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Although energy restriction has been recognized as an impor-
tant target for cancer prevention, the mechanism by which
energy restriction-mimetic agents (ERMAs) mediate apoptosis
remains unclear. By using a novel thiazolidinedione-derived
ERMA, CG-12 (Wei, S., Kulp, S. K., and Chen, C. S. (2010) J. Biol.
Chem. 285, 9780-9791), vis-a-vis 2-deoxyglucose and glucose
deprivation, we obtain evidence that epigenetic activation of the
tumor suppressor gene Kruppel-like factor 6 (KLF6) plays a role
in ERMA-induced apoptosis in LNCaP prostate cancer cells.
KLF6 regulates the expression of many proapoptotic genes, and
shRNA-mediated KLF6 knockdown abrogated the ability of
ERMAs to induce apoptosis. Chromatin immunoprecipitation
analysis indicates that this KLF6 transcriptional activation was
associated with increased histone H3 acetylation and histone H3
lysine 4 trimethylation occupancy at the promoter region. Sev-
eral lines of evidence demonstrate that the enhancing effect of
ERMAs on these active histone marks was mediated through
transcriptional repression of histone deacetylases and H3 lysine
4 demethylases by down-regulating Sp1 expression. First, puta-
tive Sp1-binding elements are present in the promoters of the
affected histone-modifying enzymes, and luciferase reporter
assays indicate that site-directed mutagenesis of these Sp1 bind-
ing sites significantly diminished the promoter activities. Sec-
ond, shRNA-mediated knockdown of Sp1 mimicked the repres-
sive effect of energy restriction on these histone-modifying
enzymes. Third, ectopic Sp1 expression protected cells from the
repressive effect of CG-12 on these histone-modifying enzymes,
thereby abolishing the activation of KLF6 expression. Together,
these findings underscore the intricate relationship between
energy restriction and epigenetic regulation of tumor suppres-
sor gene expression, which has therapeutic relevance to foster
novel strategies for prostate cancer therapy.
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A hallmark feature of tumorigenesis is the shift of cellular
metabolism from oxidative phosphorylation to aerobic glycol-
ysis, the so-called Warburg effect, which provides a growth
advantage to cancer cells in the microenvironment (1, 2).
Recent evidence indicates that the high rate of glycolysis in
tumor cells is attributable to the dysregulation of multiple
oncogenic signaling pathways (1), including those mediated by
hypoxia-inducible factor 1 (3), Akt (4), c-Myc (5), and p53 (6).
This glycolytic shift is considered to be a fundamental property
of neoplasia, and the high rate of glucose uptake in glycolytic
tumor cells, including those of lung, breast, liver, and colon, is
the basis for imaging tumors by [*®F]2-fluoro-2-deoxyglucose
positron emission tomography (7). Moreover, in light of the in
vivo efficacy of dietary caloric restriction and natural product-
based energy restriction-mimetic agents (ERMAs)> such as
2-deoxyglucose (2-DG) and resveratrol in suppressing carcino-
genesis in various animal models, targeting aerobic glycolysis
represents a therapeutically relevant strategy for cancer pre-
vention and treatment.

Previously, we obtained evidence that the antitumor effects
of the thiazolidinedione peroxisome proliferator-activated re-
ceptor y agonists troglitazone and ciglitazone were, in part,
attributable to their ability to mimic glucose starvation to elicit
cellular responses characteristic of energy restriction inde-
pendent of peroxisome proliferator-activated receptor vy (8).
These starvation-like responses include reduced glycolytic
rates and intracellular levels of NADH and lactate, transient
induction of the silent information regulator 1 gene, activation
of the intracellular fuel sensor AMP-activated protein kinase,
and endoplasmic reticulum stress, the interplay among which
culminates in autophagy and apoptosis. On the basis of this
finding, we used ciglitazone as a scaffold to develop a novel
ERMA, CG-12, whose translational potential is manifested by
an antiproliferative potency that is 3 orders of magnitude
higher relative to 2-DG. Equally important, CG-12 provides a
unique pharmacological tool to study the complex signaling

2 The abbreviations used are: ERMA, energy restriction-mimetic agent; 2-DG,
2-deoxyglucose; gRT-PCR, quantitative RT-PCR; DMSO, dimethyl sulfoxide;
Ac-H3, histone H3 acetylation; HDAC, histone deacetylase; DM, demethy-
lase; HAT, H3 acetyl; H3K4MT, H3 lysine 4 methyltransferase; H3K4DM, H3
lysine 4 demethylase; H3K4Me3, H3 lysine 4 trimethylation; H3K4Me2,
H3 lysine 4 dimethylation; H3K4, H3 lysine 4; H3K27Me3, H3 lysine 27
trimethylation.
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network underlying the suppressive effect of energy restriction
on cancer cell proliferation. For example, we demonstrated that
exposure of cancer cells to CG-12, 2-DG, or glucose-depleted
medium triggered an intricate cascade of signaling pathways,
leading to autophagic and apoptotic cell death (8).

In this study, we report the first evidence of the epigenetic
effect of glucose starvation and ERMAs on the transcriptional
activation of the tumor suppressor gene Kruppel-like factor 6
(KLF6) through histone modifications. KLF6 plays an impor-
tant role in suppressing oncogenesis and tumor progression by
regulating the transcription of a broad range of genes governing
cell cycle progression, apoptosis, and invasive phenotype (9)
and is frequently inactivated in many cancer types, including
those of the prostate (10, 11), liver (12), lung (13), colon (14),
ovary (15), brain (16), stomach (17), and head and neck (18).
From a mechanistic perspective, this epigenetic activation of
KLF6 gene expression accounts at least in part for the ability of
energy restriction to suppress cancer cell proliferation and may
foster novel strategies for cancer prevention and therapy.

