Brain, Behavior, and Immunity 46 (2015) 311-318

= BRAIN,
BEHAVIOR,
and IMMUNITY

Contents lists available at ScienceDirect

Brain, Behavior, and Immunity

journal homepage: www.elsevier.com/locate/ybrbi

A schizophrenia-associated HLA locus affects thalamus volume and
asymmetry

@ CrossMark

Nicolas Brucato *"*, Tulio Guadalupe *, Barbara Franke “*!, Simon E. Fisher ¢, Clyde Francks **

2 Language & Genetics Department, Max Planck Institute for Psycholinguistics, Nijmegen, The Netherlands

b Leiden University Centre for Linguistics, Leiden, The Netherlands

€ International Max Planck Research School for Language Sciences, Max Planck Institute for Psycholinguistics, Nijmegen, The Netherlands

d Department of Human Genetics, Radboud University Nijmegen Medical Center, Nijmegen, The Netherlands

€ Department of Psychiatry, Donders Institute for Brain, Cognition and Behaviour, Radboud University Nijmegen Medical Center, Nijmegen, The Netherlands
fDepartment of Cognitive Neuroscience, Donders Institute for Brain, Cognition and Behaviour, Radboud University Nijmegen Medical Center, Nijmegen, The Netherlands
& Donders Institute for Brain, Cognition and Behavior, Radboud University Nijmegen, The Netherlands

ARTICLE INFO ABSTRACT

Article history:

Received 14 November 2014

Received in revised form 20 January 2015
Accepted 7 February 2015

Available online 26 February 2015

Genes of the Major Histocompatibility Complex (MHC) have recently been shown to have neuronal func-
tions in the thalamus and hippocampus. Common genetic variants in the Human Leukocyte Antigens
(HLA) region, human homologue of the MHC locus, are associated with small effects on susceptibility
to schizophrenia, while volumetric changes of the thalamus and hippocampus have also been linked to
schizophrenia. We therefore investigated whether common variants of the HLA would affect volumetric
variation of the thalamus and hippocampus. We analysed thalamus and hippocampus volumes, as mea-

Key .Wo.rds" . . sured using structural magnetic resonance imaging, in 1.265 healthy participants. These participants had
Brain imaging genetics . . . . . .

Psychiatry also been genotyped using genome-wide single nucleotide polymorphism (SNP) arrays. We imputed
Thalamus genotypes for single nucleotide polymorphisms at high density across the HLA locus, as well as HLA allo-
Hippocampus types and HLA amino acids, by use of a reference population dataset that was specifically targeted to the
Laterality HLA region. We detected a significant association of the SNP rs17194174 with thalamus volume (nominal
HLA P=0.0000017, corrected P = 0.0039), as well as additional SNPs within the same region of linkage disequi-
MHC librium. This effect was largely lateralized to the left thalamus and is localized within a genomic region

previously associated with schizophrenia. The associated SNPs are also clustered within a potential
regulatory element, and a region of linkage disequilibrium that spans genes expressed in the thalamus,
including HLA-A. Our data indicate that genetic variation within the HLA region influences the volume
and asymmetry of the human thalamus. The molecular mechanisms underlying this association may
relate to HLA influences on susceptibility to schizophrenia.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Schizophrenia is a severe disorder that is often characterized by
auditory and visual hallucinations (DSM-5) (American Psychiatric
Association, 2013). Susceptibility arises in part from multiple small
effects of genetic variants which are common in the population
(Purcell et al., 2014). Among the significant genetic associations
found with schizophrenia by genome-wide association scans
(GWAS), those within the Human Leukocyte Antigens (HLA) region,
on chromosome 6p, are of particular interest because they hint at a
role of immunological genes in disease pathogenesis (Andreassen
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et al., 2014; McAllister, 2014; Stringer et al., 2014). The HLA region,
the human homologue of the Major Histocompatibility Complex
(MHC) region, spans about 4.5 million base pairs containing more
than 200 genes, many of them involved in the immune system,
such as those coding for the HLA proteins (Cullen et al., 2002;
Shiina et al., 2009).

