
Direct effect of cocaine on epigenetic regulation of PKCε gene
repression in the fetal rat heart

Kurt Meyer1, Haitao Zhang1, and Lubo Zhang1
1Center for Perinatal Biology, Department of Physiology and Pharmacology, Loma Linda University
School of Medicine, Loma Linda, CA 92350

Abstract
Maternal cocaine administration during gestation caused a down-regulation of PKCε expression in
the heart of adult offspring resulting in an increased sensitivity to ischemia and reperfusion injury.
The present study investigated the direct effect of cocaine in epigenetic modification of PKCε gene
repression in the fetal heart. Hearts were isolated from gestational day 17 fetal rats and treated with
cocaine in an ex vivo organ culture system. Cocaine treatment for 48 h resulted in significant decreases
in PKCε protein and mRNA abundance and increases in CpG methylation at two SP1 binding sites
in the PKCε promoter region (−346 and −268). Electrophoretic mobility shift assays demonstrated
that CpG methylation of both SP1 sites inhibited SP1 binding. Consistently, chromatin
immunoprecipitation assays showed that cocaine treatment significantly decreased binding of SP1
to the SP1 sites in the intact fetal heart. Reporter gene assays revealed that site-directed mutations
of CpG methylation at both SP1 sites significantly reduced the PKCε promoter activity while
methylation of a single site at either −346 or −268 did not have a significant effect. The causal effect
of increased methylation in the cocaine-induced down-regulation of PKCε was demonstrated with
the use of DNA methylation inhibitors. The presence of either 5-aza-2’-deoxycytodine or
procainamide blocked the cocaine-induced increase in SP1 sites methylation and decrease in
PKCε mRNA. The results demonstrate a direct effect of cocaine in epigenetic modification of DNA
methylation and programming of cardiac PKCε gene repression linking prenatal cocaine exposure
and pathophysiological consequences in the heart of adult offspring.
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Introduction
Acute ischemic injury and myocardial infarction resulting from coronary artery disease is a
major cause of death among people in the western world. In addition to traditional
cardiovascular risk factors, an adverse intrauterine environment can predispose a person to
adult cardiovascular disease [1,2]. While this effect has been mainly studied in malnutrition
and intrauterine growth restriction models, recent studies have demonstrated that other adverse
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factors during fetal development can increase the risk of ischemic heart disease in the adulthood
[3–6]. Fetal cocaine exposure has detrimental effects on the developing heart at both the
structural and molecular levels [7]. Children born to mothers with a history of cocaine abuse
show a high incidence of congenital cardiovascular malformations, including abnormalities of
ventricular structure and function, arrhythmias, and intracardiac conduction abnormalities,
which persist beyond the period of exposure to cocaine [8–15].

Recent animal studies have demonstrated that maternal cocaine administration causes
myocardiocyte apoptosis in neonate rats [16] and increases the myocardial sensitivity to
ischemic and reperfusion injury in adult males [4]. Additionally, cocaine administration during
pregnancy abolished ischemic preconditioning-induced cardioprotection due to down-
regulation of protein kinase C ε (PKCε) in adult offspring [17]. It has been well demonstrated
that PKCε plays a pivotal role of cardioprotection during cardiac ischemia and reperfusion
injury [18–21]. Recently, we have found that maternal cocaine administration causes a decrease
in PKCε expression in the heart of offspring, which appears to be mediated by increased
methylation of the PKCε promoter [22]. This finding suggests an in utero epigenetic
modification and programming of PKCε gene repression in the heart. However, it remains
unclear if these outcomes are a result of cocaine acting directly on the fetal heart or are the
result of secondary effects induced by maternal cocaine treatment. While maternal cocaine
administration may cause fetal hypoxia and other forms of fetal stress, cocaine can cross the
placenta from the maternal circulation to rapidly enter the fetal circulation and has been found
to accumulate in the organs at a concentration several times higher than that in the blood [15,
23–26]. Herein we present evidence that cocaine acts directly on the fetal heart to increase
DNA methylation in the PKCε promoter resulting in programming of PKCε gene repression
in the heart.

