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Abstract

Among the many somatic genome alterations present in cancer cells,
changes in DNA methylation may represent reversible “epigenetic” le-
sions, rather than irreversible “genetic” alterations. Cancer cell DNA is
typically characterized by increases in the methylation of CpG dinucle-
otides clustered into CpG islands, near the transcriptional regulatory
regions of critical genes, and by an overall reduction in CpG dinucleotide
methylation. The transcriptional “silencing” of gene expression associated
with such CpG island DNA hypermethylation presents an attractive ther-
apeutic target: restoration of “silenced” gene expression may be possible
via therapeutic reversal of CpG island hypermethylation. 5-Aza-cytidine
(5-aza-C) and 5-aza-deoxycytidine (5-aza-dC), nucleoside analogue inhib-
itors of DNA methyltransferases, have been widely used in attempts to
reverse abnormal DNA hypermethylation in cancer cells and restore
“silenced” gene expression. However, clinical utility of the nucleoside
analogue DNA methyltransferase inhibitors has been limited somewhat by
myelosuppression and other side effects. Many of these side effects are
characteristic of nucleoside analogues that are not DNA methyltransferase
inhibitors, offering the possibility that nonnucleoside analogue DNA meth-
yltransferase inhibitors might not possess such side effects. Human pros-
tate cancer (PCA) cells characteristically contain hypermethylated CpG
island sequences encompassing the transcriptional regulatory region of
GSTP1, the gene encoding the �-class glutathione S-transferase (GSTP1),
and fail to express GSTP1 as a consequence of transcriptional “silencing.”
Inactivation of GSTP1 by CpG island hypermethylation, the most com-
mon somatic genome alteration yet reported for human PCAs, occurs
early during human prostatic carcinogenesis and results in a loss of
GSTP1 “caretaker” function, leaving prostate cells with inadequate de-
fenses against oxidant and electrophile carcinogens. We report here that
the drug procainamide, a nonnucleoside inhibitor of DNA methyltrans-
ferases, reversed GSTP1 CpG island hypermethylation and restored
GSTP1 expression in LNCaP human PCA cells propagated in vitro or in
vivo as xenograft tumors in athymic nude mice.

Introduction

Somatic changes in DNA methylation present in cancer cells have
long tantalized researchers interested in the development of rational
cancer treatments. Similar to other somatic genome alterations present
in cancer cells, including gene deletions and gene mutations, DNA
methylation changes often affect gene function; methylation of CpG
dinucleotides clustered into CpG islands encompassing the transcrip-
tional regulatory region of genes has been associated with transcrip-

tional “silencing” of many critical genes in cancer cells (1, 2). Unlike
other somatic genome alterations in cancer cells, however, DNA
methylation changes typically do not disrupt DNA sequence. For this
reason, somatic changes in DNA methylation in cancer cells are
thought to be potentially reversible “epigenetic” genome lesions,
rather than irreversible “genetic” genome alterations. The enzymes
responsible for maintaining CpG dinucleotide methylation patterns
throughout DNA replication and mitosis are DNA methyltransferases,
enzymes capable of transferring methyl groups from S-adenosyl-
methionine to cytosine bases located in self-complementary CpG
dinucleotides in DNA. DNA methyltransferases also appear to be
critical contributors to cancer development, because DNA meth-
yltransferase expression has been found to be required for c-fos
transformation in vitro (3), and ApcMin/� mice carrying disrupted
Dnmt1 alleles have been reported to develop fewer intestinal
polyps in vivo (4).

Nucleoside analogue inhibitors of DNA methyltransferases, such as
5-aza-C3 and 5-aza-dC, have been widely used in attempts to reverse
abnormal DNA methylation changes in cancer cells and restore “si-
lenced” gene expression (5, 6). Unfortunately, despite some apparent
successes using preclinical models and some promising results in
early clinical trials, the clinical utility of these compounds has not yet
been fully realized (6). One of the limitations of the nucleoside
analogue methyltransferase inhibitors in clinical trials has been treat-
ment-associated side effects, such as myelotoxicity with resultant
neutropenia and thrombocytopenia, which are characteristic of other
nucleoside analogues in general, including nucleoside analogues that
are not DNA methyltransferase inhibitors (6). Another concern about
the use of nucleoside analogues as DNA methyltransferase inhibitors
has been that incorporation of the nucleoside analogues into genomic
DNA might lead to mutations and/or cancer development (7–12). This
has prompted efforts at discovery and development of nonnucleoside
analogue DNA methyltransferase inhibitors, such as DNMT1 anti-
sense preparations and other agents, which might attenuate DNA
methyltransferase activity with less treatment-associated toxicity (13,
14). We report here that the drug procainamide, a nonnucleoside
inhibitor of DNA methyltransferases (15) approved by the United
States Food and Drug Administration for the treatment of cardiac
arrhythmias, reversed GSTP1 CpG island hypermethylation, the most
common somatic genome change in human prostate cancer (PCA;
Refs. 16–18), and restored GSTP1 expression in LNCaP human PCA
cells propagated in vitro or in vivo as xenograft tumors in athymic
nude mice.
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Materials and Methods

