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BDNF promoter methylation and genetic variation in late-life

depression

V Januar'?, M-L Ancelin®, K Ritchie®, R Saffery"2 and J Ryan1'2'3

The regulation of the brain-derived neurotrophic factor (BDNF) is important for depression pathophysiology and epigenetic
regulation of the BDNF gene may be involved. This study investigated whether BDNF methylation is a marker of depression. One
thousand and twenty-four participants were recruited as part of a longitudinal study of psychiatric disorders in general population
elderly (age > 65). Clinical levels of depression were assessed using the Mini International Neuropsychiatric Interview for the
diagnosis of major depressive disorder according to the Diagnostic and Statistical Manual of Mental Disorder IV criteria, and the
Centre for Epidemiologic Studies Depression Scale (CES-D) for assessment of moderate to severe depressive symptoms. Buccal DNA
methylation at the two most widely studied BDNF promoters, | and IV, was investigated using the Sequenom MassARRAY platform
that allows high-throughput investigation of methylation at individual CpG sites within defined genomic regions. In multivariate
linear regression analyses adjusted for a range of participant characteristics including antidepressant use, depression at baseline, as
well as chronic late-life depression over the 12-year follow-up, were associated with overall higher BDNF methylation levels, with
two sites showing significant associations (promoter I, A mean = 0.4%, P=0.0002; promoter IV, A mean =5.4%, P=0.021). Three
single-nucleotide polymorphisms (rs6265, rs7103411 and rs908867) were also found to modify the association between depression
and promoter | methylation. As one of the largest epigenetic studies of depression, and the first investigating BDNF methylation in

buccal tissue, our findings highlight the potential for buccal BDNF methylation to be a biomarker of depression.
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INTRODUCTION

As one of the most common psychiatric disorders, depression is a
major public health problem, accounting for 40.5% of disability-
adjusted life years worldwide.! Despite this, depression is often
under-recognized and undertreated, especially in geriatric
populations.> Compared with early-onset depression, late-life
depression has a poorer prognosis and a higher illness burden,
and is often a chronic disorder.? Despite the abundance of
symptom-based diagnostic tools, efforts to find objective biomar-
kers of the disorder have not been successful.

The heritability of major depression is estimated to be around
40%.3* However despite intense efforts, few genetic variants have
been identified.> Among the potential candidates is the gene
coding for brain-derived neurotrophic factor (BDNF), which
promotes the proliferation, differentiation and survival of neurons
and is crucial for neural plasticity and cognitive function.® Lower
circulating levels of BDNF have been observed in depressed
patients compared with non-depressed individuals.” Effective
antidepressant treatments appear to increase circulating BDNF
levels, and higher plasma BDNF may predict better antidepressant
response.® Several single-nucleotide polymorphisms (SNPs) in the
BDNF gene have also been associated with the risk of major
depression® and the regulation of serotonin.'®

Mounting evidence implicates epigenetic processes as driving
the disrupted gene expression often observed in psychiatric
disorders."" Differential DNA methylation of several genes
including BDNF has been reported in the blood of depressed
individuals and in post-mortem brain tissue.'> However, these

studies remain inconsistent, due to predominantly small sample
size (often < 100), as well as heterogeneity in participant
characteristics, tissue types and diagnostic criteria. Not all studies
have considered age, gender and ethnicity, which influence
epigenomic profiles;'>™'> antidepressant use and alcohol con-
sumption, which are linked to both depression and epigenetic
modifications, have also rarely been considered. Furthermore,
despite the critical role of underlying genetic variation in
determining the methylation status of many genomic loci,'®"’
only two studies of BDNF have considered both epigenetic and
genetic variation, albeit at just a single SNP."®'® Thus the role of
BDNF methylation in depression remains inconclusive and further
large studies are needed.

We investigated BDNF methylation levels at two CpG islands
within promoters | and IV, using DNA derived from buccal tissue,
and determined whether there was an association with clinical
levels of depression at baseline, as well as chronic depression.
Analyses were adjusted for potential confounders, including
antidepressant medication, and considered the potential role of
genetic variation in modifying these associations.

MATERIALS AND METHODS

Participants

Participants were randomly recruited from electoral rolls as part of the
ESPRIT study, a longitudinal French population study of psychiatric
disorders.® Participants were eligible if they were 65 years old or over,
non-institutionalized and living in the Montpellier region at the time. They
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responded to standardized questionnaires and underwent extensive
clinical assessments at their inclusion and at each follow-up wave (after
2,4,7,10 and 12 years). Ethics approval was given by the regional ethics
committee (Ethical Committee of University Hospital of Kremlin-Bicétre,
France). All participants provided written informed consent.

The diagnosis of current and past major depressive disorder (MDD) was
performed by trained psychiatric nurses and psychologists according to
Diagnostic and Statistical Manual of Mental Disorders-IV criteria and using
the Mini International Neuropsychiatric Interview (MINI). The MINI is a
standardized and structured diagnostic examination validated within the
general population setting.?’ Participants identified as having current MDD
were reviewed further by a panel of three psychiatrists and a psychologist,
with knowledge of the participants’ medication and medical history, to
validate the preliminary diagnosis. Severity of depressive symptoms was
assessed using the Center for Epidemiologic Studies Depression (CES-D)
scale. A score of 16 and above is widely regarded as a threshold for
moderate to severe depression.?>?* Late-life depression was thus defined
here as CES-D>16 or current MDD. Participants were also classified
according to the chronicity of depression over follow-up (MDD or CES-
D> 16 on three or more occasions across the study period).