Materials and Methods
Animals

Time-dated pregnant Sprague–Dawley rats were purchased from Charles River Laboratories
(Portage, MI). Isolated fetal hearts were studied. All procedures and protocols used in the
present study were approved by the Institutional Animal Care and Use Committee of Loma
Linda University, and followed the guidelines by the National Institutes of Health Guide for
the Care and Use of Laboratory Animals.

Cardiomyocyte culture
Myocardial cells were isolated from gestational day 20 fetal rat hearts, as previously described
[27]. Cells were plated at a density of 25,000 cells/ml in 6-well tissue culture plate in DMEM
supplemented with 10% fetal bovine serum (FBS) (Hyclone, Logan, UT) and 1% antibiotics
(10,000 U/ml penicillin and 10,000 µg/ml streptomycin), and were cultured at 37 °C in 95%
air/5% CO2. BrdU (0.1 mM) was added in the medium to prevent fibroblast proliferation. Cells
were observed to spontaneously contract 24 h after collection. As reported previously, >95%
of the cells manifested spontaneous contractions and were α-cardiac sarcomeric actin positive.
Studies were conducted in ~80% confluent cells. Additionally, an embryonic rat heart cell line
H9c2 [28] obtained from ATCC (Rockville, MD) were studied in the 4th to 6th passage.

Intact heart culture
Hearts were isolated from gestational day 17 fetal rats and were cultured in M199 media
(Hyclone) supplemented with 10% FBS and 1% penicillin/streptomycin at 37 °C in 95% air/
5% CO2. As reported previously, the intact fetal rat hearts can live and beat in M199 media
for at least 6 days [29]. Hearts were given 24 hours to recover before the treatment and observed
to spontaneously beat 24 hours after collection.
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Drug treatment
Cocaine hydrochloride (Sigma, St. Louis, MO) was dissolved in H2O to create a concentrated
stock solution (1 mM) which was added to culture media to the desired concentration. Unless
otherwise noted all experiments used a cocaine concentration of 10 µM for 48 h. DNA
methylation inhibitors procainamide and 5-aza-2’-deoxycytodine (Sigma) were added to the
media at a concentration of 300 µM and 1 µM, respectively. Media was changed at 24 h
intervals during the treatment.

Western blotting
Cells or hearts were homogenized in a lysis buffer containing 150 mM NaCl, 50 mM Tris.HCl,
10 mM EDTA, 0.1% Tween-20, 0.1% β-mercaptoethanol, 0.1 mM phenylmethylsulfonyl
fluoride, 5 µg/ml leupeptin, and 5 µg/ml aprotinin, pH 7.4. Homogenates were centrifuged at
4 °C for 10 min at 10,000g, and supernatants collected. Protein concentration was measured
in the supernatant using a protein assay kit (Bio-Rad, Hercules, CA). Samples with equal
amounts of protein were loaded onto 10% polyacrylamide gel with 0.1% sodium dodecyl
sulfate and separated by electrophoresis at 100 V for 2 h. Proteins were then be transferred
onto nitrocellulose membranes. Nonspecific binding sites were blocked by 1 h incubation at 4
°C in a Tris-buffered saline solution containing 5% dry-milk. The membranes were incubated
with primary antibodies against PKCε (Santa Cruze Biotechnology; Santa Cruz, CA). α-
Sacromeric actin antibody (Sigma) was used to normalize the loading. After washing,
membranes were incubated with secondary horseradish peroxidase-conjugated antibodies.
Proteins were visualized with enhanced chemiluminescence reagents, and blots were exposed
to Hyperfilm. The results were quantified with the Kodak electrophoresis documentation and
analysis system and Kodak ID image analysis software.

Real-time RT-PCR
RNA was isolated using TRIzol reagent following the manufacturer’s instructions (Invitrogen,
Carlsbad, USA). PKCε mRNA abundance was determined using real-time RT-PCR in the
Icycler Thermal cycler (Bio-Rad, Hercules, CA), as previously described [17]. PKCε primers
sequence was 5’-gcgaagcccctaagacaat-3’ (forward) and 5’-caccccagatgaaatccctac-3’ (reverse).
Real-time RT-PCR was performed in a final volume of 25 µl. Each PCR reaction mixture
consisted of 600 nM of primers, 33 units of M-MLV reverse transcriptase (Bio-Rad, Hercules,
CA), and iQ SYBR Green Supermix (Bio-Rad, Hercules, CA) containing 0.625 unit Taq
polymerase, 400 µM each of dATP, dCTP, dGTP, and dTTP, 100 mM KCl, 16.6 mM
ammonium sulfate, 40 mM Tris-HCl, 6 mM MgSO4, SYBR Green I, 20 nM fluoresein and
stabilizers. Our RT-PCR protocol is: 42 °C for 30 min, 95 °C for 5 min, followed by 40 cycles
of 95 °C for 15 s, 52 °C for 30 s. GAPDH was used as an internal reference. Serial dilutions
of the positive control were done on each plate to create a standard curve. PCR was done in
triplicate and threshold cycle numbers were averaged.

