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Abstract

Brain white matter abnormalities are evident in individuals with schizophrenia, and also their first-degree relatives,
suggesting that some alterations may relate to underlying genetic risk. The ST8 alpha-N-acetyl-neuraminide alpha-2,8-
sialyltransferase 2 (ST85/A2) gene, which encodes the alpha-2,8-sialyltransferase 88 enzyme that aids neuronal
migration and synaptic plasticity, was previously implicated as a schizophrenia susceptibility gene. This study
examined the extent to which specific haplotypes in ST8S/A2 influence white matter microstructure using diffusion-
weighted imaging of individuals with schizophrenia (n=281) and healthy controls (n=172), recruited across five
Australian sites. Interactions between diagnostic status and the number of haplotype copies (0 or >1) were tested
across all white matter voxels with cluster-based statistics. Fractional anisotropy (FA) in the right parietal lobe was
found to show a significant interaction between diagnosis and ST8SIA2 protective haplotype (p < 0.05, family-wise
error rate (FWER) cluster-corrected). The protective haplotype was associated with increased FA in controls, but this
effect was reversed in people with schizophrenia. White matter fiber tracking revealed that the region-of-interest was
traversed by portions of the superior longitudinal fasciculus, corona radiata, and posterior limb of internal capsule. Post
hoc analysis revealed that reduced FA in this regional juncture correlated with reduced 1Q in people with
schizophrenia. The ST8SIA2 risk haplotype copy number did not show any differential effects on white matter. This
study provides a link between a common disease-associated haplotype and specific changes in white matter
microstructure, which may relate to resilience or risk for mental illness, providing further compelling evidence for
involvement of ST8S/A2 in the pathophysiology of schizophrenia.

Introduction
Schizophrenia and bipolar disorder are severe psychia-
tric conditions, comprising constellations of overlapping
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clinical symptoms and shared genetic risk"®. There is
evidence of both regionally specific and widespread white
matter abnormalities in bipolar disorder®* and schizo-
phrenia®®” compared to healthy controls, although there
is some inconsistency among reports of specific white
matter tracts implicated in individual studies. These
inconsistencies are likely owing to a combination of
methodological differences across studies, variation in
power to detect group differences, and heterogeneity at the
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clinical, demographic, and genetic levels within subject
groups.® Indeed, some cerebral abnormalities may relate
specifically to underlying genetic risk (rather than to dis-
ease state), as evidenced by white matter abnormalities
observed in first-degree relatives of patients™'?, although
non-genetic familial risk factors may also contribute.

A growing number of genes that carry variation asso-
ciated with altered risk of disease have been implicated in
schizophrenia'’. Understanding how established genetic
risk variants influence white matter tract formation in
healthy and affected brains is pivotal in dissecting out
sources of heterogeneity in neuroimaging studies focused
on diagnostic group differences, but also in understanding
the complex underlying neurobiology of those disorders.

DNA variations within the ST8 alpha-N-acetyl-
neuraminide alpha-2,8-sialyltransferase 2 gene (ST8SIA2)
have previously shown association with a number of
major psychiatric conditions, including bipolar disorder'?,
schizophrenia’*™*, and autism'®. In addition, loss-of-
function mutations affecting ST8SIA2 have been identi-
fied in individuals with schizophreniam, and autism
spectrum disorder with epilepsy'”.

ST8SIA2 encodes the alpha-2,8-sialyltransferase 8B
enzyme, responsible for the post-translational addition of
polysialic acid (PSA) onto proteins, principally the neuronal
cell adhesion molecule (NCAMI) during early brain
development18’19, enabling neuronal migration, dendrite
formation, axon targeting, and synaptic plasticity”’. Obser-
vations of altered PSA-NCAM in brains of patients with
schizophrenia, bipolar disorder, major depression, and
drug-refractory temporal lobe epilepsy indicate a functional
dysregulation of the glycosylation process in mental ill-
ness>'2°, This notion is supported by pharmacological data
in rats, in which expression of PSA-NCAM is modulated by
treatment with common antipsychotics®” >,

Mouse knockout studies show evidence of cerebral
changes in animals developing without glycosylated
NCAM, including the size of the anterior commissure and
midline-crossing fibers, ventricular dilatations, size reduc-
tions of the internal capsule, and disorganized pattern of
fibers®®3L. In addition, st8sia2-deficient mice (st8sia2”’")
exhibit schizophrenia-like behaviors, including cognitive
dysfunction, deficits in prepulse inhibition, and increased
sensitivity to amphetamine-induced locomotion®'. These
animal models suggest that cerebral changes may also be
observed in humans with specific ST8SIA2 risk alleles,
albeit with more subtle abnormalities relating to less severe
genetic defects, which may include alterations in the
organization of white matter brain connectivity.

Therefore, in the current study, we aimed to examine
the extent to which ST8SIA2 influences white matter
structure in a human cohort, comprising both people with
schizophrenia and healthy controls. As no single common
functional ST8SIA2 mutation has been identified'***, we
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focused on a specific 54-kb linkage disequilibrium block
encompassing the promoter to intron 2, which contained
two common haplotypes previously identified as carrying
“risk” or “protective” alleles'?. Individuals were grouped
both according to diagnosis and the presence of either the
risk or protective haplotype. We then tested across all
white matter voxels whether fractional anisotropy (FA)—
a measure of white matter microstructure—was modu-
lated by the interaction between haplotype and diagnosis.
The presence of a significant interaction was tested across
all white matter using an unbiased, data-driven method,
thereby investigating the differential influence of ST8SIA2
haplotypes on white matter structure in healthy controls
and in people with schizophrenia.

