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Abstract:

Epigenetic mechanisms can mediate gene-environment interactions relevant for complex
disorders. The BDNF gene is crucial for development and brain plasticity, is sensitive to
environmental stressors such as hypoxia, and harbors the functional SNP rs6265 (Val66Met),
which creates or abolishes a CpG dinucleotide for DNA methylation. We found that methylation
at the BDNF rs6265 Val allele in peripheral blood of healthy subjects is associated with hypoxiarelated early life events (hOCs) and intermediate phenotypes for schizophrenia in a distinctive
manner, depending on rs6265 genotype: in ValVal individuals increased methylation is
associated with exposure to hOCs and impaired Working Memory (WM) accuracy, while the
opposite is true for ValMet subjects. Also, rs6265 methylation and hOCs interact in modulating
WM-related prefrontal activity, another intermediate phenotype for schizophrenia, with an
analogous opposite direction in the two genotypes. Consistently, rs6265 methylation has a
different association with schizophrenia risk in ValVals and ValMets. The relationships of
methylation with BDNF levels and of genotype with BHLHB2 binding likely contribute to these
opposite effects of methylation. We conclude that BDNF rs6265 methylation interacts with
genotype to bridge early environmental exposures to adult phenotypes, relevant for
schizophrenia. The study of epigenetic changes in regions containing genetic variation relevant
for human diseases may have beneficial implications for the understanding of how genes are
actually translated into phenotypes.

Keywords: DNA methylation, rs6265, BDNF, obstetric complications, schizophrenia, prefrontal
cortex, working memory, epigenetics, hypoxia.
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Introduction

Differentially methylated regions often contain single nucleotide polymorphisms (SNPs)
critical for human diseases 1. CpG methylation state is recognized as a major determinant of
natural genetic variation 2, and a strong genetic component underlies inter-individual variation in
DNA-methylation profiles 3. While it has been argued that many SNPs contribute to geneexpression changes and phenotypes relevant for diseases via epigenetic mechanisms 3, 4, the
possibility that DNA methylation changes may compensate and/or modulate the effect of genetic
variation has been less studied. The latter possibility may be important in reconciling variable
penetrance of genetic variants associated with human diseases. Our research has previously
approached this issue by analyzing variable methylation of CpGs associated with functional
SNPs, which likely originate during evolution from spontaneous point mutation of 5-methylcytosine into thymine. Specifically, we previously reported that methylation of a CpG created by
a widely studied functional SNP in the COMT gene was sensitive to environmental experience
and associated with brain phenotypes only in individuals homozygous for the ancestral allele, but
no association was found in heterozygotes 5.
In the present work we focus our analysis on another popular gene in behavioral genetics,
highly important in neurodevelopment and in system-level neural phenotypes and sensitive to
environmental factors, the gene coding for the Brain Derived Neurotrophic Factor (BDNF).
BDNF is a highly regulated protein, a crucial factor for the development of the feto-placental
unit 6 and of the brain 7, as well as for neural plasticity, energy metabolism, learning, episodic
and working memory (WM) 7-12 and cancer 13. The effects of BDNF on synaptic plasticity and
neuron survival strongly suggest a role for this factor in schizophrenia, a neurodevelopmental
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disorder whose risk is heritable and characterized by physiological prefrontal cortex (PFC)
dysfunction during WM 14-16, as well as reduced prefrontal levels of BDNF 17. However, BDNF
has not been associated with schizophrenia in recent large scale genome wide association
studies18. BDNF expression is sensitive to early-life environment 19-21 and specifically hypoxicstressors 22, 23, which in turn are critical factors involved in the pathophysiology of schizophrenia
24-27

. The failure to find association with BDNF and schizophrenia in large-scale case control

studies may conceivably reflect a complex interaction of genotype and environmental experience
that alters methylation status.
The SNP rs6265 (G> A, Val66Met), in the human Pro-BDNF sequence, is an example of
a well-characterized functional SNP in this gene, which influences intracellular trafficking,
activity-dependent secretion, as well as memory related behavior and brain activity in transgenic
mice and in humans 8-11. However, while cell and animal models are consistent in showing a
functional effect, studies in humans reveal discrepancies in associating the Met or the Val allele
to phenotypes relevant for schizophrenia and different psychiatric disorders 8-10, 28-33.
Interestingly, hypoxia-related events during pre-, peri- and early postnatal life (hOCs) have been
reported to interact with BDNF in affecting risk for schizophrenia, independently from rs6265.
Specifically, birth hypoxia has been associated with reduced BDNF levels in cord samples, taken
at delivery, of individuals who developed schizophrenia later in life 34, and other genetic
variation of the BDNF signaling interact with early life hypoxia in affecting risk for the disorder
35

. Surprisingly, these studies failed to show a role of rs6265 in interacting with obstetric

complications in affecting risk for schizophrenia. A possible explanation for these results is that
epigenetic mechanisms related to these environmental factors modulate the effect of the most
likely relevant functional SNP of BDNF. Indeed, the G>A (Val>Met) substitution of the rs6265
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SNP creates/abolishes a CpG site, so that the Val allele has a CpG at this position while the Met
allele does not. Since this CpG is differentially methylated in humans 36, we hypothesize that the
epigenetic changes able to modulate the effect of rs6265 may correspond to a different
methylation status of the Val allele in ValVals and ValMets. In other words, while in
experimental models the rs6265 genotype is clearly associated with certain outcomes, in living
people – who experience actual life and its many stressors – DNA methylation specifically of
one allele of this SNP may change in response to those factors such as hOCs and may modulate
specific phenotypes, thus weakening the effect of the rs6265 genotype.
We hypothesize that BDNF rs6265 methylation is sensitive to environmental (hOCs)
exposure both in ValVal and ValMet subjects and is also associated with phenotypes relevant for
schizophrenia. To this purpose, we analyze (Fig.1):
1) the interaction between hOCs exposure, a known risk factor for schizophrenia,
BDNF rs6265 genotype and methylation in blood;
2) the interaction between hOCs exposure, BDNF rs6265 genotype and methylation on
intermediate phenotypes of schizophrenia, i.e. working memory performance and
related neural activity measured with fMRI;
3) the heritability of rs6265 methylation and the interaction between BDNF rs6265
genotype and methylation on genetic risk for schizophrenia;
4) the interaction between BDNF rs6265 genotype and methylation on serum BDNF
levels, which are known to be altered in patients with schizophrenia;
5) the relationship between brain and blood methylation in a sample of transgenic
mice;
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6) the effect of the rs6265 genetic variation on DNA-protein binding, potentially
relevant in explaining the relationship between methylation and BDNF levels.

We found that hOCs exposure is associated with opposite methylation changes in ValVal
and ValMet subjects. These methylation changes are associated with intermediate phenotypes of
schizophrenia and – being partially inherited – predict genetic risk for the disorder, differently in
ValVals and ValMets. Moreover, the rs6265 genotype affects binding of the transcription factor
BHLHB2, potentially explaining the opposite relationship between methylation and serum
BDNF levels that we detected in ValVals and ValMets. The correlation between brain and blood
methylation in mice further supports the possibility of using peripheral methylation as a proxy of
epigenetic changes relevant for the brain.
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Results and Discussion

1. Relationship between rs6265 genotype, methylation and hypoxia-related
complications (hOCs).
Given that brain methylation cannot be studied in vivo in humans, and that epigenetic
changes relevant for developmental programming can be part of a general response of the entire
organism20, 37, we used pyrosequencing to analyze rs6265 methylation in peripheral blood
mononuclear cells (PBMCs) of 259 healthy humans. This site is differentially methylated in
human PBMCs and, as predictable, methylation was affected by rs6265 genotype, given that
only the Val allele has a CpG in this position (ANOVA: N= 259; F2,256= 1601.2; p< 0.001***;
ValVal > ValMet > MetMet; Fig. S1). ValVal subjects have greater methylation compared with
ValMets, while MetMet subjects have no methylation. All analyses were therefore performed
only in ValVal and ValMet individuals, and methylation values were normalized in order to test
for interactions between genotype and methylation.
First, we analyzed in living healthy humans whether BDNF rs6265 methylation in
PBMCs is associated with exposure to hypoxia-related events during prenatal, perinatal, and
early postnatal life (hOCs), a known risk factor for schizophrenia. Using the McNeil-Sjöström
Scale35, we assessed exposure to hOCs in 168 healthy humans demonstrating that the
relationship between hOCs exposure and BDNF rs6265 methylation is affected by rs6265
genotype. In fact, we found an interaction between rs6265 genotype and hOCs on methylation
(Factorial ANCOVA, with age and sex as covariates: N= 169: 110 ValVal, 59 ValMet; F5,163=
9.70; p= 0.002**; Fig.2), so that rs6265 methylation is greater in the presence of hOCs in ValVal
homozygotes (p=0.03*), while it is attenuated in ValMet subjects exposed to hOCs (p<0.02*; see
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Supplemental file 1 for detailed results). On the other hand, BDNF rs6265 methylation was not
associated with age and sex, in the whole sample, and in the two genotype groups (p>0.28).
These results suggest that exposure to hOCs is associated with opposite and long-lasting changes
of rs6265 methylation in ValVal and in ValMet subjects.