Quantitative methylation-specific PCR
DNA was isolated from hearts using a GenElute Mammalian Genomic DNA Mini-Prep kit
(Sigma), denatured with 2 N NaOH at 42 °C for 15 min, and treated with sodium bisulfite at
55 °C for 16 h, as previously described [22]. DNA was purified with a Wizard DNA clean up
system (Promega) and resuspended in 120 µl of H2O. Bisulfite-treated DNA was used as a
template for real-time fluorogenic methylation-specific PCR (MSP) using primers created to
amplify promoter binding sites containing possible methylation sites based on our previous
sequencing of rat PKCε promoter [22]. GAPDH was used as an internal reference gene. Real-
time MSP was performed using the iQ SYBR Green Supermix with iCycler real-time PCR
system (Bio-Rad).
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Electrophoretic mobility shift assay (EMSA)
Nuclear extracts were prepared from hearts using NXTRACT CelLytic NuCLEAR Extraction
Kit (Sigma) following the manufacturer’s directions. The oligonucleotide probes with CpG
and mCpG at the two SP1 binding sites (−346 and −268) in rat PKCε promoter region were
labeled and EMSA was performed by Biotin 3’ end labeling kit and LightShift
Chemiluminescent EMSA Kit (Pierce Biotechnology, Rockford, IL), as previously described
[22]. Dot blot and series of controls were performed to ensure sufficient labeling and successful
shift. Binding reactions were performed in 20 µl containing 50 fmol oligo probes, 1× binding
buffer, 1 µg of poly(dI-dC), and 3 µg of nuclear extracts. Cold competition was added to
samples using increasing concentrations of unlabeled oligos. For super-shift assays, 2 µg of
SP1 antibody (Active Motif, Carlsbad CA) were added and further incubated for 10 min at 25
°C. Protein-DNA complexes were resolved with 5% non-denaturing polyacrylamide mini-gels
(29:1 cross-linking ratio). Nylon membranes were used for transferring DNA-protein complex
followed by UV crosslinking to the membrane. After applying chemiluminescent substrate,
the membranes were exposed to Kodak X-Ray film for autoradiography.

Chromatin Immunopercipitation (ChIP)
ChIP was performed using the ChIP-IT kit (Active Motif), as previously described [17].
Briefly, hearts were minced and fixed with 1% formaldehyde. Cross-linking was stopped by
the addition of glycine to a final concentration of 125 mM. Chromatin extracts were prepared
and sonicated to produce DNA fragments between 100 and 500 bp in length. Antibody-pulled
chromatin extracts were used as templates for PCR and DNA from an aliquot of nonprecipitated
lysates was used as template for total input. Two sets of primers flanking the two SP1 binding
sites at −346 and −268 were used: 5’-accatttcctctcgacatgc-3’ (forward) and 5’-
agatttcaacccggatcctc-3’ (reverse); 5’-agaggatccgggttgaaatc-3’ (forward) and 5’-
ctcacctacctttccgaaaca-3’ (reverse), which yielded products of 117 bp and 116 bp in length,
respectively. PCR amplification products were visualized on 1% agarose gel stained with
ethidium bromide. To quantify PCR amplification, 45 cycles of real-time PCR were carried
out with 3 min initial denaturation followed by 95 °C for 30 s, 54 °C for 30 s, and 72 °C for
30 s, using the iQ SYBR Green Supermix with iCycler real-time PCR system (Bio-Rad).