Materials and methods
Participants

Participants were 18-65 years of age and included
patients with established schizophrenia (»=281) and
healthy controls (n=172) recruited from five sites in
Australia under the auspices of the Australian Schizo-
phrenia Research Bank®® (Ethics Committee approval by
University of New South Wales HREC/08 and Hunter
New England Human Research Ethics Committee HNE/
438). All participants provided written informed consent
for the analysis of their data. A diagnosis of schizophrenia
or schizoaffective disorder was determined using DSM-IV
diagnostic criteria®*>, Current Intelligence Quotient (IQ)
estimates were obtained using the Wechsler Abbreviated
Scale of Intelligence®®.

Exclusion criteria were as previously describe , and
included a history of organic brain disorders, brain injury
(followed by amnesia for >24 h), movement disorders, a
current diagnosis of drug or alcohol dependence, or
electroconvulsive therapy in the past 6 months. Healthy
controls were also excluded if they had a familial or
personal history of psychosis or bipolar I disorder.

Ethnicity was determined by a combination of: (1) self-
report, based on grandparental country of birth; (2)
genotype-derived principle components analysis, where
GWAS data were available® (n=333, 68% of sample;
Supplementary Information), and was largely European
(88.1%) or mixed-European (7.0%; Supplementary Table S1).

d33,37

Genotyping

Putative risk and protective haplotypes'* were defined
by four single nucleotide polymorphisms (SNPs) located
toward the 5 end of ST8SIA2 (Fig. 1). Lymphocyte-
derived genomic DNA underwent PCR amplification
using Taqman probes to generate genotypes for each
SNP, and haplotypes were phased using PLINK?*® (Sup-
plementary Information).

For seven subjects where phasing was deemed unreli-
able (posterior probability <0.75), imputed data from
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Fig. 1 Position of genotyped SNPs within the ST8SIA2 gene, and phased haplotypes. The haplotype block structure across the entire ST8SIA2
gene (chr15:92,910-92,995 Mb; hg18) is shown, determined from 174 European (CEU, GBR) individuals from phase 1 of the 1000 Genomes project
(MAF > 0.2). ST8SIA2 gene structure is shown above, with black bars indicating exon positions and the promoter region lying in the 5" direction.

Relative LD strength is indicated by strength of red coloring, whereby dark red indicates high LD (D' > 0.8). Blue arrows indicate position of SNPs
genotyped in the current study (rs4586379, rs2035645, rs4777974, and rs3784735). The main haplotypes (frequency > 0.05) defined across the four
genotyped SNPs are shown in the inset, alongside their observed frequencies (freq). The TTGA and CGAC haplotypes (indicated in the red and green
boxes, respectively) correspond to the previously identified “risk” and “protective” haplotypes, as reported in McAuley et a
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Infinium Human 610 K BeadChips®” were used (Supple-
mentary Information), for whom the average posterior
probability-phased haplotypes was 0.843. Haplotype
association with diagnosis was performed in PLINK>®
using --hap-logistic, including ethnicity as a covariate.

Image acquisition

Diffusion-weighted magnetic resonance images (DWI)
were acquired in each participant with a Siemens Avanto
1.5-Tesla system (Siemens, Erlangen, Germany) across
five sites in Australia, with the same acquisition sequence
used across all sites. Sixty-four gradient-weighted volumes
distributed on the half-sphere were acquired using a spin-
echo EPI sequence as follows: b-value = 1000 s/mm?; 65
consecutive axial slices (thickness 2.4 mm); 104 x 104
image matrix with an in-plane voxel resolution of 2.4 x
2.4 mm; field of view = 25 x 25 cm; repetition time = 8.4/
8.5s; echo time = 88 ms; flip angle = 90 degrees.

Image preprocessing

DWI images were corrected for EPI distortions and head
movement with affine registration to the non-diffusion-
weighted volume in FSL 5.0.7 (http://fsl.fmrib.ox.ac.uk/fsl/

fslwiki/). Gradient tables were rotated to correct for head
movement using MATLAB v2011a (MathWorks, Natick,
MA, USA). Diffusion tensors were then fitted to each voxel
using least squares estimation, enabling generation of a FA
image for each individual in MRtrix 0.2.12 (http://www.nitrc.
org/projects/mrtrix/). FA is a voxel-wise measure that
reflects the degree to which water diffusion is restricted to
particular directions. FA is influenced by microstructural
properties and organization of white matter fibers including
axons, their myelin sheath, and the surrounding extracellular
matrix®. Each FA image was normalized to Montreal
Neurological Institute (MNI) standard space using a non-
linear registration procedure (FLIRT and FNIRT with
default parameters as implemented in FSL 5.0.7). Quality
control included careful manual inspection of each FA
image for gross abnormalities and/or registration failure.
Streamlines were seeded throughout all of white matter and
propagated using a deterministic white matter fiber tracking
algorithm in MRtrix 0.2.12 (Supplementary Information).

Statistical analysis
A two-way analysis of variance was used to test for
interactions between diagnostic status (patient or control)
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and the number of haplotype copies (0, 1 or 2) at each
white matter voxel. FA was the dependent variable, and
independent variables were the main effects of diagnosis
and haplotype, the interaction between these two main
effects, and the nuisance covariates of scanning site, age,
and gender. The main effect of haplotype was modeled in
two ways: (1) additively, such that two haplotype copies
were assumed to have double the effect of one haplotype
copy over no copies; and (2) dominantly, pooling together
individuals with one or two haplotype copies to form a
single group. The latter approach accounted for the
rareness of individuals with two haplotype copies. This
model was independently fitted at all white matter voxels.
Whole-brain correction for multiple comparisons (across
all white matter voxels) was conducted using Randomise
(FSL 5.0.7), a non-parametric cluster-size-based proce-
dure*®*, which avoids inflation of false-positives**. A
primary t-statistic threshold of 2.5 was used. Corrected p
values for each cluster were calculated based on 10,000
permutations, and two-sided p values < 0.05 were con-
sidered significant. Post hoc analysis methods are descri-
bed in Supplementary Information.