Propagation of LNCaP Human PCA Cells in Vitro and in Vivo and
Treatment of LNCaP Cells in Vitro and in Vivo with Procainamide and
with 5-aza-dC. LNCaP PCA cells (19), which contain hypermethylated
GSTP1 CpG island alleles and fail to express GSTP1 (18), were propagated in
vitro by incubation in RPMI 1640 (Mediatech) supplemented with 10% FCS
(Life Technologies, Inc.) and in vivo by inoculation of 106 cells in 0.1 ml of
saline solution admixed with 75% Matrigel into the s.c. region of the flanks of
athymic mice (20). Cultured LNCaP PCA cells were treated with procainamide
(Sigma Chemical Co.) at a concentration of 100 �M, treated with N-acetyl-
procainamide (Sigma Chemical Co.) at concentration of 100 �M, or treated
with 5-aza-dC (Sigma Chemical Co.) at a concentration of 10 �M, continu-
ously for 2 weeks. Fresh medium with fresh drugs were provided after 1 week.
Mice carrying visible LNCaP xenograft tumors, 2–4 weeks after LNCaP PCA
cell inoculation, were treated with weekly i.p. injections of procainamide, at
doses of 0.5 or 1 mg (in 0.1 ml of PBS), of 5-aza-dC, at doses of 17.5 or 35
�g (in 0.1 ml of PBS), or of PBS alone (0.1 ml) for 7 weeks. To assess the
effects of procainamide and 5-aza-dC on tumor size and on GSTP1 CpG island
hypermethylation and GSTP1 expression, the mice were sacrificed 2 weeks
after the last treatment injection. For each animal, body weight was deter-
mined, tumor size was ascertained by caliper measurement, and the tumor
tissues were excised and fixed in 10% formalin.

Detection of GSTP1 mRNA Using Quantitative RT-PCR. Total RNA
was isolated from LNCaP PCA cells using an Rneasy RNA isolation kit
(Qiagen). GSTP1 mRNA was detected by quantitative RT-PCR using an
iCycler iQ multi-color real time PCR system (Bio-Rad). Before PCR, cDNA
was synthesized from 1 �g of RNA using an Omniscript RT kit (Qiagen). PCR
reaction mixtures included cDNA from 125 ng of RNA, sense (5�-GGGCAGT-
GCCTTCACATAGT-3�) and antisense (5�-GGAGACCTCACCCTGTACCA-
3�) primers, and the Master Mix from a QuantiTect SYBR Green PCR kit
(Qiagen). PCR cycles involved incubation at 94°C for 30 s, at 60°C for 30 s,
and then at 72°C for 30 s. Cloned GSTP1 cDNA was used as a standard for
quantification. As a control, TBP mRNA, encoding TATA binding protein,
was also detected by quantitative RT-PCR, using specific sense (5�-CAC-
GAACCACGGCACTGATT-3�) and antisense (5�-TTTTCTTGCTGCCA-
GTCTGGAC-3�) primers and the same PCR reaction mixture (21). PCR cycles
for TBP cDNA detection involved incubation at 94°C for 30 s, at 55°C for 30 s,
and then at 72°C for 30 s. Cloned TBP cDNA was used as a standard for
quantification. Each of the PCR assays was run in triplicate; GSTP1 and TBP
mRNA copy numbers were estimated from the threshold amplification cycle
numbers using software supplied with the iCycler iQ Thermal Cycler.

Immunohistochemical Detection of GSTP1 Polypeptides in LNCaP
PCA Xenograft Tissue Sections. Formalin-fixed, paraffin-embedded LNCaP
PCA xenograft tumor tissues were cut into 5-�m sections and stained with
anti-GSTP1 antibodies (1:3000 dilution; Dako), using an immunoperoxidase
method (ChemMate Universal Detection System; Ventana Medical Systems)
with diaminobenzidine as a peroxidase substrate (18, 22). Immunostained
tissue sections were counterstained with hematoxylin.

MSP for the Detection of Hypermethylated and of Unmethylated
GSTP1 CpG Island Alleles. Genomic DNA was isolated from LNCaP PCA
cells using a QIAamp DNA isolation kit (Qiagen). Purified DNA (25 ng) was
treated with XhoI and XbaI, admixed with salmon sperm DNA (2.5 �g), and
then exposed to sodium bisulfite to permit MSP as described previously (23).
Bisulfite-treated DNA was then subjected to MSP using primers selective for
unmethylated (5�-GATGTTTGGGGTGTAGTGGTTGTT-3� and 5�-CCAC-
CCCAATACTAAATCACAACA-3�) and for methylated (5�-TTCGGGGTG-
TAGCGGTCGT-3� and 5�-GCCCCAATACTAAATCACGACG-3�) GSTP1
CpG island sequences (23). PCR reaction mixtures contained the Ampli-
TaqGold polymerase in GeneAmp reaction buffer (Applied Biosystems), 2.5
mM MgCl2, 250 �M deoxynucleotide triphosphates, and 1 �M primers. PCR
cycles involved incubation at 94°C for 15 s, at 62°C for 30 s, and then at 72°C
for 30 s; 45 PCR cycles were undertaken. PCR reaction products were
electrophoresed on agarose gels and visualized by ethidium bromide staining.

