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Epigenetic studies of DNA and histone modifications represent a new and important activity in
molecular investigations of human disease. Our previous epigenome-wide scan identified
numerous DNA methylation differences in post-mortem brain samples from individuals
affected with major psychosis. In this article, we present the results of fine mapping DNA
methylation differences at the human leukocyte antigen (HLA) complex group 9 gene (HCG9) in
bipolar disorder (BPD). Sodium bisulfite conversion coupled with pyrosequencing was used to
interrogate 28 CpGs spanning B700 bp region of HCG9 in 1402 DNA samples from post-
mortem brains, peripheral blood cells and germline (sperm) of bipolar disease patients and
controls. The analysis of nearly 40 000 CpGs revealed complex relationships between DNA
methylation and age, medication as well as DNA sequence variation (rs1128306). Two brain
tissue cohorts exhibited lower DNA methylation in bipolar disease patients compared with
controls at an extended HCG9 region (P = 0.026). Logistic regression modeling of BPD as a
function of rs1128306 genotype, age and DNA methylation uncovered an independent effect of
DNA methylation in white blood cells (odds ratio (OR) = 1.08, P = 0.0077) and the overall sample
(OR = 1.24, P = 0.0011). Receiver operating characteristic curve A prime statistics estimated a
69–72% probability of correct BPD prediction from a case vs control pool. Finally, sperm DNA
demonstrated a significant association (P = 0.018) with BPD at one of the regions demonstrating
epigenetic changes in the post-mortem brain and peripheral blood samples. The consistent
multi-tissue epigenetic differences at HCG9 argue for a causal association with BPD.
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Introduction

Complex non-Mendelian diseases exhibit numerous
features that are difficult to explain by traditional
mechanisms such as predisposing DNA sequence
variation and hazardous environmental factors. The
non-Mendelian irregularities include the discordance
of monozygotic twins, parent of origin effects, gender
dimorphism and relatively late age at onset.1–3 Putative
epigenetic misregulation that manifests via changes in
modifications of DNA and histones can offer a more

comprehensive and cohesive explanation for the
various facets of complex disease.4 Epigenetic factors
such as DNA methylation control various genetic and
genomic functions, including gene transcription.5,6

DNA methylation is known to act via three mechan-
isms: critical site, general density of methylated sites
in the DNA and multiple elements, which combines
components of the first two models.7 Critical site
effects relate to the limitation of transcription factor
binding affinity due to the methylation status of
specific CpGs within their associated binding sites.8,9

The overall density of methylcytosine in a gene
regulatory region also contributes to gene activity with
a large number of genes exhibiting an inverse correla-
tion between the degree of methylation and the level of
gene expression.5,6 Epigenetic factors are relatively
stably inherited across somatic cells; however, sto-
chastic events and environmental influences can result
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in a drift of these regulatory molecular signals over
time.10,11 There is increasing evidence that some
epigenetic signals can be transmitted from one genera-
tion to another,12 which contradicts the idea that all
epigenetic signals are wiped out during reprogram-
ming in germ cells and points to a secondary
molecular mechanism of heritability.

Over the last decade, it has been suggested that
epigenetic misregulation is consistent with many
epidemiological, clinical and molecular findings in
bipolar disorder (BPD).1,13,14 Partial epigenetic
instability, or metastability, can account for both the
discordance of monozygotic twins and clinical
fluctuations over the course of BPD. The opposite
disease phenotypes, depressive and manic phases,
between which the patients can make a nearly
complete recovery, are consistent with dynamic
changes in epigenetics rather than alternations to
the stable DNA sequence. Sex differences exist in
BPD, such as the higher incidence of rapid cycling,
mixed states and cyclothymia in women and a higher
prevalence of early-onset BPD in men. These differ-
ences, as well as sex effects revealed in genetic
linkage and association studies of BPD, could be
rationalized by the known epigenetic effects of sex
hormones.15 Parent of origin-dependent clinical and
molecular differences in BPD are likely to result from
genomic imprinting,16 a differential epigenetic modi-
fication of genes depending upon their parental
origin.17 Epigenetic misregulation of gene activity is
also consistent with the numerous neurochemical
differences detected in BPD such as altered densities/
levels, of receptors, enzymes, peptides and neurome-
diators.18 Increasing evidence for ‘soft’ inheritance
(that is, partial epigenetic stability in meiosis)12 offers
a non-DNA sequence-based explanation for heritabi-
lity of BPD. It is telling that valproic acid, a mood
stabilizer and one of the most common medications to
treat BPD, is a histone deacetylase inhibitor19 and can
also change DNA methylation.20 Recent studies
detected that lithium, another mood stabilizer, modu-
lates histone acetylation and DNA methylation.21,22

BPD may result from a series of unfavorable
epigenetic events beginning with a primary epige-
netic defect, or pre-epimutation that hypothetically
occurs in the germline during epigenetic reprogram-
ming23–25 and is inherited. Pre-epimutations are
further altered during embryogenesis, childhood and
adolescence by the multiple effects of tissue differ-
entiation, stochastic factors, hormones and perhaps,
external environmental factors.23,26,27 Decades may
elapse before epigenetic misregulation reaches the
level of an epimutation, a defect of sufficient severity
that the resultant cellular effects manifest clinically as
BPD. The severity of an epimutation may fluctuate, as
evidenced by clinical remission and relapse.