2. Relationship between rs6265 genotype, methylation, hOCs and intermediate
phenotypes for schizophrenia.
We then analyzed the relevance of these methylation changes for schizophrenia. Since we
found that rs6265 methylation is related with hOCs which are a risk factor for schizophrenia25, 35,
we assessed the relationship between hOCs exposure, BDNF rs6265 genotype and methylation in
PBMCs, and WM performance and related prefrontal activity, two well established intermediate
phenotypes for this neurodevelopmental disorder15. Consistent with the above results, we found
that, in a sample of 212 healthy humans, BDNF rs6265 methylation is correlated with 2-Back
WM performance both in ValVal and ValMet subjects with a qualitatively different direction.
More in details, a multiple regression of BDNF rs6265 genotype, methylation and hOCs and
their interactions, with 2-Back WM accuracy as the dependent variable (age and sex as
covariates), revealed an interaction between rs6265 genotype and methylation on WM
performance (N=211: 145 ValVal, 66 ValMet; t=2.63, p=0.009**; Fig.3), so that BDNF rs6265
methylation is associated with 2-Back WM performance both in ValVal and ValMet subjects
with a qualitatively different direction; consistent with previous studies8, 38, this analysis also
confirmed lower WM performance in ValMet compared with ValVal (t=-2.51, p=0.01*). Posthoc analyses of the interaction indicated that greater methylation is associated with lower
accuracy in ValVal homozygous (t= -2.46, p=0.01*), while the opposite is found in ValMet (t=
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2.55, p=0.01*; Fig.3; see Supplemental file 1 for detailed results). Taken together, these results
suggest that the relationship between methylation of the Val allele and WM performance is
opposite between the two genotype groups. However, the opposite methylation changes
associated in ValVals (increased methylation) and ValMets (blunted methylation) with hOCs
exposure were similarly associated with decreased WM accuracy.
We also analyzed the potential relationship between rs6265 genotype, methylation,
hOCs, and prefrontal activity during WM measured with fMRI, another intermediate phenotype
of schizophrenia, in a group of 141 healthy subjects who underwent fMRI during the N-back task
(Fig.4a-e). Multiple regression of the imaging data in SPM8 demonstrated: a positive correlation
between BDNF rs6265 genotype and left dorsolateral PFC activity during 2-Back, suggesting
greater activity in ValMet subjects compared with ValVal (N=141: 93 ValVal, 48 ValMet; x= 54, y= 24, z= 32, BA46, k= 31, Z= 3.42, p FWE-corrected=0.027*); a positive correlation between
BDNF rs6265 methylation and left prefrontal activity (x= -54, y= 24, z= 32, BA46, k= 31, Z=
3.29, p FWE-corrected=0.041*); an interaction between BDNF rs6265 genotype, methylation, and
hypoxia exposure on left prefrontal activity (Fig.4a). More specifically, in one prefrontal locale,
greater methylation is associated with attenuated prefrontal activity in subjects exposed to
hypoxia compared with subjects not exposed in the context of ValVal genotype but not in
ValMet subjects (x= -54, y= 24, z= 32, BA46, k= 26, Z= 3.24, p FWE-corrected=0.047*; Fig.4b and
4c; difference test between ValVal subjects with and without hypoxia exposure: Z=2.38,
p=0.008**). On the contrary, in the other prefrontal locale, lower methylation is associated with
attenuated prefrontal activity in subjects with hOCs compared with subjects without hypoxia
exposure in the context of ValMet genotype but not in ValVal subjects (x= -54, y= 32, z= 6,
BA46, k= 14, Z= 3.40, p FWE-corrected=0.044*; Fig.4d and e; Difference test between ValMet
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subjects with and without hypoxia exposure: Z=-2.32, p=0.01*). These results suggest that
prefrontal activity during WM is predicted by the interaction of hOCs exposure and methylation
to describe opposite relationships in ValVal and ValMet subjects. Since attenuated prefrontal
activity for equivalent gains in WM accuracy is considered indicative of increased efficiency of
prefrontal cortex 14, 39, 40, the opposite methylation changes associated with hOCs exposure in the
two genotypes (increased methylation in ValVal and blunted methylation in ValMets) were also
associated with increased activity, i.e. impaired prefrontal efficiency, which represents a
phenotype characteristic of patients with schizophrenia and their relatives 14, 39, 40.

3. Relationship between BDNF rs6265 genotype, methylation and genetic risk for
schizophrenia.
We further investigated whether BDNF rs6265 methylation can be inherited and is
associated with genetic risk for schizophrenia. We analyzed BDNF rs6265 methylation in a
sample of families with schizophrenia and we calculated heritability from the regression slope of
offspring methylation on the average methylation of parents. Interestingly, we estimated in a
cohort of 115 families that BDNF rs6265 methylation is not only sensitive to environmental
exposures but can also be partially inherited (h2= 0.2; Fig. S2). Next, we analyzed whether
rs6265 genotype and methylation interact on risk for schizophrenia, by comparing healthy
subjects with patients with schizophrenia, with siblings and with parents of patients in three
separate analyses. Consistent with the above results, we found an interaction between rs6265
genotype and methylation on schizophrenia risk, when comparing healthy subjects whether with
siblings (N=384, F5,378=10.39, p=0.001**), or with parents (N=461, F5,455=9.47, p=0.002**) or
with patients with schizophrenia (N=406, F5,400=4.01, p=0.04*; Fig.5a; Supplemental file 1).
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Specifically, rs6265 methylation in ValVal subjects is lower in healthy subjects, compared with
siblings (post hoc with Tukey HSD: p=0.01*), parents (p=0.02*) and patients (p<0.01**), so that
in ValVal the methylation changes associated with hypoxia are also associated with
schizophrenia risk. We also found a significant association between BDNF rs6265 methylation
and schizophrenia risk in ValMet subjects. In this case, healthy subjects have greater methylation
compared with siblings (p=0.03*) and parents of patients (p=0.02*), so that also in ValMets the
methylation changes associated with hypoxia are associated with schizophrenia risk. However,
ValMet patients are not significantly different from healthy subjects (p=0.79). Since we cannot
exclude that these effects may have been confounded by treatment with antipsychotics which
alter BDNF levels in patients21, we also evaluated in vitro the potential effect of treatment with
haloperidol 1μM for 2 and 5 hours on rs6265 methylation, in PBMCs of ValVal and ValMet
healthy subjects (Fig.5b). Notably, rs6265 genotype and haloperidol treatment interact on
methylation, so that haloperidol significantly increases BDNF rs6265 methylation in ValMet
subjects, but it does not in ValVal (N=17, 11 ValVal and 6 ValMet; Factorial ANOVA: F2, 44=
5.65, p= 0.006**; post hoc with Tukey HSD: “ValVal basal” vs. “ValVal Haloperidol 2h”, p=
0.8; “ValVal basal” vs.“ValVal Haloperidol 5h”, p= 1, “ValVal Haloperidol 2h” vs. “ValVal
Haloperidol 5h”, p= 0.9; “ValMet basal” < “ValMet Haloperidol 2h”, p= 0.02*; “ValMet basal”
< “ValMet Haloperidol 5h”, p= 0.002**, “ValMet Haloperidol 2h” vs. “ValMet Haloperidol 5h”,
p= 0.92; Fig.5b). These results suggest that greater levels of methylation in ValMet patients may
be related to antipsychotic treatment (Fig. 5b), although further experiments are necessary to
address the effect of chronic exposure to this and other antipsychotics on DNA methylation.
Moreover, since information on hOCs exposure were not available in our sample of families with
schizophrenia, we cannot exclude that the levels of methylation in patients, parents and siblings
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were also related to these or other risk factors. However, the comparison of rs6265 methylation
levels of controls with methylation of parents and siblings of patients, in the context of ValVal
and ValMet genotype, indicates that the relationship between methylation of the Val allele and
genetic risk for schizophrenia is opposite between the two genotype groups. Therefore, our data
show that methylation changes in the rs6265 region are associated with hOCs exposure, WM
accuracy and related prefrontal activity, and genetic risk for schizophrenia, in a distinctive
manner, depending on the rs6265 genotype. Specifically, in individuals with the ValVal
genotype hOCs exposure is associated with increased methylation, and enhanced methylation –
in these individuals – means impaired WM accuracy, increased prefrontal activity during fMRI
(i.e. blunted prefrontal efficiency) and increased genetic risk for schizophrenia. On the other
hand, in ValMet subjects the same insult is associated with decreased methylation, but blunted
methylation turns out to be associated, in this genotype, with, again, impaired WM accuracy and
increased genetic risk for schizophrenia.

