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Abstract
The genetic, epigenetic and environmental factors may influence the risk for neuropsychiatric
disease through their effects on gene transcription. Mechanistically, these effects may be
integrated through regulation of methylation of CpG dinucleotides overlapping with single-
nucleotide polymorphisms (SNPs) associated with a disorder. We addressed this hypothesis by
analyzing methylation of prodynorphin (PDYN) CpG-SNPs associated with alcohol dependence,
in human alcoholics. Postmortem specimens of the dorsolateral prefrontal cortex (dl-PFC)
involved in cognitive control of addictive behavior were obtained from 14 alcohol-dependent and
14 control subjects. Methylation was measured by pyrosequencing after bisulfite treatment of
DNA. DNA binding proteins were analyzed by electromobility shift assay. Three PDYN CpG-
SNPs associated with alcoholism were found to be differently methylated in the human brain. In
the dl-PFC of alcoholics, methylation levels of the C, non-risk variant of 3′-untranslated region
(3′-UTR) SNP (rs2235749; C > T) were increased, and positively correlated with dynorphins. A
DNA-binding factor that differentially targeted the T, risk allele and methylated and unmethylated
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C allele of this SNP was identified in the brain. The findings suggest a causal link between
alcoholism-associated PDYN 3′-UTR CpG-SNP methylation, activation of PDYN transcription
and vulnerability of individuals with the C, non-risk allele(s) to develop alcohol dependence.
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polymorphisms

INTRODUCTION
The endogenous opioid system (EOS) including dynorphin opioid peptides and κ-opioid
receptor plays a critical role in alcohol dependence (Kreek et al. 2005; Shippenberg, Zapata
& Chefer 2007; Koob & Volkow 2010; Wee & Koob 2010) Pharmacological and genetic
manipulations with the opioid receptors alter alcohol consumption in animals (Kreek et al.
2005; Shippenberg et al. 2007; Koob & Volkow 2010; Wee & Koob 2010). In clinics, the
opioid antagonist naltrexone reduces alcohol drinking and relapse rates in subgroups of
alcoholics (O’Malley et al. 2002; Anton 2008). Molecular changes in the EOS induced by
alcohol may underlie neuroplastic adaptations critical for transition to addiction (Kreek et al.
2005; Shippenberg et al. 2007; Koob & Volkow 2010; Wee & Koob 2010). The EOS
regulates neurotransmission in reward circuits and areas involved in cognitive control of
addictive behavior (Bencherif et al. 2004; Love, Stohler & Zubieta 2009; Koob & Volkow
2010). Analysis of the EOS in human alcohol-dependent subjects demonstrated upregulation
of prodynorphin (PDYN) expression in the dorsolateral prefrontal cortex (dl-PFC),
suggesting that EOS maladaptations may contribute to impairment in cognitive control over
alcohol-drinking behavior (Bazov et al. unpublished).

Several single-nucleotide polymorphisms (SNPs) in PDYN promoter and exon 4 including
3′-untranslated region (3′-UTR), have been shown to be associated with alcohol
dependence (Xuei et al. 2006). Analysis of PDYN demonstrated that three of five PDYN
SNPs associated with alcohol dependence with high significance, overlap with CpG
dinucleotides (Table 1). These methylation-associated SNPs (mSNPs) are also associated
with cocaine and opioid dependence, alcohol/cocaine codependence, and memory in the
elderly (Clarke et al. 2009; Kolsch et al. 2009; Yuferov et al. 2009). CpG-SNPs is an
important type of polymorphisms that apparently integrates genetic variations, individual
variability in epigenome and influences of the environment (Mill & Petronis 2007;
Sigurdsson et al. 2009; Xie et al. 2009; Hellman & Chess 2010). Alterations in methylation
of PDYN mSNPs under influences of environmental factors acting through epigenetic
mechanisms may affect PDYN transcription and vulnerability to develop alcohol
dependence.

The aims of this study were to evaluate whether PDYN mSNPs are methylated in the human
brain, whether their methylation levels are altered in alcohol-dependent subjects, and
whether there is DNA-binding protein(s) that may selectively target methylated and
unmethylated mSNPs, and non-CpG SNP alleles.