Associations with schizophrenia, of polymorphisms within the
HLA region, have been found at broadly three different locations
in the region (see Fig. 1): two SNPs between HLA-DRA and HLA-
DQAT1 (Ripke et al., 2013; Shi et al., 2009); one locus at NOTCH4
(Stefansson et al., 2009); and a cluster of findings between
ZNRD1 and TRIM26 (Cross-Disorder Group of the Psychiatric
Genomics Consortium, 2013a,b; Irish Schizophrenia Genomics
and the Wellcome Trust Case Control, 2012; Mukherjee et al.,
2014; Ripke et al., 2013; Schizophrenia Psychiatric Genome-Wide
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Association Study Consortium, 2011; Schizophrenia Working
Group of the Psychiatric Genomics, 2014). This latter interval has
yielded associations which were significant in the context of
multiple testing across the entire genome, in different studied
populations, and when analysing either SNPs (single nucleotide
polymorphisms) or Runs of Homozygozity (ROH). An association
of ROH with a trait indicates a recessive mode of action. In the
study of Mukherjee et al. (2014), a ROH of 53 kb was significantly
associated with schizophrenia, while a nearby extended haplotype
of 58 kb was also associated with schizophrenia in an additive
model (see Fig. 1). Allotypes of HLA proteins, which are defined
by their immunohistochemical properties, have also been associat-
ed with schizophrenia, including HLA-C*01:02 (Irish Schizophrenia
Genomics and the Wellcome Trust Case Control, 2012), HLA-
B*08:01 and HLA-DRB1*01:03 (Stefansson et al., 2009).

HLA proteins are main actors of immunity. In immune cells, the
high variability of these transmembrane proteins contributes to
the recognition of “self” cells, mediating both innate and adaptive
immunity (Traherne, 2008; Trowsdale and Knight, 2013). HLA class
I proteins present peptides to cytotoxic T-cells (CD8+), while HLA
class II proteins present peptides to helper T-cells (CD4+) par-
ticipating in the production of antibodies by B-cells (Shiina et al.,
2009; Trowsdale and Knight, 2013). The expression of cytokines
and genes of the HLA region, critical components of the immune
response, may be altered in peripheral immune cells and in glial
cells of schizophrenic patients (Bernstein et al., 2015; Goudriaan
et al., 2014; Miller et al., 2011; Sinkus et al., 2013). Several studies
have shown a co-segregation of autoimmune diseases, chronic
inflammation and maternal infection with schizophrenia (Bergink
et al., 2014; Bernstein et al., 2015; Horvath and Mirnics, 2014;
Knuesel et al., 2014; Stringer et al., 2014). This has led to the
hypothesis that immunological disturbances are a key factor in
the etiology of schizophrenia, notably through the role of micro-
glial cells and astrocytes in the immune response in the brain
(Bernstein et al., 2015; Horvath and Mirnics, 2014). While HLA pro-
teins have been mainly studied for their roles in immunity, recent
studies in rodents also point to functions in the neurons, notably of
the MHC class 1 (MHCI) proteins (Boulanger, 2009; Elmer and
McAllister, 2012; Lee et al., 2014; Shatz, 2009). Their attributes
appear to have been co-opted in the brain to influence neuronal
connectivity and synaptic plasticity (Elmer and McAllister, 2012).
MHCI proteins are expressed in a brain tissue-specific and develop-
mental stage-specific manner (Liu et al., 2013; Zhang et al., 2013a),
and may be major actors in developmental synaptic pruning,
which is dependent on neuronal activity (Glynn et al.,, 2011; Lee
et al., 2014). MHCI proteins are particularly expressed in neurons
of the lateral geniculate nucleus of the thalamus (Zhang et al.,
2013b), and also affect axonal and neurite outgrowth of hippocam-
pal neurons in vitro (Bilousova et al., 2012). In addition, knock-out
mice for the homologous immune system show increased ocular
dominance, as well as aberrant patterns of Long-Term
Potentiation (LTP) and Long-Term Depression (LTD) in the hip-
pocampus (Datwani et al., 2009; Elmer and McAllister, 2012;
Huh et al., 2000). As these observations indicate effects of the
MHC on thalamus and hippocampus development and function,
the possibility also arises that the MHC is involved in dysfunction
linked to these structures (Lee et al., 2014; McAllister, 2014).

The thalamus and the hippocampus are two functionally inter-
connected and bilaterally paired structures (Stein et al., 2000). The
thalamus has been extensively studied in relation to relaying and
processing sensory and motor information, as well as regulating
consciousness and sleep (Sherman and Guillery, 2000).
Volumetric reductions of the thalamus, and alterations of its left-
right volumetric asymmetry, have been reported to associate with
schizophrenia (Adriano et al., 2010; Byne et al., 2009; Csernansky
et al.,, 2004; Gaser et al., 2004; Haukvik et al., 2013; Horga et al.,

2011; Jaaro-Peled et al., 2010; Portas et al, 1998; Qiu et al,,
2009; Smith et al., 2011). The hippocampus has well-studied roles
in long-term and working memory, which are abilities that are
often impaired in people with schizophrenia (Aleman et al.,
1999; Libby et al., 2013). A reduction of hippocampal volume
and/or alterations of hippocampal asymmetry have been found
by independent studies and meta-analyses to associate with
schizophrenia (Adriano et al., 2012; Gruber et al., 2008; Hasan
et al, 2011; Haukvik et al., 2013; Jaaro-Peled et al., 2010;
Shenton et al., 2010; Shepherd et al., 2012).