Recently, we completed the first DNA methylome
study in major psychosis using the 12K CpG island
microarray.34 The study revealed a number of DNA
methylation differences associated with BPD and
schizophrenia (SCZ). This article reports data from

our continuing effort to validate and finely map the
identified epigenetic differences in the microarray
project. One of the genes identified as differentially
methylated in major psychosis was the human
leukocyte antigen (HLA) complex group 9 gene
(HCG9; Figure 1). In the microarray experiments,
the human CpG island microarray probe
UHNhscpg0007403 showed significantly lower DNA
methylation in major psychosis patients relative to
controls (fold change �0.42, false discovery rate
(FDR) P = 0.03). HCG9 is located on chromosome
6p21.33 and is of particular interest as recent
genome-wide association studies (GWAS) report an
association between genetic variants at chromosome
6p21.3-22 with SCZ and BPD.28–30 HCG9 is a member
of the PERB11 gene family, also known as MIC, many
variants of which (such as MICA and MICB) function
as ligands for natural killer cell receptors.31 Three
splice variants for HCG9 have been identified so far
(Figure 1). While it has been suggested based on
experimental evidence that HCG9 may be related to
stress response and cell death,32 its function is
currently unknown.

The goals of our analysis of the HCG9 gene were
fivefold. Our primary objective was to validate the
microarray findings in the Stanley Medical Research
Institute (SMRI) post-mortem brain cohort, the sample
which was used in our 12K CpG island microarray-
based DNA methylome scan. Second, we attempted to
replicate our primary findings in an independent
post-mortem brain sample. In the event of validation,
our third objective was to characterize HCG9 methy-
lation differences in the context of the available
demographic and clinical information (for example,
age-dependent dynamics of DNA methylation).
Fourth, we were interested if pathological HCG9
methylation differences can be detected in peripheral
white blood cells (WBCs) and germline, tissues that
are not directly involved in psychiatric disease but
that are easily accessible and can be used in clinical
applications. Finally, our fifth objective was to
address the unknown function of the HCG9 gene in
order to better understand how it may fit into
the etiopathogenesis of BPD and other psychiatric
diseases.

Cytosine modifications were finely mapped using
the sodium bisulfite conversion approach coupled
with pyrosequencing. In total, we interrogated 1402
DNA samples across 28 CpG positions of HCG9.

Materials and methods

Samples
Post-mortem brain tissue of prefrontal, parietal and
occipital cortices and corpus callosum from indivi-
duals with BPD (N = 34), SCZ (N = 35) and matched
controls (Con) (N = 35) was provided unblinded by the
SMRI brain-array collection. A brain prefrontal cortex
replication cohort from the McLean (McL) Hospital at
the National Brain Databank (N = 34 BPD, 30 SCZ and
50 Con) was tested along with a peripheral white
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blood cell (WBC 1) sample provided by Dr James
Kennedy (N = 100 BPD, 50 SCZ and 100 Con), a second
WBC sample (WBC 2) from GlaxoSmithKline, London,
UK (N = 270 BPD and 282 Con), and sperm samples
collected by our laboratory at the Centre for Addiction
and Mental Health (N = 29 BPD, 14 SCZ and 30 Con).
Diagnoses had been made according to the DSM-IV
(Diagnostic and Statistical Manual of Mental Disorders,
Fourth Edition). A summary of the demographic
information of samples used in this study is shown
in Table 1. Detailed information of the SMRI cohort
was described elsewhere.33 Extraction of all DNA was
performed with a standard phenol–chloroform
extraction method. The project has been approved
by the Ethics Committee of the Centre for Addiction
and Mental Health, Toronto.

Bisulfite treatment was performed by use of a
standard protocol.34 In brief, B500 ng of genomic
DNA was denatured in 0.3 M NaOH for 20 min
at 42 1C. After the addition of freshly prepared
saturated sodium metabisulfite (Sigma Aldrich,
St Louis, MO, USA) and 10 mM hydroquinone (Sigma
Aldrich) solution, samples were subjected to a 5-h
incubation at 55 1C under exclusion of light. The
samples were then purified and desulfonated with
0.3 M NaOH by using a Montage PCR96 96-well
filtration plate (Millipore, Billerica, MA, USA).

Pyrosequencing
Four primer sets were designed to amplify the exon 1
and adjacent intron 1 region of the HCG9 gene

(Supplementary Table S1). Within these regions, six
pyrosequencing assays were designed. In total, 28
CpGs in HCG9 were covered. PCR amplifications
were performed with a standard PCR protocol in 50ml
volume reactions containing 2 ml of sodium bisulfite-
treated DNA, 0.15–0.5mM primers, and master mix
containing JumpStart or Platinum Taq DNA polymerase
(Sigma Aldrich and Invitrogen, Carlsbad, CA, USA,
respectively). After agarose gel electrophoresis to
ensure successful amplification and specificity, PCR
amplicons were processed for pyrosequencing analysis
according to the manufacturer’s standard protocol
(Qiagen, Germantown, MD, USA). To validate the
assay method, various proportions (0, 25, 50, 75
and 100%) of mixtures of CpGenome Universal
Methylated and Unmethylated DNA (Millipore) were
processed with the same protocol. Before proceeding
with the clinical samples, it was confirmed that there
are linear correlations between stepwise increments
of methylated DNA and the measured methylation by
pyrosequencing analysis in all CpG sites.

Genotyping
Genotyping of rs1128306 was performed by pyrose-
quencing. Selected genotypes were confirmed by
resequencing in selected samples including the SMRI
brain, McL brain and WBC 2 samples. PCR was
performed using 10 ng of genomic DNA, 0.5 mM

primers listed in Supplementary Table S1 and Taq
DNA polymerase (New England BioLabs, Ipswich,
MA, USA). PCR products were purified using

Figure 1 HCG9 investigated region. A diagram of the HCG9 gene located on Chr 6p21.33 (a) and magnified region
(b) subjected to fine mapping of methylated cytosines. Representations are to scale based on the human genome build
(NCBI 36) hg18. The position of the University Health Network (UHN) microarray probe (UHNhscpg0007403) that revealed
DNA methylation differences in major psychiatric disease in our microarray analysis is shown in light blue. Reference
sequence genes are depicted in dark blue while mRNA splice variants 1–3 for HCG9 as determined by AceView are in pink.
Relative gene expression probes from the Affymetrix HGU133A microarray relating to this gene are depicted in (a). Assays 1–
6 in (b) represent the regions subjected to sodium bisulfite modification coupled with pyrosequencing. CpG dinucleotides
subjected to DNA methylation analysis are represented by numbered red lollipops while un-interrogated CpGs and those
omitted due to overlap with a database of single nucleotide polymorphisms (dbSNP) citation are shown as upside-down blue
lollipops.
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the QIAquick PCR purification kit (Qiagen) and
processed for sequencing by the Center for Applied
Genomics. Sequence alignment was performed by
using ClustalW2.

