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Abstract

Peroxisome Proliferator-Activated Receptor-y (PPARy) is a ligand-activated nuclear hormone receptor that
functions as transcription factor and plays an important role in lipid metabolism and insulin sensitization. Recent
studies have shown that PPARY is over-expressed in many tumor types, including cancers of breast, lung,
pancreas, colon, glioblastoma, prostate and thyroid differentiated/anaplastic cancers. These data suggest a role
of PPARy in tumor development and/or progression. PPARy is emerging as a growth-limiting and
differentiation-promoting factor, and it exerts a tumor suppressor role.

Moreover, naturally-occurring and synthetic PPARy agonists promote growth inhibition and apoptosis.
Thiazolidinediones (TZDs) are synthetic agonists of PPARYy that were developed to treat type II diabetes. These
compounds also display anticancer effects which appear mainly to be independent of their PPARy agonist
activity. Various preclinical and clinical studies strongly suggest a role for TZDs both alone and in combination
with existing chemotherapeutic agents, for the treatment of cancer.

Differentiation therapy involves the use of agents with the ability to induce differentiation in cells that have lost
this ability, i.e. cancer cells, targeting pathways capable of re-activating blocked terminal differentiation
programs. PPARy agonists have been shown to induce differentiation in solid tumors such as thyroid
differentiated/anaplastic cancers and sarcomas.

However, emerging data suggest that chronic use of TZDs is associated with increased risk of adverse
cardiovascular events. The exploration of newer PPARy agonists can help in unveiling the underlying
mechanisms of these drugs, providing new molecules that are able to treat cancer, without increasing the
cardiovascular risk of neoplastic patients.
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1. INTRODUCTION

In humans Peroxisome Proliferator-Activated Receptor-y (PPARY) is a type II nuclear receptor, encoded by the
PPARg gene [1]. Its endogenous ligands are free fatty acids and eicosanoids. Once activated, the receptor binds
to DNA in complex with the retinoid X nuclear receptor (RXR), increasing or decreasing the transcription of
specific genes. PPAR-a, PPAR-6, and PPAR-y are the known three PPARs subtypes. PPAR-y regulates glucose
metabolism and fatty acid storage, stimulates lipid uptake and adipogenesis by fat cells, and is a regulator of
adipocyte differentiation [2]. In humans and mice, two isoforms of PPAR-y are detected: PPAR-y1 (present in
almost all tissues, except muscle) and PPAR-y2 (in adipose tissue and intestine) [3]. PPAR-y is involved in the
pathogenesis of different diseases: obesity, diabetes, atherosclerosis, and cancer. Its agonists are implicated in
the treatment of hyperlipidaemia and hyperglycemia [4]. PPAR-y decreases the inflammatory response of many
cardiovascular cells, mainly endothelial cells [5], reduces atherosclerosis, activating the PONI gene, that
increases the synthesis and release of paraoxonase 1 from the liver [6].

PPAR-y are also involved in autoimmune disorders [7] and in cancerogenesis [8], too.

The PAX8-PPAR-y1 fusion is present in approximately one-third of follicular thyroid carcinomas, that show the
chromosomal translocation of t(2;3)(q13;p25), by juxtaposition of portions of both genes [9]. Furthermore,
PPAR-y is the target of various insulin sensitizing drugs involved in the treatment of diabetes.

1.1. Thiazolidinediones (TZDs) and “partial agonists of PPAR-y”

TZDs (or glitazones) are drugs implicated in the treatment of diabetes mellitus type 2. TZDs activate PPARs,
with greatest specificity for PPAR-y. Once activated, the PPAR/RXR heterodimer binds to peroxisome
proliferator hormone response elements upstream of target genes, complexed with coactivators, as nuclear
receptor coactivator 1 and CREB binding protein, upregulating the target genes. The activation of PPAR-y
causes: 1) decrease of insulin resistance; 2) change in insulin secretion in (-cells [10]; 3) modification in
adipocyte differentiation; 4) fall of certain cytokines/chemokines levels [11,12]; 5) antiproliferative action.
Moreover, TZDs increase the synthesis of particular proteins implicated in fat metabolism, decrease
triglycerides and increase high-density cholesterol. The “partial agonists of PPAR-y” are other classes of
compounds able to activate PPAR-y, but weaker than TZDs. At the present, these compounds are studied,
hoping that they could be effective hypoglycemic agents but with fewer side effects [13,14].

