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Abstract

In recent years, the role of epigenetic phenomenon, such as methylation, in mediating
vulnerability to behavioral illness has become increasingly appreciated. One prominent locus at
which epigenetic phenomena are thought to be in play is the Monoamine Oxidase A (MAOA)
locus. In order to examine the role of methylation at this locus, we performed quantitative
methylation analysis across the promoter region of this gene in lymphoblast lines derived from
191 subjects participating in the lowa Adoption Studies (IAS). We analyzed the resulting data
with respect to genotype and lifetime symptom counts for the more common major behavioral
disorders in the IAS, antisocial personality disorder (ASPD), and substance use disorders (alcohol
(AD) and nicotine dependence (ND)). We found that methylation status was significantly
associated with lifetime symptom counts for ND (p<0.001) and AD (p<0.008) in women, but not
men. Furthermore, a trend was found for women homozygous for the 3,3 allele to have a higher
degree of overall methylation than women homozygous for the 4,4 allele (p<0.10). We conclude
that methylation of MAOA may play a significant role in common psychiatric illness and that
further examination of epigenetic processes at this locus is in order.

INTRODUCTION

Over the past several years, it has become increasingly evident that gene-environment
interactions (GXE) and residual gene-environment correlations (rGE) have a prominent role
in the etiology of most common behavioral illnesses [1]. However, the exact processes
underlying these interactions and the extent of their relative contributions are unclear. At the
molecular level, epigenetic phenomena such as DNA methylation and histone modification
are thought to contribute to these processes. Unfortunately, empirical data to support this
hypothesis at behaviorally relevant loci have been scarce.

Two candidate loci at which epigenetic phenomena may participate in GXE, rGE or E effects
are the Serotonin Transporter (SLC6A4) and Monoamine Oxidase A (MAOA). The protein
products of both of these two loci play prominent roles in regulating serotonergic and
monoaminergic transmission, respectively. These moderating roles have come under
increasing scrutiny due to recent studies which have demonstrated prominent GxE effects
for depression at SL.C6A4[2] and for aggression at MAOA [3, 4]. Hence, there is a great
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deal of curiosity as to the mechanisms through which E or GXE effects could influence
biological processes at these loci.

One mechanism through which GxE or E effects could become manifest at the molecular
level is through altering relevant gene expression through methylation of gene promoters in
response to environmental stressors. In our initial study of the relationship between promoter
methylation and behavioral phenomena, we conducted quantitative methylation analyses of
the SLC6A4 associated promoter CpG island and demonstrated that methylation of this
promoter is both sex dependent and associated with increased vulnerability to major
depression. However, whether there is a similar promoter associated CpG island at MAOA,
and if it exists, whether its methylation has behavioral consequences is unclear.

Two types of disorders that could potentially be influenced by methylation induced changes
in MAOA activity are Antisocial Personality Disorder (ASPD) and substance use disorders
(SUD). Already, genetic variation in a variable nucleotide repeat (VNTR) located
immediately upstream of the MAOA minimal central promoter has been associated with
different vulnerability to ASPD [5-8] and two forms of SUD; alcohol dependence (AD)
[6-9] and nicotine dependence (ND) [10]. Therefore, given the prior reports of GXE effects
at this locus with respect to ASPD [4], it is reasonable to hypothesize that epigenetic
processes, such as methylation, which influence MAOA activity may also be a factor with
respect to these disorders at the MAOA locus.

In this report, using a set of similar techniques to our prior methylation and gene expression
analyses of SCL6A4[11] and the resources of the lowa Adoption Studies (1AS), a large
longitudinal adoption study focusing on the role of GxE effects in SUD [12], we examined
the relationship of MAOA genotype and methylation to SUD and ASPD.

The procedures used in the 1AS have been described in detail elsewhere [12]. Briefly, the
IAS is a case and control adoption study of G, E and GXxE effects in SUD and ASPD. This
study, founded by Remi Cadoret, contrasts the outcomes of 475 adoptees from the State of
lowa who are at high biological risk for SUD or ASPD (i.e., one of their biological parents
was severely affected) with those of 475 adoptees who were not at biological risk for either
SUD or ASPD. After birth, each of these adoptees was randomly placed in an adoptive
home. Since their inception in the study, the adoptees and their adoptive environments have
been serially assessed. The subjects included in this pilot study were the first 95 males and
96 females to participate in this wave of the study. The overall study design and all
procedures described in this communication were approved by the University of lowa
Institutional Review Board.

