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Troglitazone suppresses c-Myc levels
in human prostate cancer cells
via a PPARy-independent mechanism
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Troglitazone is a ligand for the peroxisome proliferator activated receptor gamma (PPARvy) that decreases growth of
human prostate cancer cells in vitro and in vivo. However, the mechanism by which troglitazone reduces prostate cancer
cell growth is not fully understood. To understand the signaling pathways involved in troglitazone-induced decreases in
prostate cancer growth, we examined the effect of troglitazone on androgen-independent C4-2 human prostate cancer
cells. Initial experiments revealed troglitazone inhibited C4-2 cell proliferation by arresting cells in the G /G, phase of
the cell cycle and inducing apoptosis. Since the proto-oncogene product c-Myc regulates both apoptosis and cell cycle
progression, we next examined whether troglitazone altered expression of c-Myc. Troglitazone decreased c-Myc protein
levels as well as expression of downstream targets of c-Myc in a dose-dependent manner. In C4-2 cells, troglitazone-
induced decreases in c-Myc protein involve proteasome-mediated degradation of c-Myc protein as well as reductions in
c-Myc mRNA levels. It appears that troglitazone stimulates degradation of c-Myc by increasing c-Myc phosphorylation,
for the level of phosphorylated c-Myc was elevated in prostate cancer cells exposed to troglitazone. While troglitazone
dramatically decreased the amount of c-Myc within C4-2 cells, the PPARy ligands ciglitazone, rosiglitazone and
pioglitazone did not reduce c-Myc protein levels. Furthermore the downregulation of c-Myc by troglitazone was not
blocked by the PPARy antagonist GW9662 and siRNA-mediated decreases in PPARy protein. Thus, our data suggest that
troglitazone reduces c-Myc protein independently of PPARy.

Introduction

Other than skin cancer, prostate cancer is the most common
form of cancer found in American men. The American Cancer
Society reports that there will be 217,730 new cases of prostate
cancer in the United States in 2010." In addition, it is estimated
that this year 32,050 American men will die of this disease.!
Radiation and surgery are common treatments for early stage
prostate cancer, while androgen ablation therapy is the standard
treatment for advanced stage prostate cancer. Androgen ablation
is a hormonal deprivation therapy where the circulating levels of
androgen in the body are reduced. Androgen ablation therapy is
initially effective at slowing the growth rate of prostate cancer.
However, androgen ablation therapy results in the development
of more aggressive forms of prostate cancer that do not require
androgens for growth. There is currently no effective treatment
for these androgen-independent forms of prostate cancer. As a
result, there is great interest in identifying more effective treat-
ment options for this form of prostate cancer.
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Agonists for the peroxisome proliferator activated receptor
gamma (PPARvy) have shown promise as potential therapeutic
agents for prostate cancer. Our laboratory and others have shown
that one group of synthetic PPARy ligands, the thiazolidinedio-
nes (TZDs), significantly inhibit proliferation of human prostate
cancer cells. The TZDs, which were identified as high affinity
PPARy agonists in 1995, include the compounds ciglitazone,
troglitazone (Rezulin), rosiglitazone (Avandia) and pioglitazone
(Actos).? The TZDs rosiglitazone and ciglitazone decreased
proliferation of the PC-3 and C4-2 human prostate cancer cell
lines and primary cell cultures of human prostate cancer cells.?
Troglitazone has also been shown to inhibit growth of the
PC-3, LNCaP and DU145 cell lines.” Clinical trials have been
performed testing the effect of TZDs as a treatment for pros-
tate cancer. However, the results have not been consistent across
these studies. Smith et al. showed that rosiglitazone did not
increase prostate specific antigen (PSA) doubling time, a marker
of prostate cancer progression, or delay the time to disease pro-
gression.® However, Hisatake et al. demonstrated that the TZD
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troglitazone stabilized PSA levels in a 75-year-old man with
advanced prostate cancer.” In addition, Mueller et al. conducted
a phase II clinical study in patients with advanced prostate can-
cer using troglitazone. They observed a high number of patients
who had stable levels of PSA after treatment with troglitazone.'
Taken together, these clinical trials suggest the effectiveness of
TZDs in prostate cancer patients may vary depending on the
compound tested. Of the compounds tested, troglitazone appears
to be the most effective at slowing clinical progression of prostate
cancer. However, it is unclear what factors determine the clinical
response to TZDs.

Inhibition of cell proliferation can occur through changes in
cell cycle and/or apoptosis. One protein which plays an important
role in cell cycle progression and apoptosis is the proto-oncogene
product ¢-Myc. The ¢-Myc protein is a basic/helix-loop-helix/
leucine zipper transcription factor. By dimerizing with its binding
partner, Max, c-Myc can bind specific E-box sequences within
DNA and regulate gene transcription. c-Myc regulates expres-
sion of several gene products that are involved in cell proliferation
and apoptosis. Expression of the cyclin dependent kinase inhibi-
tors p21 and p27 is reduced by c-Myc.!"'* Two proteins which
promote cell proliferation, cyclin dependent kinase 4 (CDK4)
and the phosphatase CDC25A, are also positively regulated by
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c-Myc.316 c-Myc also regulates expression of proteins that con-
trol apoptosis. Expression of the pro-apoptotic proteins Bad in
the rat frontal cortex and Bax in glioblastomas have been shown
to be regulated by c-Myc."”*® In Caco-2 colon cancer cells, rosi-
glitazone not only reduced c-Myc protein levels but also induced
expression of Bax.”” In addition, work by Kanunfre et al. sug-
gested decreases in c-Myc expression by ciglitazone resulted in an
increase in apoptosis within the Raji B lymphoblast-like cell line
and the human Jurkart leukemia cells.?® Thus, decreases in c-Myc
are associated with TZD-induced inhibition of cell proliferation
within colon cancers and leukemic cells.