EXPERIMENTAL PROCEDURES

Cell Culture and Reagents—Androgen-responsive LNCaP
and androgen-insensitive DU-145 prostate cancer cells were
obtained from the ATCC. Cells were maintained in 10% FBS-
supplemented RPMI 1640 medium (Invitrogen). CG-12 was
synthesized in our laboratory as described previously (19). Glu-
cose-free RPMI 1640 medium was purchased from Invitrogen.
2-DG@G and actinomycin D were purchased from Sigma. Anti-
bodies used and their sources are as follows: H3K4Me?2,
H3K27Me3, PLU-1, RBP2, p-Ser 5 RNA polymerase II (Abcam,
Inc., Cambridge, MA); ATF-3 (Abnova, Taipei, Taiwan);
HDAC4, HDAC5, HDAC?7, histone H3, LSD1, and PARP (Cell
Signaling Technology, Inc., Beverly, MA); Noxa and DAPK2
(Imgenex, San Diego, CA); B-actin (MP Biomedicals, Irvine,
CA); acetyl-histone H3, H3K4Me3, HDAC1, HDAC2, HDAC3,
and HDACS, (Millipore, Billerica, MA); HDAC6, KLF6, Spl
(Santa Cruz Biotechnology, Santa Cruz, CA); Flag (Sigma-
Aldrich); goat anti-rabbit IgG-HRP conjugates, rabbit anti-
mouse IgG-HRP conjugates (Jackson ImmunoResearch Labo-
ratories, West Grove, PA). The sequences of all primers used
are listed in supplemental Table 1.

Apoptosis Assay—Apoptotic cell death was assessed with
the Cell Death Detection ELISA kit (Roche Applied Science),
which quantitates cytoplasmic histone-associated DNA
fragments in the form of mono-/oligonucleosomes. Cells were
treated with CG-12 for 48 h in 10% FBS-supplemented RPMI
1640 medium and then analyzed according to the manufactur-
er’s instructions.

Transient Transfection and Luciferase Assay—LNCaP cells
were transfected by electroporation using Nucleofector kit R
(Lonza, Walkersville, MD) according to the manufacturer’s
protocol and then cultured in 6-well plates in 10% FBS-supple-
mented RPMI 1640 medium. Plasmids expressing shRNA for
KLF6 and Spl were obtained from Origene Technologies
(Rockville, MD) and Sigma-Aldrich, respectively. FLAG-Sp1
plasmid was prepared as described previously (20). HDACI-
FLAG (13820) and HDAC4-Flag (13821) plasmids were pur-
chased from Addgene (Cambridge, MA). For the luciferase
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assay, transfected LNCaP cells were cultured in 6-well plates for
48 h. Luciferase activities were determined with the dual-lu-
ciferase system (Promega, Madison, W1I), which uses co-trans-
fected herpes simplex virus thymidine kinase promoter-driven
Renilla reniformis luciferase as an internal control.

RT-PCR—Total RNA was isolated and reverse-transcribed to
c¢DNA using TRIzol reagent (Invitrogen) and the iScript cDNA
synthesis kit (Bio-Rad), respectively. For semi-quantitative
PCR, products were resolved by 1.2% agarose gel electrophore-
sis and visualized with ethidium bromide. For real-time PCR,
c¢DNAs were amplified in iQ SYBR Green Supermix (Bio-Rad)
and detected with the Bio-Rad CFX96 real-time PCR detection
system. Relative gene expression was normalized to GAPDH
and calculated by using the 2(-Delta Delta C(T)) method (21).

ChIP Assay—ChIP was performed as reported previously,
with modifications (22). After cross-linking and cell lysis, the
cross-linked chromatin was sonicated, diluted, precleaned by
incubation with protein A/G-agarose beads and normal
mouse/rabbit IgG, and then immunoprecipitated with 4 ug of
specific antibodies at 4 °C overnight. Protein A/G-agarose
beads and yeast tRNA (Invitrogen) were then added and incu-
bated for 1 h at 4 °C. Beads were then washed sequentially with
the reported low-salt, high-salt, LiCl, and TE buffers (10 mm
Tris, pH 8.0, containing 1 mm EDTA). After elution of the pro-
tein-DNA complexes and reversal of cross-linking, DNA frag-
ments were isolated and analyzed by real-time PCR.

Plasmid Construction and Site-directed Mutagenesis—The
genomic sequences of RBP2 (uc001qie. at chr12:chr12:389223—
499220), PLU-1 (uc001gyf.2 at chrl:202696533-202778149),
LSD1 (uc001bgj.2 at chrl:23345341-23410184), HDAC1
(uc010ohd.1 at chrl:32757108-32793590), HDAC2
(uc003pwd.1 at 114257327-114292954), HDAC3 (uc003lIf.2 at
chr5:141000443-141017023), and HDAC4 (uc002vyk.3 at
chr2:239969865-240323243) were obtained from the Univer-
sity of California Santa Cruz genome browser. The primer pairs
specific to the promoter fragments containing putative Spl
consensus sequences of RBP2 (-460 to +60), PLU-1 (-228 to
+21), LSD1 (-195 to +167), HDAC1(-310 to +10), HDAC2
(-440 to +10), HDAC3 (-180 to +80), and HDAC4 (-320 to
+10) were PCR-amplified from whole genomic DNA isolated
from LNCaP cells. The amplified fragments were cloned into
Kpnl/BgllI sites of the pGL3-Basic vector (Promega) to gener-
ate the following constructs: pGL3-RBP2-Luc, pGL3-PLUI-
Luc, pGL3-LSD1-Luc, pGL3-HDACI1-Luc, pGL3-HDAC2-
Luc, pGL3-HDAC3-Luc, and pGL3-HDAC4-Luc. Reporter
plasmids containing mutated Sp1 binding sites (GGGCGG to
GTTCGG) were generated by site-directed mutagenesis using
the QuikChange site-directed mutagenesis kit (Stratagene, La
Jolla, CA).

Western Blotting—Western blotting was performed as
described previously (8). Densitometric analysis of protein
bands was performed by using Gel-Pro Analyzer (V3.1, Media
Cybernetics, Bethesda, MD) to determine the relative intensi-
ties of drug-treated samples versus those of vehicle-treated con-
trols after normalization to the internal reference protein
B-actin.