Site-directed mutagenesis and reporter gene assay
A 1941-bp fragment of rat PKC promoter region spanning −1941 to −1 bp relative to the
transcriptional starting site of the PKCε was amplified by PCR and inserted into the pDrive
Cloning Vector, as previously described [22]. The KpnI/HindIII fragment flanking the PKCε
promoter region was then inserted into the luciferase reporter gene plasmid, pGL3 (Promega)
to yield the full-length promoter-reporter plasmid denoted as pPKCε1941. To generate a SacI
cutting site at the 3’ downstream of the SP1 at −268, a single nucleotide cytosine was introduced
to the sequence GAGTC becoming GAGCTC using QuikChange II Site-Directed Mutagenesis
Kit (Stratagene, La Jolla, CA). In order to perform site-directed mutation of cytosine
methylation at CpG dinucleotides in core regions of the two SP1 binding sequences at −346
and −268, three customized 152-bp NsiI/SacI oligonucleotide fragments with methylation at
each sites and both sites, respectively, were synthesized, and were then ligated back to the
pPKCε1941 plasmid. Amount of ligation product was determined by real-time PCR analysis
and equal amount of plasmid was used in a transfection assay. Cell transfection was performed
using H9c2, as described previously [22]. Cells were seeded in six-well plates (2 × 106 cells/
plate) and transiently co-transfected with 1 µg of promoter/reporter vector along with 0.05 µg
of internal control pRL-SV40 vector using Tfx-20 transfection reagents for eukaryotic cells
(Promega) following manufacturer’s instructions. After 48 h, firefly and Renilla reniformis
luciferase activities in cell extracts were measured in a luminometer using a dual-luciferase
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reporter assay system (Promega). The truncated promoter activities were then calculated by
normalizing the firefly luciferase activities to R. reniformis luciferase activity.

Statistical analysis
Data are shown as mean ± SEM. Statistical significance was taken to be p < 0.05. A Student
t-test was used when comparing two groups. When comparing more than two groups at a time,
data were analyzed by ANOVA, followed by Neuman-Keuls post hoc testing.

Results
Direct cocaine exposure decreases myocardial PKCε protein and mRNA expression

Direct cocaine (10 µM) exposure produced a time-dependent decrease in PKCε protein
abundance in H9c2 cells with the effect seen at 48 h and 72 h treatments (Fig. 1A). The
decreased protein abundance was accompanied by a significant decrease in PKCε mRNA levels
at the 48 h treatment. Consistent with the finding in H9c2 cells, cocaine treatment for 48 h
significantly decreased PKCε protein abundance in primary fetal rat myocardiocytes (Fig. 1A).
The same findings were obtained in the intact fetal rat hearts as shown in Fig. 1B, in which
cocaine treatment for 48 h produced a concentration-dependent decrease in PKCε protein and
mRNA abundance with a greater effect at 10 µM as compared with 3 µM. Subsequent studies
were performed with 10 µM cocaine treatment for 48 h in the fetal heart.

Direct cocaine exposure increases methylation of SP1 binding sites in the PKCε promoter
Our previous study identified eight putative transcription factor binding sites that contain CpG
dinucleotides in their core binding sequences in rat PKCε promoter: Stra13 at −1723, PPARG
at −1688, E2F at −1621, Egr1 at −1008, MTF1 at −603, SP1 at −346, SP1 at −268, and MTF1
at −168 [22]. Direct cocaine exposure had no significant effects on CpG dinucleotide
methylation at binding sequences of Stra13, PPARG, E2F, Egr1, and MTF1 at −603 in fetal
hearts, but significantly increased CpG methylation at the two putative SP1 binding sites and
the MTF1 site at −168 (Fig. 2).

Methylation of the SP1 binding sites inhibits SP1 binding
Given the finding that a deletion of the MTF1 binding site at −168 had no significant effect on
the PKCε promoter activity [22], our further investigation focused on the two SP1 binding
sites. To evaluate the binding of fetal heart nuclear proteins to the two putative SP1 elements
at −346 and −268, EMSA was performed. Incubation of nuclear extracts from fetal rat hearts
with double-stranded oligonucleotide probes encompassing the putative SP1 binding elements
at −346 and −268, respectively, resulted in the appearance of one major DNA-protein complex,
which was supershifted by a SP1 antibody (Fig. 3A). To determine if methylation of the SP1
binding sites inhibits SP1 binding from fetal heart nuclear extracts, EMSA was performed with
methylated and unmethylated oligonucleotide probes containing the SP1 sites at −346 and
−268. As shown in Fig. 3B, nuclear extracts from fetal rat hearts bound and shifted the double-
stranded unmethylated SP1 oligonucleotides at both sites, but failed to cause a shift of the
methylated SP1 oligonucleotides. Additionally, ChIP assays were performed to determine
whether cocaine-mediated increases in methylation of the SP1 binding sites inhibits SP1
binding to the PKCε promoter in vivo in the context of intact chromatin. Fig. 4 shows that direct
cocaine exposure caused significant decreases in the SP1 binding to both SP1 binding sites at
−346 and −268, respectively, in the fetal hearts.