1.2. Epidemiologic evidence of TZD anti-cancer activity

Different epidemiological studies have demonstrated the TZDs antineoplastic effect. Pancreatic cancer cases
decreased significantly in patients administered with rosiglitazone (RGZ) with respect to controls, as evidenced
by a survey trial conducted in patients with diabetes [15].

A meta-analysis conducted in 30,000 patients showed a reduced incidence of cancer in diabetic patients
administered with RGZ [16], and another meta-analysis [17] suggested that the treatment with TZDs was
associated with a slight significantly decrease of risk of lung and breast cancers. This has been confirmed by a
6-years population-based cohort study, showing a decrease in different cancer risk in diabetic patients treated
with TZDs, and that the association was dose-dependent [18]. Though encouraging preclinical results,
favourable effects were not always been shown by clinical trials. Anyway, troglitazone (TGZ) stabilized the
prostate-specific antigen (PSA) serum levels in advanced prostate cancer in a phase II trial [19].

1.3. PPARy-dependent and -independent antitumor effects of TZDs

Different human cancer cell lines exhibit high levels of PPARY expression, and their in vitro exposure to
elevated doses (> 10 uM) of TZDs, particularly TGZ and ciglitazone (CGZ), led to cell cycle arrest, apoptosis
and/or redifferentiation [20-24], suggesting a putative link between PPARy signaling and TZD’s antitumor
activities. The in vivo anticancer effect of TGZ was shown in a few clinical cases in patients with liposarcomas
[25] or prostate cancer [26]. Until now, the specific target genes contributing to the antiproliferative effects of
PPARYy agonists are not clear, as the genomic responses to PPARy are complex and depend on the cellular
context in the different types of cancer [21]. In colorectal cancer cells PPARy-specific target genes included
those associated with growth regulatory pathways, colon epithelial cell maturation, immune modulation, and
intercellular adhesion [27]. Even the functional role of the PPARy-specific target genes in modulating TZDs’
antiproliferative effects in cancer cells is still not clear.



On the other hand, not all authors agree on the fact that the antitumor effect of TZDs depends on PPARy
activation, as: 1) TZDs’ antitumor effects seem to be structure-specific regardless of the potency in PPARy
activation [TGZ and CGZ are more active in inducing apoptosis in cancer cells compared to RGZ and
pioglitazone (PGZ)]; 2) A 3-orders-of-magnitude discrepancy is present between the necessary concentration to
mediate antitumor effects and that for activating PPARy; 3) A correlation between the susceptibility of tumor
cells to TZDs and the PPARY expression level does not exist, as for example, LNCaP prostate cancer and MCF-
7 breast cancer cells, that have low PPARYy expression levels, were more sensitive to the effects of TGZ and
CGZ on suppressing cell viability than PC-3 and MDA-MB-231 cells, that over-express PPARy [28,29]; 4) the
PPARy-inactive analogues of TGZ and CGZ, A2-TG and A2-CG, were slightly more effective than their parent
compounds in suppressing cell proliferation in cancer cells [28,29]; 5) Knocking down PPARy by siRNA in PC-
3 cells, the ability of TGZ or A2-TG to induce apoptotis was not affected [8].

1.4. The TZDs induction of apoptosis

In prostate cancer cells, the induction of cytochrome c release and DNA fragmentation was stronger with A2-
TGZ and A2-CGZ than TGZ and CGZ while minor effects were shown with powerful PPARY agonists, as RGZ
and PGZ and their A2 derivatives [28]. The TZD-induced apoptosis depends on caspases via intrinsic and
extrinsic pathways. As an example, the dual PPARa/PPARYy agonist TZD18 is able to inhibit cell proliferation
indipendently from PPARY, and to induce apoptosis in SD1 and BV 173 leukemic cells, by cleavage of caspases-
8 and -9. The pan-caspase inhibitor Z-VAD-FMK blocked this activity [30]. The cleavage of caspase-9, -8 and -
3 was stimulated also by TGZ in a PPARy-independent manner in bladder cancer T24 and RT4 cells, as the
apoptosis, specifically blocked by certain caspase inhibitors [31]. The same data were shown in T24 bladder
cancer cells with CGZ [32]. In MCF-7 and MDA-MB-231 breast cancer cells, the mitochondrial membrane
potential was modified by A2-TGZ, that also induced the cleavage of PARP and caspase-7 (stopped by Z-VAD-
FMK) [33]. The expression of Bcl-2 family members was modulated by TZDs, stimulating the intrinsic pathway
of apoptosis. TZD18 up-regulated the proapoptotic protein Bax in human leukaemia cells but did not change the
anti-apoptotic Bcl-2 expression [30], while in MCF-7 and MDA-MB-231 breast cancer cells it up-regulated Bax
and Bak [34]. The Bax/Bcl2 mRNA ratio was increased by TGZ in renal carcinoma cells, while it did not
change the Bcl-2 members expression in PC-3 prostate cancer cells [28, 35]. Anyway, TGZ, CGZ and their A2
derivatives blocked the heterodimerization of Bcl-2 and Bcl-XL with Bax, inhibited the anti-apoptotic action,
and activated cytochrome c release and caspase-9 [28]. Bel-XL over-expression protected the PPARy-deficient
LNCaP cells against the apoptosis induced by TGZ and its A2 counterpart [28]. It has been recently shown that
TZD activates the membrane G protein-coupled receptor 40 [36], leading to osteocyte apoptosis recruiting Bax
to the outer mitochondrial membrane.

