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The Potential of Peroxisome Proliferator-Activated Receptor ¥y (PPARY)
Ligands in the Treatment of Hematological Malignancies
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Abstract: PPARY has emerged as a key regulator of cell growth and survival, whose activity is modulated by a number of
synthetic and natural ligands. Here we shall review the activities of PPARY ligands in the control of immune cell prolifera-
tion, differentiation and apoptosis and their potential therapeutic applications to hematological malignancies.
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1. PPARS: EXPRESSION, STRUCTURE AND FUNC-
TIONS

Peroxisome proliferator-activated receptors (PPARs)
belong to the superfamily of steroid, thyroid and retinoid
nuclear receptors and were identified in the 1990s as media-
tors of peroxisome proliferators (PPs) [1]. PPARs exist in
three isoforms, PPARo, PPARB/S and PPARY, which are
encoded by different genes and harbour specific expression
patterns and functions. As members of the nuclear receptor
family, transcriptional activity of PPARs is controlled prin-
cipally by ligand binding, although post-translational modi-
fications have been recently reported to affect the state of
receptor activation depending on the isoform and cellular
context. PPARs function as heterodimers with the retinoid X
receptor (RXR). Upon ligand binding, PPAR-RXR com-
plexes undergo conformational changes that are strictly
ligand-dependent, leading to recruitment of either coactiva-
tors or corepressors, which results in opposing activities on
the transcriptional state of target genes. Because PPAR-
responsive elements are found in a wide array of genes in-
volved in lipid metabolism, glucose homeostasis, cell prolif-
eration and differentiation, as well as in inflammation and
immunity, these receptors are key modulators of a number of
biological function. Understanding how both natural and
synthetic ligands control the activity of PPARs is likely not
only to provide key information on how these molecules are
regulated but also to result in the development of novel
therapeutics.

1.1. Tissue Specificity of PPAR Expression

PPARs are expressed in several tissues of adult rodents
[2]. PPARo, principally expressed in the central nervous
system, liver, kidney, heart and digestive tract [2], plays an
important role in regulation of fatty acid catabolism [3].
PPARP/dis abundantly and ubiquitously expressed in the
adult rat and has been shown to regulate cholesterol traffick-
ing and high density lipoprotein metabolism in macrophages
[4]. PPARY is expressed in the white adipose tissues as well
as in the immune system [2]. PPARY, initially shown to be
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required during adipocyte differentiation, is now known to
enhance insulin sensitivity and suppress inflammatory re-
sponses [5].

In humans, PPARo is expressed at significant levels in
liver, heart, kidney, skeletal muscle, intestine and pancreas
and, to a lesser extent, in lung, placenta and adipose tissue,
while PPARBis expressed ubiquitously [6]. PPARY is ex-
pressed in adipose tissue, skeletal muscle, liver, heart and
hematopoietic cells [7, 8, 9]. Four human PPARy mRNA
species have been described, all of which transcribed from
the same gene, resulting from alternative splicing and pro-
moter usage. The PPARyl, 3 and 4 transcripts encode the
same widely expressed protein, while PPARY2 encodes a
protein specifically expressed in adipocytes containing 28
additional amino acids [10].

1.2. Structure and Regulation of PPARs

PPARs have a domain structure shared by most nuclear
receptors. As summarized in Fig. (1), PPARs are composed
of five different domains, which show some variation in
length among the three isoforms: an N-terminal region (A/B
domain) which contains the ligand-independent transcrip-
tional activation function 1 (AF-1), a DNA binding domain
(C domain), a hinge region (D domain) and a ligand binding
region (E domain). The latter contains the ligand-dependent
activation function 2 (AF-2) and is required for PPAR het-
erodimerization with retinoic X receptors (RXR). No func-
tion has been assigned to date to the C-terminal domain (F
domain). Amino acid sequence comparison of human and
mouse PPAR subtypes reveals a high degree of identity in
the DNA binding and ligand-binding domains [7].

1.2.1. A/B Domain

The N-terminal A/B domain modulates PPAR activity in
a ligand-indipendent manner through the AF-1 function,
which is responsible for recruitment of transcriptional coac-
tivators. A truncated version of PPARa lacking the A/B do-
main has indeed 60-70% lower transactivating function than
the full-length protein both in the presence and in the ab-
sence of ligand [11]. The capacity of the A/B domain to re-
cruit cofactors through the AF-1 function is retained even in
the absence of the other PPAR domains, as recently shown
for the interaction involving peroxisomal enoyl-CoA hydra-
tase/3-hydroxyacyl-CoA dehydrogenase [12].

© 2007 Bentham Science Publishers Ltd.
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Fig. (1). Schematic representation of the functional domains of PPARs. The A/B domain (amino acid residues 1-110, 1-72 and 1-102 in
PPARYI, PPAR 6 and PPARGa, respectively) contains the activating function 1 (AF-1) which is ligand-independent. The domain C (amino
acid residues 110-175, 72-136 and 102-166 in PPARyI, PPAR 38 and PPARGa, respectively) is implicated in DNA binding, the domain D
(amino acid residues 175-253, 136-215 and 166-244 in PPARY1, PPAR 36 and PPAR« respectively) is a hinge region and the E domain
(amino acid residues 253-479, 215-441 and 244-468 in PPARY1, PPAR (8 and PPARG0, respectively), which contains the activating function
2 (AF-2), is the ligand recognition module and is required for receptor dimerization with RXR. The amino acid residues which are targets of
several intracellular signalling cascades, as well as the outcome of their post-translational modification on the activity or PPARs, are indi-

cated (residues in human PPARs are indicated in bold).

Accumulating evidence underlines the role of A/B do-
main phosphorylation in the fine-tuning of PPAR activity. A
major phosphorylation site for mitogen-activated protein
kinase (MAPK) has been mapped to the A/B domain, which,
intriguingly, appears to affect PPAR activity differentially in
an isoform-and cell type-specific fashion. In adipocytes trea-
ted with mitogenic stimuli, the outcome of MAPK-dependent
phosphorylation of the PPARY A/B domain, which has been
mapped by mutational analysis to a specific serine residue
both in human and mouse (Ser82 in mouse PPARYyl, Ser112
in mouse PPARY2, Ser84 in human PPARyl), results in a
decrease in the transcriptional activity of PPARy [13-15]. In
the case of mouse PPARYI, this effect has been ascribed to a
reduction in ligand binding affinity, due to intramolecular
interactions between the A/B and E domains [16]. The role
of Ser phosphorylation on PPARY1 is however as yet contro-
vertial, as PPARYy phosphorylation in response to insulin
treatment has been reported to enhance its transcriptional
activity in rat adipocytes and 3T3-L1 cells, independently of
ligand binding [17]. A MAPK-dependent mechanism of
positive regulation has also been observed for PPARa. Phos-
phorylation of the A/B domain on two conserved MAPK
sites (Ser12 and Ser21) results indeed in enhancement of
PPARa-dependent trascription in insulin-treated rat adipo-
cytes [18, 19].

In addition to the MAPK-dependent mechanism of PPAR
regulation, recent data have established a role for sumoyla-
tion in the control of PPAR activity. PPARYl sumoylation of
lysine 77 (lysine 107 for PPARY2) within the A/B domain
inhibits indeed its transcriptional activity [20]. Furthermore,
site-directed mutagenesis of PPARY2, combined with gene
reporter assays and sumoylation analyses, has demonstrated
that sumoylation represses the ligand-independent transacti-
vating function carried out by the A/B domain [21]. Interest-
ingly, phosphorylation of Ser112 on mouse PPARY2 en-
hances lysine 107 sumoylation [22], suggesting a coopera-
tion between these two post-translational modifications in
the negative control of PPARY activity.