On the basis of the above three lines of evidence, i.e. association
of common HLA genetic variants with schizophrenia, neuronal
MHC gene functions particularly in the thalamus and hippocam-
pus, and alterations of thalamus and hippocampus volumes and
asymmetries in schizophrenia, we hypothesized that common var-
iations of the HLA would affect volumetric and asymmetric varia-
tion of the thalamus and/or the hippocampus. We obtained
measures of left and right thalamus and hippocampus volumes
from MRI data derived from 1265 healthy individuals, from whom
DNA had previously been collected and genotyped on genome-
wide SNP arrays. Specific evolutionary processes have shaped the
HLA region, notably pathogenic pressure and human migrations
(Parham and Moffett, 2013; Prugnolle et al., 2005; Traherne,
2008), and these processes have led to the HLA region presenting
one of the lowest recombination rates of the human genome, as
well as a high genetic diversity, reflected in a large number of
extended haplotypes (Cullen et al., 2002). We therefore used a ref-
erence population genetic dataset that was specifically targeted to
the HLA region, in order to accurately impute genotypes at high
density across the region in our 1265 participants (Franke et al.,
2010; Guadalupe et al., 2014a,b). Imputation was performed for
common genetic variation as well as for HLA amino-acids (AA)
and classically defined HLA allotypes (de Bakker and
Raychaudhuri, 2012; Jia et al, 2013). We tested all of these
polymorphisms for associations with thalamus and hippocampal
volumes separately, using bivariate models to incorporate left
and right volumes, in order to allow for potentially asymmetric
effects without multiple testing of the two sides independently.

2. Material and methods
2.1. Participants

MRI and genetic data were obtained from 1303 self-reported
healthy, unrelated volunteers (including many university students)
at the Donders Center for Cognitive Neuroscience, Nijmegen, the
Netherlands. This dataset has been described previously and is
known as the BIG (brain imaging genetics) dataset, collected as
part of the Cognomics initiative (Franke et al., 2010; Guadalupe
et al., 2014a,b). The age range spanned from 18 to 41 years, with
a median age of 22 years. There were 748 females and 555 males.
All individuals participating in this study gave written informed
consent to the analysis of their DNA in relation to their brain
MRI scans.

2.2. Brain MRI data

MRI data were acquired with a 1.5 Tesla Siemens Sonata or
Avanto scanner, or else a 3 Tesla Siemens Trio or TimTrio scanner
(Siemens Medical Systems, Erlangen, Germany) (Guadalupe et al.,
2014b). As described previously in detail (Guadalupe et al,
2014b), corrections were applied against field non-homogeneities,
implemented in both the Siemens scanners and also in the
FreeSurfer software (Fischl et al., 2002). Subcortical volumetric
measures were estimated after segmentation by FreeSurfer
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(Fischl et al., 2002) using the standard “-recon-all” processing
pipeline and default parameters. Left and right thalamic and
hippocampal volumes for each participant were extracted for this
study, as well as their supra-tentorial volume (i.e. cerebrum vol-
ume). Any individuals showing a volumetric measure more
extreme than three times the standard deviation from the group
mean were excluded from subsequent analyses (SPSS software
(IBM)). After this exclusion, there remained 1265 individuals. We
removed the covariate effects of age, sex, scanner field strength
and supra-tentorial volumes from the volumetric measures by
linear regression and retention of the residuals. The resulting
residualized measures of left and right thalamus volume were cor-
related (Pearson’s correlation r = 0.68), as were the volumes of left
and right hippocampus (r = 0.76). The hippocampus and thalamus
measures were also inter-correlated, but to a lower extent (r rang-
ing from 0.220 to 0.310). See the supplementary information for a
full correlation table.