Data analysis
Normality for the tested distributions was evaluated
using an Anderson–Darling test. As a small percentage
of CpG positions displayed non-Gaussian distribu-
tions, we evaluated significance using non-parametric
tests. Mean values and s.e.m are reported in the text.
Pp0.05 was deemed significant. The sliding window
algorithm used as described in the text. As each test
is not independent, we corrected for multiple test-
ing using the Benjamini–Hochberg–Yekutieli-based
method for calculating the FDR. The effect of
potential confounding factors including brain pH,
post-mortem interval and gender was assessed
through non-parametric correlation. Correction for
age and rs1128306 genotype was performed by taking
the residuals of a linear model of DNA methylation as
a function of age and rs1128306 genotype.

Results

HCG9 methylation analysis in the brain of BPD patients
and controls
We investigated the regions surrounding the 12K CpG
island microarray probe of HCG9: the first exon and a
GC-rich region located 30 of the first exon that extends

into the first intron. After treatment with sodium
bisulfite, each genomic DNA sample was subjected to
six pyrosequencing assays (Figure 1b). To maximize
our chances of finding functionally relevant DNA
methylation differences, we evaluated the mean DNA
methylation density per individual for all adjacent
CpG positions and for all possible window sizes of
CpG 1–28 resulting in 406 independent tests. For each
of the 406 tested windows, a non-parametric Wilcoxon
rank sum test was performed on these mean HCG9
methylation values between the BPD and control
group; similar analysis was done to compare the SCZ
and control group. All tests were subjected to
Benjamini–Hochberg–Yekutieli-based FDR correction
for multiple testing, which controls the FDR under
dependency assumptions. This method was first used
to evaluate DNA methylation status in the SMRI brain
cohort (Con N = 35, SCZ N = 35, BPD N = 34; see
Table 1 for details) in attempts to validate the
microarray data. In SCZ studies testing the prefrontal
cortex of post-mortem brains, most results were
non-significant (a single CpG window at CpGs
13–15 that displayed higher methylation in SCZ
as compared with controls; SCZ = 17.4±2.67,
Con = 10.4±1.34, P = 0.031). SCZ samples in WBC 2
and germline were also tested with few significant
results; and therefore, we decided to focus our efforts
solely on BPD.

We tested BPD in multiple brain regions in two
samples: the SMRI (multiple regions: prefrontal

Table 1 Summary of the demographic variables of samples used in this study

N Age (years) Gender (M:F) PMI (h) AAO (years)

Postmortem brains
SMRI

BPD 34 45.4±10.7 16:18 37.9±18.6 25.3±9.23
SCZ 35 42.6±8.47 26:9 31.4±15.5 21.3±6.07
CON 35 44.2±7.58 26:9 29.4±12.9 —

McL
BPD 34 61.4±18.9 14:20 22.2±7.19
SCZ 30 59.8±13.3 20:10 22.8±6.30
CON 50 58.4±15.6 30:20 20.9±4.82

Peripheral white blood cells
Toronto

BPD 100 42.1±10 34:66 — 20.7þ 0.77
SCZ 50 43.3±11.1 25:25 — NA
CON 100 41.7±10.9 34:66 — —

GSK
BPD 270 44.5±12.6 121:149 — 20.3þ 0.55
CON 282 42.7±0.81 136:146 — —

Germline (sperm)
BPD 29 40.2±11.6 — — 20.8þ 1.71
SCZ 14 37.4±11.2 — — NA
CON 30 37.7±10.3 — — —

Abbreviations: BPD, bipolar disorder; CON, control; GSK, GlaxoSmithKline; McL, brain samples from the McLean Brain
Tissue bank including the prefrontal cortex; PMI, post-mortem interval in hours; SCZ, schizophrenia; SMRI, brain samples
from the Stanley Medical Research Institute including prefrontal cortex, parietal cortex, occipital cortex and corpus
callosum.
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cortex, occipital cortex and corpus callosum) and
McL (prefrontal cortex). No significant differences
were observed in parietal, occipital or corpus callo-
sum brain regions. Prefrontal cortex in both the
SMRI and McL cohorts revealed the largest number
of significant P values (although none survived
correction for multiple testing) but the identified
CpG regions were discrepant between the two cohorts
(Supplementary Table S2). We observed generally
a lower degree of methylation in BPD of SMRI sample,
but higher in the McL sample. For example in SMRI
CpG 3 (BPD = 35.6±5.22, Con 50.4±4.48, P = 0.018)
but in McL brain sample (BPD = 37.1±1.36,
Con 31.2±1.72, P = 0.011). To understand the reasons
for the discrepancies, we investigated the effects
of age, medication and DNA sequence differences
on HCG9 methylation in the two brain collections.

Analysis of the discrepancies between the SMRI and
McL brain cohorts
HCG9 methylation increases with age in controls. The
McL cohort represents significantly older individuals
than the SMRI cohort (SMRI = 44.7.±1.12 years,
McL = 60.1±1.70 years; t-test, P = 2.4� 10�11). For
control individuals in each cohort, we correlated the
age at death with the average DNA methylation in
each of the 406 CpG window combinations. In both
cohorts, we detected an increase in DNA methylation
with age. This phenomenon appears to be fairly
generalized over all 28 CpGs in the SMRI cohort
(Spearman’s r= 0.30, P = 0.037; Supplementary Table
S4). McL control DNA methylation was positively
correlated over CpGs 10–28 (Spearman’s r= 0.30,
P = 0.037). In a combined analysis of both brain
cohorts, CpGs ranging from 3 to 28 displayed
significant positive correlations with age (Figure 2a).
In the McL cohort, we plotted the average DNA
methylation difference in the most age discrepant
groups (30–40 vs 70–80 years) for all CpG windows
(Figure 2b). DNA methylation in younger BPD
patients was less than controls, resembling the
SMRI results. Together, these results corroborate the
hypothesis that age differences are at least partially
responsible for the discrepant initial findings
between the two brain cohorts.