The standardized interview included information regarding the demo-
graphic background, lifestyle and dietary habits, physical health, medical
history and disabilities of participants collected through face-to-face
interviews, and clinical examinations were conducted (Table 1). Partici-
pants with dementia were excluded from the study due to the likely

Table 1. Sample characteristics according to depression status at
study inclusion®
Characteristic No depression  Depression  P-value®
n 773 251 —
Age (mean +s.d.) 71.4+45 72.0+45 0.045
Proportion of women (%) 55 77 < 0.001
Proportion (%) of individuals who are or have:
High education level® 414 30.7 0.002
Living alone 20.1 36.7 < 0.001
Habitual alcohol drinkers® 19.8 14.4 0.061
Habitual smokers® 39.0 333 0.108
Functional impairmentf 1.3 4.0 0.007
Hypertension? 43,5 46.6 0.383
Hypercholesterola_emiah 322 30.8 0.687
Ischaemic disease' 10.5 104 0.957
Obesity’ 7.7 9.2 0.434
Diabetes* 7.2 5.6 0.386
Thyroid disease 6.5 9.2 0.145
Comorbidities' 13.3 12.0 0.574
Cognitive impairment™ 4.2 12.8 < 0.001
Proportion (%) of individuals using antidepressants:
TCA" 0.8 24 0.039
SSRI° 1.0 4.0 0.002
Other 0.4 2.8 0.001

Abbreviations: ADL, Activities of Daily Living scale; CES-D, Centre of
Epidemiological Studies Depression; IADL, Instrumental Activities of Daily
Living scale; MDD, major depressive disorder; MMSE, Mini-Mental State
Examination score. 2Current MDD or CES-D 3> 16. ®On the basis of a )(z—test
(except age, for which a Student’s t-test was used). “Undergone post-
secondary education of any type. “More than 24 g of alcohol per day.
®More than 10 pack-years (number of packs per dayxyears smoked).
fUnable to independently complete two items on both or either
of the IADL scale items and the ADL scale. “Resting blood pressure
>160/95 mmHg or reported treatment. "Total cholesterol >6.2 mmol |~ '
or treated. iHistory of cardiovascular disease (for example, angina pectoris,
myocardial infarction, stroke, cardiovascular surgery and arteritis). ‘Body
mass index >30kg/m2 *Fasting glucose >7.0 mmoll~' or reported
treatment. 'Having a history of cardiovascular diseases (for example, angina
pectoris, myocardial infarction, stroke, cardiovascular surgery and arteritis),
more than one chronic illnesses (high blood pressure, high cholesterol,
diabetes, thyroid problems and asthma) or cancer diagnosed within the
last 2 years. "MMSE score < 24. "Tricyclic antidepressants. °Selective
serotonin reuptake inhibitors.
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impact on the results of other neuropsychiatric assessments and
questionnaire responses.

Of the 2199 non-demented elderly recruited for the ESPRIT study, 1146
provided buccal samples for DNA extraction. Of these, 122 participants
were not included in this study due to insufficient or poor quality DNA
(n=112) or did not undergo assessment for depression (n=10). Compared
with the participants included in the analysis (n=1024), those excluded
had a lower educational level, were older, more likely to have cognitive
dysfunction, comorbidity disease and depression, as well as to use
antidepressants (P < 0.001 for all comparisons).

Genotyping

DNA was extracted from buccal tissue obtained around the fourth wave of
follow-up using methods as described elsewhere®* and stored at — 80 °C.
BDNF genotyping was performed by KBiosciences (Middlesex, UK) using
the KBioscience Competitive Allele-Specific PCR SNP genotyping system
(KASPar).>> Genotype data were obtained for seven BDNF polymorphisms:
rs6265, rs11030101, rs28722151, rs7103411, rs962369, rs908867 and
rs1491850, selected to represent variation across the entire gene and
including variants previously associated with depression (Supplementary
Figure 51).25%” y*-tests were used to compare the distribution of genotypes
with those predicted under Hardy-Weinberg equilibrium. Linkage
disequilibrium between the SNPs was calculated using Haploview version
4.2 (Supplementary Figure 52).28

Selection of genomic regions for methylation analysis

The human BDNF gene is comprised of 11 exons, 9 of which encode
alternative first exons, each regulated by separate promoters that facilitate
differential regulation of the BDNF gene.?® Two assays covering BDNF
promoters | and IV were investigated, as these promoters have been the
most widely implicated in the context of behavioural epigenetics.>®
Promoter IV, in particular, has been found to have a dominant role in the
epigenetic regulation of BDNF expression.3'—3

Methylation assays were designed using Epidesigner software (http://
www.epidesigner.com/) and visualized using the University of California,
Santa Cruz (UCSC) genome browser. Assays cover the regions chr11:27 744
025-27 744 279 (promoter |) and chr11:27 723 096-27 723 467 (promoter
IV) on the UCSC h19 assembly (Supplementary Figure S1; Supplementary
Tables S1-3). A total of 11 CpG units were measured across promoter |,
corresponding to 16 CpG sites (Supplementary Figure S1). For promoter IV,
7 CpG units were investigated, corresponding to 11 sites (Supplementary
Table S2).

Methylation analysis by Sequenom MassARRAY

Genomic DNA (500 ng) was bisulphite-converted using EZ-96 DNA
Methylation-Lightning MagPrep (Irvin, CA, USA)** and 25ng used for
subsequent PCR. As PCR is known to be the most variable step in
methylation analysis, samples were PCR amplified and assayed in
triplicate.3® DNA methylation was quantified using Sequenom MassARRAY
(San Diego, CA, USA)*® and methylation ratios calculated using EpiTyper
software (Sequenom, San Diego, CA, v.1.2). Methylation data for promoter |
were obtained for all 1024 participants, whereas 312 participants were
missing data for BDNF promoter IV, which was a longer assay and more
troublesome with samples that had lower DNA quality (thus n=712; 183
with depression and 529 non-depressed). Participants missing promoter IV
data were not significantly different from the overall population (P> 0.05
for all comparisons).

Data quality control and statistical analysis

Statistical analysis was performed using Stata 13 (StataCorp, College
Station, TX, USA). There have been no previous studies measuring BDNF
methylation in buccal tissue, thus we could not estimate effect sizes and
subsequently study power. However, our sample size was considerably
larger than the vast majority of studies investigating methylation levels in
depression, suggesting that it was sufficiently powdered to detect an
association if one indeed exists.