METHODS AND MATERIALS
DNA purification, bisulphate treatment, primer design, pyrosequencing, genotyping, RNA
quality control and dynorphin RIA are described in supporting information and Tables S1–
S3.
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HUMANSAMPLES/CASE SELECTION
Tissues were collected at the New South Wales Tissue Resource Centre (TRC), University
of Sydney, Australia (Sheedy et al. 2008). Analysis included 14 chronic alcoholics and 14
controls (Table 2). All subjects were male of European descent. Alcohol-dependent subjects
met criteria for Diagnostic and Statistical Manual for Mental Disorders, Fourth Edition and
National Health and Medical Research Council/World Health Organization criteria, and
consumed greater than 80 g of ethanol per day for the majority of their adult lives. Controls
had either abstained from alcohol completely or were social drinkers who consumed less
than 20 g of ethanol per day on average. Control cases were matched to alcoholic cases by
sex, age, race and postmortem interval. Cases with a history of polydrug abuse (with
evidence that the individual abused other drugs such as cocaine or heroin) or with medical
complications such as liver cirrhosis and the Wernicke–Korsakoff syndrome, or alcoholic
cases with concomitant diseases were excluded. Cases with a prolonged agonal life support
or cases with a history of cerebral infarction, head injury or neurodegenerative disease (e.g.
Alzheimer’s disease) were also excluded. The main body of the population was smokers
including 83% of alcoholics and 75% of control subjects. Samples were taken by qualified
pathologists under full ethical clearance from the Sydney South West Area Health Service
Human Ethics Committee (X03-0074). Informed written consent was obtained from the next
of kin.

DNA-binding proteins were analyzed in extracts prepared from postmortem human brain
tissues collected from the Department of Forensic Medicine, Karolinska Institute,
Stockholm, Sweden, with the consent of relatives. The study was approved by the local
ethical committee of the Karolinska Institute. Demographic data are shown in Table S4.

Preparation of nuclear extract
Nuclear extracts from human dl-PFC from three subjects (see Table S4 in Supporting
information for demographic data of human subjects whose postmortem tissues were used)
and Sprague-Dawley GD-20 rat fetal brain (RFB) were prepared using a protocol (Bakalkin,
Yakovleva & Terenius 1994) adapted from Dignam et al. (Dignam et al. 1983). Briefly,
tissues were homogenized in Dignam’s buffer A, supplemented with protease inhibitors. The
homogenate was centrifuged for 5 minutes at 4500× g, the pellet was extracted in buffer C
supplemented with 0.2% Nonidet P-40 and protease inhibitors and was centrifuged twice at
20 000× g for 10 minutes. The resulting supernatant was designated as the ‘nuclear’ extract
and kept at −80°C until studied. DC assay (Bio-Rad, Hercules, CA) was used for measuring
protein concentrations.

Electromobility shift assay (EMSA)
The EMSA was performed essentially as described previously (Bakalkin, Yakovleva &
Terenius 1993). Nuclear extracts (dl-PFC: 25 μg; RFB: 5 μg) were added to the binding
mixture [(20 mM HEPES, pH 7.5; 50 mm NaCl, 1 mm Na-EDTA, 37.5% glycerol, and 1.5
mm dithiothreitol (DTT), with 20 μg bovine serum albumin (BSA; Rosh Diagnostics,
Mannheim, Germany), 0.3 μg poly(dI–dC)–poly(dI–dC)] and 90 000 cpm 32P–labeled
oligonucleotide in 20 μl reaction medium, incubated for 20 minutes at room temperature,
and resolved on a 5% native polyacrylamide gel in 0.5 × TGE (25 mM Tris-HCl, 0.19 M
glycine, 1 mM EDTA, pH 8.5) buffer. After the electrophoresis, gels were fixed in 15%
methanol containing 5% acetic acid for 15 minutes, dried and analyzed by autoradiography
or by Phosphoimager BAS 1500 (Fuji Film, Kanagawa, Japan) using Fuji Film Image Gauge
software for quantification. Polyclonal rabbit anti-c-Myc, USF2 and NeuroD antibodies, or
rabbit IgG (5 μg) all obtained from Santa Cruz Biotechnology (Santa Cruz, CA), were
incubated with extracts for 40 minutes at 4°C and then for 20 minutes at 22°C before

Taqi et al. Page 3

Addict Biol. Author manuscript; available in PMC 2012 July 09.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



EMSA. In pilot experiment, one of three nuclear extracts characterized by high DNA-
binding activity compared with extracts prepared from two other subjects was selected for
further EMSA studies. Three experiments were performed with these human and RFB
extracts.