2.3. Genetic and allotypic data

The reference population dataset for genotype imputation was
derived from the T1DGC cohort and was described by (Jia et al.,
2013). This is a reference dataset targeted specifically at the HLA
region, and comprises 5225 unrelated British individuals of
European descent, genotyped for 7258 SNPs spanning the HLA,
and also assigned with the presence/absence of 424 classical allo-
types for HLA-A, HLA-B, HLA-C, HLA-DRB1, HLA-DQA1, HLA-DPA1
and HLA-DPB1, as well as 1276 individual amino acids at variable
sites in the HLA proteins. HLA allotypes are defined by three-
dimensional protein structure that is recognised by specific
antibodies, and must be imputed with reference to multiple SNP
genotypes (Jia et al., 2013). The allotypes are defined at two-digit
resolution to define groups (e.g. HLA-A*01), and also at four-digit
resolution to define HLA immunoglobulin forms more specifically
(e.g. HLA-A*01:01) (Marsh et al., 2010).

The generation of Affymetrix 6.0 array-based genotypes in the
BIG dataset, together with the quality control procedures
employed, has been described previously (Guadalupe et al,
2014b). The genotypes were adjusted to the forward strand using
the information given by Affymetrix to avoid ambiguity in subse-
quent steps. Genotypes from 1868 SNPs spanning the HLA locus
in the BIG dataset were extracted to span the HLA region as defined
by (Jia et al.,, 2013), i.e. Hg#19:chr6:29494897-33160425. Only
SNPs with minor allele frequencies greater than 0.05 in the BIG
dataset were used for imputation. This was to allow for the possi-
bility of slight genetic stratification between the reference dataset
(British participants) and the BIG dataset (mostly Dutch
participants), which would affect rare genetic variation most
markedly. Imputation of SNP genotypes, allotypes and HLA amino
acids was performed with the program SNP2HLA (Jia et al., 2013)
and the program BEAGLE (Browning and Browning, 2009), using
the protocol described by (Jia et al., 2013). After imputation SNPs
were removed when the imputation r* values were lower than
0.3 and/or when they deviated significantly from Hardy-
Weinberg equilibrium at a threshold of P<0.01 (Purcell et al.,
2007). This produced imputed genotype data for 7256 SNPs, as
well as calls for 1276 HLA amino acids, 126 HLA allotypes at a
two-digit resolution, and 298 HLA allotypes at a four-digit resolu-
tion. Imputed HLA allotypes and HLA amino acids were then coded
as binary traits to facilitate further analyses, i.e. as presence/ab-
sence of a given form (Jia et al., 2013). Individuals with imputed
SNP genotype call rates below 0.9 were discarded. Haplotypic
reconstruction, performed by the program SNP2HLA, was used
with respect to the alleles of the five SNPs that showed significant
association with a reduction of thalamus volume (see Section 3), to
manually check against extended combinations of predicted HLA

allotypes,, i.e. to investigate whether the trait-associated SNP hap-
lotypes related to extended HLA haplotypes (de Bakker et al., 2006;
Jia et al., 2013; Yunis et al., 2003). Linkage disequilibrium structure
of the HLA locus in the BIG dataset, based only on the SNP data, was
assessed by Haploview (Barrett et al., 2005).

2.4. Bivariate association tests for volumetric measures

Quantitative trait locus (QTL) association tests were performed
separately for each polymorphism and each structure, i.e. the
hippocampus and thalamus, using the Plink.multivariate software
(Ferreira and Purcell, 2009). For each structure, the left and right
volumes were input simultaneously into a single bivariate asso-
ciation model. One association test per SNP and per structure
was therefore performed, each time with simultaneous respect to
two continuous variables (left and right volumes). Bivariate
analysis is a robust analysis for correlated measures which can
deliver increased statistical power when a genetic locus effects
co-variance in two measures, compared to testing the measures
separately and performing weighted adjustment for multiple test-
ing (Ferreira and Purcell, 2009). The software computed the linear
combination of the left and right volumes that correlated most
strongly across participants with the polymorphism being tested,
in an additive genetic model (Ferreira and Purcell, 2009). The rela-
tionships between the SNP and each measure separately are given
by the correlation of the linear combination with each measure.
Pointwise empirical P values were derived by label-swapping
permutation (randomising genotype to trait correspondence)
implemented within Plink.multivariate (using the max(T) option
with 1.000.000 permutations) (Ferreira and Purcell, 2009; Purcell
et al.,, 2007). We used Bonferroni correction for multiple testing,
in which we considered an independent number of tests (1957)
corresponding to the number of LD blocks in our cohort (defined
by Haploview with an LD r? threshold >0.8, 383 LD blocks), plus
the number of imputed allotypes at a four-digit resolution (298)
and the inferred amino acids (1276), as previously described (Jia
et al., 2013). This gave a threshold nominal P< = 0.000026 for one
structure, to correspond to a corrected alpha level of 0.05 for that
structure. As the thalamus and the hippocampus were analysed
separately, we also multiplied the P values by a factor of two.