The inactive PPARy derivative of D2-CGZ, OSU-CG12, exhibited its anticancer effect in prostate and breast
cancer cells inducing apoptosis, through the cleavage of PARP, and the proapoptotic proteins ATF3, Noxa and
DAPK2 increased. PARP cleavage was shown in OSU-CG30- exposed LNCaP cells, too [37]. In MDA-MB-
231 and MDA-MB-468 (breast cancer cell lines), OSU-53 induced apoptosis through PARP-cleavage and rises
in the sub-G1 apoptotic population [38]. The cleavage of PARP was also shown in vivo in nude mice in OSU-
53-treated MDA-MB-231 tumors, while it did not stimulate PARP cleavage in the control MCF-10A cells. TZD
exerts its effects also combined with other treatments. For example, TZD sensitized cancer cells to the apoptosis
induced by tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) [31,39-42]. In lung cancer cells
treated with the combination of TRAIL and TZD, the cleaved forms of PARP and caspase-8, -9 and -3 were
evidenced much more easily with respect to the treatment with each of them alone [41]. TZD induces apoptosis
via TRAIL increasing DR5 expression and down-regulating cellular Flice-like inhibitor protein (c-FLIP) [43] or
survivin [31,40-42]. In lung cancer, the over-expression of c-FLIP and silencing of DRS expression through
RNA interference abolished the induction of apoptosis by TRAIL by PPARYy ligand [41]. Furthermore, TGZ and
CGZ up-regulated TRAIL expression in TRAIL-resistant T24 bladder cancer cells and increased apoptosis by
TRAIL activating death receptor signaling pathways [31,32].

1.5. The TZDs induction of autophagy

TGZ induced autophagy in HeLa cells, evidenced by AMPK phosphorylation, LC3-II increase and degradation
of sequestome 1 (SQSTM1/p62; a selective substrate of autophagy), participating in the apoptosis via caspases
[44]. TGZ supported autophagosome creation and an increase in LC3-II in porcine aortic endothelial cells, too
[45], related to AMPK phosphorylation and independently from PPARy. Moreover, RGZ and TGZ induced
autophagy activating PPARy in MDA-MB-231 breast cancer cells [46]. RGZ inhibited cell proliferation



independently or not from PPARy and provoked an autophagic process, increasing p-AMPK and the expression
of beclin-1, in H295R adrenocortical cancer cells [47]. RGZ-induced autophagy depends on the cellular context,
as this was not shown in SW13 adrenocortical cancer cells. In H295R cancer cells it was associated with the
production of reactive oxygen species (ROS) and the disruption of the mitochondrial membrane potential [47].
Nutrient-deprivation autophagy factor-1 (NAF-1) and CDGSH iron sulfur domain 1 protein (mitoNEET)
(members of NEET protein family) are determinant in maintaining the mitochondrial integrity, cellular iron and
ROS homeostasis. NAF-1 and mitoNEET increase in MCF-7, MDA-MB-468 and HCC-70 human epithelial
breast cancer cells with respect to the control MCF-10A. Knocking-down these proteins by small hairpin
(sh)RNA in MCF-7 and MDA-MB-231 breast cancer cells decreases significantly cell proliferation and tumor
growth, the mitochondrial membrane potential, and causes the increase of ROS in mitochondria and autophagy
[48]. For these reasons, NAF-1 and mitoNEET could be considered TZDs mitochondrial targets [49—51].
OSU-CG12 induced autophagy in LNCaP prostate cancer cells, as shown by the increase of LC3-II in
autophagic vacuoles, inducing AMPK phosphorylation upon 10min from exposure, down-regulation of mTOR
and p70S6K phosphorylation. The expression of a dominant-negative form or the use of pharmacological agents
inhibited the AMPK function, preventing the conversion from LC3-I to LC3-II and autophagy. This process
decreased the action of OSU-CGI12 on cell viability in LNCaP cells, but it did not have effects on PARP
cleavage. OSU-53 stimulated a protective autophagy that weakened its antiproliferative effect [38]. If MDA-
MB-231 cells expressed an AMK dominant-negative form, OSU-53 had effects on cell viability to a lesser
extent. Its combination with the autophagy inhibitor chloroquine induced the in vitro antiproliferative effect and
the in vivo tumor-suppressive effects of this compound [38].