Effect of cocaine on SP1 abundance and activity
Western blot analyses showed a small but significant decrease in SP1 protein abundance in
cocaine-treated fetal hearts (Fig. 5A). The binding affinity of SP1 to the unmethylated SP1
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binding sites was determined in competition studies performed in pooled nuclear extracts from
fetal hearts with increasing ratios of unlabeled/labeled oligonucleotides encompassing the SP1
sites at −346 and −268, respectively. As shown in Fig. 5B and 5C, cocaine treatment had no
significant effect on the binding of nuclear extracts to the site at −346, but decreased their
binding affinity at the site −268.

Methylation of SP1 sites reduces the PKCε promoter activity
Given that cocaine increased CpG methylation of SP1 binding sites resulting in an inhibition
of SP1 binding, the involvement of SP1 site methylation in the regulation of PKCε promoter
activity was determined. To create the site-directed mutations of CmG at the two SP1 binding
sites in the PKCε promoter, a single nucleotide was inserted at the 3’ downstream of the SP1
site −268 to generate a SacI cutting site (pPKCε1941SacI). As shown in Fig. 6, the insertion
of a single nucleotide (pPKCε1941SacI) had no significant effect on the activity, as compared
with the control full-length promoter activity (pPKCε1941), which was over 50-fold greater
than that in vector alone in the high glucose medium. The mutation of CmG at either SP1 site
−268 (pPKCεMeth268) or −346 (pPKCεMeth346) alone had no significant effect on the
promoter activity. However, the mutation of CmG at the both SP1 binding sites
(pPKCεDualMeth) significantly reduced the promoter activity.

Methylation inhibitors reverse the cocaine’s effect
We further determined the cause-and-effect relation of cocaine-mediated increases in
methylation of the SP1 elements and PKCε gene repression in the fetal hearts. As shown in
Fig. 7 and Fig. 8, the treatment of intact fetal rat hearts with the DNA methylation inhibitor
procainamide had no significant effect on PKCε mRNA levels or the methylation of the two
SP1 binding sites in the PKCε promoter. Unlike procainamide, the DNA methylation inhibitor
5-aza-2’-deoxycytodine decreased the methylation of the SP1 binding site at −346 and
increased PKCε mRNA levels. In the presence of either methylation inhibitor, cocaine had no
significant effects on CpG methylation of the SP1 binding elements or the expression of
PKCε mRNA levels when compared to the inhibitor alone (Fig. 7 and Fig. 8).

Discussion
The findings of the present study show that cocaine directly impacts the fetal heart to increase
DNA methylation at specific transcription factor binding sites in the PKCε promoter region
thereby causing a decrease in the expression of PKCε protein and mRNA. We also demonstrate
that these effects are reversed by the addition of methylation inhibitors concurrently with
cocaine.