For the most significantly associated SNP in the bivariate asso-
ciation analysis (rs17194174 with the thalamus, see below), we
also performed univariate linear regressions of the left and right
volumes on rs17194174 genotypes (in an additive model) and then
tested for heterogeneity of the effect sizes (Clogg, 1995), to test for
a lateralized effect.

3. Results
3.1. Bivariate association analysis across the HLA region

After multiple testing correction, five SNPs (rs12663724,
rs7753935, rs11967911, rs17187805 and rs17194174 showed
significant bivariate associations with left and right thalamus vol-
umes (corrected P < 0.05; Fig. 1; see supplementary data 1 for how
these associations loaded onto the left and right volumes separate-
ly). The five SNPs are in strong LD (* > 0.97 D’ > 0.99, Fig. 1) within
a 23kb intergenic region of the HLA «class I locus
(hg19:¢chr6:30059592-30061910), between the genes RNF39 and
TRIM31. The most significant bivariate association was obtained
for rs17194174 (uncorrected P = 0.000001; corrected P =0.0039;
minor allele frequency = 0.14). The minor allele was associated
with a reduction of thalamus volume. As a check on the consisten-
cy of this association we also tested it separately in data derived
from the 1.5T and 3T scans (1.5T scanner, 629 participants,
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Fig. 1. Bivariate association results with SNPs across the HLA region, for the volume of the thalamus. Left and right volumes were tested simultaneously in a bivariate model,
for one test per SNP. Y-axis: Log;o bivariate association P-values. The black dotted line represents the significance threshold (0.000013) corresponding to experiment-wide
alpha 0.05, after multiple testing correction for all polymorphisms and two brain structures. X-axis: physical distance along chromosome 6 in kilobases from 29,494,897 to
33,160,425 in Human Genome version number 19 (Genome Reference Consortium, 2009). Below the X-axis, red bars indicate genome-wide significant SNP associations with
schizophrenia as reported in the NHGRI catalogue: GW SNP SZ: (1) rs8321 (Cross-Disorder Group of the Psychiatric Genomics Consortium, 2013b); (2) rs2523722 (Irish
Schizophrenia Genomics and the Wellcome Trust Case Control, 2012); (3) rs2021722 (Cross-Disorder Group of the Psychiatric Genomics Consortium, 2013a,b; Schizophrenia
Psychiatric Genome-Wide Association Study Consortium, 2011); (4) rs3131296 (Stefansson et al., 2009); (5) rs114002140 (Ripke et al., 2013); (6) rs9272219 (Shi et al., 2009).
Green bars represent the intervals associated with schizophrenia in the study by Mukherjee et al. (2014): IBD SZ: (7) under an additive model; (8) under a recessive model
(ROH). The genes of the HLA locus are represented further below the X axis in blue (RefSeq genes, UCSC: http://genome-euro.ucsc.edu), and the orange bars at this level
represent HLA genes of which allotypes have been imputed in the present study, from left to right: HLA-A, HLA-B, HLA-C, HLA-DRB1, HLA-DQA1, HLA-DPA1 and HLA-DPBI1 (the
last two genes partly overlap in the figure). The bottom two levels represent the SNP coverage in the BIG dataset after imputation and the corresponding LD structure

calculated by Haploview (Barrett et al., 2005).

P=0.0039; 3T scanner, 636 participants, P=0.000095). In the
bivariate association model of the data combined, the left thalamus
loading was -0.951, and right hemisphere loading was —0.416,
meaning that the linear combination of these traits that was most
strongly associated with the SNP correlated more strongly with the
left than the right thalamus volume (supplementary data 1). In
other words, the effect appeared somewhat stronger on the left
thalamus. Univariate analyses of rs17194174 in relation to left
and right thalamus volumes separately yielded beta=166.05
(S.E.=34.53), P=0.0000017 for the Ileft and beta=67.59
(S.E.=31.01), P=0.0295 for the right. Testing for heterogeneity of
these effects (Clogg, 1995) yielded z=2.12, P=0.034, indicating a
significantly left-lateralized effect. Univariate regression of the
volumetric asymmetry index for the thalamus, calculated as
((Left — Right)/(Left + Right)), upon the genotypes of rs17194174
in an additive linear model, resulted in a significant association
with beta = —0.091, P = 0.00077. This association is within the pre-
viously identified interval in which an extended SNP haplotype
was reported to be associated with schizophrenia under an addi-
tive model by (Mukherjee et al., 2014) (see Fig. 1). It is also within
the same LD block as rs8321 (LD block:hg#19:chr6:29899677-
30066031; r*>0.8 D'>1; Fig. 1), a SNP that was previously
associated with schizophrenia at a genome-wide significant level
(Cross-Disorder Group of the Psychiatric Genomics Consortium,
2013Db). An inspection of our imputed SNP haplotypes, in relation
to extended HLA haplotypes (i.e. combinations of HLA allotypes),
revealed that the five SNPs significantly associated with thalamus
volume did not clearly predict any specific subset of extended
HLA haplotypes. There were 371 imputed SNP haplotypes which
carried the ‘thalamus volume reduction’ alleles at these five
SNPs, out of 2530 imputed SNP haplotypes in total (data not