Statistical Analysis—Data from quantitative qRT-PCR,
ChIP-qPCR, cell death ELISA, Western blotting, and luciferase
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FIGURE 1. Energy restriction-mimetic agents up-regulate the expression of the KLF6 gene, its downstream targets, and subsequent apoptosis in
cancer cells. A, effect of CG-12 on the gene expression of KLF6 and its proapoptotic downstream targets ATF3, Noxa, and DAPK. LNCaP cells (upper panel) and
DU-145 cells (lower panel) were treated with CG-12 (10 um, 48 h), and gene expression was analyzed by qRT-PCR. Column, mean (n = 3); error bars, mean = S.D.
B, evidence that CG-12 does not affect KLF6 mRNA stability. LNCaP cells were treated with actinomycin D (10 um), an RNA polymerase Il inhibitor, with CG-12
(5 um), or with DMSO vehicle for the indicated times, and changes in KLF6 mRNA levels were assessed by semi-quantitative RT-PCR. C, RT-PCR (upper panel) and
Western blot analysis (lower panel) of the effects of CG-12, 2-DG, and glucose starvation on the expression of KLF6 and its downstream targets. LNCaP cells were
treated with CG-12 or 2-DG for 48 h or with glucose-depleted RPMI 1640 medium for the indicated times. D, Western blot analysis of the effect of shRNA-
mediated repression of KLF6 on CG-12-induced expression of ATF3, Noxa, DAPK2, and PARP cleavage in LNCaP cells, and on CG-12-induced PARP cleavage in
DU-145 cells. Cells were transfected with control vector (pRS) or KLF6 shRNA (pRS-shKLF6) for 24 h and then treated with CG-12 for 48 h. E, protective effect of
shRNA-mediated knockdown of KLF6 against apoptosis as indicated by nucleosome formation in LNCaP (left) and DU-145 (right) cells treated with CG-12 (10
1M, 48 h). Column, mean (n = 3); error bars, mean * S.D.

reporter assays were analyzed using Student’s £ test. Differences
between group means were considered significant at p < 0.05.

RESULTS

Transcriptional Activation of the Tumor Suppressor Gene
KLF6 Represents a Cellular Death Response to Energy Restric-
tion—As part of our effort to understand the complex signaling
network by which ERMAs suppress cancer cell proliferation,
we examined the effect of CG-12 on tumor suppressor gene
expression in androgen-responsive LNCaP cells. Among vari-
ous tumor suppressor genes examined, the ability of CG-12 to
up-regulate the expression of KLF6, a zinc finger transcription
factor involved in prostate tumorigenesis (10), is especially
noteworthy. Quantitative real-time reverse-transcription
polymerase chain reaction (qQRT-PCR) analysis indicates that
48-h exposure of LNCaP cells to 10 um CG-12 boosted KLF6
mRNA levels by 25-fold, accompanied by increases in its pro-
apoptotic target genes, including activating transcription factor
(ATF) 3 (28-fold), Noxa (16-fold), and death-associated protein
kinase (DAPK) 2 (8-fold) (Fig. 1A, upper panel). These changes
were also noted in androgen-nonresponsive DU-145 cells (Fig.
1A, lower panel), indicating that the drug effect on KLF6 mRNA
expression was not a cell line-specific event and that it was
independent of the functional status of androgen receptor in
prostate cancer cells. To address the possibility that CG-12-
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mediated up-regulation of KLF6 mRNA levels was a result of
enhanced mRNA stability, we assessed the effect of 5 um CG-12
versus dimethyl sulfoxide (DMSO) vehicle on KLF6 mRNA
turnover by co-treatment with 10 uM actinomycin D, a tran-
scriptional inhibitor, in LNCaP cells (Fig. 1B). As shown, the
disappearance of KLF6 mRNA was nearly completed by 2 h in
vehicle-treated cells, whereas CG-12 had no appreciable effect
on prolonging its half-life. Together, these findings indicate
that CG-12 mediated the up-regulation of KLF6 mRNA expres-
sion through transcriptional activation. Moreover, the ability of
CG-12to increase the expression of KLF6 and its target genes at
both mRNA and protein levels was shared by 2-DG and glucose
deprivation (Fig. 1C) in LNCaP cells, suggesting that transcrip-
tional activation of the KLF6 gene represents an energy restric-
tion-elicited signaling event.

As ATF3, Noxa, and DAPK2 have proapoptotic activities (10,
23, 24), we assessed the role of KLF6 gene activation in CG-12-
induced apoptosis in LNCaP cells via shRNA-mediated knock-
down of KLF6. Ablation of KLF6 abolished the ability of CG-12
to up-regulate the expression of these three proapoptotic pro-
teins and protected cells from CG-12-induced apoptosis as
evidenced by lack of poly(ADP-ribose) polymerase cleavage
and nucleosome formation (Fig. 1, D and E). This protective
effect was also observed in DU-145 cells, suggesting the
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FIGURE 2. CG-12 increases the genomic occupancy of active histone marks at the promoter region of the KLF6 gene in LNCaP cells. A, effect of CG-12 on
the distribution of various histone marks. Upper panel, diagram depicting the locations in the KLF6 gene of amplicons used in the ChIP-qPCR assay. TSS,

transcriptional start site. Lower panel, ChIP-qPCR analysis of the effects of CG-

12 (10 uMm, 24 h) on KLF6 gene occupancy by H3K4Me3, Ac-H3, H3K27Me3, and

phospho-Ser-5-Pol Il in LNCaP cells. Column, mean (n = 3); error bars, mean = S.D. B, the DNA demethylating agent 5-aza-2'-deoxycytidine (5-aza-dC) has no
effect on KLF6 gene expression as determined by RT-PCR. LNCaP cells were treated with 5-aza-dC for 72 h. Expression of p21 served as a positive control. Cand
D, global changes in histone H3 acetylation and H3K4 methylation status in energy-restricted LNCaP cells. Cells were treated with CG-12 or 2-DG at the
indicated concentrations for 48 h or glucose-deprived medium for the indicated times (C) and 5 um CG-12 for the indicated times (D). The respective effects on
histone acetylation and H3K4 tri- and dimethylation were evaluated by Western blot analysis. The values denote fold changes as determined by the relative

intensity of protein bands of treated samples to that of the respective DMSO

vehicle-treated control after normalization to the respective internal reference

B-actin. Each value represents the average of three independent experiments.

involvement of KLF6 in CG-12-mediated apoptotic death in
prostate cancer cells irrespective of the androgen receptor
functional status.