Results

The four SNPs defining the risk and protective haplo-
types previously identified'* (Fig. 1), each had a geno-
typing rate of >98%. All SNPs passed tests for
Hardy—Weinberg equilibrium in control subjects. After
haplotype phasing, 39 subjects (20 cases, 19 controls)
were excluded due to low posterior probability of phased
haplotypes, given the observed genotypes (<0.70). In total,
453 subjects (281 cases, 172 controls) had both high-
quality FA images and confidently phased haplotypes
(average posterior probability was 0.961; Table 1).

There was no significant difference in frequency of
common haplotypes (frequency > 0.05) in controls vs.

Table 1 Breakdown of haplotype status by diagnostic
group
TTGA “risk” CGAC Total
haplotype “protective”
haplotype
Number of haplotype copies 0 1+(2) 0 1+(2)
Case 115 166 (36) 207 74 (9) 281
Control 64 108 (17) 127 45(5) 172
Total 179 274 (53) 334 119 (14) 453

Subjects with 0 copies of the “risk” or “protective” haplotypes have one of seven
other haplotypes on both chromosomes, namely, TGAC, TGAA, TTAC, CGAA,
CTGA, TGGA, or TTGC. Subjects with 1+ copies represent subjects with one or
more copies of the relevant haplotype, and homozygotes for each haplotype (2
copies) shown in parentheses. Subjects with one copy of the relevant haplotype
may have any other haplotype on the alternate chromosome, including subjects
who have one copy of both risk and protective haplotypes (n=26 cases, 21
controls)
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patients (omnibus Wald T = 0.122, df =3, p = 0.989), nor
was there altered frequency of the specific risk (y* = 0.616,
df =1, p=0.432) or protective haplotypes (y* = 0.002, df
=1, p=0.967) with diagnostic group. There were no
significant differences in age, gender, handedness, or IQ in
carriers vs. non-carriers of either risk or protective hap-
lotypes in either diagnostic group. The schizophrenia
group had significantly more males, a lower median IQ
score (Table 2 and Supplementary Figure S1), and wide-
spread reductions of FA compared to controls®.

Individuals (n =453) were grouped according to diag-
nosis, and the presence of either the risk or protective
haplotype. No significant main effects of risk or protective
haplotype on FA were observed (p > 0.5). In two separate
analyses for each haplotype, we then tested whether FA
was modulated by the interaction between haplotype and
diagnosis. The number of copies of the ST8SIA2 risk
haplotype (TTGA) did not show any differential effects on
white matter with diagnosis. However, the ST8SIA2 pro-
tective haplotype (CGAC) was found to have a differential
effect on right hemisphere parietal white matter in
patients with schizophrenia, and was significant for both
the pooled and additive modeling approach (whole brain-
corrected p < 0.05, 804 voxels; Fig. 2 and Supplementary
Figure S2, respectively). The interaction effect was
stronger when subjects of Asian or unknown ancestry
were excluded (n=401; dominant model p=0.0052,
2401 voxels; Supplementary Figure S3).

The anatomical location of the significant right hemi-
sphere interaction extended between the right superior
longitudinal fasciculus (SLF) and the posterior limb of the
internal capsule, with a peak #-statistic voxel located in the
superior corona radiata (MNI mm: 23, —22, 20; Fig. 2, left
panel). The protective haplotype was associated with
increased FA in this region in controls, but decreased FA
in the patient group. This was confirmed with post hoc
testing using mean FA values averaged across all voxels in
the region showing the significant interaction effect
(Fig. 2, right panel). The cluster was slightly more sig-
nificant (p = 0.036, 876 voxels) when five patients with IQ
>2S.D. outside the group mean (mean=103.3, S.D.=
15.7) were excluded (data not shown). The mean FA was
significantly greater in patients compared to controls in
individuals with no copies of the protective haplotype.
Conversely, the mean FA was significantly greater in
controls compared to patients with one or more copies of
the protective haplotype. To identify the axonal fiber
bundles associated with the interaction effect, white
matter fiber tracking was performed by initiating
streamlines from all white matter voxels, but retaining
only those passing through the region. The set of 1000
reconstructed streamlines that intersected the cluster
(Fig. 3) shows that the region of the significant interaction
effect is traversed by portions of both corticocortical
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Table 2 Demographics, clinical variables, and protective haplotype (CGAC) carrier status
Controls Patients Controls vs.
Patients
CGAC “protective” All 0 copies 1+ copies  Carrier vs. All 0 copies 1+ copies  Carrier vs. X°=0002
haplotype copies (n=172) (n=127) (n=45) non-carrier (n=281) (n=207) (n=74) non-carrier (p=0.967)
Age 41.5 (18-64) 42 40 U=2762 38 37 385 U=7452 U=22,208
(18-64) (18-64) (18-62) (p=0.739) (20-65) (20-65) (20-63) (p=0.729) (p=0.147)
Sex (males; females) ~ 87; 85 69; 58 18; 27 X =273 196; 85 147; 60 49; 25 XT0595 X°=16.72
(p=0.098) (p=044) (p=43x
107)
Handedness 90 90 90 U=2729 100 100 100 U=7626 U=21856
(p=0635) (p=0952)  (p=0066)
WASI 119 118 121 U=2475 104 105 1035 U=7051 U=11,645
(80-138) (80-138) (88-134) (p=0.182) (58-133) (58-132) (63-133) (p=0311) (p=2.0x
10—20)
Diagnostic (SCZ; — — — 176; 18; 13 63; 6; 5 X =0041
SAD; SAB) (p=0979)