While ciglitazone and rosiglitazone have been shown to
decrease c-Myc protein expression, it is not known if other
TZDs are effective in reducing c-Myc levels in cancer cells.
In addition, the mechanism by which TZDs suppress c-Myc
expression is not fully understood. To define the role of c-Myc
in troglitazone-induced decreases in prostate cancer cell pro-
liferation, we examined the ability of troglitazone to regulate
c-Myc expression in human prostate cancer cells. In this study
we show that troglitazone not only suppresses prostate cancer
cell growth but also decreases c-Myc protein expression. In the
C4-2 cell line, troglitazone decreases c-Myc protein through
proteasome-mediated degradation of c-Myc protein as well as
a reduction in c-Myc mRNA levels. Furthermore, our results
demonstrate troglitazone reduces c-Myc protein independently
of PPARYy activation.

Results
Troglitazone inhibits C4-2 cell growth via cell cycle arrest
and apoptosis. Micromolar concentrations of troglitazone have

been shown to inhibit growth of ovarian and colon cancer
cells.?’?* To determine whether troglitazone was also effective at
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suppressing growth of the androgen-independent C4-2 prostate
cancer cell line, we exposed the cells to different concentrations
(7.5—45 uM) of troglitazone. In these proliferation studies, cell
number was measured after the cells were treated for 6 days
with troglitazone. Troglitazone produced a dose-dependent
decrease in C4-2 cell proliferation, which was indicated by a
decrease in cell number (Fig. 1A). A significant decrease in
cell proliferation was first detected in C4-2 cells exposed to
15 uM rtroglitazone. The maximum decrease in prolif-
eration was noted at a concentration of 45 pM troglitazone.
Furthermore, the ability of troglitazone to reduce cell prolif-
eration was time-dependent. A significant decrease in C4-2 cell
number was detected in cells treated for three days or longer
with troglitazone (Fig. 1B).

Decreases in cell number can result from either an alteration
in cell cycle progression or an increase in the level of apoptosis.
Therefore, we decided to examine whether troglitazone alters
C4-2 cell cycle distribution and apoptosis through FACS analy-
sis. Troglitazone treatment for six days produced an increase in
the G /G, cell population, indicating a G /G, cell cycle arrest.
Troglitazone did not significantly alter the number of cells in the
G,/M population. In addition, we noted a significant decrease
in the percentage of C4-2 cells present in the S phase (Fig. 1C).
Interestingly, the number of cells in the sub-G population was
also significantly increased with troglitazone treatment. Since
apoptotic cells can be present in the sub-G, population, these
data suggest that troglitazone inhibits C4-2 cell proliferation by
inducing apoptosis. To confirm whether troglitazone stimulates
apoptosis in C4-2 cells we used a Cell Death ELISA assay to
measure the levels of DNA fragmentation following troglitazone
exposure. Treatment of C4-2 cells with troglitazone for both
three and six days produced a significant increase in DNA frag-
mentation (Fig. 1D). Taken together, our data indicate that an
increase in G /G, cell cycle arrest and apoptosis both contribute
to troglitazone-induced decreases in C4-2 proliferation.

Troglitazone decreases c-Myc protein expression. c-Myc is a
proto-oncogene that plays roles in both cell cycle progression and
apoptosis. To determine whether alterations in c-Myc expression
may contribute to the troglitazone-induced decrease in C4-2 cell
proliferation, we examined the effect of troglitazone on c-Myc pro-
tein levels. Protein gel blot analysis revealed troglitazone induced
a time-dependent decrease in ¢-Myc protein expression within
the C4-2 cell line (Fig. 2A). This decrease could be detected
24 h after the addition of troglitazone. Furthermore, c-Myc levels
remained low after 3 days of troglitazone exposure. Troglitazone
treatment also decreased c-Myc protein levels within C4-2 cells
in a dose-dependent manner. The greatest decrease in c-Myc
protein expression occurred at 45 WM, the concentration of
troglitazone that produced the greatest reduction in C4-2 cell
proliferation (Fig. 2B).

Troglitazone-induced decrease of c-Myc protein is not cell
line specific. To determine if the troglitazone-induced decrease
in ¢-Myc protein was unique to the C4-2 cell line, we exam-
ined the effect of troglitazone on c-Myc levels in the androgen-
dependent LNCaP and the androgen-independent PC-3 prostate
cancer cells. Troglitazone at a concentration of 45 pM produced
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Figure 1. Troglitazone inhibits growth of C4-2 cells. (A) C4-2 cells were treated with DMSO vehicle (Control) or troglitazone (7.5-45 wM) for 6 days. Cells

were harvested after 6 days and total cell number was measured using a Z1

Coulter Counter. Each bar represents the mean + SD of three wells.

*p < 0.05 when compared to DMSO control. A representative experiment is shown. (B) C4-2 cells were treated with DMSO vehicle or troglitazone
(15-45 pM) for the indicated times. Following treatment total cell number was counted using a Z1 Coulter Counter. Each bar represents the mean
+ SD of three wells. *p < 0.05 when compared to DMSO control. A representative experiment is shown. (C) Cells were treated with DMSO vehicle or

troglitazone 45 M for 72 h. The percentage of cells within the different pha

ses of the cell cycle was determined using flow cytometry. *p < 0.05 when

compared to control. Each bar represents the mean + SD of three samples. A representative experiment is shown. (D) C4-2 cells were treated with
DMSO vehicle or troglitazone 45 wM for 3 or 6 days. Following treatment, the level of DNA fragmentation (a hallmark of apoptosis) was measured
using a Cell Death ELISA. *p < 0.05 when compared to DMSO control. A representative experiment is shown.

