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Abstract

Both methylation and brain volume patterns hold important biological information for the 

development and prognosis of schizophrenia (SZ). A combined study to probe the association 

between them provides a new perspective to understanding SZ. Genomic methylation of 

peripheral blood and regional brain volumes derived from magnate resonance imaging were 

analyzed using parallel independent component analyses in this study. Nine methylation 

components and five brain volumetric components were extracted for 94 SZ patients and 106 

healthy controls. After controlling for age, sex, race, and substance use, a component comprised 

primarily of bilateral cerebellar volumes was significantly correlated to a methylation component 

from 14 CpG sites in 13 genes. Both patients and healthy controls demonstrated similar 

associations, but patients had significantly smaller cerebellar volumes and dysmethylation in the 

associated epigenetic component compared to controls. The 13 genes are enriched in cellular 

growth and proliferation with some genes involved in neuronal growth and cerebellum 

development (GATA4, ADRA1D, EPHA3, and KCNK10), and these genes are prominently 

associated with neurological and psychological disorders. Such findings suggest that the 

methylation pattern of the genes coding for cellular growth may influence the cerebellar 

development through regulating gene expression, and the alteration in the methylation of these 

genes in SZ patients may contribute to the cerebellar volume reduction observed in patients.
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1. Introduction

Schizophrenia (SZ) has been considered the result of genetic predisposition and 

environmental insults. Epigenetics, by integrating both genetic and environmental factors, 

has been suggested to hold the promise of filling in the gaps in the study of SZ etiology 

(Nishioka et al., 2012; Thibaut, 2012). As one of the main epigenetic mechanisms, DNA 

methylation with the ability to regulate gene expression has shown its association with SZ. 

Studies of postmortem brain tissue have documented methylation alterations in SZ patients 

(Wockner et al., 2014), and studies of peripheral blood also lend support to the critical role 

of methylation in SZ etiology. For instance, DNA in blood has shown differential 

methylation patterns across SZ patients and controls (Carrard et al., 2011; Dempster et al., 

2011; Walton et al., 2014), its global methylation was associated with early disease onset 

(Melas et al., 2012), and its methylation pattern of immune genes was related to SZ 

symptoms (Liu et al., 2014).

Volumetric association of specific brain regions with SZ consistently emerge in the 

literature, including reduced superior temporal, cingulate, hippocampal, prefrontal, and 

cerebellar volumes in patients relative to controls along with increased cerebral spinal fluid 

and enlarged lateral ventricles (Asami et al., 2012; Koo et al., 2008; Mitelman et al., 2009; 

Nakamura et al., 2007; Takahashi et al., 2010). Such brain structural alteration underlies 

clinical symptoms and cognitive deficits of patients, such as reduced superior temporal 

gyrus associated with auditory hallucination (Barta et al., 1990; Levitan et al., 1999) and 

dorsal lateral prefrontal cortex inefficacy influencing working memory function (Levitan et 

al., 1999). The interplay of genetics and environment is thought to cause brain structural 

variation (Geoffroy et al., 2013). One mega-study of genomic association with brain 

volumes identified SNPs associated with hippocampal volume in both diseased and healthy 

populations (Stein et al., 2012). Monozygotic twins with SZ showed structural differences 

from their normal co-twins (Suddath et al., 1990).

While both methylation and brain structure anomalies are associated with SZ, a combined 

approach exploring the relationship between these might prove more informative in the 

pursuit of novel perspectives to understanding such a complex illness. Specifically, 

methylation—synthesizing the effects of genetic predisposition and environmental factors—

can potentially relate to brain volume dynamics in the development of SZ. In this study, we 

apply a parallel independent component analysis (pICA) (Liu and Calhoun, 2014; Liu et al., 

2009) to genomic methylation data derived from whole blood and regional volumes across 

whole brain. Although methylation is tissue specific, methylation patterns of peripheral 

blood have been shown to be related to the patterns of brain tissues.(Davies et al., 2012; 

Nishioka et al., 2013; Wockner et al., 2014) Recently, Aberg et al. have proposed and tested 

two possible models to explain the relation between methylation patterns of blood and brain 

in context of psychiatric conditions: a ‘signature’ model where a disease causing factor 
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affects both brain and methylation in the blood, and a ‘mirror-site’ model where the 

methylation status in the blood is correlated with the corresponding diseasecausing site in 

the brain (Aberg et al., 2013). Given that both models could be effective, the focus of our 

study is to objectively assess the relationship between peripheral blood methylation and 

volumetric brain structure within a sample of chronic SZ patients and healthy controls.