Mean methylation levels from three technical replicates were used, after
discarding any outlying values (deviation of +10% methylation from the
median).>” Raw methylation values were log-transformed to normalise the
data. If raw methylation was 0, an insignificant value (0.0001) was added to
avoid undefined log-transformed results. Log-transformed values were
used for subsequent statistical calculations.>® Univariate analysis (two-
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sided y*-test and t-tests as appropriate) was performed to detect potential
associations between population characteristics with depression and
methylation levels. Multivariate linear regression analysis of the association
between depression and methylation levels was performed, incorporating
potential confounding factors to ensure they did not alter the association.
Both baseline depression and chronic depression were investigated.

Results were stratified according to genotype when there was evidence
that genotype modified the depression-methylation association (that is, a
significant interaction term in the regression models). Sensitivity analysis
excluded participants treated with antidepressants (n =40).

RESULTS

Association between depression and methylation

Characteristics of the participants according to their depression
status are shown in Table 1. In unadjusted linear regression
analysis, depression was associated with a significantly higher
level of BDNF promoter | methylation at CpG unit 3.4.5, with an
effect size (A mean methylation) of 0.4%, P=0.0002 (Figure 1a).
There was also a trend for increased methylation in CpG analytic
units 1 (A=0.25%, P=0.097) and 7.89 (A=0.19%, P=0.074)
(Supplementary Table S4). Furthermore, participants with depres-
sion had higher methylation levels at CpG site 3 of promoter IV
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Figure 1. (a) Comparison of BDNF promoter | methylation between

depressed and non-depressed individuals. Data are presented as the
geometric mean methylation (%) + 95% confidence interval of study
participants for individual CpG units. P-values calculated from the
Student’s t-test (n = 1024, except for CpG 14 with n=219 depressed,
n=628 non-depressed). (b) Comparison of BDNF promoter IV
methylation between depressed and non-depressed individuals.
Data are presented as the geometric mean methylation (%) +95%
confidence interval of study participants for individual CpG units. P-
values calculated from the Student’s t-test (n =712, except for CpG 3
with n=519 non-depressed, n=178 depressed).
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(A=5.4%, P=0.021, Figure 1b). No significant differences in
average methylation across the entire BDNF promoter | or IV
assays were found between depressed and non-depressed
individuals. The same associations were found in sensitivity
analysis excluding users of antidepressant treatment (CpG 3.4.5
promoter |, A=0.45%, P=0.0007; CpG site 3 promoter IV, A =4.8%,
P=0.050).

After adjustment for age, sex and antidepressant use, methyla-
tion of CpG unit 3.4.5 in BDNF promoter | (3=0.094, s.e.=0.029
and P=0.001) and CpG 3 in promoter IV (3=0.31, s.e.=0.14 and
P=0.025) remained significantly associated with depression
(Supplementary Table S5). The latter, however, did reduce in
significance after additional adjustment for functional impairment
(8=0.24, s.e.=0.13 and P=0.067). None of the other covariates
listed in Table 1 including physical health factors and cognitive
function, influenced the findings, suggesting that the differences
observed were not driven by these other measures. There were no
significant sex or antidepressant interactions in the final multi-
variate models either.

Association between depression and methylation, modified by
BDNF genotype

The frequencies of the BDNF SNPs (Table 2) were not significantly
different from those predicted under Hardy-Weinberg equilibrium
(P>0.14 for all SNPs). None of these SNPs were associated with
average BDNF methylation across promoters | and IV; however,
three were found to modify the previously observed association
between depression and CpG unit 3.4.5 methylation levels (P-
values for interaction term: rs6265, P=0.022, rs7103411, P=0.023
and rs908867, P=0.094). After stratification by allele, depression
was found to be associated with higher methylation levels for the
carriers of the minor allele of rs6265 (A mean=0.9%, P=0.0001,
Figure 2) and of rs7103417 (A mean=0.8%, P=0.0002,
Supplementary Figure S3), whereas for rs908867 only major
homozygotes showed a significant depression-methylation asso-
ciation (A mean=0.4%, P=0.0006, Supplementary Figure S4). For
CpG analytical unit 7.8.9 of BDNF promoter |, a trend association of
increased methylation with depression was observed as well as a
modifying effect by two polymorphisms (P-values for interaction
term: rs908867, P=0.046; rs962369, P=0.004). However, in
stratified analysis, there were no significant associations between
depression and methylation (data not shown).

Chronic depression over follow-up

Of the 1024 participants, 18% had chronic depression, that is, were
depressed at three or more of the assessments. When we
compared BDNF methylation between individuals with chronic
depression (n=185) and those free of depression (n=712), the
same pattern of association was observed as previously
(Supplementary Table S4; Figure 3). The participants with chronic
depression showed increased methylation at CpG 3.4.5 of
promoter | (A mean=0.44%, P=0.0019) and CpG 3 promoter IV
(A mean =7.52%, P=0.0061), which was slightly stronger than that
with baseline depression. In addition, CpG 1 of promoter | showed
significant elevated methylation with chronic depression
(A=0.44%, P=0.016), and there was a similar trend for analytical
unit 7.89 (A mean=0.22%, P=0.064). All of the associations
remained significant after multi-adjustment.