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) molecular mass
determination

Analysis of molecular mass of DNA-binding protein in RFB extract was performed as
described elsewhere (Ossipow, Laemmli & Schibler 1993). Briefly, RFB nuclear extract
(125 μg) was denatured in SDS loading buffer for 5 minutes at 95°C, and was subjected to
SDS-PAGE on 10% SDS-polyacrylamide Tricine gel at 240 V. The gel strips with resolved
proteins were sliced uniformly into molecular mass intervals. Gel slices were crushed into
1.5 volumes of renaturation buffer (3% Triton X-100, 20 mm Hepes, 100 mm NaCl, 5 mg/
ml BSA, 3 mm ZnCl2, 3 mm MgCl2, 2 mM DTT, 0.1 mm phenylmethyl-sulfonyl fluoride,
0.1 mm benzamidine-HCl) and incubated overnight at 4°C. The polyacrylamide was pelleted
by centrifugation, and the supernatant was then assayed for DNA binding activity by EMSA.
Molecular mass standards (Amersham International, Amersham, UK) were used to
determine the molecular mass intervals of the excised gel slices.

STATISTICAL ANALYSIS
Data normality was analyzed using Kolmogorov–Smirnov test. Normally distributed
datasets were analyzed using one or two-way analysis of variance (ANOVA) followed by
post hoc test. Covariate influence of demographic parameters was assessed with analysis of
covariance using general regression model. In the absence of data on the linearity between
DNA methylation and PDYN expression, Spearman’s rank correlations were analyzed to
determine the association between these variables. Significance was set at P < 0.05, and
trend at 0.05 < P < 0.1. Statistica 9.0 package (StatSoft Scandinavia, Sweden) was used for
statistical analysis unless otherwise mentioned.

RESULTS
Analysis of the demographic characteristics (Table 2) showed no significant differences in
age (t28 = 0.35, P = 0.72), postmortem interval (PMI) (t28 = −1.33, P = 0.19), storage time
(t28 = −0.44, P = 0.66), agonal factor score (U-test, P = 0.2), and proportions of smokers and
nonsmokers (Fisher’s test, P = 0.5) between controls and alcohol-dependent subjects. The
brain pH (t28 = −0.71, P = 0.48) and RNA quality indicator (t26 = 1.02, P = 0.3) values did
not significantly differ between the two groups.

Three of five PDYN SNPs that are associated with alcoholism with high significance (Xuei
et al. 2006), form a CpG dinucleotide (Table 1). The Pearson’s χ2 test did not reveal a
significant association of these SNP variants with alcohol dependence (Table S3) in the
analyzed sample that consisted of 14 control and 14 alcoholic subjects, and was much
smaller than a sample size required for reliable analysis of genetic associations.

The PDYN promoter mSNP (rs1997794; T > C; the risk G allele forms CpG) was
methylated in the dl-PFC of controls and alcoholics at low levels (15–23%; Table 3). Higher
levels of methylation (66–79%) were detected for the exon 4 mSNP (rs6045819; T > C; the
risk C allele forms CpG). A limited number of subjects with this mSNP (3 controls and 2
alcoholics; Table 3) precluded further comparison of the two groups.

The C variant of the 3′-UTR mSNP (rs2235749; C > T) is the non-risk, major allele (Xuei et
al. 2006; Yuferov et al. 2009). Data on methylation of this SNP were analyzed by two-way
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ANOVA with group (controls and alcoholics) and region [dl-PFC and motor-cortex (MC)]
as independent between-group factors. A signifi-cant group effect [F(1.40) = 4.7, P < 0.05],
a significant region effect [F(1.40) = 7.2, P = 0.01] and a significant group × region
interaction [F(1.40) = 10.56, P < 0.01] were revealed (Fig. 1a; Table 3). A post hoc
Student’s t-test showed significant differences in the methylation status in the dl-PFC for
pooled CC and CT genotypes (P = 0.001) between controls and alcoholics, and for each
genotype separately (CC genotype: P < 0.05; CT genotype: P < 0.02). Analysis of
covariance failed to reveal significant influence of age, PMI, brain pH, smoking history or
storage time on the methylation differences. No differences were evident in the MC (P =
0.44; Table S5).