Briefly, the behavioral and biological material used in these studies were obtained from
subjects who participated in the last two waves of the lowa Adoptions Studies (I1AS). In both
of these waves, each subject was interviewed with a version of the Semi Structured
Assessment for the Genetics of Alcoholism, Version 2 (SSAGA-II) [13]. In addition, in the
latest round of the study, phlebotomy was performed on each of the participants. Symptom
counts and categorical diagnoses for each of the disorders (ASPD, AD, ND) were derived
from SSAGA-II data using the individual dependence or personality disorder criteria from
DSM-IV [14], with the highest total symptom count from these two interviews being
defined as the lifetime symptom count.

RNA and DNA used in the studies were derived from lymphoblast cell lines using
biomaterial contributed by the participants. These lymphoblast cell lines were prepared
using standard EBV transfection techniques from the specimens contributed by the study
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participants [15]. Total RNA was prepared from lymphoblast using a Midi RNA purification
kit from Invitrogen (Carlshad, CA) according to the manufacturer’s instructions. DNA was
prepared from lymphoblast cell pellets using cold protein precipitation [16].

PCR amplification of the MAOA variable nucleotide repeat (VNTR) polymorphism was
conducted using the method of Sabol and colleagues [17]. The resulting PCR products were
electrophoresed on a 6% non-denaturing polyacrylamide gel and imaged using silver
staining [18]. The resulting alleles were compared to internal standards and the genotypes
were called by two individuals blind to affected status.

RTPCR was conducted as previously described [11, 19]. Briefly, RNA was reverse
transcribed using an Applied Biosystems cDNA archiving kit (Foster City, CA). Then, 12.5
ng aliquots of cDNA were robaotically dispensed and RTPCR performed using reagents from
Applied Biosystems including primer-probe sets for MAOA (Hs 00165140) and the
endogenous control loci GAPDH (from the GAPDH Control kit) and LDHA (Hs 00855332).

The existence, location, size and sequence of the MAOA CpG islands were determined
using the default browser settings of the University of California Genome Browser (UCSC)
website (www.genome.ucsc.edu). The sequences for these islands are freely available from
the website or from the authors on request.

Quantitative methylation analyses for each of the samples at these CpG residues were
conducted by Sequenom Inc. (San Diego, CA) as previously described [20]. First, aliquots
of purified DNA were treated using bisulfite modification [21]. Treatment of DNA with
bisulfite deaminates unmethylated cytosine residues to uracil . Since uracil base pairs with
adenosine, thymidines are incorporated into subsequent DNA strands in the place of
unmethylated cytosine residues during subsequent PCR amplifications. Next, contigs
covering the CpG islands (see Figure 1) were PCR amplified. Because of the size of the
region, the CpG enriched regions were PCR amplified in four separate reactions. The
primers for each of those PCR amplifications are as follows: Amplicon A (from BP
43398925 to 43399181):F- TTAAAGAATGAAAGTATTAGGTTGAGAGTT and R-
ATACCCACTCTTAAAAACCAACCCC; Amplicon B (from BP 43399430 to 43399858):
F-GGGTGTTGAATTTTGAGGAGAAG and R-AAAACACAACTACCCAAATCCC;
Amplicon C (from BP 43400453 to 43400805) : F-
GGGGAGTTGATAGAAGGGTTTTTTTTAT and R-
TATATCTACCTCCCCCAATCACACC and Amplicon D (from BP 43400486 to
43400035): F-AAAGGGTGGGAAGGATTTTTTTATTAATT and R-
CATCCTCAATATCCAACTTCCCCTA using standard touchdown PCR conditions [22].
Please see supplementary Table I for the exact details as to primer sequence, position and
the sequence covered by each primer set. Methylation ratios for each of the CpG residues
(methyl CpG/total CpG) were then determined using a MassARRAY ™ mass spectrometer
using proprietary peak picking and spectra interpretation tools [23, 24].