DISCUSSION

We believe this is the largest study to investigate the role of BDNF
epigenetics in depression and the first study to examine the
relationship between BDNF methylation and depression using
buccal-derived DNA. Furthermore, unlike previous studies, we
included genetic variation across the BDNF gene as a potential
modifier of the association between depression and methylation
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Table 2. Percentage of participants with specific BDNF genotypes in the study population
Polymorphism?® Alleles Percentage of total participants (%) P-value®
Major (M) Minor (m) No depression Depression
MM Mm mm MM Mm mm
rs6265 G A 45.8 254 35 154 9.0 0.9 0.126
rs908867 G A 62.2 11.0 0.4 20.9 4.0 0.1 0.905
rs962369 A G 39.2 26.6 5.0 14.2 8.4 1.9 0.648
rs1491850 T C 241 34.7 14.1 7.7 13.3 3.6 0.136
rs7103411 T C 42.8 27.5 4.2 14.5 9.4 1.0 0.696
rs11030101 A T 215 36.0 16.0 6.2 133 5.0 0.351
rs28722151 C G 238 355 14.2 7.3 13.2 4.2 0.391
Locations of polymorphisms are presented in Supplementary Figure S1. b)(Z-tests were used to calculate P-value.
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Figure 2. Comparison of BDNF promoter | methylation at CpG unit
3.4.5 in depressed and non-depressed individuals, stratified accord-
ing to the presence of the rs6265 minor allele. Data are presented as
the geometric mean methylation (%) +95% Cl. P-values calculated
from the Student’s t-test (n=584 major allele homozygotes, 371
heterozygotes and minor allele homozygotes). Cl, confidence
interval.

—

levels. We have shown that late-life depression is associated with
elevated BDNF methylation of specific CpG sites within promoters
I and IV, with all associations remaining after adjustment for a
range of covariates. Similar associations were found with prevalent
and chronic depression, and these effects were not driven by
antidepressant treatment.

Promoter hypermethylation generally leads to reduced gene
expression.>® Our finding of elevated BDNF promoter methylation
associated with depression strongly supports observations of
reduced BDNF levels in the plasma and post-mortem hippocam-
pus of depressed individuals.”®3?° Decreased BDNF may relate to
the reduced function of BDNF gene in promoting neural growth
and repair in depression.”’

Comparison with previous findings
To our knowledge, no other study has investigated buccal BDNF
methylation in the context of depression, and as methylation
profiles can be tissue specific, this renders direct comparisons
difficult. However, our findings support and extend previous
results that have principally used blood samples, indicating
elevated BDNF promoter methylation in depression.'®'942

Four studies focusing on BDNF promoter | methylation in blood
reported significant associations with depression, although the
direction of associations was inconsistent.'®*>™** A small case-
control Japanese study (n=38) found that BDNF promoter | was
hypomethylated in blood of severely depressed patients (mean
age 45 years), with methylation differences varying from < 0.1%
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Figure 3. (a) Comparison of BDNF promoter | methylation between
chronically depressed individuals and those without depression.
Data are presented as the geometric mean methylation (%) +95%
Cl. P-values calculated from the Student’s t-test (n=712 no
depression, 185 chronic depression, except for CpG 14 with
n=161 missing samples). Those with intermittent depression
(n=127) were excluded from analysis. (b) Comparison of BDNF
promoter IV methylation between chronically depressed individuals
and controls. Data are presented as the geometric mean methyla-
tion (%) +95% Cl. P-values calculated from the Student’s t-test
(n =488 non-depressed, 138 chronic depressed, except for CpG 3
with n=117 missing samples). Those with intermittent depression
were excluded from analysis. Cl, confidence interval.

to 56% depending on the CpG unit.** However, they investigated
a different BDNF region compared with our study, using different
tissues and populations (clinical setting, age and ethnicity), which
could account for the differences observed. Another study with
blood cells reported significant hypermethylation in depressed



patients in promoter |, with an effect size of 8%.** The participants
(n=85) were age-matched and on stable medication, but further
characteristics were not given. A study of Japanese adults (20-60
years, n=180) found that depressed individuals had up to 4.6%
lower promoter | methylation in saliva,** as well as a negative
association with methylation across the whole gene region.
However, the investigators used the Kessler-6 Scale, a self-rated
non-specific psychological distress scale that does not accurately
diagnose depression.** Another study using saliva (n = 190) found
no significant association but it was focused on depression in
maltreated children, which may have a different pathophysiology
from geriatric depression.*

Four studies have investigated promoter IV methylation, all of
them using blood tissue. In line with our results, one study using a
Korean post-stroke depression (n=244) cohort found that higher
methylation was associated with depression.'® This was supported
by another study that showed that among 732 Korean elderly
(age > 65 years), higher promoter IV methylation was associated
with depression prevalence (n=101) and 2-year incidence (n = 86).
They did not consider medication use.'® By contrast, Fuchikami
et al** did not find significant associations but their study (n =38)
was underpowered to detect small effect sizes and differed from
ours in terms of tissue type and population ethnicity. Tadi¢ et al.>
found significant associations between higher (~1%) promoter IV
methylation in leukocytes and better antidepressant response
(n=39).

Interaction between genetic and epigenetic variation at BDNF

Our study is among the first to examine the potential effects of
BDNF genotype on modifying the association between depression
and BDNF methylation levels. Three polymorphisms, including the
widely investigated Val66Met (rs6265), were found to modify the
association, such that for minor allele carriers of rs6265 and
rs7103411 and major allele carriers of rs908867, depression was
specifically associated with elevated BDNF methylation
(Supplementary Figure S5). Although there is no clear evidence
linking these variants with depression in our study, rs6265
Met allele carriers have been shown to have an increased risk of
suicide.”**” In a post-mortem study, BDNF was found to be
hypermethylated in the brain of suicide completers.*® Further-
more, neuroimaging and stress exposure studies suggest that
carriers of the Met allele have impaired fear, stress and anxiety
regulation systems, making them more susceptible to
depression.**~>! These findings align with our results demonstrat-
ing increased BDNF promoter methylation in moderate-to-severely
depressed individuals who carry the rs6265 minor allele.