shown). The diversity of combinations of HLA allotypes estimated
from these haplotypes indicates that these five SNPs do not tag
any specific extended HLA haplotype.

After correction for multiple testing (corrected P> 0.05), we
found no significant association of SNPs with hippocampus volume
(supplementary data 1). The SNP rs17194174 was not associated
with hippocampus volume (P=0.098). Also there was no sig-
nificant association with either of the two brain regions for HLA
allotypes or HLA amino acids (supplementary data 1).

3.2. SNPs previously associated with schizophrenia

Six HLA-region SNPs have been reported in the National Human
Genome Research Institute catalogue (NHGRI catalogue: www.
genome.gov/gwastudies; (Hindorff et al, 2014)) to show
significant associations with schizophrenia after correction for
multiple testing in GWAS studies (see Fig. 1). Five of these SNPs
were successfully imputed in the present study. As a targeted sec-
ondary investigation following our initial screening across the HLA
region, we report in Table 1 the nominal (not corrected) association
P values for these five SNPs with thalamus and hippocampus
volumes in the BIG dataset, as derived from bivariate association
analysis (i.e. one statistical test per SNP per structure, inputting left
and right volumes simultaneously). Among these SNPs, rs8321
(Cross-Disorder Group of the Psychiatric Genomics Consortium,
2013b) was nominally associated with hippocampus and thalamus
volumes (P < 0.05; Table 1), with the minor allele being associated
with reduced thalamic volume and increased hippocampal vol-
ume. No information on the risk/protective status of this allele
was reported in the GWAS study by the Cross-Disorder Group of
the Psychiatric Genomics Consortium (Cross-Disorder Group of
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Table 1
A schizophrenia-associated HLA locus affects thalamus volume and asymmetry.
Polymorphism  Position MAF Thalamus Hippocampus SCZ Nearest  References
P-value P-value P-value”  gene
1s2523722 30273252 0.19 0.86 0.14 1.00E-16 TRIM26 Irish Schizophrenia Genomics and the Wellcome Trust Case Control (2012)
rs2021722 30282110 0.20 0.73 0.17 2.00E-12 TRIM26 Cross-Disorder Group of the Psychiatric Genomics Consortium (2013a,b),
Schizophrenia Psychiatric Genome-Wide Association Study Consortium
(2011)
rs3131296 32280971 0.14 0.0075 0.29 2.00E-10 NOTCH4 Stefansson et al. (2009)
rs8321 30140501 0.11 0.017 0.012 8.00E-09 ZNRD1 Cross-Disorder Group of the Psychiatric Genomics Consortium (2013b)
1s9272219 32710247 0.29 0.14 0.39 7.00E-08 HLA- Shi et al. (2009)
DQAI1

Association results (nominal P values) from bivariate analyses for thalamus and hippocampus volumes in the BIG dataset, for SNPs that have been previously associated with

schizophrenia at a genome-wide significant level and recorded in the NHGRI catalogue. MAF: minor allele frequency.
" Genomic position on chromosome 6, in Human Genome version number 19 (Genome Reference Consortium, 2009).
# P-values for association with schizophrenia reported in the corresponding publications.

the Psychiatric Genomics Consortium, 2013b). Also, rs3131296
(Stefansson et al., 2009) was nominally associated with thalamus
volume (P = 0.0075), with the minor allele being associated with
reduced volume. This was the protective allele for schizophrenia
in the GWAS study by Stefansson et al. (2009).

In addition to the HLA schizophrenia-associated SNPs reported
in the NHGRI catalogue, there are two further significant HLA
SNPs that have been reported in recent GWAS papers,
rs114002140 and rs115329265 (Ripke et al., 2013; Schizophrenia
Working Group of the Psychiatric Genomics, 2014). However, these
were selected to represent the entire extended HLA locus (~8 Mb),
in order to account for high LD across the locus, which actually
resulted in many SNPs being associated with schizophrenia at a
GWAS-significant level in their analyses, but for which individual
association results were not reported. The SNP rs114002140 was
not successfully imputed in our study, and rs115329265 was out-
side the interval defined in our imputation reference dataset.