DSM-IV diagnostics (SCZ schizophrenia; SAD schizoaffective disorder of depressive type, SAB schizoaffective disorder bipolar type); handedness as measured by
Edinburgh Handedness Scale, a continuous laterality quotient scaled from —100 to +100, where negative values indicate propensity for left-handedness and £100
indicates unilaterality; WASI Wechsler abbreviated scale of intelligence; “Carrier” refers to carrier of CGAC “protective” haplotype; if not otherwise specified, the values
represent the median and the range is given in brackets; statistically significant differences (p < 0.05) are indicated in bold
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Fig. 2 Differential effect of ST8SIA2-protective haplotype on fractional anisotropy in healthy controls and subjects with schizophrenia. The
pink cluster (804 voxels) located on the right corona radiata and the superior longitudinal fasciculus represents voxels showing a significant
interaction between ST8SIA2 protective haplotype and diagnosis of schizophrenia on fractional anisotropy. MNI coordinates are given on the top of
each slice. The cluster is significant at the whole brain level (corrected p = 0.04, family-wise error rate-corrected). The Tukey Box-And-Whiskers plot
represents the distribution of the mean FA values extracted from the pink cluster, with whiskers representing 1.5 interquartile range. Healthy controls
(HC, n=172, blue) and subjects with schizophrenia (SCZ, n =281, red) carrying one or two copies (1) or no copy (0) of the ST8SIA2-protective

L haplotype are shown. Results of the post hoc tests are indicated: *p < 0.05; **p < 0.01

white matter tracts (i.e., SLF) and corticosubcortical white
matter tracts (i.e., corona radiata and posterior limb of
internal capsule). In the ethnicity-restricted analysis
(excluding 52 subjects of Asian or unknown ancestry), the
significant interaction region extended more caudally,
descending from the SLF and corona radiata to the cer-
ebral peduncles (midbrain), passing through the posterior

limb of the internal capsule (Supplementary Figure S4).
The interaction effect, therefore, appears to be associated
with a regional juncture of multiple fiber bundles,
including both association and projection fiber bundles.
Finally, we conducted a post hoc examination of the
relationship between the mean FA within the region-of-
interest (FA-ROI) and IQ, as cognitive impairment is a
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Fig. 3 Involvement of the superior longitudinal fasciclus and
corona radiata. Tractography was performed for a representative
control to delineate the white matter fiber bundles traversing the
region associated with the significant protective haplotype x
diagnostic group interaction (yellow), which was derived from all
subjects (n=453). The dominant fiber bundles are the superior
longitudinal fasciculus (horizontal fibers, mostly green) and the corona
radiata (vertical fibers, mostly blue)

core component of schizophrenia that may be causal®.
Although age was included as a covariate in primary
analyses, age has been shown to significantly affect FA**;
thus, we explicitly examined effects of age on FA-ROL
Regression analysis revealed a significant positive correla-
tion between FA-ROI and IQ in Caucasian people with
schizophrenia (t=2.276; df=7,227; p=0.024), but no
significant relationship with IQ in controls (¢t = 1.633; df =
7,122; p=0.105). When haplotype was included in the
model, both IQ and haplotype were significant predictors
on FA-ROI in people with schizophrenia (¢t =2.197; df =
8,227; p=0.029, and r=2.144; df=8,227; p=0.033,
respectively), whereas haplotype (t = —4.93; df =8,122; p
= 0.0006) but not IQ was significant in controls (Supple-
mentary Figure S5). Therefore, reduced FA in this regional
juncture may negatively impact IQ in people with schi-
zophrenia. There was a significant effect of age on FA-ROI
in controls (p = 5.6 x 107>, with a 5.9 x 10~* unit reduc-
tion of FA for each year increase), with a trend effect in
cases (p=0.059, of —3.4x 10" * units/year). However,
interactions between age, diagnosis, and haplotype were
not significant.

Discussion

Determining the link between the inheritance of specific
genetic factors that influence risk of developing mental
illness and their effects on neuroanatomy or brain
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function is pivotal to understanding the neurobiological
mechanisms underlying the development of mental ill-
ness. This study shows that a haplotype in ST8SIA2,
previously reported to be “protective”’?, influences white
matter microstructure in a regional juncture of associa-
tion and projection fibers in the right parietal lobe. Fur-
thermore, reduced FA in this region is associated with
reduced IQ in schizophrenia patients, a core component
of the schizophrenia phenotype®®. This study provides an
important link between human disease-associated genetic
variants in ST8SIA2 and specific brain deficits, providing
further compelling evidence for involvement of this
replicable'>'*'>#>% and functionally relevant®>*®*” can-
didate gene in the pathophysiology of schizophrenia. To
our knowledge, this is the first investigation of the dif-
ferential effects of specific ST8SIA2 genetic variants on
brain white matter microstructure in patients with
schizophrenia.

In the current study, we focused our analysis on two
specific common haplotypes that were previously defined
in independent cohorts with bipolar disorder or schizo-
phrenia as “risk” (i.e., over-represented in case subjects
compared to controls), or “protective” (ie., over-
represented in control subjects compared to cases).'” In
a population, each individual carries two haplotypes from
a pool of many possible haplotypes present in the popu-
lation, and each haplotype block—typically defined by
common SNP varjants—can carry additional rare varia-
tion, which is in incomplete linkage disequilibrium with
the tagging SNPs, making that haplotype unique. While
the specific genetic variants affecting ST8SIA2 gene
function in schizophrenia are largely unknown (with the
exception of the rare functional missense variant E141K
(rs545681995)'*1°), evolutionary theory suggests that
both common and rare variation may contribute to phe-
notypic variability*®, and this putative functional variation
may have arisen on a spectrum of haplotypes®’. Our
analysis did not consider the identity of the second or
“other” haplotype carried by each subject, which likely
harbors a different spectrum of putative functional var-
iation®”. Hence, it is possible that the results we observe
are influenced by the composition of “other” haplotypes
within each group, or variants that are incompletely tag-
ged by the variants examined, and this must be kept in
mind with regards to interpretation of the findings. We
note that the frequency of previously identified disease-
associated STSSIA2 haplotypes'® did not differ with
diagnosis in this independent cohort, which may be a
consequence of reduced power of this neuroimaging
sample for detecting significant genetic association.

