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Abstract
BACKGROUND—Targeting tumor metabolism by energy restriction-mimetic agents (ERMAs)
has emerged as a strategy for cancer therapy/prevention. Evidence suggests a mechanistic link
between ERMA-mediated antitumor effects and epigenetic gene regulation.

METHODS—Microarray analysis showed that a novel thiazolidinedione-derived ERMA, CG-12,
and glucose deprivation could suppress DNA methyltransferase (DNMT)1 expression and
reactivate DNA methylation-silenced tumor suppressor genes in LNCaP prostate cancer cells.
Thus, we investigated the effects of a potent CG-12 derivative, CG-5, vis-à-vis 2-deoxyglucose,
glucose deprivation and/or 5-aza-deoxycytidine, on DNMT isoform expression (Western blotting,
RT-PCR), DNMT1 transcriptional activation (luciferase reporter assay), and expression of genes
frequently hypermethylated in prostate cancer (quantitative real-time PCR). Promoter methylation
was assessed by pyrosequencing analysis. SiRNA-mediated knockdown and ectopic expression of
DNMT1 were used to validate DNMT1 as a target of CG-5.

RESULTS—CG-5 and glucose deprivation upregulated the expression of DNA methylation-
silenced tumor suppressor genes, including GADD45a, GADD45b, IGFBP3, LAMB3, BASP1,
GPX3, and GSTP1, but also downregulated methylated tumor/invasion-promoting genes,
including CD44, S100A4, and TACSTD2. In contrast, 5-aza-deoxycytidine induced global
reactivation of these genes. CG-5 mediated these epigenetic effects by transcriptional repression of
DNMT1, which was associated with reduced expression of Sp1 and E2F1. SiRNA-mediated
knockdown and ectopic expression of DNMT1 corroborated DNMT1's role in the modulation of
gene expression by CG-5. Pyrosequencing revealed differential effects of CG-5 versus 5-aza-
deoxycytidine on promoter methylation in these genes.

CONCLUSIONS—These findings reveal a previously uncharacterized epigenetic effect of
ERMAs on DNA methylation-silenced tumor suppressor genes, which may foster novel strategies
for prostate cancer therapy.

*Corresponding authors: Ching-Shih Chen, College of Pharmacy, The Ohio State University, 500 West 12th Avenue, Columbus,
OH 43210. Phone: 614-688-4008; Fax: 614-688-8556; chen.844@osu.edu. Dau-Ming Niu, Department of Pediatrics, Taipei Veterans
General Hospital, No. 201, Section 2, Shih-Pai Road, Taipei 112, Taiwan. Tel & Fax: 886-2-28767181; dmniu1111@yahoo.com.tw.

Disclosure Statement: The authors declare no conflicts of interest.

NIH Public Access
Author Manuscript
Prostate. Author manuscript; available in PMC 2013 December 19.

Published in final edited form as:
Prostate. 2012 December 1; 72(16): . doi:10.1002/pros.22530.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Keywords
energy restriction-mimetic agent; prostate cancer; energy restriction; DNA methyltransferases;
epigenetics

INTRODUCTION
Cells undergoing malignant transformation often exhibit a shift in cellular metabolism from
oxidative phosphorylation to glycolysis, known as the Warburg effect, to gain growth
advantage in the microenvironment (1,2)]. This enhanced glycolysis appears to be
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), and
enables cancer cells to adapt to low-oxygen environments, to produce biosynthetic building
blocks needed for cell proliferation, to acidify the local environment to facilitate tumor
invasion, and to generate NADPH and glutathione through the pentose phosphate shunt to
increase resistance to oxidative stress (1,2). The Warburg effect is considered to be a
fundamental property of neoplasia, and constitutes the basis for tumor imaging by [18F]2-
fluoro-2-deoxyglucose positron emission tomography (7). From a therapeutic perspective,
targeting glycolysis represents a relevant strategy for cancer prevention and treatment (2), of
which the proof-of-concept is provided by the effective suppression of carcinogenesis in
various animal models by dietary caloric restriction and natural product-based energy
restriction-mimetic agents (ERMAs), such as 2-deoxyglucose (2-DG) and resveratrol.