1.6. TZDs as energy restriction mimetic agents (ERMAs)

Some TZDs behave as ERMAs, and this was confirmed for OSU-CG12 in LNCaP cells, that were protected
from the cell death induced by this compound by elevated levels of supplemental glucose. OSU-CG12 provoked
cellular responses characteristic of energy restriction in LNCaP and MCF-7 cells at 5 uM with respect to 5 mM
for 2-DG. OSU-CG12 reduced glycolytic rate and intracellular lactate and NADH, and in this way the different
ATP/AMP ratio induced AMPK activation. A slight fall in [3H]2-DG uptake can be seen after less than 20 min
of OSU-CG12 exposure. After 24 h of treatment with OSU-CG12, RT-PCR analyses showed a fall in mRNA
levels of the first 2 enzymes of the glycolytic pathway, hexokinase 2 and phosphofructokinase-1. In these cells
OSU-CGS5 suppressed [3H]-2DG uptake more strongly (IC50 = 6 uM) than OSU-CG12 (IC50 = 9 uM). The
OSU-CGS5-optimized OSU-CG30 was able to block glucose uptake into LNCaP cells (IC50 = 2.5 uM) [37],
thanks to its capacity of binding to the GLUT1 channel at a different site than glucose [37].

In C-26 colon adenocarcinoma cells, OSU-53 stimulated AMPK phosphorylation and decreased p70S6K [52].
OSU-53 induced kinase activity with an EC50 of 0.3 uM with respect to 8 uM for AMP, as shown by
radiometric kinase assays conducted using a recombinant AMPK alf1y2 [38]. In breast cancer, OSU-53
decreased viability and clonogenic growth of MDA-MB-468 (LKBI1 positive) and MDA-MB-231 (LKBI1
negative) with a similar strenght, while it did not have effects in nonmalignant MCF-10A cells. This data
confirmed a direct activation of AMPK and not a LKBI-mediated process. Multiple AMPK downstream
pathways are OSU-53 targets [38]. The temporary induction of Sirtl, proteolysis and endoplasmic reticulum
(ER) stress are the key starvation-associated responses to these compounds. Each of them modulates a different
signaling pathway linked to the anti-proliferative effects.

1.7. Sirtl/B-TrCP-dependent proteolytic events induced by TZDs

As after 2-DG-exposure, the temporary increase of Sirtl expression in OSU-CG12-treated cells was determinant
for the induction of apoptosis, as it increased B-TrCP through its stabilization, down-regulating B-TrCP-specific
E3 ligase Skp2 expression. This resulted in an inferior ubiquitin-dependent B-TrCP degradation, that led to
proteasomal degradation of different cell cycle and apoptosis regulatory proteins, as f-catenin, cyclin D1 and
Spl [53,54]. The down-regulated Sp1 induced the transcriptional repression of histone deacetylases and H3K4
demethylases leading to an epigenetic effect of the tumor suppressor KLF6, important for the induction of
apoptosis.

OSU-CGS5 up-regulated “DNA methylation-silenced tumor suppressor genes” and down-regulated “methylated
tumor/invasion-promoting genes”, owing to transcriptional repression of DNMT-1. Also OSU-CG30 led to
apoptosis, inducing cellular responses dependent on ERMAs, as PB-TrCP-mediated protein degradation
[cyclinD1, Sp1] and epigenetic activation of KLF6 [37].