Our previous analysis demonstrated that PDYN mRNA and dynorphins A and B are
upregulated (1.7-, 2.3- and 2.5-fold, respectively) in the dl-PFC but not in the MC in
alcoholics compared with controls (Bazov et al. unpublished). Differences between
alcoholic and control groups both consisting of individuals whose DNA methylation was
assessed (pooled CC + CT genotypes) are still significant for PDYN mRNA (P < 0.04) and
dynorphin A (P < 0.001) (Table S6). Because of low number of subjects with the TT
genotype (n = 5), statistical analysis failed to reveal influence of the 3′-UTR mSNP
genotype on PDYN expression. Using data for the CC and CT sub-populations of controls
and alcoholics, we analyzed correlations between the PDYN 3′-UTR mSNP methylation
and PDYN mRNA, and mature PDYN derived opioid peptides dynorphin A and dynorphin
B (Table S7). In the dl-PFC, methylation of the 3′-UTR mSNP was significantly correlated
with dynorphins A (P < 0.02; r = 0.49) and B (P < 0.03; r = 0.44), but not with PDYN
mRNA (CC and CT genotypes were pooled). The CT genotype showed significant or trend
correlations between (1) methylation and PDYN mRNA (P < 0.06; r = 0.64); (2)
methylation and dynorphin A (P < 0.04; r = 0.68); and (3) methylation and dynorphin B (P <
0.08; r = 0.61).

To assess whether there is molecular mechanism of selective recognition of unmethylated
and methylated C allele, and the risk, T allele of the 3′-UTR mSNP, we used EMSA.
Nuclear extracts prepared from human dl-PFC (Fig. 1b–d) and RFB (Fig. 2), enriched in
transcription factors, were analyzed. Incubation of the PDYN T allele (T-UTR
oligonucleotide; Table 4) used as a labeled probe, with the human dl-PFC nuclear extract
produced three main retarded complexes. In competition experiments, the upper complex
showed high affinity for the T-UTR oligonucleotide (Fig. 1c, lanes 10–13); two lower
complexes were not sequence specific, and were apparently formed by the Ku protein, a ds-
DNA-end-binding factor that is abundant in the human brain (Bakalkin et al. 1998). The C
allele (C-UTR)—oligonucleotide (Table 4) demonstrated lower affinity (12-fold) compared
with that of the T-UTR oligonucleotide as evident from the displacement curves (Fig. 1c,d).
Methylation of the C allele resulted in threefold increase in binding affinity. However,
methylated C allele still had lower fourfolds affinity than that of the T allele.

Similar results were produced with the RFB nuclear extract (Fig. 2). However, two
sequence-specific complexes instead of one were formed with the T-UTR labeled probe
(Fig. 2c). The ratio of the upper to lower complexes was dependent on extract concentration.
At low concentrations, the lower complex was dominant, whereas at the high concentrations,
the upper complex was predominantly formed (not shown) suggesting its oligomeric nature.
Experiments with the labeled T-, 5mC- and C-UTR probes, and the displacement experiment
with the same unlabeled oligonucleotides demonstrated that the rank order of affinity (Fig.
2a–d) for binding to these DNA variants, was similar for (1) both RFB complexes, and (2)
two RFB complexes and the specific complex in the human dl-PFC. The DNA-binding
factor with high affinity for the T allele was named as the T allele binding factor (Ta-BF).
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The T allele forms the T-box (CATATG), a variant of E-box (CANNTG, where N is any
nucleotide) that both are DNA targets for several transcription factors (Seo et al. 2007; Kee
2009) (Table 4). In the displacement experiments, oligonucleotides with canonical wild type
(CAGGTG), or mutant (ACACTG) E-box sequences, or with the E-box variant known as G-
box (CACGTG; PD-Pr) did not compete with the labeled T-UTR probe for binding to Ta-
BF (Fig. 2e; lanes 1–5). Furthermore, antibodies against c-Myc and USF2, two dominant E-
box–binding proteins in human dl-PFC, and against NeuroD that targets T-box, did not
affect Ta-BF–DNA binding (Fig. 1b lanes 3–5 and Fig. 2e, lanes 6–9). These antibodies
depleted or supershifted the respective transcription factors in control experiments. Thus,
Ta-BF may be a new binding protein, which does not belong to the family of E-box
transcription factors.

