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ORIGINAL ARTICLE

Differential DNA methylation at birth associated with mental
disorder in individuals with 22q11.2 deletion syndrome
A Starnawska1,2,3, CS Hansen1,4, T Sparsø1,5, W Mazin6, L Olsen1,5, M Bertalan1,5, A Buil1,5, J Bybjerg-Grauholm1,4, M Bækvad-Hansen1,4,
DM Hougaard1,4, PB Mortensen1,7,8, CB Pedersen1,7,8, M Nyegaard1,2,3, T Werge1,5,9 and S Weinsheimer1,5
Individuals with 22q11.2 deletion syndrome (DS) have an increased risk of comorbid mental disorders including schizophrenia,
attention deﬁcit hyperactivity disorder, depression, as well as intellectual disability. Although most 22q11.2 deletion carriers have
the long 3-Mb form of the hemizygous deletion, there remains a large variation in the development and progression of psychiatric
disorders, which suggests that alternative factors contribute to the pathogenesis. In this study we investigated whether neonatal
DNA methylation signatures in individuals with the 22q11.2 deletion associate with mental disorder later in life. DNA methylation
was measured genome-wide from neonatal dried blood spots in a cohort of 164 individuals with 22q11.2DS, including 48
individuals diagnosed with a psychiatric disorder. Among several CpG sites with P-value o10 − 6, we identiﬁed cg23546855
(P-value = 2.15 × 10 − 7) mapping to STK32C to be associated with a later psychiatric diagnosis. Pathway analysis of the top
ﬁndings resulted in the identiﬁcation of several Gene Ontology pathways to be signiﬁcantly enriched (P-value o 0.05 after
Benjamini–Hochberg correction); among them are the following: neurogenesis, neuron development, neuron projection
development, astrocyte development, axonogenesis and axon guidance. In addition, we identiﬁed differentially methylated CpG
sites in LRP2BP (P-value = 5.37 × 10 − 8) to be associated with intellectual disability (F70–79), in TOP1 (P-value = 1.86 × 10 − 7) with
behavioral disorders (F90–98), in NOSIP (P-value = 5.12 × 10 − 8) with disorders of psychological development (F80–89) and in
SEMA4B (P-value = 4.02 × 10 − 7) with schizophrenia spectrum disorders (F20–29). In conclusion, our study suggests an association
of DNA methylation differences at birth with development of mental disorder later in life in 22q11.2DS individuals.
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INTRODUCTION
There is a strikingly increased risk of developing a mental disorder
among individuals diagnosed with 22q11.2 deletion syndrome
(DS) including mood disorders, anxiety disorders, attention deﬁcit
hyperactivity disorder (ADHD), autism spectrum disorder, as well
as intellectual disability (ID) and schizophrenia (SZ).1–7 It is the
most common DS in humans that occurs at a population
frequency ~ 1:3700 live births (Olsen et al., manuscript in
preparation).8–11 The syndrome is characterized by a hemizygous
microdeletion of 1.5–3 Mb of chromosome 22 and is associated
with a variety of clinical phenotypes including cardiac defects,
hypocalcemia, cleft palate, dysfunction of the immune system as
well as multiple mental disorders.12–15
The International Consortium on Brain and Behavior in
22q11.2DS has collectively described the prevalence of psychiatric
diagnoses in different age groups based on 15 clinical cohorts,
reporting a change in prevalence of mental disorders in
22q11.2DS individuals throughout the lifespan.1 In these clinically
ascertained cohorts, one-third of carriers have a below-average
intellectual level (IQ, 70–84) with adults frequently diagnosed with
more severe levels of impairment.16–18 ADHD, particularly the

inattentive type, is ~ 10 times more prevalent in children with the
deletion,19 with prevalence estimates ranging from 15.6 to 37%
across different studies.1 The prevalence of autism spectrum
disorder among individuals with 22q11.2DS also varies by study/
site/instrument used, with estimates ranging from 12.81,4 to
26.5%,1 whereas SZ spectrum disorders and major depression
rates reach as high as 41.7 and 15.8%, respectively.1 Furthermore,
population-based studies suggest that the incidence rates of
psychiatric disorders are elevated in clinically identiﬁed 22q11.2
deletion carriers relative to the general population.7,20 Notably,
odds ratio estimates of 16 or more obtained from genetic
association studies21–23 index the 22q11.2 deletion as one of the
largest risk factors for SZ spectrum disorder.
Although unbiased population-based disease risk estimates are
lacking, the frequency of psychiatric health problems in clinically
identiﬁed 22q11.2 deletion carriers certainly exceed those of the
general population.7,20 Hence, a better understanding of the
biological underpinnings for the elevated risk of mental disorders
in 22q11.2 deletion carriers will facilitate improved clinical care.
Even though most 22q11.2 deletion carriers have the long 3-Mb
form of the deletion, there is a broad variation in the development
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and progression of psychiatric disorders. This could be driven by
other genetic risk factors; however, there is no evidence of the
presence of genetic factors on the non-deleted 22q11.2 copy to
predispose these individuals to the development of, for example,
psychotic disorders.24–26 This suggests that alternative factors,
such as environmental and epigenetic factors, could contribute to
the development, onset and/or progression of psychiatric
phenotypes in 22q11.2DS individuals.
The epigenome is dynamic, changing in early development,
throughout life, and even during disease progression. In addition,
epigenetic changes have been implicated in the pathophysiology
of several psychiatric disorders including SZ, bipolar disorder,
major depressive disorder and Rett syndrome.27–35 On the basis of
this growing body of evidence, we hypothesized that already at
birth the epigenome of individuals with 22q11.2DS who have a
psychiatric phenotype differs from those who carry the same
deletion but do not have a psychiatric diagnosis. In this study, to
our knowledge, we performed the ﬁrst Epigenome-Wide Association Study (EWAS) in neonatal blood spot samples for a large case
cohort of 22q11.2DS individuals, including 29% of individuals with
a psychiatric diagnosis. Epigenetic proﬁles in neonatal blood
samples may prove to be a useful tool to identify early on which
22q11.2 deletion carriers are at increased risk for mental disorder,
allowing for early prediction and intervention, as well as improved
understanding of the pathogenesis that underlies development of
psychiatric phenotypes.
MATERIALS AND METHODS
Study population
This EWAS study was performed on DNA from neonatal dried blood spot
samples collected at birth on ﬁlter paper for 164 unrelated 22q11.2DS
individuals (80 females and 84 males).
The cohort’s current mean age was 14.7 years (s.d. = 6.5). Subjects were
selected from The Danish Cytogenetic Central Register, and presence of
22q11.2 deletion was identiﬁed via ﬂuorescent in situ hybridization and/or
comparative genomic hybridization array. Out of all 22q11.2DS cases
identiﬁed from the Danish Cytogenetic Central Register, 209 individuals
had a blood spot sample stored within the Danish Neonatal Screening
Biobank (DNSB), which is a part of the Danish National Biobank (those who
did not have a blood spot sample were primarily born before 1982).
Individuals were excluded from the methylation study if array qualitycontrol failed, genetic validation did not verify the deletion or the deletion
mapped downstream of the 22q11.2 locus and hence did not truly
represent 22q11.2DS. Type of 22q11.2 deletion was additionally conﬁrmed
with genotype data obtained from Inﬁnium PsychArray BeadChip (Illumina,
San Diego, CA, USA, data not shown), followed by copy number variant
(CNV) prediction using the PennCNV software (http://www.openbioinformatics.org/penncnv/).36
Psychiatric diagnosis information was retrieved from the Danish
Psychiatric Central Register, which contains information about all
admissions to Danish psychiatric inpatient facilities since 4 January 1969
and outpatient since 1995.37 In this cohort, a total of 48 individuals (21
females and 27 males) had an ICD-10 level F diagnosis (Mental and
Behavioral Disorders), whereas 116 individuals have not had a documented current or past psychiatric diagnosis (called, respectively, psychiatric
cases and non-psychiatric controls in the primary analysis). The mean age
of individuals with psychiatric diagnosis was 16.7 years (s.d. = 6.2).
In secondary analyses, we evaluated the methylomes using further
stratiﬁcation of psychiatric diagnoses in which the psychiatric cohort was
subcategorized into four main diagnosis groups: intellectual disability (ID,
F70–79: intellectual disability, n = 23), behavioral disorders (BDs, F90–98:
behavioral and emotional disorders with onset usually occurring in
childhood and adolescence, n = 12), disorders of psychological development (PD, F80–89: disorders of psychological development, n = 16) and SZ
spectrum disorders (F20–29: schizotypal and delusional disorders, n = 4;
Supplementary Figure 1). Detailed demographics for this cohort are
presented in Supplementary Table 1. Individuals with comorbid mental
disorders were included in the analyses as reﬂected by Supplementary
Figure 1.
The study was approved by the Regional Ethical Committee, The Capital
Region of Denmark, Copenhagen, Denmark (Arv&Miljø:H-B-2009-026) and
Translational Psychiatry (2017), 1 – 11

Danish Data Protection Agency (PSV-2009-07). Permissions were granted
to couple and perform population-based analyzes from the Danish
Cytogenetic Central Register, DNSB and Danish National Patient Registry
resources (established and maintained according to Danish law). The
access is granted to researchers on a case-by-case request by the
competent Danish authorities.