CG-12 Activates KLF6 Gene Expression by the Enrichment of
Histone H3 Acetylation (Ac-H3) and Histone H3 Lysine 4 Trim-
ethylation (H3K4Me3) in the Promoter Region—The KLF6 gene
can be inactivated in tumor cells through loss of heterozygosity,
somatic mutation, or epigenetic silencing (11). As LNCaP cells
do not harbor mutations in the KLF6 gene (11), we rationalized
that the up-regulation of KLF6 gene expression might be
attributable to epigenetic activation. Recent evidence indicates
that H3K4Me3 and histone H3 lysine 27 trimethylation
(H3K27Me3) act as transcriptional activating and repressive
marks, respectively, in regulating the expression of oncogenes
and tumor suppressor genes in prostate carcinogenesis (25) and
that histone acetylation and histone methylation function
cooperatively to prepare chromatin for transcriptional activa-
tion (26). Thus, we assessed the effects of CG-12 on the levels of
H3K4Me3, H3K27Me3, Ac-H3, and phospho-Ser-5 RNA
polymerase II, a key enzyme involved in transcription initiation
(27), occupancy at the promoter region of the KFL6 gene in
LNCaP cells (Fig. 24, upper panel, a—f) by ChIP-qPCR analysis.
As shown, CG-12 significantly enriched H3K4Me3 and Ac-H3,
accompanied by parallel increases in the presence of phospho-
Ser-5-Pol I, upstream of the transcription start site, as well as in
the downstream transcribed region (Fig. 24, lower panel).
In contrast, no significant changes in H3K27Me3 were noted in
response to CG-12, refuting the role of this repressive mark in
regulating the transcriptional activation of the KLF6 gene. As
promoter hypermethylation has been implicated in the sup-
pression of KLF6 expression in esophageal cancer cell lines (28),
we examined whether a change in DNA methylation status
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played a role in regulating KLF6 gene expression in LNCaP
cells. Treatment of LNCaP cells with the DNA demethylating
agent 5-aza-2'-deoxycytidine had no effect on KLF6 mRNA
expression, whereas p21, a tumor suppressor gene known to be
regulated by promoter methylation in LNCaP cells (29),
showed a dose-dependent increase in its mRNA level (Fig. 2B).
Together, these data suggest that the activation of KLF6 gene
expression in CG-12-treated LNCaP cells resulted at least in
part from the enrichment for positive histone marks in the pro-
moter region.

Western blot analysis indicates that this enrichment in active
histone marks resulted from the ability of CG-12 to enhance
global histone H3 acetylation and Lys-4 methylation. CG-12,
glucose-depleted medium, and, to a lesser extent, 2-DG sub-
stantially increased the levels of Ac-H3 and H3K4Me3 and
H3K4Me2 in a dose- and/or time-dependent manner (Fig. 2, C
and D). Reminiscent of the time course observed after glucose
starvation, these changes occurred as soon as 12 h after CG-12
treatment (Fig. 2D).

Increased Positive Histone Marks Are Attributable to the
Transcriptional Repression of Histone Deacetylases (HDACs)
and H3K4 Demethylases (DMs) in Response to Energy Re-
striction—Histone modifications like those described above
result from a reversible process that is regulated by a dynamic
balance between histone acetyl-/methyltransferase and histone
deacetylase/demethylase activities. Aside from the complexity
of histone-modifying enzymes involved in H3 acetylation, at
least ten methyltransferases and five demethylases have been
implicated in H3K4 methylation, each of which displays dis-
tinct substrate specificity and biological function in chroma-
tin regulation. From a mechanistic perspective, increases in
Ac-H3 and H3K4Me3 might arise from the up-regulation of
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for 48h, followed by qRT-PCR analysis. Column, mean (n = 3); error bars, mean = S.D. B, parallel analyses of the effect of energy restriction on mRNA (/eft) and
protein (right) expression levels of HDAC isozymes. LNCaP cells were treated with CG-12 and 2-DG for 48 h or glucose-free medium for the indicated times. The
expression levels of various HDACs were examined by RT-PCR and Western blotting. The percentages denote the relative intensity of mRNA or protein bands
of treated samples to that of the respective DMSO vehicle-treated control after normalization to the respective internal reference GADPH or B-actin. Each value
represents the average of three independent experiments. C, effect of the ectopic expression of HDAC1 or HDAC4 versus pCMV control on CG-12-induced KLF6
gene expression. Cells were transiently transfected with plasmids encoding HDAC1 or 4 or pCMV for 24 h and then treated with DMSO control (-) or 10 um CG-12
(+) for 48 h, followed by RT-PCR analysis of mRNA levels of HDAC1, HDAC4, and KLF®6.

histone H3 acetyl-/Lys-4 methyltransferases (HATs/ with 10 um CG-12, with the exception of the modest (=20%)

H3K4MTs) and/or the down-regulation of histone deacety-
lases/H3K4 demethylases (HDACs/H3K4DMs).

