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Abstract

Thiazolidinediones are agonists of the nuclear receptor Peroxisome Proliferator Activated Receptor gamma
(PPARYy). These synthetic compounds are known for a long time to have anticancer potencies and numerous studies
have been performed to understand their mechanism of action. An increasing amount of converging results indicate
that most of these mechanisms appear in a PPARy-independent manner. This was suggested by the observation of
effects in cell types devoid of PPARy and by the absence of correlation between agonist efficiencies and the intensity
of the effects. The PPARy-independence was demonstrated by various experimental approaches using PPARy
antagonists, RNA interference targeting PPARYy or thiazolidinedione derivatives devoid of PPARy agonist activity.
Here, we review the studies that describe PPARy-independent changes including ionic changes (intracellular pH
and Ca?*), reactive oxygen species production, Mitogen Activated Protein Kinases activation, endoplasmic reticulum
stress and proteasomal degradation of key proteins. The relationships between these events that occur either early
or late after thiazolidinedione exposure and their possible involvement in the antineoplastic effect are discussed.
We conclude about the possibility to take advantage from these data to develop new thiazolidinedione derivatives

usable as anticancer drugs.

Introduction

Thiazolidinediones (TZD) are synthetic compounds characterized
by a thiazolidine-2-4-dione ring (Figure 1). They are insulin sensitizers.
Looking for efficient hypolipemiants, the Japanese company Takeda
identified the first compound of this family: Ciglitazone (CGZ) [1].
Initial studies carried on diabetic-obese rodent showed that CGZ
increases insulin sensitivity and reduces plasma triglyceride levels
[2]. In 1988, similar effects including lowering plasma glucose,
insulin, triglyceride, free fatty acid, lactate, and ketone body levels
were obtained with Troglitazone (TGZ) (Sankyo) in insulin-resistant
diabetic animal models [3]. The clinical potential of this molecule led
to the development of numerous derivatives as Englitazone (Pfizer),
Pioglitazone (PGZ) (Takeda Pharmaceuticals) and Rosiglitazone
(RGZ) (GlaxoSmithKline). I fine, three of them were used in clinic for
the treatment of noninsulin-dependent type 2 diabetes mellitus: TGZ,
RGZ and PGZ.

The classic mechanism of action of TZD requires their binding
to the Peroxisome Proliferator Activated Receptor gamma (PPARYy)
that is a ligand-activated transcription factor belonging to the steroid
hormone receptor superfamily [4-6]. PPAR heterodimerizes with
retinoid X receptor (RXR) and binds specific DNA sequences, known
as PPARy response element in the promoter of target genes [7].

Although TZD have revolutionized the treatment of diabetes,
mounting evidences on side effects of these drugs led to their
progressive withdrawal from the market. The clinical use of TGZ was
stopped because of a severe hepatotoxic effect [8,9]. The mechanism
of TGZ-induced hepatotoxicity is poorly understood and appears to
be multifactorial. One of the factors could be the formation of reactive
metabolites after enzyme-mediated metabolisation [10,11]. In 2010,
RGZ was withdrawn from the European markets in response to
increasing concerns about its cardiovascular safety [12]. More recently,
PGZ was also withdrawn from the market in France in regards to an
increase in bladder cancer rate [13,14].

In addition to their antidiabetic activity, TZD were also shown to
inhibit the proliferation and to induce the differentiation of various
cancer cells not only in vitro but also in rodent models. Despite these
promising preclinical results, clinical trials did not display clear
beneficial effects on patients treated for breast cancer, colorectal cancer
or liposarcomas [15-17]. However, a survey trial for diabetic patients
showed a significant decrease of pancreatic cancer for patients treated
with RGZ compared to the control group [18]. Moreover a meta-
analysis including about 30 000 patients reported an overall lower
incidence of cancer in diabetic patients treated with RGZ than in
the control group [19]. On advanced prostate cancer, a phase II trial
showed that TGZ treatment stabilized the prostate-specific antigen
(PSA) level. In addition, one patient had a dramatic decrease in PSA
serum concentration to nearly undetectable levels [20]. A modest
effect of RGZ has been observed for patients with thyroid cancer
[21]. Interestingly, in this study, no relationships were found between
the level of PPARy and the response to RGZ, suggesting a potential
PPARy-independent mechanism. This hypothesis is in agreement with
the fact that a phase I clinical trial did not show any beneficial effects
of an association with the RXR selective compound Bexarotene in
patients with refractory cancers [22].
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Figure 1: Structures of the main TZD reported in this review.
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The anticancer effects of TZD can be associated with several
processes including cell differentiation, cell cycle arrest, apoptosis
and autophagy. The involvement of PPARY in these effects of TZD is
really unclear since increasing PPARy-independent events have been
reported. Intensive researches are now focusing on the underlying
molecular mechanisms. Here we review the current knowledge about
major PPARy-independent effects of TZD. The role of some of them is
still unclear whereas others have been clearly involved in the anticancer
action. These data will be essential in order to develop new TZD
derivatives devoid of toxicity and more efficient in cancer therapeutics.

Apoptosis

Many drugs used in anticancer therapies exert their effect by
inducing apoptosis. Numerous studies performed in various cell lines
have described that the effects of TZD are associated with apoptosis
but the mechanisms leading to the cell death have not always been
identified. Apoptosis can be induced by two main pathways. First,
the intrinsic pathway involves signaling through the mitochondria.
Members of the Bcl-2 family induce the release of cytochrome ¢ from
the mitochondrial membrane leading to the activation of caspase 9.
Once activated, caspase 9 targets downstream effectors such as caspases
3 and 7. Second, the extrinsic pathway is mediated by death receptors
belonging to the tumor necrosis factor receptor (TNFR) superfamily
which includes Fas, TNFR1, Death receptor (DR) 3, DR4, DR5 and
DR6. Upon ligand binding and trimerisation, the intracellular domain
recruits adaptator proteins such as Fas-associated death domain
(FADD). In turn, caspases 8 and 10 are activated leading to the
activation of the effector caspases 3 and 7. In some cases, caspase 8 can
also cleave Bid, leading to Bax activation and the release of cytochrome
c. Negative regulators have been identified. Cellular FLICE inhibitory
protein (c-FLIP) is an inactive analogue of caspase 8 that inhibits
the extrinsic pathway. Inhibitors of apoptosis (IAP) such as survivin
mainly suppress the activity of caspases.

In prostate cancer cells, some TZD can induce apoptosis by the
intrinsic pathway in a PPARy-independent manner [23]. This was
concluded from several observations. First, despite deficiency in
PPARy, LNCaP cells exhibit a higher degree of susceptibility to TGZ-
mediated apoptosis compared to the PPARy-rich PC-3 cells. Second,
A2-TGZ, although devoid of PPARy agonist activity is more potent
than TGZ in inducing cytochrome c release and DNA fragmentation.
Similar results are obtained with CGZ and A2-CGZ. Third, RGZ and
PGZ which are more potent PPARY agonists than CGZ and TGZ,
show only marginal effects on apoptotic cell death. TGZ does not cause
appreciable changes in the expression level of Bcl-2 family members
(Bcl-2, Bel-xL, Bax, Bak, Bad, Bid). Nevertheless, TGZ, CGZ and their
A2 counterparts inhibit the antiapoptotic functions of Bcl-xL and
Bcl-2 by disrupting the BH3 domain-mediated interactions with the
proapoptotic members of Bcl-2 family [23-25]. The treatment of PC-3
cells with TGZ and A2-TGZ is also associated with caspase 9 activation
and a pretreatment with the pan-caspase inhibitor Z-VAD-FMK
protects these cells from apoptosis [23]. Finally, in the PPARy-deficient
cell line LNCaP, Bcl-xL overexpression protects the cells from TGZ-
and A2-TGZ-induced apoptosis [23].