Previously, based on the scaffold of thiazolidinediones, we developed a novel class of
ERMAs, as represented by CG-12, that mimic the ability of 2-DG and glucose deprivation
to elicit starvation-like cellular responses with high potency in cancer cells through the
inhibition of glucose uptake (8). The suppression of energy metabolism by CG-12 leads to
an intricate signaling network mediated by silent information regulator 1, AMP-activated
protein kinase, and oxidative stress, the interplay among which culminates in autophagy and
apoptosis in cancer cells. More recently, we demonstrated an epigenetic effect of CG-12 in
cancer cells involving histone acetylation and H3 lysine 4 methylation, leading to the
transcriptional activation of Kruppel-like factor 6 (KLF6) and a series of proapoptotic genes
(9). In this study, we report the unique ability of CG-5, a structurally optimized CG-12
derivative (Fig. 1A) to suppress the expression of DNA methyltransferase (DNMT)1 and
DNMT3A in prostate cancer cells, resulting in the reactivation of a series of DNA
methylation-silenced tumor suppressor genes. Pyrosequencing analysis indicates that this
effect was attributable to hypomethylation in the promoter regions of these tumor suppressor
genes. In light of the important role of aberrant DNA methylation in carcinogenesis (10), our
findings underscore the translational potential of this novel class of glucose uptake inhibitors
in prostate cancer prevention and therapy.

MATERIALS AND METHODS
Detailed information on materials, reagents, their commercial sources, and experimental
procedures are available in Supplementary Information.

Microarray analysis
Total RNA isolated from LNCaP cells exposed to 10 μM CG-12 or glucose-depleted
medium for 48 h was submitted to the Microarray Shared Resource at The Ohio State
University Comprehensive Cancer Center for microarray analysis of gene expression.
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Glucose uptake assay
This assay was performed as we described previously (8) with modifications. Specifically,
LNCaP cells were treated with test agents for 1.5 h, followed by exposure to [3H]2-DG in
the presence of excess non-radioactive 2-DG for 30 min.

Cell viability assay
Cell viability was determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay as we described previously (8).

RNA interference and luciferase reporter assay
For siRNA experiments, cells were transfected with scrambled or DNMT1-specific siRNA.
Knockdown of DNMT1 was confirmed by immunoblotting. For the DNMT1 promoter-
luciferase reporter assay, luciferase activities were determined with the dual-luciferase
system, which uses co-transfected herpes simplex virus thymidine kinase promoter-driven
Renilla reniformis luciferase as an internal control.

Western blotting
Western blotting was performed as described previously (8). Relative differences in protein
levels among experimental groups were determined by densitometry.

DNA methylation analysis by pyrosequencing
To determine methylation levels of candidate genes in response to drug treatment or glucose
deprivation, the Pyrosequencing System (Qiagen) was used to detect methylated CpG sites
in sequencing reactions (13).

Statistical analysis
Data from quantitative real time (qRT)-PCR, luciferase reporter assays and pyrosequencing
were analyzed using Student's t test. Differences between group means were considered
significant at P < 0.05.

RESULTS
Microarray analysis reveals the suppression of DNMT1 and DNMT3A expression and the
upregulation of methylation-silenced genes by energy restriction in prostate cancer cells

Pursuant to our hypothesis that energy restriction mediates antitumor effects, in part,
through epigenetic gene regulation, we examined the effect of 10 μM CG-12 versus glucose
depletion on global gene expression in LNCaP cells via cDNA microarray analysis after 48
h of treatment. This microarray analysis showed that both treatments significantly reduced
the gene expression of DNMT1, accompanied by a modest, but statistically significant,
decrease in DNMT3B expression and no change in DNMT3A levels (Table 1).

The ability of CG-12 and glucose starvation to downregulate DNMT expression suggests a
mechanistic link between energy restriction and epigenetic regulation of gene expression
through changes in DNA methylation. Previously, a global survey of DNA methylation
patterns in prostate cancer cell lines identified a number of cancer-related genes that were
transcriptionally silenced due to aberrant promoter hypermethylation (14). Based on this
report, we examined the microarray data for the effect of CG-12 versus glucose depletion on
the expression of 13 genes reported to be silenced by DNA methylation (Table 2). Among
these, BASP1, GADD45a, GADD45b, GPX3, GSTP1, IGFBP3, KRT7, LAMB3, PDLIM4,
and THBS1 are tumor-suppressive genes, whereas CD44, S100A4, and TACSTD2 have been
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associated with tumorigenesis or aggressive phenotype of prostate cancer (15-17). It is
noteworthy that CG-12 mimicked the ability of glucose starvation to activate the expression
of GADD45a, GADD45b, and IGFBP3, while many other genes examined were not affected
by either treatment, with the exception of THBS1, which was upregulated by CG-12.

