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Abstract

The thiazolidinedione (TZD) family of PPARYy agonists, especially troglitazone and ciglitazone,
induce cell cycle arrest, differentiation, and apoptosis in cancer cells. Mounting evidence indicates
that TZDs interfere with multiple signaling mechanisms independently of PPARyactivation, which
affect many aspects of cellular functions governing cell cycle progression and survival of cancer
cells. Here, we review the “off-target” mechanisms that underlie the antitumor effects of TZDs with
emphasis on three key pathways, namely, inhibition of Bcl-2/Bcl-xL function, proteasomal
degradation of cell cycle- and apoptosis-regulatory proteins, and transcriptional repression of
androgen receptor (AR) through Sp1 degradation. Relative to tumor cells, nonmalignant cells are
resistant to these PPARy-independent antitumor effects, which underscores the translational potential
of these agents. Furthermore, dissociation of these antitumor effects from their PPARy agonist
activity provides a rationale for using TZDs as scaffolds for lead optimization to develop a novel
class of antitumor agents with a unique mode of mechanism.
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1. Introduction

Thiazolidinediones (TZDs), including rosiglitazone, pioglitazone, troglitazone, and
ciglitazone, are high-affinity ligands for the peroxisome proliferator-activated receptor y
(PPARY) [1], a transcription factor preferentially expressed in adipose tissue [2]. These TZDs
improve insulin sensitivity by regulating many aspects of adipose tissue function through the
transcriptional activation of certain insulin-sensitive genes involved in glucose homeostasis,
fatty acid metabolism, and triacylglycerol storage in adipocytes [3,4]. Moreover, TZD-
mediated PPARYy activation has been shown to promote the differentiation of preadipocytes by
mimicking certain genomic effects of insulin on adipocytes, and to modulate the expression
of adiponectin, pro-inflammatory cytokines like IL-6 and TNFa, and a host of endocrine
regulators in adipocytes and macrophages [4]. Through these beneficial effects, TZDs offer a
new type of oral therapy for type Il diabetes by reducing insulin resistance and assisting
glycemic control. Troglitazone (Rezulin), however, was withdrawn from the market due to
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idiosyncratic hepatotoxicity, which was thought to be attributable to the induction of
mitochondrial stress in liver cells by high doses of the drug [5].

2. PPARy-dependent and —independent antitumor effects of TZDs

Like adipocytes, many human cancer cell lines have been reported to exhibit high levels of
PPARYy expression. In vitro exposure of these tumor cells to high doses (> 10 uM) of TZDs,
especially troglitazone and ciglitazone, led to cell cycle arrest, apoptosis and/or
redifferentiation [review: [6-10]], suggesting a putative link between PPARYy signaling and
TZD’s antitumor activities. Furthermore, the in vivo anticancer efficacy of troglitazone was
demonstrated in a few clinical cases that involved patients with liposarcomas [11] or prostate
cancer [12]. To date, the identities of target genes that contribute to the antiproliferative
activities of PPARYy agonists remain elusive, in part, because the genomic responses to
PPARYy activation are complex and will be highly dependent upon cellular context in cancer
cells [7]. Reported PPARy-specific target genes in colorectal cancer cells included genes linked
to growth regulatory pathways, colon epithelial cell maturation, immune modulation, and
intercellular adhesion [13]. However, the functional role of these PPARYy target genes in
mediating TZDs’ antiproliferative activities in cancer cells is unclear.