The data were analyzed using the JMP (version 7; SAS Institute, Cary, SC) using Pearson’s
correlation coefficients, regression [analysis of variance (ANOVA) and ordinal logistic
regression (OLR)] or Chi-square testing as indicated in the text [25]. All tests were two-
tailed and all analyses were conducted by gender.

The characteristics of the IAS subjects who contributed the biomaterials to this study are
given in Table I. In total, 96 female and 95 male subjects provided biomaterials for the
study. The male subjects were significantly older than the female subjects (t-test, p<0.002)
and had a significantly higher symptom count for ASPD (Chi-Square, p<0.001).
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The MAOA VNTR genotypes for the subjects are given in Table Il. The testing for Hardy
Weinberg equilibrium in the female subjects was unremarkable.

Sequence analysis of MAOA demonstrated the presence of two CpG islands in the gene
(Figure 1). The first island, stretching from bp 43398975 to bp 43399158, contains 18 CpG
residues and is approximately 1200 bp upstream of the transcription start site for MAOA.
The second CpG island begins at bp 43399493 and contains 70 CpG residues. Exon 1 of
MAOA is wholly contained within the CpG island with the transcription start site (TSS) for
the gene occurring between CpG residues 64 and 65. The MAOA VNTR is found between
the two CpG islands.

The average methylation ratio at each of these residues is shown in Figure 2. As the figure
demonstrates, females have consistently higher methylation ratios at each CpG residue than
males (who are hemizygous for this gene). The exact average at each of these residues for
each gender is given in supplementary Table I11. Please note that secondary to
methodological limitations with respect to the ability of the mass spectrograph to resolve
individual residues, the values for CpG residues, 1-2, 5-7, 11-12, 19-20, 30-31, 43-44,
55-57, 67-68, 72-73, and 79-80 are shown as aggregates.

The interrelationships of MAOA methylation between individual residues for each gender
are also shown in supplementary Table 111. As the table shows, the correlation between
methylation is higher between residues in the smaller 5° CpG island than it is in between
residues in the larger CpG island that encompasses Exon 1. Of particular potential interest,
methylation of the two residues immediately flanking the TSS, CpG 64 and 65, is poorly
correlated with methylation throughout the rest of the island. However, methylation at the
residues CpG 58-63 and CpG 66-70 is highly inter-correlated.

In order to test the hypothesis that MAOA genotype influences the amount of methylation,
we analyzed the relationship of average methylation to genotype at the VNTR (Figure 3) for
each gender. There was a trend for female 3,3 homozygotes to have a higher average
methylation than female 4,4 homozygotes (43.3% + 3.8 vs 40.9% + 5.2; p<0.10). There was
no significant difference between males hemizygous for the 3 repeat allele as compared to
those with the 4 allele although the arithmetic difference was in the same direction (9.0 + 3.7
vs 8.3 + 2.6; p<0.32).

We then analyzed the relationship between symptom counts for ASPD, AD and ND with
average methylation for each gender using ordinal regression analysis. There was no
relationship between ASPD and overall methylation for neither men (OLR, p<0.37).or
women (OLR, p>0.70). There also were not any significant relationships between average
methylation and AD (OLR, p<0.23) and ND (OLR, p<0.68) in male subjects. However,
there were strong relationships between average overall methylation and symptom counts
for AD (OLR, p<0.008) and ND (OLR, p<0.002) in female subjects (see supplementary
Figure IV).

In order to identify the residues driving the strong correlations between overall methylation
and symptom counts for AD and ND in women, we analyzed the relationship between
methylation at individual CpG residues and symptom counts. With respect to former,
methylation at CpG residues 27, 38, 41, and 48 were nominally significantly associated
(p<0.05 before correction for multiple comparisons) with AD symptom count in female
subjects. With respect to the latter, methylation at CpG residues 18, 42, 48, 52, 64, 65,
67-68, 69, and 77 were nominally associated (p<0.05 before correction for multiple
comparisons) with ND symptom counts. The complete results of the analyses for each of the
four disorders examined are given in supplementary Table IV.
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Finally, in an attempt to discern whether gene expression was correlated with MAOA
genotype or methylation, we attempted to measure MAOA gene expression using our
previously described techniques [11, 22, 26]. Unfortunately, despite several attempts, we
could not reliably detect MAOA gene expression.