a >40% decrease in c-Myc protein levels in the LNCaP cells
(Fig. 2C). In addition, c-Myc protein expression was also dra-
matically reduced in PC-3 cells following troglitazone treatment
(Fig. 2C). The concentrations of c-Myc that suppressed c-Myc
protein levels were also effective at reducing proliferation of each
cell line (data not shown). Therefore, it appears that a growth-
inhibitory concentration of troglitazone is able to reduce c-Myc
levels in multiple human prostate cancer cell lines.
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Reductions in c-Myc protein inhibit C4-2 cell proliferation.
It has been previously reported that c-Myc promotes the growth
226 To confirm the role of c-Myc
in prostate cancer cell proliferation, we tested how reductions in
c-Myc influenced proliferation of C4-2 cells. In these studies we
used siRNA technology to knock down levels of c-Myc protein
in the C4-2 cell line. Cell count assays revealed that proliferation
was significantly reduced in C4-2 cells exposed to c-Myc siRNA

of human prostate cancer cells.
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Figure 2. Troglitazone decreases c-Myc protein expression in human prostate cancer cells. (A) C4-2 cells were treated with DMSO vehicle or trogli-
tazone 45 pM for indicated times. Following treatment, cells were harvested and the amount of c-Myc and actin protein in each sample was deter-
mined using protein gel blot analysis. (B) C4-2 cells were treated with DMSO vehicle or troglitazone (7.5-45 M) for 48 h. The amount of c-Myc and
actin protein in each sample was determined using protein gel blot analysis. (C) PC-3 or LNCaP cells were treated with DMSO vehicle or troglitazone
45 uM for indicated times. Protein gel blot analysis was then used to determine the level of c-Myc and actin protein in each sample.

(Fig. 3). Thus, our data indicate a decrease in c-Myc protein
levels can result in reduced proliferation within the C4-2 pros-
tate cancer cell line.

Troglitazone regulates expression of downstream targets of
c-Myc. Changes in the expression level of c-Myc within a cell can
alter the expression of p21 and CDK4, two proteins that regulate
cell cycle progression.”>?? While c-Myc is a negative regulator
of the cyclin dependent kinase inhibitor p21, it stimulates pro-
duction of cyclin dependent kinase 4 (CDK4). We performed
protein gel blot analysis to determine whether troglitazone also
regulates expression of these two downstream targets of c-Myc. In
these studies, protein levels were examined after C4-2 cells were
treated with troglitazone for 48 h. Troglitazone induced a dose-
dependent increase in p21 protein levels. We observed a
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statistically significant increase in p21 following treatment of
C4-2 cells with troglitazone 45 wM (Fig. 4A). Troglitazone also
produced a dose-dependent decrease in CDK4 protein expres-
sion. The greatest decrease in CDK4 expression was observed
at a concentration of 45 WM troglitazone (Fig. 4B). E2F1 and
retinoblastoma protein (Rb) control the ability of cells to prog-
ress from G, to S phase of the cell cycle and are positively reg-
ulated by c-Myc expression.’”?! We next examined the effect
of troglitazone on E2F1 and Rb protein levels. Exposing C4-2
cells to troglitazone resulted in a dose-dependent decrease in
E2F1 protein. Furthermore, troglitazone increased the activ-
ity of Rb, for the ratio of phospho Rb/total Rb protein within
C4-2 cells decreased with troglitazone treatment (Fig. 4C).
Taken together, our results indicate that troglitazone not only
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Figure 3. Knock down of c-Myc protein reduces proliferation of C4-2 cells. C4-2 cells were first transfected with either a non-specific control SMART-
pool or c-Myc siRNA. Two days later, cells were detached using trypsin-EDTA and total cell number in each well was measured using a Z1 Coulter
Counter. Each bar represents the mean + SD for three wells. *p < 0.05 when compared to DMSO control. A representative experiment is shown. Protein
gel blot analysis was used to determine the levels of c-Myc and actin protein in transfected cells.

regulates c-Myc protein but also affects expression of multiple
c-Myc regulated gene products.

Troglitazone reduces c-Myc mRNA and stimulates pro-
teasomal degradation of c-Myc protein. Reductions in protein
within cancer cells can occur as a result of decreased synthesis or
stability of mRNA. To determine whether alterations in mRNA
contribute to troglitazone-induced decreases in c-Myc protein,
we used quantitative RT-PCR to measure c-Myc mRNA levels
in C4-2 cells exposed to troglitazone. Troglitazone significantly
decreased c-Myc mRNA within the C4-2 cell line. A decrease in
c-Myc mRNA was initially observed six hours after troglitazone
treatment (Fig. 5A). c-Myc mRNA levels remained low after 24 h
of troglitazone exposure.

Rapid decreases in c-Myc protein can also occur through a pro-
teasome-mediated degradation pathway.’>* Recent reports have
noted that troglitazone and the troglitazone derivative STG28
induce proteasomal degradation of the B-catenin and cyclin D1
proteins in the LNCaP prostate cancer cell line.*** To determine
whether troglitazone regulates degradation of c-Myc protein, we
examined whether troglitazone-induced decreases in c-Myc pro-
tein were altered in C4-2 cells treated with the proteasome inhibi-
tor MG132. There was no significant alteration in c-Myc protein
levels within C4-2 cells that were exposed to MG132 alone.
However, the troglitazone-induced decrease of c-Myc protein was
blocked by the addition of MG132 (Fig. 5B). Together these data
suggest that activation of the proteasome pathway is required for
troglitazone-induced decreases of c-Myc protein.