In contrast, several lines of evidence argue against the dependence of the antitumor effect of
TZDs on PPARYy activation. First, TZDs’ antitumor effects seem to be structure-specific
irrespective of potency in PPARYy activation, i.e., troglitazone and ciglitazone are more active
in inducing apoptosis in cancer cells relative to rosiglitazone and pioglitazone. Second, there
exists a 3-orders-of-magnitude discrepancy between the concentration required to mediate
antitumor effects and that for PPARYy activation. Third, there lacks a correlation between the
susceptibility of tumor cells to TZDs and the expression level of PPARy. For example, LNCaP
prostate cancer and MCF-7 breast cancer cells, both of which exhibit low PPARy expression
levels, were more sensitive to the effects of troglitazone and ciglitazone on suppressing cell
viability than their PPARy-overexpressing counterparts, PC-3 and MDA-MB-231 cells,
respectively [14,15]. Fourth, A2TG and A2CG, PPARYy-inactive analogues of troglitazone and
ciglitazone, respectively (Fig. 1), were modestly more potent than their parent compounds in
suppressing cell proliferation in cancer cells [14,15]. Fifth, sSiRNA-mediated knockdown of
PPARYy in PC-3 cells did not affect the ability of troglitazone or A2TG to induce apoptotic
death (Chen, unpublished data).

3. Pleiotropic effects of TZDs on multiple signaling targets

Although the functional role of PPARY in regulating cell proliferation and differentiation varies
in different cellular contexts, mounting evidence indicates that the effect of TZDs on inducing
apoptotic death in cancer cells is, to a large extent, attributable to “off-target” mechanisms
[10]. To date, an array of signaling targets have been linked to the antitumor activities of
troglitazone and ciglitazone, which affect many aspects of cellular functions governing cell
cycle progression and survival of cancer cells (Table 1).

From a mechanistic perspective, some of the aforementioned targets appear to be cell type-
specific due to differences in signaling pathways regulating cell proliferation and survival in
different cancer cell systems. However, three aspects of the PPARy-independent antitumor
activities of TZDs are noteworthy because they are amenable to pharmacologic exploitation
that could foster novel strategies for cancer treatment/prevention, namely, inhibition of Bcl-2/
Bcl-xL function, proteasomal degradation of target proteins, and transcriptional repression of
AR through Spl degradation (Fig. 2).
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3.1. Inhibition of Bcl-2/Bcl-xL function

Evidence suggests that troglitazone and ciglitazone inhibit the antiapoptotic functions of Bcl-
xL and Bcl-2 independently of PPARYy [14]. Treatment of cancer cells with these TZDs reduced
intracellular association of Bcl-2 and Bcl-xL with Bak, leading to caspase-dependent apoptosis.
Moreover, Bcl-xL overexpression protected cancer cells from TZD-induced apoptosis. In
contrast, rosiglitazone and pioglitazone lacked the ability to disrupt mitochondrial integrity
and, consequently, showed marginal effects on apoptosis even at high concentrations.
Molecular docking analysis indicated that troglitazone competed with the Bak BH3 peptide
for BH3 domain-mediated interactions with Bcl-xL (Fig. 3), with an I1Csg of approximately 20
puM.

3.2. Proteasomal degradation of cell cycle- and apoptosis-regulatory proteins

Data from this and other laboratories show that troglitazone and ciglitazone exhibited a unique
ability to facilitate the ubiquitin-dependent proteasomal degradation of a series of cell cycle-
and apoptosis-regulatory proteins, including FLIP [16], B-catenin [17-20], cyclin D1 [15,21—
25], and Sp1 [26], independently of PPARY activation. As each of these target proteins plays
arole in regulating carcinogenesis and tumor progression, the effect of these TZDs on
selectively activating the ubiquitin-proteasome system provide a novel framework to account
for their antitumor activities.

To shed light onto this novel pharmacological action, we previously examined the pathway by
which troglitazone and its PPARy-inactive analogs A2TG and STG28 promoted p-catenin
degradation in prostate cancer cells [20]. The ability of these thiazolidinediones to repress f3-
catenin in PC-3 cells was not affected by siRNA-mediated knockdown of PPARY, indicating
the dissociation of these two pharmacological activities (Fig. 4A).

Several lines of evidence indicate that TZD-facilitated B-catenin proteolysis was mediated
through the upregulation of B-transducin repeat-containing protein (B-TrCP), an F-box
component of the Skp1-Cull-F-box protein (SCF) E3 ligase. This finding was validated by the
concurrent down-regulation of a number of other known B-TrCP substrates, including Weel,
IxBa, cdc25A, and NFkB/p105, in TZD-treated cancer cells. In addition, while ectopic B-TrCP
expression enhanced TZD-facilitated B-catenin ablation, its SIRNA-mediated knockdown
protected cells from this degradation. Equally important, nonmalignant cells were resistant to
the effect of these TZDs on up-regulating B-TrCP expression, suggesting the translational
potential of these agents in chemoprevention.