TZD-induced apoptosis can also be associated with the extrinsic
pathway. Indeed, an increase in DR5 expression has been reported in
breast cancer cells MCF-7 and MDA-MB-231 exposed to TZD18, a dual
PPARa/y agonist that inhibits cell proliferation in a PPAR-independent
manner [26]. However, in both cell lines, exposure to TZDI18 leads
to the activation of caspases 8 and 9 indicating also the activation of
the intrinsic pathway. The inhibition of caspases by the pan-caspase
inhibitor Z-VAD-FMK completely inhibits TZD18-induced apoptosis.
In bladder cancer cells (RT4, T24), TGZ also induces apoptosis via
intrinsic and extrinsic pathways, independently of PPARy [27]. The
underlying mechanisms involve the up-regulation of tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL), the increased cell
surface expression of DR5 and the proteasomal degradation of c-FLIP
and survivin. Caspases 8 and 9 are also activated.
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Autophagy

Autophagy is a major catabolic pathway by which eukaryotic cells
degrade and recycle macromolecules and organelles. This pathway is
activated under environmental stress conditions, during development
and in several pathological situations. During the autophagic process,
portions of the cytoplasm are surrounded by the isolation membrane to
form autophagosomes, which then fuse with lysosomes. Elongation of
theautophagosome membraneis mediated by two conjugation pathways
activated by Atg7 (Autophagy-related gene 7): Atgl2 conjugated to
Atg5 and Atg8/LC3 conjugated to phosphatidylethanolamine (PE).
The Atgl2-Atg5 dimer binds to Atgl6L which anchors the protein
complex and targets Atg8/LC3-PE on the forming isolation membrane.
Atg8/LC3 is a soluble form of microtubule-associated protein 1 light
chain 3 (LC3-I) converted to a cleaved phosphatidylethanolamine-
conjugated membrane-bound form (LC3-II). The shorter LC3-II form
is associated with the presence of autophagosomes and is used as a
marker of autophagy. Another marker is the expression level of beclin1,
involved in the activation of the class III PI3K necessary to recruit the
components of the two conjugation cascades. As molecular sensor of
cellular energy, mammalian homologue of target of rapamycin (mTOR)
plays an essential role in the control of autophagy. The mTOR pathway
is activated by growth factors (via PI3K/AKT and ERK1/2 pathways)
leading to mTOR phosphorylation and inhibition of autophagy.
Elevated AMP/ATP ratio activates AMP-activated kinase a (AMPKa)
and the mTOR negative regulator, tuberous sclerosis complex 1/2
(TSC1/TSC2) [28,29]. The role of PPARy in TZD-induced autophagy
is conflicting and is likely to depend on the cellular context. In
porcine aorta endothelial (PAE) cells, TGZ promotes autophagosome
formation and accumulation of the autophagy marker, LC3-II, after 4
hours of treatment [30]. Autophagy still occurs in the presence of the
irreversible antagonist of PPARy GW9662. TGZ-induced autophagy
is accompanied by an increase of AMPKa phosphorylation and by a
decrease in the phosphorylation of mTOR and its target, the ribosomal
protein S6 kinase (p70S6K). Accumulation of LC3-II is suppressed by
the use of the specific AMPKa inhibitor, compound C, and by AMPKa
RNA interference. Atg5 participates in LC3-II accumulation observed
after TGZ treatment but beclin 1 expression is not modified. Overall,
these data demonstrate that TGZ-induced autophagy is correlated
with AMPKa activation and is independent of PPARY [30]. In prostate
cancer cells LNCaP, the PPARy-inactive CGZ derivative OSU-CG12
also induces LC3-II accumulation, which can be blocked by the
autophagy inhibitor, 3-methyladenine [31]. Exposure of LNCaP cells to
10 uM OSU-CG12 leads to the phosphorylation of AMPKa on Thr172
following 10-20 minutes. The activation of AMPK is corroborated by
the concomitant dephosphorylation of mTOR and p70S6K. Dominant-
negative and pharmacological inhibition of AMPKa activation prevent
the conversion of LC3-I to LC3-II. Furthermore, the knockdown of
a target of AMPKa, TSC2, blocks the accumulation of LC3-II. Then,
AMPKa and TSC2 are presented as major regulators of OSU-CG12-
induced autophagy. Moreover, ectopic expression of a dominant-
negative AMPKa reduces the inhibitory action of OSU-CG12 on
LNCaP cell viability whereas it does not affect PARP cleavage [31].
In contrast to the previous data, autophagy is mediated by PPARy
activation in the breast cancer cells MDA-MB-231 [32]. A treatment
with TGZ or RGZ leads to the formation of autophagosomes observed
by acridine orange staining, electron microscopy and LC3 localisation
[32]. A similar result is obtained after overexpression of a constitutive

PPARy receptor (PyCA) in the non-tumorigenic epithelial cell line
MCEF-10A suggesting that PPARYy is required and sufficient to induce
autophagy. The author’s further show by RNA interference that the
Hypoxia-inducible factor-1 (HIFla) is the target of PPARy necessary
for autophagosome formation after RGZ exposure in MDA-MB-231
cells [32]. In other cellular models, the PPARy-dependence of TZD-
induced autophagy is uncertain: in pancreatic cancer cells BxPC-3
exposed to TGZ and in adrenocortical cancer cells exposed to RGZ
[33,34].

Thus, autophagy and apoptosis appear as two complementary
processes involved in the activity of TZD. Hereafter we will focus on
earlier events that are triggered by TZD in a PPARy-independent way
and we will determine their respective importance in the anticancer
effect as well as their eventual interconnections.

Ionic Changes

It is well known that elevated intracellular pH (pHi) favors DNA
synthesis and promotes tumor growth [35]. In bovine aortic endothelial
(BAE) cells, the effect of TGZ and RGZ on the Na*/H* exchanger (NHE)
have been studied [36]. For this purpose, BAE cells were incubated in
Na*-free medium which induces acidosis and then Na* was added to
activate the NHE. TZD were added simultaneously to test their effect
on the activity of the NHE. TGZ (10uM) has a small but significant
inhibitory effect whereas RGZ at a three-fold higher concentration has
no significant effect. Since RGZ is a more potent PPARY agonist, this
suggests a PPARy-independent mechanism. Interestingly, TGZ induces
a decrease in the proliferation of BAE cells with 50% of inhibition
after a 48 hours exposure to 10 uM, whereas RGZ is ineflicient. In the
breast cancer cell lines MCF-7 and MDA-MB-231, TGZ also induces
acidosis [37]. The use of the fluorescent probe BCECF indicates that
pHi decreases promptly after 25 pM TGZ exposure, falling after 12
minutes from 7.49 + 0.1 to 6.77 £ 0.03 for MCEF-7 cells and from 7.38
+0.07 to 6.89 + 0.09 for MDA-MB-231 cells. These pH changes are not
the result from lactate production but from a decreased H* extrusion
due to NHE inhibition. This effect is still observed in the presence of
the PPARy antagonist GW9662. In MCE-7 cells, TGZ-induced acidosis
still occurs in the presence of either the EGFR antagonist AG1478 or
the MAPK inhibitors PD98059 and U0126 [38]. Although some TZD
have been shown to induce a decrease in pH in several cell types and to
inhibit cell proliferation, the link between TZD-triggered acidosis and
the antiproliferative activity has not been established.

Ca*" is a highly versatile signaling molecule controlling numerous
functions during life and death of cells. Increases of cytosolic Ca*
during cell death can arise from several sources, including damage
of external membranes, activation of cation channels, or release
from intracellular stores, especially the endoplasmic reticulum (ER).
Accumulating evidences indicate a highly coordinated communication
between ER and mitochondria [39]. The release of Ca* from ER
has been shown to be directly responsible for mitochondrial Ca?*
overload which leads to the opening of the permeability transition
pore and releasing cytochrome c. Several studies have contributed to
demonstrate that TZD induce an increase in intracellular Ca** (Table
1). Using the fluorescent probe Fura2, the authors show that TGZ and
CGZ very rapidly deplete intracellular Ca** stores in both PPARy**
and PPARy” mouse embryonic stem (ES) cells, suggesting a PPARy-
independent effect [40]. Since both TGZ and CGZ inhibit cell growth
and block cell cycle in the G1 phase in both PPARy** and PPARy"
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Compound Cell type ERK1/2 p38 | JNK | EGFR | Ca* | ROS Reference
Rat liver epithelial cells GN4 0 + 0 + [43,45]
Hepatic cells HepG2 0 + + [66]
Porcine aorta endothelial stable cell lines expressing EGFR (PAE-EGFR) + + [65]
Colorectal cancer cells HCT15 and HT29 + [58]
Colorectal cancer cells HCT-116 + [59]
Breast cancer cells MCF-7 + + + [61]
TGZ
Breast cancer cells MCF-7 + + [38]
Breast cancer cells MCF-7 + + [47)]
Prostate cancer cells LNCaP + + [31]
Normal human urothelial cells (NHU) + + + [46]
Lung cancer A549 and 3T3 cells + [41,42]
Mouse embryonic stem cells + [40]
Lung cancer A549 and 3T3 cells + [41,42]
A2-TGZ Rat liver epithelial cells GN4 0 + 0 [43,45]
Breast cancer cells MCF-7 + 0 + [47]
Mouse preadipocyte cell line 1B8 Cultured primary astrocytes + + + + [60]
Myoblast C2C12 + + [52]
Rat liver epithelial cells GN4 + + + + + [43,45,64]
PAE-EGFR cells + [65]
Breast cancer cells MCF-7 + [47]
CcGz Fibrosarcoma cells HT1080 + + (511
Astroglioma cells C6 + [563,54]
Glioma cells A172 + + [56]
Prostate cancer cells LNCaP + + [31]
Normal human urothelial cells (NHU) + + + [46]
Lung cancer cells A549 and 3T3 cells + [42]
A2-CGZ Rat liver epithelial cells GN4 + + + [43,45]
Renal cancer cells (CaKi cells) + [50]
Astroglioma cells C6 + [63,54]
Rat liver epithelial cells GN4 0 + [45]
Lung cancer cells A549 0 [42]
Lung cancer cells H1838 (NSCLC) + + [63]
RGZ Cultured primary astrocytes 0 0 [60]
Hepatic cells HepG2 0 0 [66]
PAE-EGFR cells 0 [65]
Colorectal cancer cells HT-29 + + + [49]
Breast cancer cells MCF-7 0 [47]
Normal human urothelial cells (NHU) + + + [46]
Astroglioma cells C6 + [54]
PGZ Rat liver epithelial cells GN4 0 [45]
PAE-EGFR cells 0 [65]
TZD18 Breast cancer cells (MDA-MB231, MCF-7) + + + [26]
STG28 Prostate cancer cells LNCaP + + [31,62]
0SU.CG12 Prostate cancer cells LNCaP + + [31]
Breast cancer cells MCF-7 + + [31]

