.
Teunissen, B.E., et al., Activation of PPARdelta inhibits cardiac fibroblast
proliferation and the transdifferentiation into myofibroblasts. Cardiovasc Res,
2007. 75(3): p. 519-29.
Clark, J., R. Nasrallah, and R.L. Hebert, The PPARdelta Ligand GW501516
Reduces Growth but Not Apoptosis in Mouse Inner Medullary Collecting Duct
Cells. PPAR Res, 2009. 2009: p. 706283.
Han, S., et al., Activation of Peroxisome Proliferator-activated Receptor β/δ
(PPARβ/δ) Increases the Expression of Prostaglandin E2 Receptor Subtype
EP4: THE ROLES OF PHOSPHATIDYLINOSITOL 3-KINASE AND
CCAAT/ENHANCER-BINDING PROTEIN β. J. Biol. Chem., 2005. 280(39): p.
33240-33249.
Han, S., et al., PPARbeta/delta agonist stimulates human lung carcinoma cell
growth through inhibition of PTEN expression: the involvement of PI3K and NFkappaB signals. Am J Physiol Lung Cell Mol Physiol, 2008. 294(6): p. L1238-49.
Pedchenko, T.V., et al., Peroxisome proliferator-activated receptor beta/delta
expression and activation in lung cancer. Am J Respir Cell Mol Biol, 2008. 39(6):
p. 689-96.
Glinghammar, B., et al., PPARdelta activation induces COX-2 gene expression
and cell proliferation in human hepatocellular carcinoma cells. Biochem Biophys
Res Commun, 2003. 308(2): p. 361-8.
Xu, L., et al., Cross-talk between Peroxisome Proliferator-Activated Receptor δ
and Cytosolic Phospholipase A2α/Cyclooxygenase-2/Prostaglandin E2 Signaling
Pathways in Human Hepatocellular Carcinoma Cells. Cancer Res., 2006. 66(24):
p. 11859-11868.
Xu, L., C. Han, and T. Wu, A Novel Positive Feedback Loop between
Peroxisome Proliferator-activated Receptor-δ and Prostaglandin E2 Signaling
Pathways for Human Cholangiocarcinoma Cell Growth. J. Biol. Chem., 2006.
281(45): p. 33982-33996.

220
551.

552.

553.

554.

555.

556.

557.

558.

559.

560.

561.
562.

563.

564.

565.

Berge, K., et al., Tetradecylthioacetic acid inhibits growth of rat glioma cells ex
vivo and in vivo via PPAR-dependent and PPAR-independent pathways.
Carcinogenesis, 2001. 22(11): p. 1747-55.
Hollingshead, H.E., et al., Peroxisome proliferator-activated receptor-beta/delta
(PPARbeta/delta) ligands do not potentiate growth of human cancer cell lines.
Carcinogenesis, 2007. 28(12): p. 2641-9.
Yang, L., et al., RNA Interference Against Peroxisome Proliferator-Activated
Receptor delta Gene Promotes Proliferation of Human Colorectal Cancer Cells.
Dis Colon Rectum, 2008.
Girroir, E.E., et al., Peroxisome proliferator-activated receptor-beta/delta
(PPARbeta/delta) ligands inhibit growth of UACC903 and MCF7 human cancer
cell lines. Toxicology, 2008. 243(1-2): p. 236-43.
Fukumoto, K., et al., Peroxisome proliferator-activated receptor δ as a molecular
target to regulate lung cancer cell growth. FEBS Letters, 2005. 579(17): p. 38293836.
He, P., et al., Effect of ligand activation of peroxisome proliferator-activated
receptor-beta/delta (PPARbeta/delta) in human lung cancer cell lines.
Toxicology, 2008. 254(1-2): p. 112-7.
Bility, M.T., et al., Ligand activation of peroxisome proliferator-activated receptorbeta/delta and inhibition of cyclooxygenase-2 enhances inhibition of skin
tumorigenesis. Toxicol Sci, 2010. 113(1): p. 27-36.
Sertznig, P., et al., Cross-talk between vitamin D receptor (VDR)- and
peroxisome proliferator-activated receptor (PPAR)-signaling in melanoma cells.
Anticancer Res, 2009. 29(9): p. 3647-58.
Michiels, J.F., et al., PPARbeta activation inhibits melanoma cell proliferation
involving repression of the Wilms' tumour suppressor WT1. Pflugers Arch, 2010.
459(5): p. 689-703.
Foreman, J.E., et al., Ligand activation of peroxisome proliferator-activated
receptor-beta/delta (PPARbeta/delta) inhibits cell growth in a mouse mammary
gland cancer cell line. Cancer Lett, 2009.
Otsuyama, K.I., et al., PPARbeta-mediated growth suppression of baicalein and
dexamethasone in human myeloma cells. Leukemia, 2007. 21(1): p. 187-90.
Ou, Y.C., et al., Indomethacin induces apoptosis in 786-O renal cell carcinoma
cells by activating mitogen-activated protein kinases and AKT. Eur J Pharmacol,
2007. 563(1-3): p. 49-60.
Wan, J., et al., Activation of PPARdelta up-regulates fatty acid oxidation and
energy uncoupling genes of mitochondria and reduces palmitate-induced
apoptosis in pancreatic beta-cells. Biochem Biophys Res Commun, 2010. 391(3):
p. 1567-72.
Chopra, B., et al., Structurally diverse peroxisome proliferator-activated receptor
agonists induce apoptosis in human uro-epithelial cells by a receptorindependent mechanism involving store-operated calcium channels. Cell Prolif,
2009.
Kim, H.J., et al., Peroxisome proliferator-activated receptor {delta} regulates
extracellular matrix and apoptosis of vascular smooth muscle cells through the
activation of transforming growth factor-{beta}1/Smad3. Circ Res, 2009. 105(1):
p. 16-24.

221
566.

567.

568.

569.

570.

571.

572.
573.

574.
575.
576.

577.
578.

579.

580.

581.

582.