2. Methods

2.1

Participants in this study were from the Mind Clinical Imaging Consortium, a collaborative 

effort of four research sites (Gollub et al., 2013). Institutional review board at each site 

approved the study and all participants provided written informed consent. All healthy 

participants were free of any medical, neurological or psychiatric illnesses, including any 

history of substance abuse. Patients were diagnosed as SZ, schizophreniform or 

schizoaffective disorder by the Structured Clinical Interview for DSM-IV-TR Disorders and 

the Comprehensive Assessment of Symptoms and History (Andreasen et al., 1992). Patients’ 

symptoms were assessed by the scale of the assessment of positive symptoms and the scale 

of the assessment of negative symptoms.(NC, 1983, 1984) Patients were also assessed for 

alcohol abuse/dependence by DSM-IV, and categorized into two groups: 1) abuse or 

dependence, 2) never abused or dependent. Their medication information (equivalent dosage 

of chlorpromazine (Gardner et al., 2010)) and age of illness onset were also collected. For a 

subset of participants nicotine use was measured by calculated pack years (Cullen et al., 

2012). (See supplementary material (SM) 1 for more details) After quality control, data from 

94 SZ patients and 106 healthy controls (HC) were studied. As listed in Table 1, no 

significant difference was observed in age and sex between patients and controls. 

Significantly more African Americans were enrolled as patients than controls.

2.2

DNA extracted from whole blood was assessed by the Illumina Infinium 

HumanMethylation27 Assay (27578 CpG sites) for each participant. A methylation value, β, 

represents the ratio of the methylated probe intensity to the total probe intensity, ranging 

from 0 (unmethylated) to 1(fully methylated). A series of quality control measures were 

applied to remove bad samples and probes, correct the batch effect, and control for 

confounding factors of age, sex, race, and substance use (see details in SM 2). While the 

goal of this study is to help understand the methylation’s impact on brain volume alteration 

in SZ patients, we selected 906 CpG sites associated with diagnoses by a liberal threshold 

(p<0.01 uncorrected) in a linear regression model using age, sex, race, alcohol use and 

diagnosis as regressors (see SM 5 for the full list). The residual methylation values of these 

sites after correction for age, sex, race, and alcohol use were further analyzed for association 

with brain volume.

2.3

T1-weighted MRI images were acquired at four participating sites with three sites using 1.5T 

scanner and one site using 3T scanner. Details of scanning parameters and quality control, as 

seen in SM3, can be found (Segall et al., 2009). MRI images were processed using 
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FreeSurfer 4.5(Fischl et al., 2002) to segment out brain regions. Volumes of 80 cortical and 

subcortical regions were then normalized with the total intracranial volume for each 

participant.

2.4

Preprocessed methylation and normalized brain volume data were analyzed using the pICA 

program implemented in the Fusion ICA Toolbox (http://mialab.mrn.org/software/fit); pICA 

is designed to extract independent components from the two modalities in parallel and 

simultaneously enhance the inter-modality correlations of pairs of components (one from 

each modality). As shown in the following equation, data (X) for each modality are 

decomposed into a set of underlying independent components (S) and their loading matrix 

(A). Maximization of entropy terms, (H(Y)), guarantees the independency of components 

within each modality. Maximization of the correlation, (corr(A1,A2)), results in pairs of 

components that share maximally the loading patterns in subjects. A full description of the 

algorithm can be found in previous studies (Liu et al., 2008; Liu et al., 2009). In this 

application components are a linear combination of methylation values of multiple genes or 

volumes of various brain regions, and the correlations between loadings measure how tightly 

the variation in the expression of the methylation component in subjects is related to the 

variation of the brain volume component in subjects.

pICA was used with the following settings: (a) nine methylation components and five brain 

volume components estimated by minimum description length (De Ridder et al., 2005), 

which provided the highest stability in subset evaluations, (b) correlation constraint 

threshold of 0.20, (c) 10 repeated runs. The significance of the identified methylation-brain 

volume association was corrected for 9×5 multiple tests using Bonferroni correction. The 

stability of pICA results was evaluated by 10 subsets, each with 90% of samples and tested 

with pICA following the same settings above. We also performed a permutation test to 

assess the validity of identified methylation-brain volume association by permuting the 

samples in both methylation and brain volume datasets 1000 times.

To control for possible scanning site influence on brain volume, as well as age, sex, race, 

and diagnosis effect, we conducted an analysis of covariance (ANCOVA) test with the 

identified brain volume component (loadings) as the dependent variable, and independent 

variables including three dummy variables for scanning sites, or age, sex, race, or diagnosis, 

and the identified methylation component. For each identified component, we tested the SZ 

and HC group difference, correlation with medication, length of illness, age of onset, and 

symptoms (positive, negative, and disorganized symptoms).

2.5

Ingenuity pathways analysis (IPA) software (http://www.ingenuity.com) was used for 

pathway analysis of identified genes. IPA provides enrichment scores for canonical 

pathways, diseases and bio-functions, and networks defined in the Ingenuity® Knowledge 

Base.
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2.6

A public gene expression omnibus (GEO) dataset, GSE41037, includes DNA methylation 

profiling of whole blood from 325 SZ patients and 394 healthy subjects, assessed by the 

Illumina Infinium Methylation27 Assay. Although no brain structural imaging data are 

available to validate the main findings on the relationship between methylation and brain 

structure, we would like to use GSE41037 to verify the methylation differences in SZ. 

Without substance use information, a simple linear regression with diagnosis, age and sex 

was used to validate SZ association of the identified CpG sites in our data.