Troglitazone increases phosphorylation of c-Myc protein. It
has been shown that increased phosphorylation of c-Myc protein
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at threonine-58 (T58) and serine-62 (S62) targets c-Myc for deg-
3236 To determine the
effect of troglitazone on c-Myc phosphorylation, we examined the

radation through the proteasomal pathway.

level of phosphorylated c-Myc in C4-2 cells exposed to increas-
ing concentrations of troglitazone. Protein gel blots involving an
antibody that recognizes ¢-Myc phosphorylated either at T58
alone or at both T58 and S62 phosphorylation sites revealed tro-
glitazone produces a dose-dependent increase in the ratio of phos-
pho c-Myc/total c-Myc. Over the range of concentrations tested,
we saw the greatest increase in the proportion of phospho ¢-Myc
at 45 pM troglitazone (Fig. 6A). To further examine the role of
c-Myc phosphorylation, we tested whether mutation of T58 to a
phosphorylation-resistant alanine residue would alter the ability
of troglitazone to reduce c-Myc. In these studies, troglitazone was
added to C4-2 cells transfected with a plasmid construct encod-
ing the mutant T58A ¢-Myc protein or the pcDNA3.1 parent
vector. Troglitazone treatment decreased c-Myc protein levels in
C4-2 cells transfected with the parent vector. However, trogli-
tazone did not reduce c-Myc levels in cells transfected with the
c-Myc T58A mutant construct (Fig. 6B). Taken together, our
data suggest that phosphorylation of c-Myc at T58 is critical for
troglitazone-induced decreases in c-Myc protein.

Inhibition of the PI3Kinase/AKT pathway prevents tro-
glitazone-induced decreases in c¢-Myc protein levels. The
kinases glycogen synthase kinase 3beta (GSK3), phosphati-
dylinositol-3-kinase (PI3K) and extracellular-signal-regulated
kinase 1/2 (ERK 1/2) MAP kinase have been shown to promote
degradation of ¢-Myc by inducing phosphorylation of ¢-Myc
at T58 and/or S62. To determine the kinase(s) required for
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Figure 4. Troglitazone regulates downstream targets of c-Myc. (A) C4-2 cells were treated with DMSO vehicle or troglitazone (7.5-45 uM) for 48 h.
After treatment cells were harvested and levels of p21 and actin protein in each sample was measured using protein gel blot analysis. Average data

from four independent experiments are shown in the bar graph. *p < 0.05 compared to control. (B) C4-2 cells were treated with DMSO vehicle or tro-
glitazone (7.5-45 M) for 48 h. Protein gel blot analysis was used to measure the CDK4 and actin levels in treated cells. (C) C4-2 cells were treated with
DMSO vehicle or troglitazone (7.5-45 M) for 48 h. Total levels of E2F1, phospho Rb, total Rb and actin were determined using protein gel blot analysis.

www.landesbioscience.com

Cancer Biology & Therapy

1051




-

[=]

o
|

c-Myc/18s mRNA (% Control)
[
o

60
40 -
20 -
DMSO Trog 45uM DMSO Trog 45.M DMSO Trog 45,M
6hr 12hr 24hr
B mc132 - - 10pM 10uM 20uM 20pM
Trog 45uM = + - + - &
SV | e — —
- i e seat
Actin [

Figure 5. Troglitazone decreases c-Myc mRNA levels and stimulates degradation of c-Myc protein. (A) C4-2 cells were treated with either DMSO vehicle
or troglitazone 45 uM for indicated times. The levels of c-Myc and 185 mRNA was then measured by qRT-PCR. Each bar represents the mean + SD of
three samples. The c-Myc/18S RNA ratio for troglitazone is expressed as a percentage of the time matched DMSO control. (B) C4-2 cells were treated
with for 48 h DMSO vehicle or troglitazone 45 .M in the presence or absence of the proteasome inhibitor MG132. Following treatment, protein gel
blot analysis was used to measure the levels of c-Myc and actin protein in treated cells.

troglitazone-induced decreases in c-Myc protein we exposed C4-2
cells to troglitazone in the presence or absence of various kinase
inhibitors. The PI3Kinase inhibitor LY294002 alone blocked
Akt phosphorylation and decreased c-Myc protein expression.
LY294002 also prevented any further decrease in c-Myc protein
in the presence of troglitazone (Fig. 7A and B). Compounds that
are known inhibit the action of GSK38 (SB216763) and Erk 1/2
(UO126) had no effect on basal c-Myc levels and did not block
troglitazone-induced degradation of c-Myc protein (Fig. 7A and
data not shown). We also tested the effect of the JNK inhibitor
SP600125 on troglitazone-induced decreases in c-Myc protein
expression. While SP600125 was effective at reducing phosphor-
ylation of JNK, it did not block the reduction of c-Myc protein
by troglitazone (Fig. 7C). Together these data suggest that, of the
kinases tested, the activity of PI3Kinase may influence the ability
of troglitazone to degrade c-Myc protein.

Troglitazone decreases c-Myc expression independently of
PPARy. Cellular responses that are due to activation of PPARy

1052

Cancer Biology & Therapy

can be produced by multiple PPARy agonists. To determine if the
downregulation of c-Myc was a common response of C4-2 cells
to PPARy agonists, we next tested the effect of additional PPARy
ligands on ¢-Myc protein expression. Protein gel blot analysis
revealed the reduction in c-Myc protein produced by troglitazone
was not mimicked by other PPARy ligands. Ciglitazone showed
a slight increase in c-Myc protein expression when compared to
its control (EtOH), while the PPARy ligands pioglitazone and
rosiglitazone had no effect on ¢-Myc protein expression in the
C4-2 cells (Fig. 8A).