In contrast to our results, two Korean studies by the same group
found no significant interaction between promoter IV methylation
in blood, rs6265 genotype (the only variant examined) and
depression.'®'® However, one of the studies investigated the
aetiologically different post-stroke depression.' Furthermore,
differences in the frequency of the rs6265 minor Met allele across
ethnic populations, is highly likely to account for the divergent
findings. Indeed, in our Caucasian population there were only
4.1% of participants who were homozygous for the Met allele,
which contrasts starkly with the 19.4% observed in the Korean
study. Such differences have also been reported previously
between Croatian and Korean populations (Met/Met frequency
3.4% versus 23.4%, respectively).>? The mechanisms by which
SNPs interact with the epigenome to modulate psychiatric
disorders remain largely unknown, and even in the broader
molecular context removed from a given phenotype, the relation-
ship between genetic variation and DNA methylation remains to
be fully elucidated. Among commonly hypothesised mechanisms,
genetic variants could influence the probability of DNA methyla-
tion and the location of a SNP may affect how it interacts with the
epigenome or phenotype. DNA methylation can modulate the
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expression of genes, thus potentially augmenting or diminishing
effects driven by individual genetic variants. Rs6265 is in a protein-
coding region of the gene, may alter BDNF protein function and
one study reported that the Met allele was associated with
increased protein concentrations.>> However, polymorphisms in
other regions, including promoter or intronic regions, have also
been shown to affect gene regulation, demonstrating that
physical proximity is not essential.>*>> Further investigation of
the role of BDNF genetic variation in influencing the association
between methylation levels and depression (Supplementary
Figure S5) is required.

Strengths and weaknesses

Our study is one of the largest in this field to date, with a sample
size of over 1000, allowing more power to detect smaller
methylation differences. Unlike most previous studies, we were
thus able to consider a range of potential confounding factors
linked to both depression status and methylation levels. This is
also one of the first studies to consider both genetic and
epigenetic variation in depression. One limitation of our study is
that we assessed buccal samples collected at follow-up, ~ 8 years
after baseline depression was assessed. However, late-life depres-
sion is often a chronic disorder®® and participants with depression
at baseline were also highly likely to have depression over follow-
up, and thus at the time buccal samples were collected. Indeed, in
our study there was a very strong correlation between baseline
depression and chronic depression over follow-up (P < 0.0001).
Furthermore, chronic depression was also significantly associated
with BDNF methylation at the same CpG sites (Supplementary
Table S4), with associations being even stronger than with
baseline depression. This suggests that methylation differences
may be a stable marker of depression. However, future studies
should aim to assess both phenotype and DNA methylation
longitudinally to investigate associations over time.

We should also consider the small effect sizes observed as we
do not yet know how these could translate into biological
differences. However, the cumulative effects of such small
changes to the epigenome over a long period of time, or in
multiple genes in the same biological pathway, might be
anticipated to result in phenotypic differences large enough to
cross a disease ‘threshold’. Other studies in epigenetic psychiatry
have also reported small but significant effect sizes,>%4344>7-8
supporting our observations. No adjustment for multiple compar-
isons was made, and only the association between BDNF promoter
I methylation at CpG unit 3.4.5 would remain significant at the
Bonferroni corrected level of P=0.0028 (that is, for 18 tests).
However, Bonferroni correction would result in an inflated type-2
error rate, especially given the assumption of independent tests
that does not hold true for methylation levels at individual CpG
sites, which are correlated.

It remains unclear whether methylation is a driver or a
consequence of depression, or a combination of both. Plasma
BDNF levels have been found to predict disease outcomes of MDD
patients,® and findings from our study suggest BDNF hypermethyl-
ation in prevalent and chronic depression. But no study has yet
examined changes in BDNF methylation levels over time.
Establishing causation is important to understand the function
of disease-associated epigenetic marks, furthering knowledge on
the aetiology of the disease, as well as the identification of
diagnostic and therapeutic tools.>® Thus, longitudinal studies with
biospecimens collected early in life prior to disease onset and
followed-up at multiple time points throughout disease progres-
sion or recovery are now needed.

Towards epigenetic biomarkers for depression

One of the keys aims in behavioural epigenetic studies is the
search for peripheral biomarkers of psychiatric disease. Although
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few studies have directly investigated the relationship between
brain and peripheral epigenetic landscapes, peripheral biomarkers
are important because brain tissue cannot be easily extracted,
rendering brain-based biomarkers inconvenient. Psychiatric dis-
orders have also been shown to involve systemic effects.°
Previous research has made a case for BDNF methylation in blood
as a biomarker for depression.3®** However, buccal tissue may
prove more informative as a surrogate tissue than blood.®' Unlike
blood that is of mesodermal origin, buccal tissue has the same
germ cell layer of origin (that is, ectodermal) as neural tissue, and
thus has been speculated to be a more relevant peripheral tissue
for epigenetic analysis in psychiatric disorders.®” Buccal biomar-
kers also confer several advantages to blood-based markers,
including being less invasive,”> and buccal cells are a more
uniform cell population, reducing the problematic issue of cell
heterogeneity in epigenetic studies.®* In addition to significant
differences in individual methylation sites, our findings highlight a
general pattern of BDNF hypermethylation in the buccal tissue of
depressed individuals. More research is needed to determine the
true discriminatory potential of methylation as a biomarker for
depression, especially given the small effect sizes observed.

CONCLUSION

As one of the largest studies investigating methylation in
depression, our findings add further support for the role of
differential BDNF methylation, and suggest that genetic variation
in BDNF mediates these associations. Our findings thus highlight
the potential for BDNF methylation in buccal tissue to be a
biomarker of depression, but further large prospective longi-
tudinal studies are needed to confirm our findings and reveal the
temporal relationship of the observed associations.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

ACKNOWLEDGMENTS

We thank all of the participants, Professor Anne-Louise Ponsonby for critical reading
of the manuscript and Dr Benjamin Ong for assistance with the Sequenom
MassARRAY platform. The ESPRIT project is financed by the regional government of
Languedoc-Roussillon, the Agence Nationale de la Recherche Project 07 LVIE 004,
and an unconditional grant from Novartis. This work was also supported by the
National Health and Medical Research Council, through a Senior Research Fellowship
(APP1045161 to RS) and an Early Career Researcher Fellowship (APP1012735 to JR);
the Murdoch Childrens Research Institute (studentship to VJ); the Victorian
Government’s Operational Infrastructure Support Program. The funders had no role
in the design and conduct of the study, in data collection, management, analysis or
interpretation of the data and were not involved with the writing, preparation, review
or approval of the manuscript.