DNA methylation analysis
Genomic DNA was extracted from neonatal dried blood spots at the
Danish Neonatal Screening Biobank. For each individual, two disks (each
3.2 mm in diameter) were punched from their dried blood spots stored on
Whatman Specimen 903 Collection Paper (GE Healthcare Life Sciences,
Chicago, IL, USA). Genomic DNA was extracted with the use of Extract-NAmp Blood PCR kit (Sigma-Aldrich, St. Louis, MO, USA), without the
ampliﬁcation step. Genomic DNA was bisulﬁte-converted using the EZ-96
DNA Methylation Kit (Zymo Research, Irvine, CA, USA) according to the
manufacturer's instructions. DNA methylation from the bisulﬁte-converted
DNA was measured using the Inﬁnium HumanMethylation450BeadChip
array (Illumina) as previously described.38
Quality control of DNA methylation data was performed using tools in
R-packages ChAMP39 and minﬁ.40 Principal components analysis was
performed to identify possible outliers. All samples had o5% failed
probes. Methylation data were further normalized with the use of withinarray Functional Normalization, which regresses out the variability
explained by control probes included on the Inﬁnium HumanMethylation450BeadChip array in order to remove the technical variation.41
Normalization was performed with the ﬁrst two principal components.41
Normalization was followed by removal of probes with detP40.01 in at
least 20% of samples, cross-reactive probes, probes targeting sex chromosomes and probes known to overlap with common single-nucleotide
polymorphisms (SNPs) in the CEU population.42 Correction for possible
technical batch effects was performed with the Combat tool.43 Normalized
and batch-corrected methylation values were further logit-transformed.
To determine whether blood cell-composition estimates were different
between the study groups, we used the methylation data for estimation of
blood cell composition44 using the ﬂowSorted.CordBlood.450k reference
panel.45 This reference panel is based on ﬂow cytometry-sorted cord blood
cells for 17 individuals, all of whom contribute between four to seven
samples of distinct cell types. We estimated the composition of B cells, CD4
T cells, CD8 T cells, granulocytes, monocytes, natural killer cells and
nucleated red blood cells (nRBCs)) for each sample and investigated
whether there were signiﬁcant differences in cell composition between
mental disorder, ID, BD, PD, as well as SZ cases and non-psychiatric
controls with the use of t-test (for normally distributed blood cell
estimates) or Mann–Whitney test (for cell types with non-normal
distribution).
In addition, to conﬁrm the presence of the 22q11.2 deletion in each
individual, we used the DNAcopy package to call CNVs from the methylation data as described before.46 On the basis of the regions of CNVs called
on chromosome 22, we assessed the boundaries of each deletion type as
follows: common LRC22A–LRC22D (18892575–21460000 bp); nested proximal deletion LRC22A–LRC22B (18892575–20330000 bp); nested central
deletion LRC22C–LRC22D (20700000–21460000 bp); and distal deletion
within LRC22D–LRC22E (21460000–23700000 bp). LRC22A–LRC22B and
LRC22C–LRC22D overlap with the LRC22A–LRC22D deletion region, but do
not overlap with each other, and the deletion within LRC22D–LCR22E is
located downstream of the LRC22A–LRC22D deletion. Boundaries of the
22q11.2 deletion depend on the probe distribution across this region as
represented on the methylation array. CNV plots for the 22q11.2 region
were visually inspected and CNVs were ﬁltered to include minimum 50
markers with minimum quality of segmentation mean threshold o − 0.3
for deletions. The CNV calls were also compared with PennCNV calls
for 22q11 region obtained from PsychArray SNP data (Illumina, data
not shown).

Statistical analysis
In this study we used the EWAS approach to determine differential DNA
methylation among 22q11.2 deletion carriers diagnosed with mental
disorder compared with carriers who do not have any current or past
mental disorder diagnosis (non-psychiatric controls; primary analysis). In
the secondary analyses, we evaluated four subclasses of most commonly
observed psychiatric diagnoses (ID, BD, PD and SZ) in the cohort and
compared these proﬁles to the non-psychiatric controls (same controls for
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each comparison). We used regression models to identify differentially
methylated probes (further referred to as DMP) and included adjustment
for sex, type of 22q11.2 deletion and age of the blood spot card to correct
for possible storage batch effects. Moreover, we investigated whether the
type of 22q11.2 deletion (LRC22A–LRC22D versus LRC22A–LRC22B or
LRC22A–LRC22D versus other) associated with altered methylation
patterns in the genome (CNV-type association analyses). These analyses
were performed with the use of linear regression models, with adjustment
for sex and age of the blood spot card. All statistical analyses were
performed using R.47 In this study we report all DMPs with uncorrected Pvalueo10 − 6 (suggested genome-wide signiﬁcant threshold for EWAS48)
and annotated to genes using NCBI build hg19.

Functional analysis
Pathway analysis was performed on results from each EWAS using genes
annotated to DMPs with uncorrected P-valueo 10 − 5. Analyses for
enriched Gene Ontology (GO) pathways were performed using the tools
available in the WEB-based GEne SeT AnaLysis Toolkit (WEB-Gestalt).49 A
pathway was considered signiﬁcant if the Benjamini–Hochberg50-corrected
P-value for pathway enrichment was o0.05. To evaluate underlying
genetic networks of the psychiatric-associated genes identiﬁed in the
EWAS primary analysis (n = 38 genes, P-valueo10 − 5), we used the
GeneMANIA bioinformatics software with default parameters.51 The
GeneMANIA algorithm (version 3.4.0, http://www.genemania.org)52 utilizes
functional interaction data to create a network to illustrate putative
functional connections between genes. We used the GeneMANIA
Cytoscape 3.2.1 plugin version 3.4.0 (ref. 51) to obtain a network for the
psychiatric-associated genes identiﬁed in the EWAS primary analysis based
on the 2014-08-12 GeneMANIA human database build. This build includes
data from known genetic and physical interactions, shared protein
domains, coexpression data, as well as primary and curated molecular
interaction networks and pathways. The 'query gene-based' weighting
method was used in this study in which the top 20 predicted related genes
are assigned a score (computed using a variation of Gaussian ﬁeld label
propagation53,54). The score describes the degree of connectivity to the
input genes. The network gene pairs are then assigned a weight, which
reﬂects the strength of the interaction.

RESULTS
Characterization of the 22q11.2 deletion type
In this cohort we observed four types of 22q11.2 deletions
characterized by length and position (Figure 1). A total of 146
(~89%) individuals were found to carry the LRC22A–LRC22D
deletion, 12 (~7%) had LRC22A–LRC22B type, 6 (~4%) individuals
carried a deletion within the LRC22C–LRC22D or LRC22D–LCR22E
region (Figure 1). Among 48 individuals with psychiatric diagnosis,
44 (~92%) had LRC22A–LRC22D deletion, 4 (~8%) had deletion
within LRC22A–LRC22B or LRC22D–LCR22E region of 22q11.2, and
none had LRC22C–LRC22D deletion. These results were concordant with PennCNV calls in SNP genotype data (data not shown)
and support the use of 450 K DNA methylation data for detection
of known CNVs. All samples passed quality-control and probe
quality and ﬁltering steps resulted in 420 363 probes that were
included in the regression analyses.
Estimation of blood cell composition
No signiﬁcant differences (P-value40.05) were found for B cells,
CD4 T cells, CD8 T cells, granulocytes, monocytes and natural killer
cell composition between investigated groups. The percentage of
nRBC in our sample was estimated to be extremely low (median
nRBC = 0.016, with 1st quantile 0.0079 and 3rd quantile 0.024),
which was expected, given these cells are present in cord blood,
but steadily decline to zero within the ﬁrst week of life.55 Because
of the similarity of blood cell composition across the study groups,
the estimates were not added as covariates to the regression
models.