Since troglitazone was the only PPARYy ligand that was able
to decrease c-Myc protein expression, we hypothesized that this
decrease may occur via a PPARy independent pathway. To test
this hypothesis, we used siRNA technology to knock down
PPARy protein levels within the C4-2 cells. In these studies,
C4-2 cells were transfected with a nonspecific control siRNA or
PPARy SMARTpool siRNA by electroporation. With this trans-
fection method, we were able to effectively knock down PPARy
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Figure 6. (A) Troglitazone regulates phosphorylation of c-Myc protein. C4-2 cells were treated with DMSO vehicle or troglitazone (7.5-45 M) for

48 h. Following treatment, cells were harvested and the amount of phospho c-Myc, total c-Myc and actin protein in each sample was determined using
protein gel blot analysis. (B) C4-2 cells were transfected with control pcDNA3.1 vector or c-MycT58A plasmid construct. Two days later, the cells were
treated with DMSO vehicle (-) or troglitazone 45 uM (+) for 24 h. Following treatment, protein gel blot analysis was used to measure the levels of c-Myc

protein levels within the C4-2 cells (Fig. 8B). However, reduc-
ing the level of PPARy within C4-2 cells did not inhibit the
ability of troglitazone to decrease c-Myc protein expression. To
confirm these results we tested the effect of the PPARy antago-
nist GW9662 on troglitazone-induced c-Myc downregulation.
Concentrations of GW9962 that have been reported to reduce
PPARY activation (1-10 wM) did not block the troglitazone-
induced decrease in c-Myc protein expression (Fig. 8C).>¥
Therefore, our studies indicate that activation of PPARYy is not
required for the troglitazone-induced decrease in c-Myc protein.

Discussion

Although several reports have shown that TZDs inhibit prolif-
eration of prostate cancer cells, the underlying mechanism by
which these compounds reduce prostate cancer cell proliferation
have not been fully characterized. The present study indicates the
TZD troglitazone reduces proliferation of the C4-2 human pros-
tate cancer cell line by inducing cell cycle arrest and apoptosis.
In addition, our data suggest that one mechanism by which the
TZD troglitazone reduces prostate cancer cell proliferation is by
decreasing levels of the proto-oncogene product c-Myc. To our
knowledge, ours is the first report describing downregulation of
c-Myc by troglitazone in human prostate cancer cells.

Like other TZDs, troglitazone has been shown to activate
human PPARy in transactivation assays and promote adipo-
genesis.’®» However, under our experimental conditions tro-
glitazone was the only TZD that was able to downregulate
c-Myc protein expression. Furthermore, this downregulation of
c-Myc was not blocked by the PPARy antagonist GW9662 or
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siRNA-based knockdown of PPARy protein. Taken together,
these data suggest that PPARY is not required for troglitazone-
induced decreases in c-Myc protein. A previous study by Laidler
et al. revealed that the PPARy ligands ciglitazone and linoleic
acid inhibit c-Myc expression in multiple human prostate can-
cer cell lines.” However, the decrease in c-Myc mRNA and
protein stimulated by ciglitazone and linoleic acid was PPARy-
dependent and could be blocked by GW9662. Other groups
have noted that troglitazone can alter protein expression and cell
function independently of PPARy. Data from the Chen labo-
ratory suggest that PPARYy is not required for the troglitazone-
induced decreases in B-catenin and cyclin D1 within LNCaP
prostate cancer cell line.**" In addition, Qiao et al. showed that
troglitazone-induced growth inhibition and apoptosis occurred
independently of PPARy in colon cancer cells.?? Furthermore,
troglitazone inhibits glioma cell migration and brain invasion in
a PPARy independent manner.”" Therefore it appears that the
activation of PPARy independent signaling pathways is a com-
mon mechanism by which troglitazone regulates protein expres-
sion and activity across cancer cell types.

In our study, high micromolar concentrations of troglitazone
(230 M) were the most effective at inhibiting C4-2 cell prolif-
eration and reducing c-Myc protein levels. These concentrations
are higher than the reported serum level of troglitazone achieved
in patients receiving oral troglitazone at a dose of 600 mg/day
(-5 mM).* However, the concentrations used in this study are
comparable to (and in some cases lower than) the amount used
by other investigators to demonstrate troglitazone suppresses
growth and regulates protein expression in other human prostate
cancer cell lines.***° The two clinical trials involving troglitazone
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Figure 7. Inhibition of PI3Kinase prevents troglitazone-induced decreases in c-Myc protein. (A) C4-2 cells were treated with DMSO vehicle or trogli-
tazone 45 pM in the presence or absence of MG132 (proteasome inhibitor), LY294002 (PI3Kinase inhibitor) or SB216763 (GSK3 inhibitor) for 24 h.
Following treatment, protein gel blot analysis was used to measure the levels of c-Myc and actin protein in treated cells. (B) Cells were treated for

24 h with DMSO vehicle or troglitazone 45 pM in the presence or absence of LY294002 (20-40 uM). Protein gel blot analysis was used to measure
levels of c-Myc, p-Akt and Akt in each sample. (C) C4-2 cells were treated for 24 h with DMSO vehicle or troglitazone 45 uM in the presence or absence
of SP600125 (10-20 uM) (JNK inhibitor). Protein gel blot analysis was used to measure levels of c-Myc, p-JNK, JNK and actin in treated cells.

have shown that high oral doses of troglitazone (600-800 mg/
day) are effective at reducing growth of human tumors.”*® Thus,
it may be that high levels of troglitazone are necessary in order
to regulate intracellular protein levels and ultimately produce the
greatest antitumor effect.

The unique chemical structure of troglitazone may con-
tribute to the ability of troglitazone to regulate c-Myc expres-
sion. Compared to other TZDs, troglitazone contains a side
chain that is similar to the vitamin E isoforms a-tocopherol,
y-tocopherol, a-tocotrienol and y-tocotrienol.”*#* Multiple vita-
min E isoforms have been shown to reduce c-Myc expression in
cancer cells. a-tocopherol succinate decreases c-Myc protein lev-
els in MDA-MB-231 human breast cancer cells.” In addition,
Sun et al. demonstrated that y-tocotrienol downregulates c-Myc
protein in the SGC-7901 human gastric cancer cell line.%
y-tocotrienol also decreased tumor necrosis factor-stimulated
increases in c-Myc protein within KBM-5 human myeloid cells.””
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Since vitamin E isoforms are effective at reducing growth of other
cancer cell types, it is possible that the presence of a vitamin
E-like side chain is the reason troglitazone uniquely downregu-
lates c-Myc in prostate cancer cells. However, additional studies
are required to confirm the extent to which this side chain con-
tributes to troglitazone-induced downregulation of c-Myc.