3. Results

The application of pICA on methylation and brain volume data yielded one significant 

component pairing with a correlation of −0.31 (p=6.08×10−7) (see SM 4 for the complete 

components). As seen in Figure 1, the higher the methylation component, the smaller the 

brain volume component. The stability test revealed that this component paring was present 

in all 10 subsets with an averaged correlation of −0.29±0.04, and the permutation test 

yielded an empirical p-value of 0.012. When we controlled for diagnosis, the correlation 

remained significant (p=4.0×10−4), and no significant diagnosis effect was observed given 

the correlation was −0.28 (p=0.004) within the HC group and −0.22 (p=0.04) within the SZ 

group. Scanning sites did affect the brain volume component (p=4.41×10−5), but did not 

affect the methylation-brain volume correlation (p=5.26×10−6 after controlling for scanning 

sites). Similar results were obtained when controlling for age, sex and race. The correlation 

remained significant (p =4.27×10−6) and age showed significant influence on the brain 

volume component (p=0.04) but not sex and race. We plotted the paired components in 

Figure 2, where the methylation component was mainly contributed to by 14 CpG sites 

(weight |z|>3) in 13 genes (Table 2), and the brain volume component compromised left and 

right cerebellums with weights (z-score) of 5.94 and 6.41 respectively.

Left and right cerebellums both showed volume reduction in SZ patients compared to 

controls with effect sizes of 4.5% (p =2.1×10−3) and 4.4% (p=3.2×10−3) respectively. The 

whole component showed significantly lower values in patients (p=0.004). Within the 

patient group, we found no significant correlation of the cerebellar component with 

medication, length of illness, age of onset or any symptoms. The associated methylation 

component revealed group differences (p=4.71×10−26, biased by the pre-selection of CpG 

sites) with patients having significantly higher values (integrated values of the 14 CpG sites) 

than controls. No significant correlation between the methylation component and 

medication, length of illness, age of onset, or symptom scores was observed. Pathway 

analyses on the 13 genes of the component reported that the top genetic network implicated 

was cellular development, cellular growth and proliferation, and embryonic development 

derived from genes GATA4, CDX1, MCCC1, ADRA1D, EPHA3, and KCNK10. The top 

affected diseases were neurological and psychological disorders (p=1.33×10−2), where 

genes ADRA1D, MCCC1, MCHR1, EPHA3, and STMN2 all showed involvement. Table 2 

presents the location of the 14 identified CpG sites and their methylation differences 

between patients and controls. All 14 sites were hyper- or hypo-methylated in SZ patients in 

our data (p<0.01 uncorrected), and five sites were also consistently, significantly (p<0.05 
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uncorrected) hyper- or hypo-methylated in the validation data (highlighted in Table 2). 

Additionally, we also validated the 906 CpG sites selected in this study. We found 496 sites 

showed significant (p<0.05 uncorrected) SZ differences and were consistently 

dysmethylated in both datasets. The empirical p value of getting 496 confirmed group 

differentiating sites from 906 sites is less than 1.0×10−4. Pathway analyses on the genes 

hosting the 496 CpG sites showed that the top canonical pathways affected were T-

lymphocyte-mediated apoptosis of target cell, type I diabetes mellitus signaling, primary 

immunodeficiency signaling. And the top network was cellular growth, cell-medicated 

immune response.

4. Discussion and conclusions

One methylation component was significantly associated to the cerebellum volume 

component, and the association was not attributable to age, sex, race or diagnosis. As shown 

in Figure 1, the healthy controls and SZ patients present comparable methylation-cerebellum 

volume relations, indicating the observed association is not driven by group differences, but 

likely reflects basic biological processes.

Pathway analyses revealed that the 13 genes are enriched in basic cellular development, 

particularly cellular growth and proliferation. Some of these genes have shown direct 

connections with cerebellum development or neuronal growth. For instance, EPH receptor 

A3 coded by gene EPHA3 mediates neuronal developmental processes as one of the main 

axonal guidance molecules (Gibson and Ma, 2011; Saywell et al., 2014), and directly 

influences cerebellum formation (Saywell et al., 2014) and cerebral cortex size. (Depaepe et 

al., 2005) Animal studies have shown that the adrenergic alpha 1 receptor (ADRA1D 

encodes one subtype) reacting with noradrenaline is essential for normal cerebellar 

development and function (Herold et al., 2005; Podkletnova and Alho, 1998; Schambra et 

al., 2005). The expression level of GATA binding protein 4 (encoded by gene GATA4) in 

the brain regulates negatively astrocyte cell proliferation and positively apoptosis (Agnihotri 

et al., 2009). Other genes influence more generally cell function and development. The 

protein encoded by gene KCNK10 (potassium channel, subfamily K, member 10) mediates 

excitability of various types of cells including neurons (Deng et al., 2009; Xiao et al., 2009). 

MCCC1 (methylcrotonoyl-CoA carboxylase 1) encodes an enzyme that plays a key role in 

the breakdown of leucine in controlling protein synthesis and regulating cell metabolism in 

various cell types (Li et al., 2003; Yang et al., 2010).