Primary analysis: EWAS for psychiatric phenotype among 22q11.2
deletion carriers
We ﬁrst compared the methylome between deletion carriers who
had developed a mental disorder to deletion carriers with no
current or past diagnosis of mental disorder (22q11.2 nonpsychiatric controls). This primary analysis identiﬁed nine DMPs
with P-value o 10 − 6 (Table 1 and Figure 2). In all, 22.2% of these
DMPs were located in gene bodies, 33.3% in intergenic regions
(IGRs), 44.4% in a region up to 1500 bp upstream from
transcription start site (TSS) in comparison with 33.5% in bodies,
23.2% in IGRs and 25.9% in up to 1500 bp TSS of probes included
for the EWAS analysis. The most signiﬁcantly associated DMPs
mapped to six genes: hypomethylation in Serine/Threonine Kinase
32C (STK32C), hypermethylation in WD and tetratricopeptide
repeats 1 (WDTC1), EF-Hand Domain Family, Member D1 (EFHD1),
nucleoporin 93 (NUP93), neural cell adhesion molecule 1 (NCAM1)
and zinc-ﬁnger MYND-type containing 10 (ZMYND10). The
remaining three associated DM probes were intergenic, including
the top associated hypomethylated DMP cg21509978 (Pvalue = 8.91 × 10 − 8) located in a DNaseI hypersensitivity region
on chromosome 7, located 23.6 kb away from the gene family
with sequence similarity member C (FAM20C; Table 1). Boxplots for
the probes associated in STK32C and EFHD1 are presented as
Figures 3a and b.
GO pathway analysis identiﬁed 10 signiﬁcantly enriched pathways (Benjamini–Hochberg-adjusted P-value o 0.05), including
neurogenesis, neuron development, astrocyte development and
axon guidance (Supplementary Table 2). Psychiatric-associated
DMPs (P-value o 10 − 5) were annotated to a total of 38 genes,
which were input to GeneMANIA to identify genetic networks. The
network analysis illustrates that 36 of the 38 genes were
connected in a complex interactive network with a high degree
of coexpression and several genes with many genetic interactions,
for example, STK32C and NUP210L (Supplementary Figure 2).

Secondary analyses: EWAS of psychiatric subphenotypes
In an exploratory analysis, the 48 individuals with a psychiatric
disorder were further characterized by psychiatric subclassiﬁcation
and secondary EWAS were performed to identify DMPs for the
four most abundant diagnoses (ID, BD, PD and SZ), summarized in
Table 1 and Figure 3. Nine DMPs were associated with ID including
the most signiﬁcant DMP mapping to Low Density Lipoprotein
Receptor-Related Protein 2 Binding Protein (LRP2BP, Figure 3c).
Two DMPs were associated with BD, one of which mapped to Type
I DNA Topoisomerase (TOP1) and the other to an IGR on
chromosome 14 (Figure 3d).
Eight DMPs associated with PD with the top associated DMPs
mapping to Nucleoporin 210 kDa-Like (NUP210L) and Nucleoporin
93kDa (NUP93; Figure 3e). Two DMPs located 9 bp apart mapped
to Nitric Oxide Synthase Interacting Protein (NOSIP;
Supplementary Figure 4).
Three DMPs were associated with SZ, including two in known
genes, Heat Shock Factor Binding Protein 1 (HSBP1) and Sema
Domain, Immunoglobulin Domain, Transmembrane Domain And
Short Cytoplasmic Domain (Semaphorin), 4B (SEMA4B), whereas
the other maps to an IGR of chromosome 4 (Figure 3f).
There was no overlap of signiﬁcant DMPs between the
subpsychiatric diagnoses; however, several DMPs overlapped
across the diagnoses when considering P-value o10 − 5
(Supplementary Figure 5). GO pathway analysis for the ID DMPs
identiﬁed enrichment in pathways involved in myoblast differentiation. There were no GO pathways signiﬁcantly enriched in
BD, PD or SZ EWAS analyses.
Translational Psychiatry (2017), 1 – 11
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Figure 1. Top panel: Overview of 22q11.2 deletion types obtained by CNV calling from 450 K DNA methylation array for all 164 individuals
included in the sample arranged by 22q11.2 deletion type. Horizontal gray lines marked A–E indicates boundaries of different 22q11.2
deletion types. ROI indicates 22q11.2 deletion region of interest as deﬁned by genotyping data for these individuals. Bottom panel: Overview
of RefSeq genes (hg19) located in the region of 22q11.2 deletion. Orange color indicates genes transcribed from the sense strand; blue color
indicates genes transcribed from the antisense strand. CNV, copy number variant.
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Table 1.

Overview of ﬁndings with P-value o10

−6

obtained from EWAS analysis of psychiatric phenotypes in individuals with 22q11.2DS
Probe ID

P-value

CHR

bp

Psychiatric (n = 48) versus controls (n = 116)

cg21509978
cg23546855
cg22877639
cg01396034
cg04143750
cg09308553
ch.12.31424680R
cg02126412
cg04322105

8.91E − 08
2.15E − 07
3.59E − 07
5.07E − 07
7.39E − 07
8.09E − 07
8.39E − 07
8.40E − 07
8.97E − 07

7
10
22
1
2
16
12
11
3

Intellectual disability (n = 23) versus controls (n = 116)

cg02970919
cg25743026
cg08540622
cg22052566
cg07941927
cg07186765
cg11571263
cg24062754
cg06597895

5.37E − 08
1.30E − 07
3.41E − 07
3.68E − 07
6.13E − 07
7.05E − 07
7.56E − 07
7.87E − 07
8.00E − 07

Behavioral disorders (n = 12) versus controls (n = 116)

cg01000937
cg00109062

Disorders of psychological development (n = 16)
versus controls (n = 116)

Schizophrenia (n = 4) versus controls (n = 116)

Gene

Genomic feature

169 560
134 068 039
51 023 896
27 623 367
233 497 656
56 763 573
31 533 413
112 831 938
50 383 309

NA
STK32C
NA
WDTC1
EFHD1
NUP93
NA
NCAM1
ZMYND10

IGR—open sea
Body—shelf
IGR—shelf
Body—open sea
TSS1500—shore
TSS1500—shore
IGR—open sea
TSS200—shore
TSS200—island

4
6
11
7
13
7
6
5
3

186 300 945
107 194 450
59 806 898
151 079 167
100 644 041
30 633 504
90 121 836
175 965 158
44 935 097

LRP2BP
NA
PLAC1L
WDR86
NA
GARS
RRAGD
RNF44
TGM4

TSS1500—open sea
IGR—open sea
TSS1500—open sea
Body—island
IGR—shore
TSS1500—shore
5′ UTR—island
TSS1500—shore
Body—open sea

7.77E − 08
1.86E − 07

14
20

30 730 636
39 655 980

NA
TOP1

IGR—open sea
TSS1500—shore

cg03352427

1.67E − 08

1

154 127 523

NUP210L

1stExon—open sea

cg09308553
cg01764082
cg04355077
cg22489957
cg19696083
cg21292909
cg08427305

6.00E − 08
1.43E − 07
5.12E − 07
8.26E − 07
8.50E − 07
8.86E − 07
9.99E − 07

16
9
19
6
12
19
19

56 763 573
98 784 014
50 059 946
28 921 805
54 438 419
50 059 937
30 165 133

NUP93
NCRNA 00092
NOSIP
NA
HOXC4
NOSIP
PLEKHF1

TSS1500—shore
Body—island
Body—island
IGR—open sea
5′ UTR—shelf
Body—island
Body—island

cg12815697
cg13298070
cg19331221

1.19E − 20
1.55E − 10
4.02E − 07

16
4
15

83 841 917
189 580 507
90 728 027

HSBP1
NA
SEMA4B

Body—island
IGR—island
TSS200—island

Abbreviations: 1stExon, ﬁrst exon of the gene; 5′ UTR, 5′ untranslated region; Body, gene body; CHR, chromosome; DS, deletion syndrome; EWAS, EpigenomeWide Association Study; IGR, intergenic region; island, CpG island; open sea, 44 kb up- or downstream from CpG island; NA, not available (no gene maps to
this CpG site); shelf, 2–4 kb up- or downstream from CpG island; shore, 0–2 kb up- or downstream from CpG island; TSS, transcription start site (200—up to 200
bp upstream from TSS,1500—up to 1500 bp upstream from TSS). Annotation based on UCSC (genome.ucsc.edu) GRCh37/hg19 reference.