We observed that the ST8SIA2 “protective” haplotype is
associated with an increase in FA in control subjects in a
regional juncture of multiple fiber bundles, encompassing
the SLF, corona radiata, and the posterior limb of the



Fullerton et al. Translational Psychiatry (2018)8:21

internal capsule. As such, modifications of white matter
microstructure in this region may result in distributed
network effects spanning multiple cortical and subcortical
systems. Conversely, we observe an inverse effect of the
“protective” haplotype in schizophrenia patients, where
the haplotype is associated with reduced FA in the same
region. The haplotype therefore appears to lose its “pro-
tective” effect in schizophrenia.

This apparent disparity may reflect the complex inter-
play between ST8SIA2 and other genes that (individually
or in concert) influence axonal fiber microstructure.
Alternatively, these results may be explained in the con-
text of a differential susceptibility model*, whereby a
specific allele (or haplotype) of a gene can have either a
beneficial or adverse effect, depending on the environ-
mental condition in which it is measured. This differential
susceptibility to environmental influence has been
demonstrated previously for other genes and pheno-
types®, and may also be relevant for STSSIA2. However,
as we did not formally test for specific gene x environ-
ment interactions in the current study, this explanation
should be considered speculative.

We note that we did not observe an effect of the “risk”
haplotype on white matter in this study. This was some-
what unexpected, given the observed significant effect of
the protective haplotype—one might expect to see a
concomitant reduction in FA in carriers of the risk hap-
lotype. However, it may be that the specific genetic var-
iants tagged by the risk haplotype are less penetrant in
effects on white matter and thus would require larger
samples to elucidate.

Previous research examining diagnostic group differences
in FA has shown alterations affecting multiple cortical areas
in schizophrenia®. In a previous analysis in the current
cohort, individuals with schizophrenia had widespread
reductions in FA compared to healthy controls®. Reduced
FA in the SLF is not unique to chronic schizophrenia, but
has also been found in individuals with first-episode psy-
chosis®*™°, bipolar disorder®™°, and autism®~®*. The
specific effect of ST8SIA2 haplotype on this association fiber
tract, in combination with data indicating that variation in
ST8SIA2 confers increased risk to (or protection against)
each of these disorders'>'>'>* is consistent with the link
between ST8SIA2 and the pathophysiology (or lack thereof)
of a number of major psychiatric conditions.

The SLF is the largest association fiber bundle that
mediates intrahemispheric corticocortical connections
between frontal, temporal, and parietal lobes®>.
Although the exact role of the SLF is still largely
unknown, the right bundle seems to be involved in
visuospatial awareness®’ and attention®®, two functions
that are impaired in patients with schizophrenia.

The corona radiata and posterior limb of the internal
capsule contain white matter tracts connecting the cortex
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with subcortical regions including the thalamus (e.g.,
thalamocortical), brainstem (e.g., corticopontine), and
spinal cord (e.g., corticospinal). Interestingly, the
internal capsule has also shown reduced volume and
disorganized pattern of fibers in mouse s¢8sia2 knockout
studies®*?!,

Recent findings by Piras et al.®® further support the rele-
vance of ST8SIA2 to the SLF. They examined the relation-
ship between PSA-NCAM (or polySia-NCAM) serum
protein levels and human brain structure in healthy controls
and schizophrenia patients with both structural MRI and
DTI data. PSA-NCAM is formed by the addition of poly-
sialic acid (polySia) chains on NCAMI1 by poly-
sialyltransferase enzymes (encoded by ST8SIA2 and
ST8SIA4), and NCAM1 is the major polySia carrier’ %,
Intriguingly, they identified a significant positive relationship
between peripheral PSA-NCAM protein levels and Brod-
mann area 46 (BA46) volume in healthy controls, and the
inverse relationship in this same region of the dorsolateral
prefrontal cortex in people with schizophrenia (i.e., reduced
volume in BA46 with increased serum PSA-NCAM)®.

This is somewhat consistent with our findings involving
the SLF in two ways. Firstly, the prefrontal region
encompassing BA46 is one of the termini of the SLF—
hence, one could expect to see alterations in gray matter
in regions associated with affected white matter tracts”.
Secondly, we also observed an inverse relationship in
healthy controls as compared to people with schizo-
phrenia with the protective haplotype. It must be noted,
however, that, while PSA-NCAM formation will be
influenced by the expression of the ST8SIA2 gene and the
activity of its resultant protein, PSA-NCAM protein levels
will also reflect expression and activity of ST8SIA4, the
alternative long-chain alpha-2,8 polysialic acid enzyme” ™2,
as well as the availability of glycosylatable NCAM1 iso-
forms (namely NCAM-140 and NCAM-180), which are
differentially regulated over development” (refs. *>"%).
This indirect and confounded measure of ST8SIA2 may
partly explain why Piras et al.®® did not find effects of
serum PSA-NCAM protein levels on FA measures. The
smaller sample size (1 =45 matched pairs) may also have
contributed to their negative finding.

Together with previous work, the current study shows
enticing data supporting the implication of ST8SIA2
genetic variants in schizophrenia, and, notably, informs a
potential mechanism for the protection against major
mental illness in healthy individuals. Indeed, ST8SIA2
should be considered a “plasticity gene”*” rather than a “risk
gene” for two reasons. Firstly, it appears that the mechan-
ism of association of the disease-associated haplotype may
operate via the protective effect of the CGAC haplotype in
resilient individuals (i.e., reducing risk to mental illness via
modifications of white matter) rather than necessarily
relating directly to the risk for specific psychopathological



Fullerton et al. Translational Psychiatry (2018)8:21

conditions (i.e., schizophrenia, autism, and bipolar disorder
—as evidenced by altered allelic frequency when compared
to a control population group'*'*'>*>*€) Secondly, we
know that ST8SIA2 has direct effects in the developing
vertebrate nervous system, as well as being involved in
plasticity-related responses in adulthood’.