The present study builds on our previous work that has shown an epigenetic down-regulation
of PKCε in the fetus and adult male in response to maternal cocaine treatment [22] by
investigating the direct effects of cocaine on the fetal heart. The concentration of cocaine (10
µM) used in the present study is consistent with those often used in H9c2 studies [30–32] and
is within the range of plasma and fetal tissue levels among human cocaine abusers [15,23–
26]. The findings of the decreased PKCε protein and mRNA expression in response to cocaine
exposure in the intact fetal heart are consistent with the impact of maternal cocaine
administration on the heart in the fetus in vivo [22], demonstrating that the effect of cocaine
on PKCε gene repression in the fetus is primarily due to a direct action of cocaine on the heart.
This finding is both a first step to understanding the mechanism of action of maternal cocaine
exposure on the fetal heart and gives us a model to further investigate both the effect of cocaine
on the heart and the mechanism responsible for these effects.
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The majority of the data in the present study was generated using an intact fetal heart model.
This model was used in conjunction with data gathered from an embryonic myocyte cell line
and isolated primary fetal myocytes. The cell line we used, H9c2, is an embryonic rat myocyte
cell [28] that has been widely used in many myocardiocyte studies. However, the use of a cell
line has some clear drawbacks. The H9c2 cells do not spontaneously contract as do normal
myocardiocytes and have been modified to divide indefinitely. Furthermore, the response of
an isolated cell type to a stimulus such as cocaine can be different than the response of the
intact organ. Previous work has found that the intact heart can survive and beat for 6 days in
M199 media and up to three weeks with in ideal conditions [29]. These hearts in organ culture
did not suffer from a loss of contractile function or any dedifferentiation [29]. In the present
study, the intact fetal hearts maintained spontaneous contraction and beating throughout the
study period. Using these models, we have demonstrated that cocaine produces comparable
responses in down-regulation of PKCε in H9c2 cells, freshly isolated fetal myocardiocytes,
and intact fetal hearts, suggesting that the primary action of cocaine is on the myocardiocytes.

The decrease in PKCε protein was accompanied by a similar decrease in PKCε mRNA
suggesting that the decrease is due primarily to transcriptional repression. The finding of
increased CpG methylation at both SP1 binding sites in the PKCε promoter in the fetal heart
was consistent with the previous finding in the heart of adult offspring after prenatal cocaine
exposure [22]. This provides clear evidence that cocaine has a direct effect in epigenetic
modification of SP1 binding sites resulting in fetal programming of PKCε gene repression in
the heart. While methylation is generally associated with decreased gene expression, current
literature is conflicted regarding the impact of methylation of SP1 sites on SP1 binding with
some studies suggesting the methylation can decrease binding [33,34] while others suggest
that methylation does not affect SP1 binding [35]. Consistent with the previous study in the
adult heart [22], the present study demonstrated that the SP1 probes with methylated-CpG
dinucleotides at the core of the consensus SP1 elements in the PKCε promoter abolished the
binding of SP1 in the fetal heart, indicating that CpG methylation in non-CpG islands and
sequence-specific SP1 binding sites can directly inhibit the DNA binding of SP1 and result in
down-regulation of PKCε gene expression in the heart. This is further demonstrated in vivo in
the context of intact chromatin by ChIP assays showing that cocaine-mediated increase in
methylation of SP1 sites inhibits the recruitment of SP1 to the PKCε promoter in both sites at
−346 and −268 in the fetal heart.

In the previous study, we have shown that in male offspring maternal cocaine administration
causes an increased methylation and decreased SP1 binding to the PKCε promoter at both
binding sites of −346 and −268, which is associated with the decreased PKCε mRNA and
protein abundance in the left ventricle [22]. In contrast, in females, the increased methylation
and decreased SP1 binding at the site of −268 alone were not associated with significant
decreases in PKCε mRNA and protein levels in the left ventricle of cocaine-treated animals
[22]. This finding raises a question that changes in CpG methylation and SP1 binding at the
SP1 binding site at −268 may not play a key role in epigenetic modification of PKCε expression
in the heart. Alternatively, an increase in CpG methylation and decrease in SP1 binding of SP1
binding sites at either −268 or −346 alone may not be sufficient for PKCε gene repression in
the heart, and methylation of the both sites may be required. To address these questions, we
have developed site-directed methylation of PKCε promoter-luciferase constructs selectively
at SP1 binding sites at −268 and −346, and have shown indeed that the mutation of CmG at
either SP1 site −268 or −346 alone has no significant effect on the promoter activity, but the
mutation of CmG at the both SP1 binding sites significantly reduces the promoter activity.