To discern these two possibilities, we used qRT-PCR to
assess the effect of CG-12 on the mRNA expression of various
histone-modifying enzymes involved in the regulation of H3
acetylation and H3K4 methylation in LNCaP cells, which
included HATs (GCN5, PCAF, CBP, p300), H3K4MTs (MLL1,
MLL2, MLL3, MLL4, SET1A, ASH1), HDACs (HDAC1-8),
and demethylases for H3K4Me3 (RBP-2/JARID1a, PLU-1/
JARID1b), and H3K4Mel/2 (LSD1/KDM1). Relative to vehicle
control, the mRNA levels of most of the HATs and H3K4MT's
examined were significantly decreased after 24-h treatment

9972 JOURNAL OF BIOLOGICAL CHEMISTRY

but statistically significant increases in the mRNA levels of
MLL1 and 3 (Fig. 34). In contrast, CG-12 suppressed the
mRNA levels of HDAC1-4, RBP2, PLU-1, and LSD1 (=60%),
whereas those of HDAC5- 8 remained largely unaltered. These
findings suggest that the selective repression of HDACs and
H3K4DMs played a major role in the observed energy restric-
tion-associated increases in histone H3 acetylation and H3K4
methylation.

Pursuant to these findings, we examined the suppressive
effects of CG-12, 2-DG, and glucose starvation on the expres-
sion of HDAC isozymes and H3K4DMs by RT-PCR and West-
ern blot analysis. As shown in Fig. 3B, CG-12, 2-DG, and glu-
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FIGURE 4. Transcriptional repression of H3K4DM:s in response to ERMAs
and glucose deprivation. LNCaP cells were treated with CG-12 and 2-DG for
48 h or glucose-free medium for the indicated times. The mRNA and protein
expression levels of various H3K4DMs were examined by RT-PCR and Western
blotting, respectively. The percentages denote the relative intensity of mRNA
or protein bands of treated samples to that of the respective DMSO vehicle-
treated control after normalization to the respective internal reference B-ac-
tin. Each value represents the average of three independent experiments.

cose starvation suppressed the mRNA and protein levels of
HDAC1-4 in a dose- or time-dependent manner without dis-
turbing those of HDAC5-8. From a mechanistic perspective,
the concomitant reduction in the expression of HDACI1-4
would lead to increases in H3 acetylation in energy-restricted
LNCaP cells. Furthermore, we examined the effect of the tran-
sient transfection of LNCaP cells with plasmids encoding
HDACI1 and 4 versus pCMV on CG-12-induced KLF6 gene
expression. As shown, ectopic expression of either HDAC1 or 4
abrogated the ability of CG-12 to increase KLF6 mRNA expres-
sion levels (Fig. 3C), confirming the involvement of these
HDAC isozymes in regulating KLF6 mRNA levels in response
to CG-12.

These energy-restricted conditions also suppressed the
expression of RBP2, PLU-1, and LSD1 at both mRNA and pro-
tein levels, in a dose and/or time-dependent fashion (Fig. 4),
thereby providing a plausible molecular basis for the accumu-
lation of H3K4Me3 and H3K4Me2 in drug-treated cells. It is
interesting to note that, in response to each of these treatments,
the extent of down-regulation of these three H3K4DMs paral-
leled that of HDAC1-4, suggesting that the energy restriction-
induced transcriptional repression of these histone-modifying
enzymes might share a similar mechanism.

Together, these data suggest that the epigenetic activation of
KLF6 gene expression by CG-12 was, in part, attributable to its
ability to enhance positive histone marks by suppressing the
expression of target HDACs and H3K4DMs.

Sp1 Degradation Underlies the Repressive Effects of CG-12 on
Histone-modifying Enzymes—To understand the mechanistic
link between energy restriction and histone modifications, we
investigated the involvement of the transcription factor Sp1 in
CG-12-mediated repression of histone-modifying enzymes, of
which the rationale is 2-fold. First, our previous study demon-
strated that B-transducin repeat-containing protein (3-TrCP)-
dependent proteasomal degradation of Spl represents an
energy restriction-elicited signaling response (8), which was
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FIGURE 5. Evidence that Sp1 regulates the expression of histone-modify-
ing enzymes. A, effect of energy restriction on the expression of Sp1. LNCaP
cells were treated with CG-12 or 2-DG for 48 h or glucose-free medium for the
indicated times. Protein and mRNA levels of Sp1 were assessed by Western
blot (upper panel) and RT-PCR (lower panel) analyses, respectively. B, time-de-
pendent effects of CG-12 on the mRNA and protein expression of Sp1,
HDAC1-4, H3K4DMs RBP2, PLU-1, and LSD1, and KLF6 and its targets ATF3,
Noxa, and DAPK2. LNCaP cells were exposed to 5 um CG-12 for different time
periods followed by Western blot analysis and RT-PCR for the aforemen-
tioned proteins.

manifested by the suppressive effect of CG-12, 2-DG, and glu-
cose starvation on the level of Spl protein, but not mRNA
expression (Fig. 54). Moreover, the time course of Sp1 protein
repression over a 72-h period of treatment with 5 um CG-12
paralleled that of HDAC1-4, RBP2, PLU-1, and LSD1 at both
mRNA and protein levels and showed an inverse relationship
with the mRNA and protein expression of KLF6 and its targets
ATF3, Noxa, and DAPK2 (Fig. 5B). It is noteworthy that
changes in the expression levels of Sp1 and most histone-mod-
ifying enzymes preceded that of KLF6 and its target genes, i.e.
12 h versus 24 h, suggesting a causal relationship.

Second, Sp1 has been shown to regulate the expression of
HDACI (30), HDAC4 (31), and PLU-1 (32), and analysis of the
promoter sequences of genes encoding HDAC2-4, RBP2, and
LSD1 revealed the presence of one or more putative Sp1 bind-
ing elements (GGGCGG) in each promoter (Fig. 6, A and B, left
panels).