Bisulfite Genomic Sequencing for the Assessment of Somatic GSTP1
CpG Island DNA Methylation in LNCaP PCA Xenograft Tumors.
Genomic DNA was isolated from the LNCaP xenograft tumors using the
DNeasy DNA isolation kit (Qiagen). To map CpG dinucleotide changes
throughout the GSTP1 “CpG island,” bisulfite genomic sequencing, which

permits discrimination of 5-mC from C, was undertaken (24). Purified DNAs
(200 ng) were treated with EcoRI, admixed with salmon sperm DNA (2.5 �g),
and then exposed to sodium bisulfite. Bisulfite-treated DNA was then sub-
jected to two rounds of PCR to amplify GSTP1 CpG island alleles, using
primers that recognize “antisense” strand GSTP1 sequences after conversion of
C to T (first PCR reaction primers: GenBank positions �636 to �613,
5�-ACA/GCAACCTATAATTCCACCTACTC-3�, and �117 to �94, 5�-
GTT/CGGGAGTTGGGGTTTGATGTTG-3�; second PCR reaction primers:
GenBank positions �535 to �512, 5�-AACCTAAACCACAACA/GTAAAA-
CAT-3�, and �89 to �66, 5�-TTGGTTTTATGTTGGGAGTTTTGA-3�) and
using reaction conditions that have been described previously. To permit DNA
sequencing of individual GSTP1 CpG island alleles, the PCR products were
purified by electrophoresis on 1% agarose gels (Life Technologies, Inc.),
isolated from the agarose (using a QIAquick gel extraction kit; Qiagen),
recovered by ethanol precipitation, and then cloned by ligation into pCR
2.1pTOPO cloning vectors (using a TOPO kit; Invitrogen), followed by
introduction into TOP 10 One Shot competent bacteria. Plasmid DNAs isolated
from independent drug-resistant bacterial clones (a minimum of four clones for
each PCR reaction product) were subjected to DNA sequence analysis using a
cycle sequencing approach with M13 sequencing primers dye-labeled termi-
nators (ABI PRISM Dye Terminator Cycle Sequencing Ready Reaction kit;
Perkin-Elmer) and an ABI automated sequencer.

Effects of Procainamide and N-Acetyl-procainamide on GSTP1
Promoter Function, on Histone Acetylation, and on Gene Expression in
LNCaP PCA Cells. To ascertain whether procainamide and N-acetyl-procain-
amide exposure might trigger trans-activation of the GSTP1 promoter in
LNCaP PCA cells or other human cancer cells, LNCaP PCA cells, PC-3 PCA
cells (25), MCF-7 breast cancer (BCA) cells (26), and HCT116 colorectal
cancer (CRC) cells (27) were transfected with pCMV ��Gal (Promega), with

Fig. 1. Reactivation of GSTP1 expression in LNCaP PCA cells in vitro by treatment
with procainamide and with 5-aza-dC. Growing cultures of LNCaP PCA cells were treated
with procainamide (PA; 100 �M), N-acetyl-procainamide (N-Ac-PA; 100 �M), 5-
aza-deoxycytidine (5-aza-dC; 10 �M), or left untreated (Control) for 2 weeks. For each
treatment condition in A, RNA isolated from LNCaP PCA cells after 1 week (7-day
treatment; f) or after 2 weeks (14-day treatment; u) of exposure was subjected to analysis
for GSTP1 mRNA expression by quantitative RT-PCR (see “Materials and Methods”).
Data shown are GSTP1 mRNA copy number/TBP mRNA copy number; bars, � SE. In
addition, for each treatment condition in B, genomic DNA isolated from LNCaP PCA
cells after 2 weeks of treatment was subjected to analysis for GSTP1 CpG island
methylation using a MSP assay (see “Materials and Methods”). Displayed are PCR
products generated with primers specific for unmethylated GSTP1 CpG island alleles (U)
and for hypermethylated GSTP1 CpG island alleles (M).
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pGL3-Control (containing SV40 promoter sequences; Promega), or with pGL-
GSTP1 (prepared by cloning GSTP1 promoter sequences, GenBank positions
�408 to �36, into pGL3-Basic; Promega) in a manner described previously.
The transfected cells were then treated for 24 h with and without procainamide
and N-acetyl-procainamide in complete growth medium. To assess reporter
gene expression, the transfected cells were lysed and then assayed for �-
galactosidase activity (using the �-Galactosidase Enzyme Assay System with
Reporter Lysis Buffer; Promega) or for luciferase activity (using the Luciferase
Assay System with Reporter Lysis Buffer; Promega). To determine whether
procainamide or N-acetyl-procainamide causes changes in histone acetylation,
histone-containing protein extracts from LNCaP PCA cells that had been
treated with the agents, or treated with the histone deacetylase inhibitor
trichostatin A, were subjected to immunoblot analysis for histone acetylation,
using rabbit antibodies specific for total H4 histone, for acetylated H4 histone,
for acetyl-lysine 5 H4 histone, for acetyl-lysine 8 H4 histone, and for acetyl-
lysine 12 H4 histone (Serotec, Inc.). Total protein extracts, prepared by lysing
the cells in buffer containing 2% SDS, were separated on a 10% polyacryl-
amide gel with 2-(N-morpholino)ethanesulfonic acid running buffer and then
transferred to nitrocellulose membranes (NOVEX; Invitrogen). The mem-
branes were then probed with each of the rabbit anti-H4 histone antibodies,
using antibody concentrations recommended by the manufacturer (Serotec,
Inc.). Rabbit anti-H4 histone antibody binding was detected using horseradish
peroxidase-conjugated IgG (Amersham) and SuperSignal West Pico Chemi-
luminescent Substrate (Pierce).