Our data indicate that the troglitazone-induced decrease of
c-Myc protein levels in C4-2 cells occurs at least in part through
proteasome-mediated degradation. Degradation of c-Myc protein
by the proteasome has been linked to phosphorylation of c-Myc
at threonine 58 and serine 62. Our data suggest that troglitazone-
induced degradation of c-Myc also requires phosphorylation of
c-Myc at threonine 58. Phosphorylation of c-Myc at threonine 58
and serine 62 can be regulated by GSK3[ as well as the kinases
ERK, JNK and PI3K/Akt.**% In LNCaP cells, Wei et al. demon-
strated that troglitazone and the troglitazone derivative STG28
increase the phosphorylation and subsequent degradation of
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Figure 8. Troglitazone decreases c-Myc protein independently of PPARy. (A) C4-2 cells were treated with ethanol (EtOH) or DMSO vehicle, ciglitazone
(Cig, 45 uM), pioglitazone (Pio, 45 M), troglitazone (Trog, 45 uM) or rosiglitazone (Ros, 45 M) for 48 h. The amount of c-Myc and actin protein in treated
cells was then determined using protein gel blot analysis. (B) C4-2 cells were first transfected with either a non-specific control SMARTpool or PPARy
SMARTpool siRNA. Two days later, the cells were treated with DMSO vehicle or troglitazone 45 M for 48 h. Protein gel blot analysis was used to deter-
mine levels of c-Myc, PPARy and actin protein in treated cells. (C) C4-2 cells were treated with DMSO vehicle or troglitazone 45 uM in the presence or ab-
sence of the PPARy antagonist GW9662. Following treatment, the levels of c-Myc and actin protein in treated cells was measured using protein gel blot.

B-catenin via activation of GSK3f.** However, GSK3B was
not required for the STG28-induced phosphorylation and deg-
radation of cyclin D1 within this cell line.* Our data suggest
that, while troglitazone increases the ratio of phospho c-Myc/
total c-Myc within C4-2 cells, it does so through a non-GSK3p
dependent pathway. It has been previously shown that inhibition
of PI3Kinase suppresses c-Myc mRNA and protein expression
in non-prostate cancer cell lines.’**? The PI3Kinase/Akt path-
way appears to play some role in our response, for inhibition of
PI3Kinase did prevent degradation of c-Myc protein by trogli-
tazone. Phosphorylation of c-Myc at threonine-58 by PI3Kinase
has been shown to result in c-Myc degradation.?* At present, our
data indicate troglitazone does not directly regulate PI3Kinase
activity (as measured by alterations in Akt phosphorylation) in
C4-2 cells. However, the PI3Kinase/Akt pathway may influence
the activity of another kinase or protein required for troglitazone-
induced degradation. Additional studies are required to further
characterize the proteins/kinases necessary for troglitazone-
induced phosphorylation at threonine-58 and subsequent degra-
dation of c-Myc protein.

www.landesbioscience.com
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Decreases in c-Myc protein levels can occur not only by prote-
asomal degradation but also through decreases in c-Myc mRNA
levels. In this study we observed a decrease in c-Myc mRNA as
early as 6 h following troglitazone treatment. This would sug-
gest that troglitazone reduces ¢-Myc protein within the C4-2
cells by both increasing protein degradation as well as decreasing
c-Myc mRNA levels. In human leukemic cell lines, troglitazone
has been shown to reduce expression of c-Myc mRNA and pro-
tein levels.”*** Troglitazone induced decreases in c-Myc mRNA
within HL-60 leukemic cells were independent of the NFxB sig-
naling pathway, but required suppression of transcriptional factor
4 (Tcf-4) activity.” We are currently conducting experiments to
determine whether troglitazone regulates transcription of ¢-Myc
mRNA in prostate cancer cells and if so which transcription fac-
tors are involved in this regulation.

In conclusion, our data demonstrate that troglitazone not only
inhibits prostate cancer cell growth but also decreases c-Myc pro-
tein expression by a PPARy-independent mechanism. We believe
this decrease in c-Myc protein results in altered expression of
c-Myc downstream targets which regulate cell cycle progression
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(such as E2F1 and CDK4) and ultimately lead to a decrease in
cell proliferation. siRNA-mediated knockdown of c-Myc reduces
proliferation of established human prostate cancer cells.?**
Furthermore, decreases in ¢-Myc inhibit prostate carcinogen-
esis as well as the development of androgen-independent forms
of prostate cancer.'*” The results of our study suggest that the
antitumor effects troglitazone noted in clinical trials and animal
studies may be linked to the ability of this compound to decrease

expression of c-Myc.!?