Energy restriction suppresses the expression of DNMT1 and DNMT3A through
transcriptional repression and proteasomal degradation, respectively

Our efforts to structurally optimize CG-12 led to the identification of CG-5, an active
derivative in which the terminal methylcyclohexyl ring was replaced by a 3-pentyl moiety.
This simple modification improved the potency of CG-5 relative to CG-12 in suppressing
[3H]-2DG uptake (IC50, 6 μM versus 9 μM) and cell viability (IC50, 4.5 μM versus 6 μM) in
LNCaP cells (Fig. 1A). Consequently, we used CG-5 to validate our microarray data by
examining the dose-dependent suppressive effects of CG-5 and 2-DG vis-à-vis glucose
starvation on the expression of DNMT1, DNMT3A, and DNMT3B, at both protein and
mRNA levels, in LNCaP cells. In addition, the DNMT inhibitor 5-aza-dC was used as a
control in light of its reported activity in suppressing DNMT1 expression via proteasomal
degradation (29,30), and, to a lesser extent, DNMT3A through a yet unidentified mechanism
(31).

Western blot analysis indicated that CG-5, 2-DG, and glucose depletion shared with 5-aza-
dC the ability to decrease the expression levels of DNMT1 and, to a lesser extent, DNMT3A
in a dose- or time-dependent manner (Fig. 1B, upper panel). Nevertheless, the mechanism
underlying energy restriction-facilitated downregulation of DNMT1 was different from that
of 5-aza-dC as CG-5, 2-DG, and glucose starvation decreased DNMT1 mRNA levels, while
no significant changes were noted in response to 5-aza-dC (Fig. 1B, lower panel). In
addition, consistent with the microarray findings, no changes in the mRNA level of
DNMT3A were noted in response to any of these treatments, suggestive of a
posttranslational effect on protein levels. As for DNMT3B, neither the protein nor mRNA
expression level was affected by any of the treatments, which contrasted with the microarray
data that showed a modest decrease in DNMT3B gene expression in response to energy
restriction (Table 1). This discrepancy might have arisen from inherent systematic errors
associated with microarrays (32).

To examine the mechanism by which CG-5 suppressed the mRNA expression of DNMT1,
we assessed its effect on the promoter activity of DNMT1 by using a DNMT1 promoter-
luciferase reporter construct. As shown, CG-5 diminished the luciferase activity in a dose-
dependent manner (Fig. 2A), suggesting that CG-5 suppressed DNMT1 expression through
transcriptional repression. As the core promoter region of DNMT1 contains three Sp1 (33)
and four E2F (34) binding sites, we examined the effect of CG-5 on the expression of these
transcription factors and their target genes, androgen receptor (AR) for Sp1 (35) and cyclins
E and D3 for E2F1 (36,37).

In line with our previous findings with CG-12 (8,9), CG-5 facilitated a dose-dependent
decrease in Sp1 protein level without affecting mRNA expression, suggestive of
proteasomal degradation (Fig. 2B). It is noteworthy that the expression of E2F1, at both
protein and mRNA levels, was also reduced suggesting a different mode of regulation from
that of Sp1. Moreover, decreases in the expression of Sp1 and E2F1 were accompanied by
parallel decreases in the expression of their respective targets, namely AR and cyclins D3
and E (Fig. 2B).

As for the CG-5-mediated inhibition of DNMT3A protein expression, a role for proteasomal
degradation was supported by the ability of the proteasome inhibitor MG-132 to rescue
DNMT3A protein expression from drug-induced suppression in LNCaP cells (Fig. 2C).
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Similar findings regarding the ability of CG-5 to suppress the expression of DNMT1 and
DNMT3A without disturbing that of DNMT3B was also noted in PC-3 and DU-145 cells
(Fig. 3), indicating that this was not a cell line-specific effect. Moreover, the drug's effect on
DNMT1 expression correlated with that on E2F1 and Sp1 expression in a dose-dependent
manner, suggestive of a causal relationship.