Figure 2. Overview of signals and corresponding effect sizes for results obtained from EWAS of 22q11.2DS individuals with psychiatric
phenotype versus controls. Each dot represents one probe used in the EWAS analysis. (a) Manhattan plot depicting signiﬁcance levels for all
probes included in the primary analysis (blue line marks − log10(1e − 05), red line marks − log10(5e − 08) signiﬁcance level); (b) volcano plot
depicting effect sizes compared with the signiﬁcance levels of all probes included in the primary analysis. DS, deletion syndrome; EWAS,
Epigenome-Wide Association Study.
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Figure 3. Overview of DNA methylation values for the highly associated CpG sites in EWAS of psychiatric diagnosis, site in STKC32 (Pvalue = 2.15 × 10 − 7; a) and in EFHD1 (P-value = 7.39 × 10 − 7; b); intellectual disability, site in LRP2BP (P-value = 5.37 × 10 − 8; c); behavioral
disorders, site in TOP1 (P-value = 1.86 × 10 − 7; d); disorders of psychological development, site in NUP210L (P-value = 1.67 × 10 − 8; e);
schizophrenia, site in SEMA4B (P-value = 4.02 × 10 − 7; f). EWAS, Epigenome-Wide Association Study.

CNV-type association analysis
Gene dosage may inﬂuence DNA methylation either locally at the
CNV or elsewhere in the genome; hence, we evaluated whether
the speciﬁc type of 22q11.2 deletion associates with a distinctive
DNA methylation signature independent of the psychiatric
diagnosis. We identiﬁed 107 DMPs in the comparison of
methylomes between the LRC22A–LRC22D and LRC22A–LRC22B
deletion, 100 of which were located on chromosome 22
(Supplementary Table 3) and mapped to 16 known genes at the
LRC22C–LRC22D deletion region (Figure 4a, located in boundaries
C–D) including Zinc Finger Protein 74 (ZNF74), Scavenger Receptor
Class F, Member 2 (SCARF2), Mediator Complex Subunit 15
(MED15), Synaptosomal-Associated Protein, 29 kDa (SNAP29) and
Apoptosis-Inducing Factor, Mitochondrion-Associated, 3 (AIFM3).
Effect sizes of the ﬁndings located on chromosome 22,
presented as difference of the mean methylation between
individuals with LRC22A–LRC22D and those with LRC22A–LRC22B
deletion, are presented at Figure 4b. Most of the DMPs mapping
to chromosome 22 were within 200 bp of the TSS (200TSS) or in
the gene body, and were located in a CpG Island (Figure 4c). The
distribution of 107 DMPs in TSS and IGRs was different than
expected by random with 31.8% of DMPs located in TSS200 in
Translational Psychiatry (2017), 1 – 11

comparison with only 11.4% of probes targeting this genomic
feature in this EWAS. In turn, 7.5% DMPs were located in IGRs in
comparison with 23.2% of probes targeting this genomic feature.
No other striking differences were observed in the distribution of
107 DMPs across other genomic features.
A total of 11.2% of DMPs (versus 14.5% probed) were located in
TSS1500, 32.7% of DMPs (versus 33.5% probed) were in gene
bodies, 7.5% DMPs (versus 9.0% probed) were in 5′ untranslated
regions (UTRs), 4.7% DMPs (versus 3.5% probed) were in 3′ UTRs
and 4.7% DMPs (versus 4.8% probed) were in the ﬁrst exon. Five of
the seven additional DMPs for LRC22A–LRC22D versus LRC22A–
LRC22B CNV type mapped to the following loci: chromosome 5
open reading frame 38 (C5orf38), N-acyl phosphatidylethanolamine phospholipase D (NAPEPLD), tubulin alpha 3c (TUBA3C) and
cg20496134 in Family With Sequence Similarity 128B (FAM128B),
also known as Mitotic Spindle Organizing Protein 2B (MZT2B), and
located 4668 bp upstream cg10992590 located in the same intron
of MZT2B, but also overlapping with Sphingomyelin Phosphodiesterase 4, Neutral Membrane (Neutral Sphingomyelinase-3; SMPD4;
Supplementary Figures 6A–G).
Comparison of the LRC22A–LRC22D deletion with all other
deletion types resulted in 112 DMPs (Supplementary Table 4); the
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Figure 4. Overview of results located on chromosome 22 from CNV
EWAS comparing methylome proﬁles of 22q11.2 cases with
LRC22A–LRC22D versus LRC22A–LRC22B deletion type. Overview
of P-values is presented in a, effect sizes in b and genomic and CGI
context of ﬁndings associated in LRC22C–LRC22D region in c.
Horizontal blue lines on a, b indicate boundaries of different
22q11.2 deletion types (lines A–D: LRC22A–LRC22D; A and B:
LRC22A–LRC22B; C and D: LRC22C–LRC22D; D and E: LRC22D–
LRC22E). CNV, copy number variant; EWAS, Epigenome-Wide
Association Study.

majority of these (n = 99) overlapped with the DMPs identiﬁed
from LRC22A–LRC22D versus LRC22A–LRC22B analysis. Overlap of
these DMPs was expected, as the majority of deletions present in
the ‘other’ category are the LRC22A–LRC22B type, which is driving
the differential methylation signal. After addition of other types of
CNV to the sample, we observed an increase in signiﬁcance level
of DMPs located in LRC22A–LRC22B and decrease of signal in the
LRC22C–LRC22D region.