Finally, it must be noted that our analysis does not take
into account the variation in the many other genes that also
contribute risk of schizophrenia, which is a limitation of the
current study, as it is with all gene-centric functional ana-
lyses. Furthermore, while FA is the most well-established
and widely used neuroimaging measure reflecting axonal
fiber density, diameter, and myelination®, it is a relatively
indirect measure of white matter connectivity. Reductions
in FA can also be a marker of intersecting fiber bundles, as
DTI is prone to errors in resolving fiber crossings’.
Therefore, independent validation of our findings utilizing
alternative methods assessing fiber tract integrity is neces-
sary. While future meta-analytic and mega-analytic repli-
cation studies are vital, this is currently challenging due to
the difficulties in combining tractography findings across
different sites, which will require the development of
sophisticated harmonization protocols.

Recent data from mouse models suggest that the
variability in FA observed in the human cohort is likely
not an artifact of fiber crossings but a true reflection of the
pathology in carriers of this haplotype. Mice lacking
st8sia2 have impairments in oligodendrocyte maturation,
resulting in thinner myelin sheath and nerve fibers, which
degenerate with age’®, and downregulation of proteins
involved in myelination processes (e.g., myelin basic
protein, myelin proteolipid, and myelin-associated glyco-
protein). Furthermore, in st8sia2-deficient mice, upregu-
lation of proteins expressed from other genes implicated
in the pathogenesis of bipolar disorder and schizophrenia
(e.g, the Neurocan core protein, NCAN’”"®) implies
downstream  dysregulation of additional disease-
associated genes in the absence of st8sia2.

In conclusion, this study provides a link between a
common haplotype in ST8SIA2 and changes in white
matter microstructure in resilience against or risk of
schizophrenia, providing further compelling evidence for
involvement of this “plasticity” gene in the pathophysiol-
ogy (or lack thereof) of this complex, heterogeneous and
polygenic disorder. Further studies into the effects of
ST8SIA2 genetic variants on white matter microstructure
in schizophrenia and other psychiatric conditions—as
well as resilient control populations—are warranted.

Author details

'Neuroscience Research Australia, Randwick, Sydney NSW Australia. °School of
Medical Sciences, Faculty of Medicine, University of New South Wales, Sydney
NSW Australia. *Schizophrenia Research Institute, Sydney NSW Australia. *Brain
and Mental Health Laboratory, Monash Institute of Cognitive and Clinical
Neurosciences, School of Psychological Sciences and Monash Biomedical

Page 8 of 10

Imaging, Monash University, Clayton VIC Australia. *Melbourne
Neuropsychiatry Centre, The University of Melbourne and Melbourne Health,
Carlton South VIC Australia. ®School of Psychiatry, Faculty of Medicine,
University of New South Wales, Sydney NSW Australia. ’School of Biomedical
Sciences, University of Newcastle, Newcastle NSW Australia. 8School of
Psychology, Faculty of Science, University of New South Wales, Sydney NSW
Australia

Acknowledgments

This study was supported by the Australian Schizophrenia Research Bank
(ASRB), which is supported by the Australian NHMRC, the Pratt Foundation,
Ramsay Health Care, and the Viertel Charitable Foundation. This study and the
ASRB were also supported by the Schizophrenia Research Institute (Australia),
utilizing infrastructure funding from NSW Health and the Macquarie Group
Foundation. JM.F,, AS., AH. B.O, and P.RS. were supported by National Health
and Medical Research Council (NHMRC) Project Grants (1066177 and 1063960)
and Program Grant (1037196). JM.F. was supported by the Janette Mary O'Neil
Research Fellowship. P.K. was supported by the Swiss National Science
Foundation (SNSF) and the Swiss Society for Medicine and Biology
Scholarships (148384) and the National Center for Competence in Research—
SYNAPSY—funded by the SNSF. A.Z. was supported by NHMRC Fellowship
(1047648). CSW. is funded by the NSW Ministry of Health, Office of Health and
Medical Research, and was supported by NHMRC Senior Research Fellowship
(1021970) and Principal Research Fellowship (1117079). AF. was supported by
Australian Research Council Future Fellowship (FT130100589) and NHMRC
Project Grants (1050504 and 1066779). TJW is supported by a Career
Development Fellowship from the NHMRC (1090507) and Discovery Projects
from the ARC (DP140104394; DP170103094). C.P. was supported by a NHMRC
Senior Principal Research Fellowship (628386 & 1105825). MJ.C. is supported
by an NHMRC Senior Research Fellowship (1121474).

We specifically thank Ms. Deborah Rothmond (NeuRA) for the coordination
and plating of the ASRB DNA samples for genotyping, as well as Dr. Jason
Bridge (University of Newcastle) for his assistance with the data set.

We also specially thank the ASRB Chief and Associate Investigators for their efforts
in assembling the cohort, including Professor Vaughan Carr (UNSW), Associate
Professor Carmel Loughland, Associate Professor Ulrich Schall, Professor Patricia
Michie, Professor Rodney Scott and Associate Professor Frans Henskens
(Newcastle), Professor Bryan Mowry, Professor Stanley Catts (Queensland),
Professor Christos Pantelis (Melbourne), and Professor Assen Jablensky (Western
Australia). The funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

Competing interest
The authors declare that they have no competing financial interests.

Publisher's note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary information
The online version of this article (https://doi.org/10.1038/541398-017-0052-2)
contains supplementary material.

Received: 14 September 2017 Accepted: 23 September 2017
Published online: 22 January 2018

References

1. Lee, S. H. et al. Genetic relationship between five psychiatric disorders esti-
mated from genome-wide SNPs. Nat. Genet. 45, 984-994 (2013).

2. Lichtenstein, P. et al. Common genetic determinants of schizophrenia and
bipolar disorder in Swedish families: a population-based study. Lancet 373,
234-239 (2009).