Differential effects of energy restriction on the activation of DNA methylation-silenced
genes

The 13 DNA methylation-silenced genes previously evaluated by microarray analysis (Table
2) were assessed by qRT-PCR for changes in expression in response to energy restriction.
LNCaP cells were exposed to 5 μM CG-5 or 5 μM 5-aza-dC in 10% FBS-supplemented
RPMI 1640 medium for 48 or 72 h, or to 10% FBS-supplemented glucose-free medium for
72 h. qRT-PCR analysis indicates that these treatments led to distinct patterns of activation
of these epigenetically silenced genes (Fig. 4). 5-Aza-dC mediated varying degrees of
activation of 12 of the 13 genes examined relative to the DMSO control (at 72 h: GSTP1,
510-fold; KRT7, 295-fold; CD44, 26-fold; TACSTD2, 23-fold; BASP1, 12-fold; LAMB3, 10-
fold; IGFBP3, 9-fold; GPX3, S100A4, and THBS1, 8-fold; PDLIM4 and GADD45a, 3-fold),
while no significant change in GADD45b mRNA expression was noted (Fig. 4A). In
contrast, CG-5 activated 7 of the 13 genes with a distinct preference for the two DNA
damage response genes GADD45a and GADD45b (81- and 31-fold, respectively), followed
by IGFBP3 (12-fold), LAMB3 (11-fold), BASP1 (9-fold), GPX3 (5-fold), and GSTP1 (2-
fold) at 72 h, while only modest increases (<2-fold) in the expression of KRT7 and THBS1
were noted (Fig. 4B). Moreover, CG-5 downregulated the mRNA levels of PDLIM4,
S100A4, and TACSTD2 by 97%, 56%, and 95%, respectively. Although CG-5 caused a
modest, but statistically insignificant, increase in CD44 mRNA expression at 48 h (1.16-
fold), the treatment led to a 54% decrease (P < 0.05) at 72 h. It is noteworthy that two of
these downregulated genes, S100A4 and TACSTD2, are associated with the promotion of
tumorigenesis, tumor invasion, and metastasis (15,27), and that CD44 represents a putative
marker for prostate cancer stem cells (38).

As compared to CG-5-induced energy restriction, glucose deprivation showed a qualitatively
similar, but muted effect on gene activation, which, in part, may be reflective of smaller
decreases in the expression levels of DNMT1 and DNMT3A. Glucose-depleted medium
shared the ability of CG-5 to activate GADD45a (3.3-fold), LAMB3 (2.7-fold), BASP1 (2.4-
fold), and GADD45b (1.8-fold), as well as to downregulate the expression of PDLIM4 and
S100A4, while having no significant impact on the mRNA expression of CD44 and KRT7
(Fig. 4C). However, in contrast to CG-5, glucose deprivation diminished the mRNA
expression of GPX3, GSTP1, and THBS1, and increased that of TACSTD2.

Role of DNMT1 downregulation in CG-5-facilitated activation of epigenetically silenced
genes

Given the greater suppressive effect of CG-5 on DNMT1 expression than on that of
DNMT3A (81% and 26%, respectively; Fig. 1B, upper panel), we rationalized that DNMT1
downregulation played a major role in the CG-5-mediated activation of these methylation-
silenced genes. This premise was corroborated by two lines of evidence. First, qRT-PCR
analysis indicated that siRNA-mediated knockdown of DNMT1 in LNCaP cells mimicked
the effects of CG-5 by activating, by at least 2-fold, many of the same genes, including
IGFBP3 (7.5-fold), BASP1 (3.8-fold), LAMB3 (2.9-fold), and GSTP1 (2.3-fold), as well as
sharply reducing the expression of PDLIM4 (Fig. 5A). Second, ectopic DNMT1 expression
attenuated the effect of CG-5 on the expression of many of the 13 genes examined (Fig. 5B).
With the exception of IGFBP3, DNMT1 overexpression diminished the extent of CG-5-
mediated gene activation, returning the expression levels of many of these genes, such as
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BASP1, GADD45b, GPX3, and GSTP1, to the basal level or lower. DNMT1 overexpression
also abrogated the suppressive effect of CG-5 on the expression of PDLIM4 and TACSTD2.
However, ectopic DNMT1 expression had no significant effect on S100A4 expression.