Gupta, R.A., et al., Activation of nuclear hormone receptor peroxisome
proliferator-activated receptor-δ accelerates intestinal adenoma growth. Nat Med,
2004. 10(3): p. 245-247.
Wang, D., et al., Crosstalk between peroxisome proliferator-activated receptor
{delta} and VEGF stimulates cancer progression. Proc Natl Acad Sci U S A,
2006. 103(50): p. 19069-74.
Wang, D., et al., Prostaglandin E2 promotes colorectal adenoma growth via
transactivation of the nuclear peroxisome proliferator-activated receptor δ.
Cancer Cell, 2004. 6(3): p. 285-295.
Tsuji, K., et al., Role of ceramide kinase in peroxisome proliferator-activated
receptor beta-induced cell survival of mouse keratinocytes. Febs J, 2008.
275(15): p. 3815-26.
Letavernier, E., et al., Peroxisome proliferator-activated receptor beta/delta
exerts a strong protection from ischemic acute renal failure. J Am Soc Nephrol,
2005. 16(8): p. 2395-402.
Liou, J.Y., et al., Protection of endothelial survival by peroxisome proliferatoractivated receptor-delta mediated 14-3-3 upregulation. Arterioscler Thromb Vasc
Biol, 2006. 26(7): p. 1481-7.
Jiang, B., et al., Role of PPAR-beta in hydrogen peroxide-induced apoptosis in
human umbilical vein endothelial cells. Atherosclerosis, 2009. 204(2): p. 353-8.
Jiang, B., et al., Enhancement of PPAR-beta activity by repetitive low-grade
H(2)O(2) stress protects human umbilical vein endothelial cells from subsequent
oxidative stress-induced apoptosis. Free Radic Biol Med, 2009. 46(5): p. 555-63.
Liang, P., et al., Anti-apoptotic role of EGF in HaCaT keratinocytes via a
PPARbeta-dependent mechanism. Wound Repair Regen, 2008. 16(5): p. 691-8.
He, T.-C., et al., PPARδ Is an APC-Regulated Target of Nonsteroidal AntiInflammatory Drugs. Cell, 1999. 99(3): p. 335-345.
Takayama, O., et al., Expression of PPARdelta in multistage carcinogenesis of
the colorectum: implications of malignant cancer morphology. Br J Cancer, 2006.
95(7): p. 889-95.
Gupta, R.A., et al., Prostacyclin-mediated activation of peroxisome proliferatoractivated receptor δ in colorectal cancer. PNAS, 2000. 97(24): p. 13275-13280.
Knutsen, H.K., et al., Increased levels of PPARbeta/delta and cyclin D1 in flat
dysplastic ACF and adenomas in Apc(Min/+) mice. Anticancer Res, 2005.
25(6B): p. 3781-9.
Ouyang, N., J.L. Williams, and B. Rigas, NO-donating aspirin isomers
downregulate peroxisome proliferator-activated receptor (PPAR)delta expression
in APC(min/+) mice proportionally to their tumor inhibitory effect: Implications for
the role of PPARdelta in carcinogenesis. Carcinogenesis, 2006. 27(2): p. 232-9.
Wang, D., et al., From the Cover: Crosstalk between peroxisome proliferatoractivated receptor δ and VEGF stimulates cancer progression. PNAS, 2006.
103(50): p. 19069-19074.
Zuo, X., et al., Targeted genetic disruption of peroxisome proliferator-activated
receptor-delta and colonic tumorigenesis. J Natl Cancer Inst, 2009. 101(10): p.
762-7.
Harman, F.S., et al., Peroxisome proliferator-activated receptor-δ attenuates
colon carcinogenesis. Nat Med, 2004. 10(5): p. 481-483.

222
583.

584.

585.

586.

587.

588.

589.

590.

591.

592.

593.

594.
595.
596.
597.
598.
599.
600.
601.

Chang, W.C., et al., Sulindac sulfone is most effective in modulating betacatenin-mediated transcription in cells with mutant APC. Ann N Y Acad Sci,
2005. 1059: p. 41-55.
Handeli, S. and J.A. Simon, A small-molecule inhibitor of Tcf/beta-catenin
signaling down-regulates PPARgamma and PPARdelta activities. Mol Cancer
Ther, 2008. 7(3): p. 521-9.
Hollingshead, H.E., et al., Ligand activation of peroxisome proliferator-activated
receptor-beta/delta (PPARbeta/delta) and inhibition of cyclooxygenase 2 (COX2)
attenuate colon carcinogenesis through independent signaling mechanisms.
Carcinogenesis, 2008. 29(1): p. 169-76.
Foreman, J.E., et al., Regulation of peroxisome proliferator-activated receptorbeta/delta by the APC/beta-CATENIN pathway and nonsteroidal antiinflammatory
drugs. Mol Carcinog, 2009.
Kim, D.J., et al., Inhibition of chemically induced skin carcinogenesis by sulindac
is independent of peroxisome proliferator-activated receptor-β/δ (PPARβ/δ).
Carcinogenesis, 2006. 27(5): p. 1105-1112.
Muller-Brusselbach, S., et al., Growth of transgenic RAF-induced lung adenomas
is increased in mice with a disrupted PPARbeta/delta gene. Int J Oncol, 2007.
31(3): p. 607-11.
Yin, Y., et al., Peroxisome proliferator-activated receptor delta and gamma
agonists differentially alter tumor differentiation and progression during mammary
carcinogenesis. Cancer Res, 2005. 65(9): p. 3950-7.
Schug, T.T., et al., Overcoming retinoic acid-resistance of mammary carcinomas
by diverting retinoic acid from PPARbeta/delta to RAR. Proc Natl Acad Sci U S A,
2008. 105(21): p. 7546-51.
Tong, B.J., et al., Heightened expression of cyclooxygenase-2 and peroxisome
proliferator- activated receptor-delta in human endometrial adenocarcinoma.
Neoplasia, 2000. 2(6): p. 483-90.
Yu, J., et al., Expression of peroxisome proliferator-activated receptor delta in
human gastric cancer and its response to specific COX-2 inhibitor. Cancer Lett,
2005. 223(1): p. 11-7.
Shan, W., et al., Peroxisome proliferator-activated receptor-beta/delta protects
against chemically induced liver toxicity in mice. Hepatology, 2008. 47(1): p. 22535.
Kanitakis, J., Anatomy, histology and immunohistochemistry of normal human
skin. Eur J Dermatol, 2002. 12(4): p. 390-9; quiz 400-1.
Girardi, M., Cutaneous perspectives on adaptive immunity. Clin Rev Allergy
Immunol, 2007. 33(1-2): p. 4-14.
Eckert, R.L., Structure, function, and differentiation of the keratinocyte. Physiol
Rev, 1989. 69(4): p. 1316-46.
Eckert, R.L. and E.A. Rorke, Molecular biology of keratinocyte differentiation.
Environ Health Perspect, 1989. 80: p. 109-16.
Fuchs, E., Epidermal Differentiation: The Bare Essentials. J. Cell Biol., 1990.
111(6): p. 2807-2814.
Fuchs, E. and C. Byrne, The epidermis: rising to the surface. Curr Opin Genet
Dev, 1994. 4(5): p. 725-36.
Fuchs, E., Keratins and the skin. Annu Rev Cell Dev Biol, 1995. 11: p. 123-53.
Houben, E., K. De Paepe, and V. Rogiers, A keratinocyte's course of life. Skin
Pharmacol Physiol, 2007. 20(3): p. 122-32.

223
602.
603.
604.
605.
606.

607.

608.

609.

610.

611.
612.

613.
614.
615.
616.
617.
618.
619.

620.
621.
622.