3. de Zwarte, S. M, Johnston, J. A, Cox Lippard, E. T. & Blumberg, H. P. Fron-
totemporal white matter in adolescents with, and at-Risk for, bipolar disorder.
J. Clin. Med. 3, 233-254 (2014).

4. Nortje, G, Stein, D. J, Radua, J, Mataix-Cols, D. & Horn, N. Systematic review
and voxel-based meta-analysis of diffusion tensor imaging studies in bipolar
disorder. J. Affect. Disord. 150, 192-200 (2013).


http://dx.doi.org/10.1038/s41398-017-0052-z

Fullerton et al. Translational Psychiatry (2018)8:21

20.

21,

22.

23.

24.

25.

26.

27.

28.

29.

30.

Bora, E. et al. Neuroanatomical abnormalities in schizophrenia: a multimodal
voxelwise meta-analysis and meta-regression analysis. Schizophr. Res. 127,
46-57 (2011).

Klauser, P. et al. White matter disruptions in schizophrenia are spatially
widespread and topologically converge on brain network hubs. Schizophr.
Bull. 43, 425435 (2017).

Zalesky, A. et al. Disrupted axonal fiber connectivity in schizophrenia. Biol.
Psychiatry 69, 80-89 (2011).

Kanaan, R. A. et al. Diffusion tensor imaging in schizophrenia. Biol. Psychiatry
58, 921-929 (2005).

Arat, H. E, Chouinard, V. A, Cohen, B. M, Lewandowski, K. E. & Ongur, D.
Diffusion tensor imaging in first degree relatives of schizophrenia and bipolar
disorder patients. Schizophr. Res. 161, 329-339 (2015).

De Peri, L. et al. Brain structural abnormalities at the onset of schizophrenia
and bipolar disorder: a meta-analysis of controlled magnetic resonance ima-
ging studies. Curr. Pharm. Des. 18, 486-494 (2012).

Schizophrenia Working Group of the Psychiatric Genomics Consortium. Bio-
logical insights from 108 schizophrenia-associated genetict loci. Nature 511,
421-427 (2014).

McAuley, E. Z. et al. Identification of sialyltransferase 8B as a generalized
susceptibility gene for psychotic and mood disorders on chromosome 15g25-
26. PLoS ONE 7, 38172 (2012).

Arai, M. et al. Association between polymorphisms in the promoter region of
the sialyltransferase 8B (SIAT8B) gene and schizophrenia. Biol. Psychiatry 59,
652-659 (2006).

Tao, R. et al. Positive association between SIAT8B and schizophrenia in the
Chinese Han population. Schizophr. Res. 90, 108-114 (2007).

Anney, R. et al. A genome-wide scan for common alleles affecting risk for
autism. Hum. Mol. Genet. 19, 4072-4082 (2010).

Isomura, R, Kitajima, K. & Sato, C. Structural and functional impairments of
polysialic acid by a mutated polysialyltransferase found in schizophrenia. . Biol.
Chem. 286, 21535-21545 (2011).

Kamien, B. et al. Characterization of a 520 kb deletion on chromosome
15¢g26.1 including ST8SIA2 in a patient with behavioral disturbance, autism
spectrum disorder, and epilepsy. Am. J. Med. Genet. 164A, 782-788 (2014).
Eckhardt, M. et al. Molecular characterization of eukaryotic polysialyltransferase-
1. Nature 373, 715-718 (1995).

Finne, J. Occurrence of unique polysialosyl carbohydrate units in glycoproteins
of developing brain. J. Biol. Chem. 257, 1196611970 (1982).

Rutishauser, U. Polysialic acid in the plasticity of the developing and adult
vertebrate nervous system. Nat. Rev. Neurosci. 9, 26-35 (2008).

Barbeau, D, Liang, J. J, Robitalille, Y, Quirion, R. & Srivastava, L. K. Decreased
expression of the embryonic form of the neural cell adhesion molecule in
schizophrenic brains. Proc. Natl Acad. Sci. USA 92, 2785-2789 (1995).
Gilabert-Juan, J. et al. Alterations in the expression of PSA-NCAM and synaptic
proteins in the dorsolateral prefrontal cortex of psychiatric disorder patients.
Neurosci. Lett. 530, 97-102 (2012).

Maheu, M. E, Davoli, M. A, Turecki, G. & Mechawar, N. Amygdalar expression of
proteins associated with neuroplasticity in major depression and suicide. J.
Psychiatr. Res. 47, 384-390 (2013).

Mikkonen, M. et al. Remodeling of neuronal circuitries in human temporal
lobe epilepsy: increased expression of highly polysialylated neural cell adhe-
sion molecule in the hippocampus and the entorhinal cortex. Ann. Neurol. 44,
923-934 (1998).

Sato, C. & Kitajima, K Impact of structural aberrancy of polysialic acid
and its synthetic enzyme ST8SIA2 in schizophrenia. Front. Cell Neurosci. 7, 61
(2013).

Varea, E. et al. Expression of PSA-NCAM and synaptic proteins in the amygdala
of psychiatric disorder patients. J. Psychiatr. Res. 46, 189-197 (2012).
Castillo-Gomez, E. et al. Dopamine acting through D2 receptors modulates the
expression of PSA-NCAM, a molecule related to neuronal structural plasticity,
in the medial prefrontal cortex of adult rats. Exp. Neurol. 214, 97-111 (2008).
Frasca, A. et al. Olanzapine, but not haloperidol, enhances PSA-NCAM
immunoreactivity in rat prefrontal cortex. Int. J. Neuropsychopharmacol. 11,
591-595 (2008).