Table 1: Early PPARy-independent effects of various TZD. In the different cell lines, + indicates either that MAPK activation, EGFR activation, Ca?* increase or ROS
production have been demonstrated whereas 0 indicates that the event does not occur. Absence of symbol indicates that there is no data.
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mouse ES cells, the authors concluded that this PPARy- independent
Ca** store-depleting effect could account for the antiproliferative
action of these TZD. These observations led to the synthesis of TZD
derivatives whose biological activities were evaluated for intracellular
Ca*" store depletion [41]. In this study, the Ca** assay was performed
in 3T3 cells, in Ca?*-free medium and in the presence of EGTA that
sequesters extracellular Ca?*. In these conditions, TGZ still induces a
rapid increase in intracellular Ca*', further demonstrating that Ca?* is
released from intracellular stores [41]. In another study from the same
team, it is reported that RGZ, a more potent PPARy agonist, does not
induce Ca’ release [42]. Interestingly, unsaturated TZD derivatives
(A2-TZD) (that are now known to be PPARy-inactive compounds) are
also potent inducers of Ca** release [41,42].

In rat liver epithelial cells GN4, CGZ and TGZ also induce a rapid
increase in intracellular Ca** concentration by depletion of intracellular
stores (2 minutes after addition of 50uM of either compound, Ca**
peaks at 150nM in absence of external Ca*") [43]. However, in the
presence of external Ca**, only CGZ is able to trigger a second increase
in intracellular Ca** that peaks at 700nM. This suggests that in contrast
to CGZ, TGZ blocks store operated channels (SOC) as described in
aortic endothelial cells and in mouse ES cells [40,44]. Moreover, CGZ
and TGZ (50uM) significantly increase CAMKII activity in these
cells, 2-fold over vehicle-treated cells, within 10 minutes [45]. The
PPARy-inactive derivatives A2-CGZ and A2-TGZ also increase Ca**/
Calmodulin Kinase II (CAMKII) activity but they were less effective
than their parent compounds.

Several TZD have also been studied for their effect on intracellular
Ca?* in Normal Human Urothelial (NHU) cells [46]. CGZ and TGZ
trigger a rapid increase in intracellular Ca** in these cells: it is observed
in 1 minute and it is sustained. However, CGZ is a more potent inducer
of Ca** release than TGZ (30uM and 100uM are required respectively
to trigger responses of similar intensity). In the absence of Ca** in the
extracellular medium, the Ca** increase triggered by CGZ becomes
transient instead of sustained. In contrast, RGZ (up to 100uM) does
not induce any increase in intracellular Ca?*. Although the authors
demonstrate that the induction by CGZ of NHU cell apoptosis is still
observed in the presence of the PPARy antagonist T0070907, they do
not show that the Ca** increase also occurs in a PPARy-independent
manner.

In the breast cancer cell line MCF-7, using the fluorescent probe
Fura2, we have also recently shown that TGZ and its PPARY inactive
derivative A2-TGZ (both used at 25uM) induce a rapid elevation of
cytosolic Ca?* [47]. This is observed even in the absence of external
Ca*, showing that Ca*" is also released from intracellular stores in this
model. However, the kinetics of recovery after TZD elimination are
different with a slower recovery rate in cells exposed to A2-TGZ than
in those exposed to TGZ.

What is the importance of the Ca?* increase in the anticancer effect
of TZD? Very few studies have addressed this question. In a structure/
activity relationships study, the capacity to induce Ca** release was
evaluated together with the growth inhibition (GI) activity [42].
In comparison to TGZ and CGZ that display GI,;, of 15 and 20uM
respectively, 8 derivatives that do not induce Ca** release also do not
affect cell proliferation (GI,, > 100uM). This relation is less clear in
another study in which two compounds having lower GI,, compared
to TGZ do not induce Ca*" release [41]. Interestingly, in NHU cells,

both CGZ and TGZ induce Ca*" release and are more potent apoptosis
inducers than RGZ that does not affect Ca** levels [46]. Besides, the
SOC inhibitor 2-APB reduces the CGZ-induced apoptosis of NHU
cells [46]. Finally, CGZ has been described to inhibit leiomyoma cell
proliferation by a mechanism involving capacitive Ca?* entry [48].

ROS Production

Accumulating evidences have shown that TZD can increase the
production of intracellular oxygen radicals by cancerous and normal
cells. In colon HT-29 cells, the production of reactive oxygen species
(ROS) after RGZ exposure has been monitored by flow cytometry
the fluorescent dyes 2°,7-dichlorofluorescein diacetate
(DCFH) (hydrogen peroxide and hydroxyl radicals detection) and
dihydroethidium (DHE) (superoxyde anion O2" detection). A 1 hour
treatment with RGZ (10 or 50uM) selectively increases intracellular
superoxyde levels, maintained even after 12h, but it does not affect
hydrogen peroxide and hydroxyl radicals [49]. This ROS formation is
associated with mitochondrial hyperpolarization detectable using the
probe 3,3’-dihexyloxacarbocyanine iodide (DIOC,): it is observed after
4 hours and is more pronounced after 12 hours of treatment. In human
renal cancer cells (CaKi cells), ROS production is also enhanced after
24 hours of exposure to RGZ (100-300uM). No data on earlier points
are available [50].

using

CGZ is also a potent inducer of ROS production in several cell
lines. In the HT1080 fibrosarcoma cells, the DCFH probe shows the
production of ROS after 24 and 48 hours of CGZ treatment (4uM) [51].
In comparison, very small amount of ROS are produced in response
to RGZ and TGZ whereas PGZ does not induce ROS production. In
the myoblast cell line C2C12, CGZ (10uM) induces superoxyde anion
but not hydrogen peroxide in less than 30 minutes, as observed by
chemiluminescence [52].

A more complete study of ROS generation has been performed
in primary astrocytes and C6 glioma cells [53,54]. In both cell types,
flow cytometry analysis of DCFH-loaded cells reveals the production
of a higher level of ROS after 1 hour of incubation with 20uM CGZ
compared to 20uM RGZ [53]. A similar effect is observed in C6 glioma
cells after a 15 minutes treatment with CGZ, RGZ, or PGZ at 20uM
[54]. At a lower dose (10uM), CGZ is still highly efficient, PGZ has a
moderate effect and RGZ is ineffective. This analysis is completed with
the detection of the O, through DHE fluorescence. CGZ is the only
compound tested generating the superoxyde anion which, at least in
part, combines with NO to form peroxynitrite (ONOO"). The CGZ-
induced ROS increase is prevented by the mitochondrial uncoupling
agent FCCP and by the non-metabolizable 2-deoxy-glucose (energy
restriction), suggesting that it is dependent on mitochondrial electron
transport. The target of CGZ in the mitochondrial respiratory complex
is unknown. Interestingly, a TZD binding site, named mitoNEET, has
been identified in mitochondria and could be a candidate [55]. Within
minutes, tested compounds also provoke mitochondrial depolarization
and lower mitochondrial pH in C6 glioma cells. The authors suggest that
the inhibition of the respiratory chain by CGZ (more efficient), RGZ
and PGZ produces ROS, depolarization, and decreases mitochondrial
pH at the same time [54].

What is the importance of ROS increase in the anticancer effect of
TZD? In C6 glioma cells, CGZ, and with less efficiency RGZ and PGZ,
induce superoxyde anion and ONOO" production, mitochondrial
depolarization and decrease in mitochondrial pH. This result is in
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accordance with the higher cytotoxicity of CGZ. Addition of the
antioxidants (N-acetyl-L-cysteine (NAC) and Ebselen) and the nitric
oxide synthase (NOS) inhibitors (L-NAME or 1400W) both prevent
CGZ-induced glioma C6 cell death showing that both O,” and NO-
derived reactive species are the mediator of the PPAR-independent
cell death [53,54]. In glioma cells A172, the antiproliferative effect of
CGZ is also reduced in the presence of the antioxidant NAC [56]. The
implication of ROS in the PPARy-independent activation of mitogen-
activated protein kinase (MAPK) pathways by TZD has been described
in several cell lines (Table 1) and will be mentioned in the next part.