Nemes, Z. and P.M. Steinert, Bricks and mortar of the epidermal barrier. Exp Mol
Med, 1999. 31(1): p. 5-19.
Rice, R.H., et al., Keratinocyte transglutaminase: differentiation marker and
member of an extended family. Epithelial Cell Biol, 1992. 1(3): p. 128-37.
Hennings, H., et al., Growth and differentiation of mouse epidermal cells in
culture: effects of extracellular calcium. Curr Probl Dermatol, 1980. 10: p. 3-25.
Hennings, H., et al., Calcium regulation of growth and differentiation of mouse
epidermal cells in culture. Cell, 1980. 19(1): p. 245-54.
Dotto, G.P., Signal transduction pathways controlling the switch between
keratinocyte growth and differentiation. Crit Rev Oral Biol Med, 1999. 10(4): p.
442-57.
Dlugosz, A.A. and S.H. Yuspa, Coordinate changes in gene expression which
mark the spinous to granular cell transition in epidermis are regulated by protein
kinase C. J Cell Biol, 1993. 120(1): p. 217-25.
Cline, P.R. and R.H. Rice, Modulation of involucrin and envelope competence in
human keratinocytes by hydrocortisone, retinyl acetate, and growth arrest.
Cancer Res, 1983. 43(7): p. 3203-7.
Thacher, S.M., E.L. Coe, and R.H. Rice, Retinoid suppression of
transglutaminase activity and envelope competence in cultured human epidermal
carcinoma cells. Hydrocortisone is a potent antagonist or retinyl acetate but not
retinoic acid. Differentiation, 1985. 29(1): p. 82-7.
Studzinski, G.P., J.A. McLane, and M.R. Uskokovic, Signaling pathways for
vitamin D-induced differentiation: implications for therapy of proliferative and
neoplastic diseases. Crit Rev Eukaryot Gene Expr, 1993. 3(4): p. 279-312.
Fisher, C., M. Blumenberg, and M. Tomic-Canic, Retinoid receptors and
keratinocytes. Crit Rev Oral Biol Med, 1995. 6(4): p. 284-301.
Glick, A.B., M.B. Sporn, and S.H. Yuspa, Altered regulation of TGF-beta 1 and
TGF-alpha in primary keratinocytes and papillomas expressing v-Ha-ras. Mol
Carcinog, 1991. 4(3): p. 210-9.
Freedberg, I.M., et al., Keratins and the keratinocyte activation cycle. J Invest
Dermatol, 2001. 116(5): p. 633-40.
Melnikova, V.O. and H.N. Ananthaswamy, Cellular and molecular events leading
to the development of skin cancer. Mutat Res, 2005. 571(1-2): p. 91-106.
Molho-Pessach, V. and M. Lotem, Viral carcinogenesis in skin cancer. Curr Probl
Dermatol, 2007. 35: p. 39-51.
Sivak, A., Cocarcinogenesis. Biochim Biophys Acta, 1979. 560(1): p. 67-89.
Yuspa, S.H., H. Hennings, and U. Saffiotti, Cutaneous chemical carcinogenesis:
past, present, and future. J Invest Dermatol, 1976. 67(1): p. 199-208.
Lee, E.H., K.S. Nehal, and J.J. Disa, Benign and premalignant skin lesions. Plast
Reconstr Surg, 2010. 125(5): p. 188e-198e.
Knutsen, G.L., R.M. Kovatch, and M. Robinson, Gross and microscopic lesions in
the female SENCAR mouse skin and lung in tumor initiation and promotion
studies. Environ Health Perspect, 1986. 68: p. 91-104.
Mukhtar, H., H.F. Merk, and M. Athar, Skin chemical carcinogenesis. Clin
Dermatol, 1989. 7(3): p. 1-10.
Yuspa, S.H., Cutaneous chemical carcinogenesis. J Am Acad Dermatol, 1986.
15(5 Pt 1): p. 1031-44.
Yuspa, S.H., et al., The malignant conversion step of mouse skin carcinogenesis.
Environ Health Perspect, 1990. 88: p. 193-5.

224
623.
624.
625.
626.
627.
628.

629.

630.

631.
632.

633.
634.
635.

636.

637.

638.

639.

640.

McGregor, J.M. and M.H. Rustin, Human papillomavirus and skin cancer.
Postgrad Med J, 1994. 70(828): p. 682-5.
Sterling, J.C., Human papillomaviruses and skin cancer. J Clin Virol, 2005. 32
Suppl 1: p. S67-71.
Mitchell, D.L., The relative cytotoxicity of (6-4) photoproducts and cyclobutane
dimers in mammalian cells. Photochem Photobiol, 1988. 48(1): p. 51-7.
Mitchell, D.L. and R.S. Nairn, The biology of the (6-4) photoproduct. Photochem
Photobiol, 1989. 49(6): p. 805-19.
Setlow, R.B. and W.L. Carrier, Pyrimidine dimers in ultraviolet-irradiated DNA's. J
Mol Biol, 1966. 17(1): p. 237-54.
Brash, D.E., UV mutagenic photoproducts in Escherichia coli and human cells: a
molecular genetics perspective on human skin cancer. Photochem Photobiol,
1988. 48(1): p. 59-66.
Boiteux, S., Properties and biological functions of the NTH and FPG proteins of
Escherichia coli: two DNA glycosylases that repair oxidative damage in DNA. J
Photochem Photobiol B, 1993. 19(2): p. 87-96.
Boiteux, S., et al., Substrate specificity of the Escherichia coli Fpg protein
(formamidopyrimidine-DNA glycosylase): excision of purine lesions in DNA
produced by ionizing radiation or photosensitization. Biochemistry, 1992. 31(1):
p. 106-10.
Tchou, J., et al., 8-oxoguanine (8-hydroxyguanine) DNA glycosylase and its
substrate specificity. Proc Natl Acad Sci U S A, 1991. 88(11): p. 4690-4.
Kanjilal, S., et al., High frequency of p53 mutations in ultraviolet radiation-induced
murine skin tumors: evidence for strand bias and tumor heterogeneity. Cancer
Res, 1993. 53(13): p. 2961-4.
Sarasin, A., The molecular pathways of ultraviolet-induced carcinogenesis. Mutat
Res, 1999. 428(1-2): p. 5-10.
Rass, K. and J. Reichrath, UV damage and DNA repair in malignant melanoma
and nonmelanoma skin cancer. Adv Exp Med Biol, 2008. 624: p. 162-78.
Huff, J., et al., Chemicals associated with site-specific neoplasia in 1394 longterm carcinogenesis experiments in laboratory rodents. Environ Health Perspect,
1991. 93: p. 247-70.
Desai, D., et al., Synthesis, in vitro metabolism, cell transformation, mutagenicity,
and DNA adduction of dibenzo[c,mno]chrysene. Chem Res Toxicol, 2002. 15(7):
p. 964-71.
Kondraganti, S.R., et al., Polycyclic aromatic hydrocarbon-inducible DNA
adducts: evidence by 32P-postlabeling and use of knockout mice for Ah receptorindependent mechanisms of metabolic activation in vivo. Int J Cancer, 2003.
103(1): p. 5-11.
DiGiovanni, J., Metabolism of polycyclic aromatic hydrocarbons and phorbol
esters by mouse skin: relevance to mechanism of action and trans-species/strain
carcinogenesis. Prog Clin Biol Res, 1989. 298: p. 167-99.
Wyatt, M.D. and D.L. Pittman, Methylating agents and DNA repair responses:
Methylated bases and sources of strand breaks. Chem Res Toxicol, 2006.
19(12): p. 1580-94.
Melikian, A.A., et al., Comparative DNA binding of polynuclear aromatic
hydrocarbons and their dihydrodiol and bay region diolepoxide metabolites in
newborn mouse lung and liver. Carcinogenesis, 1991. 12(9): p. 1665-70.

225
641.
642.
643.
644.
645.

646.
647.

648.
649.
650.

651.

652.

653.
654.

655.

656.

657.

658.

659.