Results and Discussion

LNCaP human PCA cells have been reported to contain only
hypermethylated GSTP1 CpG island alleles and to be devoid of
GSTP1 mRNA and GSTP1 polypeptides (18). Furthermore, treatment
of LNCaP PCA cells in vitro with 5-aza-C, a nucleoside analogue

inhibitor of DNA methyltransferases, reversed GSTP1 CpG island
hypermethylation and restored GSTP1 expression.4 The evidence that
the reactivation of GSTP1 expression in LNCaP PCA cells induced by
5-aza-C treatment occurred as result of a reduction in GSTP1 CpG
island methylation was that: (a) GSTP1 expression by LNCaP PCA
cells did not appear rapidly after the initiation of 5-aza-C treatment in
the absence of decreased GSTP1 promoter methylation; rather,
LNCaP PCA cells expressing GSTP1 appeared only after decreased
GSTP1 promoter methylation was evident after prolonged 5-aza-C
exposure (for many generations); (b) 5-aza-C-treated LNCaP PCA
cells that contained unmethylated GSTP1 promoter alleles expressed
GSTP1 mRNA and GSTP1 polypeptides, whether or not 5-aza-C was
present in the growth medium; and (c) SssI CpG-methylase treatment
of GSTP1 promoter sequences before ligation to unmethylated CAT
reporter sequences resulted in a marked reduction in CAT reporter
expression after transfection into LNCaP PCA cells.4 Thus, for the
preclinical evaluation of DNA methyltransferase inhibitors, reactiva-
tion of GSTP1 expression in LNCaP PCA cells may constitute a good
candidate biomarker of DNA methyltransferase inhibitor efficacy.

Both procainamide and N-acetyl-procainamide, a major procain-
amide metabolite, have been shown to inhibit DNA methyltransferase
activity in extracts from mammalian cells (15). In addition, although
the mechanism by which each of the agents effect enzyme inhibition
has not been established, both clearly act differently than 5-aza-C and
5-aza-dC, appearing to bind to GC-rich DNA rather than to be
incorporated into the DNA template (28, 29). To ascertain whether

4 X. Lin et al., unpublished results.

Fig. 2. Reactivation of GSTP1 expression in LNCaP PCA cells in vivo by treatment with procainamide and with 5-aza-dC. Immunodeficient mice carrying LNCaP PCA xenograft
tumors were treated with procainamide, at doses of 0.5 or 1 mg/week, with 5-aza-dC, at doses of 17.5 or 35 �g/week, or with PBS alone for 7 weeks. The tumors were excised 2 weeks
after the last treatment injection, assessed for GSTP1 expression (A–D) by immunohistochemical staining and for tumor size (E) by caliper measurement. Displayed are
photomicrographs of LNCaP PCA tumors subjected to immunohistochemical staining for GSTP1 after treatment with PBS (A), procainamide (B), and 5-aza-dC (C). In D, the percentage
of LNCaP PCA cells expressing GSTP1 after treatment with PBS, procainamide, and 5-aza-dC are plotted (median, black line; mean, red line; 75% confidence interval, u; 95%
confidence interval, bars (SE); outliers, F; plotted using SigmaPlot 5.0 software). A significant (P � 0.0001) increase in the fraction of LNCaP PCA cells expressing GSTP1 was
observed after treatment either with procainamide or with 5-aza-dC. In E, the mean size (bars, SE) of LNCaP PCA xenograft tumors after treatment with PBS, procainamide, and
5-aza-dC are shown. A significant reduction in tumor size was seen after treatment with procainamide (P � 0.006) but not after treatment with 5-aza-dC (P � 0.275).
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procainamide could reverse GSTP1 CpG island hypermethylation and
restore GSTP1 expression in LNCaP PCA cells, growing cultures of
LNCaP PCA cells were treated with procainamide at a concentration
of 100 �M, treated with N-acetyl-procainamide at a concentration of
100 �M, or treated with 5-aza-dC at a concentration of 10 �M,
continuously for 2 weeks. Quantitative RT-PCR revealed that expo-
sure to procainamide or to 5-aza-dC, but not to N-acetyl-procain-
amide, resulted in the appearance of GSTP1 mRNA in LNCaP PCA
cells (Fig. 1A). Of interest, although GSTP1 expression was evident
after 1 week of procainamide treatment, GSTP1 mRNA did not appear
until after 2 weeks of exposure to 5-aza-dC treatment. Restoration of
GSTP1 expression in LNCaP PCA cells treated with procainamide or
with 5-aza-dC was accompanied by the appearance of unmethylated
GSTP1 CpG island alleles in LNCaP PCA cell DNA, as detected
using a MSP technique (Fig. 1B; Ref. 23).