4. Discussion

In this study we imputed genotypes for 1265 healthy par-
ticipants of European descent, for SNPs at a high density across
the HLA region, as well as for HLA allotypes and HLA amino acids,
by use of genome-wide genotype data together with a reference
dataset that was targeted specifically at the HLA region. We found
a significant association between a locus in the HLA region and the
volume of the human thalamus. The effect was significantly later-
alized towards the left thalamus, although the volume of the right
thalamus was also affected to a lesser degree. This pattern resulted
in the association influencing volumetric asymmetry of the thala-
mus. The significantly associated SNPs are located within a 2.3 kb
intergenic locus of the HLA region, and the minor alleles were asso-
ciated with a reduction of thalamus volume, which may be indica-
tive of negative selection.

Our study was motivated by three observations: HLA genes
have been shown to have neuronal affects within the thalamus
and hippocampus; altered thalamus and hippocampus volumes
and/or lateralization have been associated with schizophrenia;
common SNPs within the HLA region have been associated with
schizophrenia. It is therefore striking that the lateralized genetic
effect we detected on left thalamus volume is located within an
interval in which an extended SNP haplotype was reported to be
associated with schizophrenia in a recent genome-wide screening
study (Mukherjee et al., 2014). Another nearby interval (Fig. 1) was
significantly associated with schizophrenia in an analysis of runs of
homozygosity, i.e. under a recessive genetic model (Mukherjee
et al, 2014). Furthermore, the two intervals reported by
Mukherjee et al. (2014) are closely flanked by three SNPs that have

been reported to associate with schizophrenia at a significant level
in GWAS studies (rs8321, (Cross-Disorder Group of the Psychiatric
Genomics Consortium, 2013b); rs2523722, (Irish Schizophrenia
Genomics and the Wellcome Trust Case Control, 2012);
rs2021722 (Cross-Disorder Group of the Psychiatric Genomics
Consortium, 2013a,b; Schizophrenia Psychiatric Genome-Wide
Association Study Consortium, 2011)). One of these SNPs
(rs8321) showed nominally significant association with thalamus
and hippocampus volumes in our dataset. In our set of healthy par-
ticipants we are not able to test more directly for pleiotropic effects
of these polymorphisms on brain structural volumes and
schizophrenia. However, the convergent findings indicate that a
relatively small interval, of 2.3 kb within the overall HLA (Fig. 1),
harbours a variant or variants that influence anatomy of the thala-
mus, and that the molecular mechanisms involved may relate to
HLA-locus effects on susceptibility to schizophrenia.