Although some TZD-targeted proteins such as cyclin D1 lack a consensus sequence of D(pS)
GXn(pS) (X is any amino acid; n = 2 — 4) for B-TrCP recognition [27], we hypothesize that
they are also targeted by B-TrCP through unconventional recognition motifs. For example, our
recent mutational and modeling analyses indicate that cyclin D1 binds to the WD40 domain
of B-TrCP through an unconventional recognition site, 2/°EEVDLACpT?286 [25].

Substantial evidence suggests that the SCF complexes and the anaphase promoting complex/
cyclosome (APC/C) represent two major classes of E3 ubiquitin ligases that reciprocally
regulate cell cycle progression and proliferation by controlling the proteolysis of cell-cycle
regulatory proteins [28-30]. To the best of our knowledge, TZDs represent the first class of
agents with the ability to perturb the ubiquitin E3 ligase signaling network.

3.3. Transcriptional repression of AR through Sp1 degradation

Our data indicate that troglitazone and ciglitazone might interfere with AR function through
two PPARy-independent mechanisms at different dose ranges [26,31]. At ~10 uM
concentrations, these TZDs suppressed PSA expression by blocking AR recruitment to the
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PSA promoter, and at higher concentrations, they were capable of down-regulating AR
expression by activating the proteasomal degradation of Sp1. The effect of TZDs on repressing
AR expression is noteworthy considering the clinical relevance of AR in androgen-refractory
prostate cancer. In addition, the ability of these TZDs to ablate Sp1 might account for the
reported effect of troglitazone on down-regulating the expression of estrogen receptor [15,
24], epidermal growth factor receptor (EGFR) [26], survivin [32], the cell adhesion molecules
ICAM-1 and VCAM-1 [33], and the oncogenic protein Skp2 [20], all of which are downstream
targets of this transcription factor. Sp1 and other Sp family members have been reported to
play a crucial role in the growth and metastasis of many tumor types by regulating expression
of cell cycle genes and vascular endothelial growth factor, thus representing potential targets
for cancer therapy [34]. Our preliminary data suggest that thiazolidinedione-facilitated
proteasomal degradation of Sp1 was also mediated through a B-TrCP-dependent mechanism
(Wei and Chen, unpublished).

4. Pharmacological exploitation of troglitazone and ciglitazone to develop
novel antitumor agents

Dissociation of the aforementioned antitumor effects of troglitazone and ciglitazone from their
PPARYy agonist activity provides a rationale for using these TZDs as scaffolds for lead
optimization to develop novel agents for cancer therapy or prevention. The proof-of-principle
of this premise was demonstrated by STG28 [26,35] and OSU-CG12 [36], PPARy-inactive
derivatives of A2TG and A2CG, respectively, with improved antitumor potency. For example,
STG28 exhibited an-order-of-magnitude higher potency in suppressing the expression of
cyclin D1, Sp1, and AR through proteasomal degradation or transcriptional repression in
prostate cancer cells than the parent molecules troglitazone and A2TG (Fig. 4B).

It is noteworthy that normal prostate epithelial cells were resistant to the ablating effect of
STG28 and OSU-CG12 on these target proteins [26]. This differential effect between malignant
versus nonmalignant cells underlies the translational potential of this novel class of antitumor
agents.