All the 14 CpG sites but one locate near the transcription start site, most in the promoter 

regions or the 1st exon regions, and within CpG islands. Hypermethylaion in the promoters 

is known to have silencing effects on gene expression (Bird and Wolffe, 1999), and so is the 

methylation in the 1st exon regions (Brenet et al., 2011). Most, perhaps all, CpG islands are 

sites of transcription initiation (Deaton and Bird, 2011), and methylation in CpG islands is 

equipped to regulate gene transcription. Therefore, the methylation pattern of the 14 sites 

most likely influences the corresponding genes’ expression level and further has effects on 

the cellular function. Targeted studies with gene expression and protein function are 

necessary to confirm the effect of dysmethylation of these genes.
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Although the methylation-cerebellum connection is not SZ specific, our results do show that 

patients have smaller cerebellar volumes and higher values in the methylation component 

compared to controls. Decreased cerebellar volumes in first episode SZ patients have been 

repeatedly reported with effect sizes of 5–10% (Bottmer et al., 2005; Thomann et al., 2009), 

suggesting that cerebellar volume reduction is not due to medication. Our data, although 

from chronic patients, showed very similar results and no medication effects. The previous 

studies also reported the decreased cerebellar volume is most associated with neurological 

soft signs (NSS), not with psychopathological symptoms. Cerebellum, being part of the 

fronto-thalamic-cerebellar circuitry, has also been hypothesized to affect cognition (Picard et 

al., 2008). Taken together, the functional impact of cerebellar reduction is perplexing, and 

more towards NSS or cognition than typical schizophrenic symptoms (Picard et al., 2008; 

Varambally et al., 2006), which is in line with our findings of no significant correlation with 

positive or negative symptoms.

The 14 CpG sites of the methylation component showed SZ differences in our data, and the 

differences in five sites were also confirmed in the cross-validation data. The discrepancy 

may be partially due to the sample size difference and confounding factors such as race (Liu 

et al., 2010), substance use (Nielsen et al., 2012), medication (Melka et al., 2014) and co-

morbidity (Xiao et al., 2014). Although the SZ differences of some genes cannot be 

confirmed, their association with cerebellar volumes is valid in our subset and permutation 

tests. Pathway analyses also showed that the top affected diseases by these genes are 

neurological and psychological disorders. Their association with SZ can be further 

strengthened by the fact that many drugs such as olanzapine, aripiprazole, risperidone, 

quetiapine are antagonist of adrenergic alpha 1 receptors for treatment of SZ and/or bipolar 

disorder.

Regarding methylation differences in SZ patients, 496 CpG sites showed normally hyper- or 

hypo-methylation in patients in both the discovery and validation datasets. Without 

correction for multiple comparisons, significance of each site is not warranted, but as a 

whole they carry valid information. Pathway analyses results highlight several immune 

response related pathways, consistent with a previous study showing methylation of immune 

system genes associated with SZ symptoms (Liu et al., 2014) and support the involvement 

of immune system in the pathology of SZ. The study of methylation associated with brain 

volume is related, but different from that focusing on SZ differences, as more neural 

developmental genes are identified for the association with cerebellar volumes.

The findings of this study need to be interpreted within the bounds of several limitations. 

First, the methylation is derived from whole blood, rather than brain tissue, which limits the 

ability to understand underlying mechanisms. We speculate that the methylation level of 

DNA in blood may indicate the methylation level of DNA in cerebellum cells and changes 

of methylation influence gene expression and further downstream cerebellum development. 

SZ patients carry altered methylation status which contributes to cerebellum reduction. This 

hypothesis needs to be further studied. Second, DNA methylation of whole blood reflects a 

mixture of various cells (Reinius et al., 2012), and we were not able to factor out potential 

effects of cell types and total white blood cell count variation. Third, the methylation values 

were assessed by Illumine bisulfite-based technique, which cannot differentiate between 
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cytosine methylation and hydroxymethylation. We were not able to verify methylation 

values of identified genes using a different, gene-specific DNA methylation assessment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgement

This work was funded by the National Institutes of Health (USA) Center of Biomedical Research Excellent grant 
P20GM103472 to VC. We would like to thank MCIC group to provide the data.

Role of Funding Source

JL and VD designed this study. JL, PJ and JC analyzed the data. All authors contributed to the preparation of this 
manuscript.