CG-5 alters CpG methylation in the promoter region of the 13 hypermethylated genes in
LNCaP cells

To correlate the aforementioned changes in gene expression with the effects of 5-aza-dC,
CG-5, and glucose deprivation on DNA methylation, we used pyrosequencing to analyze
DNA methylation at CpG islands in the promoter regions of the aforementioned 13 genes in
response to individual treatments (Fig. 6A - M). Pyrosequencing is the leading method for
quantitative DNA methylation analysis, in part, due to its ability to identify differentially
methylated positions in close proximity, thereby allowing concurrent quantification of
multiple CpG sites in the promoter region (39). As neighboring CpG sites within a single
promoter showed different degrees of methylation (Fig. 6A – M, right panels; each color-
coded circle represents a single CpG site and each designated row represents a treatment
condition), the average of all sites was used to represent the level of methylation for each
gene (left panels).

LNCaP cells were treated with DMSO (Fig. 6, control; a and b for 48 and 72 h,
respectively), 5 μM 5-aza-dC (c and d), 5 μM CG-5 (e and f), or glucose-depleted medium
(g and h), after which genomic DNA was collected for pyrosequencing analysis. As noted,
the promoter and/or the first exon of each of these 13 genes contain multiple CpG sites,
ranging from 3 to 19 sites. Not only did the methylation level among these sites vary within
a single promoter/exon region (Fig. 6 A-M, right panels, a and b), but also the total
methylation levels of the promoters/exons varied greatly among these genes (left panels, a
and b). For example, while many of these genes were highly methylated, BASP1 and THBS1
showed only 10% and 20% CpG methylation, respectively, in control cells (Fig. 6A and M,
respectively). Consistent with the qRT-PCR findings, 5-aza-dC, CG-5, and glucose-depleted
medium exhibited differential effects on the DNA methylation patterns of these genes. 5-
Aza-dC facilitated decreases in DNA methylation in all of the genes examined (all panels, c
and d). These epigenetic changes correlated with activation of these genes in 5-aza-dC-
treated LNCaP cells (Fig. 4A) with the exception of GADD45b (panel D), of which the
mRNA levels remained unaltered after drug treatment. It is noteworthy that, while CG-5
mediated the hypomethylation and resulting activation of many tumor suppressor genes, it
enhanced the DNA methylation of PDLIM4 (panel J) and the tumor-promoting genes
S100A4 and TACSTD2 (panels K and L, respectively), resulting in the downregulated
expression of these genes (Fig. 4B). The effects of glucose-depleted medium on DNA
methylation of many of these genes paralleled those of CG-5, however, to a lesser extent.
Nevertheless, glucose starvation contrasted with CG-5-induced energy restriction in its
opposite effects on the DNA methylation pattern of GPX3, GSTP1, TACSTD2, and THBS1
(panels E, F, L, and M, respectively), which underlies the observed differences in the effects
of these two treatments on the activation of these DNA methylation-silenced genes (Fig.
4C).

DISCUSSION
Aberrant promoter hypermethylation of critical pathway genes plays an important role in
prostate carcinogenesis and tumor progression (40,41), thereby representing a
therapeutically relevant target for cancer treatment (42). In this study, we demonstrated the
high potency of the novel ERMA CG-5 relative to 2-DG in suppressing the expression of
DNMT1 and, to a lesser extent, DNMT3A, which led to the reactivation of a series of DNA
methylation-silenced tumor suppressor genes, including GADD45a, GADD45b, IGFBP3,

Lin et al. Page 6

Prostate. Author manuscript; available in PMC 2013 December 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



LAMB3, BASP1, GPX3, and GSTP1, in prostate cancer cells through promoter
hypomethylation.