Quintanilla, M., et al., Comparison of ras activation during epidermal
carcinogenesis in vitro and in vivo. Carcinogenesis, 1991. 12(10): p. 1875-81.
Balmain, A., et al., Activation of the mouse cellular Harvey-ras gene in chemically
induced benign skin papillomas. Nature, 1984. 307(5952): p. 658-60.
Guengerich, F.P., Metabolism of chemical carcinogens. Carcinogenesis, 2000.
21(3): p. 345-51.
Abel, E.L., et al., Multi-stage chemical carcinogenesis in mouse skin:
fundamentals and applications. Nat Protoc, 2009. 4(9): p. 1350-62.
Hecker, E., Three stage carcinogenesis in mouse skin--recent results and
present status of an advanced model system of chemical carcinogenesis. Toxicol
Pathol, 1987. 15(2): p. 245-58.
Owens, D.M., S. Wei, and R.C. Smart, A multihit, multistage model of chemical
carcinogenesis. Carcinogenesis, 1999. 20(9): p. 1837-44.
Rehman, I., et al., Frequent codon 12 Ki-ras mutations in mouse skin tumors
initiated by N-methyl-N'-nitro-N-nitrosoguanidine and promoted by mezerein. Mol
Carcinog, 2000. 27(4): p. 298-307.
Ahmad, N., S.K. Katiyar, and H. Mukhtar, Antioxidants in chemoprevention of
skin cancer. Curr Probl Dermatol, 2001. 29: p. 128-39.
Bickers, D.R. and M. Athar, Novel approaches to chemoprevention of skin
cancer. J Dermatol, 2000. 27(11): p. 691-5.
Clifford, J.L. and J. DiGiovanni, The promise of natural products for blocking
early events in skin carcinogenesis. Cancer Prev Res (Phila Pa), 2010. 3(2): p.
132-5.
Gielen, J.E., F.M. Goujon, and D.W. Nebert, Genetic regulation of aryl
hydrocarbon hydroxylase induction. II. Simple Mendelian expression in mouse
tissues in vivo. J Biol Chem, 1972. 247(4): p. 1125-37.
Nebert, D.W., F.M. Goujon, and J.E. Gielen, Aryl hydrocarbon hydroxylase
induction by polycyclic hydrocarbons: simple autosomal dominant trait in the
mouse. Nat New Biol, 1972. 236(65): p. 107-10.
Nebert, D.W., et al., Genetic expression of aryl hydrocarbon hydroxylase activity
in the mouse. J Cell Physiol, 1975. 85(2 Pt 2 Suppl 1): p. 393-414.
Gasiewicz, T.A. and P.A. Bauman, Heterogeneity of the rat hepatic Ah receptor
and evidence for transformation in vitro and in vivo. J Biol Chem, 1987. 262(5): p.
2116-20.
Denison, M.S., P.A. Harper, and A.B. Okey, Ah receptor for 2,3,7,8tetrachlorodibenzo-p-dioxin. Codistribution of unoccupied receptor with cytosolic
marker enzymes during fractionation of mouse liver, rat liver and cultured Hepa1c1 cells. Eur J Biochem, 1986. 155(2): p. 223-9.
Whitlock, J.P., Jr. and D.R. Galeazzi, 2,3,7,8-Tetrachlorodibenzo-p-dioxin
receptors in wild type and variant mouse hepatoma cells. Nuclear location and
strength of nuclear binding. J Biol Chem, 1984. 259(2): p. 980-5.
Burbach, K.M., A. Poland, and C.A. Bradfield, Cloning of the Ah-receptor cDNA
reveals a distinctive ligand-activated transcription factor. Proc Natl Acad Sci U S
A, 1992. 89(17): p. 8185-9.
Perdew, G.H., Chemical cross-linking of the cytosolic and nuclear forms of the
Ah receptor in hepatoma cell line 1c1c7. Biochem Biophys Res Commun, 1992.
182(1): p. 55-62.
Chen, H.S. and G.H. Perdew, Subunit composition of the heteromeric cytosolic
aryl hydrocarbon receptor complex. J Biol Chem, 1994. 269(44): p. 27554-8.

226
660.

661.

662.

663.

664.

665.

666.

667.

668.

669.

670.

671.

672.

673.

674.

Carver, L.A. and C.A. Bradfield, Ligand-dependent interaction of the aryl
hydrocarbon receptor with a novel immunophilin homolog in vivo. J Biol Chem,
1997. 272(17): p. 11452-6.
Ma, Q. and J.P. Whitlock, Jr., A novel cytoplasmic protein that interacts with the
Ah receptor, contains tetratricopeptide repeat motifs, and augments the
transcriptional response to 2,3,7,8-tetrachlorodibenzo-p-dioxin. J Biol Chem,
1997. 272(14): p. 8878-84.
Meyer, B.K., et al., Hepatitis B virus X-associated protein 2 is a subunit of the
unliganded aryl hydrocarbon receptor core complex and exhibits transcriptional
enhancer activity. Mol Cell Biol, 1998. 18(2): p. 978-88.
Reyes, H., S. Reisz-Porszasz, and O. Hankinson, Identification of the Ah
receptor nuclear translocator protein (Arnt) as a component of the DNA binding
form of the Ah receptor. Science, 1992. 256(5060): p. 1193-5.
Bacsi, S.G., S. Reisz-Porszasz, and O. Hankinson, Orientation of the
heterodimeric aryl hydrocarbon (dioxin) receptor complex on its asymmetric DNA
recognition sequence. Mol Pharmacol, 1995. 47(3): p. 432-8.
Swanson, H.I., W.K. Chan, and C.A. Bradfield, DNA binding specificities and
pairing rules of the Ah receptor, ARNT, and SIM proteins. J Biol Chem, 1995.
270(44): p. 26292-302.
Petrulis, J.R., et al., The hsp90 Co-chaperone XAP2 alters importin beta
recognition of the bipartite nuclear localization signal of the Ah receptor and
represses transcriptional activity. J Biol Chem, 2003. 278(4): p. 2677-85.
Schmidt, J.V., et al., Characterization of a murine Ahr null allele: involvement of
the Ah receptor in hepatic growth and development. Proc Natl Acad Sci U S A,
1996. 93(13): p. 6731-6.
Smith, A.G., et al., Protection of the Cyp1a2(-/-) null mouse against uroporphyria
and hepatic injury following exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin.
Toxicol Appl Pharmacol, 2001. 173(2): p. 89-98.
Shimada, T., et al., Tissue-specific induction of cytochromes P450 1A1 and 1B1
by polycyclic aromatic hydrocarbons and polychlorinated biphenyls in engineered
C57BL/6J mice of arylhydrocarbon receptor gene. Toxicol Appl Pharmacol, 2003.
187(1): p. 1-10.
Lamb, J.G., P. Straub, and R.H. Tukey, Cloning and characterization of cDNAs
encoding mouse Ugt1.6 and rabbit UGT1.6: differential induction by 2,3,7,8tetrachlorodibenzo-p-dioxin. Biochemistry, 1994. 33(34): p. 10513-20.
De Long, M.J., A.B. Santamaria, and P. Talalay, Role of cytochrome P1-450 in
the induction of NAD(P)H:quinone reductase in a murine hepatoma cell line and
its mutants. Carcinogenesis, 1987. 8(10): p. 1549-53.
Vasiliou, V., et al., Mouse dioxin-inducible NAD(P)H: menadione oxidoreductase:
NMO1 cDNA sequence and genetic differences in mRNA levels.
Pharmacogenetics, 1994. 4(6): p. 341-8.
Telakowski-Hopkins, C.A., R.G. King, and C.B. Pickett, Glutathione S-transferase
Ya subunit gene: identification of regulatory elements required for basal level and
inducible expression. Proc Natl Acad Sci U S A, 1988. 85(4): p. 1000-4.
Miao, W., et al., Transcriptional regulation of NF-E2 p45-related factor (NRF2)
expression by the aryl hydrocarbon receptor-xenobiotic response element
signaling pathway: direct cross-talk between phase I and II drug-metabolizing
enzymes. J Biol Chem, 2005. 280(21): p. 20340-8.

227
675.

676.

677.
678.
679.

680.
681.
682.

683.

684.
685.

686.

687.
688.
689.
690.

691.

692.
693.