4. Relationship between rs6265 genotype, methylation and BDNF levels in serum.
To be able to attribute any potential relevance to methylation changes it is essential to
assess their relationship with gene expression. Thereby, we analyzed the relationship between
rs6265 methylation and serum BDNF levels measured with ELISA in a subsample of healthy
subjects 41. A multiple regression, with BDNF levels as dependent variable and BDNF rs6265
genotype and methylation as predictors, revealed a significant interaction between rs6265
genotype and methylation on total BDNF expression in serum (N=39: 23 ValVal, 16 ValMet; t=
4.37, p<0.001***; Fig.6a). Specifically, greater methylation is associated with greater levels of
BDNF in ValVal subjects (t= 3.04, p<0.01**), while this relationship is opposite in ValMet
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subjects (t= -3; p= 0.01*). Univariate results also indicate an effect of rs6265 genotype on BDNF
levels, which are greater in ValMet compared with ValVal subjects (t= 4.3; p<0.001***; see
Supplemental file 1 for detailed results).
On the other hand, we did not detect a significant relationship between BDNF
rs6265 methylation and mRNA expression in PBMCs (p>0.2, not shown). This may raise
the concern that BDNF rs6265 methylation represents something indirectly associated with
schizophrenia, rather than a risk factor. However, since the expression of BDNF mRNA
does not reflect the rate of protein synthesized42, the relationship of BDNF rs6265
methylation with BDNF protein level may also be the result of the contribution of other
elements, such as the expression of non-coding transcripts, affecting the level of BDNF
protein by acting at a post-transcriptional level43, 44. Moreover, since human platelets
represent a main source of serum BDNF protein but not of BDNF mRNA, serum BDNF has
been postulated not to originate from megakaryocyte precursor cells, while potential sources
include CNS41, 45, 46; indeed, it has been shown that BDNF can readily cross the brain-blood
barrier 47. The relationship between rs6265 methylation in PBMCs and serum BDNF levels is
therefore compatible with a potential link between rs6265 methylation in PBMCs and in brain.

5. Relationship between brain and blood BDNF methylation in mice.
We estimated the relationship between BDNF rs6265 methylation in PBMCs and in brain
in transgenic mice carrying the human rs6265 SNP and the analysis revealed a negative
correlation between PFC and PBMCs methylation – greater PFC methylation of the rs6265 Val
allele is correlated with lower methylation in PBMCs of both ValVal mice (N= 7; Rho= -0.78 ;
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p= 0.04; Fig. S3a) and ValMet mice (N= 9; Rho= -0.8 ; p= 0.01; Fig. S3b). Similarly, the
correlation between PFC and PBMCs methylation of a CpG close to rs6265 (hg19 position:
Chr11: 27,679,922-3) is negative in the whole sample (N= 17; Rho = -0.55 ; p= 0.02; Fig. 6b).
These results imply that methylation in PBMCs can also be used as a peripheral proxy of PFC
methylation of rs6265, although the direction of the correlations demonstrated above may be
reversed when considering rs6265 methylation in PFC. However, further studies are necessary to
evaluate whether the relationship between rs6265 methylation in PBMCs and phenotypes
relevant for schizophrenia is related to brain-blood correlation of methylation levels or is simply
due to rs6265 methylation in PBMCs being an “epigenetic fossil” that keeps trace of early events
relevant for brain development.

6. Relationship between rs6265 genotype and DNA-protein binding.
Since a differential effect of methylation can be mediated by direct interference with
DNA-protein binding48, which can be affected by genotype-specific changes49, we next
addressed the potential relationship between BDNF rs6265 genotype and protein/transcription
factors (TFs) binding. The rs6265 region, identified as a DNAse I hypersensitive site in brain50,
is potentially interesting for the binding of TFs, since the Val allele shows putative binding sites
for HIF1α, BHLHB2 (also known as DEC1 or BHLHE40), and CREB. These sites are disrupted
by the G(Val)/A(Met) substitution, which also creates a binding site for MITF on the Met allele.
Previous studies have shown how the interaction between all these factors is complex and likely
involves BDNF, the demethylating protein GADD45B, and hypoxia-related mechanisms. For
example, binding of CREB 51 and GADD45B 52 in the BDNF region upstream of the rs6265 SNP
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has been detected. Moreover, BHLHB2 and GADD45B are regulated by hypoxia, since they have
a high-stringency HIF1 binding site 53, 54, and BHLHB2 represses expression of MITF 53, a TF
stimulating HIF1α expression 55. Studies in mice have also proved how the basic helix-loophelix protein BHLHB2 is regulated by neurotrophins and modulate BDNF transcription 56. As a
consequence, we performed an experiment of Chromatin Immunoprecipitation (ChIP), with the
aim of verifying whether these proteins and TFs related to hypoxia could bind the Val allele in
the rs6265 region, potentially interacting in a different way in ValVal and ValMet subjects. Our
data confirmed that this region may bind GADD45B, HIF1α, BHLHB2, CREB, and MITF
(Fig.6c, detailed results in Supplemental file1). In addition, ANOVA showed that BDNF rs6265
genotype was associated with differential binding of BHLHB2, which was greater in the context
of ValMet genotype, compared with the ValVal (N=20: 11 ValVal and 9 ValMet; F1,18= 5.71; p=
0.02; Fig.6c). Other TFs showed a similar trend, without reaching statistical significance for the
differential binding in ValVals and ValMets. In addition, the greater binding of MITF in
ValMets compared with ValVals is likely less relevant, since the putative binding site for this TF
is present only on the Met allele.
All these findings indicate that rs6265 methylation of the BDNF Val allele has a
differential relationship with BDNF levels and environmental exposures in ValVal and ValMet
subjects, likely through a different interaction with transcription factor binding, which may be
also particularly important in early development, when TFs are distributed in a concentration
gradient57.
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Limitations of the study.
A limitation of our study is that the assessment of hOCs relied solely on maternal recall
as the source of information about the exposure. Unfortunately, this is a limitation shared by
most of the literature on obstetric complications26. However, we believe to have controlled
potential bias in our protocol by using a standardize questionnaire developed by previous
published reports58, by employing the McNeil–Sjöström scale27, and by excluding from the
analysis all the subjects with uncertain information.
Another limitation of our study is represented by the analysis of only a single region of
the epigenome. Such approach was chosen to detect a potential interaction between genome,
epigenome and environment, which would have gone undetected in a common whole-epigenome
approach. By providing evidence of an ‘epistatic’ interaction between genetic and epigenetic
variation, our data raise the possibility that analyses on whole genome and epigenome may give
partial information, not taking into account that epigenetic changes can actually have opposite
meaning depending on genotype, and viceversa.