Molecular weight of Ta-BF from RFB nuclear extract was determined by combination of
SDS-PAGE and EMSA (Fig. 2f). The RFB nuclear proteins were resolved by SDS-PAGE,
the gel strips with resolved proteins were sliced into pieces, proteins were extracted,
renatured and analyzed by EMSA with the labeled T-UTR probe. EMSA identified Ta-BF
as a protein with a molecular weight of approximately 63 kDa (Fig. 2f). The mobility of the
complexes formed by the unfractionated RFB nuclear extract proteins, or renatured proteins
extracted from the gel slice no. 12, with the labeled T-UTR oligonucleotide were virtually
identical in EMSA (Fig. 2f, the right panel).

DISCUSSION
The first principal finding of this study is the increase in methylation levels of C, non-risk
variant of the PDYN 3′-UTR mSNP (rs2235749 SNP: C > T) in the dl-PFC in alcohol-
dependent subjects. This area of the brain is involved in cognitive control of alcohol-
drinking behavior, and shows upregulation of PDYN expression in alcoholics (Table S6)
(Bazov et al. unpublished). The elevated methylation of the 3′-UTR mSNP may be a
consequence of chronic alcohol consumption or an inherent property of alcoholics.

The second finding is the positive correlation of the PDYN 3′-UTR mSNP methylation with
dynorphins that suggests a functional link between the methylation and gene expression.
Immunohistochemical analysis with anti-PDYN antibodies demonstrated that approximately
15% of cells in the dl-PFC express PDYN (unpublished observations). Therefore, the 6%
increase in methylation levels in alcoholics when all DNA molecules are taken as 100%,
may correspond to de novo methylation of both alleles in 40%, or one allele in 80% of
PDYN expressing cells.

The third is the finding of Ta-BF that has differential binding affinity for the T, and
methylated and unmethylated C alleles of the 3′-UTR mSNP, and that may be involved in
regulation of PDYN transcription through binding to the T allele or methylated 3′-UTR
mSNP C allele. A positive correlation between PDYN expression and 3′-UTR mSNP
methylation may be explained if binding of Ta-BF to the methylated C allele results in
transcriptional activation. It would be essential to identify this 63 kDa protein and establish
its role in PDYN regulation relevant for alcoholism.

Animal data suggest that adaptations in dynorphins and κ-opioid receptor play a role in
alcohol dependence (Shippenberg et al. 2007; Walker, Zorrilla & Koob 2010; Wee & Koob
2010). Ethanol, similarly to addictive drugs, has been reported to increase the activity of the
dynorphin/κ-opioid receptor system. Upregulated dynorphins may contribute to increased
ethanol self-administration during withdrawal following chronic alcohol exposure. Thus, the
blockade of the κ-opioid receptors decreased ethanol self-administration in ethanol-
dependent animals, with no effect in non-dependent animals (Walker et al. 2010). This may
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occur if dynorphins are elevated in the dependent animals and oppose alterations in
dopamine neurotransmission in the NAc in response to ethanol administration (Shippenberg
et al. 2007). The PDYN/κ-opioid receptor system has not been studied yet in the striatum of
human alcoholics. However, analysis of a functional haplotype implicated in vulnerability to
develop cocaine dependence and cocaine–alcohol co-dependence, has been reported to be
related to lower PDYN transcription in human striatum (Yuferov et al. 2009). The apparent
contradiction between animal and human data may be resolved if PDYN expression depends
on the phase of the addiction cycle; the upregulation during the development of dependence
may be followed by the decrease in activity of this system at the phase of maintenance. In
this scenario, human individuals with non-risk PDYN genotype may have the elevated
striatal dynorphins (Yuferov et al. 2009) that may play a protective function by preventing
both the development and maintenance of substance dependence.