The effect of CG-5 on DNA methylation profiles is largely associated with the reduction in
the expression of DNMT1 as siRNA-mediated knockdown and ectopic expression of
DNMT1 mimicked and diminished, respectively, the ability of CG-5 to modulate the
expression of these silenced genes. Although CG-5 and 5-aza-dC share the ability to
downregulate DNMT1 expression, the underlying mechanisms are distinctly different.
Evidence suggests that CG-5 facilitated the downregulation of DNMT1 expression through
transcriptional repression, which our data suggest is be associated with the reduced
expression of Sp1 and E2F1. Our previous study demonstrated that β-transducin repeat-
containing protein (β-TrCP)-dependent proteasomal degradation of Sp1 represents one of the
energy restriction-associated cellular responses elicited by CG-12 (8), and is likely the
mechanism by which Sp1 is suppressed in CG-5-treated cells. In contrast, CG-5-mediated
suppression of E2F1 expression occurred at the transcriptional level.

The specificity with which CG-5 activates DNA methylation-silenced genes is noteworthy,
and contrasts with the nonspecific reactivation of nearly of all the silenced genes examined
by 5-aza-dC. For example, our data indicate that CG-5 reduced the basal expression levels
of PDLIM4 and the three tumor/invasion-promoting genes, namely CD44, S100A4, and
TACSTD2, while 5-aza-dC increased the expression of these genes by 8- to 26-fold. This
target specificity was further confirmed by pyrosequencing analysis, which showed the
differential effect of CG-5 versus 5-aza-dC on DNA methylation in the promoter regions of
the 13 genes examined. While 5-aza-dC caused universal hypomethylation of all of these 13
genes, CG-5 enhanced the DNA methylation of PDLIM4 and the tumor-promoting genes
S100A4 and TACSTD2. However, the suppressive effect of CG-5 on CD44 promoter
methylation relative to the control (65.9% versus 67.42%; P = 0.033) represents an anomaly
since CG-5 reduced CD44 expression.

Mechanistically, this differential regulation of DNA methylation-silenced genes is attributed
not just to CG-5's effect on DNA hypomethylation alone, but also to its ability to affect the
expression of transcription factors, such as Sp1 and E2F1, and histone-modifying enzymes
(9). Together, these concerted actions underline a more complicated mode of epigenetic
gene regulation than that of 5-aza-dC's inhibitory effect on DNMT activity alone.