DISCUSSION
Epigenetic studies performed in samples collected at birth have
the potential to reveal neonatal predictors of mental disorders
before manifestation of their clinical symptoms. In this study, to
our knowledge, we performed the ﬁrst EWAS in a large cohort of
individuals with 22q11.2DS and report that differential DNA
methylation in neonatal blood spots is associated with mental
disorders manifested later in life. After careful inspection of
methylation data and application of standard quality-control
measures, we found the neonatal blood spots to be a useful
resource to evaluate the whole-genome DNA methylation proﬁles,
and also conﬁrm the 22q11.2 deletion for each individual in the
cohort as documented in the Danish Cytogenetic Central Register.
Even though the estimation of the deletion boundaries depended
on the probe distribution on the methylation array, we observed
that the boundaries assessed independently by methylation array
and genotyping array gave very comparable results, thus
supporting CNV calling from array-based methylome data as
previously proposed.46 Distribution of different 22q11.2 deletion
types was comparable between those with mental disorder and
those without, with one exception that LRC22C–LRC22D deletion
was not observed among individuals with diagnosed mental
disorders. However, since only three individuals harbor the
LRC22C–LRC22D deletion, larger studies of 22q11.2DS will be
able to provide evidence whether this deletion type inﬂuences risk
of mental disorders. Frequencies of 22q11.2 deletion subtypes
observed in this cohort were comparable to previously published
estimates.56
We identiﬁed nine DMPs at birth that were differentially
methylated between 22q11.2DS individuals with a psychiatric
diagnosis and those without a psychiatric diagnosis. Several of the
DMPs map to genes that have been previously implicated in
mental disorders. For example, we observed hypomethylation of a
CpG site in an intron of STK32C in individuals with a psychiatric
diagnosis. A CpG site in STK32C located 31 235 bp from the one
we report here was previously reported to be associated with
adolescent depression and major depressive disorder in a recent
methylome study of buccal cells from monozygotic twins.33 The
signal was additionally replicated in post-mortem cerebellum
tissue from an independent cohort of cases suffering from major
depressive disorder and unaffected individuals.33 Interestingly,
22q11.2DS individuals are known to have increased risk of
developing major depressive disorder, with prevalence at
adolescence estimated to reach 9%.1 Thus, the differential
methylation detected at birth in STK32C may contribute to the
risk of mental disorder for 22q11.2DS individuals. STK32C is known
to be highly expressed in the human brain, with highest
expression levels reported in the cerebellum and frontal
cortex.57
Interestingly, a recent study conﬁrmed that DNA methylation
across STK32C is highly predictive of cell-type-speciﬁc (neuronal
versus glial cells) gene expression proﬁles.58 Thus, even though
the speciﬁc function of this kinase is still unknown, it can be
speculated that it has a role in cellular differentiation or cell-type
speciﬁcity in the brain. In addition, using the Blood Brain DNA
Methylation Comparison Tool (http://epigenetics.iop.kcl.ac.uk/
bloodbrain/),59 which has information on DNA methylation in
blood and four brain regions, we found that the CpG site of
interest (cg23546855) in STK32C is highly methylated in cerebellum samples and blood, which was consistent with results in our
study (mean methylation of cg23546855 = 0.94 in our sample).
However, even though cg23546855 is highly methylated in both
cerebellum and blood, it needs to be further investigated if
methylation level of this site also co-varies between these tissues
and how it relates to brain gene expression levels.
We also observed hypomethylation of EFHD1 to be associated
with mental disorder. Expression levels of EFHD1 are progressively
Translational Psychiatry (2017), 1 – 11
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increasing in the cerebrum and cerebellum during neuronal
differentiation in mouse postnatal development.60 Interestingly,
EFHD1 is among 108 loci signiﬁcantly associated with SZ in a large
genome-wide association study performed in 36 989 SZ cases and
113 075 controls.61 EFHD1 was among other genes driving the
signal for signiﬁcant pathway enrichment analyses, where
neurogenesis and neuron projection development GO pathways
were found to be signiﬁcantly enriched. Since 22q11.2DS is
associated with changes in brain volume and widespread
alterations in brain anatomy, identiﬁcation of differential methylation of genes involved in neurogenesis and neuronal projection
can provide a putative mechanism for these alterations.62 In
addition, several other genes that function in these pathways
were differentially methylated: glial cell-derived neurotrophic
factor (GDNF), stress-induced-phosphoprotein 1 (STIP1) and neural
cell adhesion molecule 1 (NCAM1), which has a well-established
role in neurodevelopment and synaptic plasticity.63–65 Interestingly, a recent SZ study reported hypomethylation of NCAM1 in a
post-mortem prefrontal cortex to be the most disorder-associated
ﬁnding.66 These results point to a potential link between DNA
methylation of genes involved in neuronal development and
mental disorder diagnosis later in life. Indeed, several genes in our
study function in pathways involved in neurodevelopment and
neurogenesis, which supports previous studies that suggested
that mental disorders have an early neurodevelopmental component and methylomic abnormalities may be responsible for these
effects.35,67,68
It is unknown whether the DNA methylation differences
observed in this study of birth blood samples will remain stable
over time until the onset of disorder, as methylation is dynamic
throughout development.69,70 In a recent study that investigated
the epigenetic proﬁles of ADHD symptom trajectories,71 differential methylation signals observed at birth in blood were no
longer signiﬁcantly associated with ADHD trajectories at the age
of 7. These results suggest that some epigenetic signatures may
be detectable only at speciﬁc developmental stages. On the basis
of the study by Walton et al.,71 we could hypothesize that the birth
DNA methylation signatures reported in our manuscript may be
unique for this developmental stage and reﬂect only early
changes in the methylome that contribute to risk of developing
a psychiatric disorder. Future 22q11 studies including a longitudinal collection of blood (for example, at birth, at diagnosis and
at follow-up) will facilitate the identiﬁcation of methylation
signatures present at birth that remain stable risk markers for
mental illness.
In this study we also performed analyses of subphenotypes of
mental disorders in the 22q11.2DS cohort. We observed signiﬁcant
hypomethylation of the CpG site in the 1500TSS region of the
LRP2BP gene in individuals with ID. LRP2BP is most highly
expressed in the pituitary gland, as well as in cerebellum, and
acts as an adapter that regulates LRP2 receptor function.57,72
Mutations in the LRP2 gene have been associated with forebrain
malformations,73 autism spectrum disorder74 and mild ID.75
Moreover, genetic mutations in the LRP2 gene are known to
cause Donnai–Barrow syndrome76 characterized by agenesis of
the corpus callosum, developmental delay, as well as mild to
moderate ID.77
Analysis of BDs led to the identiﬁcation of differential methylation in the 1500TSS region of TOP1, an enzyme responsible for
altering the topology of DNA.78 Inhibition of TOP1 in mouse
neurons results in decreased expression of exceptionally long
genes, caused by impaired transcription elongation, many of
which are known to be autism spectrum disorder candidate
genes.79
In EWAS of disorders of psychological development we
observed hypomethylation of two probes located in a CpG island
of NOSIP, which is critical for brain and craniofacial development
in mice and is a candidate gene for SZ61 and holoprosencephaly, a
Translational Psychiatry (2017), 1 – 11

common developmental disorder in humans.80 In addition, NOSIP
interacts and colocalizes with neuronal nitric oxide synthase
(nNOS) to regulate its distribution and activity.81 Knockout of nNOS
in mice results in a striking increase in behavioral abnormalities
including aggressive and excess sexual behaviors.82 NOSIP and
nNOS are concentrated in neuronal synapses and overexpression
of NOSIP was shown to reduce the availability of nNOS in terminal
dendrites.81 Hence, our observations support a role for NOSIP
regulation in psychological developmental disorders.
Despite the fact that this 22q11.2 cohort is relatively young and
only four individuals have been diagnosed with SZ, we observed
hypermethylation at a CpG site located in the 200TSS region of
SEMA4B associated with this phenotype. The gene has low
expression levels in adult brain;57 however, Sema4B is reported
to have a crucial role in glutamatergic and GABAergic synaptic
development in cultured hippocampal neurons, which may
contribute to SZ.83
In this study we also considered the inﬂuence of 22q11.2
deletion type on the methylation landscape and observed a genedosage effect on the methylation proﬁle speciﬁcally at the local
22q11.2 region. Interestingly, 93.5% of the DM probes (Pvalueo 10 − 6) associated with CNV type (LRC22A–LRC22D versus
LRC22A–LRC22B) mapped to the region on chromosome 22 where
the LRC22C–LRC22D deletion occurs. LRC22C–LRC22D is the
region on chromosome 22 that distinguishes LRC22A–LRC22B
deletion type from the LRC22A–LRC22D. As individuals carrying
the hemizygous LRC22A–LRC22D deletions are missing one copy
of all genes in the region, there appears to be a gene-dosage
effect on the methylation proﬁle speciﬁcally at the local 22q11.2
region.
The effect of CNV on DNA methylation has not been well
studied. However, Strong et al.84 reported a similar observation
with symmetrical dose-dependent DNA methylation proﬁle in
children with deletion or duplication of 7q11.23. We observed that
DMPs from this analysis are over-represented in 200TSS and
under-represented in IGRs. In addition, when we characterized
differential methylation between the LRC22A–LRC22D versus all
other 22q11.2 deletion types, there was a marked decrease in the
number of DM probes at the LRC22C–LRC22D site and an increase
in the DM probes at the LRC22A–LRC22B deletion site. Thus, even
with limited number of individuals in this cohort who carry
LRC22D–LRC22E, we detect differences that enable us to speculate
that CNVs may cause a local shift in the methylome pattern. This
may be a compensatory mechanism for the loss of gene dosage at
the site. Future studies including more individuals who carry the
atypical 22q11.2 CNVs and non-22q11.2DS controls will be needed
to elucidate the biological effect of CNV on local methylome
patterns.
Moreover, seven additional CpG sites not located on chromosome 22 were associated with the 22q11.2 deletion type, two of
which mapped to MZT2B on chromosome 2 and NAPEPLD on
chromosome 7. MZT2B encodes a protein essential for mitotic
spindle assembly by centrosomal recruitment of γ-tubulin.85
NAPEPLD encodes an enzyme that catalyzes formation of
N-acylethanolamines utilized as signaling molecules in the
nervous system,86 and is primarily expressed in the brain,
especially in the cerebral hemisphere and cerebellum.57
Although the models used in this study included adjustment for
potential confounders such as blood spot storage time, sex and
22q11.2 deletion type, this study has several limitations. First,
methylation patterns are tissue-speciﬁc; thus, the methylation
differences observed in blood spots at birth may serve as a marker
for phenotypic risk but may not reﬂect the brain methylome, nor
deﬁne the biological development and/or progression to mental
disorder. DNA methylation patterns are also inﬂuenced by blood
cell composition and gestational age, as reported in umbilical cord
blood studies.87 Despite the fact that none of the DMPs reported
in this study overlapped with genes reported to associate with
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gestational age,87 it should be noted that the HumanMethylation27 BeadChip array (Illumina) may be not robust enough to
identify all genes associated with gestational age. In addition, birth
complications can result in negative outcomes that increase the
risk of mental disorders,88 as well as impact the epigenome.89
However, information on pregnancy and birth complications was
unavailable for our cohort; thus, future studies will be necessary to
assess the relation between birth complications, DNA methylation
signatures and mental disorders.
In addition, although 29% of the individuals in this 22q11.2
cohort have a diagnosed mental disorder, more are likely to
experience future onset of mental illness. For example, in our
sample only 2% of individuals have been diagnosed with SZ. The
cohort is quite young and many have not yet reached the mean
age of SZ onset; thus, we expect more cases to develop the
disorder later in life and future analyses shall include re-evaluation
of the adult cohort.3,90,91 In addition, because of sampling bias and
differences in information collection methods, it is noteworthy
that the psychiatric case group in this study is likely to represent
the more severe cases of mental disorders and these phenotypes
may be discrepant from other reports. For example, the
percentage of cases with ID (14%) was relatively low in
comparison with the reported 51% in the literature.4 We obtained
psychiatric diagnosis information from the Danish Psychiatric
Central Register, which is based on hospitalization record, whereas
in the study by Niklasson et al. the severity of ID was extracted
from neuropsychiatric assessments and questionnaires.4 In addition, because of the high heterogeneity of mental disorders
among 22q11.2 cases, dissection of the cohort into the most
common psychiatric phenotypes led to a very small sample size
for these secondary analyses, which reduced the power to identify
differential methylation, and could lead to possible identiﬁcation
of false-positives. With this limitation, results from the secondary
analyses should be considered as preliminary; however, further
collection of neonatal samples from 22q11.2 deletion carriers will
allow for an increase in sample size and statistical power and will
permit validation of our ﬁndings in an independent cohort
In conclusion, we report evidence of genome-wide signiﬁcant
methylation differences for mental disorder in 22q11.2DS. The
genes were enriched with those involved in neurogenesis,
nervous development and neuron projection development. We
also detected alterations in genome-wide DNA methylation
patterns associated with the type of 22q11.2 deletion. Our data
suggest that altered DNA methylation measured at birth may be a
useful approach to identify genes that contribute to the
pathophysiology of mental disorders. Future epigenetic studies
of an independent 22q11.2DS cohort will be required to replicate
these EWAS ﬁndings and longitudinal studies would complement
this research to identify early epigenetic biomarkers for mental
disorders.
CONFLICT OF INTEREST
The authors declare no conﬂict of interest.