In contrast to the striatum, PDYN and dynorphins have been found to be upregulated in the
dl-PFC in alcohol-dependent subjects (Table S6) (Bazov et al. unpublished). In this area of
the brain, dynorphins may be involved in the regulation of cognitive functions, while their
upregulation may contribute to impairment in cognitive control over alcohol-drinking
behavior. Our preliminary animal study supports this hypothesis by showing that several
ethanol binges may upregulate dynorphins in the frontal cortex and impair behavior of rats
in cognitive tasks, while κ-opioid antagonists normalize the behavior (unpublished data).
Evidence for impairment of cognitive processes by upregulated dynorphins has been
presented in several animal and human studies (Jiang et al. 1989; Sandin et al. 1998; Nguyen
et al. 2005; Yakovleva et al. 2007; Bakalkin et al. 2010). Thus, spatial learning and memory
were impaired by synthetic dynorphin (Sandin et al. 1998). PDYN expression was increased
in aged mice and rats that perform worse than young animals in learning and memory tests
(Jiang et al. 1989), while the aged PDYN-deficient mice showed a better acquisition and
retention of spatial performance compared with wild-type animals (Nguyen et al. 2005). In
postmortem human study, elevated dynorphin levels that correlated with neuropathological
score were found in the PFC of patients with Alzheimer’s disease (Yakovleva et al. 2007).
Three human mutations in dynorphin A that result in excessive generation of this peptide
causing a neurodegenerative disorder spinocerebellar ataxia type 23 associated with
cognitive problems, have been recently reported and provide evidence for the concept of a
pathogenic role of elevated dynorphins in human brain (Bakalkin et al. 2010).

Because PDYN 3′-UTR mSNP methylation positively correlates with dynorphins, we may
speculate that methylation of this CpG may contribute to the elevation of PDYN
transcription, and consequently to the impairment in cognitive function including control
over alcohol-drinking behavior. This may occur in subjects with the C, non-risk variant, who
along with the subjects having the T, risk allele, develop alcohol dependence. In other
words, the adaptive increase in methylation of the C, non-risk allele of 3′-UTR mSNP may
make this allele to be similar to the T, risk allele in its influences on vulnerability to develop
alcohol dependence. A low number of subjects with the T, risk allele (n = 5) hampered
statistical analysis of influence of the 3′-UTR mSNP genotype on PDYN gene expression in
frames of the present study that is a limitation of the work. The findings should be verified
in a larger independent sample. Special attention should be drawn to comparative analysis of
influences of PDYN 3′-UTR mSNP variant on PDYN expression in the dl-PFC and
striatum; it is still unclear whether the T or C allele has activatory influences on PDYN
transcription in the dl-PFC. However, such analysis may be complicated because of
methylation of the C allele that may impede the comparison between genotypes.