Effect of medication on HCG9 methylation. In the
SMRI cohort (medication information for the McL
sample was not available), correlation of lifetime
antipsychotic measures (defined as fluphena-
zine equivalents in milligrams) with average age
corrected CpG methylation across the 28 represented
CpGs revealed a marginally significant association at
a single CpG 14 (Spearmans’ r= 0.34, P = 0.05), which
became insignificant after correction for multiple
testing. These results suggest that antipsychotic
medications do not affect DNA methylation at HCG9.

Single-nucleotide polymorphism rs1128306 is asso-
ciated with DNA methylation differences. The third
factor that may have contributed to discrepancies

between the SMRI and McL cohorts is related to the
effect of DNA sequence variation on DNA methylation
status. Using sequencing data obtained for the HCG9
region of the SMRI data set, we evaluated 12 single-
nucleotide polymorphisms (SNPs) in the region for
evidence of allele-specific methylation. We detected no
DNA methylation difference between alleles of SNPs
rs17180353, rs2071568, rs373472, rs58031868,
rs6903753, rs690402, rs9260832 and rs9278524, while
SNPs rs400488, rs422640, rs9278523 and rs1128306
demonstrated significant association with mean DNA
methylation (Kruskal-Wallis w2 = 13.26, Bonferroni
P = 0.0024 in all cases). These four SNPs were in
perfect linkage disequilibrium, and so only rs1128306
(G/A) was used as a marker of genetic polymorphism in
the region affecting DNA methylation, as it could
be genotyped using pyrosequencing assay 3 in the
remaining samples. We genotyped the SNP (rs1128306;
G/A) located between CpGs 8 and 9 (Figure 1) and
investigated it for association with HCG9 methylation
at each CpG position. DNA methylation between CpGs
5 and 9 was consistently lower in GG compared with
GA plus AA genotypes (numbers of AA homozygotes
were too small to investigate separately and therefore
such were included in the GA group) reaching
the maximal difference at CpG 5 (Wilcoxon rank
sum test, GG minus GA = 16.8±2.3, P = 1.7� 10�9)
(Supplementary Figure S1; Supplementary Table S5).
Similar analyses of DNA samples extracted from WBC
and germline showed similar rs1128306 effects and
will be discussed in the sections below.

As the rs1128306 allele A in heterozygotes GA is
associated with a higher density of methylated
cytosines, we tested to see if the SMRI and McL
cohorts had differing case and control allele frequen-
cies for this allele. The BPD group in the SMRI cohort
has less allele A possessing individuals as compared
with that of the McL cohort (allele A frequency: SMRI
Con = 0.4, SMRI BPD = 0.16, McL Con = 0.4, McL
BPD = 0.26, w2 = 31.2, P = 0.075). The higher propor-
tion of BPD cases containing the allele A in the McL
disease group could be another reason for the
observed higher DNA methylation in BPD patients
in this cohort.

Combined analysis of SMRI and McL brain
cohorts. We eliminated the effects of age and the
rs1128306 genotype through linear model trans-
formation and performed non-parametric Wilcoxon
rank sum tests on the 406 windows of the overall
brain sample consisting of both SMRI and McL
cohorts. This analysis was equivalent to evaluating
significance with a linear model with age and
genotype as covariates (with the exception that it
was a more conservative non-parametric test). Despite
the differences previously identified, now these two
brain cohorts displayed numerous consistent results
in the exon 1 and exon 1 30 UTR region ranging
between CpGs 1 and 10 (BPD =�2.0±1.22,
Con 1.68±0.86, P = 0.026) with CpG 5 displaying
the largest effect (BPD =�2.3±1.52, Con = 1.86±1.13,
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P = 0.05) (Supplementary Table S3). Negative mean
DNA methylation values are the result of data
correction.

HCG9 methylation studies in WBCs
In addition to the brain studies, we investigated the
HCG9 methylation profiles in peripheral WBCs (total
N = 370 BPD patients and N = 382 controls) using the
same approach. Before disease analysis, we evaluated
the effect of age on DNA methylation in controls from
the WBC cohort. Similar to the brain studies, DNA
methylation increased with age over a majority of
CpGs in the WBC cohort with significant correlations
observed in windows between CpGs 8 and 28 (Spear-
man’s r= 0.3, P = 0.00012). Another similarity with
the brain findings was that GG homozygotes at
rs1128306 displayed significantly lower methylation
compared with GA heterozygotes in the control
population (Supplementary Figure S1; Supplemen-
tary Table S5). After correction for age and rs1128306
genotype, we evaluated DNA methylation associa-
tions with BPD. CpGs 5–8 displayed lower methyla-
tion in BPD (BPD =�0.39±0.14, Con = 0.35±0.21,
P = 0.0006) (Supplementary Figure S2). All of these
identified differences are located in the same region

and same direction as those identified in the brain
studies.

Information available in the WBC cohort gave us
the opportunity to evaluate the effect of mood
stabilizers on DNA methylation in the region. We
determined daily mood stabilizer dosage information
in the WBC cohort (mood stabilizers included lithium
and valproate) and correlated our 406 possible CpG
windows against these values. No significant correla-
tions were observed for lithium dose, while for
valproate, we obtained significant correlations rang-
ing from CpGs 2 to 9 (Spearman’s r= 0.13, P = 0.05)
and CpG 28 (Spearman’s r= 0.14, P = 0.043). The
direction of correlation suggests that increased mood
stabilizer dose increases DNA methylation toward
control levels. While the strength of the correlations
is not strong enough to conclude that mood stabilizers
help to alleviate HCG9 DNA methylation abnormalities
in BPD patients, these results suggest our disease-
specific associations are not the spurious result of
a class of medications commonly prescribed to BPD
patients.