1.8. ER stress induction

As after 2-DG-exposure, also OSU-CG12 induced ER stress. Upon 6 h of exposure to OSU-CG12 10 uM,
phosphorylation of elF2a at Ser51 occurred, and after 48 h to 5 uM, an up-regulation of IRE-la and the
chaperone GRP78 were shown in LNCaP cells. Also up-regulation of C/Ebp-Homologous Protein (CHOP) was
observed, that seemed to appear only in the case of treatment with higher doses (10-20 uM), and whose
silencing did not affect the susceptibility to the antiproliferative effect of OSU-CG12 and PARP cleavage. OSU-
CG12 was more potent in its anti-proliferative effect than 2-DG and resveratrol, as its energy restriction-
associated responses were reached at 5 uM with respect to 5 mM and 100 uM for 2-DG and resveratrol,
respectively. Furthermore, it had low toxicity against nonmalignant prostate epithelial cells where neither effect
could be shown on 3-TrCP or Spl. The apoptosis induced by OSU-CG12 did not seem to be mediated by ER
stress [43].

In colorectal cancer HCT-116 and Caco-2 cells, the ER stress response proteins GRP78 and GADD153/CHOP
levels were increased by OSU-CGS5 [55].

The major part of the TZDs anticancer effects are PPARy-independent, and for this reason different derivatives
belonging to the D2 family were synthesized, with a double bound next to the terminal thiazolidine-2,4-dione
ring, lacking PPARy agonist activity, but still displaying anticancer effects. For example, D2-TGZ affected
breast cancer cells viability [56]. Most of D2-TGZ-derivatives were functionalized on the terminal hydroxyl
group of the chromane moiety, and showed a stronger activity on breast cancer cell viability [57]. Some of them
had good antiproliferative effects in breast cancer cells and low toxicity in human hepatocytes [58]. D2-TGZ
and D2-CGZ inhibited prostate cancer cells proliferation more strongly than their parent compounds, in PPARY-
expressing PC-3 and PPARy-deficient LNCaP cells [28]. The permutational rearrangement of the OSU-CG12
terminal methylcyclohexylmethyl moiety caused the formation of an inverted molecule, with the TZD ring in
the middle, and in which the phenyl ring was functionalized by a trifluoroacetate group [59]. Upon oral
administration to male transgenic adenocarcinoma of the mouse prostate (TRAMP) mice, OSU-CGS5 blocked
prostate epithelial growth and preneoplastic lesions [60].

1.9. Therapeutic efficacy of TZDs in specific cancers

CGZ, TGZ, RGZ, and PGZ induce a decrease of cell proliferation, cytotoxicity, and proapoptotic effects in
different cell lines [sarcoma, melanoma, glioblastoma, breast carcinoma, colorectal cancer, gastric cancer,
pancreatic cancer, prostate, bladder cancer, hepatic cancer, thyroid cancer (TC), ovarian cancer, endometrial
cancer, and lung cancer cells, etc.]. Thanks to the good results obtained in vitro, animal experiments and clinical
trials have been conducted.

In some of these cancer types, efatutazone (EFA), developed as a chemostatic rather than an antidiabetic drug,
has been evaluated. EFA is a PPARY activator 500 times more potent than TGZ and 50 times than RGZ. It was
studied in a preclinical murine model for breast cancer based on BRCA1 (BReast CAncer 1) deficiency. In the
Mouse Mammary Tumor Virus (MMTV)-Cr BRCA1flox/flox p53+/— model, exon 11 of the BRCA1 gene is
deleted by MMTV-Cre transgene, causing a loss of one germline copy of TP53. EFA reduced the incidence of
non-invasive and well-differentiated tumors in this model [61]. Administration of EFA reduced cell proliferation
and xenograft size of pancreatic, anaplastic thyroid (ATC), and colorectal cancer [62].

1.9.1. Liposarcoma

Phase I trials were then started as monotherapy or combined with other compounds.

Stable disease (SD) was induced in 10/22 patients with advanced liposarcoma after monotherapy [63].

A phase I study evaluating the combination of bexarotene with EFA in solid tumors has been conducted
(NCT01504490).

The first trial evaluating the antitumor effects of the antidiabetic TZDs was conducted in 3 liposarcoma patients,
and TGZ led to a reduced proliferation [25], while there were no beneficial effects in a trial with RGZ in 9
liposarcoma patients [64]. Though the negative results obtained from this trial, another phase II trial on RGZ is
ongoing (NCT00004180; http://www.cancer.gov/clinicaltrials/).