References

Aberg KA, Xie LY, McClay JL, Nerella S, Vunck S, Snider S, Beardsley PM, van den Oord EJ. 
Testing two models describing how methylome-wide studies in blood are informative for 
psychiatric conditions. Epigenomics. 2013; 5(4):367–377. [PubMed: 23895651] 

Agnihotri S, Wolf A, Picard D, Hawkins C, Guha A. GATA4 is a regulator of astrocyte cell 
proliferation and apoptosis in the human and murine central nervous system. Oncogene. 2009; 
28(34):3033–3046. [PubMed: 19543315] 

Andreasen NC, Flaum M, Arndt S. The Comprehensive Assessment of Symptoms and History 
(CASH). An instrument for assessing diagnosis and psychopathology. Arch. Gen. Psychiatry. 1992; 
49(8):615–623. [PubMed: 1637251] 

Asami T, Bouix S, Whitford TJ, Shenton ME, Salisbury DF, McCarley RW. Longitudinal loss of gray 
matter volume in patients with first-episode schizophrenia: DARTEL automated analysis and ROI 
validation. Neuroimage. 2012; 59:986–996. [PubMed: 21924364] 

Barta PE, Pearlson GD, Powers RE, Richards SS, Tune LE. Auditory hallucinations and smaller 
superior temporal gyral volume in schizophrenia. Am. J. Psychiatry. 1990; 147(11):1457–1462. 
[PubMed: 2221156] 

Bird AP, Wolffe AP. Methylation-induced repression--belts, braces, and chromatin. Cell. 1999; 99(5):
451–454. [PubMed: 10589672] 

Bottmer C, Bachmann S, Pantel J, Essig M, Amann M, Schad LR, Magnotta V, Schroder J. Reduced 
cerebellar volume and neurological soft signs in first-episode schizophrenia. Psychiatry research. 
2005; 140(3):239–250. [PubMed: 16288852] 

Brenet F, Moh M, Funk P, Feierstein E, Viale AJ, Socci ND, Scandura JM. DNA methylation of the 
first exon is tightly linked to transcriptional silencing. PLoS ONE. 2011; 6(1):e14524. [PubMed: 
21267076] 

Carrard A, Salzmann A, Malfosse A, Karege F. Increased DNA methylation status of the serotonin 
receptor 5HTR1A gene promoter in schizophrenia and bipolar disorder. J. Affect. Disord. 2011; 
132:450–453. [PubMed: 21453976] 

Cullen KR, Wallace S, Magnotta VA, Bockholt J, Ehrlich S, Gollub RL, Manoach DS, Ho BC, Clark 
VP, Lauriello J, Bustillo JR, Schulz SC, Andreasen NC, Calhoun VD, Lim KO, White T. Cigarette 
smoking and white matter microstructure in schizophrenia. Psychiatry Res. 2012; 201(2):152–158. 
[PubMed: 22386966] 

Davies MN, Volta M, Pidsley R, Lunnon K, Dixit A, Lovestone S, Coarfa C, Harris RA, Milosavljevic 
A, Troakes C, Al-Sarraj S, Dobson R, Schalkwyk LC, Mill J. Functional annotation of the human 
brain methylome identifies tissue-specific epigenetic variation across brain and blood. Genome 
biology. 2012; 13(6):R43. [PubMed: 22703893] 

Liu et al. Page 8

Schizophr Res. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



De Ridder F, Pintelon R, Schoukens J, Gillikin DP. Modified AIC and MDL model selection criteria 
for short data records. Instrumentation and Measurement, IEEE Transactions on. 2005; 54(1):144–
150.

Deaton AM, Bird A. CpG islands and the regulation of transcription. Genes Dev. 2011; 25(10):1010–
1022. [PubMed: 21576262] 

Dempster EL, Pidsley R, Schalkwy LC, Owens S, Georgiades A, Kane F, Kalidindi S, Picchioni M, 
Kravariti E, Toulopoulou T, Murray RM, Mill J. Disease-associated epigenetic changes in 
monozygotic twins discordant for schizophrenia and bipolar disorder. Hum. Mol. Genet. 2011; 
20(24):4786–4796. [PubMed: 21908516] 

Deng PY, Xiao Z, Yang C, Rojanathammanee L, Grisanti L, Watt J, Geiger JD, Liu R, Porter JE, Lei 
S. GABA(B) receptor activation inhibits neuronal excitability and spatial learning in the entorhinal 
cortex by activating TREK-2 K+ channels. Neuron. 2009; 63(2):230–243. [PubMed: 19640481] 

Depaepe V, Suarez-Gonzalez N, Dufour A, Passante L, Gorski JA, Jones KR, Ledent C, 
Vanderhaeghen P. Ephrin signalling controls brain size by regulating apoptosis of neural 
progenitors. Nature. 2005; 435(7046):1244–1250. [PubMed: 15902206] 

Fischl B, Salat DH, Busa E, Albert M, Dieterich M, Haselgrove C, van der Kouwe A, Killiany R, 
Kennedy D, Klaveness S, Montillo A, Makris N, Rosen B, Dale AM. Whole brain segmentation: 
automated labeling of neuroanatomical structures in the human brain. Neuron. 2002; 33(3):341–
355. [PubMed: 11832223] 

Gardner DM, Murphy AL, O'Donnell H, Centorrino F, Baldessarini RJ. International consensus study 
of antipsychotic dosing. Am. J. Psychiatry. 2010; 167(6):686–693. [PubMed: 20360319] 

Geoffroy PA, Etain B, Houenou J. Gene × environment interactions in schizophrenia and bipolar 
disorder: evidence from neuroimaging. Front Psychiatry. 2013; 4:136. [PubMed: 24133464] 