Conclusions

Our data display a dynamic interplay between genome, epigenome, and environment on
prefrontal function and risk for schizophrenia. Our main finding is the opposite relationship of
BDNF rs6265 methylation with phenotypes and environmental factors relevant for schizophrenia
in ValVal and ValMet subjects. More specifically, DNA methylation of rs6265 is differentially
associated in ValVal and ValMet subjects with hOCs exposure and with prefrontal behavior and
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activity. Furthermore, the results in healthy subjects, siblings and parents of patients indicate that
rs6265 methylation is associated with genetic risk for schizophrenia differentially in the two
genotypes and that it can also be partially inherited. Although ambiguous at a first glance, these
results are consistent in showing that the opposite methylation changes associated in the two
genotypes with a risk factor for schizophrenia, i.e. hOCs exposure, are also associated with
intermediate phenotypes for schizophrenia and genetic risk for the disorder in a consistent way:
specifically, in ValVal subjects enhanced methylation is associated with hOCs exposure,
impaired prefrontal cognition and inefficiency of prefrontal cortex, and methylation is also
greater in siblings and parents of patients compared with controls, while in ValMet subjects
blunted methylation is associated with hOCs exposure, impaired prefrontal cognition and
inefficiency of prefrontal cortex, and methylation is lower in siblings and parents of patients
compared with controls.
These genotype-dependent in vivo findings suggest that other molecular factors play a
role. Indeed, rs6265 genotype affects binding of transcription factors and the relationship
between DNA methylation and serum BDNF levels, so that the methylation changes associated
with hypoxia are also differentially linked in both genotypes to BDNF levels. In this way,
environmentally-sensitive DNA methylation modulates the effect of genetic variation, leading to
risk phenotypes for complex disorders. More in general, our results indicate that opposite
epigenetic, genotype-dependent changes may allow developmental plasticity to “adapt” the
organism to environmental conditions, contributing to modulate complex phenotypes above and
beyond genetic variation.
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Material and Methods:

Subjects, methylation analysis and genotyping. 244 healthy subjects, 162 patients with
schizophrenia, 140 siblings and 217 parents of patients entered the study, based on inclusion
criteria and protocols specified elsewhere59. Briefly, all subjects were white Caucasians from the
region of Puglia and provided written informed consent. The Structured Clinical Interview for
DSM-IV was used to confirm diagnosis of schizophrenia for patients and to exclude any Axis I
psychiatric disorder for siblings, parents of patients and healthy subjects. Exclusion criteria were
presence of any neurological or medical condition, presence of head trauma with loss of
consciousness and drug abuse within the past 6 months. All patients were on stable
pharmacological treatment with antipsychotics. The Institutional Review Board of University of
Bari “Aldo Moro”, Bari (Italy), approved protocols and procedures. DNA was extracted from
PBMCs using QIAamp DNA Blood Midi Kit (Qiagen, Valencia, CA, US) and bisulfite treated as
described previously60. Methylation analysis was performed with pyrosequencing, using primer
sequences previously reported

36

and focused on CpG methylation sites in the region of the

BDNF gene containing rs6265. A consensus LINE-1 sequence was also analyzed to estimate
global DNA methylation60, in order to exclude any global effect (see Supplementary Results for
LINE-1 methylation results). Methylation was expressed as percentage of methylated cytosines
divided by the sum of methylated and unmethylated cytosines (%5mC)61. SNP rs6265 was
genotyped using the pyrosequencing assay designed to interrogate percentage of methylation in
this region. In addition, genotypes were double-checked with direct DNA sequencing, as
previously described

62

. Subjects with MetMet genotype were excluded from further analyses,

after verified that, as expected, rs6265 methylation was around 0%. Lack of methylation of the
Met allele is consistent with absence of a CpG site in this position, confirming the quality of
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bisulfite treatment conversion of unmethylated Cytosine in Uracil/Thymine. Supplemental file 1
contains information about the different samples analyzed.

Hypoxia-related Obstetric Complications assessment. Obstetric Complications (OCs) refer to
conditions occurring not only during labor-delivery but also during pregnancy and neonatal
period. Specifically, OCs are here referred as “somatic complications and conditions occurring
during pregnancy, labor-delivery and the neonatal period” experienced as an offspring with
special focus on the CNS27. We assessed OCs exposure on the basis of interviews administered
to mothers using a standard questionnaire developed from other published reports58. OCs data
were rated using the McNeil–Sjöström scale for obstetric complications27, which assigns each
OC a severity score on a scale of 1-6. We determined OCs exposure based on the presence of at
least one serious OC. As in a previous report35, we adopted a strict definition of serious OC, i.e.
McNeil-Sjostrom Scale score ≥5. This score allowed identification of individuals exposed to
hypoxia-related (hOCs) potentially harmful obstetric complications. The hOCs reported
included: bleeding during pregnancy, maternal diabetes, maternal infections, Rh incompatibility,
adverse fetal position, cord around neck, delivery problems, extended labor duration, use of high
forceps, emergency cesarean section, early gestational age at birth and preterm birth, very low
birthweight, respiratory distress at birth and neonatal anomalies. Since a limitation of our study is
that the assessment of hOCs relied solely on maternal recall as the source of information about
the exposure, we excluded from the analysis all the subjects with uncertain information.

Working Memory (WM) task. During fMRI, all subjects completed a blocked paradigm of the
N-back task5. Briefly, ‘N-back’ refers to how far back in the sequence of stimuli the subject had

20

to recall. The stimuli consisted of numbers (1–4) shown in random sequence and displayed at the
points of a diamond-shaped box. There was a visually paced motor task, which also served as a
non-memory guided control condition (0-back) that simply required subjects to identify the
stimulus currently seen. In the WM conditions, the task required recollection of a stimulus seen
two stimuli (2-back) previously while continuing to encode additionally incoming stimuli. All
subjects were trained on the task before the fMRI session. The stimuli of the task were organized
in a simple block design in which each block consisted of eight alternating 0-back and 2-Back
WM condition lasting 4m and 8s. Stimuli were presented via a back-projection system and
behavioral responses were recorded through a fiber optic response box, which allowed
measurement of accuracy and reaction time for each trial.

fMRI Data Acquisition. Blood oxygen level-dependent (BOLD) fMRI was performed on a GE
Signa 3T scanner (General Electric, Milwaukee, WI), equipped with a standard quadrature head
coil. A gradient-echo planar imaging sequence, (repetition time, 2000 ms; echo time, 28 ms; 20
interleaved axial slices; thickness, 4 mm; gap, 1 mm; voxel size, 3.75 x 3.75 x 5; flip angle, 90°;
field of view, 24 cm; matrix, 64 x 64) was used to acquire 120 volumes while subjects performed
the WM task. The first four scans were discarded to allow for T1 equilibration effect.

fMRI Data Analysis. Analysis of the fMRI data was completed using Statistical Parametric
Mapping (SPM8; http://www.fil.ion.ucl.ac.uk/spm). Images, for each subject, were realigned to
the first volume in the time series and movement parameters were extracted to exclude subjects
with excessive head motion (> 2 mm of translation, > 2° rotation). Images were then re-sampled
to a 2 mm isotropic voxel size, spatially normalized into a standard stereotactic space (Montreal
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Institute on Neurology, MNI, template) and smoothed using a 10 mm full-width half-maximum
isotropic Gaussian kernel to minimize noise and to account for residual inter-subject differences.
A box car model convolved with the hemodynamic response function (HRF) at each voxel was
modeled. In the first-level analysis, linear contrasts were computed producing t statistical maps
at each voxel for the 2-back condition, assuming the 0-back condition as a baseline. All
individual contrast images were entered in a second level random effects analysis. A multiple
regression was performed entering BDNF rs6265 genotype, BDNF rs6265 methylation and
hypoxia exposure scores as predictors. Because of our strong a priori hypothesis about the
dorsolateral prefrontal cortex (DLPFC), we used a statistical threshold of p<0.05, family wise
error small volume corrected using as volume of interest the WFU_PickAtlas Brodmann’s areas
in which significant clusters were located (BA46)63. Because we did not have a priori hypotheses
regarding brain activity outside of DLPFC, we used a statistical threshold of p<0.05, FWE corrected for whole-brain comparisons.