ACKNOWLEDGMENTS
We express our gratitude to the staff at the Danish Neonatal Screening Biobank, to
Jan Hansen and Karen Brøndum Nielsen at the Danish Cytogenetic Central Register
and to Rasmus Torp and Niels Feldsted Thorsen for their database support. This study
was funded by grants from the Danish Capital Region's Research Foundation for
Mental Health Research and The Lundbeck Foundation Initiative for Integrative
Psychiatric Research, Copenhagen, Denmark (R102-A9118). We also acknowledge The
Lundbeck Foundation (R34-A3243) and The Psychiatric Diagnostic and Prevention
Consortium (GA 286213). This research has been conducted using the Danish
National Biobank resource supported by the Novo Nordisk Foundation.

9

REFERENCES
1 Schneider M, Debbané M, Bassett AS, Chow EWC, Fung WLA, van den Bree M et al.
Psychiatric disorders from childhood to adulthood in 22q11.2 deletion syndrome:
results from the International Consortium on Brain and Behavior in 22q11.2
Deletion Syndrome. Am J Psychiatry 2014; 171: 627–639.
2 Green T, Gothelf D, Glaser B, Debbane M, Frisch A, Kotler M et al. Psychiatric
disorders and intellectual functioning throughout development in velocardiofacial (22q11.2 deletion) syndrome. J Am Acad Child Adolesc Psychiatry 2009; 48:
1060–1068.
3 Philip N, Bassett A. Cognitive, behavioural and psychiatric phenotype in 22q11.2
deletion syndrome. Behav Genet 2011; 41: 403–412.
4 Niklasson L, Rasmussen P, Oskarsdóttir S, Gillberg C. Autism, ADHD, mental
retardation and behavior problems in 100 individuals with 22q11 deletion syndrome. Res Dev Disabil 2009; 30: 763–773.
5 Shprintzen RJ, Goldberg R, Golding-Kushner KJ, Marion RW. Late-onset psychosis
in the velo-cardio-facial syndrome. Am J Med Genet 1992; 42: 141–142.
6 Schmock H, Vangkilde A, Larsen KM, Fischer E, Birknow MR, Jepsen JRM et al. The
Danish 22q11 research initiative. BMC Psychiatry 2015; 15: 220.
7 Vangkilde A, Olsen L, Hoeffding LK, Pedersen CB, Mortensen PB, Werge T et al.
Schizophrenia spectrum disorders in a danish 22q11.2 deletion syndrome cohort
compared to the total danish population--A Nationwide Register Study. Schizophr
Bull 2016; 42: 824–831.
8 Wilson DI, Cross IE, Burn J. Minimum prevalence of chromosome 22q11 deletions.
Am J Hum Genet 1994; 55 (Suppl 3): Conference: 44, Annual meeting of the ASHG,
Montreal (Canada), 18–22 October 1994.
9 Devriendt K, Fryns JP, Mortier G, van Thienen MN, Keymolen K. The annual incidence of DiGeorge/velocardiofacial syndrome. J Med Genet 1998; 35: 789–790.
10 Scambler PJ. The 22q11 deletion syndromes. Hum Mol Genet 2000; 9: 2421–2426.
11 Oskarsdóttir S, Vujic M, Fasth A. Incidence and prevalence of the 22q11 deletion
syndrome: a population-based study in Western Sweden. Arch Dis Child 2004; 89:
148–151.
12 Carotti A, Digilio MC, Piacentini G, Safﬁrio C, Di Donato RM, Marino B. Cardiac
defects and results of cardiac surgery in 22q11.2 deletion syndrome. Dev Disabil
Res Rev 2008; 14: 35–42.
13 Butts SC. The facial phenotype of the velo-cardio-facial syndrome. Int J Pediatr
Otorhinolaryngol 2009; 73: 343–350.
14 Jawad AF, McDonald-Mcginn DM, Zackai E, Sullivan KE. Immunologic features of
chromosome 22q11.2 deletion syndrome (DiGeorge syndrome/velocardiofacial
syndrome). J Pediatr 2001; 139: 715–723.
15 Ryan AK, Goodship JA, Wilson DI, Philip N, Levy A, Seidel H et al. Spectrum of
clinical features associated with interstitial chromosome 22q11 deletions: a European collaborative study. J Med Genet 1997; 34: 798–804.
16 Swillen A, Vandeputte L, Cracco J, Maes B, Ghesquière P, Devriendt K et al.
Neuropsychological, learning and psychosocial proﬁle of primary school aged
children with the velo-cardio-facial syndrome (22q11 deletion): evidence for a
nonverbal learning disability? Child Neuropsychol 1999; 5: 230–241.
17 De Smedt B, Devriendt K, Fryns J-P, Vogels A, Gewillig M, Swillen A. Intellectual
abilities in a large sample of children with Velo-Cardio-Facial Syndrome:
an update. J Intellect Disabil Res 2007; 51: 666–670.
18 Evers LJM, De Die-Smulders CEM, Smeets EEJ, Clerkx MGM, Curfs LMG. The velocardio-facial syndrome: the spectrum of psychiatric problems and cognitive
deterioration at adult age. Genet Couns 2009; 20: 307–315.
19 Zagursky K, Weller RA, Jessani N, Abbas J, Weller EB. Prevalence of ADHD in
children with velocardiofacial syndrome: a preliminary report. Curr Psychiatry Rep
2006; 8: 102–107.
20 Hoeffding LK, Trabjerg BB, Olsen L, Mazin W, Sparsø T, Vangkilde A et al. Risk of
psychiatric disorders among individuals with the 22q11.2 deletion or duplication.
JAMA Psychiatry 2017; 74: 282.
21 Rees E, Walters JTR, Chambert KD, O’Dushlaine C, Szatkiewicz J, Richards AL et al. CNV
analysis in a large schizophrenia sample implicates deletions at 16p12.1 and SLC1A1
and duplications at 1p36.33 and CGNL1. Hum Mol Genet 2014; 23: 1669–1676.
22 Malhotra D, Sebat J. CNVs: harbingers of a rare variant revolution in psychiatric
genetics. Cell 2012; 148: 1223–1241.
23 Szatkiewicz JP, O’Dushlaine C, Chen G, Chambert K, Moran JL, Neale BM et al. Copy
number variation in schizophrenia in Sweden. Mol Psychiatry 2014; 19: 762–773.
24 Williams HJ, Monks S, Murphy KC, Kirov G, O’Donovan MC, Owen MJ. Schizophrenia two-hit hypothesis in velo-cardio facial syndrome. Am J Med Genet B
Neuropsychiatr Genet 2013; 162B: 177–182.
25 Merico D, Zarrei M, Costain G, Ogura L, Alipanahi B, Gazzellone MJ et al. Wholegenome sequencing suggests schizophrenia risk mechanisms in humans with
22q11.2 deletion syndrome. G3 2015; 5: 2453–2461.
26 Guipponi M, Santoni F, Schneider M, Gehrig C, Bustillo XB, Kates WR et al. No
evidence for the presence of genetic variants predisposing to psychotic disorders
on the non-deleted 22q11.2 allele of VCFS patients. Transl Psychiatry 2017; 7:
e1039.