The cause and effect relation in cocaine-mediated increase in methylation of SP1 binding sites
and PKCε gene repression in the fetal heart was further demonstrated with two widely used
DNA methylation inhibitors, procainamide and 5-aza-2’-deoxycytodine in the present study.
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5-Aza-2’-deoxycytodine binds nonreversibly to DNA methyltransferase 1 causing its depletion
and preventing DNA methylation and can cause DNA hypomethylation [36] while
procainamide is a class IA antiarrythmic drug that inhibits DNA methylation through an
unknown mechanism [37,38]. The doses of both inhibitors used in the present study are
consistent with previous studies using procainamide or 5-aza-2’-deoxycytodine to inhibit DNA
methylation [39–42]. Both inhibitors blocked cocaine-induced increases in CpG methylation
of SP1 binding sites at −346 and −268, and reversed the effect of cocaine in down-regulation
of PKCε mRNA, indicating that increased DNA methylation at the SP1 binding sites is required
for the effect of cocaine on PKCε repression in the fetal heart. While procainamide treatment
alone did not significantly affect methylation of the SP1 binding sites or the level of PKCε
mRNA, 5-aza-2’-deoxycytodine treatment decreased methylation of SP1 and increased
PKCε mRNA levels. The finding that 5-aza-2’-deoxycytodine, but not procainamide,
decreased basal methylation is consistent with previous studies showing that procainamide is
a less effective DNA methylation inhibitor [34,38]. Additionally, in some cases procainamide
cannot reactivate genes that have been silenced by methylation while 5-aza-2’-deoxycytocine
can [39].

We previously cloned the PKCε promoter and found that it has many areas rich in CpG
suggesting that DNA methylation is an important regulatory mechanism of the gene’s
expression [22]. The present finding that 5-aza-2’-deoxycytodine increases expression of
PKCε mRNA while decreasing methylation of the −346 SP1 binding site supports this
hypothesis. In the fetal heart, the basal level of methylation of the −346 SP1 binding site is
approximately 15% and that of the −268 SP1 site is approximately 5%. 5-aza-2’-deoxycytodine
treatment reduced the methylation of the −346 site by approximately 50% while the reduction
in methylation of the −268 site did not reach statistical significance. While cocaine treatment
only increased methylation of the SP1 binding sites in the fetal heart, other transcription factor
binding sites in the PKCε promoter contain CpGs and some of these sites are heavily methylated
up to 75%. Thus, 5-aza-2’-deoxycytodine may also reduce methylation at other binding sites
besides the −346 SP1 site, which contribute to its effect on basal PKCε expression. The
correlation between the decreased methylation and increased the level of PKCε mRNA when
5-aza-2’-deoxycytodine is added suggests that methylation of the promoter region is at least
one of the mechanisms that controls basal PKCε expression in the fetal heart.

In addition to the increased methylation of SP1 binding sites, we have observed a small but
significant decrease in SP1 protein abundance in the cocaine-treated fetal hearts. Although the
decreased SP1 protein may contribute to the cocaine-mediated decrease in PKCε expression
in the fetal heart, this effect is not sustained in the offspring that showed no significant
difference in SP1 protein abundance in the heart between control and cocaine-treated animals
[22]. Unlike the changes in protein abundance, the cocaine-mediated decrease in SP1 binding
affinity to the SP1 site at −268 in the fetal heart persists into the heart of adult offspring,
although its significance in PKCε gene repression is not clear given the finding that the
deceased SP1 binding at −268 was not associated with a decrease in PKCε expression in the
heart [22].

The present study provides insight into the direct effect of cocaine in an epigenetic modification
of gene expression pattern in the fetal heart. Our collective observations indicate that an
increase in CpG methylation at the core of the consensus SP1 elements in the PKCε promoter
caused by cocaine is necessary and sufficient for a decrease in SP1 binding to the PKCε
promoter and repression of PKCε gene expression in the fetal heart. This demonstrates that
cocaine acts as a potent programming agent and is capable of inducing epigenetic changes in
the rat heart. While this study focused exclusively on PKCε regulation in response to fetal
cocaine exposure, further study is needed to determine if cocaine causes epigenetic
modifications in other parts of the genome that affect the expression of additional genes that
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play a role in the risk for cardiovascular disease. As cocaine has a direct effect on cardiac
myocytes causing an increase in oxidative stress [31,32] and oxidative stress modulates
epigenetic regulation of gene expression through changes in DNA methylation [43], further
study is needed in the role of oxidative stress in the cocaine-mediated DNA methylation in the
fetal heart
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Figure 1. Effect of cocaine on PKCε protein and mRNA
PKCε protein and mRNA abundance was determined by Western blot and real time RT-PCR,
respectively. A) PKCε protein and mRNA were measured in H9c2 cells and freshly isolated
rat myocardiocytes (FRMC) after treatments with 10 µM of cocaine for 24–72 h. B) PKCε
protein and mRNA were measured in intact fetal hearts treated with 3 or 10 µM of cocaine for
48 h. Data are means ± SEM. * P < 0.05 vs. control, n = 5.