To understand the BPD predictive value of DNA
methylation changes in peripheral WBCs, we
performed a logistic regression analysis, modeling

Figure 2 Age-related increase in HCG9 methylation. (a) Spearman’s correlation coefficients (r) for age at death and average
DNA methylation in control individuals from Stanley Medical Research Institute (SMRI) and McLean (McL) brain cohorts
combined (N = 84); each line shows the corresponding window of CpGs. Only windows with Pp0.05 are depicted.
(b) Average difference in DNA methylation density between younger (purple: 30–40 years) and older (pink: 70–80 years)
bipolar disorder (BPD) and control group individuals (McL cohort only). Data shown for all possible CpG window variants.
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the effect of DNA methylation on disease, controlling
for age and rs1128306 genotype. The mean density of
modified cytosines at CpGs 6–9 displayed the most
significant effect (odds ratio (OR) = 1.07, P = 0.0046).

Next, we evaluated the logistic regression model
based on age, rs1128306 genotype and DNA methyla-
tion at CpGs 5–8 for its ability to predict a diagnosis of
BPD in two ways. We initially generated the model
using WBC 2 (N = 270 BPD patients and 282 controls)
to predict diagnosis in WBC 1 (N = 100 BPD patients
and 100 controls) (see Samples; Figure 3a) and
subsequently randomly selected 90% of the combined

WBC sample to predict diagnosis based on the
remaining 10% consisting of 38 BPD patients and
37 controls (Figure 3b). We compared the predicted
probabilities with the true diagnoses over a range of
probability thresholds to generate a receiver operating
characteristic curve and generated area under the
receiver operating characteristic curve (A prime)
values of 0.69 and 0.72, respectively (Figure 3). This
value means that, given one BPD and one control
sample, these models have 69 and 72% probability,
respectively, of assigning a higher value to the BPD
case.

HCG9 methylation studies in the germline
In the germline samples, the epigenetic effects of the
rs1128306 genotype were consistent with the other
tissues (Supplementary Figure S1; Supplementary
Table S5). After correction for rs1128306 genotype
and age, a significantly lower DNA methylation
density was detected at CpG 5 (BPD =�0.68±0.44,
Con = 0.65±0.54, P = 0.028), which is also consistent
with brain and WBC findings. Interestingly, in the
germline, unlike the brain and WBC, older age was
associated with lower HCG9 methylation. For example,
raw Spearman’s correlation values were r=�0.65
(P = 0.021) for CpGs 4–20, r=�0.4 (P = 0.033) for
CpGs 1, r=�0.41 (P = 0.035) for CpGs 11–12 and
r=�0.39 (P = 0.036) for CpG 16. The opposite age
effects in germline and WBC suggest that germline
methylation differences in BPD patients were genuine
and not artifacts of WBC contamination, which may
reach 5% of the total cell count in semen samples.
Also, GG and GA methylation differences in the
germline have a peak at CpGs 5–8 but a dip in WBC
(Supplementary Figure S1), which argues for the same.

HCG9 methylation across tissues of BPD patients and
controls
In the process of this project, we noticed that despite
variable density of modified cytosines at each specific
position HCG9 methylation profiles were similar
across the brain, WBC and germline samples, which
suggests that germline HCG9 epigenetic pattern was
partially retained in the somatic tissues. As expected,
the average HCG9 methylation profile across controls
in each tissue correlated with the germline (Figure 4a;
Supplementary Table S6).

We next investigated the relative risk to disease of
genotype- and age-independent DNA methylation
effects using the entire multi-tissue sample. We
evaluated the cumulative effects for brain, WBC and
germline samples using a random effects meta-
analysis to combine logistic regression model DNA
methylation ORs for each tissue across the 406 CpG
windows. Lower DNA methylation at CpGs 5–9
represented the most significant effect on disease risk
(summary OR = 1.24, P = 0.0011; Figure 4b). The
results of this analysis suggest that, independent
of age and the rs1128306 genotype, lower DNA
methylation at HCG9 at CpGs 5–9 is associated with
BPD across the brain, WBC and germline.

Figure 3 Bipolar disorder (BPD) predictive model char-
acteristics. Receiver operating characteristic curves gener-
ated for the prediction of the WBC 1 cohort and a randomly
selected 10% of the combined WBC cohorts using logistic
regression models generated using the mean DNA methyla-
tion density at CpGs 5–8, rs1128306 genotype and age in the
WBC 2 (a) cohorts and 90% of the WBC sample (b). WBC,
white blood cell.
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Putative pathological roles of HCG9 in BPD
As the pathological role of intronic methylation
differences at HCG9 in BPD is not straightforward,
we sought to elucidate any relationship between DNA

methylation differences and HCG9 steady-state
mRNA levels. We analyzed three gene expression
data sets (studies 2, 3 and 7) from the SMRI genomics
database that were performed on the Affymetrix