1.2.2. DNA Binding (C Domain) and Hinge (D Domain)
Domains

The C domain or DNA binding domain (DBD) is highly
conserved across the nuclear receptor superfamily and is
required for PPRE binding. PPREs are specific DNA se-
quences in the promoter regions of target genes containing
one or more copies of the hexameric DNA consensus se-
quence (AGGTCA) separated by one or two nucleotides
[23]. The C domain, which is composed of approximately 70
amino acid residues (110-175, 72-138 and 102-166 in human
PPARy PPARP/S and PPARa., respectively[24]), folds into



The Potential of Peroxisome Proliferator-Activated Receptor y

two zinc finger-like structures, where the first zinc finger
contains a P-box (CEGCKG) that interacts directly with the
specific DNA hexamers, and the second zing finger a D-box
(CC), which is responsible for recognition of the spacing
between the response element half-site [7].

Phosphorylation of a specific serine residue within the C
domain has been shown to modulate PPAR binding to the
PPRE. Indeed, phosphorylation of Serl42 and Serl63 of
mouse PPARa by PKA results in enhanced target gene ex-
pression due to stabilization of nuclear receptor binding to
the DNA [25]. Furthermore, phosphorylation by PKC of
Ser179 and Ser230 within the D domain of human PPAR«
also contributes to enhance the transcriptional activity of
PPARa, as pharmacological PKC inhibitors, as well as muta-
tion of these serine residues, have been associated with im-
paired PPARo-dependent gene transcription [26].

1.2.3. Ligand Binding Domain (E-Domain)

PPARSs regulate gene expression by binding to PPREs as
heterodimers with RXRs. The E domain or LBD (ligand bin-
ding domain), corresponding to the region encompassing
amino acids 253-479,215-441 and 244-468 in human PPARY,
PPARS and PPARa,respectively, is required for receptor
dimerization with RXRs as well as for ligand-dependent ac-
tivation through the AF-2 function. In its active state, the
RXR-PPAR heterodimer is able to associate with coactiva-
tors at PPREs, thereby promoting target gene expression.

The crystal structure of human PPARP, PPARy and
PPARa has been solved by X-ray crystallography [27-31].
These structures reveal a bundle of 13 o-helices (H1-H13)
and a small four-stranded B-sheet arranged in three layers to
form an anti-parallel o-helical sandwich [32]. Repositioning
of helixes H11-H12, which contain the core residues of the
AF-2 transactivation domain, is the main difference between
the unliganded (apo-) and liganded (holo-) receptor LBD.
The latter structure is characterized by the presence of a
large hydrophobic cavity having a volume of 1300 A, known
as ligand binding pocket (LBP) [7]. The large LBP of
PPARs allows these receptors to bind to several ligands [33].
The affinity of the ligand is however an important determi-
nant in the stability of the holoreceptor. The PPARY LBD,
which is a very dynamic structure in solution, is stabilized
into a more rigid conformation following ligand binding.
The aminoacid residues essential for stabilization have been
mapped by site-directed mutagenesis to helixes H1 and H8
[34]. Ligands with different affinities affect differentially the
stability of the holoreceptors. Specifically, full agonists sta-
bilize the PPAR LBD more than partial agonists or antago-
nists [35]. Furthermore, the AF-2 transactivation domain
becomes fully functional only in the presence of strong ago-
nists [36]. Interestingly, AF-2 may also be regulated by
PKA-dependent phosphorylation, which has been reported
for Ser376 and Ser452 on PPARo. This issue is however as
yet not fully clarified, as the A/B and C domains are better
PKA substrates than the LBD domain [37].

Collectively, the structure-function studies of PPARs
indicate that PPARs regulate gene expression in a ligand-
dependent fashion. In the unbound state, the heterodimer
PPAR-RXR is sequestred away from its promoter by corep-
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ressors, and transcription is inhibited. Upon ligand binding a
conformational change occurs, which results in release of
corepressors and recruitment of coactivators, and hence in
initiation of target gene transcription Fig. (2). The extent of
PPAR stabilization following ligand binding, which is de-
pendent on ligand affinity, may account at least in part for
the differential transcriptional modulation of PPAR target
genes by different ligands. In addition to ligand-dependent
activation, the activity of PPARs is finely tuned by their
phosphorylation status, which results from integration of
several intracellular signalling cascades involving MAPK,
PKA and PKC.

2. PPARY LIGANDS: STRUCTURE AND ACTIVITIES
ON THE CELLULAR COMPONENTS OF THE IM-
MUNE SYSTEM

PPARYy is activated by several compounds, including
both synthetic and natural molecules. Most known synthetic
PPAR ligands are characterized by a hydrophilic head group,
a central hydrophobic part and a flexible linker to the tail.
All PPAR ligands share a similar binding mode to the LBD,
characterized by interaction of the head group with the AF-2
helix, formation of hydrophobic interactions through the
central ring and extention of the tail toward the lower or up-
per distal cavity [31]. The structure of PPARYy-ligand com-
plexes has revealed that full PPARY agonists form conserved
H-bonds with the AF-2 helix which, in turns, leads to re-
cruitment of coactivators [38, 30].

The anti-diabetic drugs thiazolidinediones (TZDs) were
the first compounds reported as high affinity PPARY ago-
nists, and troglitazone, pioglitazone and rosiglitazone have
been approved by the U.S. Food and Drug Administration
(FDA) for the treatment of type 2 diabetes. However trogli-
tazone, the first of the thiazolidinediones, has been removed
from the market in March 2000 due to increased risk of idio-
syncratic hepatotoxicity [39]. The TZDs head group forms
specific H-bonding interactions with PPARs, among which
of crucial importance is the H-bond with Tyr473, which is
localized in the AF-2 helix [40]. In addition, TZDs forms H-
bonds with His323 on PPARY. This residue is the major de-
terminant of ligand selectivity, as shown by the finding that
farglitazar, a full PPARY agonist, is significantly less potent
on a PPARY mutant lacking H323 [38]. Using PPARY bind-
ing assays it has been shown that only the (S)-enantiomers of
TZDs bind to the receptor, indicating that only 50% of the
drug is biologically active. Recently a series of non-thiazo-
lidinedione L-tyrosine-based PPARY agonists, which include
GW-7845 and GW1929 [41], as well as partial agonist,
CDDO, have been synthesized [42]. The (S)-enantiomers of
L-tyrosine compounds showed higher selectivity and binding
affinity for PPARYy compared to the other PPAR isoforms. In
addition, diindolymethanes (DIM) and several ring-substi-
tuted DIM derivatives have been shown to transactivate
PPARY[43]. The principal synthetic PPARy ligands are
shown in Table 1.

PPARY is expressed in a number of normal and trans-
formed hematopoietic cells, including dendritic cells, eosi-
nophils, macrophages and lymphocytes [2,9,44]. Strong in-
dications of the potential role of PPARY agonists in the
modulation of immune cell functions have been provided by
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Fig. (2). Mechanism of action of PPARs and PPAR agonists and partial agonists. In the absence of ligand, the PPAR-RXR heterodimer
forms high affinity complexes with nuclear corepressor proteins which prevent transcriptional activation. Receptor activation generally oc-
curs after ligand binding to the E domain. The activity of activated PPARs is believed to be finely tuned by the phosphorylation status of the
receptor. The E domain of PPAR is a dynamic structure which is stabilized into a more rigid conformation following ligand binding. Agonist
and partial agonist binding to the receptor differentially influences the stability of the holoreceptor. Agonistic ligands induce a conforma-
tional change in which the E domain is firmly stabilized into an active conformation which is necessary for coactivator recruitment. In pres-
ence of partial agonists the holoform of the receptor is less stable, such that the active conformation may be adopted only transiently. The
biological activity of such ligands might be dependent on the concentration or type of coactivator recruited.

several independent studies where the effects of natural and
synthetic PPARYy ligands were assessed both on primary cells
and on myeloid and lymphoid cells lines (Table 1). PPARYy
ligands were shown indeed to cause a general reduction of
proliferation, cytokine production, expression of costimula-
tory and adhesion molecules and cell migration, as well as to
promote cell apoptosis. These findings have highlighted the
potential use of PPARY ligands both as immunomodulators
as in the treatment of lymphoproliferative disease, as under-
lined by ongoing clinical trials [Phase I study of CDDO in
solid tumors and lymphomas: clinical trials. gov identifier :
NCT00352040].