Gibson DA, Ma L. Developmental regulation of axon branching in the vertebrate nervous system. 
Development. 2011; 138(2):183–195. [PubMed: 21177340] 

Gollub RL, Shoemaker JM, King MD, White T, Ehrlich S, Sponheim SR, Clark VP, Turner JA, 
Mueller BA, Magnotta V, O'Leary D, Ho BC, Brauns S, Manoach DS, Seidman L, Bustillo JR, 
Lauriello J, Bockholt J, Lim KO, Rosen BR, Schulz SC, Calhoun VD, Andreasen NC. The MCIC 
collection: a shared repository of multi-modal, multi-site brain image data from a clinical 
investigation of schizophrenia. Neuroinformatics. 2013; 11(3):367–388. [PubMed: 23760817] 

Herold S, Hecker C, Deitmer JW, Brockhaus J. alpha1-Adrenergic modulation of synaptic input to 
Purkinje neurons in rat cerebellar brain slices. J. Neurosci. Res. 2005; 82(4):571–579. [PubMed: 
16237725] 

Koo MS, Levitt JJ, Salisbury DF, Nakamura M, Shenton ME, McCarley RW. A cross-sectional and 
longitudinal magnetic resonance imaging study of cingulate gyrus gray matter volume 
abnormalities in first-episode schizophrenia and first-episode affective psychosis. Arch. Gen. 
Psychiatry. 2008; 65(7):746–760. [PubMed: 18606948] 

Levitan C, Ward PB, Catts SV. Superior temporal gyral volumes and laterality correlates of auditory 
hallucinations in schizophrenia. Biol. Psychiatry. 1999; 46(7):955–962. [PubMed: 10509178] 

Li C, Najafi H, Daikhin Y, Nissim IB, Collins HW, Yudkoff M, Matschinsky FM, Stanley CA. 
Regulation of leucine-stimulated insulin secretion and glutamine metabolism in isolated rat islets. 
The Journal of biological chemistry. 2003; 278(5):2853–2858. [PubMed: 12444083] 

Liu J, Calhoun VD. A review of multivariate analyses in imaging genetics. Front Neuroinform. 2014; 
8:29. [PubMed: 24723883] 

Liu J, Chen J, Ehrlich S, Walton E, White T, Perrone-Bizzozero N, Bustillo J, Turner JA, Calhoun VD. 
Methylation patterns in whole blood correlate with symptoms in schizophrenia patients. 
Schizophr. Bull. 2014; 40(4):769–776. [PubMed: 23734059] 

Liu J, Demirci O, Calhoun VD. A Parallel Independent Component Analysis Approach to Investigate 
Genomic Influence on Brain Function. IEEE Signal Processing Letters. 2008; 15:413. [PubMed: 
19834575] 

Liu J, Hutchison K, Perrone-Bizzozero N, Morgan M, Sui J, Calhoun V. Identification of genetic and 
epigenetic marks involved in population structure. PLoS ONE. 2010; 5(10):e13209. [PubMed: 
20949057] 

Liu et al. Page 9

Schizophr Res. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Liu J, Pearlson G, Windemuth A, Ruano G, Perrone-Bizzozero NI, Calhoun V. Combining fMRI and 
SNP data to investigate connections between brain function and genetics using parallel ICA. Hum. 
Brain Mapp. 2009; 30(1):241–255. [PubMed: 18072279] 

Melas PA, Rogdaki M, Ösby U, Schalling M, Lavebratt C, Ekström TJ. Epigenetic aberrations in 
leukocytes of patients with schizophrenia: association of global DNA methylation with 
antipsychotic rug treatment and disease onset. The Journal of the Federation of the American 
Societies for Experimental Biology. 2012; 26:2712–2718.

Melka MG, Laufer IL, McDonald P, Castellani CA, Rajakumar N, O'Reilly R, Singh SM. The effects 
of olanzapine on genome-wide DNA methylation in the hippocampus and cerebellum. Clinical 
Epigenetics. 2014; 6(1)

Mitelman SA, Nikiforova YK, Canfield EF, Hazlett EA, Brickman AM, Shihabuddin L, Buchsbaum 
MS. A longitudinal study of the corpus callosum in chronic schizophrenia. Schizophr. Res. 2009; 
114(1–3):144–153. [PubMed: 19713080] 

Nakamura M, Salisbury DF, Hirayasu Y, Bouix S, Pohl KM, Yoshida T, Koo MS, Shenton ME, 
McCarley RW. Neocortical gray matter volume in first-episode schizophrenia and first-episode 
affective psychosis: a cross-sectional and longitudinal MRI study. Biol. Psychiatry. 2007; 62:773–
783. [PubMed: 17586477] 

NC, A. Scale for the Assessment of Negative Symptoms(SANS). Iowa City: University of Iowa; 1983. 

NC, A. Scale for the assessment of positive symptoms (SAPS). Iowa City: University of Iowa; 1984. 