MAPK Activation

The activation of MAPK, especially ERK1/2, is often associated
with proliferation for instance in response to growth factors like EGF
that is a target for some anticancer agents. The rapid activation of
MAPK by PPAR agonists was first described with PPARa agonists:
these compounds induce the phosphorylation of ERKI1/2 which
contributes to the expression of immediate-early genes [57]. Since
then, numerous studies have been performed in a large diversity of cell
lines to determine if MAPKs were also activated following exposure to
TZD. The PPARy-independence was not clearly demonstrated in all
cases but it was often suggested since MAPK activation occurs rapidly
and transiently after exposure to the compounds, that is surprising due
to their anticancer action.

ERK1/2 signaling pathway

ERK1/2 phosphorylation transiently increases following TGZ
treatment, peaking at 30 minutes and decreasing thereafter, in several
human colorectal cancer cell lines (HCT15 and HT29 exposed to
20uM; HCT116 exposed to 5uM) [58,59]. In rat astrocytes and in
preadipocytes, CGZ (20uM) induces a rapid activation of ERK1/2 that
is detected after 15 minutes and sustained for 4 hours whereas the more
potent PPARY agonist RGZ (used at 20uM) has no effect, suggesting a
PPARy-independent mechanism [60]. The phosphorylation of ERK1/2
is also observed in mouse myoblast cells C2C12 exposed for 10-30
minutes to CGZ (30uM) and this event still occurs in the presence of
the PPARy antagonist BADGE [52]. In rat liver epithelial cells GN4,
CGZ (50uM) induces a transient stimulation of ERK1/2 that reaches
a peak at 10 minutes and declines to basal levels over 45 minutes
whereas TGZ is ineflicient [43]. In GN4 cells exposed for 10 minutes to
the PPARy-inactive TZD A2-CGZ (50uM), ERK1/2 phosphorylation
is also detected [43,45]. In human glioma cells A172, CGZ (20uM)
induces a transient activation of ERK1/2 observed between 30 minutes
and 3 hours [56]. In this study, although the PPARy antagonist
GW9662 was used in several experiments, the PPARy-independence of
ERK1/2 activation was not tested. In the breast cancer cell line MCF-7,
TGZ induces the activation of ERK1/2 with different kinetics according
to studies: i) observed at 1 hour, peaking at 2 hours and decreasing to
basal levels by 6 hours when used at 40uM [61], ii) after only 4 minutes
of treatment and still detected after 18 hours when used at 25uM [38],
iii) detected a soon as 5 minutes, increasing up to 45 minutes and
decreasing up to 75 minutes when used at 25uM as observed with CGZ
(25uM) [47]. In our study, ERK1/2 phosphorylation is clearly PPARy-
independent since this event still occurs in the presence of the PPARY-
inactive compound A2-TGZ but it is detected later, faintly at 15
minutes with an increase up to 75 minutes [47]. In contrast, exposure
of MCEF-7 cells to RGZ (25uM) does not trigger ERK1/2 activation
[47]. In normal human urothelial cells (NHU), CGZ, TGZ and RGZ

(10puM) induce ERK1/2 activation with different kinetics: it peaks after
5 minutes following TGZ exposure and after 2-4 hours following CGZ
or RGZ exposure [46].

From these different studies, it is clear that ERK1/2 is activated
rapidly and transiently in various cell types after exposure to various
TZD and that this occurs in a PPARy-independent manner (Table 1).
It is to notice that late activation of ERK1/2 following TZD treatment
has also been described. For instance, TZD18, a dual PPARa/y agonist
that inhibits breast cancer cell proliferation in a PPARy-independent
manner, induces ERK1/2 phosphorylation at 1 hour and a peak at 8
hours in both MCF-7 and MDA-MB-231 cell lines (at 30uM) [26].
Nevertheless, the authors did not study early time points. In MCF-
7 breast cancer cells as well as in LNCaP prostate cancer cells, the
PPARy-inactive TZD STG28 and OSU-CGI12 (10-20uM) also induce
an increase in ERK1/2 phosphorylation but this was studied 12 to 48
hours after treatment [31,62]. Regarding RGZ, although reported as
inefficient in ERK1/2 activation in numerous studies, it is reported to
induce this event when used at 10uM in human colon adenocarcinoma
cells HT-29 where it peaks at 5-10 minutes [49]. The phosphorylation
of ERK1/2 has also been observed 24 hours after exposure of lung
carcinoma cells H1838 to RGZ (10puM) [63].

Data about the initiation of the ERK1/2 cascade are limited. The
transactivation of the Epidermal Growth Factor Receptor (EGFR)
leading to MEK1/2 phosphorylation is a proposed mechanism. This
has been studied in detail in rat liver epithelial cells GN4. In these cells,
CGZ (50uM) induces a rapid (5-10min) phosphorylation of EGFR
on tyrosine residues and the pre-treatment with either PD153035 or
ZD1839, two inhibitors of EGFR kinase activity, inhibits this CGZ-
induced modification of EGFR [64]. The transactivation of EGFR leads
to Ras and MEK activation and ERK1/2 phosphorylation as suggested
by the inhibitory effects of the dominant negative form RasN17 and
the MEK inhibitor U0126 [64]. EGFR transactivation is downstream
of the non-receptor tyrosine kinase Src since it is blocked by the Src
inhibitor PP2. Moreover, following treatment with CGZ, EGFR is
phosphorylated at Tyr®* that is a site for Src which is itself activated as
shown by its phosphorylation at Tyr*'¢ and its dephosphorylation on
Tyr*? [43,65]. The CGZ-induced activation of the EGFR/MEK/ERK1/2
cascade could involve reactive oxygen species (ROS) since NAC
prevents its activation. EGFR and ERK1/2 phosphorylations are also
observed in response to A2-CGZ (50uM), demonstrating the PPARy-
independent nature of this pathway [43,45]. In contrast, TGZ and
A2-TGZ (50puM) which do not induce ERK1/2 activation in GN4 cells
also do not induce EGFR transactivation in these cells. Nevertheless, at
50uM, both TGZ and A2-TGZ induce the phosphorylation of Src on
Tyr*'¢ [43]. In GN4 cells, the fact that only CGZ induces a capacitive
Ca* entry could explain the differential effect of CGZ and TGZ on
EGEFR transactivation [43].

The events leading to the activation of the MAPK pathway in
response to TZD have also been studied in other cell types. For instance,
ROS are also upstream of the cascade leading to ERK1/2 activation in
astrocytes and preadipocytes exposed to CGZ [60]. The activation of
ERK1/2 following treatment of mouse myoblasts with CGZ requires
Raf-1 and MEK as well as ROS [52]. Raf-1 and MEK are also upstream
of ERK1/2 in colorectal cancer cells exposed to TGZ [58]. In the breast
cancer cell line MCF-7, EGFR transactivation followed by MEK1/2
and ERK1/2 phosphorylation has also been described after TGZ
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treatment [38]. However, in similar conditions, we could not confirm
the involvement of EGFR in ERK1/2 activation [47]. Indeed, EGFR
inhibitors (AG1478 and PD153035) and EGFR-targeted RNAi do not
prevent the phosphorylation of ERK1/2 usually observed after A2-TGZ
exposure. In our study, Ca*>* chelation by BAPTA inhibited TGZ- or
CGZ-induced ERK1/2 activation [47]. This is very different from the
situation of GN4 cells in which Ca*" chelation by BAPTA does not
affect the EGFR cascade.

The involvement of EGFR transactivation upstream of the cascade
leading to ERK1/2 activation is further reinforced by experiments
performed in porcine aorta endothelial (PAE) cells [65]. In these cells
that are deficient in endogenous EGFR, TGZ does not induce ERK1/2
activation. This event only occurs when PAE cells are stably expressing
human EGFR (PAE-EGFR): in such cells, TGZ and CGZ (25-50uM),
but not RGZ and PGZ (up to 50uM), activate EGFR-Grb2-ERK1/2
signaling. ERK1/2 activation is PPAR-independent since neither the
antagonist GW9662 nor the transfection with a PPARy dominant
negative mutant is able to block TGZ-induced ERK1/2 phosphorylation
[65]. In the same study, the authors show that TGZ may bind directly
to EGFR and induces its endosomal internalization in 15-20 minutes.
Furthermore, TGZ also induces the degradation of endogenous EGFR
in the lung epithelial carcinoma cells A549 and prostate epithelial
carcinoma cells Dul45 [65]. CGZ also inhibits slightly the binding of
EGF on its receptor whereas RGZ and PGZ do not.

p38 MAPK signaling pathway

As shown in Table 1, various TZD are able to induce p38 MAPK
phosphorylation that is associated with ERK1/2 activation in most
cases.