To establish the functional role of Sp1 in regulating the tran-
scription of these HDAC isozymes and H3K4DMs, we con-
structed luciferase reporter plasmids harboring the RBP2,
PLU-1, LSD1, and HDACI1-4 promoter regions and their
respective counterparts containing mutated Sp1 binding sites
in which the GGGCGG sequence was replaced with GTTCGG
(Fig. 6, A and B, left panels). LNCaP cells were transiently trans-
fected with individual wild-type or mutant reporter plasmids.
Relative to the wild-type control, mutation of the Sp1 binding
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FIGURE 6. Involvement of Sp1 in the expression of H3K4DMs and HDACs. A and B, left panels, diagrams indicating the putative Sp1 binding sites on the
proximal promoter regions of RBP2, PLU-1,LSD1, and HDAC1-4. Putative Sp1 binding sites are boxed and their nucleotide positions relative to the transcrip-
tion start site are labeled. The bases altered by site-directed mutagenesis are underlined. Right panels, relative differences in luciferase-reporter activities with
mutated versus wild-type H3K4DM and HDAC promoters. LNCaP cells were transiently transfected with plasmids expressing wild-type (wt) and mutant (mt)

promoters for 48 h. Column, mean (n = 3); error bars, mean = S.D.

site significantly diminished the promoter activities of these
genes (Fig. 6, A and B, right panels).

Pursuant to this finding, we tested the ability of shRNA-me-
diated silencing of Sp1 expression to mimic energy restriction-
mediated repression of HDAC1-4, RBP2, PLU-1, and LSD1
and the consequent epigenetic changes in LNCaP cells. West-
ern blot analysis indicates that, relative to control shRNA,
transfection with Spl shRNA reduced the levels of these his-
tone-modifying enzymes in a dose-dependent manner (Fig.
7A). These decreases were accompanied by increases in histone
H3 acetylation and H3K4 methylation, and parallel increases in
the expression of KLF6 and its target gene products ATF3,
Noxa, and DAPK2.

To further validate the role of Sp1 in energy restriction-in-
duced transcriptional activation of KLF6 gene expression, we
examined the effect of ectopic Spl expression on CG-12-in-
duced epigenetic changes. Overexpression of Sp1 blocked the
dose-dependent repressive effects of CG-12 on HDAC1-4,
RBP2, PLU-1, and LSD1 expression, thereby abolishing its abil-
ity to enhance histone H3 acetylation, H3K4 methylation, and
the expression of KLF6 and its target gene products (Fig. 7B).

Together, these findings underscore the important role of
Spl down-regulation in mediating the epigenetic activation of
the KLF6 gene by ERMAs and glucose starvation through the
repression of histone-modifying enzymes.

DISCUSSION

In light of the metabolic adaptation of cancer cells to anaer-
obic glycolysis to gain growth advantages (1), there is increasing
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interest in targeting tumor metabolism for cancer therapy.
Because chronic energy restriction proves to be difficult to
implement as an antitumor strategy, ERMAs have received
wide attention as they can mimic the beneficial effects of energy
restriction through the inhibition of glucose utilization. Previ-
ously, we developed CG-12, a thiazolidinedione-based
ERMA that exhibits potency 3 orders of magnitude higher
than 2-DG in inhibiting cancer cell proliferation through
autophagy and apoptosis (8). Although it is well understood
that AMPK activation plays a crucial role in ERMA-induced
autophagy in cancer cells (33), the underlying mechanism of
apoptosis remains unclear. Thus, CG-12 provides a useful
pharmacological probe to understand the underlying signal-
ing pathways.

Here, we report evidence that the epigenetic up-regula-
tion of tumor suppressor gene KLF6 expression represents a
key signaling mechanism by which energy restriction medi-
ates apoptosis (Fig. 8). Previously, we reported that CG-12,
2-D@, and glucose starvation facilitated B-TrCP-mediated
proteasomal degradation of Sp1 and other target proteins via
a Sirtl-dependent mechanism in LNCaP cells (8, 20), and
that this B-TrCP-dependent proteolysis plays an integral
role in ERMA-induced apoptosis since dominant-negative
inhibition of B-TrCP protected cells against apoptosis (8). In
this study, we extended our understanding of the cellular
response to energy restriction by defining the epigenetic
activation of KLF6 gene expression as a key mediator of
energy restriction-induced apoptosis.
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FIGURE 7. Sp1 degradation underlies the repressive effects of CG-12 on histone-modifying enzymes and consequent up-regulation of KLF6 gene
expression. A, effects of the knockdown of Sp1 expression on the expression of HDACs and H3K4DMs, histone H3 acetylation and methylation status, and the
expression of KLF6 and the products of its target genes. 48 h after transfection of LNCaP cells with control (left panel) or Sp1-specific (right panel) shRNA (0, 0.5,
and 1 ug), Western blot analysis of the indicated proteins was performed. Western blot data representative of three independent experiments are shown.
B, effect of ectopic Sp1 expression on CG-12-induced epigenetic changes. LNCaP cells were transfected with FLAG-tagged Sp1 for 24 h and then treated with

CG-12 for 48 h. Western blot data representative of three independent experiments are shown.
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FIGURE 8. Diagram depicting the mode of action by which energy restric-
tion activates KLF6 tumor suppressor gene expression. Previously, we
reported the mechanistic link between energy restriction and B-TrCP-medi-
ated proteasomal degradation of Sp1 (8, 20). Here, we extend our under-
standing that ERMA-mediated Sp1 down-regulation facilitates the transcrip-
tional repression of HDAC1-4 and H3K4DMs (RBP2, PLU-1, and LSD1),
resulting inincreased histone H3 acetylation and H3K4 methylation. Evidence
suggests that enhanced occupancy of the active histone marks Ac-H3 and
H3K4Me3 in the promoter region of the KLF6 gene gives rise to KLF6 transcrip-
tional activation. As KLF6 regulates the expression of many proapoptotic
genes, this epigenetic activation plays a role in ERMA-induced apoptosis.