2.1. Synthetic PPARY Ligands
2.1.1. Thiazolidinediones (TZDs)

A number of TZDs, including ciglitazone, rosiglitazone,
troglitazone and pioglitazone have been shown to inhibit
proliferation of the human monoblastic leukemia cell line,
U937. The mechanism appears somewhat different for dif-
ferent TZDs. For example, ciglitazone inhibits cell prolifera-
tion by causing an arrest in the G2/M phase of cell cycle
[45], while rosiglitazone induces cell growth arrest and
apoptosis [46]. A marked suppression of proliferation fol-
lowing rosiglitazone treatment, which has been associated to
an increase in differentiation and lipogenesis, has also been

observed in human promyelocytic leukaemia cells (NB4)
[47].

Inhibitory effects of TZDs have been observed not only
on myeloid, but also on lymphoid cells. Troglitazone inhibits
IL-2 secretion and proliferation in human peripheral blood
T-cells. This effect has been shown to result from inhibition
of the transcription factor NF-AT, which is required for IL-2
gene transcription, due to its physical interaction with
ligand-activated PPARY [48]. The related drug, pioglitazone,
induces G1 cell cycle arrest in lymphoblastic leukemia cell
lines [49]. Ciglitazone also attenuates the immunological
alterations in a murine model of allergic asthma, which is
characterized by a predominant type-2 helper T-cell response
to airborn allergens. Accordingly, T-cells from ciglitazone-
treated mice secreted less IFNYy, IL-4 and IL-2 upon in vitro
restimulation with allergens [50, 51]. Inhibition of both the
proliferative response and inflammatory cytokine secretion
by CD4" T-cells results from inhibition of the transcription
factors AP-1 and NFxB by ciglitazone-activated PPARy[52].

In addition to inhibiting T-cell proliferation, ciglitazone
is also a potent promoter of apoptosis, as shown in Jurkat T-
cells, where ciglitazone-dependent apoptosis is associated
with impairment of mitochondrial integrity and downregula-
tion of c-myc expression [53]. Activation of PPARY by cigli-
tazone also induces B-cell apoptosis by causing dissipation
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Structure and Activities of Synthetic PPARY Ligands on the Cellular Components of the Immune System

Synthetic PPARY ligands Cells Biological Effects Molecular Mechanisms Ref.”
U937 Uproliferation G2/M phase arrest [45]
JInflammation prolifera- inhibition of AP-1, NFkB
T lymphocytes tion LIL-4, IFNy, IL-2 [50-53]
0 TApoptosis de-mye
N
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Synthetic PPARY ligands Cells

Biological Effects Molecular Mechanisms Ref.”

U937, HL-60 B, T

activation of caspase 3,9

TApoptosis mithocondrial membrane [46]
lymphocytes o
depolarization

H

N inhibition of MAPK re-

N ocH AML cells TApoptosis lease of CytC activation of [71,72]

-3
x@—% 2 caspase 3,9
DIM#34

Ref." number refers to the numbered reference in the text.

of mitochondrial transmembrane potential and activation of
caspases 3 and 9 both in mouse B-lymphoma (WEH1-231)
and pre-B (BU-11) cells and in normal mouse splenic B-
cells. This activity is mediated by NF-xB activation, as a
pharmacological NF-kB inhibitor prevents apoptosis [54,
55]. Rosiglitazone has also been shown to be potent inducer
of differentiation and apoptosis in a number of lymphoid cell
lines, as well as in primary chronic lymphocytic leukemia
cells [46].

In addition to their anti-proliferative and pro-apoptotic
activities on immune cells, TZDs prevent initiation of adap-
tive immunity, as well as effector function of cells of both
the innate and adaptive immune compartments, by interfer-
ing with chemoattraction and cell adhesion. Both troglita-
zone and pioglitazone inhibit THP-1 monocyte/macrophage
chemotaxis by suppressing transcription of the genes encod-
ing the chemotactic receptor CCR2 and the chemokine
CXCL10, respectively [56, 57]. Furthermore, pioglitazone
suppresses expression in U937 cells of the neutrophil and
mast cell chemoattractant, IL-8, through a mechanism in-
volving inhibition of NF-xB [58]. TZDs also inhibit T-cell
recruitment and activation by affecting maturation of den-
dritic cells (DC). Rosiglitazone, pioglitazone and troglita-
zone have indeed been shown to decrease expression of IL-
12 and CXCL10 by DC, thereby antagonizing both Thl dif-
ferentiation and Thl cell chemotaxis. Down-regulation of
costimulatory molecules such as CD80 has also been de-
scribed following treatment of human DC with TZDs
[59,60]. This activity appears to result from inhibition of
MAPK and NF-xB [60].

Collectively, these findings highlight TZDs as negative
regulators of the activation, proliferation and migration of
both monocytes/macrophages and lymphocytes and suggest
a potential use of these drugs in therapeutic regimens for the
treatment of leukemias. Several new TZDs are in fact cur-
rently being developed. Among these, the dual PPARo/y
ligand TZD18 appears particularly promising. TZD18 in-
duces G1 cell cycle arrest in chronic myeloid leukemia cells
at least in part through upregulation of p27*®" and downregu-

lation of CDK-2/4, c-myc and cyclins E and D2. Of note, the
finding that neither PPARa or PPARY antagonists are able to
antagonize the effects of TZD18 suggests that the activity of
this drug may be independent of PPARs [49].

Interestingly, the notion that some of the activities of
PPAR ligands may be PPAR independent is emerging as a
common feature of these drugs. Inhibition of cell prolifera-
tion, resulting from inhibition of protein synthesis, has in-
deed been observed in PPARY’” mouse embryonic stem cells
treated with TZDs [61]. Furthermore, TZDs modified by the
introduction of a double bond adiacent to thiazolidinedione
ring that abrogates PPARY activity retained their ability to
induce apoptosis in prostate cancer cell lines [62] and to re-
press cyclin D1 in MCF-7 breast cancer cells [63], suggest-
ing that the antiproliferative effects of TZDs may be at least
in part PPAR-independent.