1.9.2. Colorectal Cancer



PPARYy expression shows protective effects in colorectal cancer, as evidenced by studies on human tumor
samples [65]. Patients with PPARy expression usually showed a better prognosis, in fact the reduction of p-
catenin and PPARy was correlated with elevated numbers of tumor-associated macrophages, increased
metastasis, and poor survival [66]. Loss of function point mutations of the PPARy gene and polymorphisms
were reported in 8% of colorectal carcinoma patients. However, some studies on PPARy expression in
colorectal samples did not find any relation between PPARy immunoreactivity and tumor aggressiveness
[67,68].

TZDs showed variable effects in vivo. In mice the activation of PPARYy inhibited xenograft growth and its
agonists reduced the number of aberrant cryptal foci in chemically induced inflammatory bowel disease [69,70].
PGZ induced increased polyp numbers in mice with APC mutation, susceptible to colon adenoma (APCmin),
but not in wild-type mice, leading to hypothesize that TZDs could also promote colon cancer development [71].
These dissimilar results might be explained by in vitro studies in colon cancer cell lines, which evidenced that
PPARYy expression correlated to cells’ sensitivity to proliferation inhibition [72]. A phase II trial with TGZ did
not increase progression-free survival in 25 colorectal cancer patients [73].

1.9.3. Lung Cancer

As PPARy expression in well-differentiated lung adenocarcinoma was higher than in poorly differentiated
tumors, it was hypothesized that it promotes tumor formation, even if it is not a marker for aggressive growth
[74]. However, in another paper it was shown the opposite trend, as the expression was linked to poor prognosis
[75]. RGZ decreased progression of chemically induced murine cancer model [76].

1.9.4. Breast Cancer

In breast cancer cells PPARy mRNA levels did not correlate with nodal involvement and tumor grade, but
significantly lower PPARY levels were shown in large metastatic tumors, patients with local recurrence and poor
survival [77]. TZDs had moderate positive effects in breast cancer models. RGZ decreased tumor growth in a
chemically induced rat and in a syngenic murine tumor model [78,79]. Treating with TZDs patients with
advanced breast carcinoma and with early mammary cancer did not lead to therapeutic effects [80,81].

1.9.5. Prostate Cancer

Immunoreactivity and PPARy expression correlated inversely with tumor size and PSA levels in most of
prostate cancers (73%) [82]. Data obtained in prostate cancer xenografts as well as results from a phase II trial
and a case report showed efficacy of PGZ and TGZ [19,26,83].

1.9.6. Glioblastoma

Gliomas did not show any correlation with PPARy expression [84]. However, patients with diabetes mellitus
administered with TZD showed lower incidence of high-grade glioma than controls (patients with hip fractures),
while survival of patients with glioma was similar in both groups [85]. The efficacy of PGZ has been shown in
glioma xenografts and in a phase II trial [86,87].

1.9.7. Melanoma

No correlation of PPARYy expression and melanoma prognosis was evidenced [88]. In a cohort study conducted
in patients with diabetes mellitus under PGZ therapy, an increased hazard ratio for melanoma (1.3) was shown
[89]. It is not clear whether these data represent an increased incidence of tumors because the maximum
duration of follow-up was < 6 years after the initiation of PGZ. Studies on monotherapy with TZDs in
melanoma are restricted, as only CGZ inhibited growth of melanoma xenografts [90].

PPARYy seems to have a protective effect in tumor development, as elevated mRNA or protein expression in
well-differentiated tumors compared to poorly differentiated tumors and tumors with poor prognosis has been
shown [63].

1.10. TZDs in Differentiated Thyroid Carcinoma (DTC)



Follicular thyroid cancer (FTC) is the only known neoplasm associated with a PPARy fusion gene product [91],
PAXS8/PPARY, that is expressed in 30-35% of FTC and 2-13% of follicular adenomas [92]. This chimeric
protein derives from a genetic translocation between chromosomes 2 and 3 and is able to activate the PPARy
response element inducing proliferation. It functions as a gain and loss of function mutant determining thyroid
tumor differentiation; in more aggressive tumors gain of function predominates [91].

In the last decades, TC incidence in the United States has increased [93].

The increasing diagnosis of TC is related to the use of neck ultrasonography for the diagnosis of thyroid
nodules, but also to ionizing radiations [94], the exposure to fall-out of nuclear accidents [95], the exposure to
iodine deficiency that increases frequency of FTC [96]. Furthermore, autoimmune thyroiditis has been shown to
be a risk factor for papillary thyroid caner (PTC) [97,98], and new risk factors are emerging [99-101].