Figure 4 (a) HCG9 DNA methylation profiles by tissue. Mean DNA methylation for the control groups for each of the
28 CpGs for the brain (blue), white blood cell (WBC) (red) and germline (green) cohorts is plotted, demonstrating the
conserved DNA methylation patterns across tissues. (b) Combined sample analysis of bipolar disorder (BPD) risk by genomic
location. The odds ratio (OR) for BPD risk due solely to DNA methylation differences in BPD patients and controls is plotted
relative to the middle genomic position of each of the 406 tested CpG windows. The rs1128306 single-nucleotide
polymorphism (SNP) and age were modeled as covariates in a logistic regression model and ORs due to DNA methylation
were combined with a random effects meta-analysis for all tissues. The middle genomic positions of CpG windows where
DNA methylation significantly contributes to risk are plotted in red. Of interest, when the rs1128306 polymorphism alone
was evaluated in BPD evidence for association was observed for the combined brain sample and WBC sample; however,
allele G exerted an increased risk in the combined brain (OR = 2.45, P = 0.017) but protective effect in WBC (OR = 0.72,
P = 0.044, respectively). No association was observed in the germline sample or an analysis of all samples combined. (c) DNA
methylation vs HCG9 steady-state mRNA levels. Non-parametric Spearman correlations (r) between DNA methylation and
the ratio of HCG9 splice variants 3 and 1 (windows with Pp0.05) (black, Y axis left), and mean histone occupancy scores as
modeled by a sequence-based histone prediction program (blue, Y axis right).
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HGU133A gene expression arrays, which contain 11
probes covering HCG9 (Figure 1a). A limited number
of McL cohort individuals (N = 34) also contained
steady-state mRNA data from the same array platform,
and we performed HCG9 mRNA analyses on the
combined SMRI and McL brain data set. As there are
indications that intronic chromatin modifications
may be involved in alternative splicing, we were
interested to ascertain steady-state mRNA levels for
individual HCG9 splice variants (Figure 1a). In order
to do this, we subjected all data to background
correction and quantile normalization and took the
mean log2 probe value for each of the 11 probes
spanning HCG9. Probes 10 and 11 (probe group 1)
uniquely bind mRNA from splice variant 3, while
probes 1–4 (probe group 2) bind mRNA from variants
1 and 3 (Figure 1a). After averaging these two probe
groups, we determined the levels of HCG9 splice
variant 1 by taking the residuals of a linear model
between probe groups 1 and 2, statistically subtract-
ing splice variant 3 from the combined 1 and 3
measures. A significantly higher log ratio of HCG9
mRNA splice variant 3/1 was detected in BPD
compared with controls (Wilcoxon rank sum test,
mean±s.e.m.: BPD = 1.45±2.17, Con =�1.77±15.6,
P = 0.034).

Since the maximal DNA methylation differences in
BPD were detected around CpG 5 in the two brain
cohorts, and CpGs 5–9 represented the most signifi-
cant effect on disease risk in the total sample of the
three tissues, we hypothesized that epigenetic modi-
fications may be contributing to splicing decisions in
this region which corresponds to the overlapping
splice variants 1 and 3. The log ratio of splice variant
3 over splice variant 1 was tested using the DNA
methylation sliding window. CpG 6 (that is, next to
CpG 5) displayed a significant negative correlation
with splice variant ratios (Spearman’s r=�0.23,
P = 0.029; Figure 4c) although did not survive correc-
tion for multiple testing. The largest correlation was
detected for CpG 25 (Spearman’s r=�0.44,
P = 5.33� 10�5, FDR P = 0.022; Figure 4c). Interest-
ingly, CpG 25 maps next to CpGs 23–24 which in the
SMRI brain cohort displayed the highest significance
for differential methylation between the BPD and
control groups (BPD = 10.7±3.28, Con 15.2±1.60,
P = 0.0021) (Supplementary Table S1). Other signifi-
cant correlations are shown in Supplementary
Table S7. Both CpG 6 and CpG 25 corresponded to
peak mean histone occupancy scores 7–14 bp down-
stream of CpG 6 and B60 bp upstream of CpG 25 as
predicted by a nucleosome prediction algorithm35

(Figure 4c). Another algorithm36 mapped tentative
nucleosome centers 20–50 bp upstream of CpG 6 and
ranging from B45 bp upstream to 17 bp downstream
of CpG 25, while a third program, FineStr 1.0,37

mapped nucleosome centers B60 bp downstream of
CpG 6 and 2 bp downstream of CpG 25. As the amount
of DNA that coils around a single histone octamer
is B150 bp, CpGs 5–8 and 24–27 can be reason-
ably associated with a single nucleosome peak.

Consistently with our initial observation of lower
methylation at HCG9 in BPD patients, these data
suggest that as HCG9 DNA methylation decreases in
BPD, there is an increase in the ratio of splice variant
3 to splice variant 1 in the brain.

HCG9 has three potential splice variants, generating
77, 37 and 121 amino-acid (aa) proteins (Figure 1).
Using Protein BLAST, we determined the 37 and 77
aa peptides lack conserved domains and do not share
homology with any proteins in the non-redundant
protein database. The 121 aa peptide also lacked
conserved domains, however, did produce a single hit
in a known locus with the exported acetyl esterase
(YP_001901494) in Xanthomonas campestris. These
class of enzymes have been implicated in regulating
B-cell immunological tolerance, and the sialic acid
acetylesterase was recently associated with autoim-
mune disorders including rheumatoid arthritis and
type 1 diabetes.38

We next attempted to elucidate the function of
HCG9 by performing gene ontology (GO) analysis
on those genes whose expression from the previously
mentioned SMRI data sets is most tightly correlated
with that of HCG9. For the BPD and control
individuals in the SMRI studies 2, 3 and 7 performed
on the HGU133A gene expression platform, we
correlated the expression of all probes against that
of HCG9 using Spearman method followed by FDR
correction. We selected only those genes significantly
correlated with HCG9 in all three studies using
an FDR P < 0.05 and subsequently performed GO
analysis. GO categories associated with genes in this
selected group were tested against their frequency
of occurrence on the Affymetrix HGU133A array.
Significance was assessed using the binomial test in R
and corrected for multiple testing using the Bonferroni
method. Significant GO categories (Bonferroni
P < 0.01) appear in Supplementary Table S8. The
results suggest that when expression of HCG9
changes, so does that of genes involved in signaling
and immune system-related functions such as inflam-
mation and regulation of B cell-based immunological
tolerance, among others.