PBMCs stimulation with Haloperidol. To evaluate the potential role of antipsychotic treatment
on BDNF rs6265 methylation, we assessed DNA methylation in PBMCs of healthy subjects (11
ValVal, 6 ValMet) following in vitro challenge with haloperidol. Briefly, blood (20 ml) was
collected and PBMCs were isolated by Ficoll density gradient (ICN, Biomedical, Inc.), as
previously described5. After counting, 3.5 · 106 cells ⁄ tube were resuspended in fresh RPMI 1640
medium (Gibco) (pH 7.5) with 15% FCS and HEPES (Sigma) 10 mM, and incubated at 37 °C
with haloperidol 1 µM (Janssen Pharmaceutical) for 0 (baseline), 2, and 5 h. Subsequently, DNA
was extracted and BDNF rs6265 methylation was analyzed with pyrosequencing.
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BDNF protein expression measurement. In order to assess a potential relationship between
methylation and expression, we measured BDNF protein levels in serum, which are likely
derived by CNS sources and are altered in patients with schizophrenia41. Blood (10 ml) was
collected between 8 and 9:30 AM in anticoagulant-free tubes and maintained at RT for 1 h,
followed by 1 h at 4° C. After centrifugation at 2000 g for 10 min at 4° C, serum samples were
stored up to 1 month at -20° C and then analyzed in triplicate at the same time. Sera were diluted
1:50 in sample buffer and total BDNF was quantified using an ELISA kit (BDNF Emax
immunoassay system, Promega) in a microplate reader (Anthos Labtec Instrument) set at 450
nm. We also analyzed the relationship between BDNF rs6265 methylation and mRNA
expression, in the same sample. BDNF mRNA levels were assessed using the comparative
CT method with β-actin as reference (control) gene, using TaqMan® Gene Expression
Assays (Applied Biosystems, Cat. # 4331182) specific for the following transcripts:
NM_170733.3

(Assay

ID:

Hs00380947_m1);

NM_170731.4

(hs00538277-m1);

NM_170732.4 (hs00538278-m1); NM_001709.4 (hs00156058-m1).

Correlation of BDNF methylation in brain and PBMCs. We analyzed the correlation between
BDNF rs6265 methylation in PBMCs and in PFC in 7 homozygous (ValVal) and 9 heterozygous
(ValMet) mice described by Chen64, which reproduce the phenotypic hallmarks described in
humans with the variant allele. Mice were maintained on an inbred C57BL/6 background. The
animals were housed under standard conditions (12-h light/dark cycle with food and water
available ad libitum) and all studies were performed in adult mice. All animal handling and
experimental procedures were performed in accordance with the EC (EEC Council Directive
86/609 1987), the Italian legislation on animal experimentation (Decreto Legislativo 116/92),

23

and the National Institutes of Health Guide for the Care and Use of Laboratory Animals. All
efforts were made to minimize animal suffering and to reduce the number of animals used.
Samples of trunk blood from each mouse were collected in tubes containing sodium citrate and
then rapidly processed for DNA analysis (see below), whereas frontal lobes were dissected,
frozen on dry ice and stored for further analyses at -80°C. Genomic DNA from whole plasma
was extracted using ReliaPrep™ Blood gDNA Miniprep System kit (Promega, Italy), while
DNA from brain tissue was isolated using phenol/chloroform extraction method. Analysis of
mice BDNF rs6265 methylation was performed with pyrosequencing, as described in humans.

Quantitative Chromatin Immunoprecipitation Assay (ChIP). Given the differential
genotype-dependent relationship between rs6265 methylation and BDNF expression, we
performed a ChIP experiment in order to investigate whether the BDNF region containing rs6265
can bind transcription factors and proteins in a genotype-dependent manner. We selected DNAbinding proteins based on bioinformatic predictions and previous research, as described in the
main text. Bioinformatics tools (www.genomatix.de) suggest how rs6265 genetic variation can
affect binding of transcription factors so that the G(Val)/A(Met) substitution abolishes a potential
binding site for HIF1α, BHLHB2 (also known as DEC1 or BHLHE40), and CREB while it
creates a binding site for MITF. PBMCs were isolated from 20 healthy individuals (11 ValVal, 9
ValMet), as previously described5. Protein bound to DNA was cross-linked by PBMCs with 1%
formaldehyde at room temperature, stopping the reaction 10 min later with the addition of 2.5 M
glycine to a final concentration of 125mM, followed by 5 min incubation at room temperature.
ChIP assays were performed using the EpiQuikTM chromatin immunoprecipitation kit from
Epigentek Group Inc. (Brooklyn, NY) starting from ~ 0,5 X 106 PBMC cells. Antibodies used for
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Protein-DNA immunoprecipitation were: anti-HIF1α (antibody provided from Dr C. W. Pugh,
Centre for Cellular & Molecular Physiology, University of Oxford, Oxford, United Kingdom65),
anti-MITF and anti-GADD45B (Aviva System Biology, San Diego, CA), anti-BHLHB2/DEC1
(Bethyl Laboratories, INC, Montgomery, TX USA), anti-CREB (Merck Millipore Headquarters ,
Billerica, MA), and normal mouse IgG as a negative control antibody. DNA from these samples
was subjected to quantitative PCR analyses, using Power SYBR® Green PCR Master Mix (Life
Technologies Corporation, Carlsbad, California) in a Chromo4 Real Time thermocycler
(BIORAD). Amplification of the BDNF promoters fragment was performed using the primers:
pBDNFf

(forward)

5’-CCAAGGCAGGTTCAAGAGG-3’

and

pBDNFr

(reverse)

5′-

CGAACTTTCTGGTCCTCATCC-3’ amplifying a 90 bp fragment including rs6265 SNP. The
quantitative PCR conditions were: 95°C for 10 min followed by 40 cycles of 95°C for 15 s, 62°C
for 1 min. All PCR signals from immunoprecipitated DNA were normalized to PCR signals from
non-immunoprecipitated input DNA. The signals obtained by precipitation with the control IgG
were subtracted from the signals obtained with the specific antibodies. Results are expressed as
percentage of the input66. Calculations were performed using the average values of at least three
independent experiments.

Statistical analysis. All statistical analyses – except for fMRI - were performed in the R
environment. We used ANOVAs in order to analyze the effect of rs6265 genotype on
methylation and on DNA-binding of proteins and transcription factors; we used ANCOVAs
(with age and sex as covariates) to analyze the interaction between rs6265 genotype and hOCs
on methylation, and the relationship between rs6265 genotype, methylation and schizophrenia
risk and diagnosis. To assess in vitro effects of the challenge with Haloperidol on rs6265
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methylation, we performed an ANOVA with rs6265 genotype and incubation time with
Haloperidol as independent categorical variables (0h/basal, 2h, 5h) and rs6265 methylation
changes as dependent variable. Heritability of rs6265 methylation was estimated from the
regression slope of offspring methylation on the average methylation of the parents67. We used
multiple regressions in order to analyze: the interaction between rs6265 genotype, methylation
and hOCs on WM accuracy; the interaction between rs6265 genotype and methylation on BDNF
levels. Finally, we used Spearman correlation in order to analyze the relationship between rs6265
methylation in PBMCs and in PFC in mice. Statistical models for the analyses are also reported
in Supplemental file 1.

26

Conflict of interests:
Dr Bertolino is a consultant of Hoffman--La Roche Ltd. All the authors declare no conflict of
interest.

Acknowledgments:
We thank Dr Chris W Pug and Dr Zuzana Bencokova for providing anti-HIFα antibody;
Riccarda Lomuscio, BA, Maria Teresa Attrotto, MD, Lucia Colagiorgio, MD, Giuseppe Rizzo,
MD, for helping with data acquisition; and Dr Daniel R. Weinberger for helpful discussions.