DTC (mainly PTC) is the most common type of thyroid carcinoma, accounting for 80-90% of all TCs. FTCs is
the 2nd most common, with 10-15% incidence. The prognosis of DTC is frequently good, with a 10-year
survival rate of 85% [102]. Approximately 10-20% of patients develop distant metastases [103], showing a 10-
year survival rate of 40%. Recurrence in DTC occurs in not less than a third of patients and only 30% of patients
with distant metastases respond to radioiodine (RAI) therapy with complete remission [104,105]. DTC first-line
therapy is total or near total thyroidectomy and lymph node dissection (if necessary). RAI treatment commonly
follows, for thyroid remnant ablation and elimination of metastases. In case of inefficacy of these treatments,
doxorubicin follows [106]. As doxorubicin is not strongly efficient, in the future differentiating therapies will
play a determinant role in cancer treatment. Redifferentiating compounds include retinoids, histone deacetylase
inhibitors, DNA methyltransferase inhibitors, and TZDs. Somatostatin analogues (for example, 68Ga-
DOTATOOC) are additional options for RAlI-negative TC [107].

PGZ and CGZ did not increase differentiation in the human PTC cell line NPA [108], while TGZ, RGZ, and
PGZ showed antiproliferative, proapoptotic, and differentiating effects on DTC cells in another paper [63,109].
TGZ increased expression of sodium-iodide symporter in DTC lines [110] and restored RAl-uptake in vitro
[111].

PGZ reduced metastatic disease in a tumor model where the effect of PAX8/PPARyY fusion protein is mimicked
[112]. RGZ reduced thyrocyte growth by 40% in a murine knock-in model of thyroid hormone receptor y [113].
TZDs modulate chemokine secretion in TC. In fact, a dysregulation of chemokine CXCL10 secretion has been
shown in PTCs. A CXCL10 secretion more than ten times higher has been induced by IFNy+TNFa in PTCs
with respect to control thyroid follicular cells (TFC). Moreover, TZDs inhibited CXCL10 secretion in control
TFC while stimulated it in PTCs. The effect of TZDs on CXCL10 was unrelated to the significant
antiproliferative effect in PTCs [114,115].

TZDs were also evaluated in patients with TC. In 5 patients treated with PGZ for 6 months, no increase in RAI-
uptake was observed [116]. An effective induction of RAI-uptake after RGZ therapy was reported by 2 case
reports, in patients with non-iodide avid metastases of DTC [117,118]. The results of treatment showed reduced
thyroglobulin levels and tumor size. An increased RAlI-uptake after RGZ treatment was shown in 1/5 patients
enrolled in a pilot study [119], while another paper reported positive RAI scans in 4/10 patients after RGZ
treatment [120]. A clinical trial showed increased RAlI-uptake in therapeutic 1311 scans in 5/23 patients [121].
In another phase II trial, though reinduction of RAl-uptake in 5/20 patients, none had a complete or partial
response (PR) to RGZ after 3 months [122] by RECIST criteria [123]. A current trial (NCT00098852) with
RGZ for reinduction of RAI-uptake is still ongoing (http://www.clinicaltrial.gov/). The redifferentiating action
of PGZ is being reassessed in a trial focused on follicular variants of PTC (NCT01655719;
http://www.clinicaltrial.gov/). The restricted accuracy of the 1311 scans technique, the unknown status of
receptor expression of the treated tumors, too low levels of expression by the target cells, inhomogeneity of
RAI-uptake into the tumor, and the generally poor correlation between RAI-uptake and clinical remission, make
the interpretation of the obtained data quite difficult. Moreover, an observation time shorter than 1 year could
not be enough to monitor effects in slow-growing DTC.

Recently epidemiologic, clinical, and preclinical studies suggest that another antidiabetic drug
(metformin) may lower cancer risk and improve outcomes of cancer in diabetics [124]. Moreover,
metformin treatment was associated with low recurrence in diabetic patients with cervical lymph node
metastasis of DTC [125].

The molecular mechanisms at the base of the antineoplastic effect of metformin remain controversial.
Different mechanisms have been suggested, in fact metformin: a-can act on mitochondria, inhibiting
complex I; b-can activate AMPK and Reddl proteins, inhibiting the mTOR pathway cell cycle arrest,
inducing autophagy, apoptosis and cell death; c-alters the methionine and folate cycles, with a decrease in
nucleotide synthesis [126].