Discussion

Microarray-based DNA methylation profiling pro-
vides an unbiased approach for the identification of
epigenetic differences that may have an etiological
role in human disease. Our earlier study of B1%
of the methylome revealed a number of candidate
regions displaying altered DNA methylation signa-
tures associated with major psychosis.39 In this
project, we explored methylation patterns of an HLA
gene, HCG9, in post-mortem brain tissues, WBC, and
the germline, which all consistently revealed lower
methylation of HCG9 in BPD patients compared with
the controls.

HCG9 methylation patterns in the brain are
complex and depend on age as well as DNA sequence
variation. Several reports implicated age as a
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contributing factor to DNA methylation change.40–42

HCG9 methylation increases in the aging brain and
seems to be approaching the normal state observed in
controls, which is consistent with the common
observation that clinical symptoms of BPD in aging
individuals become less severe.43 Alternatively, DNA
methylation levels decreased with age in the germline
sample, toward the risk epigenotype. This finding
suggests that with increasing paternal age, the prob-
ability of contributing low DNA methylation sperm
upon fertilization increases and may have relevance
to epidemiological observations of higher incidence
of BPD among children of older fathers.44–46

DNA methylation differences associated with
genetic polymorphisms have been documented and
are known as allele-specific methylation patterns.39,47

The rs1128306 SNP at HCG9 also contributes to DNA
methylation differences across individuals. More
specifically, allele A exhibited a higher density of
methylated cytosines in B65 bp in each direction
of CpG 8 in comparison with the alternative allele G.
This was observed across all three investigated
tissues. While we identified associations of this SNP
with BPD between the combined brain sample and
WBC sample, alone, the sample sizes of these
individual cohorts are likely too small to identify
true SNP associations with BPD and may explain why
allele G appeared to exert a risk inducing and
protective effect in the respective cohorts. These
results highlight the possibility that DNA polymorph-
isms associated with disease, such as those identified
in GWAS studies, may be acting synergistically
with epigenetic misregulation.48,49 The relative con-
tribution of DNA sequence variation vs epigenetic
variation to the disease phenotype may vary signifi-
cantly. The extreme case is when only epigenetic
differences have a pathological role while SNPs are
only the reporters of such epimutations. It is also
interesting to note that the G/A polymorphism
(flanking nucleotides are C and A) may have origi-
nated from a C-T mutation in the complementary
strand (T[C/T]G). The dinucleotide CpG is a ‘hotspot’
for mutation in the human genome, most likely due to
high frequency of spontaneous deamination of
5-methylcytosine to thymidine.50 The ancestral allele
of rs1128306 SNP is unknown but based on a
primarily Caucasian population, allele G(C) is three
times as common as allele A(T) (0.75 and 0.25,
respectively), and the later allele exhibits higher
methylation compared with the former, consistent
with the epigenetic origin of rs1128306 SNP. There-
fore, in addition to a direct pathogenic effect, DNA
methylation can contribute to human genetic disease
indirectly, that is, via increased mutation rates.

The observation of a DNA sequence–epigenetic
association is particularly interesting in the light of
recent findings suggesting that 6p21.3-6p22 (HCG9
maps to NCBI 36; chr6:30050871-30054156) has been
implicated by several large GWAS in major psycho-
sis.28–30 The rs1128306 SNP was a strong marker for a
portion of the epigenetic variation in the region.

Unfortunately, no linkage disequilibrium data exists
in HapMap for this SNP; however, this and possibly
other SNPs could be linked to the markers tested by
the GWAS, suggesting that a portion of the disease
association signal coming out of the major histocom-
patibility complex (MHC) could represent this and
possibly other epigenetically misregulated regions.

Of particular interest and added value were the two
non-brain tissues, WBC and sperm, which ‘mirrored’
most of the brain findings and provided additional
confidence that the HCG9 methylation changes in the
post-mortem brains of BPD patients are genuine. The
identification of an epigenetic difference in BPD
detectable in WBCs holds promise for the identification
of predictive biomarkers for the disease. Although area
under the receiver operating characteristic curves
demonstrated only a mildly predictive value for disease,
given that HCG9 was selected from an interrogation of
only B1% of the epigenome,39 the HCG9 epigenetic
biomarker for BPD stands as a proof of principle that the
epigenomic studies of multiple tissues may result in
clinical applications. Identification of biomarkers
should be far more successful if the candidate genes
or regions are selected from the most significant changes
observed in epigenome-wide analyses.

In epigenetic studies, cellular heterogeneity is a
potential confounder. Peripheral WBC DNA comes
from a wide variety of blood cells, of which the
proportion of cells retaining the inherited or acquired
pre-epimutation may be quite small. For example, the
pre-epimutation may be lost in differentiation from
a precursor stem cell to some mature cell types and
not others. Similarly, in the brain tissues, HCG9
methylation differences could be resultant from
having only a particular subset of neurons or glial
cells affected and ultimately conferring the observed
epigenetic difference. The epigenetic noise caused
by cellular heterogeneity could be affecting our
predictive model of BPD diagnosis. One of the next
steps of HCG9 methylation studies in BPD or other
psychiatric disease could be dedicated to investiga-
tion of particular WBC subtypes or homogenous brain
cell populations. Cellular heterogeneity issues call for
the development and optimization of technologies
capable of isolating and investigating small numbers
of cells, even to the level of the single cell to
adequately address these issues.