27

References:
1.
Ziller MJ, Gu H, Muller F, Donaghey J, Tsai LT, Kohlbacher O, De Jager PL, Rosen ED, Bennett DA,
Bernstein BE, et al. Charting a dynamic DNA methylation landscape of the human genome. Nature 2013; 500:47781.
2.
Qu W, Hashimoto S, Shimada A, Nakatani Y, Ichikawa K, Saito TL, Ogoshi K, Matsushima K, Suzuki Y,
Sugano S, et al. Genome-wide genetic variations are highly correlated with proximal DNA methylation patterns.
Genome research 2012; 22:1419-25.
3.
Bell JT, Pai AA, Pickrell JK, Gaffney DJ, Pique-Regi R, Degner JF, Gilad Y, Pritchard JK. DNA
methylation patterns associate with genetic and gene expression variation in HapMap cell lines. Genome biology
2011; 12:R10.
4.
Dayeh TA, Olsson AH, Volkov P, Almgren P, Ronn T, Ling C. Identification of CpG-SNPs associated
with type 2 diabetes and differential DNA methylation in human pancreatic islets. Diabetologia 2013; 56:1036-46.
5.
Ursini G, Bollati V, Fazio L, Porcelli A, Iacovelli L, Catalani A, Sinibaldi L, Gelao B, Romano R,
Rampino A, et al. Stress-related methylation of the catechol-O-methyltransferase Val 158 allele predicts human
prefrontal cognition and activity. The Journal of neuroscience : the official journal of the Society for Neuroscience
2011; 31:6692-8.
6.
Kawamura K, Kawamura N, Sato W, Fukuda J, Kumagai J, Tanaka T. Brain-derived neurotrophic factor
promotes implantation and subsequent placental development by stimulating trophoblast cell growth and survival.
Endocrinology 2009; 150:3774-82.
7.
Autry AE, Monteggia LM. Brain-derived neurotrophic factor and neuropsychiatric disorders.
Pharmacological reviews 2012; 64:238-58.
8.
Egan MF, Kojima M, Callicott JH, Goldberg TE, Kolachana BS, Bertolino A, Zaitsev E, Gold B, Goldman
D, Dean M, et al. The BDNF val66met polymorphism affects activity-dependent secretion of BDNF and human
memory and hippocampal function. Cell 2003; 112:257-69.
9.
Cerasa A, Tongiorgi E, Fera F, Gioia MC, Valentino P, Liguori M, Manna I, Zito G, Passamonti L, Nistico
R, et al. The effects of BDNF Val66Met polymorphism on brain function in controls and patients with multiple
sclerosis: an imaging genetic study. Behavioural brain research 2010; 207:377-86.
10.
Whalley HC, Baig BJ, Hall J, Job DE, McIntosh AM, Cunningham-Owens DG, Johnstone EC, Lawrie SM.
Effects of the BDNF val66met polymorphism on prefrontal brain function in a population at high genetic risk of
schizophrenia. American journal of medical genetics Part B, Neuropsychiatric genetics : the official publication of
the International Society of Psychiatric Genetics 2010; 153B:1474-82.
11.
Soliman F, Glatt CE, Bath KG, Levita L, Jones RM, Pattwell SS, Jing D, Tottenham N, Amso D,
Somerville LH, et al. A genetic variant BDNF polymorphism alters extinction learning in both mouse and human.
Science 2010; 327:863-6.
12.
Koo JW, Mazei-Robison MS, Chaudhury D, Juarez B, LaPlant Q, Ferguson D, Feng J, Sun H, Scobie KN,
Damez-Werno D, et al. BDNF is a negative modulator of morphine action. Science 2012; 338:124-8.
13.
Cao L, Liu X, Lin EJ, Wang C, Choi EY, Riban V, Lin B, During MJ. Environmental and genetic
activation of a brain-adipocyte BDNF/leptin axis causes cancer remission and inhibition. Cell 2010; 142:52-64.
14.
Meyer-Lindenberg A, Weinberger DR. Intermediate phenotypes and genetic mechanisms of psychiatric
disorders. Nature reviews Neuroscience 2006; 7:818-27.
15.

Bertolino A, Blasi G. The genetics of schizophrenia. Neuroscience 2009; 164:288-99.

16.

Weinberger DR, Harrison PJ. Schizophrenia. Oxford: Wiley-Blackwell, 2011.

17.
Weickert CS, Hyde TM, Lipska BK, Herman MM, Weinberger DR, Kleinman JE. Reduced brain-derived
neurotrophic factor in prefrontal cortex of patients with schizophrenia. Molecular psychiatry 2003; 8:592-610.

28

18.
Schizophrenia Working Group of the Psychiatric Genomics C. Biological insights from 108 schizophreniaassociated genetic loci. Nature 2014; 511:421-7.
19.
Roth TL, Sweatt JD. Epigenetic marking of the BDNF gene by early-life adverse experiences. Hormones
and behavior 2011; 59:315-20.
20.
Antonow-Schlorke I, Schwab M, Cox LA, Li C, Stuchlik K, Witte OW, Nathanielsz PW, McDonald TJ.
Vulnerability of the fetal primate brain to moderate reduction in maternal global nutrient availability. Proc Natl
Acad Sci U S A 2011; 108:3011-6.
21.
Boulle F, van den Hove DL, Jakob SB, Rutten BP, Hamon M, van Os J, Lesch KP, Lanfumey L,
Steinbusch HW, Kenis G. Epigenetic regulation of the BDNF gene: implications for psychiatric disorders.
Molecular psychiatry 2012; 17:584-96.
22.
Zhu XH, Yan HC, Zhang J, Qu HD, Qiu XS, Chen L, Li SJ, Cao X, Bean JC, Chen LH, et al. Intermittent
hypoxia promotes hippocampal neurogenesis and produces antidepressant-like effects in adult rats. J Neurosci 2010;
30:12653-63.
23.
Vermehren-Schmaedick A, Jenkins VK, Knopp SJ, Balkowiec A, Bissonnette JM. Acute intermittent
hypoxia-induced expression of brain-derived neurotrophic factor is disrupted in the brainstem of methyl-CpGbinding protein 2 null mice. Neuroscience 2012; 206:1-6.
24.
Bale TL, Baram TZ, Brown AS, Goldstein JM, Insel TR, McCarthy MM, Nemeroff CB, Reyes TM,
Simerly RB, Susser ES, et al. Early life programming and neurodevelopmental disorders. Biol Psychiatry 2010;
68:314-9.
25.
Schmidt-Kastner R, van Os J, Esquivel G, Steinbusch HW, Rutten BP. An environmental analysis of genes
associated with schizophrenia: hypoxia and vascular factors as interacting elements in the neurodevelopmental
model. Molecular psychiatry 2012; 17:1194-205.
26.
Cannon M, Jones PB, Murray RM. Obstetric complications and schizophrenia: historical and meta-analytic
review. The American journal of psychiatry 2002; 159:1080-92.
27.
McNeil TF, Cantor-Graae E, Torrey EF, Sjostrom K, Bowler A, Taylor E, Rawlings R, Higgins ES.
Obstetric complications in histories of monozygotic twins discordant and concordant for schizophrenia. Acta
Psychiatr Scand 1994; 89:196-204.
28.
Hariri AR, Goldberg TE, Mattay VS, Kolachana BS, Callicott JH, Egan MF, Weinberger DR. Brainderived neurotrophic factor val66met polymorphism affects human memory-related hippocampal activity and
predicts memory performance. The Journal of neuroscience : the official journal of the Society for Neuroscience
2003; 23:6690-4.
29.
Hall D, Dhilla A, Charalambous A, Gogos JA, Karayiorgou M. Sequence variants of the brain-derived
neurotrophic factor (BDNF) gene are strongly associated with obsessive-compulsive disorder. American journal of
human genetics 2003; 73:370-6.
30.
Geller B, Badner JA, Tillman R, Christian SL, Bolhofner K, Cook EH, Jr. Linkage disequilibrium of the
brain-derived neurotrophic factor Val66Met polymorphism in children with a prepubertal and early adolescent
bipolar disorder phenotype. The American journal of psychiatry 2004; 161:1698-700.
31.
Lohoff FW, Sander T, Ferraro TN, Dahl JP, Gallinat J, Berrettini WH. Confirmation of association between
the Val66Met polymorphism in the brain-derived neurotrophic factor (BDNF) gene and bipolar I disorder. American
journal of medical genetics Part B, Neuropsychiatric genetics : the official publication of the International Society of
Psychiatric Genetics 2005; 139B:51-3.
32.
Neves-Pereira M, Cheung JK, Pasdar A, Zhang F, Breen G, Yates P, Sinclair M, Crombie C, Walker N, St
Clair DM. BDNF gene is a risk factor for schizophrenia in a Scottish population. Molecular psychiatry 2005;
10:208-12.
33.
Rosa A, Cuesta MJ, Fatjo-Vilas M, Peralta V, Zarzuela A, Fananas L. The Val66Met polymorphism of the
brain-derived neurotrophic factor gene is associated with risk for psychosis: evidence from a family-based
association study. American journal of medical genetics Part B, Neuropsychiatric genetics : the official publication
of the International Society of Psychiatric Genetics 2006; 141B:135-8.