CXCLS8 is a chemokine previously shown to play relevant tumor promoting effects in TC
microenvironment [127,128]. For this reason, pharmacological strategies aimed at modulating the
concentration of this chemokine were tested. PGZ was demonstrated to inhibit the TNF-o induced
CXCLS8 secretion in endometriotic stromal cells [129] and to suppress CXCL8 mRNA expression in
pancreatic cancer cell lines [130]. As far as TC is concerned, it was recently demonstrated that
metformin, among its anti-tumor effects [131], is able to inhibit the TNF-o-induced CXCLS8 secretion in
primary cultures of normal and PTC cells [132]. The demonstration that metformin and PGZ besides an
overall similar efficacy in the control of hyperglycemia display some differences in their anti-
inflammatory activity could make it worth to evaluate the combined effects of these two compounds also
in terms of CXCLS secretion [133].

In ATC, Hayashi et al. showed the expression of both PPARY gene and protein in 5 human cell lines [134] than
in PTC cells. Cell proliferation was reduced by PPARy agonists inducing apoptosis. Moreover, PPARy agonists
decreased the invasive potential of the 5 ATC cell lines [134].

Aiello ef al. [135] studied the biologic effects of CGZ and RGZ in ATC cell lines, and demonstrated that RGZ
increased the expression of thyroid-specific markers of differentiation.

Marlow et al. [136] showed that, the high-affinity PPARy agonist RS5444, reactivating suppressed RhoB,
induced the cyclin-dependent kinase inhibitor p21 and inhibited ATC cells proliferation.

Recently, Antonelli et al. have shown that PGZ and RGZ can reduce cell growth and proliferation in human
ATC primary cultured cells, from different patients [137]. Moreover, in another in vitro study it was shown that
the results of chemosensitivity tests with PPARy agonists in primary ATC cells obtained directly from fine-
needle aspiration are similar to those obtained from biopsies [138,139].

A recent paper showed that TZDs are able to modulate chemokine secretion also in ATC. In fact, ATC cells
produced CXCL10 basally and stimulated by cytokines. However, the pattern of modulation by IFN-y, TNF-a
or TZDs was extremely variable, suggesting that the intracellular pathways involved in the chemokine
modulation in ATC have different types of deregulation with respect to DTC and control TFC [140].

More recently a phase I study [141] was conducted on 15 ATC patients, to determine the potential effectiveness
of paclitaxel and EFA at different doses (7 of them received 0.15 mg, 6 received 0.3 mg, 2 received 0.5 mg of
EFA). One subject, treated with 0.3 mg of EFA, had a PR; 7 patients had SD. The median times to progression
in patients treated with 0.15 mg and 0.3 mg of EFA, were 48 and 68 days, while the median survival were 98
versus 138 days, respectively. Adverse events grade 3 or greater related to the treatment were observed in 10
subjects. This study suggested that the combination between EFA and paclitaxel was safe and tolerated and had
biologic activity [141].

Conclusion

Recent studies have shown that PPARY is over-expressed in many tumor types, including those from breast,
lung, pancreas, colon, glioblastoma, prostate, and DTCs and ATCs. These data suggest a role of PPARY in
tumor development and/or progression. PPARy is emerging as a growth-limiting and differentiation-promoting
factor, and it exerts a tumor suppressor role.

Moreover, naturally-occurring and synthetic PPARy agonists promote growth inhibition and apoptosis. TZDs
are synthetic agonists of PPARy that were developed to treat type II diabetes. These compounds also display
anticancer effects which appear mainly to be independent of their PPARy agonist activity. Various preclinical
and clinical studies strongly suggest a role for TZDs both alone and in combination with existing
chemotherapeutic agents, for the treatment of cancer.

Differentiation therapy involves the use of agents with the ability to induce differentiation in cells that have lost
this ability, i.e. cancer cells, targeting pathways capable of re-activating blocked terminal differentiation
programs. PPARYy agonists have been shown to induce differentiation in solid tumors such as TCs and sarcomas.
However, emerging data suggest that chronic use of TZDs is associated with increased risk of adverse
cardiovascular events. The exploration of newer PPARy agonists can help in unveiling the underlying
mechanisms of these drugs, providing new molecules that are able to treat cancer, without increasing the
cardiovascular risk of neoplastic patients.
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