To discover whether procainamide treatment could reverse GSTP1
CpG island DNA methylation and promote GSTP1 expression in
LNCaP PCA cells in vivo, immunodeficient mice carrying LNCaP
PCA xenograft tumors were treated with procainamide at doses of 0.5
or 1 mg/week, with 5-aza-dC, at doses of 17.5 or 35 �g/week, or with
PBS alone for 7 weeks. Two weeks after the last treatment injection,
tumor-bearing mice were euthanized and necropsied. When the
LNCaP PCA xenograft tumors were excised and subjected to immu-
nohistochemical staining for GSTP1 polypeptides, a significant
(P � 0.0001) increase in the fraction of LNCaP PCA cells expressing
GSTP1 was observed after treatment either with procainamide or with
5-aza-dC (Fig. 2). In fact, procainamide appeared as effective as
5-aza-dC at restoring GSTP1 expression at the doses and dosing
schedule used (Fig. 2D). The restoration of GSTP1 expression in
LNCaP PCA cells by procainamide treatment appeared likely to be a
consequence of DNA methyltransferase inhibition, because GSTP1
reactivation was accompanied by a reduction in GSTP1 CpG island
hypermethylation detected by bisulfite genomic sequencing analysis
(Fig. 3). Of interest, even in the absence of treatment with procain-
amide or with 5-aza-dC, propagation of LNCaP PCA cells in vivo as
xenograft tumors in immunodeficient mice resulted in a slight reduc-
tion of GSTP1 CpG island hypermethylation (Fig. 3) and in the
reactivation of GSTP1 expression in a small number of cells (Fig. 2,
A and D). The mechanism for this phenomenon, not seen when
LNCaP PCA cells are propagated in vitro, was not determined. In a
previous study, LNCaP PCA cells and LNCaP cells genetically mod-
ified to express high GSTP1 levels by transfection of GSTP1 cDNA
exhibited similar growth properties in vitro and in vivo. Perhaps not
surprisingly then, neither procainamide nor 5-aza-dC had any dra-
matic effects on LNCaP PCA xenograft tumor growth properties in
vivo (Fig. 2E). Nonetheless, procainamide appeared slightly more
effective than 5-aza-dC at limiting LNCaP PCA xenograft tumor
growth, although procainamide was not more effective than 5-aza-dC
at reactivating GSTP1 expression (Fig. 2, D and E). Whether the mild
inhibition of LNCaP PCA xenograft tumor growth by procainamide
was a consequence of DNA methyltransferase inhibition, such as via
the reactivation of a “silenced” gene (or genes) other than GSTP1
involved in growth control, or was the result of some other action of
the drug, was not discerned.

CpG island hypermethylation and changes in chromatin structure
often appear to collaborate in the transcriptional “silencing” of critical
genes in cancer cells (30–39). As a consequence, reactivation of genes
exhibiting somatic CpG island hypermethylation in cancer cells has
been demonstrated not only with DNA methyltransferase inhibitors
but also with inhibitors of histone deacetylases and with combinations
of DNA methyltransferase inhibitors and histone deacetylase inhibi-
tors. DNA methyltransferases are not the only targets of procainamide
and N-acetyl-procainamide. To discover whether procainamide and/or

N-acetyl-procainamide might be capable of activating GSTP1 expres-
sion in LNCaP PCA cells by some mechanism other than DNA
methyltransferase inhibition, a series of analyses of the effects of the
agents on GSTP1 promoter regulation were undertaken. When LNCaP
PCA cells were transfected with an unmethylated GSTP1 promoter/
luciferase reporter plasmids and then treated with procainamide, with
N-acetyl-procainamide, with 5-aza-dC, or with the histone deacetylase
inhibitor trichostatin A, increased luciferase reporter expression was
seen in association with exposure to procainamide, to N-acetyl-
procainamide, and to trichostatin A (Fig. 4A). The induction of GSTP1
promoter activity by trichostatin A was far greater (�60 fold) than the
induction by procainamide (�2 fold) or by N-acetyl-procainamide
(�3 fold). The effect of N-acetyl-procainamide treatment on GSTP1
promoter function was not specific; N-acetyl-procainamide triggered
increases in the activities of CMV and SV40 promoters in LNCaP PCA
cells (Fig. 4B) and augmented CMV promoter activity in PC-3
PCA cells, in MCF-7 BCA cells, and in HCT116 colorectal cancer
(CRC) cells (Fig. 4C). To determine whether either procainamide or
N-acetyl-procainamide might affect histone acetylation or deacetyla-
tion, LNCaP PCA cells were treated with procainamide, with N-
acetyl-procainamide, or with the histone deacetylase inhibitor tricho-
statin A and then subjected to immunoblot analysis for acetylated
histones (Fig. 5). As expected, trichostatin A treatment increased
histone H4 acetylation, particularly at lysine 5 and at lysine 8 (Fig. 5).
In contrast, exposure to procainamide or to N-acetyl-procainamide

Fig. 3. Reduction in GSTP1 CpG island hypermethylation in LNCaP DNA by treat-
ment with procainamide and with 5-aza-dC. Genomic DNA from LNCaP PCA cells
propagated in vitro (A) and from LNCaP PCA cells propagated in vivo (B) as xenograft
tumors and treated with procainamide or 5-aza-dC was subjected to bisulfite genomic
sequencing analysis for GSTP1 CpG island hypermethylation. Four to nine PCR clones
from each specimen were sequenced; the GSTP1 CpG island DNA methylation pattern for
each clone is displayed: F, 5-mCpG; E, CpG.
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failed to have much of an effect on overall histone H4 acetylation or
on acetylation at lysine 5 or at lysine 8 (Fig. 5). Curiously, procain-
amide treatment, and not treatment with either trichostatin A nor with
N-acetyl-procainamide, appeared to slightly increase H4 acetylation at
lysine 12 (Fig. 5). Considering all of the data collected, the only
evidence that procainamide or N-acetyl-procainamide might activate
GSTP1 expression in LNCaP PCA cells in vivo by any mechanism
other than DNA methyltransferase inhibition was that the agents were
able to increase GSTP1 promoter activity slightly in LNCaP PCA
cells when provided at a high concentration in vitro (Fig. 4). However,
it is unlikely that either agent was able to increase GSTP1 promoter
activity in LNCaP PCA cells in vivo by the same mechanism. The
N-acetyl-procainamide augmentation of CMV promoter activity in
vitro occurred at N-acetyl-procainamide concentrations (�100 �M;
see Fig. 4D) higher than that usually achieved in vivo accompanying
procainamide treatment (4–8 �g/ml or 14.7 to 29.4 �M). Thus, the
reactivation of GSTP1 in LNCaP PCA xenograft tumors in vivo
accompanying procainamide treatment was most likely attributable to
drug inhibition of DNA methyltransferases and not to drug effects on
histone acetylation or other transcriptional regulatory process.