2.1.2. L-Tyrosine Based Compounds

Notwithstanding the clinical application of TZDs in the
treatment of type 2 diabetes, these drugs cause significant
side effects, including enhanced risk of heart failure, edema
and cardiac hypertrophy [64, 65]. Intensive ongoing research
is therefore aimed at the discovery of novel PPAR ligands
with improved therapeutic profiles. A series of L-tyrosine-
based PPARY ligands has been designed by replacing the
thiazolidinedione ring with carboxylic acid and introducing
an amine function on the adiacent carbon [41]. As opposed
to TZDs, these compounds do not undergo racemization un-
der physiological conditions. Two of these L-tyrosine-based
PPARY ligands, GW7845 and GW1929, are among the most
potent PPARY agonists [41]. GW7845 treatment of early B
lymphocytes results in rapid apoptosis mediated by NFxB
activation [55]. This effect can be abrogated by pharmacol-
ogical inhibition of the stress-activated kinases p38 and JNK,
suggesting that the mechanism of GW7845-induced B-cell
apoptosis involves activation of these kinases [66]. On the
other hand, GW1929 has been demonstrated to significantly
reduce airway inflammation during allergic asthma induc-
tion, suggesting a potential use of this compound not only as
antidiabetic, but also as immunomodulator [50].
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2.1.3. CDDO

Anovel synthetic triterpenoid, 2-cyano-3,12-dioxooleana-
1,9-dien-28-o0ic acid (CDDO), previously reported to have
potent differentiating, antiproliferative and antiinflammatory
activities in many tumor cell lines, has been recently identi-
fied as a partial agonist for PPARy with nanomolar affinity
[42]. The activities of CDDO have been compared to full
PPARY agonists, such as the TZD rosiglitazone. The results
show that CDDO induces apoptosis of primary chronic lym-
phocytic leukemia cells by mithocondrial depolarization and
caspase activation with significantly greater potency than
rosiglitazone [46]. CDDO also induces apoptosis of acute
myeloid leukemia cells by promoting release of cytochrome-
¢ and activation of caspases 8 and 3 [67]. A possible expla-
nation of the potency of this drug notwithstanding its classi-
fication as partial agonist is that the target genes of PPAR-
CDDO complex may be different that those controlled by
full agonists. Indeed, while less effective than the full ago-
nist rosiglitazone in recruiting the known PPAR coactivators,
CDDO can effectively promote the release of corepressors.
Hence CDDO, and perhaps other partial agonists, may con-
trol transcription of a set of genes important for cell survival,
different than the ones controlled by full agonists, by pro-
moting the recruitment of specific coactivators to PPARYy
[68]. Whichever the mechanism, partial agonists are the fo-
cus of intensive research as they might elicit milder side ef-
fects than those caused by full agonists [66].

2.1.4. Diindolymethanes (DIM)

Diindolymethane (DIM) has been shown to cause cell
cycle arrest and apoptosis in several human cancer cell lines
including breast [69], prostate [70] and colon [71]. Recent
studies have demonstred that DIM analogues transactivate

Table 2.
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PPARY [43]. Furthermore, the novel ring-substituted DIM
derivative, DIM#34, has proapoptotic activity in acute mye-
logenous leukemia (AML) cells, suggesting a potential use
of these compounds in the treatment of hemetopoietic malig-
nancies. DIM#34 activates the intrinsic apoptosis pathway,
as shown by the fact that AML cell apoptosis occurs through
dissipation of mitochondrial transmembrane potential, re-
lease of cytochrome-c, caspase activation and inhibition of
the MAPK pathway [72]. A key feature of this drug is its
low toxicity, as it appears to selectively kills cancer cells
[72].

2.2. Natural PPARY Ligands

PPARY is the target of a number of naturally occuring
compounds such as 15-deoxy-A'*'*- prostaglandin J, (15d-
PGJ,) and 9-and 13-hydroxyoctadecadienoic acids (9- and
13-HODE) [49] (Table 2). 15d-PGJ, activates PPARY at mi-
cromolar concentrations. This compound has been shown to
inhibit DC activation by inducing downregulation of
costimulatory and adhesion molecules, as well as cytokine
secretion. Similarly to the synthetic ligand troglitazone, this
activity involves inhibition of NF-kB and MAPK signaling
[60]. 15d-PGJ, also inhibits monocyte proliferation and mi-
gration, the latter activity resulting from suppression of ex-
pression of the chemokine receptor CCR2 [56]. The effects
of 15d-PGJ; on lymphoid cells have been compared the ones
elicited by several synthetic PPARy agonists. The results
indicate that 15d-PGJ, share significant similiarities with
TZDs in terms of antiproliferative and cytotoxic effects,
characterized by reduction in cytokine production through
inhibition of NF-AT and NF-kB, and induction of apoptosis
[46, 48, 51, 53, 54, 73]. On the other hand, Ji er al. [74]
demonstrated that, as opposed to TZDs, 15-PGJ, block IL-10-
induced STAT3 activation in human monocytes and macro-

Structure and Activities of Natural PPARY Ligands on the Cellular Components of the Inmune System

15d-PGI2

Natural PPARY ligands Cells Biological Effects Molecular Mechanisms Ref.”
COOH
e U937 TApoptosis G1 phase arrest 45
He 9-HODE
U937 growth arrest S phase arrest 45
T lymphocytes JIL-2 inhibition of NF-AT, 75
NFxB

human DC Lcostimulatory adhesion inhibition of MAPK, NFxB [60]

THP-1, U937, HL-60,

T, B lymphocytes

molecules secretion of
cytokines
Imigration PPARYy ind. NFkB inhibition | [56, 58, 75]

JCCR2 mRNA

Uproliferation inhibition of NF-AT, NFxB [48, 46]
activation of caspase 3, 9 [3,51]
de-mye [54, 73]
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phages, suggesting that some biological activities of this
PPARYyligand may be unique.

A recent comparative study of 9- and 13-HODE in U937
cells showed that these two natural PPARY ligands display
different biological activities. While both inhibit cell prolif-
eration, growth arrest occurs at different phases of the cell
cycle (GO/G1 arrest for 9-HODE, S-phase arrest for 13-
HODE). Furthermore, only 9-HODE induces apoptosis, an
effect which was found to be independent of PPARy [45].
Interestingly, 13-HODE, similarly to TZDs, inhibits IL-2
production by human T lymphocytes through inhibition of
NF-AT and NF-xB [75].

Hence natural PPARY ligands act not only as modulators
of cell growth and apoptosis but also as negative regulators
of both macrophage and lymphocyte functions, which identi-
fies these compounds as a new class of antineoplastic and
immunomodulatory molecules.

3. PPARY LIGANDS IN THE TREATMENT OF HE-
MATOLOGICAL MALIGNANCIES

The antiproliferative and proapoptotic activities of
PPARy ligands on both myeloid and lymphoid cell lines
identify these compounds as novel class of drugs potentially
valuable in the treatment of hematological malignancies.
Significant effort has accordingly been invested in assessing
their activities in neoplastic cells from patients with myeloid
and lymphoid leukemias. In this section we shall summarize
the most recent findings, which suggest that both synthetic
and natural PPARY ligands, particularly when used in com-
bination therapies, may hold a promise for the treatment of
these neoplasias.

3.1. PPARY Ligands and Myeloid Malignancies
3.1.1. Chronic Myeloid Leukemia

Chronic myeloid leukaemia (CML) is a clonal myelopro-
liferative disorder whose hallmark is a chromosomal translo-
cation between chromosomes 9 and 22, detected cytologi-
cally as the presence of a small chromosome known as the
Philadelphia chromosome (Ph). This translocation results in
the production of the oncogenic BCR-ABL fusion protein, a
constitutively active tyrosine kinase which activates the Ras
signalling pathway, leading to uncontrolled cell proliferation
and enhanced cell survival. Imatinib, a specific tyrosine
kinase inhibitor, selectively suppresses the proliferation of
cells expressing BCR-ABL and as such represents the elec-
tive therapy for CML [76]. Persistence of BCR-ABL posi-
tive cells or secondary resistance have however been docu-
mented [76]. Significant effort is therefore currently being
invested in the search of additional molecular targets for
CML treatment. Several new molecules, including PPARYy
ligands, are now being tested either alone or in combination
with Imatinib to overcome the drug resistance problems. Liu
et al. have shown that TZD18, a synthetic dual PPARo/
PPARy ligand discussed in section 2.1.1, has a profound
inhibitory activity on the growth of Ph+ lymphocytic leuke-
mia cell lines. In addition, they found that TZD18 promotes
apoptosis of these cells. These effects appear PPAR-indepen-
dent, as they cannot be reversed by PPARa or PPARY an-
tagonists. Remarkably, TZD18 synergistically enhanced the
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effects of Imatinib [49]. Recently this group investigated the
effect of this compound, either alone or in combination with
Imatinib, in human CML myeloid blast crisis cell lines.
Their findings strongly indicate that TZD18 treatment may
be beneficial both for Imatinib-sensitive and Imatinib-
resistant CML [77].