Kohle, C. and K.W. Bock, Activation of coupled Ah receptor and Nrf2 gene
batteries by dietary phytochemicals in relation to chemoprevention. Biochem
Pharmacol, 2006. 72(7): p. 795-805.
Ma, Q., Induction of CYP1A1. The AhR/DRE paradigm: transcription, receptor
regulation, and expanding biological roles. Curr Drug Metab, 2001. 2(2): p. 14964.
Xu, C., C.Y. Li, and A.N. Kong, Induction of phase I, II and III drug
metabolism/transport by xenobiotics. Arch Pharm Res, 2005. 28(3): p. 249-68.
Schmidt, J.V. and C.A. Bradfield, Ah receptor signaling pathways. Annu Rev Cell
Dev Biol, 1996. 12: p. 55-89.
Kazlauskas, A., L. Poellinger, and I. Pongratz, Evidence that the co-chaperone
p23 regulates ligand responsiveness of the dioxin (Aryl hydrocarbon) receptor. J
Biol Chem, 1999. 274(19): p. 13519-24.
Kazlauskas, A., et al., The hsp90 chaperone complex regulates intracellular
localization of the dioxin receptor. Mol Cell Biol, 2001. 21(7): p. 2594-607.
Cox, M.B. and C.A. Miller, 3rd, Cooperation of heat shock protein 90 and p23 in
aryl hydrocarbon receptor signaling. Cell Stress Chaperones, 2004. 9(1): p. 4-20.
Fukunaga, B.N. and O. Hankinson, Identification of a novel domain in the aryl
hydrocarbon receptor required for DNA binding. J Biol Chem, 1996. 271(7): p.
3743-9.
Gonzalez, F.J., et al., Isolation and characterization of full-length mouse cDNA
and genomic clones of 3-methylcholanthrene-inducible cytochrome P1-450 and
P3-450. Gene, 1984. 29(3): p. 281-92.
Hankinson, O., Role of coactivators in transcriptional activation by the aryl
hydrocarbon receptor. Arch Biochem Biophys, 2005. 433(2): p. 379-86.
Kleiner, H.E., et al., Role of cytochrome p4501 family members in the metabolic
activation of polycyclic aromatic hydrocarbons in mouse epidermis. Chem Res
Toxicol, 2004. 17(12): p. 1667-74.
Nakatsuru, Y., et al., Dibenzo[A,L]pyrene-induced genotoxic and carcinogenic
responses are dramatically suppressed in aryl hydrocarbon receptor-deficient
mice. Int J Cancer, 2004. 112(2): p. 179-83.
Talaska, G., et al., Impact of Cyp1a2 or Ahr gene knockout in mice: implications
for biomonitoring studies. Toxicol Lett, 2006. 162(2-3): p. 246-9.
Shimizu, Y., et al., Benzo[a]pyrene carcinogenicity is lost in mice lacking the aryl
hydrocarbon receptor. Proc Natl Acad Sci U S A, 2000. 97(2): p. 779-82.
Poland, A., et al., Photoaffinity labelling of the Ah receptor. Food and Chemical
Toxicology, 1986. 24(6-7): p. 781-787.
Bradfield, C.A., A.S. Kende, and A. Poland, Kinetic and equilibrium studies of Ah
receptor-ligand binding: use of [125I]2-iodo-7,8-dibromodibenzo-p-dioxin. Mol
Pharmacol, 1988. 34(2): p. 229-37.
Kobayashi, A., et al., CBP/p300 functions as a possible transcriptional
coactivator of Ah receptor nuclear translocator (Arnt). J Biochem, 1997. 122(4):
p. 703-10.
Dlugosz, A.A., et al., Isolation and utilization of epidermal keratinocytes for
oncogene research. Methods in Enzymology, 1995. Volume 254: p. 3-20.
Stoehr, S.A. and H.C. Isom, Gap junction-mediated intercellular communication
in a long-term primary mouse hepatocyte culture system. Hepatology, 2003.
38(5): p. 1125-35.

228
694.
695.

696.
697.

698.

699.
700.
701.
702.
703.
704.

705.
706.
707.

708.

709.
710.

711.

712.

Perdew, G.H., et al., Localization and characterization of the 86- and 84-kDa
heat shock proteins in Hepa 1c1c7 cells. Exp Cell Res, 1993. 209(2): p. 350-6.
Dinatale, B.C., et al., Mechanistic insights into the events that lead to synergistic
induction of IL6 transcription upon activation of the Ah receptor and inflammatory
signaling. J Biol Chem, 2010.
Hetzl, J., et al., CyMATE: a new tool for methylation analysis of plant genomic
DNA after bisulphite sequencing. Plant J, 2007. 51(3): p. 526-36.
Pear, W.S., et al., Efficient and rapid induction of a chronic myelogenous
leukemia-like myeloproliferative disease in mice receiving P210 bcr/abltransduced bone marrow. Blood, 1998. 92(10): p. 3780-92.
Bock, K.W. and C. Kohle, The mammalian aryl hydrocarbon (Ah) receptor: from
mediator of dioxin toxicity toward physiological functions in skin and liver. Biol
Chem, 2009. 390(12): p. 1225-35.
Swanson, H.I., Cytochrome P450 expression in human keratinocytes: an aryl
hydrocarbon receptor perspective. Chem Biol Interact, 2004. 149(2-3): p. 69-79.
Okuno, M., et al., Retinoids in cancer chemoprevention. Curr Cancer Drug
Targets, 2004. 4(3): p. 285-98.
Nguyen, L.P. and C.A. Bradfield, The search for endogenous activators of the
aryl hydrocarbon receptor. Chem Res Toxicol, 2008. 21(1): p. 102-16.
Beischlag, T.V., et al., The aryl hydrocarbon receptor complex and the control of
gene expression. Crit Rev Eukaryot Gene Expr, 2008. 18(3): p. 207-50.
Marlowe, J.L. and A. Puga, Aryl hydrocarbon receptor, cell cycle regulation,
toxicity, and tumorigenesis. J Cell Biochem, 2005. 96(6): p. 1174-84.
Stevens, E.A., J.D. Mezrich, and C.A. Bradfield, The aryl hydrocarbon receptor: a
perspective on potential roles in the immune system. Immunology, 2009. 127(3):
p. 299-311.
Esser, C., A. Rannug, and B. Stockinger, The aryl hydrocarbon receptor in
immunity. Trends Immunol, 2009. 30(9): p. 447-54.
Yeager, R.L., et al., Introducing the "TCDD-inducible AhR-Nrf2 gene battery".
Toxicol Sci, 2009. 111(2): p. 238-46.
Melendez-Colon, V.J., et al., Cancer initiation by polycyclic aromatic
hydrocarbons results from formation of stable DNA adducts rather than apurinic
sites. Carcinogenesis, 1999. 20(10): p. 1885-91.
Marnett, L.J., Prostaglandin synthase-mediated metabolism of carcinogens and a
potential role for peroxyl radicals as reactive intermediates. Environ Health
Perspect, 1990. 88: p. 5-12.
Wiese, F.W., P.A. Thompson, and F.F. Kadlubar, Carcinogen substrate
specificity of human COX-1 and COX-2. Carcinogenesis, 2001. 22(1): p. 5-10.
Perdew, G.H., Comparison of the nuclear and cytosolic forms of the Ah receptor
from Hepa 1c1c7 cells: charge heterogeneity and ATP binding properties. Arch
Biochem Biophys, 1991. 291(2): p. 284-90.
Beischlag, T.V., et al., Recruitment of thyroid hormone receptor/retinoblastomainteracting protein 230 by the aryl hydrocarbon receptor nuclear translocator is
required for the transcriptional response to both dioxin and hypoxia. J Biol Chem,
2004. 279(52): p. 54620-8.
Beischlag, T.V., et al., Recruitment of the NCoA/SRC-1/p160 family of
transcriptional coactivators by the aryl hydrocarbon receptor/aryl hydrocarbon
receptor nuclear translocator complex. Mol Cell Biol, 2002. 22(12): p. 4319-33.

229
713.

714.
715.
716.

717.
718.

719.
720.

721.

722.
723.

724.

725.
726.
727.

728.

729.
730.

731.