All of the data presented in this report suggest that procainamide
might serve as a nonnucleoside inhibitor of DNA methyltransferases
useful for reactivating critical genes “silenced” by somatic CpG island
hypermethylation in cancer cells. The data further suggest that trans-
lation of these preclinical observations to “proof-of-principal” clinical

trials with procainamide may be possible using GSTP1 expression and
GSTP1 CpG island methylation changes as end point biomarkers for
cancers, such as PCA, BCA, and hepatocellular carcinoma, that dis-
play frequent GSTP1 CpG island hypermethylation (16, 18, 23, 40).
Additional preclinical studies will be needed to ascertain whether
procainamide and 5-aza-dC might differ in the propensity to reactivate

Fig. 5. The effects of procainamide and of N-acetyl-procainamide on histone acetyla-
tion and deacetylation. LNCaP PCA cells were treated for 24 h with procainamide (1 mM),
with N-acetyl-procainamide (1 mM), or with the histone deacetylase inhibitor trichostatin
A (50 ng/ml) and then subjected to immunoblot analysis using antibodies specific for total
histone H4, for acetylated histone H4, for acetyl-lysine 5-histone H4, for acetyl-lysine
8-histone H4, and for acetyl-lysine 12-histone H4.

Fig. 4. The effects of procainamide and N-acetyl-procainamide on GSTP1 promoter regulation. A, LNCaP PCA cells were transfected with GSTP1 promoter/luciferase reporter
plasmids and then treated for 24 h with procainamide (1 mM), with N-acetyl-procainamide (1 mM), with trichostatin A (50 ng/ml), or with 5-aza-dC (1 �M). B, LNCaP PCA cells were
transfected with GSTP1 promoter/luciferase reporter, with CMV promoter/�-galactosidase reporter, or SV40 promoter/luciferase reporter plasmids and then treated for 24 h with
procainamide (1 mM) or with N-acetyl-procainamide (1 mM). C, PC-3 PCA cells, MCF-7 BCA cells, and HCT116 colorectal cancer (CRC) cells were transfected with CMV
promoter/�-galactosidase reporter plasmids and then treated for 24 h with procainamide (1 mM) or with N-acetyl-procainamide (1 mM). D, LNCaP PCA cells were transfected with
CMV promoter/�-galactosidase reporter plasmids and then treated for 24 h with various concentrations of procainamide or of N-acetyl-procainamide. A–D: bars, SE.
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specific genes carrying CpG island hypermethylation changes and to
determine whether procainamide, similar to 5-aza-C and 5-aza-dC,
might synergize with histone deacetylase inhibitors in the reactivation
of “silenced” genes that cannot be reactivated solely by treatment with
DNA methyltransferase inhibitors (30).

Somatic CpG island DNA methylation changes have been reported to
occur very early during the pathogenesis of many human cancers, sug-
gesting that DNA methyltransferase inhibitors might be considered for
use as cancer chemoprevention drugs as well as cancer treatment drugs,
if inhibitors with adequate safety profiles can be discovered (4, 41, 42).
In support of this concept, 5-aza-dC treatment reduced the appearance of
intestinal polyps, thought to represent premalignant lesions, in ApcMin/�

mice (4). The recognition in this report that both 5-aza-dC and procain-
amide may be capable of “silenced” gene reactivation in cancer cells,
despite exhibiting markedly different side effects, suggests that relatively
nontoxic DNA methyltransferase inhibitors can likely be developed for
use in cancer prevention as well as cancer treatment. The one side effect
possibly shared by 5-aza-dC and procainamide may be the induction of
autoimmunity (43). However, whether autoimmunity constitutes an un-
avoidable side effect of DNA methyltransferase inhibition is not known.
Finally, although procainamide has been a fairly widely used drug for
many years, no data have been published regarding the effects of the drug
on cancer development. Perhaps, an epidemiology study of cancer inci-
dence and mortality associated with procainamide treatment might dis-
close whether DNA methyltransferase inhibitor treatment reduces or
increases cancer risks.

Acknowledgments

William G. Nelson has a patent (United States Patent 5,552,277) entitled
“Genetic Diagnosis of Prostate Cancer.”

References

1. Baylin, S. B., Herman, J. G., Graff, J. R., Vertino, P. M., and Issa, J. P. Alterations
in DNA methylation: a fundamental aspect of neoplasia. Adv. Cancer Res., 72:
141–196, 1998.

2. Jones, P. A., and Laird, P. W. Cancer epigenetics comes of age. Nat. Genet., 21:
163–167, 1999.

3. Bakin, A. V., and Curran, T. Role of DNA 5-methylcytosine transferase in cell
transformation by fos. Science (Wash. DC), 283: 387–390, 1999.

4. Laird, P. W., Jackson-Grusby, L., Fazeli, A., Dickinson, S. L., Jung, W. E., Li, E.,
Weinberg, R. A., and Jaenisch, R. Suppression of intestinal neoplasia by DNA
hypomethylation. Cell, 81: 197–205, 1995.