DISCUSSION

In summary, we report that MAOA methylation is associated with ND and AD in women,
but not men. In addition, we did not find a significant relationship between ASPD and CpG
methylation in men nor women. Finally, there was a trend for MAOA genotype to be
associated with methylation in women.

Before these data are discussed, several limitations of the study should be noted. First, the
methylation studies were conducted using lymphoblast DNA. Although we and others have
demonstrated that lymphablast cells are reliable surrogates for their CNS counterparts, they
are still not neurons [26-29]. Second, none of the values reported in the Results section are
corrected for multiple comparisons. Given the high correlation between the clinical
syndromes examined and between methylation at individual CpG residues, we felt it would
be too difficult to objectively arrive at a correction term for these comparisons. Therefore, as
per our prior communication with regard to SLC6A4, we caution the reader to be aware of
the inevitable false positives that will result because of this lack of correction. Third, these
methylation values are assessed at only one point in time, making it impossible to tell if they
reflect change from a prior unmethylated or less methylated state. Likewise, no direction of
effect can be inferred. It may be that the association is the result of methylation leading to
substance use or the reverse may better describe the direction of effect. Finally, the IAS
subjects used in this study come from an epidemiologically sound but high-risk population
that is largely White. Therefore, generalizations to other populations should be done
judiciously though we carefully examined for the effects of ethnicity and did not find any
effects of ethnicity on these results.

The results with respect to ND are perhaps the most compelling. Review of the animal
model literature shows that MAOA knockout mice exhibit impaired nicotine preference but
have normal responses to other novel stimuli [30]. Furthermore, treatment of rats with the
monoamine oxidase inhibitor phenelzine enhances the discriminant stimulus effect of
nicotine [31] and increases nicotine self administration [32, 33]. Review of the literature
with respect to humans, reveals that the targeting of neurotransmitter systems regulated by
MAOA, using agents such as reboxetine, a selective norepinephrine reuptake inhibitor, or
bupropion, which targets the dopaminergic system, have been shown to be clinically
effective in the treatment of ND [34-36]. Finally, platelet MAOA activity is reduced in
smokers [37].

This evidence is made even more compelling by closer inspection and consideration of the
MAOA methylation data with respect to ND in the female subjects. The control of
transcription initiation is one of the major mechanisms through which cells regulate gene
expression [38]. Hence, the TSS is a frequent target of epigenetic modifications including
methylation and histone modification [39, 40] . Therefore, if the current findings are
meaningful, we would expect any significant changes in ND association MAOA
methylation to preferentially affect the MAOA TSS. This is indeed what is observed with a
strong clustering of CpG residues that are either nominally significantly associated or with a
trend for association (p<0.10) surrounding the TSS (supplementary Table 1V).

In contrast, the differential methylation associated with AD in women is found proximal to
the TSS. Whereas this differential methylation may also be functional, a concise
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understanding of how it may affect gene expression is not clear at the current time.
However, given the strong a priori support for the involvement of MAOA in AD [6-9], the
current findings are invigorating and suggest a need for further examination in an
independent group of subjects.

It is important to note that our primary outcome measure with respect to methylation in this
study was overall methylation, not individual CpG residue methylation. This is because we
did not have firm hypotheses as to which CpG residues might be most important in this pilot
study. If only a subset of the CpG residues are differentially methylated in association with
substance use, this decision may have decreased our sensitivity. In order to eliminate this
problem for others wishing to confirm or extend our work, we have provided the average
methylation and the p-values for their association in the supplementary material
(Supplementary Table V).

In contrast to our prior work in which we documented the relationship between promoter
methylation and gene expression at the serotonin transporter (SLC6A4), we were unable to
reliably detect MAOA expression using RTPCR because of the low expression of this
transcript in these cell lines (please see the gene expression files from [26]). Although the
low expression may be secondary to a number of factors such as the presence or absence of
transcriptional factors not related to the methylation, this limits these findings.