Wang, S. and O. Hankinson, Functional involvement of the Brahma/SWI2-related
gene 1 protein in cytochrome P4501A1 transcription mediated by the aryl
hydrocarbon receptor complex. J Biol Chem, 2002. 277(14): p. 11821-7.
Illingworth, R.S. and A.P. Bird, CpG islands--'a rough guide'. FEBS Lett, 2009.
583(11): p. 1713-20.
Jones, P.A., The DNA methylation paradox. Trends Genet, 1999. 15(1): p. 34-7.
Vaissiere, T., C. Sawan, and Z. Herceg, Epigenetic interplay between histone
modifications and DNA methylation in gene silencing. Mutat Res, 2008. 659(1-2):
p. 40-8.
Boukamp, P., et al., Normal keratinization in a spontaneously immortalized
aneuploid human keratinocyte cell line. J Cell Biol, 1988. 106(3): p. 761-71.
Bishop-Bailey, D. and J. Bystrom, Emerging roles of peroxisome proliferatoractivated receptor-beta/delta in inflammation. Pharmacol Ther, 2009. 124(2): p.
141-50.
Gonzalez, F.J. and P. Fernandez-Salguero, The aryl hydrocarbon receptor:
studies using the AHR-null mice. Drug Metab Dispos, 1998. 26(12): p. 1194-8.
Ide, F., et al., Skin and salivary gland carcinogenicity of 7,12dimethylbenz[a]anthracene is equivalent in the presence or absence of aryl
hydrocarbon receptor. Cancer Lett, 2004. 214(1): p. 35-41.
Gonzalez, F.J. and S. Kimura, Role of gene knockout mice in understanding the
mechanisms of chemical toxicity and carcinogenesis. Cancer Lett, 1999. 143(2):
p. 199-204.
Gonzalez, F.J. and S. Kimura, Study of P450 function using gene knockout and
transgenic mice. Arch Biochem Biophys, 2003. 409(1): p. 153-8.
Takahashi, Y., C. Suzuki, and T. Kamataki, Silencing of CYP1A1 expression in
rabbits by DNA methylation. Biochem Biophys Res Commun, 1998. 247(2): p.
383-6.
Nakajima, M., M. Iwanari, and T. Yokoi, Effects of histone deacetylation and DNA
methylation on the constitutive and TCDD-inducible expressions of the human
CYP1 family in MCF-7 and HeLa cells. Toxicol Lett, 2003. 144(2): p. 247-56.
Okino, S.T., et al., Epigenetic inactivation of the dioxin-responsive cytochrome
P4501A1 gene in human prostate cancer. Cancer Res, 2006. 66(15): p. 7420-8.
Habano, W., et al., CYP1B1, but not CYP1A1, is downregulated by promoter
methylation in colorectal cancers. Int J Oncol, 2009. 34(4): p. 1085-91.
Beedanagari, S.R., et al., Role of Epigenetic Mechanisms in Differential
Regulation of the Dioxin-Inducible Human Cyp1a1 and Cyp1b1 Genes. Mol
Pharmacol, 2010.
Beedanagari, S.R., R.T. Taylor, and O. Hankinson, Differential regulation of the
dioxin-induced Cyp1a1 and Cyp1b1 genes in mouse hepatoma and fibroblast cell
lines. Toxicol Lett, 2009. 194(1-2): p. 26-33.
Harper, P.A., et al., Polymorphisms in the human AH receptor. Chem Biol
Interact, 2002. 141(1-2): p. 161-87.
Hellemans, K., et al., Peroxisome proliferator-activated receptor-β signaling
contributes to enhanced proliferation of hepatic stellate cells. Gastroenterology,
2003. 124(1): p. 184-201.
Zingarelli, B., et al., Peroxisome Proliferator-Activated Receptor {delta} Regulates
Inflammation via NF-{kappa}B Signaling in Polymicrobial Sepsis. Am J Pathol,
2010.

230
732.

733.

734.

735.
736.

737.
738.
739.
740.

741.

742.

743.

744.

745.

746.
747.

748.
749.

Pang, M., et al., PPARdelta agonist attenuates alcohol-induced hepatic insulin
resistance and improves liver injury and repair. J Hepatol, 2009. 50(6): p. 1192201.
Chen, L.C., et al., Alteration of gene expression in normal-appearing colon
mucosa of APC(min) mice and human cancer patients. Cancer Res, 2004.
64(10): p. 3694-700.
Orner, G.A., et al., Suppression of tumorigenesis in the Apc(min) mouse: downregulation of beta-catenin signaling by a combination of tea plus sulindac.
Carcinogenesis, 2003. 24(2): p. 263-7.
Reed, K.R., et al., PPARdelta status and Apc-mediated tumourigenesis in the
mouse intestine. Oncogene, 2004. 23(55): p. 8992-6.
Ghosh, M., et al., PPARdelta is pro-tumorigenic in a mouse model of COX-2induced mammary cancer. Prostaglandins Other Lipid Mediat, 2009. 88(3-4): p.
97-100.
Di Paola, R., et al., GW0742, a high-affinity PPAR -beta/delta agonist, inhibits
acute lung injury in mice. Shock, 2010. 33(4): p. 426-35.
Coussens, L.M. and Z. Werb, Inflammation and cancer. Nature, 2002. 420(6917):
p. 860-7.
Mueller, M.M., Inflammation in epithelial skin tumours: old stories and new ideas.
Eur J Cancer, 2006. 42(6): p. 735-44.
Slaga, T.J. and A.J. Klein-Szanto, Initiation-promotion versus complete skin
carcinogenesis in mice: importance of dark basal keratinocytes (stem cells).
Cancer Invest, 1983. 1(5): p. 425-36.
Nesnow, S., L.L. Triplett, and T.J. Slaga, Mouse skin tumor initiation-promotion
and complete carcinogenesis bioassays: mechanisms and biological activities of
emission samples. Environ Health Perspect, 1983. 47: p. 255-68.
Reiners, J.J., Jr., S. Nesnow, and T.J. Slaga, Murine susceptibility to two-stage
skin carcinogenesis is influenced by the agent used for promotion.
Carcinogenesis, 1984. 5(3): p. 301-7.
O'Connell, J.F., S. Nesnow, and T.J. Slaga, Initiation, promotion and complete
carcinogenesis by N-methyl-N'-nitro-N-nitrosoguanidine or ethylnitrosourea in the
Sencar mouse skin tumorigenesis model. Cancer Lett, 1987. 37(3): p. 301-10.
Kleiner, H.E., et al., Role of cytochrome P450 1a1 and 1b1 in the metabolic
activation of 7,12-dimethylbenz[a]anthracene and the effects of naturally
occurring furanocoumarins on skin tumor initiation. Chem Res Toxicol, 2002.
15(2): p. 226-35.
Amin, S., et al., Chromatographic conditions for seperation of 32P-labeled
phosphates of major polynuclear aromatic hydrocarbon-deoxyribonucleoside
adducts. Carcinogenesis, 1989. 10(10): p. 4.
Gupta, R.C., Enhanced Sensitivity of 32P-Postlabeling Analysis of Aromatic
Carcinogen:DNA Adducts. Cancer Res., 1985. 45(11_Part_2): p. 5656-5662.
Reddy, M.V. and K. Randerath, Nuclease P1-mediated enhancement of
sensitivity of 32P-postlabeling test for structurally diverse DNA adducts.
Carcinogenesis, 1986. 7(9): p. 9.
DiGiovanni, J., Multistage carcinogenesis in mouse skin. Pharmacol Ther, 1992.
54(1): p. 63-128.
Rogan, E.G., et al., Identification and quantitation of benzo[a]pyrene-DNA
adducts formed in mouse skin. Chem Res Toxicol, 1993. 6(3): p. 356-63.