Nielsen DA, Utrankar A, Reyes JA, Simons DD, Kosten TR. Epigenetics of drug abuse: predisposition 
or response. Pharmacogenomics. 2012; 13(10):1149–1160. [PubMed: 22909205] 

Nishioka M, Bundo M, Kasai K, Kazuya I. DNA methylation in schizophrenia: progress and 
challenges of epigenetic studies. Genome Med. 2012; 4(96)

Nishioka M, Bundo M, Koike S, Takizawa R, Kakiuchi C, Araki T, Kasai K, Iwamoto K. 
Comprehensive DNA methylation analysis of peripheral blood cells derived from patients with 
first-episode schizophrenia. Journal of human genetics. 2013; 58(2):91–97. [PubMed: 23235336] 

Picard H, Amado I, Mouchet-Mages S, Olie JP, Krebs MO. The role of the cerebellum in 
schizophrenia: an update of clinical, cognitive, and functional evidences. Schizophr. Bull. 2008; 
34(1):155–172. [PubMed: 17562694] 

Podkletnova I, Alho H. Neonatal noradrenaline depletion prevents the transition of Bergmann glia in 
the developing cerebellum. J. Chem. Neuroanat. 1998; 14(3–4):167–173. [PubMed: 9704895] 

Reinius LE, Acevedo N, Joerink M, Pershagen G, Dahlen SE, Greco D, Soderhall C, Scheynius A, 
Kere J. Differential DNA methylation in purified human blood cells: implications for cell lineage 
and studies on disease susceptibility. PLoS ONE. 2012; 7(7):e41361. [PubMed: 22848472] 

Saywell V, Cioni JM, Ango F. Developmental Gene Expression Profile of Axon Guidance Cues in 
Purkinje Cells During Cerebellar Circuit Formation. Cerebellum. 2014; 13(3):307–317. [PubMed: 
24550128] 

Schambra UB, Mackensen GB, Stafford-Smith M, Haines DE, Schwinn DA. Neuron specific alpha-
adrenergic receptor expression in human cerebellum: implications for emerging cerebellar roles in 
neurologic disease. Neuroscience. 2005; 135(2):507–523. [PubMed: 16112482] 

Segall JM, Turner JA, van Erp TG, White T, Bockholt HJ, Gollub RL, Ho BC, Magnotta V, Jung RE, 
McCarley RW, Schulz SC, Lauriello J, Clark VP, Voyvodic JT, Diaz MT, Calhoun VD. Voxel-
based morphometric multisite collaborative study on schizophrenia. Schizophr. Bull. 2009; 35(1):
82–95. [PubMed: 18997157] 

Stein JL, Medland SE, Vasquez AA, Hibar DP, Senstad RE, Winkler AM, Toro R, Appel K, Bartecek 
R, Bergmann O, Bernard M, Brown AA, Cannon DM, Chakravarty MM, Christoforou A, Domin 
M, Grimm O, Hollinshead M, Holmes AJ, Homuth G, Hottenga JJ, Langan C, Lopez LM, Hansell 
NK, Hwang KS, Kim S, Laje G, Lee PH, Liu X, Loth E, Lourdusamy A, Mattingsdal M, Mohnke 
S, Maniega SM, Nho K, Nugent AC, O'Brien C, Papmeyer M, Putz B, Ramasamy A, Rasmussen 
J, Rijpkema M, Risacher SL, Roddey JC, Rose EJ, Ryten M, Shen L, Sprooten E, Strengman E, 
Teumer A, Trabzuni D, Turner J, van Eijk K, van Erp TG, van Tol MJ, Wittfeld K, Wolf C, 
Woudstra S, Aleman A, Alhusaini S, Almasy L, Binder EB, Brohawn DG, Cantor RM, Carless 
MA, Corvin A, Czisch M, Curran JE, Davies G, de Almeida MA, Delanty N, Depondt C, 
Duggirala R, Dyer TD, Erk S, Fagerness J, Fox PT, Freimer NB, Gill M, Goring HH, Hagler DJ, 