CONCLUSIONS
It is well recognized that cancer cells undergo a metabolic shift to anaerobic glycolysis that
provides growth advantages within the tumor microenvironment. Consequently, there is
intense interest in targeting tumor metabolism as a therapeutic strategy, including small-
molecule approaches. In this study, we demonstrate that epigenetic activation of DNA
methylation-silenced tumor suppressor genes represents an important antitumor response to
energy restriction. Moreover, our novel small-molecule ERMA, GC5, regulates the
expression of these genes through modulation of DNA methylation and, perhaps by virtue of
its concomitant effects on histone modifications, exhibits target gene specificity and a
broader spectrum of antitumor gene activation that might offer therapeutic advantages over
DNMT inhibitors.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
CG-5, 2-DG, glucose starvation and 5-aza-dC differentially affect the expression levels of
DNMT isoforms. (A) Left, structures of CG-12 and CG-5. Center, dose-dependent
inhibitory effects of CG-5 versus CG-12 on the uptake of [3H]-2DG into LNCaP cells after
30 min of treatment. Point, mean; bars, SD (n = 3). Right, dose-dependent inhibitory effects
of CG-5 versus CG-12 on the viability of LNCaP cells by MTT assays after 72 h of
treatment. Point, mean; bars, SD (n = 6). (B) LNCaP cells were treated with CG-5, 2-DG
and 5-aza-dC at the indicated concentrations in 10% FBS-supplemented medium for 48 h or
glucose-free medium for various time intervals. The expression levels of DNMT1,
DNMT3A and DNMT3B were determined by Western blotting (upper) and RT-PCR
(lower). The percentages denote the relative intensities of mRNA and protein bands of
treated samples to those of the respective DMSO vehicle-treated controls after normalization
to the respective internal reference β-actin. Each value represents the average of three
independent experiments.
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Fig. 2.
CG-5 suppresses the expression of DNMT1 and DNMT3A through transcriptional
repression and proteasomal degradation, respectively. (A) Dose-dependent, suppressive
effect of CG-5 on DNMT1 promoter activity. LNCaP cells were transiently transfected with
the DNMT1 promoter-luciferase reporter plasmid pGL3-DNMT1-Luc, and exposed to CG-5
at the indicated concentrations or DMSO vehicle control in 10% FBS-containing medium
for 48 h. Column, mean (n = 3); error bars, SD. (B) Parallel Western blot and RT-PCR
analyses of the dose-dependent suppressive effect of CG-5 on the expression levels of Sp1,
E2F1, AR, and cyclins D3 and E. (C) The proteasome inhibitor MG132 protected cells from
CG-5-induced ablation of DNMT3A, but not DNMT1. LNCaP cells were treated with CG-5
at the indicated concentrations for 36 h, followed by co-treatment with 10 μM MG132 for an
additional 12 h. Cell lysates were analyzed by immunoblotting for DNMT1 and -3A.
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Fig. 3.
Western blot analysis of the dose-dependent effects of CG-5 on the expression of DNMT1,
DNMT3A, DNMT3B, E2F1, and Sp1 in PC-3 and DU-145 cells. Cells were treated with
CG-5 at the indicated concentrations for 48 h. The percentages denote the relative intensities
of protein bands of treated samples to those of the respective DMSO vehicle-treated controls
after normalization to the respective internal reference β-actin. Each value represents the
average of three independent experiments.
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Fig. 4.
Effects of 5-aza-dC, CG-5, and glucose deprivation on the expression levels of methylation-
silenced cancer-related genes. LNCaP cells were treated with (A) 5 μM CG-5 or (B) 5 μM
5-aza-dC in 10% FBS-supplemented medium for 48 or 72 h, or with (C) glucose-depleted
medium for 72 h. The expression levels of thirteen target genes reported to be silenced by
DNA hypermethylation in prostate cancer cells were quantitated by qRT-PCR. Column,
mean (n = 3); error bars, SD.
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Fig. 5.
Evidence that DNMT1 plays a pivotal role in CG-5-mediated regulation of methylation-
silenced cancer-related gene expression. (A) siRNA-mediated knockdown of DNMT1
mimics the effect of CG-5 on the expression of the selected thirteen genes reported to be
silenced by DNA hypermethylation in prostate cancer cells, as determined by qRT-PCR
(right). LNCaP cells were transiently transfected with DNMT1 or control (Ctl) siRNA, and
then treated with 5 μM CG-5 for 72 h. The expression levels of DNMT isoforms were
analyzed by Western blotting to confirm the specificity of the knockdown (left). Column,
mean (n = 3); error bars, SD. (B) Ectopic expression of DNMT1 protects cells from CG-5-
mediated effects on the expression of the selected thirteen methylation-silenced genes, as
determined by qRT-PCR (right). LNCaP cells were transiently transfected with the Flag-
tagged DNMT1 or control (Ctl) vector, and then treated with 5 μM CG-5 for 48 h. The
expression levels of DNMT isoforms following treatment with CG-5 or DMSO control were
analyzed by Western blotting (left). Column, mean (n = 3); error bars, SD.
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Fig. 6.
Effects of CG-5, glucose deprivation, and 5-aza-dC on CpG island methylation in
methylation-silenced cancer-related genes. LNCaP cells were treated with DMSO control
(Ctl), 5 μM 5-aza-dC (dC), 5 μM CG-5 (CG) or glucose-depleted medium [G(-)] for 48 and
72 h. Pyrosequencing analysis of CpG island methylation in the promoter/first exon regions
of the selected thirteen methylation-silenced genes was performed as described in Materials
and Methods. A, BASP1; B, CD44; C, GADD45a; D, GADD45b; E, GPX3; F, GSTP1; G,
IGFBP3; H, KRT7; I, LAMB3; J, PDLIM4; K, S100A4; L, TACSTD2; M, THBS1. Average
methylation levels of individual CpG sites in the promoter/first exon of each of the genes
examined under each condition are represented by the color-coded circles (right panels; dark
blue, 100%; white, 0%; scale at top of each column). The average methylation level of all
CpG sites within each of the promoters/first exons was used to represent the level of
methylation for each of the thirteen genes under each treatment condition (left panel;
column, mean (n = 3 - 19); error bars, SD). a and b: DMSO control for 48 and 72 h,
respectively; c and d: 5 μM 5-aza-dC for 48 and 72 h, respectively; e and f: 5 μM CG-5 for
48 and 72 h, respectively; g and h: glucose-depleted medium for 48 and 72 h, respectively.
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Table 1