231
750.

751.

752.

753.

754.
755.

756.
757.
758.
759.
760.

761.

762.
763.
764.

765.

766.
767.

768.

Suh, M., et al., Formation and persistence of benzo[a]pyrene-DNA adducts in
mouse epidermis in vivo: importance of adduct conformation. Carcinogenesis,
1995. 16(10): p. 2561-9.
Vericat, J.A., S.C. Cheng, and A. Dipple, Absolute stereochemistry of the major
7,12-dimethylbenz[alpha]anthracene- DNA adducts formed in mouse cells.
Carcinogenesis, 1989. 10(3): p. 567-70.
Vericat, J.A., S.C. Cheng, and A. Dipple, Absolute configuration of 7,12dimethylbenz[a]anthracene-DNA adducts in mouse epidermis. Cancer Lett, 1991.
57(3): p. 237-42.
Braithwaite, E., X. Wu, and Z. Wang, Repair of DNA lesions induced by
polycyclic aromatic hydrocarbons in human cell-free extracts: involvement of two
excision repair mechanisms in vitro. Carcinogenesis, 1998. 19(7): p. 1239-46.
Shearer, B.G., et al., Discovery of a novel class of PPARdelta partial agonists.
Bioorg Med Chem Lett, 2008.
Peters, J.M., H.E. Hollingshead, and F.J. Gonzalez, Role of peroxisomeproliferator-activated receptor beta/delta (PPARbeta/delta) in gastrointestinal
tract function and disease. Clin Sci (Lond), 2008. 115(4): p. 107-27.
Park, P.J., ChIP-seq: advantages and challenges of a maturing technology. Nat
Rev Genet, 2009. 10(10): p. 669-80.
Sorensen, A.L. and P. Collas, Immunoprecipitation of methylated DNA. Methods
Mol Biol, 2009. 567: p. 249-62.
Jin, B., et al., DNMT1 and DNMT3B modulate distinct polycomb-mediated
histone modifications in colon cancer. Cancer Res, 2009. 69(18): p. 7412-21.
Kwon, O., et al., Modulation of E-cadherin expression by K-Ras; involvement of
DNA methyltransferase-3b. Carcinogenesis, 2010. 31(7): p. 1194-201.
Zhu, Y., et al., Cloning and characterization of PIMT, a protein with a
methyltransferase domain, which interacts with and enhances nuclear receptor
coactivator PRIP function. Proc Natl Acad Sci U S A, 2001. 98(18): p. 10380-5.
Kumar, M.B. and G.H. Perdew, Nuclear receptor coactivator SRC-1 interacts with
the Q-rich subdomain of the AhR and modulates its transactivation potential.
Gene Expr, 1999. 8(5-6): p. 273-86.
Wang, S., et al., Role of mediator in transcriptional activation by the aryl
hydrocarbon receptor. J Biol Chem, 2004. 279(14): p. 13593-600.
Augereau, P., et al., Negative regulation of hormone signaling by RIP140. J
Steroid Biochem Mol Biol, 2006. 102(1-5): p. 51-9.
Schnekenburger, M., L. Peng, and A. Puga, HDAC1 bound to the Cyp1a1
promoter blocks histone acetylation associated with Ah receptor-mediated transactivation. Biochim Biophys Acta, 2007. 1769(9-10): p. 569-78.
Fernandez-Salguero, P., et al., Immune system impairment and hepatic fibrosis
in mice lacking the dioxin-binding Ah receptor. Science, 1995. 268(5211): p. 7226.
Lahvis, G.P. and C.A. Bradfield, Ahr null alleles: distinctive or different? Biochem
Pharmacol, 1998. 56(7): p. 781-7.
DiGiovanni, J., et al., Metabolism of 7,12-dimethylbenz[a]anthracene in mouse
skin homogenates analyzed with high-pressure liquid chromatography. Drug
Metab Dispos, 1977. 5(3): p. 295-301.
DiGiovanni, J., T.J. Slaga, and R.K. Boutwell, Comparison of the tumor-initiating
activity of 7,12-dimethylbenz[a]anthracene and benzo[a]pyrene in female
SENCAR and CS-1 mice. Carcinogenesis, 1980. 1(5): p. 381-9.

232
769.

770.

771.
772.
773.

774.
775.
776.
777.
778.

779.

780.

781.
782.
783.

784.

785.

786.
787.

Tang, M.S., et al., Both (+/-)syn- and (+/-)anti-7,12-dimethylbenz[a]anthracene3,4-diol-1,2-epoxides initiate tumors in mouse skin that possess -CAA- to -CTAmutations at Codon 61 of c-H-ras. Cancer Res, 2000. 60(20): p. 5688-95.
Kleiner, H.E., M.J. Reed, and J. DiGiovanni, Naturally occurring coumarins inhibit
human cytochromes P450 and block benzo[a]pyrene and 7,12dimethylbenz[a]anthracene DNA adduct formation in MCF-7 cells. Chem Res
Toxicol, 2003. 16(3): p. 415-22.
Baer-Dubowska, W., et al., Distribution of covalent DNA adducts in mouse
epidermal subpopulations after topical application of benzo(a)pyrene and 7,12dimethylbenz(a)anthracene. Cancer Res, 1990. 50(10): p. 3048-54.
Idle, J.R. and F.J. Gonzalez, Metabolomics. Cell Metab, 2007. 6(5): p. 348-51.
Jones, O.A., et al., A metabolomics based approach to assessing the toxicity of
the polyaromatic hydrocarbon pyrene to the earthworm Lumbricus rubellus.
Chemosphere, 2008. 71(3): p. 601-9.
Patterson, A.D., F.J. Gonzalez, and J.R. Idle, Xenobiotic metabolism: a view
through the metabolometer. Chem Res Toxicol, 2010. 23(5): p. 851-60.
Kozak, K.R., B. Abbott, and O. Hankinson, ARNT-deficient mice and placental
differentiation. Dev Biol, 1997. 191(2): p. 297-305.
Grad, I., et al., The Hsp90 cochaperone p23 is essential for perinatal survival.
Mol Cell Biol, 2006. 26(23): p. 8976-83.
Rutherford, S.L. and S. Lindquist, Hsp90 as a capacitor for morphological
evolution. Nature, 1998. 396(6709): p. 336-42.
Lin, B.C., et al., Deletion of the aryl hydrocarbon receptor-associated protein 9
leads to cardiac malformation and embryonic lethality. J Biol Chem, 2007.
282(49): p. 35924-32.
Shi, S., et al., The aryl hydrocarbon receptor nuclear translocator (Arnt) is
required for tumor initiation by benzo[a]pyrene. Carcinogenesis, 2009. 30(11): p.
1957-61.
Dalton, T.P., et al., Targeted knockout of Cyp1a1 gene does not alter hepatic
constitutive expression of other genes in the mouse [Ah] battery. Biochem
Biophys Res Commun, 2000. 267(1): p. 184-9.
Liang, H.C., et al., Cyp1a2(-/-) null mutant mice develop normally but show
deficient drug metabolism. Proc Natl Acad Sci U S A, 1996. 93(4): p. 1671-6.
Zaher, H., et al., Protection against acetaminophen toxicity in CYP1A2 and
CYP2E1 double-null mice. Toxicol Appl Pharmacol, 1998. 152(1): p. 193-9.
Buters, J.T., et al., Cytochrome P450 CYP1B1 determines susceptibility to 7, 12dimethylbenz[a]anthracene-induced lymphomas. Proc Natl Acad Sci U S A,
1999. 96(5): p. 1977-82.
Heidel, S.M., et al., Bone marrow stromal cell cytochrome P4501B1 is required
for pre-B cell apoptosis induced by 7,12-dimethylbenz[a]anthracene. Mol
Pharmacol, 1999. 56(6): p. 1317-23.
Miyata, M., et al., Targeted disruption of the microsomal epoxide hydrolase gene.
Microsomal epoxide hydrolase is required for the carcinogenic activity of 7,12dimethylbenz[a]anthracene. J Biol Chem, 1999. 274(34): p. 23963-8.
Radjendirane, V., et al., Disruption of the DT diaphorase (NQO1) gene in mice
leads to increased menadione toxicity. J Biol Chem, 1998. 273(13): p. 7382-9.
Henderson, C.J., et al., Increased skin tumorigenesis in mice lacking pi class
glutathione S-transferases. Proc Natl Acad Sci U S A, 1998. 95(9): p. 5275-80.