In astrocytes and preadipocytes treated with CGZ (20uM), the
activation is detected from 15 minutes and sustained for several hours
[60]. A transient activation of p38 is also observed in response to
TGZ in human hepatoma cells HepG2 (50uM) and in breast cancer
cells MCF-7 (40uM) occurring at 30 minutes and 1 hour respectively
and reaching a maximum at 4 hours in both cases [61,66]. In rat liver
epithelial cells GN4, p38 activation is observed early and transiently,
from 2 to 15 minutes of treatment with both CGZ and TGZ whereas
only CGZ is a potent inducer of ERK1/2 activation [64]. This event
is independent of PPARYy since the PPARy-inactive derivatives A2-
TGZ and A2-CGZ are also p38 activators (although less effective than
their parent compounds) and since the antagonist GW9662 does not
affect p38 phosphorylation observed following exposure to CGZ, TGZ
or even their A2 derivatives [45]. Exposure of glioma cells to CGZ is
also followed by an early transient activation of p38 that is maximal
at 30 minutes [56]. In normal human urothelial cells, CGZ and
TGZ trigger p38 activation [46]. The dual PPARa/y agonist TZD18
that inhibit breast cancer cell proliferation in a PPAR-independent
manner induces p38 phosphorylation that is observed at 1 hour and
peaks at 8 hours in both MCF-7 and MDA-MB-231 cell lines [26]. In
LNCaP prostate cancer cells, STG28 also induces an increase in p38
phosphorylation after 12 hours of treatment, but this was not studied
at earlier time points [62].

RGZ (50uM) does not trigger p38 activation in GN4 cells [45]. In
contrast, in the human non small cell lung cancer cell line H1838 whose
proliferation is inhibited by RGZ, p38 phosphorylation is observed
after a 2 hours treatment at 10uM [63]. RGZ (10uM) is also a weak

inducer of p38 phosphorylation in NHU cells [46]. It is also reported
as a data not shown that PGZ treatment does not induce p38 activation
in GN4 cells [45].

Little is known concerning the p38 MAPK upstream signal.
ROS production could participate in p38 activation following TZD
treatment since NAC antagonizes this effect of CGZ in astrocytes
[60]. This is consistent with the observation that ROS are produced
following treatment of fibrosarcoma cells HT1080 and glioma cells
A172 with CGZ [51,56]. Nevertheless, NAC does not antagonize p38
MAPK phosphorylation after exposure of rat liver epithelial cells GN4
to CGZ [45]. In these cells, Ca** could be involved in p38 activation.
Indeed, the Ca®* chelator BAPTA-AM inhibits the activation of p38
usually observed in response to either CGZ or TGZ [64]. Besides,
pretreatment of GN4 cells with the CAMKII inhibitor KN-93 blocks
p38 activation by CGZ and TGZ [45]. The link between Ca** and p38
activation is not clear in NHU cells since RGZ treatment stimulates p38
activation although it does not induce Ca** increase [46].

JNK signaling pathway

JNK (c-Jun NH,-terminal kinase) phosphorylation is observed
concomitantly with the activation of ERK1/2 and p38 MAPK pathways
with a profile of activation similar to p38 (Table 1). It has been described
in response to CGZ (20uM) in astrocytes and preadipocytes and in
response to TGZ (40uM) in breast cancer cells MCF-7 [60,61]. In
hepatoma cells HepG2, TGZ (50uM) also triggers a transient activation
of JNK (maximum at 4 hours) whereas RGZ at the same concentration
does not [66].

The dual PPARa/y agonist TZD18 (30uM) induces JNK
phosphorylation that is observed at 1 hour and peaks at 8 hours in both
MCEF-7 and MDA-MB-231 cell lines [26].

Except in astrocytes where ROS are presented as the upstream
signal after CGZ treatment, no data are available on the activator signal
of the JNK signaling cascade [60].

What is the importance of these different MAPK pathways in the
anticancer action of TZD? In glioma cells A172, neither PD98059
(inhibitor of MEK1/2), nor SB203580 (inhibitor of p38) or SP600125
(inhibitor of JNK) are able to affect CGZ-induced cell death [56].
However, the effect of CGZ is reduced in the presence of the antioxidant
NAC. In normal human urothelial cells, the cell death induced by CGZ
is not affected by the inhibition of p38 by SB203580 [46]. In PAE-
EGER cells, the inhibition of MEK1/2 by PD98059 does not modify the
antiproliferative action of TGZ [65]. In breast cancer cells MCF-7, the
inhibition of MEK1/2 or p38 (by PD98059 and SB203580 respectively)
enhances the induction of apoptosis induced by TGZ whereas the
inhibition of JNK by SP600125 reduces it [61]. These effects are in
agreement with the induction of the DNA damage-inducible gene 45
(GADD45). In hepatoma cells HepG2, the inhibition of JNK either
by SP600125 or by a dominant-negative form of the kinase decreases
TGZ-induced apoptosis whereas inhibition of p38 has no effect [66].
In lung cancer cells NCI-H23, differentiation and apoptosis induced
by TGZ are ERK1/2-dependent [67]. In the breast cancer cells MCF-
7 and MDA-MB-231, ERK1/2, p38 and JNK are individually partially
involved in the effect of the dual PPARa/y agonist TZD18 which
inhibits the cell growth in a PPAR-independent manner [26]. In
MCEF-7 cells, we have shown that CGZ, TGZ and A2-TGZ stimulate
the transient expression of Early Growth Response gene 1 (EGR1)
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in an ERK1/2-dependent-manner and that the inhibition of EGR1
expression by siRNA decreases the antiproliferative effect of A2-TGZ
[47]. In the same cell line, the EGFR antagonist AG1478 that inhibits
TGZ-induced activation of ERK1/2 does not prevent TGZ-induced
inhibition of DNA synthesis [38].

Taken together these data indicate that MAPK activation is often
associated with TZD exposure but if this is a key element of the
anticancer action of TZD is still an open question due to conflicting
results.

Endoplasmic Reticulum Stress

The endoplasmic reticulum (ER) is the organelle responsible for
protein synthesis, folding and trafficking and it is also an important site
for calcium storage. Several changeslike alteration of the N-glycosylation
machinery or modification of the Ca®* level can induce an ER stress
that impairs ER function. This leads to misfolded or unfolded protein
accumulation to which ER responds by an evolutionary conserved
adaptative response known as the Unfolded Protein Response (UPR).
Misfolded or unfolded proteins titrate the chaperone glucose-regulated
protein 78 (GRP78) (also known as BiP) away from three proximal
sensors of the UPR: i) the activated PKR-like ER kinase (PERK) which
phosphorylates the eukaryotic initiation factor 2a (eIF2a) on Ser® to
decrease protein translation, ii) the activated inositol-requiring enzyme
la (IRE-1a) which gains endoribonuclease activity to cleave the Xbox-
binding protein 1 (XBP-1) mRNA, resulting in the synthesis of a
highly active transcription factor and iii) the activating transcription
factor 6 (ATF6) which translocates to the golgi where it is cleaved and
then translocates to the nucleus to bind ER stress response elements.
These transcription factors allow the expression of genes encoding
chaperones to increase the protein folding activity in the ER (for review
see [68]). However, when ER function is too much impaired and cannot
be rescued by the UPR, the organelle elicits an ER stress-mediated
apoptosis. Thus, compounds leading to a severe and prolonged ER
stress could be interesting to develop an anticancer therapy [69].

CGZ and TGZ (25uM) have been shown to induce elF2a
phosphorylation in both PPARy** and PPARYy’ mouse embryonic
stem (ES) cells, suggesting a PPARy-independent effect [40]. This
is observed as early as 30 minutes after exposure to these TZD. In
NIH3T3 cells, this event is mediated by PKR (protein kinase activated
by dsRNA) since the expression of the dominant-negative form
(PKR-K296) prevents the phosphorylation of the PKR target, e[F2a on
Ser®. Phosphorylation of eIF2a was used together with Ca** depletion
and lung cancer cell growth inhibition (A549 cells) in order to screen
for TZD derivatives as anticancer agents [41,42].

Treatment of rat liver epithelial cells GN4 with CGZ and TGZ
(50pM) induces a time-dependent phosphorylation of PERK [45]. This
occurs in 5-10 minutes following exposure to these TZD. However,
A2-CGZ and A2-TGZ (50uM) are unable to activate PERK in these
cells. Using a phospho-specific antibody that detects elF2a when
phosphorylated at Ser®, these authors observe that both CGZ and TGZ
(50uM) induce eIF2a phosphorylation at this site as early as 15 minutes
after treatment. A2 derivatives are less effective in eIF2a activation than
their parent compounds. TGZ induces a greater PKR activation than
CGZ not only in GN4 cells but also in human lung carcinoma cells
(A549) [45]. The CAMKII inhibitor KN-93 significantly inhibits PKR
and eIF2a phosphorylation in response to CGZ and TGZ but it is not
able to prevent PERK activation.