29

34.
Cannon TD, Yolken R, Buka S, Torrey EF, Collaborative Study Group on the Perinatal Origins of Severe
Psychiatric D. Decreased neurotrophic response to birth hypoxia in the etiology of schizophrenia. Biological
psychiatry 2008; 64:797-802.
35.
Nicodemus KK, Marenco S, Batten AJ, Vakkalanka R, Egan MF, Straub RE, Weinberger DR. Serious
obstetric complications interact with hypoxia-regulated/vascular-expression genes to influence schizophrenia risk.
Molecular psychiatry 2008; 13:873-7.
36.
Mill J, Tang T, Kaminsky Z, Khare T, Yazdanpanah S, Bouchard L, Jia P, Assadzadeh A, Flanagan J,
Schumacher A, et al. Epigenomic profiling reveals DNA-methylation changes associated with major psychosis. Am
J Hum Genet 2008; 82:696-711.
37.
Symonds ME, Sebert SP, Hyatt MA, Budge H. Nutritional programming of the metabolic syndrome.
Nature reviews Endocrinology 2009; 5:604-10.
38.
Notaras M, Hill R, van den Buuse M. A role for the BDNF gene Val66Met polymorphism in
schizophrenia? A comprehensive review. Neuroscience and biobehavioral reviews 2015; 51:15-30.
39.
Callicott JH, Bertolino A, Mattay VS, Langheim FJ, Duyn J, Coppola R, Goldberg TE, Weinberger DR.
Physiological dysfunction of the dorsolateral prefrontal cortex in schizophrenia revisited. Cerebral cortex 2000;
10:1078-92.
40.
Callicott JH, Egan MF, Mattay VS, Bertolino A, Bone AD, Verchinksi B, Weinberger DR. Abnormal fMRI
response of the dorsolateral prefrontal cortex in cognitively intact siblings of patients with schizophrenia. The
American journal of psychiatry 2003; 160:709-19.
41.
Green MJ, Matheson SL, Shepherd A, Weickert CS, Carr VJ. Brain-derived neurotrophic factor levels in
schizophrenia: a systematic review with meta-analysis. Mol Psychiatry 2011; 16:960-72.
42.
Tropea D, Capsoni S, Tongiorgi E, Giannotta S, Cattaneo A, Domenici L. Mismatch between BDNF
mRNA and protein expression in the developing visual cortex: the role of visual experience. The European journal
of neuroscience 2001; 13:709-21.
43.
Qureshi IA, Mehler MF. Emerging roles of non-coding RNAs in brain evolution, development, plasticity
and disease. Nature reviews Neuroscience 2012; 13:528-41.
44.
Caputo V, Sinibaldi L, Fiorentino A, Parisi C, Catalanotto C, Pasini A, Cogoni C, Pizzuti A. Brain derived
neurotrophic factor (BDNF) expression is regulated by microRNAs miR-26a and miR-26b allele-specific binding.
PloS one 2011; 6:e28656.
45.
Lommatzsch M, Zingler D, Schuhbaeck K, Schloetcke K, Zingler C, Schuff-Werner P, Virchow JC. The
impact of age, weight and gender on BDNF levels in human platelets and plasma. Neurobiology of aging 2005;
26:115-23.
46.
Fujimura H, Altar CA, Chen R, Nakamura T, Nakahashi T, Kambayashi J, Sun B, Tandon NN. Brainderived neurotrophic factor is stored in human platelets and released by agonist stimulation. Thrombosis and
haemostasis 2002; 87:728-34.
47.
Pan W, Banks WA, Fasold MB, Bluth J, Kastin AJ. Transport of brain-derived neurotrophic factor across
the blood-brain barrier. Neuropharmacology 1998; 37:1553-61.
48.
Meaney MJ, Ferguson-Smith AC. Epigenetic regulation of the neural transcriptome: the meaning of the
marks. Nat Neurosci 2010; 13:1313-8.
49.
Kasowski M, Grubert F, Heffelfinger C, Hariharan M, Asabere A, Waszak SM, Habegger L, Rozowsky J,
Shi M, Urban AE, et al. Variation in transcription factor binding among humans. Science 2010; 328:232-5.
50.
Ward LD, Kellis M. HaploReg: a resource for exploring chromatin states, conservation, and regulatory
motif alterations within sets of genetically linked variants. Nucleic Acids Res 2012; 40:D930-4.
51.
Pruunsild P, Sepp M, Orav E, Koppel I, Timmusk T. Identification of cis-elements and transcription factors
regulating neuronal activity-dependent transcription of human BDNF gene. The Journal of neuroscience : the
official journal of the Society for Neuroscience 2011; 31:3295-308.

30

52.
Gavin DP, Sharma RP, Chase KA, Matrisciano F, Dong E, Guidotti A. Growth arrest and DNA-damageinducible, beta (GADD45b)-mediated DNA demethylation in major psychosis. Neuropsychopharmacology 2012;
37:531-42.
53.
Cheli Y, Giuliano S, Fenouille N, Allegra M, Hofman V, Hofman P, Bahadoran P, Lacour JP, TartareDeckert S, Bertolotto C, et al. Hypoxia and MITF control metastatic behaviour in mouse and human melanoma
cells. Oncogene 2012; 31:2461-70.
54.
Schodel J, Oikonomopoulos S, Ragoussis J, Pugh CW, Ratcliffe PJ, Mole DR. High-resolution genomewide mapping of HIF-binding sites by ChIP-seq. Blood 2011; 117:e207-17.
55.
Busca R, Berra E, Gaggioli C, Khaled M, Bille K, Marchetti B, Thyss R, Fitsialos G, Larribere L,
Bertolotto C, et al. Hypoxia-inducible factor 1{alpha} is a new target of microphthalmia-associated transcription
factor (MITF) in melanoma cells. The Journal of cell biology 2005; 170:49-59.
56.
Jiang X, Tian F, Du Y, Copeland NG, Jenkins NA, Tessarollo L, Wu X, Pan H, Hu XZ, Xu K, et al.
BHLHB2 controls Bdnf promoter 4 activity and neuronal excitability. J Neurosci 2008; 28:1118-30.
57.
Jiang J, Levine M. Binding affinities and cooperative interactions with bHLH activators delimit threshold
responses to the dorsal gradient morphogen. Cell 1993; 72:741-52.
58.
McIntosh AM, Holmes S, Gleeson S, Burns JK, Hodges AK, Byrne MM, Dobbie R, Miller P, Lawrie SM,
Johnstone EC. Maternal recall bias, obstetric history and schizophrenia. Br J Psychiatry 2002; 181:520-5.
59.
Lo Bianco L, Blasi G, Taurisano P, Di Giorgio A, Ferrante F, Ursini G, Fazio L, Gelao B, Romano R,
Papazacharias A, et al. Interaction between catechol-O-methyltransferase (COMT) Val158Met genotype and genetic
vulnerability to schizophrenia during explicit processing of aversive facial stimuli. Psychol Med 2012:1-14.
60.
Bollati V, Baccarelli A, Hou L, Bonzini M, Fustinoni S, Cavallo D, Byun HM, Jiang J, Marinelli B,
Pesatori AC, et al. Changes in DNA methylation patterns in subjects exposed to low-dose benzene. Cancer Res
2007; 67:876-80.
61.