REFERENCES

Whiteford H, Degenhardt L, Rehm J, Baxter AJ, Ferrari AJ, Erskine HE et al. Global
burden of disease attributable to mental and substance use disorders: findings
from the Global Burden of Disease Study 2010. Lancet 2013; 382: 1575-1586.
Kohn R, Epstein-Lubow G. Course and outcomes of depression in the elderly. Curr
Psychiatry Rep 2006; 8: 34-40.

Sullivan PF, Neale MC, Kendler KS. Genetic epidemiology of major depression:
review and meta-analysis. Am J Psychiatry 2000; 157: 1552-1562.

Kendler KS, Gatz M, Gardner CO, Pedersen NL. A Swedish national twin study of
lifetime major depression. Am J Psychiatry 2006; 163: 109-114.

Ripke S, Wray NR, Lewis CM, Hamilton SP, Weissman MM, Breen G et al. A mega-
analysis of genome-wide association studies for major depressive disorder. Mol
Psychiatry 2013; 18: 497-511.

Autry AE, Monteggia LM. Brain-derived neurotrophic factor and neuropsychiatric
disorders. Pharmacol Rev 2012; 64: 238-258.

Bocchio-Chiavetto L, Bagnardi V, Zanardini R, Molteni R, Nielsen MG, Placentino A
et al. Serum and plasma BDNF levels in major depression: a replication study and
meta-analyses. World J Biol Psychiatry 2010; 11: 763-773.

N

w

IS

w

[«))

~

Translational Psychiatry (2015), 1-7

20

2

=

22

2

w

24

2

o]

26

27

28

29

30

3

=

32

Kurita M, Nishino S, Kato M, Numata Y, Sato T. Plasma brain-derived neurotrophic
factor levels predict the clinical outcome of depression treatment in a
naturalistic study. PloS One 2012; 7: €39212.

Gatt JM, Burton KLO, Williams LM, Schofield PR. Specific and common genes
implicated across major mental disorders: a review of meta-analysis studies.
J Psychiatr Res 2015; 60: 1-13.

Henningsson S, Borg J, Lundberg J, Bah J, Lindstrdm M, Ryding E et al. Genetic
variation in brain-derived neurotrophic factor is associated with serotonin
transporter but not serotonin-1A receptor availability in men. Biol Psychiatry 2009;
66: 477-485.

Tsankova N, Renthal W, Kumar A, Nestler EJ. Epigenetic regulation in psychiatric
disorders. Nat Rev Neurosci 2007; 8: 355-367.

Januar V, Saffery R, Ryan J. Epigenetics and depressive disorders: a review of
current progress and future directions. Int J Epidemiol 2015. e-pub ahead of print
24 February 2015.

Tang B, Dean B, Thomas EA. Disease- and age-related changes in histone
acetylation at gene promoters in psychiatric disorders. Transl Psychiatry 2011; 1:
e64.

Boks MP, Derks EM, Weisenberger DJ, Strengman E, Janson E, Sommer IE et al. The
relationship of DNA methylation with age, gender and genotype in twins and
healthy controls. PLoS One 2009; 4: e6767.

Zhang FF, Cardarelli R, Carroll J, Fulda KG, Kaur M, Gonzalez K et al. Significant
differences in global genomic DNA methylation by gender and race/ethnicity in
peripheral blood. Epigenetics 2011; 6: 623-629.

Bjornsson HT, Fallin MD, Feinberg AP. An integrated epigenetic and genetic
approach to common human disease. Trends Genet 2004; 20: 350-358.

McRae AF, Powell JE, Henders AK, Bowdler L, Hemani G, Shah S et al. Contribution
of genetic variation to transgenerational inheritance of DNA methylation. Genome
Biol 2014; 15: R73.

Kang H-J, Kim J-M, Bae K-Y, Kim S-W, Shin I-S, Kim H-R et al. Longitudinal asso-
ciations between BDNF promoter methylation and late-life depression. Neurobiol
Aging 2015; 36: 1764.e1-7.

Kim J-M, Stewart R, Kang H-J, Kim S-Y, Kim S-W, Shin I-S et al. A longitudinal study
of BDNF promoter methylation and genotype with poststroke depression. J Affect
Disord 2013; 149: 93-99.

Ritchie K, Artero S, Beluche |, Ancelin M, Mann A, Dupuy A et al. Prevalence of
DSM-IV psychiatric disorder in the French elderly population. Br J Psychiatry 2004;
184: 147-152.

Sheehan DV, Lecrubier Y, Sheehan KH, Amorim P, Janavs J, Weiller E et al. The
Mini-International Neuropsychiatric Interview (M.LN.L): the development and
validation of a structured diagnostic psychiatric interview for DSM-IV and ICD-10.
J Clin Psychiatry 1998; 59: 22-33, quiz 34-57.

Radloff LS. The CES-D Scale: a self-report depression scale for research in the
general population. Appl Psychol Meas 1977; 1: 385-401.

Beekman AT, Deeg DJ, Van Limbeek J, Braam AW, De Vries MZ, Van Tilburg W.
Criterion validity of the Center for Epidemiologic Studies Depression scale (CES-
D): results from a community-based sample of older subjects in The Netherlands.
Psychol Med 1997; 27: 231-235.

Freeman B, Smith N, Curtis C, Huckett L, Mill J, Craig IW. DNA from buccal swabs
recruited by mail: evaluation of storage effects on long-term stability and suit-
ability for multiplex polymerase chain reaction genotyping. Behav Genet 2003; 33:
67-72.