It is important to note that ND was the most common syndrome in this group of subjects.
Therefore, the failure to show differential methylation effects for AD may be a function of
the greater power with respect to ND. Given the positive results discussed above with
respect to ND and the biological plausibility of these regulatory changes, further studies
with larger number of subjects are clearly indicated for each of these syndromes.

It will be essential for these findings to be confirmed in actual catecholaminergic neurons
before they can be generally accepted. In particular, examination of methylation of MAOA
in human post-mortem tissue would be an excellent test of these findings.

A critical question is why significant effects are observed in females, but not males. There
are several possible reasons. First, the effect size may simply be lower in males. Second, the
epigenetic regulation of MAOA may be different in hemizygous males than in dizygous
females. Thirdly, twin studies suggest that the genetic factors affecting ND may differ
between men and women [41]. Fourth, it may be that ASPD contributes to ND and AD
despite being unrelated to MAOA methylation for both men and women. Because ASPD is
more common in men it may obscure associations for men to a greater degree than it does
for women. Finally, it may be that substance use produces different and more pronounced
methylation signatures for females than for males.

Surprisingly, we did not find any relationship between MAOA methylation and ASPD. Nor
did we find a significant relationship between genotype and methylation. Once again, this
may simply be a function of low power. At the same time, these findings do not preclude
specific GXE effects on ASPD at this locus because we did not examine the relationship of
environmental factors hypothesized to elicit such effects, such as maltreatment [4], in this
study. We plan to revisit this topic when we have measured methylation in a greater number
of 1AS subjects.

In summary, we report that methylation of the MAOA promoter is associated with ND and
AD in females. We suggest that further examination of these findings is in order.
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The sequence and structure of the MAOA promoter region. The first CpG island begins at
bp 43398975 and contains 18 CpG residues. A second CpG island begins at bp 43399493
and contains 70 CpG residues. The position of each of the CpG residues is noted in the
figure. The first exon of MAOA is denoted by small blue letters and is wholly contained
within the second island. The positions of the primers used to amplify the MAOA VNTR are
denoted by boxed letters. The transcription start site (TSS) is at bp43400353 between CpG

residues 64 and 65.
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Figure2.

The average methylation ratios (methyl CpG/total CpG) at each CpG residue for each sex.
The bp position on the X chromosome is given on the X axis and corresponds to the position
of each of the residues in Figure 1. The average values for female subjects are depicted by
blue squares, while the average values for males are depicted by red circles. The position of
MAOA exon 1 is denoted by the box with the direction of transcription being indicated by
the line with arrows.
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Figure 3.

The relationship of MAOA VNTR genotype to methylation in females (above) and males
(below). There was a trend for association for female 3,3 homozygotes to have higher
average methylation (methyl CpG/total CpG) than female 4,4 homozygotes (43.3% + 3.8 vs
40.9% =+ 5.2; p<0.10). There was no significant difference between males hemizygous for
the 3 repeat allele as compared to those with the 4 allele although the arithmetic difference
was in the same direction (9.0 £ 3.7 vs 8.3 + 2.6; p<0.32).
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Table |

Demographic and Clinical Characteristics of the IAS Subjects

Male Female
N 95 96
Age (years + SD) 424+85 388+6.8
Ethnicity
White 87 91
African American 5 2
White of Hispanic Origin 2 1
Other 1 2
DSM IV Symptom Counts
ASPD AD ND
#Smptoms M E M E M E
0 18 41 35 49 47 50
1 26 30 25 25 4 6
2 21 9 16 13 10 7
3 7 7 1 3 15 8
4 10 5 2 2 6 14
5 9 3 3 3 8 8
6 4 3 2 0 3 3
7 0 0 1 0 2 0
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Table Il
MAOA VNTR Genotype.

Genotype Female Subjects  Male Subjects”

2,2 0 1
2,4 1 -
3,3 18 34
3,4 41 -
3,5 1 -
35,35 0 1
35,4 1 -
4,4 31 59
4,5 3 -

*
Male subjects are hemizygous with respect to this X-chromosome locus.
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