3.1.2. Acute Myeloid Leukemia

Acute myeloid leukaemia (AML) is characterized by
impaired apoptosis which correlates with an increase in the
levels of Bcl-2. The Bcl-2 protein family controls apoptosis
through a finely tuned balance of anti-apoptotic members,
such as Bcl-2 and Bcl-xL, and proapoptotic members, such
as Bax, Bid and Bad [78]. Bcl-2 is a mitochondrial protein
which antagonises apoptosis by blocking cytochrome-c re-
lease, thereby preventing initiation of the caspase cascade.
Since in AML impaired apoptosis correlates to resistance to
chemiotherapy, compounds which activate apoptosis may be
useful for treatment of drug-refractory AML. The PPARYy
ligand CDDO has been shown to promote mitochondria-
mediated AML cell apoptosis by inducing cytochrome-c
release and activation of caspases 8 and 3 [77], suggesting a
potential use of this ligand in the treatment of drug-resistant
AML. Of note, the novel C-28 imidazole derivative of
CCDO, CDDO-Im, appears significantly more potent than
CDDO both in vitro and in vivo, as assessed in a mouse leu-
kemia model [79]. Another novel PPARY agonist, DIM#34,
has been recently demonstrated to be effective in promoting
AML cell apoptosis through both PPARy-dependent and
PPARY-independent mechanisms. DIM#34 selectively in-
duces apoptosis of AML cells by modulating Bcl-2 phos-
phorylation by Erk1/2, an event which results in inhibition of
its antiapoptotic activity [80]. Furthermore, troglitazone and
15d-PGlJ, have been demonstrated to strongly induce apopto-
sis in two human myeloid leukaemia cell lines through
upregulation of Bax as well as downregulation of Bcl-2 ex-
pression [81].

The therapeutic potential of PPARy ligands in the treat-
ment of multiple myeloma has also been investigated. Based
on results obtained on myeloma cell lines in vitro, several
reports support a role for the TZDs ciglitazone, troglitazone
and pioglitazone, as well as for the natural ligand 15d-PGJ,,
in the induction of apoptosis [82-84].

Hence, despite the absence of conclusive information on
the role of PPARY itself in the biological activities of PPARYy
ligands, their documented ability to induce apoptosis of leu-
kemic cells strongly supports the notion that these drugs may
serve as potential therapeutics for the treatment of both acute
and chronic myeloid leukaemia.

3.2. Lymphoid Malignancies
3.2.1. B-ALL

B-cell acute lymphoblastic leukaemia (B-ALL) is a lym-
phoid neoplasm frequently associated with a t(14;18) chro-
mosomal translocation which results in c-myc overexpres-
sion and correlates with poor prognosis [85]. c-myc is a gene
centrally implicated in the control of cell survival, a function
which is likely to underlie the apoptotic defects observed in
ALL B-cells. Resistance to apoptosis has been established as
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one of the causative mechanisms for the failure of therapeu-
tic approaches in this hematopoietic malignancy. Recent
studies have investigated the effect of PPARY ligands in B-
ALL cell lines. Treatment of these cells with the TZDs pio-
glitazone and troglitazone, or with the natural PPARY ligand
15d-PGJ,, resulted in dose-dependent growth inhibition.
Growth arrest was associated with G1 cell cycle arrest and
apoptosis. Troglitazone induced-apoptosis correlated with
downregulation of both c-myc mRNA and c-myc protein
expression [86]. In pioglitazone- or 15d-PGJ,-treated cells
apoptosis was partially caspase-independent, as caspase in-
hibitors could not reverse this effect [87]. The apoptotic
mechanisms regulated by 15d-PGJ,, but not by ciglitazone,
may be related to enhanced production of reactive oxygen
species [88]. The effects of these compounds both on cell
cycle arrest and apoptosis of B-ALL cells appear to be
PPARY-independent, as neither irreversible PPAR antago-
nists nor a dominant-negative PPARymutant prevented cigli-
tazone or 15d-PGJ,-induced B-cell apoptosis [88].

3.2.2. Diffuse Large B-Cell Lymphoma and B-CLL

Two chronic lymphoid malignancies, diffuse large B-cell
lymphoma (DLBCL) and B-cell chronic lymphocytic leuke-
mia (B-CLL) are also characterized by apoptosis defects. In
B-CLL impaired apoptosis has been correlated to enhanced
Bcl-2 expression, due either to promoter hypomethylation or,
more frequently, to chromosomal deletion 13ql14, which
encodes two natural Bcl-2 antisense RNAs [89, 90]. Diffuse
large B-cell lymphoma is the most common non-Hodgkin
lymphoma characterized by clinical and biologic heterogene-
ity [91], which has been classified by DNA microarray
analysis in two molecularly distinct forms, the germinal cen-
ter and activated B-cell subtypes [92]. Poor prognosis corre-
lates with Bcl-2 overexpression which, in the activated B-
cell subtype, may be responsible for the impaired apoptotic
response to chemotherapy [93, 94].

The potential use of proapoptotic PPARY ligands for the
treatment of these neoplasias is currently being evaluated.
The triterpenoid CDDO has been shown to inhibit prolifera-
tion and induce apoptosis of human DLBCL cells of both
subtypes in a PPARYy-independent manner [95]. Interestingly,
exposure of these cells to CDDO resulted in NF-xB activa-
tion. Combined treatment with CDDO and an NFxB inhibi-
tor enhanced DBLCL cell apoptosis, suggesting that NFxB
may antagonise the proapoptotic effects of CDDO by trig-
gering a survival pathway [95].

The effects of CDDO have also been tested on CLL B-
cells. In these cells CDDO acts as a potent inducer of apop-
tosis through the intrinsic apoptosis pathway. This activity
may be PPARy-independent as CDDO, a partial agonist, is
more potent than a full agonist such as troglitazone [96]. The
results suggest that this PPARY ligand may be effective in
chemo-refractory B-CLL patients, whose neoplastic B-cells
are characterized by defects in the intrinsic apoptosis path-
way.

4. PERSPECTIVES

A large body of evidence highlights the potential use of
PPARY ligands as anti-neoplastic and immunomodulatory
drugs. In this respect, the synergism of PPARYy ligands with
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currently used anti-tumoral compounds, such as Imatinib,
opens a promising novel avenue to the treatment of hemato-
logical malignancies. Fully understanding the mechanism of
action of these drugs has therefore become a priority, as this
may result in the development of second-generation ration-
ally designed PPARY ligands with equal or enhanced potency
compared to the lead compounds, but with reduced side ef-
fects. This is particularly compelling if we consider the para-
digm of CDDO which, while acting as a partial PPARY ago-
nist, is a more potent inducer of apoptosis than full agonists.
One obvious direction is to investigate how the structure of
ligand-bound LBD affects PPARY activity, a task that has
become feasable now that a sensitive probe of LBD confor-
mation is available [36]. Furthermore, identification of the
specific cofactors which are recruited to distinct ligand-
PPARY complexes is likely to provide an important break-
through in understanding the activities of the different
PPARY ligands. The contribution of phosphorylation to the
fine-tuning of PPAR activity needs also to be systematically
addressed, particularly as it appears to differentially affect
PPARs in a isoform- and cell type-specific fashion. A second
aim is to understand to which extent PPARY is responsible
for the different activities and relative potencies of PPARYy
ligands. Convincing evidence shows that at least part of the
activities ascribed to specific PPARYy ligands are solely due
to the drug. Identifying molecular targets of these drugs
other than PPARs will provide novel clues for the develop-
ment of more effective and safer therapeutics.