5. Conclusion

Although thiazolidinedione PPARY agonists exhibit multiple mechanisms for inducing
PPARy-independent antitumor effects, this finding does not conflict with the general notion
regarding the pivotal role of PPARYy in carcinogenesis. From a therapeutic standpoint,
pharmacological exploitation of these “off-target” mechanisms might foster novel strategies
for cancer treatment and prevention. It is especially noteworthy that the TZD’s effect on
promoting B-TrCP-mediated degradation of target proteins parallels that of glucose starvation
[25], suggesting a resemblance among the respective signaling networks. As dysregulated
expression of cyclin D1, Sp1, and other cell-cycle regulatory proteins has been linked to
tumorigenesis and drug resistance in human cancers, targeting f-TrCP by small-molecule
agents might represent a viable approach in cancer therapy.
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Figure 1.

Structures of troglitazone, ciglitazone, their PPARy-inactive analogues A2TG and A2CG,
rosiglitazone, and pioglitazone. Our data indicate that introduction of a double bond adjacent
to the thiazolidinedione ring abolished the ability of the resulting molecule to activate
PPARY (14).
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A schematic diagram depicting the major PPARy-independent antitumor mechanisms of TZDs.
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Bak BH3 peptide
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Figure 3.
Molecular docking of Bak BH3 peptide (top; represented by a ribbon structure) and troglitazone
(bottom) into the Bak BH3 peptide-binding site of Bcl-xL.
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A, structure of STG28 (left panel) and siRNA-mediated knockdown of PPARy does not
interfere with the effect of STG28 on B-catenin repression. B, Western blot analysis of the
dose-dependent effect of STG28 vis-a-vis troglitazone and A2TG on attenuating the expression
levels of cyclin D1, Spl, and AR.

1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Cancer Lett. Author manuscript; available in PMC 2010 April 18.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Wei et al.

Page 12

Table 1

Signaling mechanisms that underlie TZD-mediated antitumor effects

Signaling targets

Reported effects of TZDs

Intracellular Ca?* store [37]

JNK MAP kinase [38]

The CDK inhibitors p21 and p27
[39,40]

P53 and GADD45, a p53-responsive
stress protein [41]
Bcl-2/Bcl-xL [14]

FLIP (FLICE inhibitory protein) [16,
32]

f-Catenin [17-20]
Cyclin D1 [15,21-24]
Prostate-specific antigen (PSA) and

androgen receptor (AR) [26,31]
Estrogen receptor o (ERa) [15,24]

TZDs caused partial depletion of intracellular Ca?* stores in ES cells, resulting in phosphorylating
deactivation of the a-subunit of eukaryotic initiation factor (elF2a) and subsequent inhibition of
translation initiation.

Troglitazone caused apoptosis in HepG2 cells by activating the INK-dependent cell death pathway
accompanied by increased Bid cleavage and elevation of Bad and Bax.

Troglitazone mediated growth inhibition in HepG2 cells by increasing levels of p27 and p21,
accompanied by reduced Rb phosphorylation. Troglitazone-induced p27 up-regulation was mediated
through the downregulation of the E3 ligase Skp2.

Troglitazone induced apoptosis in vascular smooth muscle cells by activating the p53-GADDA45 pathway.

Troglitazone and ciglitazone blocked the BH3 domain- mediated interaction of Bcl-2 and Bcl-xL with
Bak and other proapoptotic proteins with ICg, of approximately 25 uM, which might underlie the

apoptosis-inducing effect of these TZDs in cancer cells.

Troglitazone and ciglitazone facilitated ubiquitin-dependent, proteasomal degradation of FLIP, an
apoptosis-suppressing protein that blocks death receptor signaling, via a PPARy-independent
mechanism. This FLIP downregulation underlies the ability of troglitazone to sensitize glioma cells to
TRAIL.

Troglitazone facilitated the ubiquitin-dependent, proteasomal degradation of B-catenin via a PPARy-
dependent or — independent mechanism in different cell systems.

Troglitazone and ciglitazone down-regulated cyclin D1 expression via proteasomal degradation as part
of the mechanism for causing cell-cycle arrest and growth inhibition in breast cancer cells.

Troglitazone and ciglitazone mediated the transcriptional repression of AR by facilitating the proteasomal
degradation of the transcriptional factor Sp1 in LNCaP prostate cancer cells.

Troglitazone and ciglitazone mediated the transcriptional repression of ERa in breast cancer cells.
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