Tost J, Gut IG. DNA methylation analysis by pyrosequencing. Nature protocols 2007; 2:2265-75.

62.
Blasi G, Lo Bianco L, Taurisano P, Gelao B, Romano R, Fazio L, Papazacharias A, Di Giorgio A, Caforio
G, Rampino A, et al. Functional variation of the dopamine D2 receptor gene is associated with emotional control as
well as brain activity and connectivity during emotion processing in humans. J Neurosci 2009; 29:14812-9.
63.
Maldjian JA, Laurienti PJ, Kraft RA, Burdette JH. An automated method for neuroanatomic and
cytoarchitectonic atlas-based interrogation of fMRI data sets. Neuroimage 2003; 19:1233-9.
64.
Chen ZY, Jing D, Bath KG, Ieraci A, Khan T, Siao CJ, Herrera DG, Toth M, Yang C, McEwen BS, et al.
Genetic variant BDNF (Val66Met) polymorphism alters anxiety-related behavior. Science 2006; 314:140-3.
65.
Lau KW, Tian YM, Raval RR, Ratcliffe PJ, Pugh CW. Target gene selectivity of hypoxia-inducible factoralpha in renal cancer cells is conveyed by post-DNA-binding mechanisms. British journal of cancer 2007; 96:128492.
66.
Angrisano T, Sacchetti S, Natale F, Cerrato A, Pero R, Keller S, Peluso S, Perillo B, Avvedimento VE,
Fusco A, et al. Chromatin and DNA methylation dynamics during retinoic acid-induced RET gene transcriptional
activation in neuroblastoma cells. Nucleic acids research 2011; 39:1993-2006.
67.
Visscher PM, Hill WG, Wray NR. Heritability in the genomics era--concepts and misconceptions. Nat Rev
Genet 2008; 9:255-66.

31

Figure legends.

Figure 1. Research design.

Figure 2. Relationship between methylation of BDNF rs6265 in PBMCs and hOCs
exposure in healthy humans. Boxplot of rs6265 methylation (T scores) as a function of hOCs
exposure: Val/Val homozygotes (N=110) exposed to hOCs have greater methylation compared
with ValVal not exposed, while Val/Met subjects (N=59) exposed have reduced methylation
compared with ValMet not exposed. See text and Supplemental file 1 for statistics.

Figure 3. Relationship between methylation of BDNF rs6265 in PBMCs and Working
Memory (WM) accuracy in healthy subjects. Scatterplot of the correlations between
methylation of rs6265 (T scores) and WM accuracy: in Val/Val subjects (N=145) increased
methylation is associated with impaired accuracy, while in Val/Met heterozygotes (N=66)
blunted methylation is associated with impaired accuracy (See text and Supplemental file 1 for
statistics).

Figure 4. Interaction between BDNF rs6265 genotype, methylation in PBMCs, early life
exposure to hypoxia (hOCs), and prefrontal activity during Working Memory (WM) in
healthy subjects. a: 3D rendering of the interaction between rs6265 genotype, methylation and
hOCs on BOLD fMRI response in prefrontal cortex of ValVal (N=93) and ValMet (N=48)
subjects. Color bar represents F-values. b-c: Scatterplots of the interaction in BA 46 (x= -54, y=
24, z= 32) showing that increased methylation is associated with attenuated prefrontal activity in
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ValVal subjects exposed to hypoxia (b), while no significant relationship emerged in ValMet
subjects (c). d-e: Scatterplots of the interaction in BA 46 (x= -54, y= 32, z= 6) showing that
methylation is positively associated with prefrontal activity in ValMet subjects exposed to
hypoxia (e), while no significant relationship emerged in ValVal subjects (d). See text for
statistics.

Figure 5. BDNF rs6265 methylation in PBMCs and schizophrenia risk. a: Bargraph (mean ±
s.e.m.) of rs6265 methylation (T scores) in healthy subjects (168 ValVal, 77 ValMet), patients
with schizophrenia (122 ValVal, 40 ValMet), siblings (97 ValVal, 43 ValMet), parents of
patients (148 ValVal, 69 ValMet): in ValVal subjects, rs6265 methylation is lower in healthy
subjects, compared with siblings, parents and patients with schizophrenia. In ValMet subjects,
rs6265 methylation is greater in healthy subjects, compared with siblings and parents of patients,
while it is not significantly different compared with patients. b: Bargraph (mean + s.e.m.) of the
effect of treatment with haloperidol 1μM for 2 and 5 hours on rs6265 methylation changes in
PBMCs of ValVal (N=11) and ValMets (N=6). See text and Supplemental file 1 for statistics.

Figure 6. BDNF rs6265 methylation and gene regulation. a: Scatterplots of the correlations
between rs6265 methylation (T scores) and Total BDNF in serum measured with ELISA (N=39:
23 ValVal and 16 ValMet): increased methylation in PBMCs is correlated with increased
expression in ValVal subjects and with attenuated expression in ValMet heterozygotes. b:
Scatterplot of the correlation between methylation of rs6265 region in PBMCs and in prefrontal
cortex in a group of transgenic mice carrying the human mutation (N=17). c: Bargraph (mean +
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s.e.m.) of the effects of rs6265 genotype on binding of hypoxia-related proteins to the rs6265
region (N=20: 11 ValVal and 9 ValMet). See text and Supplemental file 1 for statistics.
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Study	
  1:	
  	
  
Interac/on	
  between	
  hOCs	
  and	
  BDNF	
  rs6265	
  genotype	
  on	
  methyla/on	
  
Sample	
  1:	
  169	
  healthy	
  subjects	
  

Study	
  2:	
  	
  
Interac/on	
  between	
  hOCs,	
  BDNF	
  rs6265	
  genotype	
  	
  and	
  methyla/on	
  on	
  
intermediate	
  phenotypes	
  of	
  schizophrenia:	
  WM	
  performance	
  and	
  related	
  
ac/vity	
   Sample	
  2:	
  211	
  healthy	
  subj.	
  (WM	
  performance),	
  141	
  healthy	
  subj.	
  (fMRI)	
  
Study	
  3:	
  
A.	
  Heritability	
  of	
  BDNF	
  rs6265	
  methyla/on	
  
Sample	
  3A:	
  115	
  families	
  

B.	
  Interac/on	
  between	
  BDNF	
  rs6265	
  genotype	
  	
  and	
  methyla/on	
  on	
  gene/c	
  
risk	
  for	
  schizophrenia	
  
Sample	
  3B:	
  244	
  healthy	
  subj.,	
  162	
  paDents	
  with	
  schizophrenia,	
  140	
  siblings,	
  217	
  parents	
  

C.	
  Interac/on	
  between	
  BDNF	
  rs6265	
  genotype	
  and	
  haloperidol	
  exposure	
  	
  
Sample	
  3C:	
  17	
  PBMC	
  samples	
  from	
  healthy	
  subjects	
  

Study	
  4:	
  
Interac/on	
  between	
  rs6265	
  genotype	
  and	
  methyla/on	
  on	
  BDNF	
  levels	
  	
  
Sample	
  4:	
  39	
  healthy	
  subjects	
  

Study	
  5:	
  	
  
Rela/onship	
  between	
  brain	
  and	
  blood	
  methyla/on	
  
Sample	
  5:	
  17	
  mice	
  

Study	
  6:	
  	
  
Rela/onship	
  between	
  rs6265	
  genotype	
  and	
  DNA-‐protein	
  binding	
  
Sample	
  6:	
  20	
  healthy	
  subjects	
  