ABBREVIATIONS

HODE = Hydroxyoctadecadienoic acid

15dPGJ2 = 15-deoxy-A'*""- prostaglandin J,

AF = Activation function

ALL = Acute lymphoblastic leukaemia

AML = Acute myeloid leukaemia

CCR = CC chemokine receptor

CDDO = 2-cyano-3,12-dioxooleana-1,9-dien-28-oic
acid

CDK = Cyclin-dependent kinase

CLL = Chronic lymphocytic leukaemia

CML = Chronic myeloid leukaemia

CXCL = CXC chemokine ligand

DBD = DNA binding domain

DC = Dendritic cell

DIM = Diindolymethane

DLBCL = Diffuse large B-cell lymphoma

GST = Glutathione-S-transferase

IL = Interleukin

JINK = Jun NH,-terminal kinase

LBD = Ligand binding domain

LBP = Ligand binding pocket
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MAPK = Mitogen activated protein kinase

MCP-1 = Monocyte chemoattractant protein -1

MDS = Myelodysplastic syndrome

NFxB = Nuclear factor kKB

NFAT = Nuclear factor of activated T cells

PKA = Protein kinase A

PKC = Protein kinase C

PP = Peroxisome proliferator

PPAR = Peroxisome proliferator-activated receptor

PPRE = PPAR response element

ROS = Reactive oxygen species

RXR = Retinoid X receptor

STAT = Signal transducer and activator of transcription

SUMO = Small ubiquitin-like modifier

TZD = Thiazolidinedione

TLR = Toll-like receptor

REFERENCES

[1] Issemann, I.; Green, S. Nature, 1990, 347, 645.

[2] Braissant, O.; Foufelle, F.; Scotto, C.; Dauca, M.; Wahli, W. Endo-
crinology, 1996, 137, 354.

[3] Aoyama, T.; Peters, J.M.; Iritani, N.; Nakajima, T.; Furihata, K.;
Hashimoto, T.; Gonzalez, FJ. J. Biol. Chem., 1998, 273, 5678.

[4] Francis, G.A.; Fayard, E.; Picard, F.; Auwerx, J. Annu. Rev.
Physiol., 2003, 65, 261.

[5] Kepez, A.; Oto, A.; Dagdelen, S. BioDrugs., 2006, 20, 121.

[6] Auboeuf, D.; Rieusset, J.; Fajas, L.; Vallier, P.; Frering, V.; Riou,
J.P.; Staels, B.; Auwerx, J.; Laville, M.; Vidal, H. Diabetes, 1997,
46,1319.

[7] Escher, P.; Wahli, W. Mutat. Res., 2000, 448, 121.

[8] Greene, M.E.; Blumberg, B.; McBride, O.W.; Yi, H.F.; Kronquist,
K.; Kwan, K.; Hsieh, L.; Greene, G.; Nimer, S.D. Gene. Expr.,
1995, 4, 281.

[9] Daynes, R.A.; Jones, D. C. Nat. Rev. Immunol., 2002, 2, 748.

[10] Wang, T.; Xu, J.; Yu, X.; Yang, R.; Han, Z.C. Crit, . Rev. Oncol.
Hematol., 2006, 58, 1.

[11] Hi, R.; Osada, S.; Yumoto, N.; Osumi, T. J. Biol. Chem., 1999,
274,35152.

[12] Juge-Aubry, C.E.; Kuenzli, S.; Sanchez, J.C.; Hochstrasser, D.;
Meier, C.A. Biochem. J., 2001, 353, 253.

[13] Camp, H.S.; Tafuri, S.R. J. Biol. Chem., 1997, 272, 10811.

[14] Hu, E.; Kim, J.B.; Sarraf, P.; Spiegelman, B.M., Science, 1996,
274,2100.

[15] Adams, M.; Reginato, M.J.; Shao, D.; Lazar, M.A.; Chatterjee,
V.K.J. Biol. Chem., 1997, 272, 5128.

[16] Shao, D.; Rangwala, S.M.; Bailey, S.T.; Krakow, S.L.; Reginato,
M.J.; Lazar, M.A. Nature, 1998, 396, 377.

[17] Zhang, B.; Berger, J.; Zhou, G.; Elbrecht, A.; Biswas, S.; White-
Carrington, S.; Szalkowski, D.; Moller, D.E. J. Biol. Chem., 1996,
271,31771.

[18] Shalev, A.; Siegrist-Kaiser, P.M.; Whali, W.; Burger, A.G.; Chin,
W.W.; Meier, C.A. Endocrinology, 1996, 137, 4499.

[19] Juge-Aubry, C.E.; Hammar, E.; Siegrist-Kaiser, A.; Pernin, A.;
Takeshita, A.; Chin, W.W.; Burger, A.G.; Meier, C.A. J. Biol.
Chem., 1999, 274, 10505.

[20] Ohshima, T.; Koga, H.; Shimotohno, K. J. Biol. Chem., 2004, 279,
29551.

[21] Shimizu, M.; Yamashita, D.; Yamaguchi, T.; Hirose, F.; Osumi, T.
Mol. Cell. Biochem., 2006, 286, 33.

[22] Yamashita, D., Yamaguchi, T., Shimizu, M., Nakata, N., Hirose,

F., Osumi, T. Genes Cells, 2004, 9, 1017.

[23]
[24]
[25]
[26]

[27]

[28]

[29]

[30]

[31]
[32]

[33]
[34]

[35]
[36]
[37]

[38]

[39]
[40]
[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]
[49]
[50]
[51]
[52]

[53]

[54]

Ulivieri and Baldari

Motojima, K. Cell Struct. Funct., 1993, 18, 267.

Murphy, G.J.; Holder, J.C. Trends Pharmacol. Sci., 2000, 21, 469.
Lazennec, G.; Canaple, L.; Saugy, D.; Wahli, W. Mol. Endocrinol.,
2000, 74, 1962.

Blanquart, C.; Mansouri, R.; Paumelle, R.; Fruchart, J.C.; Staels,
B.; Glineur, C. Mol. Endocrinol., 2004, 18, 1906.

Fyffe, S.A.; Alphey, M.S.; Buetow, L.; Smith, T.K.; Ferguson,
M.A.; Sorensen, M.D.; Bjorkling, F.; Hunter, W.N. J. Mol. Biol.,
2006, 356, 1005.

Fyffe, S.A.; Alphey, M.S.; Buetow, L.; Smith, T.K.; Ferguson,
M.A.; Sorensen, M.D.; Bjorkling, F.; Hunter, W.N. Mol. Cell.,
2006, 21, 1.

Uppenberg, J.; Svensson, C.; Jaki, M.; Bertilsson, G.; Jendeberg,
L.; Berkenstam, A. J. Biol. Chem., 1998, 273, 31108.

Nolte, R.T.; Wisely, G.B.; Westin, S.; Cobb, J.E.; Lambert, M.H.;
Kurokawa, R.; Rosenfeld, M.G.; Willson, T.M.; Glass, C.K.; Mil-
burn, MV. Nature, 1998, 395, 137.