KLF6 plays a crucial role in tumor suppression by modulat-
ing the expression of a broad range of genes governing biolog-
ical functions associated with cell growth, cell differentiation,
cell adhesion, and endothelial motility (9), among which ATF3
has been shown to represent a major mediator of KLF6-induced
apoptosis in prostate cancer cells (24). In this study, we demon-
strated the concomitant up-regulation of ATF3, Noxa, and
DAPK?2 with KLF6 in LNCaP and DU-145 cells treated with
ERMAs or glucose-depleted medium (Fig. 1). Conceivably,
the concerted effort of these proapoptotic proteins underlies
the key role of KLF6 in mediating energy restriction-induced
apoptosis.
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Evidence suggests that the transcriptional activation of KLF6
gene expression resulted from enhanced active histone marks,
i.e. H3K4Me3 and Ac-H3, in the promoter region (Fig. 2). Our
data also indicate that increased H3 acetylation and H3K4
methylation were attributable to transcriptional repression
of HDACs (Fig. 3) and H3K4DM:s (Fig. 4) because of reduced
Spl expression (Fig. 5). Pursuant to previous findings that
Sp1 regulates the transcription of HDACI and 4 and PLU-1
(30-32), we identified HDAC2 and 3, RPB2, and LSD1 as
additional Sp1 target genes through mutational analysis (Fig.
6). The functional role of Sp1 in mediating these epigenetic
changes leading to KLF6 gene activation was further con-
firmed by using shRNA-mediated knockdown and ectopic
expression to observe the consequent effects on relevant bio-
markers (Fig. 7).

Substantial evidence points to Spl as a relevant target for
cancer therapy in light of its pivotal role in regulating the gene
expression of a host of key effectors of signaling pathways gov-
erning cell cycle progression, cell proliferation, angiogenesis,
apoptosis, and metastasis (34—36). In this study, we demon-
strated the ability of Sp1 to modulate the expression of multiple
histone-modifying enzymes, leading to the transcriptional acti-
vation of the KLF6 gene by increasing active histone marks.
From a mechanistic perspective, the ability of Sp1 to effect epi-
genetic changes by modifying histones adds a layer of complex-
ity to its functional role in regulating gene expression, which
warrants further investigations.

It is noteworthy that CG-12 also significantly down-regu-
lated (>50%) the mRNA expression of a number of the HATs

JOURNAL OF BIOLOGICAL CHEMISTRY 9975

LLOZ ‘L | JoQWIBAON UO ‘Snquinjo-saLeiqi Alsiaaiun a1e1s oiyo 1e 610°0gl mmm woly papeojumoq


http://www.jbc.org/

Epigenetic Activation of the KLF6 Gene by Energy Restriction

and H3K4MTs examined, including GCN5, MLL2, and SET1A
(Fig. 3). As none of these three genes contains any Sp1-binding
site in their promoters, other mechanisms are involved in the
transcriptional regulation of these genes. For example, GCN5 is
known to be a direct target gene of Myc (37), of which the
mRNA expression was also significantly reduced by CG-12°.
However, the transcription factors that regulate the gene
expression of MLL2 and SET1A remain to be investigated.

In summary, our data identify the epigenetic activation of
KLF6 tumor suppressor gene expression as a critical event lead-
ing to apoptosis in energy-restricted cancer cells. This causal
relationship between energy restriction and the epigenetic
modulation of KLF6 gene expression underscores the complex-
ity of the signaling network involved in the apoptotic response
to energy restriction. As KLF6 represents a new molecular
marker candidate for tumor prognosis and a potential target for
cancer therapy (38), our findings are of potential translational
value for the development of therapeutic strategies involving
new-generation ERMAs such as CG-12.
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Supplementary Table 1. Primer Sequences
I. Plasmid construct

Construct names

Forward

‘Dgl" MMM WOJ) papeojuMOoq

Reverse

pGL3-RBP2-Luc

5'-GGGGTACCGGGGATG-GGTTAGACCTGCACTT-3'

5'-GAAGATCTTTCTTCTCHCCCCGGCAGCAC -3'

pGL3-PLUI1-Luc

5-GGGGTACCTCAATAAAAGTTGGCTCAAC-3'

5'-GAAGATCTAACAGCAAGTCCGAGTTGTA-3'

pGL3-LSD1-Luc

5'-GGGGTACCGTCACCTTCGGAGGTTTAGTC-3'

5" GAAGATCTCTTCTTCCGAGATAACATCTCGG-3'

pGL3-HDACI-Luc

5'-GGGGTACCCCTCCGATCTCCAAGCACGC-3'

5-GAAGATCTGGCTCCGCHBCAGCGTCCGAC-3'

pGL3-HDAC2-Luc

5'-GGGGTACCAGAAAACTAGGCTACCAGGC-3'

5-GAAGATCTGTGAGCGCATCCACTGCGGC-3'

pGL3-HDAC3-Luc

5'-GGGGTACCGGAGCTATGCTGCCAGTTCC-3'

5-GAAGATCTACGGTCTTGGCCATGGTGCC-3'

pGL3-HDAC4-Luc

5'-GGGGTACCCGAGGGGTGGGAGCAGACGG-3

5'-GAAGATCTCACAACCT@CCCTCCTCATT 3

I1. Site-directed mutagenesis

Construct names

Forward

Jlely

Reverse

pGL3-RBP2/mt-Luc

5'-CAAATTACGAAGCACGTTCGGTGAGGCGCGGT-
GC-3'

5 '-GCACCGCGCCTCACGGAACGTGCTTCGTAATT-
TG-3' o

pGL3-PLU1/mt-Luc

5'-CGCCCGATTCGGGTTCGGTTCGGGGAGCCGCGC-
3'

5'- GCGCGGCTCCCCGA§CCGAACCCGAATCGGG—
CG-3'

pGL3-LSD1/mt-Luc

5'-CTGCGGGGGAGGTTCGGGGCTCGTGG-3'

5 '-CCACGAGCCCCGAA§CTCCCCCGCAG-3'

pGL3-HDAC1/mtl-Luc

5'-GGTACGGTCCCCGTTCGGCTCCCCACCC-3'