Meyer et al. Page 12

J Mol Cell Cardiol. Author manuscript; available in PMC 2010 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Effect of cocaine on DNA methylation of the PKCε promoter
Intact fetal hearts were treated with 10 µM cocaine for 48 h, after which DNA was isolated
and methylation levels determined by methylation specific real time PCR. Data are means ±
SEM. * P < 0.05 vs. control, n = 5.
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Figure 3. Effect of methylation on SP1 binding
A) Nuclear extracts from fetal rat hearts were incubated with double-stranded oligonucleotide
probes containing the PKCε gene consensus SP1 binding motif at −346 and −268, in the
absence (Lane 3) or presence (Lane 1) of a SP1 antibody. Lane 2 is oligo alone without nuclear
extracts. B) The nuclear extracts were incubated with double-stranded oligonucleotide probes
containing either unmethylated (UM) or methylated (M) CpG dinucleotides at the consensus
SP1 binding motif at −346 and −268.
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Figure 4. Effect of cocaine on SP1 binding in the intact fetal heart
Intact fetal hearts were treated with 10 µM cocaine for 48 h, and SP1 binding to the PKCε
promoter at −346 and −268 was determined by ChIP assays. Data are means ± SEM. * P <
0.05 vs. control, n = 5.
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Figure 5. Effect of cocaine on SP1 abundance and activity
Intact fetal hearts were treated with 10 µM cocaine for 48 h. A) SP1 protein abundance in
nuclear extracts prepared from the fetal hearts was determined by Western blot using a SP1
antibody. Data are mean ± SEM. * P < 0.05 vs. control, n = 5. B, C) Pooled nuclear extracts
from the fetal hearts were incubated with labeled double-stranded oligonucleotide probes
containing the PKCε promoter consensus SP1 binding motif at −346 and −268, respectively,
in the presence of 1, 2, 4, 8, and 16 folds of the unlabeled oligonucleotides.
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Figure 6. Effect of site-directed mutation of CmG at SP1 sites on the PKCε promoter activity
Full-length wild type (pPKCε1941), a single nucleotide insertion (pPKCε1941SacI),
methyaltion at SP1 −346 (pPKCεMeth346), methylation at SP1 −268 (pPKCεMeth268), and
dual methylation at −346 and −268 (pPKCεDualMeth), PKCε promoter-reporter gene
constructs were transiently co-transfected with pRL-SV40 driven R. reniformis luciferase in a
rat embryonic heart-derived myogenic cell line H9c2. After 48 h, firefly and R. reniformis
luciferase activities in cell extracts were measured using a dual-luciferase reporter assay
system. The truncated promoter activities were then calculated by normalizing the firefly
luciferase activities to R. reniformis luciferase activity. Data are mean ± SEM. * P < 0.05 vs.
pPKCε1941, n = 6.
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Figure 7. Effect of DNA methylation inhibitors on PKCε mRNA
Intact fetal hearts were treated with 10 µM cocaine for 48 h in the absence or presence of either
300 µM procainamide or 1 µM 5-aza-2’-deoxycytodine (5-Aza-2’-dC). PKCε mRNA levels
were measured with real time RT-PCR. Data are mean ± SEM. * P < 0.05 vs. control; † P <
0.05 vs. cocaine alone; n = 5.
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Figure 8. Effect of DNA methylation inhibitors on methylation of SP1 binding sites in the PKCε
promoter
Intact fetal hearts were treated with 10 µM cocaine for 48 h in the absence or presence of either
300 µM procainamide or 1 µM 5-aza-2’-deoxycytodine (5-Aza-2’-dC). CpG methylation of
SP1 binding motifs at −346 and −268 was determined by methylation specific real time PCR.
Data are mean ± SEM. * P < 0.05 vs. control; † P < 0.05 vs. cocaine alone; n = 5.
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