Cronet, P.; Petersen, J.F.; Folmer, R.; Blomberg, N.; Sjoblom, K.;
Karlsson, U.; Lindstedt, E.L.; Bamberg, K. Structure, 2001, 9, 699.
Bourguet, W.; Germain, P.; Gronemeyer, H. Trends Pharmacol.
Sci., 2000, 27,381.

Li, Y.; Lambert, M.H.; Xu, H.E. Structure, 2003, 11, 741.

Holt, J.A.; Consler, T.G.; Williams, S.P.; Ayscue, A.H.; Leesnitzer,
L.M.; Wisely, G.B.; Billin, A.N. Mol. Endocrinol., 2003, 17, 1704.
Hamuro, Y.; Coales, S.J.; Morrow, J.A.; Molnar, K.S.; Tuske, S.J.;
Southern, M.R.; Griffin, P.R. Protein Sci., 2006, 15, 1883.

Sheu, S.H.; Kaya, T.; Waxman, D.J.; Vajda, S. Biochemistry, 2005,
44,1193.

Lazennec, G.; Canaple, L.; Saugy, D.; Wahli, W. Mol. Endocrinol.,
2000, /4, 1962.

Xu, H.E.; Lambert, M.H.; Montana, V.G.; Plunket, K.D.; Moore,
L.B.; Collins, J.L.; Oplinger, J.A.; Kliewer, S.A.; Gampe, R.T. Jr;
McKee, D.D.; Moore, J.T.; Willson, T.M. Proc. Natl. Acad. Sci.
US4, 2001, 98, 13919.

Vasudevan, A.R.; Balasubramanyam, A. Diabetes Technol. Ther.,
2004, 6, 850.

Houseknecht, K.L.; Cole, B.M.; Steele, P.J. Domest. Anim. Endoc-
rinol., 2002, 22, 1.

Willson, T.M.; Brown, P.J.; Sternbach, D.D.; Henke, B.R. J. Med.
Chem., 2000, 43, 527.

Wang, Y.; Porter, W.W.; Suh, N.; Honda, T.; Gribble, G.W.; Lees-
nitzer, L.M.; Plunket, K.D.; Mangelsdorf, D.J.; Blanchard, S.G.;
Willson, T.M.; Sporn, M.B. Mol. Endocrinol., 2000, 14, 1550.

Qin, C.; Morrow, D.; Stewart, J.; Spencer, K.; Porter, W.; Smith, R.
3" Phillips, T.; Abdelrahim, M.; Samudio, 1.; Safe, S. Mol. Can-
cer. Ther., 2004, 3, 247.

Ikezoe, T.; Miller, C.W.; Kawano, S.; Heaney, A.; Williamson,
E.A.; Hisatake, J.; Green, E.; Hofmann, W.; Taguchi, H.; Koeffler,
H.P. Cancer Res., 2001, 61, 5307.

Hampel, J.K.; Brownrigg, L.M.; Vignarajah, D.; Croft, K.D.;
Dharmarajan, A.M.; Bentel, J.M.; Puddey, L.B.; Yeap, B.B.
Prostaglandins Leukot. Essent. Fatty Acids, 2006, 74, 283.
Konopleva, M.; Elstner, E.; McQueen, T.J.; Tsao, T.; Sudarikov,
A.; Hu, W.; Schober, W.D.; Wang, R.Y.; Chism, D.; Kornblau,
S.M.; Younes, A.; Collins, S.J.; Koeffler, H.P.; Andreeff, M. Mol.
Cancer Ther., 2004, 3, 1249.

Yasugi, E.; Horiuchi, A.; Uemura, I.; Okuma, E.; Nakatsu, M.;
Saeki, K.; Kamisaka, Y.; Kagechika, H.; Yasuda, K.; Yuo, A. Dev.
Growth Differ., 2006, 48, 177.

Yang, X.Y.; Wang, L.H.; Chen, T.; Hodge, D.R.; Resau, J.H.;
DaSilva, L.; Farrar, W.L. J. Biol. Chem., 2000, 275, 4541.

Liu, H.; Zang, C.; Fenner, M.H.; Liu, D.; Possinger, K.; Koeffler,
H.P.; Elstner, E. Blood, 2006, 107, 3683.

August, A.; Mueller, C.; Weaver, V.; Polanco, T.A.; Walsh, ER.;
Cantorna, M.T. J. Nutr., 2006, 136, 695.

Mueller, C.; Weaver, V.; Vanden Heuvel, J.P.; August, A.; Can-
torna, M.T. Arch. Biochem. Biophys., 2003, 418, 186.

Wang, P.; Anderson, P.O.; Chen, S.; Paulsson, K.M.; Sjogren,
H.O.; Li, S. Int. Immunopharmacol., 2001, 4, 803.

Kanunfre, C.C.; da Silva Freitas, J.J.; Pompeia, C.; Goncalves de
Almeida, D.C.; Cury-Boaventura, M.F.; Verlengia, R.; Curi, R. Int.
Immunopharmacol., 2004, 4, 1171.

Ray, D.M.; Akbiyik, F.; Bernstein, S.H.; Phipps, R.P. J. Immunol.,
2005, 174, 4060.



The Potential of Peroxisome Proliferator-Activated Receptor y

(53]

[56]

[57]

(58]

(591

[60]
[61]
[62]
[63]
[64]

[65]
[66]

[67]

[68]

[69]
[70]
[71]

[72]

(73]
[74]
(751

[76]

Schlezinger, J.J.; Jensen, B.A.; Mann, K .K.; Ryu, H.Y.; Sherr, D.H.
J. Immunol., 2002, 169, 6831.

Tanaka, T.; Fukunaga, Y.; Itoh, H.; Doi, K.; Yamashita, J.; Chun,
T.H.; Inoue, M.; Masatsugu, K.; Saito, T.; Sawada, N.; Sakaguchi,
S.; Arai, H.; Nakao, K. Eur. J. Pharmacol., 2005, 508, 255.
Schaefer, K.L.; Denevich; S.; Ma, C.; Cooley, S.R.; Nakajima, A.;
Wada, K.; Schlezinger, J.; Sherr, D.; Saubermann, L. J. Inflamm.
Bowel. Dis., 2005, 11,244.

Higashihara, H.; Kokura, S.; Imamoto, E.; Ueda, M.; Naito, Y.;
Yoshida, N.; Yoshikawa, T. Redox. Rep., 2004, 9, 365.

Gosset, P.; Charbonnier, A.S.; Delerive, P.; Fontaine, J.; Staels, B.;
Pestel, J.; Tonnel, A.B.; Trottein, F. Eur. J. Immunol., 2001, 31,
2857.

Appel, S.; Mirakaj, V.; Bringmann, A.; Weck, M.M.; Grunebach,
F.; Brossart, P. Blood, 2005, 106, 3888.

Palakurthi, S.S.; Aktas, H.; Grubissich, L.M.; Mortensen, R.M.;
Halperin, J.A. Cancer Res., 2001, 61, 6213.

Weng, J.R.; Chen, C.Y.; Pinzone, J.J.; Ringel, M.D.; Chen, C.S.
Endocr. Relat. Cancer, 2006, 13,401.

Huang, J.W.; Shiau, C.W.; Yang, J.; Wang, D.S.; Chiu, H.C;
Chen, C.Y.; Chen, C.S. J. Med. Chem., 2006, 49, 4684.

Sood, V.; Colleran, K.; Burge, M.R. Diabetes. Technol. Ther.,
2000, 2, 429.

Lebovitz, H.E. Diabetes Metab. Res. Rev., 2002, 18, S23.
Schlezinger, J.J.; Emberley, J.K.; Sherr, D.H. Toxicol. Sci., 2006,
92,433,

Konopleva, M.; Tsao, T.; Estrov, Z.; Lee, R.M.; Wang, R.Y.; Jack-
son, C.E.; McQueen, T.; Monaco, G.; Munsell, M.; Belmont, J.;
Kantarjian, H.; Sporn, M.B.; Andreeff, M. Cancer Res., 2004, 64,
7927.