ER stress activation has been studied more completely in breast
cancer cells [26]. A microarray analysis of MCF-7 and MDA-MB-231
cells treated for 24 hours with 30uM TZD18 reveals that many genes
involved in ER stress signaling are up-regulated. The activation of ER
stress suggested by this analysis is confirmed by several observations:
phosphorylation of PERK and eIF2a, up-regulation of the chaperone
GRP78 and activation of ATF6. ATF6 is up-regulated and processed
to a 50 KDa short form as early as 4 hours post-treatment. IREla is
activated as shown by the cleavage of XBP-1 mRNA, resulting in the
synthesis of a highly active transcription factor. This event occurs
as early as 4 hours after addition of TZD18 to MDA-MB-231 cells.
However, this event does not appear in MCEF-7 cells. Besides, TZD18
induces the expression of ER stress-related cell death regulators such
as CHOP, DR5, GADD34, Bax and Bak. These events are observed
between 8 and 24 hours after TZD18 treatment. The authors indicate in
this paper as data not shown that i) PGZ does not induce ER stress in
these two cell lines and ii) TZD18 does not induce ER stress in normal
MCEF-10A cells. Although they demonstrate that growth inhibition and
apoptosis are PPAR-independent events, they do not demonstrate that
ER stress itself is triggered in a PPAR-independent manner.

Data about the PPARy-independent induction of ER stress by
TZD were obtained mainly in prostate cancer cells LNCaP by the use
of two PPARy-inactive TZD derivatives: STG28 (TGZ derivative)
and OSU-CG12 (CGZ family) [31]. STG28 and OSU-CG12 display
antiproliferative potencies towards LNCaP cells with IC,  values
around 10 and 5uM respectively whereas they display poor toxicity
towards nonmalignant prostate epithelial cells. After 48 hours of
exposure to 5uM of OSU-CG12, LNCaP cells show an up-regulation of
IRE-1a and the chaperone GRP78. An up-regulation of CHOP is also
observed at this time, but it seems to appear only in case of treatment
with higher doses (10-20pM). The PPARy-inactive TGZ derivative,
STG 28, induces the same changes in LNCaP cells when used at 10-
20uM. The authors also describe the phosphorylation of eIF2a at Ser™*
which appears clearly after 6 hours of exposure to OSU-CG12 (10puM).

What is the importance of ER stress in the anticancer action of
TZD? NIH3T3 cells stably transfected with a vector expressing either
the non phosphorylatable and inactive form of eIF2a (eIF2a -51A) or a
dominant-negative form of PKR (PKR-K296) are resistant to the DNA
synthesis inhibitory effects of CGZ and TGZ [40]. The knockdown of
CHOP by siRNA antagonizes TZD18-induced apoptosis of MCF-7 and
MDA-MB-231 breast cancer cells, showing an important role of CHOP
and ER stress in the apoptotic process triggered by TZD18 [26]. In
contrast, a similar approach of silencing of CHOP in the prostate cancer
cells LNCaP has no effect on the susceptibility to the antiproliferative
action of OSU-CGI2 and on the cleavage of PARP [31].

Proteolytic Events

The degradation of proteins by the proteasome is an important
mechanism involved in the regulation of various cellular functions. One
of the PPARy-independent mechanisms of action of TZD is to facilitate
the proteasomal degradation of a series of proliferation and apoptosis
regulatory proteins including ERa, c-Myc, cyclin D1, B-catenin, and
Spl. This is not performed by modifications of the activity of the
proteasome but by modifications affecting target proteins and their
regulators.

ERa

A powerful regulator of cell proliferation in hormone-dependent
breast cancer cells is the Estrogen Receptor alpha (ERa). A western
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blot study of MCF-7 breast cancer cells shows after 12 hours of
incubation with 40-100 uM CGZ a down-regulation of ERa that is
complete at 80 uM [70]. This effect does not occur in the presence
of the proteasomal inhibitor MG132. The down-regulation of ERa
following treatment with CGZ has been confirmed in another study
[71]. The authors also observe it with TGZ and they indicate as data
not shown that in contrast, RGZ and PGZ lacked appreciable effects
at comparable concentration although they are more active in PPARy
activation, suggesting a PPARy-independent mechanism. This point
was clearly demonstrated in our lab by the fact that TGZ-induced
proteolysis of ERa still occurs in the presence of PPARY antagonists
(T0070907 and BADGE) and in cells transfected with siRNA directed
against PPARy [72]. Furthermore, ERa proteasomal degradation is
also observed following treatment with various PPARy-inactive TZD
derivatives including A2-CGZ, A2-TGZ, and OSU-CG12 [31,71-73].
The proteasomal degradation of ERa is not restricted to MCF-7 cells
since it also occurs in the estrogen-dependent breast cancer cell line
ZR75 [72].

c-Myc

The pro-oncogene c-Myc is a basic helix-loop-helix leucine zipper
transcription factor commonly dysregulated in cancer, resulting in
pleiotropic effects on cell proliferation, cell survival, angiogenesis, and
metastasis [74]. In prostate cancer cells, TGZ induces a decrease of
c-Myc at both the mRNA and protein levels. A 48 hours treatment by
the proteasome inhibitor MG132 reverses the effect of TGZ, indicating
a proteasomal degradation of the protein. Indeed TGZ increases the
phosphorylation of c-Myc protein at Thr*, a crucial site for c-Myc
ubiquitination and its further proteasomal degradation [75,76]. The
PI3K/AKT pathway could mediate this effect since only the inhibition
of the PI3K is effective to block c-Myc degradation induced by TGZ.
JNK, ERK1/2 and GSK3 are likely not involved. Moreover, using
the PPARY antagonist GW9662 and siRNA directed against PPARYy,
these authors demonstrate the PPARy -independence of TGZ-induced
c-Myc degradation.

Cyclin D1

Cyclin D1 is a major regulator of cell cycle progression and triggers
a multitude of proliferative and transforming signaling pathways
[77]. In MCEF-7 breast cancer cells, after 15 hours of incubation with
80 uM CGZ, there is a down-regulation of cyclin D1 [70]. This is
the consequence of proteasomal degradation since this event does
not appear when CGZ treatment is performed in the presence of the
proteasome inhibitor MGI132. This result is confirmed by Huang
et al. [71] who also show cyclin D1 ubiquitination and demonstrate
the PPARy-independence of this event [71]. First, they show the
degradation of cyclin DI following treatment with CGZ and TGZ,
but not with RGZ and PGZ which are two more potent activators of
PPARy. Second, the degradation of cyclin D1 triggered by TGZ still
occurs in the presence of the PPARy antagonist GW9669. Besides,
various PPARy-inactive TZD (A2-CGZ, A2-TGZ, A2TG6, and STG28)
also induce the degradation of cyclin D1 [71,78]. STG28 has a similar
effect in LNCaP prostate cancer cells [62]. Other cyclins including A,
B, D2, D3 and E, are not affected after 24 hours of TGZ or A2-TGZ
treatment, indicating that the ablative effect is highly specific.

Biotinylated derivatives of the PPARy-inactive compound A2-TGZ
(bA2-TGZ) have been designed in our team to increase the specificity
of drug delivery to cancer cells which could express a high level of
vitamin receptor [73]. In the breast cancer cell lines MCF-7 and MDA-

MB-231, b2-TGZ is more efficient than A2-TGZ to induce cyclin D1
proteasomal degradation. For instance, western blots analysis shows
that cyclin D1 protein is degraded in MDA-MB-231 cells exposed for
24 hours to only 3 uM of this compound whereas at this concentration,
neither A2-TGZ nor TGZ are able to induce any modification of cyclin
D1 level. In the same samples, cyclin B1 levels are not modified by any
of these TZD confirming the specificity of the proteolysis. However,
the reason for the higher antiproliferative potency of bA2-TGZ is not
the presence of biotin by itself since the potency does not change when
free biotin is present in the culture medium and since other derivatives
substituted at the same position on the phenolic group of the chromane
moiety of A2-TGZ also display an increased activity [73].

-catenin

B-catenin plays two important roles: at the plasma membrane, it
regulates E-cadherin-mediated cell adhesion whereas in the cytosol
and in the nucleus, it regulates through the Wnt signaling cascade, the
transcription of target genes encoding key actors of cell proliferation
and differentiation. It is well documented that B-catenin is tightly
controlled by two ubiquitin-dependent proteasomal degradation
pathways: adenomatous polyposis coli (APC)-axin/GSK3p/p TrCP
and APC/Siahl [79,80]. Initial studies in differentiating preadipocytes
indicated that TGZ induced the proteasomal degradation of B-catenin
[81,82]. Similar results were obtained in hepatocytes and MCF-7
breast cancer cells but not in colon cancer cells HT29 and HCT116
[83]. The fact that TZD-induced B-catenin degradation is a PPARY-
independent event was demonstrated later in prostate cancer cells
[84]. First, these authors observe that, although LNCaP cells expressed
lower levels of PPARY relative to DU-145 and PC-3 cells, the three
cell lines were equally susceptible to TGZ-mediated p-catenin down-
regulation. Second, they show that in PC3 cells, the presence of the
PPARYy antagonist GW9662 does not inhibit this event. Third, siRNA
knockdown of PPARy in PC-3 cells has no effect on B-catenin down-
regulation. Fourth, they observe that -catenin down-regulation also
occurs following treatment of LNCaP cells with two PPARy-inactive
TGZ derivatives (A2-TGZ and STG28). These authors also studied
in detail TZD-facilitated P-catenin down-regulation. The -catenin
mRNA level is not modified and the use of the proteasome inhibitor
MG132 confirms that the down-regulation of B-catenin observed in
LNCaP cells is the result of its proteasomal degradation. Furthermore,
TGZ, A2-TGZ and STG28 induce its ubiquitination [84].