One major caveat of epigenetic studies of complex
disease is that the etiological significance of identified
DNA methylation changes is not immediately evident
as epigenetic patterns in the diseased tissue may be
influenced by the disease state, treatment or other
events related to the pathological process. We sought
to evaluate the cause vs effect relationship between the
identified DNA methylation differences and disease at
the HCG9 gene by analyzing non-brain tissues, WBC
and germline. The lower HCG9 methylation density in
peripheral WBCs mapping to the same region of HCG9
nominated from the combined brain cohort argues
(although does not prove) for an etiological role of
HCG9 methylation differences in BPD. The causal link
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between HCG9 epimutation and BPD is further
supported by our analysis of sperm DNA, which also
revealed HCG9 methylation differences (for example,
CpG 5) in BPD patients. In general, DNA methylation
is known to be subject to reprogramming during both
gametogenesis and after fertilization in humans and
mice; however, examples exist where epigenetic
alterations in the parental generation are passed to
the offspring.51–53 The results of germline studies allow
us to infer the possibility that HCG9 epimutation may
represent one of the heritable epigenetic risk factors in
BPD. It is important to keep this finding in perspective,
however, as the epigenetic difference was identified in
the sperm of men affected with BPD and not the
fathers of BPD patients. We can only suggest that the
identified HCG9 methylation profiles are to some
extent meiotically stable and thus may have the
potential to survive successive epigenetic resetting
and be passed to the next generation. The mechanisms
of such a passage of epigenetic information are beyond
the scope of this study but may involve a communica-
tion between inherited DNA methylation and histone
protein modifications, non-coding RNAs or interaction
with DNA sequence variation in the region.

Functional implications of the detected epigenetic
difference at CpGs 5–9, just downstream of the first
coding exon, on HCG9 activity and its role in BPD
require further study. Although traditionally the
regulatory function of DNA methylation is most
characteristically recognized in its role in the gene
promoter,54–57 in the case of HCG9 and BPD, the
disease-related mechanism may be different. One
possibility is that DNA methylation at CpGs 5–9
may be contributing to alternative splicing scenarios
of the HCG9 mRNA transcript. According to AceView,
HCG9 has three mRNA splice variants, only two of
which (77 and 121 aa) may be encoding protein
products; however, it remains possible that one or
both of these splice variants represent non-coding
transcripts. There is a growing body of evidence that
chromatin conformation and histone modifications
help direct aspects of co-transcriptional splicing.58 In
particular, reduction of histone 3 lysine 4 tri-methyla-
tion (H3K4me3) in conjunction with CHD1 chromatin-
remodeling ATPase knockdown was found to alter
splicing efficiency,59 while increased levels of histone
3 lysine 9 (H3K9) acetylation triggered by neuronal
depolarization were associated with exon skipping.60

In our experiments, we found correlations between
DNA methylation and HCG9 splice variant ratios at
peaks of predicted histone occupancy, suggesting that
our DNA methylation levels may be a reflection of
associated histone modification status and that
epigenetic alterations in these positions are important
for alternative splicing mechanisms. The decreased
HCG9 DNA methylation in BPD patients may account
for the increased ratio of splice variant 3 to splice
variant 1 in the brain of affected individuals. The
observed increased ratio of the 121 aa over 77 aa
protein in BPD may represent a gain of deleterious
neural inflammatory function or a loss of protective

anti-inflammatory function in BPD and may contri-
bute to disease risk.

Using GO analysis, we observed that HCG9 is co-
expressed with genes involved in inflammation while
Protein BLAST identified homology of the 121 aa
peptide with a class of genes negatively associated
with inflammatory response.61 CNS inflammation has
been hypothesized as a contributing factor for BPD,62

while pro-inflammatory biomarkers have been found
to be predictive of acute episodes in BPD.63 Further-
more, antipsychotic and antidepressant medications
have been known for their ability to reduce inflam-
mation.64–68 A downregulation of HCG9 was observed
in a recent transcriptome analysis after treatment with
pro-inflammatory factors, which is consistent with
the interpretation that one of the splice variants of
HCG9 confers an anti-inflammatory signal.32 Loss of
HCG9 protective function as a result of alternative
splicing could account for the deleterious effects of
the epimutation and its association with disease.
Recently, one study identified a change in HCG9
expression levels with the addition of a histone
deacetylase inhibitor suberoylanilide hydroxamic
acid and taxanes to human breast cancer cells,69

further corroborating an epigenetic component to
HCG9 expression and suggesting that epigenetic
modifiers may have therapeutic benefit in BPD.

Another important activity in the further character-
ization of the role of HCG9 in BPD is identification of
the role of 5-hydroxymethylcytosine, which is known
to be present at high levels in the brain.70,71 It has been
recently shown that 5-hydroxymethylcytosine, like
5-methylcytosine, does not undergo C-to-T transitions
after bisulfite treatment, indicating that these two
modified cytosine species are indistinguishable by
the bisulfite sequencing technique.72 Therefore, all
our estimates of methylated cytosines in HCG9, in fact,
represent both types of cytosine modification. Recently,
some new approaches have been developed to differ-
entiate the two types of cytosine modifications73–75 and
these can be used in future studies to address the roles
of 5-hydroxymethylcytosine in health and disease.

The results of this study highlight the importance of
controlling for confounding influences in brain
tissue-based studies of complex disease. We identi-
fied significant DNA methylation associations with
age and genetic influences that, if ignored, have the
potential to result in false-positive or false-negative
findings. Additionally, we used the analytical strategy
that favors replication across different tissues rather
than direct statistical evidence for isolated analysis of
each tissue. By using a sliding window-based method
and performing statistical tests on all possible
adjacent CpG combinations, we identified overlaps
across tissues and replication cohorts that we would
have otherwise missed. This approach may become
exemplary in the primary studies of DNA modifica-
tion differences when neither the number of cytosines
involved, nor the multiple ways of their interaction is
known. This study highlights the need for methodo-
logical principles for epigenomic and epigenetic
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studies of complex disease that are quite different from
the ones used in DNA sequence-based approaches.

Note added in proof: While the manuscript was
reviewed and processed, we performed a pilot
analysis of 5-hydroxymethylation (5-hmC) at CpG 6
which happens to be at the target site for MspI
restriction enzyme. Glucosylation of the 5-hmC at
CCGG renders such targets resistant to MspI diges-
tion, and the differential enrichment of MspI-target
amplicons with and without glucosylation estimates
5-hmC. In this experiment, a lower level of 5-hmC
was identified in a subset of BPD prefrontal cortex
samples compared to controls, suggesting that a
portion of the identified DNA methylation differences
in this study may be related to 5-hmC and warranting
further follow-up analyses.
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