Berger, J.P.; Petro, A.E.; Macnaul, K.L.; Kelly, L.J.; Zhang, B.B.;
Richards, K.; Elbrecht, A.; Johnson, B.A.; Zhou, G.; Doebber,
T.W.; Biswas, C.; Parikh, M.; Sharma, N.; Tanen, M.R.; Thomp-
son, G.M.; Ventre, J.; Adams, A.D.; Mosley, R.; Surwit, R.S.; Mol-
ler, D.E. Mol. Endocrinol., 2003, 17, 662.

Hong, C.; Kim, H.A.; Firestone, G.L.; Bjeldanes, L.F. Carcino-
genesis., 2002, 23, 1297.

Nachshon-Kedmi, M.; Yannai, S.; Haj, A.; Fares, F.A. Food Chem.
Toxicol., 2003, 41, 745.

Bonnesen, C.; Eggleston, I.M.; Hayes, J.D. Cancer Res., 2001, 61,
6120.

Contractor, R.; Samudio, 1.J.; Estrov, Z.; Harris, D.; McCubrey,
J.A.; Safe, S.H.; Andreeff, M.; Konopleva, M. Cancer Res., 2005,
65,2890.

Cippitelli, M.; Fionda, C.; Di Bona, D.; Lupo, A.; Piccoli, M.;
Frati, L.; Santoni, A. J. Immunol., 2003, 170, 4578.

Ji, I.D.; Kim, H.J.; Rho, Y.H.; Choi, S.J.; Lee, Y.H.; Cheon, H.J.;
Sohn, J.; Song, G.G. Rheumatology, 2005, 44, 983.

Yang, X.Y.; Wang, L.H.; Mihalic, K.; Xiao, W.; Chen, T.; Li, P.;
Wahl, L.M.; Farrar, W.L. J. Biol. Chem., 2002, 277,3973.

Ikeda, A.; Shankar, D.B.; Watanabe, M.; Tamanoi, F.; Moore,
T.B.; Sakamoto, K.M. Mol. Genet. Metab., 2006, 88, 216.

Received: 08 December, 2006

Revised: 28 March, 2007 Accepted: 30 March, 2007

[77]

[78]
[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]
[92]

[93]

[94]

[95]

[96]

Mini-Reviews in Medicinal Chemistry, 2007, Vol. 7, No. 9 887

Zang, C.; Liu, H.; Waechter, M.; Eucker, J.; Bertz, J.; Possinger,
K.; Koeffler, H.P.; Elstner, E. Cell Cycle, 2006, 5, 2237.

Chao, D.T.; Korsmeyer, S.J. Annu. Rev. Immunol., 1998, 16, 395.
Place, A.E.; Suh, N.; Williams, C.R.; Risingsong, R.; Honda, T.;
Honda, Y.; Gribble, G.W.; Leesnitzer, L.M.; Stimmel, J.B.; Will-
son, T.M.; Rosen, E.; Sporn, M.B. Clin. Cancer Res., 2003, 9,
2798.

Ito, T.; Deng, X.; Carr, B.; May, W.S. J. Biol. Chem., 1997, 272,
11671.

Liu, J.J.; Huang, R.W.; Lin, D.J.; Peng, J.; Wu, X.Y.; Lin, Q.; Pan,
X.L.; Song, Y.Q.; Zhang, M.H.; Hou, M.; Chen, F. 4nn. Oncol.,
2005, 16, 455.

Eucker, J.; Bangeroth, K.; Zavrski, I.; Krebbel, H.; Zang, C.; Hei-
der, U.; Jakob, C.; Elstner, E.; Possinger, K.; Sezer, O. Anticancer
Drugs, 2004, 15, 955.

Ray, D.M.; Bernstein, S.H.; Phipps, R.P. Clin. Immunol., 2004,
113,203.

Wang, L.H.; Yang, X.Y.; Zhang, X.; Huang, J.; Hou, J.; Li, J.;
Xiong, H.; Mihalic, K.; Zhu, H.; Xiao, W.; Farrar, W.L. Immunity,
2004, 20, 205.

Stamatoullas, A.; Buchonnet, G.; Lepretre, S.; Lenain, P.; Lenor-
mand, B.; Duval, C.; Callat, M.P.; Gaulard, P.; Bastard, C.; Tilly,
H. Leukemia, 2000, 14, 1960.

Takenokuchi, M.; Saigo, K.; Nakamachi, Y.; Kawano, S.; Hashi-
moto, M.; Fujioka, T.; Koizumi, T.; Tatsumi, E.; Kumagai, S. Acta
Haematol., 2006, 116, 30.

Zang, C.; Liu, H.; Posch, M.G.; Waechter, M.; Facklam, M.; Fen-
ner, M.H.; Ruthardt, M.; Possinger, K.; Phillip Koeffler, H.; Elst-
ner, E. Leuk. Res., 2004, 28, 387.

Ray, D.M.; Akbiyik, F.; Phipps, R.P. J. Immunol., 2006, 177, 5068.
Hanada, M.; Delia, D.; Aiello, A.; Stadtmauer, E.; Reed, J.C.
Blood, 1993, 82, 1820.

Carney, D.A.; Wierda, W.G. Curr. Treat. Options Oncol., 2005, 6,
215.

Gascoyne, R.D. Curr. Opin. Oncol., 2004, 16, 436.

Alizadeh, A.A.; Eisen, M.B.; Davis, R.E.; Ma, C.; Lossos, I.S.;
Rosenwald, A.; Boldrick, J.C.; Sabet, H.; Tran, T.; Yu, X.; Powell,
J.I; Yang, L.; Marti, G.E.; Moore, T.; Hudson, J. Jr; Lu, L.; Lewis,
D.B.; Tibshirani, R.; Sherlock, G.; Chan, W.C.; Greiner, T.C.;
Weisenburger, D.D.; Armitage, J.O.; Warnke, R.; Levy, R.; Wil-
son, W.; Grever, M.R.; Byrd, J.C.; Botstein, D.; Brown, P.O.;
Staudt, L.M. Nature, 2000, 403, 503.

Gascoyne, R.D.; Adomat, S.A.; Krajewski, S.; Krajewska, M.;
Horsman, D.E.; Tolcher, A.W.; O'Reilly, S.E.; Hoskins, P.; Cold-
man, A.J.; Reed, J.C.; Connors, J.M. Blood, 1997, 90, 244.

Barrans, S.L.; Carter, I.; Owen, R.G.; Davies, F.E.; Patmore, R.D.;
Haynes, A.P.; Morgan, G.J.; Jack, A.S. Blood, 2002, 99, 1136.
Ray, D.M.; Morse, K.M.; Hilchey, S.P.; Garcia, T.M.; Felgar, R.E.;
Maggirwar, S.B.; Phipps, R.P.; Bernstein, S.H. Exp. Hematol.,
2006, 34, 1202.

Pedersen, I.M.; Kitada, S.; Schimmer, A.; Kim, Y.; Zapata, J.M.;
Charboneau, L.; Rassenti, L.; Andreeff, M.; Bennett, F.; Sporn,
M.B.; Liotta, L.D.; Kipps, T.J.; Reed, JC. Blood, 2002, 100, 2965.



Copyright of Mini Reviews in Medicinal Chemistry is the property of Bentham Science Publishers
Ltd. and its content may not be copied or emailed to multiple sites or posted to a listserv without
the copyright holder's express written permission. However, users may print, download, or email
articles for individual use.