5. Jones, P. A., and Taylor, S. M. Cellular differentiation, cytidine analogs and DNA
methylation. Cell, 20: 85–93, 1980.

6. Santini, V., Kantarjian, H. M., and Issa, J. P. Changes in DNA methylation in
neoplasia. Pathophysiology and therapeutic implications. Ann. Intern. Med., 134:
573–586, 2001.

7. Jackson-Grusby, L., Laird, P. W., Magge, S. N., Moeller, B. J., and Jaenisch, R.
Mutagenicity of 5-aza-2�-deoxycytidine is mediated by the mammalian DNA meth-
yltransferase. Proc. Natl. Acad. Sci. USA, 94: 4681–4685, 1997.

8. Walker, C., and Nettesheim, P. In vitro transformation of primary rat tracheal
epithelial cells by 5-azacytidine. Cancer Res., 46: 6433–6437, 1986.

9. Cavaliere, A., Bufalari, A., and Vitali, R. 5-Azacytidine carcinogenesis in BALB/c
mice. Cancer Lett., 37: 51–58, 1987.

10. Hsiao, W. L., Gattoni-Celli, S., and Weinstein, I. B. Effects of 5-azacytidine on the
progressive nature of cell transformation. Mol. Cell. Biol., 5: 1800–1803, 1985.

11. Denda, A., Rao, P. M., Rajalakshmi, S., and Sarma, D. S. 5-Azacytidine potentiates
initiation induced by carcinogens in rat liver. Carcinogenesis (Lond.), 6: 145–146, 1985.

12. Carr, B. I., Reilly, J. G., Smith, S. S., Winberg, C., and Riggs, A. The tumorigenicity
of 5-azacytidine in the male Fischer rat. Carcinogenesis (Lond.), 5: 1583–1590, 1984.

13. MacLeod, A. R., and Szyf, M. Expression of antisense to DNA methyltransferase
mRNA induces DNA demethylation and inhibits tumorigenesis. J. Biol. Chem., 270:
8037–8043, 1995.

14. Bigey, P., Knox, J. D., Croteau, S., Bhattacharya, S. K., Theberge, J., and Szyf, M.
Modified oligonucleotides as bona fide antagonists of proteins interacting with DNA.
Hairpin antagonists of the human DNA methyltransferase. J. Biol. Chem., 274:
4594–4606, 1999.

15. Scheinbart, L. S., Johnson, M. A., Gross, L. A., Edelstein, S. R., and Richardson,
B. C. Procainamide inhibits DNA methyltransferase in a human T cell line. J. Rheu-
matol., 18: 530–534, 1991.

16. Lee, W. H., Isaacs, W. B., Bova, G. S., and Nelson, W. G. CG island methylation
changes near the GSTP1 gene in prostatic carcinoma cells detected using the poly-

merase chain reaction: a new prostate cancer biomarker. Cancer Epidemiol. Biomark.
Prev., 6: 443–450, 1997.

17. Brooks, J. D., Weinstein, M., Lin, X., Sun, Y., Pin, S. S., Bova, G. S., Epstein, J. I.,
Isaacs, W. B., and Nelson, W. G. CG island methylation changes near the GSTP1
gene in prostatic intraepithelial neoplasia. Cancer Epidemiol. Biomark. Prev., 7:
531–536, 1998.

18. Lee, W. H., Morton, R. A., Epstein, J. I., Brooks, J. D., Campbell, P. A., Bova, G. S.,
Hsieh, W. S., Isaacs, W. B., and Nelson, W. G. Cytidine methylation of regulatory
sequences near the pi-class glutathione S-transferase gene accompanies human pros-
tatic carcinogenesis. Proc. Natl. Acad. Sci. USA, 91: 11733–11737, 1994.

19. Horoszewicz, J. S., Leong, S. S., Chu, T. M., Wajsman, Z. L., Friedman, M.,
Papsidero, L., Kim, U., Chai, L. S., Kakati, S., Arya, S. K., and Sandberg, A. A. The
LNCaP cell line—a new model for studies on human prostatic carcinoma. Prog. Clin.
Biol. Res., 37: 115–132, 1980.

20. Passaniti, A., Isaacs, J. T., Haney, J. A., Adler, S. W., Cujdik, T. J., Long, P. V., and
Kleinman, H. K. Stimulation of human prostatic carcinoma tumor growth in athymic
mice and control of migration in culture by extracellular matrix. Int. J. Cancer, 51:
318–324, 1992.

21. Latil, A., Vidaud, D., Valeri, A., Fournier, G., Vidaud, M., Lidereau, R., Cussenot, O.,
and Biache, I. htert expression correlates with MYC over-expression in human
prostate cancer. Int. J. Cancer, 89: 172–176, 2000.

22. De Marzo, A. M., Marchi, V. L., Epstein, J. I., and Nelson, W. G. Proliferative
inflammatory atrophy of the prostate: implications for prostatic carcinogenesis.
Am. J. Pathol., 155: 1985–1992, 1999.

23. Esteller, M., Corn, P. G., Urena, J. M., Gabrielson, E., Baylin, S. B., and Herman,
J. G. Inactivation of glutathione S-transferase P1 gene by promoter hypermethylation
in human neoplasia. Cancer Res., 58: 4515–4518, 1998.

24. Clark, S. J., Harrison, J., Paul, C. L., and Frommer, M. High sensitivity mapping of
methylated cytosines. Nucleic Acids Res., 22: 2990–2997, 1994.