Spl

The transcription factor Spl also plays an important role in
regulating key actors of cell proliferation, apoptosis and metastasis.
Sp1 overexpression has been linked to poor prognosis in many human
cancers, including prostate cancer where Spl controls androgen
receptor (AR) expression [85]. In the prostate cancer cell line LNCaP,
TGZ and A2-TGZ suppress AR expression with IC_ values of 40 and
30 uM respectively [86]. STG28 is more potent than A2-TGZ and the
parent compound TGZ to suppress AR expression in LNCaP cells
[87]. This is associated with a decrease in AR mRNA level and an
AR promoter-luciferase assay confirms that these agents are able to
inhibit AR gene transcription in a dose-dependent manner. In fact, this
modification of AR expression is the result of a decrease in Sp1 protein.
On western blots, Spl detection decreases following treatment with
TGZ, A2-TGZ and STG28, an effect that does not occur in the presence
of the proteasome inhibitors MG132 and epoxomycin [87]. In LNCaP
cells, siRNA knockdown of Sp1 induces a decrease in AR mRNA after
24 hours and in AR protein after 48 hours. In cells transfected with a
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pCMV-Sp1 vector, the overexpression of Spl protects the cells from
the AR-ablative effect of STG28.

Using A2-CGZ to develop PPARy-independent AR-ablative
agents, the authors obtained the compound 12 (named OSU-CGI12
in later studies) which completely inhibits AR expression at low
micromolar concentrations [88]. Like other PPARy-inactive TZD
derivatives, OSU-CG12 triggers a down-regulation not only of Sp1 but
also of cyclin D1 and B-catenin in both prostate (LNCaP) and breast
(MCEF-7) cancer cells, as described previously [31].

The proteasomal degradation of cyclin D1, B-catenin, and Spl
seems to be the result of their ubiquitination by the Skp-Cullin-F box
(SCF) E3 ubiquitin ligase 3-TrCP. Indeed, western blot studies indicate
that TGZ, A2-TGZ and STG28 induce an up-regulation of 3-TrCP in
LNCaP prostate cancer cells [84]. Besides, proteolytic events triggered
by STG28 and/or OSU-CGI2 are facilitated in cells overexpressing
B-TrCP whereas they do not occur in cells transfected with siRNA
targeting B-TrCP or expressing AF- B-TrCP, which acts as a dominant
negative because of the lack of the F-box motif [31,84].

Regarding cyclin D1, immunoprecipitation studies indicate that
B-TrCP associates with this cyclin following treatment with STG28.
However, cyclin D1 is devoid of the consensus sequence DSGXnS
(X = any AA; n = 2-4) that is recognized by p-TrCP. Mutational and
modeling analyses suggest that B-TrCP could target cyclin D1 through
a nonconventional B-TrCP recognition site “’EEVDLACpT**in the
prostate cancer cells LNCaP [62]. Moreover, following treatment of
these cells with STG28, cyclin D1 proteolysis is preceded by its nuclear
exportand its phosphorylation on Thr'* [62]. The use of mutants reveals
that Thr'* is required for both events. The IkB kinase a (IKKa) could
phosphorylate cyclin D1 at this site following STG28 exposure since
IKKa inhibitor (Bay11-7082), siRNA-mediated knockdown of IKKa
as well as expression of a dominant negative IKKa mutant (IKK2M)
protect LNCaP cells from STG28-triggered cyclin D1 proteolysis [62].
IKKa is phosphorylated on Ser'® following treatment of LNCaP cells
with TGZ, CGZ and their PPARy-inactive derivatives STG28 and
OSU-CG12 [31,62]. A similar response is observed in MCF-7 cells
exposed to OSU-CG12 [31].

The recognition of p-catenin by 3-TrCP seems to require the activity
of the glycogen synthase kinase 3 p (GSK3p). Indeed, in LNCaP cells,
TGZ, A2-TGZ and STG28 induce a dose-dependent phosphorylation
of GSK3[ at Ser® as well as a dose-dependent increase in B-catenin
phosphorylation at Ser®/Ser’’/Thr*, a GSK3p phosphorylation site
known to be recognized by p-TrCP [84]. Besides, GSK3p inhibitors
(LiCl and SB216763) protect LNCaP cells against STG28-facilitated
B-catenin proteolysis.

Since exposure to STG28 does not affect f-TrCP mRNA level, this
suggests that the increase in B-TrCP protein level is the result of its
stabilisation. This is confirmed by an experiment using the protein
synthesis inhibitor cycloheximide which allows to observe an increase
in B-TrCP half-life following STG28 exposure. B-TrCP stabilisation
is also described following treatment with the PPARy-inactive CGZ
derivative OSU-CGI12 not only in LNCaP prostate cancer cells but
also in MCF-7 breast cancer cells [31]. The stabilisation of B-TrCP is
a consequence of an early event: the transient up-regulation of Silent
information regulator 1 (Sirtl) [31]. Indeed, RT-PCR and western blot
analyses show that the mRNA and protein levels of this class IIIl NAD*-
dependent histone/protein deacetylase increase after 10 minutes of
exposure of LNCaP cells to 10 uM OSU-CG12. This increase is observed

during 1 hour and is accompanied by changes in p53 acetylation
levels. The inhibition of Sirtl deacetylase activity by nicotinamide or
splitomicin, as well as the enforced expression of a dominant negative
form of Sirtl (H363YSirtl) inhibit the increase of p-TrCP usually
observed in LNCaP cells exposed to OSU-CG12. Besides, ectopic
expression of HA-tagged WT-Sirt1 mimics the effect of OSU-CG12 on
increasing P-TrCP levels. Nevertheless, the increase in 3-TrCP appears
more than 10 hours after the increase in Sirtl. Furthermore, B-TrCP
is not acetylated [31]. In contrast to these results obtained in prostate
cancer cells, another study reports that TGZ (25 pM) and high doses of
CGZ (100 uM) are able to inhibit histone deacetylase activity in breast
cancer cells [89].

What is the importance of these proteolytic events in the anticancer
action of TZD? The transfection of LNCaP cells with a vector
expressing the dominant negative AF- B-TrCP (lacking the F-box
motif) suppresses the sensitivity of these cells to the antiproliferative
action of OSU-CGI12 [31]. This experiment also shows an inhibition
of PARP cleavage in comparison to control cells. Such an inhibition is
also observed in cells expressing the dominant negative H363YSirtl.
Interestingly, in contrast to LNCaP cells, exposure of normal prostate
epithelial cells to STG28 does not induce B-TrCP accumulation that is
consistent with the lack of B-catenin down-regulation [84]. Besides, in
these cells, STG28 and OSU-CG12 do not cause a significant reduction
of Spl or AR levels [31,87]. These data are correlated with the lower
efficiency of STG28 and OSU-CGI2 to inhibit cell proliferation in
normal prostate epithelial cells compared to cancer cells.

TZD as Energy Restriction Mimetic Agents

Glucose deprivation induces f-TrCP-mediated proteolytic events
in prostate (LNCaP) and breast (MCF-7) cancer cells [31,62]. This
observation suggests that some PPARy-independent antitumor effects
of TZD could be related to disruption of energy metabolism. This is
in agreement with the fact that TGZ, CGZ, and the PPARy-inactive
compounds STG28 and OSU-CG12 induce cellular responses similar
to those of two energy restriction mimetic agents, 2-deoxyglucose
(2-DG) and resveratrol [31]. This includes Sirtl expression, ER stress
and autophagy. In LNCaP cells, OSU-CG12 induces a dose- and
time-dependent inhibition of the glycolytic rate which is paralleled
by reductions in NADH and lactate formation. Besides, high levels of
supplemental glucose protect LNCaP cells from OSU-CG12-induced
cell death. In less than 20 minutes of OSU-CG12 exposure, there is a
modest decrease in [*H]2-DG uptake. In RT-PCR analyses performed
after 24 hours of treatment with OSU-CG12, there is a decrease in the
mRNA levels of hexokinase 2 and phosphofructokinase-1, the first two
enzymes of the glycolytic pathway. It might be interesting to determine
if the energy restriction mimetic activity of TZD is also observed in
other cell types and if other compounds of the A2 family also exert this
activity. If energy restriction mimetic activity was a common mode of
action of these compounds it could be interesting for cancer therapy
due to the modified metabolism of cancer cells known as the Warburg’s
effect. This could explain the differential effects of these molecules
between cancer cells and normal cells as illustrated in prostate with
OSU-CGI12 or STG28 [31].