Microarray analyses of the effects of 10 μM CG-12 versus glucose depletion on the expression of DNMTs in
LNCaP cells after 48 h of treatment

Gene Name 10 μM CG-12 Glucose Depletion

Fold Change P value Fold Change P value

DNMT1 −2.208398 5.32E-06 −2.1143294 6.45E-07

DNMT3A −1.023485 0.690570233 −1.0391039 0.404186671

DNMT3B −1.468048 0.001498209 −1.3947437 2.82E-04
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Table 2

Microarray analyses of the effects of 10 μM CG-12 versus glucose depletion on the expression of thirteen
DNA methylation-silenced genes in LNCaP cells after 48 h of treatment

Gene Name Gene Description Molecular Function CG-12 Glucose Depletion

Fold change (P value)

BASP1 (NM_006317_1) Brain acid soluble protein 1 Inhibition of Myc-
induced cell
transformation; a
potential tumor
suppressor (18)

1.182303151 (0.027893026) 0.920825697 (0.307789115)

CD44 (NM_000610_1) Receptor for hyaluronic
acid

Cell adhesion;
markers for breast
and prostate cancer
stem cells (17)

n/a n/a

GADD45a (NM_001924-1) Growth arrest and DNA-
damage-inducible protein
45a

Apoptosis, cell cycle
arrest, and DNA
repair; tumor
suppressive (19)

5.838104359 (3.73E-10) 3.11320375 (1.21E-08)

GADD45b (AL050044_1) Growth arrest and DNA-
damage-inducible protein
45b

Apoptosis, cell cycle
arrest, and DNA
repair; reported
tumor suppressor in
hepatocellular
carcinoma (20)

5.333934097 (2.01E-08) 4.483731849 (5.37E-09)

GPX3 (NM_002084) Glutathione peroxidase 3 Maintaining
genomic integrity
via the
detoxification of
reactive oxygen
species; tumor
suppressive (21)

1.089147993 (0.370942845) 0.946090435 (0.352881698)

GSTP1 (NM_000852_1) Glutathione S-transferase pi Conjunction and
detoxification of
carcinogens; tumor
suppressive (22)

1.192508872 (0.028969162) 0.952208888 (0.362806007)

IGFBP3 (NM_000598_1) Insulin-like growth factor
binding protein 3

Inhibiting cancer
cell proliferation,
adhesion, motility,
and metastasis;
tumor suppressive
(23,24)

5.195274579 (4.89E-08) 2.137167525 (4.50E-07)

KRT7 (NM_005556_1) Keratin 7 Cytoskeletal
organization and
biogenesis (14)

1.241685666 (0.018831416) 1.04298615 (0.622715314)

LAMB3 (NM_000228_1) Laminin, b3 A component of the
extracellular matrix
involved in cell
adhesion, growth,
migration,
proliferation, and
differentiation;
tumor suppressive
(25)

n/a 1.22357285 (0.031432552)

PDLIM4 (NM_003687_1) PDZ and LIM domain 3 An actin-binding
protein; tumor
suppressive (26)

0.993684661 (0.94564817) 0.981663174 (0.801008691)

S100A4 (NM_019554_1) S100 calcium-binding
protein A4

A Ca2+-binding
protein; promoting
metastasis (27)

0.900563555 (0.217905821) 0.933789972 (0.206088795)

TACSTD2 (NM_002353_1) Tumor-associated calcium
signal transducer 2

A marker of human
prostate basal cells

n/a 0.907644973 (0.10922003)
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Gene Name Gene Description Molecular Function CG-12 Glucose Depletion

Fold change (P value)

with stem cell
characteristics;
promoting
tumorigenesis and
invasion (15)

THBS1 (NM_003246_1) Thrombospondin-1 Cell adhesion and
motility; a p53 and
Rb regulated
angiogenesis
inhibitor; tumor
suppressive (28)

2.609367236 (8.89E-08) 0.986198525 (0.755628795)

n/a: Gene was not listed in the array results.
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