Translational Psychiatry (2017), 1 – 11

Methylation and mental illness in 22q11.2 cases
A Starnawska et al

10
27 Aberg KA, McClay JL, Nerella S, Clark S, Kumar G, Chen W et al. Methylome-wide
association study of schizophrenia: identifying blood biomarker signatures of
environmental insults. JAMA Psychiatry 2014; 71: 255–264.
28 Chen C, Zhang C, Cheng L, Reilly JL, Bishop JR, Sweeney JA et al. Correlation
between DNA methylation and gene expression in the brains of patients with
bipolar disorder and schizophrenia. Bipolar Disord 2014; 16: 790–799.
29 Córdova-Palomera A, Fatjó-Vilas M, Gastó C, Navarro V, Krebs M-O, Fañanás L.
Genome-wide methylation study on depression: differential methylation and
variable methylation in monozygotic twins. Transl Psychiatry 2015; 5: e557.
30 Bienvenu T, Chelly J. Molecular genetics of Rett syndrome: when DNA methylation goes unrecognized. Nat Rev Genet 2006; 7: 415–426.
31 Wockner LF, Morris CP, Noble EP, Lawford BR, Whitehall VLJ, Young RM et al.
Brain-speciﬁc epigenetic markers of schizophrenia. Transl Psychiatry 2015; 5: e680.
32 Kato T, Iwamoto K. Comprehensive DNA methylation and hydroxymethylation
analysis in the human brain and its implication in mental disorders. Neuropharmacology 2014; 80: 133–139.
33 Dempster EL, Wong CCY, Lester KJ, Burrage J, Gregory AM, Mill J et al. Genomewide methylomic analysis of monozygotic twins discordant for adolescent
depression. Biol Psychiatry 2014; 76: 977–983.
34 Dell’Osso B, D’Addario C, Carlotta Palazzo M, Benatti B, Camuri G, Galimberti D
et al. Epigenetic modulation of BDNF gene: differences in DNA methylation
between unipolar and bipolar patients. J Affect Disord 2014; 166: 330–333.
35 Pidsley R, Viana J, Hannon E, Spiers H, Troakes C, Al-Saraj S et al. Methylomic
proﬁling of human brain tissue supports a neurodevelopmental origin for schizophrenia. Genome Biol 2014; 15: 483.
36 Wang K, Li M, Hadley D, Liu R, Glessner J, Grant SFA et al. PennCNV: an integrated
hidden Markov model designed for high-resolution copy number variation
detection in whole-genome SNP genotyping data. Genome Res 2007; 17:
1665–1674.
37 Mors O, Perto GP, Mortensen PB. The Danish psychiatric central research register.
Scand J Public Health 2011; 39: 54–57.
38 Hollegaard MV, Grauholm J, Nørgaard-Pedersen B, Hougaard DM. DNA methylome proﬁling using neonatal dried blood spot samples: a proof-ofprinciple study. Mol Genet Metab 2013; 108: 225–231.
39 Morris TJ, Butcher LM, Feber A, Teschendorff AE, Chakravarthy AR, Wojdacz TK
et al. ChAMP: 450k chip analysis methylation pipeline. Bioinformatics 2014; 30:
428–430.
40 Aryee MJ, Jaffe AE, Corrada-Bravo H, Ladd-Acosta C, Feinberg AP, Hansen KD et al.
Minﬁ: a ﬂexible and comprehensive Bioconductor package for the analysis of
Inﬁnium DNA methylation microarrays. Bioinformatics 2014; 30: 1363–1369.
41 Fortin J-P, Labbe A, Lemire M, Zanke BW, Hudson TJ, Fertig EJ et al. Functional
normalization of 450k methylation array data improves replication in large cancer
studies. Genome Biol 2014; 15: 503.
42 Chen Y, Lemire M, Choufani S, Butcher DT, Grafodatskaya D, Zanke BW et al.
Discovery of cross-reactive probes and polymorphic CpGs in the Illumina Inﬁnium
HumanMethylation450 microarray. Epigenetics 2013; 8: 203–209.
43 Johnson WE, Li C, Rabinovic A. Adjusting batch effects in microarray expression
data using empirical Bayes methods. Biostatistics 2007; 8: 118–127.
44 Houseman EA, Accomando WP, Koestler DC, Christensen BC, Marsit CJ, Nelson HH
et al. DNA methylation arrays as surrogate measures of cell mixture distribution.
BMC Bioinformatics 2012; 13: 86.
45 Bakulski KM, Feinberg JI, Andrews SV, Yang J, Brown S, L. McKenney S et al. DNA
methylation of cord blood cell types: applications for mixed cell birth studies.
Epigenetics 2016; 11: 354–362.
46 Feber A, Guilhamon P, Lechner M, Fenton T, Wilson GA, Thirlwell C et al. Using
high-density DNA methylation arrays to proﬁle copy number alterations. Genome
Biol 2014; 15: R30.
47 R Core Team. R: a language and environment for statistical computing, 2015.
Available at http://www.gbif.org/resource/81287 (accessed 1 May 2016).
48 Tsai P-C, Bell JT. Power and sample size estimation for epigenome-wide association scans to detect differential DNA methylation. Int J Epidemiol 2015; 44:
1429-1441.
49 Wang J, Duncan D, Shi Z, Zhang B. WEB-based GEne SeT AnaLysis Toolkit
(WebGestalt): update 2013. Nucleic Acids Res 2013; 41: W77–W83.
50 Benjamini Y, Hochberg Y. Controlling the false discovery rate - a practical and
powerful approach to multiple testing. J R Stat Soc Ser B Methodol 1995; 57:
289–300.
51 Warde-Farley D, Donaldson SL, Comes O, Zuberi K, Badrawi R, Chao P et al. The
GeneMANIA prediction server: biological network integration for gene prioritization and predicting gene function. Nucleic Acids Res 2010; 38: W214–W220.
52 Mostafavi S, Ray D, Warde-Farley D, Grouios C, Morris Q. GeneMANIA: a real-time
multiple association network integration algorithm for predicting gene function.
Genome Biol 2008; 9(Suppl 1): S4.