Raitio M, Harinen R, Lampinen J. Validation of KASPar™ Dual FRET Based SNP
Genotyping Assay. Thermo Fisher Scientific: Vantaa, Finland, 2012, pp 1-5.
Licinio J, Dong C, Wong M. Novel sequence variations in the brain-derived neu-
rotrophic factor gene and association with major depression and antidepressant
treatment response. Arch Gen Psychiatry 2009; 66: 488-497.

Liu L, Foroud T, Xuei X, Berrettini W. Evidence of association between brain-
derived neurotrophic factor (BDNF) gene and bipolar disorder. Psychiatr Genet
2008; 18: 267-274.

Barrett JC, Fry B, Maller J, Daly MJ. Haploview: analysis and visualization of LD and
haplotype maps. Bioinformatics 2005; 21: 263-265.

Pruunsild P, Kazantseva A, Aid T, Palm K, Timmusk T. Dissecting the human BDNF
locus: bidirectional transcription, complex splicing, and multiple promoters.
Genomics 2007; 90: 397-406.

lkegame T, Bundo M, Murata Y, Kasai K, Kato T, Iwamoto K. DNA methylation of
the BDNF gene and its relevance to psychiatric disorders. J/ Hum Genet 2013; 58:
434-438.

Hing B, Davidson S, Lear M, Breen G, Quinn J, McGuffin P et al. A polymorphism
associated with depressive disorders differentially regulates brain derived
neurotrophic factor promoter IV activity. Biol Psychiatry 2012; 71: 618-626.
Tadi¢ A, Muller-Engling L, Schlicht KF, Kotsiari A, Dreimdiller N, Kleimann A et al.
Methylation of the promoter of brain-derived neurotrophic factor exon IV
and antidepressant response in major depression. Mol Psychiatry 2014; 19:
281-283.



3

w

3

i

35

36

37

38

39

40

4

=

4

N

4

w

44

45

46

4

~N

48

49

Tsankova NM, Berton O, Renthal W, Kumar A, Neve RL, Nestler EJ. Sustained
hippocampal chromatin regulation in a mouse model of depression and
antidepressant action. Nat Neurosci 2006; 9: 519-525.

Research Z EZ-96 DNA Methylation-Lightning™ MagPrep Instruction Manual.
Zymo Research and Zymo Researcher corporation, pp 0-10.

Coolen MW, Statham AL, Gardiner-Garden M, Clark SJ. Genomic profiling of CpG
methylation and allelic specificity using quantitative high-throughput mass
spectrometry: critical evaluation and improvements. Nucleic Acids Res 2007; 35:
el19.

Ehrich M, Nelson MR, Stanssens P, Zabeau M, Liloglou T, Xinarianos G et al.
Quantitative high-throughput analysis of DNA methylation patterns by base-
specific cleavage and mass spectrometry. Proc Natl Acad Sci USA 2005; 102:
15785-15790.

Martino D, Loke YJ, Gordon L, Ollikainen M, Cruickshank MN, Saffery R et al.
Longitudinal, genome-scale analysis of DNA methylation in twins from birth to
18 months of age reveals rapid epigenetic change in early life and pair-specific
effects of discordance. Genome Biol 2013; 14: R42.

Du P, Zhang X, Huang C-C, Jafari N, Kibbe WA, Hou L et al. Comparison of Beta-
value and M-value methods for quantifying methylation levels by microarray
analysis. BMC Bioinformatics 2010; 11: 587.

Lee B-H, Kim H, Park S-H, Kim Y-K. Decreased plasma BDNF level in depressive
patients. J Affect Disord 2007; 101: 239-244,

Tripp A, Oh H, Guilloux J-P, Martinowich K, Lewis DA, Sibille E. Brain-derived
neurotrophic factor signaling and subgenual anterior cingulate cortex dysfunc-
tion in major depressive disorder. Am J Psychiatry 2012; 169: 1194-1202.
Pittenger C, Duman RS. Stress, depression, and neuroplasticity: a convergence of
mechanisms. Neuropsychopharmacology 2008; 33: 88-109.

D'Addario C, Dell'Osso B, Galimberti D, Palazzo MC, Benatti B, Di Francesco A et al.
Epigenetic modulation of BDNF gene in patients with major depressive disorder.
Biol Psychiatry 2013; 73: e6-e7.

Fuchikami M, Morinobu S, Segawa M. DNA methylation profiles of the brain-
derived neurotrophic factor (BDNF) gene as a potent diagnostic biomarker in
major depression. PLoS One 2011; 6: 4-10.

Song Y, Miyaki K, Suzuki T, Sasaki Y, Tsutsumi A, Kawakami N et al. Altered DNA
methylation status of human brain derived neurotrophis factor gene could be
useful as biomarker of depression. Am J Med Genet 2014; 165: 356-364.

Weder N, Zhang H, Jensen K, Yang BZ, Simen A, Jackowski A et al. Child
abuse, depression, and methylation in genes involved with stress, neural
plasticity, and brain circuitry. J Am Acad Child Adolesc Psychiatry 2014; 53:
417-424.e415.

Hosang GM, Shiles C, Tansey KE, McGuffin P, Uher R. Interaction between stress
and the BDNF Val66Met polymorphism in depression: a systematic review and
meta-analysis. BMC Med 2014; 12: 7.

Sarchiapone M, Carli V, Roy A, lacoviello L, Cuomo C, Latella MC et al. Association
of polymorphism (Val66Met) of brain-derived neurotrophic factor with suicide
attempts in depressed patients. Neuropsychobiology 2008; 57: 139-145.

Keller S, Sarchiapone M, Zarrilli F, Videtic A, Ferraro A, Carli V et al. Increased BDNF
promoter methylation in the Wernicke area of suicide subjects. Arch Gen Psy-
chiatry 2010; 67: 258-267.