Materials and Methods

Materials. The compounds troglitazone (#71750), rosiglitazone
(#71740), pioglitazone (#71745) and GW9662 (#70785) were
obtained from Cayman Chemicals. Stock solutions of trogli-
tazone, rosiglitazone and pioglitazone were prepared by dilut-
ing each drug in 100% DMSO and stored at -20°C. Ciglitazone
(#100528-860) was obtained from VWR International. Stock
solutions of ciglitazone were prepared by diluting the drug in
100% ethanol and stored at -20°C. Z-Leu-Leu-Leu-al (MG132)
was purchased from Sigma Aldrich (Cat. #C2211). Stock solu-
tions of MG132 were diluted in DMSO and stored at -20°C.
Rabbit anti-mouse IgG secondary antibody was obtained from
Zymed Laboratories, Inc. (Cat. #61-6500). Both horserad-
ish peroxidase-conjugated donkey anti-rabbit (Cat. #NA934V)
and sheep anti-mouse (Cat. #NXA931) antibodies were
from Amersham Biosciences. The DMEM low glucose (Cat.
#11885084), Ham F-12 (Cat. #11765054), DMEM/F-12 (1:1)
(Cat. #12634010) and RPMI 1640 (Cat. #72400047) tis-
sue culture media were purchased from Invitrogen. Penicillin/
streptomycin solution (Cat. #15140122), phosphate buffered
saline (PBS) (Cat. #AM9624) and Hank’s balanced salt solution
(HBSS) (Cat. #14175095) were also purchased from Invitrogen.
Fetal bovine serum (FBS) was purchased from HyClone (Cat.
#FRB25827). The media additives d-biotin (Cat. #47866),
adenine hemisulfate (Cat. #A3159-5G), insulin solution (Cat.
#10516) and apo-transferrin (Cat. #15886) were purchased from
Sigma Aldrich.

Cell lines. LNCaP cells (ATCC, Cat. #CRL-1740) were
grown in RPMI 1640 medium supplemented with 10%
FBS and 1% penicillin/streptomycin. The C4-2 cell line
(ViroMed Laboratories) is an androgen-independent deriva-
tive of the LNCaP cell line that expresses the androgen recep-
tor and a mutated form of PTEN. C4-2 cells were grown in T
medium (80% DMEM low glucose medium, 20% Hams™ F12
medium, 5% heat inactivated FBS, 1% penicillin/streptomycin,
0.244 pg/ml d-biotin, 25 pg/ml adenine hemisulfate, 5 pg/ml
insulin and 5 pg/ml apo-transferrin). The androgen-independent
PC-3 cell line (ATCC, Cat. #CRL-1435) was grown in
DMEM-FI12 medium supplemented with 10% FBS and 1%
penicillin/streptomycin. Cell lines were maintained in an incu-
bator at 37°C in a 5% CO, atmosphere. All experiments were
performed using the culture medium described above.

Cell proliferation assay. C4-2 cells were plated at a density
of 20,000 cells per well in a six-well culture plate and treated
with DMSO vehicle or the indicated drug concentrations for
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one, three or six days. Every three days, the medium was changed
and fresh drug was added to each well. At the end of the treat-
ment period, the cells were washed in cold Hank’s Balanced Salt
Solution (HBSS) and harvested using Trypsin-EDTA (0.05%).
The total number of cells in each well was then counted using
a Z1 Coulter Counter (Beckman Coulter, Cat. #BK6605698).

Analysis of cell cycle distribution. C4-2 cells were plated at
a density of 500,000 cells per 10 cm culture dish and treated
with troglitazone (45 wM) or DMSO vehicle for three days. After
treatment, the cells were detached from the culture dishes using
0.25% Trypsin-EDTA. Cells were then washed with phosphate
buffered saline (PBS) containing 0.1% Bovine Serum Album
(BSA) and fixed in 100% ethanol at 4°C for 1 h. The RNA in the
fixed cells was digested by incubating the samples with RNase
A (final concentration 0.05 pg/ml) for 3 h at 4°C. Cells were
next stained with 50 wg/ml propidium iodide solution. The cell
cycle distribution of treated cells was then determined by fluores-
cence-activated cell sorting (FACS) analysis that was performed
at the Veterans Affairs Medical Center Flow Cytometry Special
Resource Center (Nashville, TN).

Cell death ELISA. C4-2 cells were plated at a density of
500,000 cells per 10-cm culture dish and treated with trogli-
tazone (45 wM) or DMSO vehicle for three or six days. After
treatment, the cells were harvested and re-suspended in 1 ml
of culture media. Cells were then centrifuged at 1,500 rpm for
5 min at room temperature. After centrifugation cells were re-
suspended in incubation buffer for 30 min on ice and centrifuged
at 15,000 rpm for 10 min at room temperature. The resulting
supernatant was collected and stored at -20°C prior to analysis.
DNA fragmentation, a hallmark of apoptosis, was measured
using a Cell Death ELISA assay (Roche Diagnostics, Cat. #11
544 675 001).