Liu et al. Page 10

Schizophr Res. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Hoehn D, Holsboer F, Hoogman M, Hosten N, Jahanshad N, Johnson MP, Kasperaviciute D, Kent 
JW Jr, Kochunov P, Lancaster JL, Lawrie SM, Liewald DC, Mandl R, Matarin M, Mattheisen M, 
Meisenzahl E, Melle I, Moses EK, Muhleisen TW, Nauck M, Nothen MM, Olvera RL, Pandolfo 
M, Pike GB, Puls R, Reinvang I, Renteria ME, Rietschel M, Roffman JL, Royle NA, Rujescu D, 
Savitz J, Schnack HG, Schnell K, Seiferth N, Smith C, Steen VM, Valdes Hernandez MC, Van 
den Heuvel M, van der Wee NJ, Van Haren NE, Veltman JA, Volzke H, Walker R, Westlye LT, 
Whelan CD, Agartz I, Boomsma DI, Cavalleri GL, Dale AM, Djurovic S, Drevets WC, Hagoort P, 
Hall J, Heinz A, Jack CR Jr, Foroud TM, Le Hellard S, Macciardi F, Montgomery GW, Poline JB, 
Porteous DJ, Sisodiya SM, Starr JM, Sussmann J, Toga AW, Veltman DJ, Walter H, Weiner MW, 
Bis JC, Ikram MA, Smith AV, Gudnason V, Tzourio C, Vernooij MW, Launer LJ, DeCarli C, 
Seshadri S, Andreassen OA, Apostolova LG, Bastin ME, Blangero J, Brunner HG, Buckner RL, 
Cichon S, Coppola G, de Zubicaray GI, Deary IJ, Donohoe G, de Geus EJ, Espeseth T, Fernandez 
G, Glahn DC, Grabe HJ, Hardy J, Hulshoff Pol HE, Jenkinson M, Kahn RS, McDonald C, 
McIntosh AM, McMahon FJ, McMahon KL, Meyer-Lindenberg A, Morris DW, Muller-Myhsok 
B, Nichols TE, Ophoff RA, Paus T, Pausova Z, Penninx BW, Potkin SG, Samann PG, Saykin AJ, 
Schumann G, Smoller JW, Wardlaw JM, Weale ME, Martin NG, Franke B, Wright MJ, 
Thompson PM. Identification of common variants associated with human hippocampal and 
intracranial volumes. Nat. Genet. 2012; 44(5):552–561. [PubMed: 22504417] 

Suddath RL, Christison GW, Torrey EF, Casanova MF, Weinberger DR. Anatomical abnormalities in 
the brains of monozygotic twins discordant for schizophrenia. The New England journal of 
medicine. 1990; 322(12):789–794. [PubMed: 2308615] 

Takahashi T, Wood SJ, Yung AR, Walterfang M, Phillips LJ, Soulsby B, Kawasaki Y, McGorry PD, 
Suzuki M, Velakoulis D, Pantelis C. Superior temporal gyrus volume in antipsychotic-naive 
people at risk for psychosis. Br. J. Psychiatry. 2010; 196:206–211. [PubMed: 20194543] 

Thibaut F. Why schizophrenia genetics needs epigenetics: a review. Psychiatria Danubina. 2012; 
24(1):25–27. [PubMed: 22447081] 

Thomann PA, Roebel M, Dos Santos V, Bachmann S, Essig M, Schroder J. Cerebellar substructures 
and neurological soft signs in first-episode schizophrenia. Psychiatry Res. 2009; 173(2):83–87. 
[PubMed: 19540731] 

Varambally S, Venkatasubramanian G, Thirthalli J, Janakiramaiah N, Gangadhar BN. Cerebellar and 
other neurological soft signs in antipsychotic-naive schizophrenia. Acta psychiatrica Scandinavica. 
2006; 114(5):352–356. [PubMed: 17022795] 

Walton E, Liu J, Hass J, White T, Scholz M, Roessner V, Gollub R, Calhoun VD, Ehrlich S. MB-
COMT promoter DNA methylation is associated with working-memory processing in 
schizophrenia patients and healthy controls. Epigenetics. 2014; 9

Wockner LF, Noble EP, Lawford BR, Young RM, Morris CP, Whitehall VL, Voisey J. Genome-wide 
DNA methylation analysis of human brain tissue from schizophrenia patients. Transl Psychiatry. 
2014; 4:e339. [PubMed: 24399042] 

Xiao Y, Camarillo C, Ping Y, Arana TB, Zhao H, Thompson PM, Xu C, Su BB, Fan H, Ordonez J, 
Wang L, Mao C, Zhang Y, Cruz D, Escamilla MA, Li X, Xu C. The DNA methylome and 
transcriptome of different brain regions in schizophrenia and bipolar disorder. PLoS ONE. 2014; 
9(4):e95875. [PubMed: 24776767] 

Xiao Z, Deng PY, Rojanathammanee L, Yang C, Grisanti L, Permpoonputtana K, Weinshenker D, 
Doze VA, Porter JE, Lei S. Noradrenergic depression of neuronal excitability in the entorhinal 
cortex via activation of TREK-2 K+ channels. The Journal of biological chemistry. 2009; 284(16):
10980–10991. [PubMed: 19244246] 

Yang J, Chi Y, Burkhardt BR, Guan Y, Wolf BA. Leucine metabolism in regulation of insulin 
secretion from pancreatic beta cells. Nutr. Rev. 2010; 68(5):270–279. [PubMed: 20500788] 

Liu et al. Page 11

Schizophr Res. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Loadings of the associated brain volume component and methylation component. Data for 

schizophrenia patients were plotted in solid back circles, while data for controls were plotted 

in hollow gray circles. Loadings are normalized as unitless values.
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Figure 2. 
Contribution Z scores of each variable in the associated methylation and brain volume 

components. X axis plots variables: CpG markers for the methylation component and brain 

regions for the brain volume component. Y axis plots the Z scores. The lines indicate the |z|

=3 threshold used to select top contributing variables. Only markers (regions) outside the 

threshold are considered to be effective to the corresponding components.
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