233
788.

789.

790.

791.

792.

793.
794.

795.

796.
797.
798.

799.
800.
801.

802.

803.

804.

805.

Cheng, L., et al., Peroxisome proliferator-activated receptor delta activates fatty
acid oxidation in cultured neonatal and adult cardiomyocytes. Biochem Biophys
Res Commun, 2004. 313(2): p. 277-86.
Stefan, N., et al., Genetic variations in PPARD and PPARGC1A determine
mitochondrial function and change in aerobic physical fitness and insulin
sensitivity during lifestyle intervention. J Clin Endocrinol Metab, 2007. 92(5): p.
1827-33.
Adhami, V.M., N. Khan, and H. Mukhtar, Cancer chemoprevention by
pomegranate: laboratory and clinical evidence. Nutr Cancer, 2009. 61(6): p. 8115.
Korkina, L.G., et al., Plant polyphenols and tumors: from mechanisms to
therapies, prevention, and protection against toxicity of anti-cancer treatments.
Curr Med Chem, 2009. 16(30): p. 3943-65.
Khan, N., F. Afaq, and H. Mukhtar, Cancer chemoprevention through dietary
antioxidants: progress and promise. Antioxid Redox Signal, 2008. 10(3): p. 475510.
Thangapazham, R.L., A. Sharma, and R.K. Maheshwari, Beneficial role of
curcumin in skin diseases. Adv Exp Med Biol, 2007. 595: p. 343-57.
Cheepala, S.B., et al., Retinoids and skin: microarrays shed new light on
chemopreventive action of all-trans retinoic acid. Mol Carcinog, 2007. 46(8): p.
634-9.
Katiyar, S.K., Silymarin and skin cancer prevention: anti-inflammatory,
antioxidant and immunomodulatory effects (Review). Int J Oncol, 2005. 26(1): p.
169-76.
Rao, C.V. and B.S. Reddy, NSAIDs and chemoprevention. Curr Cancer Drug
Targets, 2004. 4(1): p. 29-42.
Lambert, J.D., et al., Inhibition of carcinogenesis by polyphenols: evidence from
laboratory investigations, in Am J Clin Nutr. 2005. p. 284S-291S.
Slaga, T.J., Inhibition of skin tumor initiation, promotion, and progression by
antioxidants and related compounds. Crit Rev Food Sci Nutr, 1995. 35(1-2): p.
51-7.
Dessinioti, C., et al., Basal cell carcinoma: what's new under the sun. Photochem
Photobiol, 2010. 86(3): p. 481-91.
Madan, V., et al., Genetics and risk factors for basal cell carcinoma. Br J
Dermatol, 2006. 154 Suppl 1: p. 5-7.
Fritsche, E., et al., Lightening up the UV response by identification of the
arylhydrocarbon receptor as a cytoplasmatic target for ultraviolet B radiation.
Proc Natl Acad Sci U S A, 2007. 104(21): p. 8851-6.
Katiyar, S.K., M.S. Matsui, and H. Mukhtar, Ultraviolet-B exposure of human skin
induces cytochromes P450 1A1 and 1B1. J Invest Dermatol, 2000. 114(2): p.
328-33.
Mukhtar, H., et al., Additive effects of ultraviolet B and crude coal tar on
cutaneous carcinogen metabolism: possible relevance to the tumorigenicity of
the Goeckerman regimen. J Invest Dermatol, 1986. 87(3): p. 348-53.
Wei, Y.D., U. Rannug, and A. Rannug, UV-induced CYP1A1 gene expression in
human cells is mediated by tryptophan. Chem Biol Interact, 1999. 118(2): p. 12740.
Ip, C., Mammary tumorigenesis and chemoprevention studies in carcinogentreated rats. J Mammary Gland Biol Neoplasia, 1996. 1(1): p. 37-47.

234
806.

807.

808.
809.

Sohn, O.S., et al., Differential effects of CYP2E1 status on the metabolic
activation of the colon carcinogens azoxymethane and methylazoxymethanol.
Cancer Res, 2001. 61(23): p. 8435-40.
Cavret, S. and C. Feidt, Intestinal metabolism of PAH: in vitro demonstration and
study of its impact on PAH transfer through the intestinal epithelium. Environ
Res, 2005. 98(1): p. 22-32.
de Kok, T.M. and J.M. van Maanen, Evaluation of fecal mutagenicity and
colorectal cancer risk. Mutat Res, 2000. 463(1): p. 53-101.
Stowers, S.J. and M.W. Anderson, Formation and persistence of benzo(a)pyrene
metabolite-DNA adducts. Environ Health Perspect, 1985. 62: p. 31-9.

VITA
Michael Gregory Borland
EDUCATION
Ph.D. in Biochemistry, Molecular Biology and Microbiology (BMMB)
The Pennsylvania State University
December 2010
Dissertation Advisor: Dr. Jeffrey M. Peters
Dissertation: PPARβ/δ modulates AHR-dependent signaling and skin carcinogenesis.
B.S. in Biochemistry and Molecular Biology (BMB)
The Pennsylvania State University
May 2005
Cum Laude and Schreyer Honors Scholar
AWARDS/GRANTS/FELLOWSHIPS
2010
2009
2009
2009
2008
2006-2009
2006
2005-2007

Paper of the Year (Borland et al. (2008), Mol. Pharm.), Dermal Toxicology
Specialty Section (DTSS), Society of Toxicology (SOT)
Penn State College of Agricultural Science Grant Award
Battelle Student Research Grant Award, DTSS, SOT
1st Place Student Abstract, Carcinogenesis Specialty Section, SOT
1st Place Student Abstract, DTSS, SOT, 2008
National Science Foundation Graduate Research Fellowship
Honorable Mention, Althouse Teaching Assistant Award
Braddock and Roberts Fellowship, Penn State University

PUBLICATIONS (4 most recent)
Palkar, P.S., Borland M.G., et al. Cellular and pharmacological selectivity of the
PPARβ/δ antagonist GSK3787. Molecular Pharmacology (2010). 78(3): 419-430. PMID:
20516370.
Genovese, S., Foreman, J.E., Borland, M.G., et al. A natural propenoic acid derivative
activates peroxisome proliferator-activated receptor-β/δ (PPARβ/δ). Life Sciences
(2010). 86(13-14): 493-498. PMID: 20153754.
He, P., Borland, M.G., et al. Effect of ligand activation of peroxisome proliferatoractivated receptor-β/δ (PPARβ/δ) in human lung cancer cell lines. Toxicology (2008).
254(1-2): 112-117. PMID: 18950674.
Borland, M.G., et al. Ligand activation of peroxisome proliferator-activated receptor-β/δ
(PPARβ/δ) inhibits cell proliferation in human HaCaT keratinocytes. Molecular
Pharmacology (2008). 74(5): 1429-1442. PMID: 18687807.