Hajcak G, Castille C, Olvet DM, Dunning JP, Roohi J, Hatchwell E. Genetic variation
in brain-derived neurotrophic factor and human fear conditioning. Genes Brain
Behav 2009; 8: 80-85.

Buccal methylation as a biomarker of depression
V Januar et al

50

5

52

53

54

55

56

57

58

59

60

6

62

63

64

Lonsdorf TB, Weike Al, Golkar A, Schalling M, Hamm AO, Ohman A. Amygdala-
dependent fear conditioning in humans is modulated by the BDNFval66met
polymorphism. Behav Neurosci 2010; 124: 9-15.

Colzato LS, Van der Does AJW, Kouwenhoven C, Elzinga BM, Hommel B.
BDNF Val66Met polymorphism is associated with higher anticipatory
cortisol stress response, anxiety, and alcohol consumption in healthy adults.
Psychoneuroendocrinology 2011; 36: 1562-1569.

Pivac N, Kim B, Nedi¢ G, Joo YH, Kozari¢-Kovaci¢ D, Hong JP et al. Ethnic differ-
ences in brain-derived neurotrophic factor Val66Met polymorphism in Croatian
and Korean healthy participants. Croat Med J 2009; 50: 43-48.

Lang UE, Hellweg R, Sander T, Gallinat J. The Met allele of the BDNF Val66Met
polymorphism is associated with increased BDNF serum concentrations. Mol
Psychiatry 2009; 14: 120-122.

Cooper DN. Functional intronic polymorphisms: buried treasure awaiting dis-
covery within our genes. Hum Genomics 2010; 4: 284-288.

Moyer RA, Wang D, Papp AC, Smith RM, Duque L, Mash DC et al. Intronic poly-
morphisms affecting alternative splicing of human dopamine D2 receptor are
associated with cocaine abuse. Neuropsychopharmacology 2011; 36: 753-762.
Blazer DG. Depression in late life: review and commentary. J Gerontol A Biol Sci
Med Sci 2003; 58: M249-M265.

Na K-S, Chang HS, Won E, Han K-M, Choi S, Tae WS et al. Association between
glucocorticoid receptor methylation and hippocampal subfields in major
depressive disorder. PLoS One 2014; 9: e85425.

Perroud N, Paoloni-Giacobino A, Prada P, Olié E, Salzmann A, Nicastro R et al.
Increased methylation of glucocorticoid receptor gene (NR3C1) in adults with a
history of childhood maltreatment: a link with the severity and type of trauma.
Transl Psychiatry 2011; 1: e59.

Lopez-Ledn S, Janssens A, Gonzélez-Zuloeta Ladd A, Del-Favero J, Claes SJ, Oostra
BA et al. Meta-analyses of genetic studies on major depressive disorder. Mol
Psychiatry 2008; 13: 772-785.

Dantzer R, O'Connor JC, Freund GG, Johnson RW, Kelley KW. From inflammation
to sickness and depression: when the immune system subjugates the brain. Nat
Rev Neurosci 2008; 9: 46-56.

Lowe R, Gemma C, Beyan H, Hawa MI, Bazeos A, Leslie RD et al. Buccals are likely
to be a more informative surrogate tissue than blood for epigenome-wide
association studies. Epigenetics 2013; 8: 445-454.

Mill J, Heijmans BT. From promises to practical strategies in epigenetic epide-
miology. Nat Rev Genet 2013; 14: 585-594.

Milne E, van Bockxmeer FM, Robertson L, Brisbane JM, Ashton LJ, Scott RJ et al.
Buccal DNA collection: comparison of buccal swabs with FTA cards. Cancer Epi-
demiol Biomarkers Prev 2006; 15: 816-819.

Thomas P, Holland N, Bolognesi C. Buccal micronucleus cytome assay. Nat Protoc
2009; 4: 825-837.

This work is licensed under a Creative Commons Attribution 4.0
International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated
otherwise in the credit line; if the material is not included under the Creative Commons
license, users will need to obtain permission from the license holder to reproduce the
material. To view a copy of this license, visit http://creativecommons.org/licenses/
by/4.0/

Supplementary Information accompanies the paper on the Translational Psychiatry website (http://www.nature.com/tp)

Translational Psychiatry (2015), 1-7

|l


http://creativecommons.org/licenses/by/�4.0/
http://creativecommons.org/licenses/by/�4.0/

	BDNF promoter methylation and genetic variation in late-life depression
	Introduction
	Materials and methods
	Participants
	Genotyping
	Selection of genomic regions for methylation analysis
	Methylation analysis by Sequenom MassARRAY
	Data quality control and statistical analysis

	Table 1 Sample characteristics according to depression status at study inclusiona
	Results
	Association between depression and methylation
	Association between depression and methylation, modified by BDNF genotype
	Chronic depression over follow-up

	Discussion
	Figure 1 (a) Comparison of BDNF promoter I methylation between depressed and non-depressed individuals.
	Comparison with previous findings

	Table 2 Percentage of participants with specific BDNF genotypes in the study population
	Figure 2 Comparison of BDNF promoter I methylation at CpG unit 3.4.5 in depressed and non-depressed individuals, stratified according to the presence of the rs6265 minor allele.
	Figure 3 (a) Comparison of BDNF promoter I methylation between chronically depressed individuals and those without depression.
	Interaction between genetic and epigenetic variation at BDNF
	Strengths and weaknesses
	Towards epigenetic biomarkers for depression

	Conclusion
	We thank all of the participants, Professor Anne-Louise Ponsonby for critical reading of the manuscript and Dr Benjamin Ong for assistance with the Sequenom MassARRAY platform. The ESPRIT project is financed by the regional government of Languedoc-Roussil
	We thank all of the participants, Professor Anne-Louise Ponsonby for critical reading of the manuscript and Dr Benjamin Ong for assistance with the Sequenom MassARRAY platform. The ESPRIT project is financed by the regional government of Languedoc-Roussil
	ACKNOWLEDGEMENTS
	REFERENCES