The mechanisms are not known by which genetic variants in
the HLA influence schizophrenia (Bernstein et al., 2015; Byne
et al., 2009; McAllister, 2014), and likewise the SNPs associated
with thalamus volume and asymmetry that we report here will
need further functional investigation to understand the mechan-
isms involved. The lack of any discernible extended HLA haplotype
linked to the five SNPs and the absence of association of HLA
allotypes with our volumetric measures suggest that these SNPs
have no straightforward reflection at the level of allotypes of HLA
proteins. The intergenic interval that contains the five SNPs also
contains several indications for regulatory elements of gene tran-
scription (UCSC: http://genome-euro.ucsc.edu). Chip-seq data indi-
cate binding of Polymerase II (Encode Project Consortium, 2012),
the major actor of transcription, as well as the modified forms of
histone proteins H3K4Mel and H3K27ac (Encode Project
Consortium, 2012), and the transcriptional factor TCF7L2 which
often localize at enhancer loci (Encode Project Consortium,
2012). Binding of the proteins BAF150 and BAF170, involved in
chromatin remodelling, is also indicated by Chip-seq data
(Encode Project Consortium, 2012). Due to the unusual genetic
structure of the HLA locus, cis-regulatory elements are often par-
ticularly strong for genes of the same LD block (McRae et al.,
2014; Traherne, 2008). Recent expression-quantitative trait locus
(eQTL) analyses, based on tissue from post mortem brain samples,
has shown that the minor alleles of the five SNPs associated with
thalamus volume and asymmetry affect the level of expression of
ZNRD1-AS, which is a non-coding antisense RNA to the gene
ZNRD1 (Braineac: http://www.braineac.org/) (Ramasamy et al.,
2014). eQTL analyses in monocytes and lymphoblastoid cell lines
have also indicated a high density of putative cis-regulatory ele-
ments within our associated interval, mainly affecting the expres-
sion of two genes within the same LD block: HLA-A and ZNRD1
(http://eqtl.uchicago.edu) (Montgomery et al., 2010; Veyrieras
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et al., 2008; Zeller et al., 2010). HLA-A is a HLA class I protein (see
Section 1). ZNRD1 is not well characterized, and encodes an RNA
polymerase enzyme that affects cell proliferation in stomach can-
cer (Hong et al., 2005). While ZNRD1-AS has no known biological
role, several lines of evidence suggest that one or both of HLA-A
and ZNRD1 have neuronal functions (Boulanger, 2009; Elmer and
McAllister, 2012; Xie et al., 2013) and possible roles in schizophre-
nia (Bergen et al., 2012; Cross-Disorder Group of the Psychiatric
Genomics Consortium, 2013b; McAllister, 2014) (in addition to
the evidence for neuronal function of HLA class I proteins outlined
in the Introduction). Both of these genes are expressed in the tha-
lamus (Allen Brain Atlas: http://human.brain-map.org; Braineac:
http://www.braineac.org/ (Ramasamy et al., 2014)), and Chip-seq
data in mouse brain has suggested that their homologues (H2-K1
and Znrd1) are regulated by the transcriptional factor Pax6 (Xie
et al., 2013), a major actor in the developing central nervous sys-
tem. Notably Pax6 interacts with Baf150 and Baf177 to regulate
cerebral size and thickness (Tuoc et al., 2013; Xie et al., 2013).
Furthermore, both HLA-A and ZNRD1 contain SNPs associated with
schizophrenia by GWAS; rs2524005 is intronic in HLA-A (Bergen
et al,, 2012) and rs8321 is in the 3’ untranslated region of ZNRD1
(Cross-Disorder Group of the Psychiatric Genomics Consortium,
2013b). In addition, HLA-A expression has shown evidence for
alteration in schizophrenic patients (Sinkus et al., 2013). The most
significantly associated SNP outside the HLA locus, in another
recent GWAS study, is linked to a locus affecting HLA-A mRNA level
in brain (Schizophrenia Working Group of the Psychiatric
Genomics, 2014).

Although our study was partly motivated by neuronal expres-
sion of HLA genes in the thalamus and the hippocampus
(Boulanger, 2009; Elmer and McAllister, 2012; Lee et al., 2014;
Shatz, 2009), our findings may also relate to glial cells whose con-
tributions in schizophrenia have recently been extensively shown
(Bergink et al., 2014; Bernstein et al., 2015; Duncan et al., 2014;
Goudriaan et al., 2014; Roussos and Haroutunian, 2014). Among
glial cells, the astrocytes and the microglial cells are of particular
interest because of their expression of several immune proteins,
such as HLA Class II proteins (Bernstein et al., 2015). Astrocytes
are main actors of diverse brain functions such as the control of
neuronal metabolism and homeostasis, the regulation of
neurotransmitter release and the modulation of the immune
response. Microglial cells act as the naturally resident mononucle-
ar phagocyte system cells of the brain, processing the phagocytosis
of infectious agents and neurons undergoing apoptosis, as well as
acting in relation to axon remodelling and synaptic pruning
(Bernstein et al., 2015). This immunological perspective is consis-
tent with altered immune responses and neuroinflammation that
has sometimes been observed in schizophrenic patients, suggest-
ing autoimmunity and inflammation as potential vulnerability
factors for the development of schizophrenia (Bergink et al.,
2014; Bernstein et al., 2015; Horvath and Mirnics, 2014; Knuesel
et al., 2014, Sainz et al., 2013; Stringer et al., 2014). The neuronal
and glial hypotheses are non-exclusive. Both classes of cells should
be considered in future functional studies of the HLA locus associ-
ated with thalamus volume.

Targeted functional experiments will be necessary to test for
the regulation of HLA-A, ZNRD1 and/or ZNRD1-AS by our locus of
interest in neurons and also in glial cells and immune cells. It is
possible that this locus, by acting as a regulator of the expression
of HLA-A, ZNRD1 and/or ZNRD1-AS, affects growth of the thalamus
in a lateralized manner and increases the risk for schizophrenia.
Our data add to a growing literature implicating this specific region
of the HLA locus in neurodevelopment and psychiatric disease, and
identify a possible brain structural correlate in this regard.

The use of a high density imputation reference panel that is
specifically targeted to the HLA region, based on a large dataset,

was a strength of our study. We recommend this approach in
future association mapping studies of the HLA region, because it
offers greater spatial genomic resolution in this complex, high LD
region of the genome than standard GWAS imputation approaches.
The results from our study will be enhanced by follow-up in
additional datasets, using this same imputation procedure.
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