5'-GGGTGGGGAGCCGAACGGGGACCGTACC-3'

pGL3-HDAC1/mt2-Luc

5'-CCAGGAGGGGACGTTCGGTTCGGGCCGGAGGC-
C-3'

5'- GGCCTCCGGCCCGA%CCGAACGTCCCCTCCT—
GG-3'

pGL3-HDAC2/mt-Luc

5-CGTGGTCGGCTTGTTCGGGAGCTTCGCG-3'

5'-CGCGAAGCTCCCGAACAAGCCGACCACG 3

pGL3-HDAC3/mt-Luc

5'-GAGCCGGGCGAGGTTCGGAGCTCCCCTG-3'

5'-CAGGGGAGCTCCGAMCCTCGCCCGGCTC-3'

pGL3-HDAC4/mt1-Luc

5'-GGCCAGGCGCCCGGTTCGTTCGTTCGGGAGGC-
GGGGCC-3!

5'-GGCCCCGCCTCCCGAACGAACGAACCGGGCG-
CCTGGCC-3'

pGL3-HDAC4/mt2-Luc

5'-AACCAGGCGGGAGTTCGGGGCCCGCAAG-3'

5'-CTTGCGGGCCCCGAACTCCCGCCTGGTT-3'

pGL3-HDAC4/mt3-Luc

5'-CCGGCTGGCTGTTCGGGGCCGGGC-3'

5'-GCCCGGCCCCGAACAGCCAGCCGG-3

I11. Semi-quantitative RT-PCR Primers

Gene names | Forward Reverse

KLF6 5'-AGAGCGAGCCCTGCTATGTTT-3' 5'-CGCTGGTGTGCTTTCAAGTGGGAG-3'
ATF3 5'-ATGATGCTTCAACACCCAGGC-3' 5'-TTAGCTCTGCAATGTTCCTTC-3'
NOXA 5'-TCCAGCAGAGCTGGAAGTCGAGTGT-3' 5'-ATGAATGCACCTTCACATTCCTCT-3'
DAPK2 5'-GCATCGTGTCCCTGTGCAAC-3' 5'-GCTTTCCTCCTGGCGATGTC-3'
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RBP2 5'-CCTCCATTTGCCTGTGAAGT-3' 5'-CCTTTGCTGGCAACAATCET-3'
PLU1 5'-CTTCTTGTTTGCCTGCATCA-3' 5'-ATTTTGGGATTTCCCTCCAEC-E»'
LSD1 5'-CAAGTGTCAATTTGTTCGGG-3' 5'“TTCTTTGGGCTGAGGTACEG-3'
HDACI1 5'-CCACATCAGTCCTTCCAATA-3' 5'-TTCTCCTCCTTGGTTTTCT§—3'
HDAC2 5'-GCTATTCCAGAAGATGCTGTTC-3' 5'-GTTGCTGAGCTGTTCTGAEBITG-3'
HDAC3 5'-CATAGCCTGGTCCTGCATTA-3' 5'-AGTCATCGCCTACGTTGAXG-3'
HDAC4 5'-CAGATGGACTTTCTGGCCG-3' 5'-CTTGAGCTGCTGCAGCTT@%'-3'
HDAC5 5'-AGAATGGCTTTACTGGCTCAG-3' 5'-CATGAGCACATCCTCTATBCC-3'
HDAC6 5'-TCAGGTCTACTGTGGTCGTT-3' 5 TCTTCACATCTAGGAGAGEC-3'
HDAC7 5'-GCACCCAGCAAACCTTCTAC-3' 5'-AGCCCCTACCTCATCCACAG-3'
HDACS 5'-AGATGAAGCATCTGGTTTTT-3' 5-TGGGATCTCAGAGGATAGIG-3'
SP1 5'-GGCGAGAGGCCATTTATGTGT-3' 5'-TGCATGACGTTGATGCCAL@TS'
GAPDH 5'-AGGGGTCTACATGGCAACTG-3' 5'-CGACCACTTTGTCAAGCTG®A-3'
IV. qRT-PCR Primers 0
Gene names | Forward Reverse g

KLF6-wt 5'-CGGACGCACACAGGAGAAAA-T

3
5'-CGGTGTGCTTTCGGAAGTG-3'

KLF6-svl 5'-CCTCGCCAGGGAAGGAGAA-3

5'"TCGGGGAAGCCAGGAGAA3'

ATF3 5'-AAGAACGAGAAGCAGCATTTG-3' 5S'-TTCTGAGCCCGGACAATAEA-3'

NOXA 5'-GCAAGAACGCTCAACCGAG-3' 5-AAGTTTCTGCCGGAAGTTEA-3'

DAPK2 5'-AAACATGGAGCCATTCAAGC-3' 5-TTCTTCACGATGGCAAACEG-3'

GAPDH 5'-AGGGGTCTACATGGCAACTG-3' 5'-CGACCACTTTGTCAAGCTCA-3'
V. PCR Primers for Chromatin Immunoprecipitation assay 8

KLF6 -10670 ~-10545

5'-GCCAGAACTGCAAGAAGAAGGT-3'

5'-GAGGGGAAACTGGTAGATGG-3'

KLF6 -979 ~-843

S'-TATGGAAAAAAACACACACACTAAA-3'

5'-CCTTGGAATTGGGAGAAACG-3'

KLF6 -661 ~-519

5'-AAACAGAGCGGCGCAGAAGAG-3'

5'-TCCCCCCCGTCCCCTTCTAT-3'

KLF6 -112 ~+66

5'-ATTGGCCGGAGCTGACATCAT-3'

5'-AACCCCTGCAAAACTTCCCT-3'

KLF6 +418 ~ +533

5'-GGTCGGCTGTTTGGGGTTCA-3'

5'-TCGCAGCCTGGAGGATCGAT-3'

KLF6 +894 ~ +1057

5'-GTCTTCCCTGCTTCTCTTGTTG-3'

5'-CCCCAAATTCCAGTTCTACG-3'
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