Towards Therapeutic Applications

It is clear from the studies reported in this review that TZD exert
PPARy-independent effects which are involved in the anticancer
activity of these compounds. These effects have been observed in
various cell types and then do not appear in a cell line specific manner.
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Figure 2: Chronology of the main events associated with the PPARy-independent activity of TZD.

Some of these effects like pH decrease, Ca®* release from intracellular
stores, ROS production and MAPK activation appear very early after
exposure to TZD whereas some others like ER stress, and proteasomal
degradations appear later (Figure 2). Nevertheless, it is still unclear if all
these effects are interconnected. Indeed, they have never been studied in
the same cell model. Besides, it has still to be determined if these events
are the consequences of a common event occurring early in the cell
following TZD exposure. An interesting perspective comes from the
recent discovery that some TZD act as energy restriction mimetic agents
and that energy restriction could initiate several PPARy-independent
events including proteasomal degradations leading to apoptosis, ER
stress and autophagy [31]. However, the potential relationships with
earlier events like ionic changes have not been studied.

Among the original TZD that have been studied for their anticancer
properties, it is also clear that although they belong to same family of
molecules and bear the same 4’-hydroxy-5-benzilidene-thiazolidine-
2,4-dione residue (Figure 1), some of them behave very differently.
This is especially true for RGZ and to a lesser extent for PGZ which
in numerous studies are described as poorly efficient and sometimes
inefficient not only in affecting cell viability but also in inducing the
PPARy-independent events. Of course, it is interesting in order to
highlight the PPARy-independent nature of the mechanisms, but
one can ask for the reasons explaining such differences. For instance,
in contrast to TGZ and CGZ, RGZ does not induce the release of
intracellular Ca?* nor inhibits the proliferation of the lung cancer
cell line A549 [42]. The search for the minimum requirement for the
substitution of the 4’-hydroxy group needed to maintain Ca** release
revealed that the presence of a substitution on the 4’-hydroxyl group is
essential and that there is a good correlation between lipophilicity and
Ca?* releasing activity [42]. In fact, in RGZ, an aminopyridine group
is linked to the 4’-hydroxyl group, which rather confers some polarity
to the molecule. PGZ bears a pyridine group at the same place, giving
some polarity to the molecule too (Figure 1).

Since PPARy-independent events are involved in the anticancer
effects of TGZ and CGZ, attention should be paid on their unsaturated
derivatives (A2 compounds) that are devoid of PPARY agonist activity.
Indeed, such compounds often appear more potent than the parent
TZD at affecting cell viability. This might be explained by the fact that
the PPARy-independent events triggered by A2 derivatives display
some differences with those occurring in response to TGZ or CGZ. For
instance, we observed in breast cancer cells that the kinetics of Ca**
changes and MAPK activation were not exactly identical between A2-
TGZ and TGZ [47]. However, it should be noticed that it is difficult to
compare the efficiency of one compound used in two studies performed
by different teams since the efficiency varies depending on the fetal calf
serum (FCS) concentration in the culture medium (our unpublished
observations) [58,86]. This could be explained either by an interaction
between TZD and serum components or by a facilitated energy
restriction mimetic action of TZD in low FCS containing medium.

It is possible to optimize the PPARy-independent activity of A2-
TGZ and A2-CGZ. This is illustrated by several structure activity
relationships studies performed using these molecules as scaffolds. In
studies where cyclin D1 proteolysis is envisioned as a target, it is noticed
that A2-TGZ is much more effective than TGZ in ablating cyclin D1
[71,78]. The introduction of an allyl moiety on the terminal hydroxyl
function of the chromane core (resulting in A2-TG-6) increases
dramatically the activity, since it induces a complete proteasomal
degradation of the protein when used at 7.5 uM for 24 hours (whereas
30 uM of A2-TGZ is required). Adding in the same time a methoxy
group on the central phenyl ring, yielding STG28, had a slight positive
effect: 5 uM is required for the same effect. This study also shows that
the introduction of the polar succinic group in place of the allyl has
a strong detrimental effect. Thus, this position should hold an apolar
moiety. We have also reported the antiproliferative activity of new A2-
TGZ derivatives bearing non polar moieties (or polar groups linked
to the chromane ring with an apolar hydrocarbon chain) (Figure 3)
at the same position and whose activity is in the micromolar range
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[73]. These A2-TGZ derivatives are also more potent inducers of ERa
proteasomal degradation.

A2-CGZ was also used as a template to develop new molecules
displaying an androgen receptor-ablative property [88]. The
modification of the template which gives the best result consists in
a permutational rearrangement of the terminal cyclohexyl moiety,
yielding an inverted molecule where the TZD ring becomes central in
the molecule, giving the so-called “compound 9” (Figure 1). Further
functionalisation of the phenyl ring with a trifluoroacetate moiety gives
the optimized compound OSU-CG12. Recently, the same team focused
on adenosine monophosphate-activated protein kinase (AMPK) as a
relevant target [90]. The introduction of an additive phenylsulfonamide
on the latter template leads new compounds out of which the so-called
“compound 53” gives the best results (Figure 3). With this knowledge
in mind, efforts should now be concentrated on such A2-TGZ or A2-
CGZ derivatives to get more active molecules.

A major concern in the development of a new compound lies
in its toxicity. Regarding the TZD that were used as antidiabetic
drugs, hepatic toxicity has only been reported for TGZ, leading to its
withdrawal from the market in 2000. Hence, one can hardly consider a
class effect of TZD. The toxicity of TGZ has been studied in detail and
the results were gathered by Yokoi in 2010 [11]. In brief, two parts of
the molecule are considered for the observed toxicity. First, the TZD
ring may react with numerous biomolecules including glutathione
whose depletion could lead to cellular damages. But this could account
for the toxicity of all the TZD derivatives. Second, biotransformation
of the chromane heterocycle of TGZ could lead to reactive metabolites,
especially quinone-type compounds among which some are highly
toxic. Thus, it would be of high interest to study structure-toxicity
relationships of the new TZD, at least towards human hepatocytes.
For the molecules based on a A2-TGZ template, two questions are
emerging: i) do the introduction of a double bond adjacent to the TZD
ring (giving A2-TGZ from TGZ) decrease its affinity to biomolecules
like glutathione? ii) do the various modifications of the chromane
ring have an influence on reactive metabolites production? If one can
prove that some of the new molecules show better properties than
TGZ on these two points, these molecules could be considered for
further development. Moreover, one can wonder if the presence of the
TZD ring in a central position (as in OSU-CG12), instead of a lateral
position, may also decrease its affinity to biomolecules, yielding less
toxic compounds.

Finally, it should be kept in mind that another interesting
therapeutic approach could be the use of A2-TZD derivatives at low

doses in order to potentiate the anticancer activity of other compounds.
Indeed, such an effect that is also PPARy-independent has been
described for saturated TGZ and/or CGZ in various cell models in
which they enhance TRAIL-induced apoptosis [58,91-94]. These effects
are explained by several mechanisms including an increase of DR5 and
a proteasomal degradation of c-FLIP and survivin. Interestingly, this
effect is not observed in normal human mammary epithelial cells [91].
In glioma cell lines (MG-328, U-87MG and LN-18), TGZ can also act
synergistically with chemotherapeutic agents like etoposide or taxol to
induce apoptosis [92]. CGZ can also act synergistically with niflumic
acid to induce apoptosis of lung cancer cells [95]. Similar potentiating
effects have been described in the breast cancer cells MCF-7 exposed
to a co-treatment with heregulin (HRG) and TGZ, which causes in
a PPARy-independent manner apoptosis, necrosis and autophagy
[96]. An increase in mitochondrial ROS could be involved since pre-
treatment with NAC reduces LC3-II expression, nuclear fragmentation
(apoptosis) and DNA damage. Furthermore, catalase overexpression
leads to the reduction of PARP cleavage [96]. In regard to facilitated
cell death, RGZ has intriguing effects since despite this TZD displays
no or poor activity when used alone, it can sensitize cells that are
resistant to TRAIL: this is observed in the bladder cancer cell line T-24
and in human renal cancer cells [27,50]. Since pre-treatment with
glutathione inhibits RGZ-induced DR5 up-regulation and TRAIL-
induced apoptosis, the production of ROS in response to RGZ could
explain this particular effect. RGZ also potentiates breast cancer cells
to TRAIL-induced apoptosis and this effect is confirmed in an in vivo
xenograft model [91].

Conclusion

Numerous PPARy-independent effects of TZD have been
described in the last decade. This contributed to the understanding
of the anticancer effects of such compounds although some aspects
have still to be elucidated. New derivatives devoid of PPARYy activity
and displaying low toxicity could be developed in the next years. This
would offer new perspectives for clinical studies and would be a very
nice example of successful translational research.
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