Altogether, these findings suggest that the genetic, epigenetic and environmental factors
associated with a risk for alcohol dependence may mechanistically converge on the PDYN
3′-UTR CpG–SNP and that the resulting methylation signals may be translated into disease
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predisposition via alterations in PDYN transcription by such factors as Ta-BF. The HabMap
database identified 2 252 113 C/T and G/A SNPs in the autosomal chromosomes. Of those,
34% are located within a CpG dinucleotide (Sigurdsson et al. 2009). Some of these mSNPs
may be associated with a disease, and alterations of their methylation under environmental
influences may be a general phenomenon affecting gene expression and contributing to
disease vulnerability (Mill & Petronis 2007; Sigurdsson et al. 2009; Xie et al. 2009; Hellman
& Chess 2010).
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Figure 1.
Methylation of the exon 4, 3′-UTR mSNP (rs2235749) of the prodynorphin gene in the
dorsolateral prefrontal cortex (dl-PFC) and MC of alcohol-dependent and control subjects.
Identification of a DNA-binding factor with differential binding affinity for the risk, T allele,
and the methylated and unmethylated non-risk, C allele in human dl-PFC. (a) Scatter plot of
individual methylation levels of controls (Cntr) and alcoholics (Alc); mean values for each
group are shown as horizontal lines. The number of subjects in the group is shown in
parentheses. A statistical outlier with dl-PFC methylation value greater than two standard
deviations from the mean value was excluded. (b) Electromobility shift assay of DNA-
binding factors in nuclear extracts from human dl-PFC with the 32P-labeledT-UTR probe
(seeTable 4) in the presence (lanes 2–13; concentrations of 3.1, 6.2, 12.5 and 25 ng/20 μl)
and the absence of the C-, 5mC- and T-UTR oligonucleotides as unlabeled competitors. T
allele binding factor (Ta-BF), the T allele DNA-binding factor. Unspecific complexes are
shown by a triangle; they apparently formed by protein Ku, a ds-DNA-end binding factor
abundant in human brain. (c) Displacement curves for T-, 5mC-, and C-UTR
oligonucleotides and IC50 values from curve fitting shown for Ta-BF. 100% was defined as
binding in the absence of unlabeled competitors. (d) Experiments with antibodies against c-
Myc or USF2 showed no supershift or depletion of Ta-BF. IgG, rabbit immunoglobulin used
as negative control. Only the upper complex was specific; its formation was blocked by
addition of unlabeled T-UTR oligonucleotide. Data in b–d are shown for one representative
experiment out of three experiments performed with nuclear extract prepared from tissues
obtained from subject # 2 (Table S4). Extracts prepared from two other subjects showed the
same pattern but weaker DNA-binding activities. dl-PFC = dorsolateral prefrontal cortex;
MC = motor cortex
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Figure 2.
Electromobility shift assay (EMSA) of rat T allele binding factor (Ta-BF). (a) C- (b) 5mC- or
(c–f) T-UTR oligonucleotides used as labeled probes were incubated with nuclear extract
from rat fetal brain (RFB). (a–d) Competition experiments with unlabeled C-, 5mC-, and T-
UTR oligonucleotides in concentrations 6.2, 12.5 and 25 ng/20 μl. Formation of the two
complexes shown by filled triangles was more prominent in (c), and the ratio of the upper to
lower complexes was dependent on RFB nuclear protein concentrations. (d) Displacement
curves forT-, 5mC- and C-UTR oligonucleotides. IC50 values are shown for the upper Ta-BF
complex. The lower complex demonstrated a similar rank order of affinities for the three
oligonucleotides. (e) Competition experiments with unlabeled T-UTR, PD-Pr and E-box
oligonucleotides and anti-NeuroD-antibody. Formation of both the upper and lower
complexes was blocked by addition of unlabeled T-UTR oligonucleotide, but not by any of
the E-box oligonucleotides (for sequences, see Table 4). (f) Molecular weight of rat Ta-BF.
Rat brain nuclear proteins were resolved by Sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). The gel strips were sliced into 16 pieces, and proteins were
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extracted, renatured and analyzed by EMSA with the 32P-T-UTR probe (left panel).
Molecular size intervals in kDa and 16 gel slices are shown on the top of the image. EMSA
identified Ta-BF as a protein with a molecular weight of approximately 63 kDa. The
mobility of the complexes formed by 32P-T-UTR oligonucleotide with the RFB nuclear
extract proteins, and renatured proteins extracted from the gel slice no. 12 in an EMSA were
identical (right panel)
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Table 4

The T and C variants of 3′-UTR single-nucleotide polymorphisms (rs2235749) oligonucleotides, and E-box
oligonucleotides used in an EMSA. E-box consensus sequence is CANNTG, where N denotes any nucleotide
(Seo et al. 2007; Kee 2009). T- and G-boxes are variants of E-box.

Sequence DNA targetelement

T-UTRa TGGCCCAACATA-T-GCACTGGGCAT T-box

C-UTR TGGCCCAACATA-C-GCACTGGGCAT mutant T-box

5mC-UTR TGGCCCAACATA-5mC-GCACTGGGCAT

PD-Prb CGGGCCATGCACGTGCCTGCTGAC G-box

E–boxc CGTGCGGCCTGACAGGTGCTTTGA E-box

mE-box d CGTGCGGCCTGCACACTGCTTTGA mutant E-box

E-box and its variant are underlined. T, C and 5mC alleles of the 3′-UTR are shown in bold.

a,b
T- and G-boxes are present in the T allele 3′-UTR and PDYN promoter (PD-Pr) oligonucleotides.

c
E-box sequence was taken from the SMU gene (Kataoka et al. 2000).

d
Nucleotides destroying E-box are shown in italic.
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