Protein gel blot analysis. C4-2, PC-3 and LNCaP cells were
plated at a density of 500,000 cells per 10 cm culture dish. Cells
were then treated with vehicle (100% ethanol or DMSQO) or the
PPARYy ligands ciglitazone, pioglitazone, rosiglitazone or trogli-
tazone (0—45 wM) for the indicated times. In co-treatment exper-
iments involving the inhibitors MG132 (0-20 uM), GW9662
(0-10 M), LY294002 (20—40 M), SP600125 (10-20 wM) or
SB216763 (20 wM), drugs were added immediately before vehicle
or PPARY ligand treatment. Following treatment, cells were lysed
in RIPA lysis buffer (0.1% SDS, 0.5% sodium deoxycholate, 1%
NP-40, 150 mM NaCl, 50 mM Tris pH 8.0) containing the phos-
phatase inhibitor sodium vanadate (NaV, 1 mM) and the protease
inhibitor phenylmethylsulphonyl fluoride (PMSF, 100 pg/ml).
Protein concentrations were calculated using the Bradford pro-
tein assay (BioRad, Cat. #500-0001). Equal amounts of protein
were separated on SDS-PAGE gels and transferred to a nitrocellu-
lose membrane. Membrane blots were then blocked in TBST (1x
TBS, 0.1% Tween 20) containing 1% non-fat powdered milk (p21
and PPARy blots), 5% non-fat powdered milk (c-Myc, CDK4,
E2F1, phospho-JNK, JNK), 5% BSA (phospho-Rb) or 1% BSA
(phospho-c-Myc, actin). The membrane was then incubated with
primary antibody diluted in the blocking solution noted above for
1 h at room temperature (actin) or overnight at 4°C (other anti-
bodies). The primary antibodies used were as follows: a c-Myc
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mouse monoclonal antibody (Santa Cruz, Cat. #sc-41; 1:500), a
phospho-c-Myec rabbit polyclonal antibody (Cell Signaling, Cat.
#9401; 1:1,000), a p21 mouse monoclonal antibody (Calbiochem,
Cat. #0P64; 1:200), a PPARry rabbit polyclonal antibody (Santa
Cruz Biotechnology, Cat. #sc-271392; 1:200), a CDK4 mouse
monoclonal antibody (BD Biosciences, Cat. #610147; 1:1,000),
a phospho-Rb polyclonal rabbit antibody (Cell Signaling, Cat.
#9308; 1:1,000), a total Rb monoclonal mouse antibody (Cell
Signaling, Cat. #9309; 1:1,000), an E2F1 polyclonal rabbit anti-
body (Santa Cruz, Cat. #sc-193; 1:500), a phospho-JNK poly-
clonal rabbit antibody (Cell Signaling, Cat. #4668; 1:1,000),
a total JNK polyclonal rabbit antibody (Cell Signaling, Cat.
#9258; 1:1,000) and a mouse monoclonal primary actin antibody
(Chemicon International, Cat. #MAB1501R; 1:15,000). For the
p21 protein gels, the blots were washed and next incubated with a
rabbit anti-mouse secondary antibody (1:10,000). The blots were
then incubated with a horseradish peroxidase-conjugated donkey
anti-rabbit antibody (1:10,000). For PPARy, c-Myc, phospho-
c-Myc, phospho-Rb, phospho-JNK, JNK, E2F1 and CDK4
protein gels, following the primary antibody the blots were incu-
bated in a horseradish peroxidase-conjugated donkey anti-rabbit
secondary antibody (1:10,000). For protein gels to detect total Rb
and actin protein, the blots were washed and exposed to horserad-
ish peroxidase-conjugated sheep anti-mouse antibody (1:10,000).
All membranes were next incubated in ECL reagent accord-
ing to the manufacturer’s instructions (GE Healthcare, Cat.
#RPN2132) and exposed to BioMax Light autoradiography film
(Kodak, Cat. #IB-1788207). Data from protein gel blots were
quantified using the UN-SCAN-IT program (Silk Scientific).

c-Myc T58A mutant studies. The QuickChange II Site-
Directed Mutagenesis Kit (Stratagene, Cat. #200524) was used
to introduce the T58A single point mutation into the pcDNA3.1-
c-Myc plasmid construct (Addgene). The resulting plasmid was
then sequenced by the Molecular Biology Core at Meharry
Medical College to confirm the presence of the mutation.
Electroporation was then used to transfect 4.5 g of the pcDNA-
c-Myc T58A or pCDNA3.1 parent vector into 10 million C4-2
cells. Following transfection, the cells were plated in 10 cm dishes
at a density of 750,000 cells per 10-cm dish and allowed to attach
for 48 h. The cells were next treated with DMSO vehicle or tro-
glitazone 45 wM for 48 h. Following treatment, cells were har-
vested by scraping. Protein gel blot analysis was used to detect
levels of c-Myc and actin protein as described above.

qRT-PCR analysis. C4-2 cells were plated at a density of
500,000 cells per 10 cm culture dish. Cells were then treated
with DMSO vehicle or troglitazone (45 wM) for the indicated

times. Cells were harvested by scraping and total RNA was iso-
lated using TRIZOL reagent (Invitrogen, Cat. #15596-026)
according to the manufacturer’s protocol. For each sample the
iScript cDNA Synthesis Kit (BioRad, Cat. #170-8891) was used
to synthesize cDNA from 1 pg of total RNA. The cDNA was
then amplified by quantitative PCR using a reaction involving iQ
SYBR Green Supermix reagent (BioRad, Cat. #170-8880). This
PCR reaction consisted of an initial denaturation step (3 min at
95°C) and 40 cycles of PCR (95°C for 30 s, 55°C for 30 s and
72°C for 30 s). The following primer sets were used to amplify
regions of c-Myc and 18S rRNA: ¢-Myc Fwd 5'-CTC CTG GCA
AAA GGT CAG AG-3' c-Myc Reverse 5-CAA GCA GAG
GAG CAA AAG CT-3', 18s Forward 5-ATC AAC TTT CGA
TGG TAG TCG-3' 18s Reverse 5 TCC TTG GAT GTG GTA
GCG-3'. The AACt algorithm was used to calculate the relative
amounts of c-Myc mRNA and 18S rRNA in each sample. The
level of c-Myc mRNA was then normalized to 18S rRNA levels.

siRNA experiments. C4-2 cells were transfected with non-
specific control SMARTpool (Dharmacon, Cat. #D-001206-
13-05, siRNA negative control), PPARy SMARTpool siRNA
(Dharmacon, Cat. #M-003436-02) or c-Myc SMARTpool
siRNA (Dharmacon, Cat. # L-003282-00-0005) at a concen-
tration of 10 pmol/well by electroporation. The transfected cells
were then plated in six-well plates at a density of 200,000 cells/
well and allowed to attach for 48 h. Next the cells were treated for
two days with DMSO vehicle or troglitazone (45 wM). Following
treatment the cells were harvested by scraping. Protein gel blot
analysis was then performed as described above to detect c-Myec,
PPARYy and actin protein in treated cells. In parallel plates, the
cells were detached with trypsin-EDTA and counted as described
above using a Z1 coulter counter.

Statistical analyses. For growth assays, flow cytometry data
and protein gel blot quantitation, One way analysis of variance
(ANOVA) was performed using the SigmaStat program (Systat
Software, Inc.) to detect differences between treatment groups.
A p value < 0.05 was considered statistically significant. Each
experiment was repeated at least three times. A representative
experiment is shown.
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