25. Kaighn, M. E., Narayan, K. S., Ohnuki, Y., Lechner, J. F., and Jones, L. W.
Establishment and characterization of a human prostatic carcinoma cell line (PC-3).
Investig. Urol., 17: 16–23, 1979.

26. Brooks, S. C., Locke, E. R., and Soule, H. D. Estrogen receptor in a human cell line
(MCF-7) from breast carcinoma. J. Biol. Chem., 248: 6251–6253, 1973.

27. Brattain, M. G., Fine, W. D., Khaled, F. M., Thompson, J., and Brattain, D. E.
Heterogeneity of malignant cells from a human colonic carcinoma. Cancer Res., 41:
1751–1756, 1981.

28. Zacharias, W., and Koopman, W. J. Lupus-inducing drugs alter the structure of
supercoiled circular DNA domains. Arthritis Rheum., 33: 366–374, 1990.

29. Thomas, T. J., and Messner, R. P. Effects of lupus-inducing drugs on the B to Z
transition of synthetic DNA. Arthritis Rheum., 29: 638–645, 1986.

30. Cameron, E. E., Bachman, K. E., Myohanen, S., Herman, J. G., and Baylin, S. B.
Synergy of demethylation and histone deacetylase inhibition in the re-expression of
genes silenced in cancer. Nat. Genet., 21: 103–107, 1999.

31. Jones, P. L., Veenstra, G. J., Wade, P. A., Vermaak, D., Kass, S. U., Landsberger, N.,
Strouboulis, J., and Wolffe, A. P. Methylated DNA and MeCP2 recruit histone
deacetylase to repress transcription. Nat. Genet., 19: 187–191, 1998.

32. Nan, X., Ng, H. H., Johnson, C. A., Laherty, C. D., Turner, B. M., Eisenman, R. N.,
and Bird, A. Transcriptional repression by the methyl-CpG-binding protein MeCP2
involves a histone deacetylase complex. Nature (Lond.), 393: 386–389, 1998.

33. Selker, E. U. Trichostatin A causes selective loss of DNA methylation in Neurospora.
Proc. Natl. Acad. Sci. USA, 95: 9430–9435, 1998.

34. Ferguson, A. T., Lapidus, R. G., and Davidson, N. E. Demethylation of the proges-
terone receptor CpG island is not required for progesterone receptor gene expression.
Oncogene, 17: 577–583, 1998.

35. Pikaart, M. J., Recillas-Targa, F., and Felsenfeld, G. Loss of transcriptional activity
of a transgene is accompanied by DNA methylation and histone deacetylation and is
prevented by insulators. Genes Dev., 12: 2852–2862, 1998.

36. Mielnicki, L. M., Ying, A. M., Head, K. L., Asch, H. L., and Asch, B. B. Epigenetic
regulation of gelsolin expression in human breast cancer cells. Exp. Cell Res., 249:
161–176, 1999.

37. Zhang, Y., Ng, H. H., Erdjument-Bromage, H., Tempst, P., Bird, A., and Reinberg,
D. Analysis of the NuRD subunits reveals a histone deacetylase core complex and a
connection with DNA methylation. Genes Dev., 13: 1924–1935, 1999.

38. Lorincz, M. C., Schubeler, D., Goeke, S. C., Walters, M., Groudine, M., and Martin,
D. I. Dynamic analysis of proviral induction and de novo methylation: implications
for a histone deacetylase-independent, methylation density-dependent mechanism of
transcriptional repression. Mol. Cell. Biol., 20: 842–850, 2000.

39. Ng, H. H., Jeppesen, P., and Bird, A. Active repression of methylated genes by the
chromosomal protein MBD1. Mol. Cell. Biol., 20: 1394–1406, 2000.

40. Tchou, J. C., Lin, X., Freije, D., Isaacs, W. B., Brooks, J. D., Rashid, A., De Marzo,
A. M., Kanai, Y., Hirohashi, S., and Nelson, W. G. GSTP1 CpG island DNA
hypermethylation in hepatocellular carcinomas. Int. J. Oncol., 16: 663–676, 2000.

41. Fiala, E. S., Staretz, M. E., Pandya, G. A., El-Bayoumy, K., and Hamilton, S. R.
Inhibition of DNA cytosine methyltransferase by chemopreventive selenium com-
pounds, determined by an improved assay for DNA cytosine methyltransferase and
DNA cytosine methylation. Carcinogenesis (Lond.), 19: 597–604, 1998.

42. Lantry, L. E., Zhang, Z., Crist, K. A., Wang, Y., Kelloff, G. J., Lubet, R. A., and You,
M. 5-Aza-2�-deoxycytidine is chemopreventive in a 4-(methyl-nitrosamino)-1-(3-
pyridyl)-1-butanone-induced primary mouse lung tumor model. Carcinogenesis
(Lond.), 20: 343–346, 1999.

43. Quddus, J., Johnson, K. J., Gavalchin, J., Amento, E. P., Chrisp, C. E., Yung, R. L.,
and Richardson, B. C. Treating activated CD4� T cells with either of two distinct
DNA methyltransferase inhibitors, 5-azacytidine or procainamide, is sufficient to
cause a lupus-like disease in syngeneic mice. J. Clin. Investig., 92: 38–53, 1993.

8616

REVERSAL OF GSTP1 CPG ISLAND HYPERMETHYLATION

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2491278/ch2401008611.pdf by guest on 19 M

ay 2023