Translational Psychiatry (2017), 1 – 11

53 Zhou D, Zhou D, Bousquet O, Lal TN, Weston J, Schölkopf B. Learning with local
and global consistency. Advances in Neural Information Processing Systems 16
(NIPS 2003) 2004, 16, pp 321–328.
54 Zhu X, Ghahramani Z, Lafferty J. Semi-supervised learning using Gaussian ﬁelds
and harmonic functions. ICML'03 Proceedings of the Twentieth International Conference on International Conference on Machine Learning; 21–24 August 2003; AAAI
Press: Washington, DC, USA, 2003, pp 912–919.
55 Baschat AA, Gungor S, Kush ML, Berg C, Gembruch U, Harman CR. Nucleated red
blood cell counts in the ﬁrst week of life: a critical appraisal of relationships with
perinatal outcome in preterm growth-restricted neonates. Am J Obstet Gynecol
2007; 197: 286.e1–286e8.
56 Urban AE, Korbel JO, Selzer R, Richmond T, Hacker A, Popescu GV et al. Highresolution mapping of DNA copy alterations in human chromosome 22 using
high-density tiling oligonucleotide arrays. Proc Natl Acad Sci USA 2006; 103:
4534–4539.
57 Lonsdale J, Thomas J, Salvatore M, Phillips R, Lo E, Shad S et al. The GenotypeTissue Expression (GTEx) project. Nat Genet 2013; 45: 580–585.
58 Kozlenkov A, Roussos P, Timashpolsky A, Barbu M, Rudchenko S, Bibikova M et al.
Differences in DNA methylation between human neuronal and glial cells are
concentrated in enhancers and non-CpG sites. Nucleic Acids Res 2014; 42:
109–127.
59 Hannon E, Lunnon K, Schalkwyk L, Mill J. Interindividual methylomic variation
across blood, cortex, and cerebellum: implications for epigenetic studies of
neurological and neuropsychiatric phenotypes. Epigenetics 2015; 10: 1024–1032.
60 Tominaga M, Tomooka Y. Novel genes cloned from a neuronal cell line newly
established from a cerebellum of an adult p53 − / − mouse. Biochem Biophys Res
Commun 2002; 297: 473–479.
61 Ripke S, Neale BM, Corvin A, Walters JTR, Farh K-H, Holmans PA et al. Biological
insights from 108 schizophrenia-associated genetic loci. Nature 2014; 511:
421–427.
62 Campbell LE, Daly E, Toal F, Stevens A, Azuma R, Catani M et al. Brain and
behaviour in children with 22q11.2 deletion syndrome: a volumetric and voxelbased morphometry MRI study. Brain 2006; 129: 1218–1228.
63 Sunshine J, Balak K, Rutishauser U, Jacobson M. Changes in neural cell adhesion
molecule (NCAM) structure during vertebrate neural development. Proc Natl Acad
Sci USA 1987; 84: 5986–5990.
64 Rønn LC, Hartz BP, Bock E. The neural cell adhesion molecule (NCAM) in development and plasticity of the nervous system. Exp Gerontol 1998; 33: 853–864.
65 Hansen SM, Berezin V, Bock E. Signaling mechanisms of neurite outgrowth
induced by the cell adhesion molecules NCAM and N-Cadherin. Cell Mol Life Sci
2008; 65: 3809–3821.
66 Viana J, Hannon E, Dempster E, Pidsley R, Macdonald R, Knox O et al.
Schizophrenia-associated methylomic variation: molecular signatures of disease
and polygenic risk burden across multiple brain regions. Hum Mol Genet 2016; 26:
210–225.
67 Jakovcevski M, Akbarian S. Epigenetic mechanisms in neurological disease. Nat
Med 2012; 18: 1194–1204.
68 Loke YJ, Hannan AJ, Craig JM. The role of epigenetic change in autism spectrum
disorders. Front Neurol 2015; 6: 107.
69 Numata S, Ye T, Hyde TM, Guitart-Navarro X, Tao R, Wininger M et al. DNA
methylation signatures in development and aging of the human
prefrontal cortex. Am J Hum Genet 2012; 91: 765.
70 Spiers H, Hannon E, Schalkwyk LC, Smith R, Wong CCY, O’Donovan MC et al.
Methylomic trajectories across human fetal brain development. Genome Res 2015;
25: 338–352.
71 Walton E, Pingault J-B, Cecil CAM, Gaunt TR, Relton CL, Mill J et al. Epigenetic
proﬁling of ADHD symptoms trajectories: a prospective, methylome-wide study.
Mol Psychiatry 2017; 22: 250–256.
72 Petersen HH, Hilpert J, Militz D, Zandler V, Jacobsen C, Roebroek AJM et al.
Functional interaction of megalin with the megalinbinding protein (MegBP), a
novel tetratrico peptide repeat-containing adaptor molecule. J Cell Sci 2003; 116:
453–461.
73 Wicher G, Larsson M, Rask L, Aldskogius H. Low-density lipoprotein receptorrelated protein (LRP)-2/megalin is transiently expressed in a subpopulation of
neural progenitors in the embryonic mouse spinal cord. J Comp Neurol 2005; 492:
123–131.
74 Ionita-Laza I, Makarov V, Buxbaum JD. Scan-statistic approach identiﬁes clusters of
rare disease variants in lrp2, a gene linked and associated with autism spectrum
disorders, in three datasets. Am J Hum Genet 2012; 90: 1002–1013.
75 Vasli N, Ahmed I, Mittal K, Ohadi M, Mikhailov A, Raﬁq MA et al. Identiﬁcation of a
homozygous missense mutation in LRP2 and a hemizygous missense mutation in
TSPYL2 in a family with mild intellectual disability. Psychiatr Genet 2016; 26:
66–73.

Methylation and mental illness in 22q11.2 cases
A Starnawska et al

11
76 Kantarci S, Al-Gazali L, Hill RS, Donnai D, Black GCM, Bieth E et al. Mutations in
LRP2, which encodes the multiligand receptor megalin, cause Donnai-Barrow and
facio-oculo-acoustico-renal syndromes. Nat Genet 2007; 39: 957–959.
77 Schrauwen I, Sommen M, Claes C, Pinner J, Flaherty M, Collins F et al. Broadening
the phenotype of LRP2 mutations: a new mutation in LRP2 causes a predominantly ocular phenotype suggestive of Stickler syndrome. Clin Genet 2014;
86: 282–286.
78 Kunze N, Yang GC, Jiang ZY, Hameister H, Adolph S, Wiedorn KH et al. Localization
of the active type I DNA topoisomerase gene on human chromosome 20q11.213.1, and two pseudogenes on chromosomes 1q23-24 and 22q11.2-13.1. Hum
Genet 1989; 84: 6–10.
79 King IF, Yandava CN, Mabb AM, Hsiao JS, Huang H-S, Pearson BL et al. Topoisomerases facilitate transcription of long genes linked to autism. Nature 2013;
501: 58–62.
80 Hoffmeister M, Prelle C, Küchler P, Kovacevic I, Moser M, Müller-Esterl W et al. The
ubiquitin E3 ligase NOSIP modulates protein phosphatase 2A activity in craniofacial development. PLoS ONE 2014; 9: e116150.
81 Dreyer J, Schleicher M, Tappe A, Schilling K, Kuner T, Kusumawidijaja G et al. Nitric
oxide synthase (NOS)-interacting protein interacts with neuronal NOS and regulates its distribution and activity. J Neurosci 2004; 24: 10454–10465.
82 Nelson RJ, Demas GE, Huang PL, Fishman MC, Dawson VL, Dawson TM et al.
Behavioural abnormalities in male mice lacking neuronal nitric oxide synthase.
Nature 1995; 378: 383–386.
83 Paradis S, Harrar DB, Lin Y, Koon AC, Hauser JL, Grifﬁth EC et al. An RNAi-based
approach identiﬁes molecules required for glutamatergic and GABAergic synapse
development. Neuron 2007; 53: 217–232.
84 Strong E, Butcher DT, Singhania R, Mervis CB, Morris CA, De Carvalho D et al.
Symmetrical dose-dependent DNA-methylation proﬁles in children with deletion
or duplication of 7q11.23. Am J Hum Genet 2015; 97: 216–227.

85 Hutchins JRA, Toyoda Y, Hegemann B, Poser I, Hériché J-K, Sykora MM et al.
Systematic analysis of human protein complexes identiﬁes chromosome segregation proteins. Science 2010; 328: 593–599.
86 Egertová M, Simon GM, Cravatt BF, Elphick MR. Localization of N-acyl phosphatidylethanolamine phospholipase D (NAPE-PLD) expression in mouse brain: a new
perspective on N-acylethanolamines as neural signaling molecules. J Comp Neurol
2008; 506: 604–615.
87 Schroeder JW, Conneely KN, Cubells JC, Kilaru V, Newport DJ, Knight BT et al.
Neonatal DNA methylation patterns associate with gestational age. Epigenetics
2011; 6: 1498–1504.
88 Basovich SN. The role of hypoxia in mental development and in the treatment of
mental disorders: a review. Biosci Trends 2010; 4: 288–296.
89 Ma Q, Xiong F, Zhang L. Gestational hypoxia and epigenetic programming of
brain development disorders. Drug Discov Today 2014; 19: 1883–1896.
90 Kao Y-C, Liu Y-P. Effects of age of onset on clinical characteristics in schizophrenia
spectrum disorders. BMC Psychiatry 2010; 10: 63.
91 Jones PB. Adult mental health disorders and their age at onset. Br J Psychiatry
2013; 54: s5–10.
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/

© The Author(s) 2017

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

Translational Psychiatry (2017), 1 – 11