Mackowiak, M, Dudys, D, Chocyk, A. & Wedzony, K Repeated risperidone
treatment increases the expression of NCAM and PSA-NCAM protein in the rat
medial prefrontal cortex. Eur. Neuropsychopharmacol. 19, 125-137 (2009).
Hildebrandt, H. et al. Imbalance of neural cell adhesion molecule and poly-
sialyltransferase alleles causes defective brain connectivity. Brain 132,
2831-2838 (2009).

31

32.

33.

34.

35.

36.

37.

38.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51,

52.

53.

54.

55.

56.

Page 9 of 10

Krocher, T. et al. Schizophrenia-like phenotype of polysialyltransferase ST8SIA2-
deficient mice. Brain Struct. Funct. 220, 71-83 (2015).

Shaw, A. D. et al. Characterisation of genetic variation in ST8SIA2 and its
interaction region in NCAM1 in patients with bipolar disorder. PLoS ONE 9,
€92556 (2014).

Loughland, C. et al. Australian Schizophrenia Research Bank: a database of
comprehensive clinical, endophenotypic and genetic data for aetiological
studies of schizophrenia. Aust. N. Z J. Psychiatry. 44, 1029-1035
(2010).

American Psychiatric Association. Diagnostic and Statistical Manual of Mental
Disorders (DSM-IV-TR), 4th edn. (American Psychiatric Association, Washington
DC, USA, 2000).

World Heath Organisation. ICD-10 International statistical classification of dis-
eases and related health problems, 10th revision. (World Health Organisation,
Geneva, 2007).

Wechsler D. Wechsler Abbreviated Scale of Intelligence (WASI). (Psychological
Corporation, San Antonio, 1999).

Green, M. J. et al. Genome-wide supported variant MIR137 and severe
negative symptoms predict membership of an impaired cognitive subtype of
schizophrenia. Mol. Psychiatry 18, 774-780 (2013).

Purcell, S. et al. PLINK a tool set for whole-genome association and
population-based linkage analyses. Am. J. Hum. Genet. 81, 559-575 (2007).
Jones, D. K, Knosche, T. R. & Turner, R. White matter integrity, fiber count, and
other fallacies: the do's and don'ts of diffusion MRI. Neuroimage 73, 239-254
(2013).

Friston, K. J, Worsley, K J, Frackowiak, R. S, Mazziotta, J. C. & Evans, A. C.
Assessing the significance of focal activations using their spatial extent. Hum.
Brain Mapp. 1, 210-220 (1994).

Nichols, T. E. & Holmes, A. P. Nonparametric permutation tests for functional
neuroimaging: a primer with examples. Hum. Brain Mapp. 15, 1-25 (2002).
Eklund, A, Nichols, T. E. & Knutsson, H. Cluster failure: Why fMRI inferences for
spatial extent have inflated false-positive rates. Proc. Natl Acad. Sci. USA 113,
7900-7905 (2016).

Kendler, K. S, Ohlsson, H, Sundquist, J. & Sundquist, K. I. Q. and schizophrenia
in a Swedish national sample: their causal relationship and the interaction of
IQ with genetic risk. Am. J. Psychiatry 172, 259-265 (2015).

Cropley, V. L. et al. Accelerated gray and white matter deterioration with age
in schizophrenia. Am. J. Psychiatry 147, 286-295 (2017).

Tao R. et al. Positive association between SIAT8B and schizophrenia in the
Chinese Han population. Schizophr. Res. 90, 108-14 (2007).

Yang, S. Y. et al. Association between ST8SIA2 and the risk of schizophrenia
and bipolar | disorder across diagnostic boundaries. PLoS ONE 10, e0139413
(2015).

Krocher, T. et al. A crucial role for polysialic acid in developmental interneuron
migration and the establishment of interneuron densities in the mouse pre-
frontal cortex. Development 141, 3022-3032 (2014).

Zietsch, B. P, de Candia, T. R. & Keller, M. C. Evolutionary behavioral genetics.
Curr. Opin. Behav. Sci. 2, 73-80 (2015).

Belsky, J. et al. Vulnerability genes or plasticity genes? Mol. Psychiatry 14,
746-754 (2009).

Brune, M. Does the oxytocin receptor (OXTR) polymorphism (rs2254298)
confer ‘vulnerability’ for psychopathology or ‘differential susceptibility’? Insights
from evolution. BMC Med. 10, 38 (2012).

Luck, D. et al. Fronto-temporal disconnectivity and clinical short-term outcome
in first episode psychosis: a DTl-tractography study. J. Psychiatr. Res. 45,
369-377 (2011).

Sun, H. et al. Two patterns of white matter abnormalities in medication-naive
patients with first-episode schizophrenia revealed by diffusion tensor imaging
and cluster analysis. JAMA Psychiatry 72, 678-686 (2015).

von Hohenberg, C. C. et al. White matter microstructure in individuals at
clinical high risk of psychosis: a whole-brain diffusion tensor imaging study.
Schizophr. Bull. 40, 895-903 (2014).

Prasad, K M, Upton, C. H, Schirda, C. S, Nimgaonkar, V. L. & Keshavan, M. S.
White matter diffusivity and microarchitecture among schizophrenia subjects
and first-degree relatives. Schizophr. Res. 161, 70-75 (2015).

Samartzs, L, Dima, D, Fusar-Poli, P. & Kyriakopoulos, M. White matter altera-
tions in early stages of schizophrenia: a systematic review of diffusion tensor
imaging studies. J. Neuroimaging 24, 101-110 (2014).

Lin, F, Weng, S, Xie, B, Wu, G. & Lei, H. Abnormal frontal cortex white matter
connections in bipolar disorder: a DTl tractography study. J. Affect. Disord. 131,
299-306 (2011).



Fullerton et al. Translational Psychiatry (2018)8:21

57.

58.

59.

60.

62.

63.

65.

66.

67.

68.

Sprooten, E. et al. Reduced white matter integrity in sibling pairs discordant for
bipolar disorder. Am. J. Psychiatry 170, 1317-1325 (2013).

Whalley, H. C. et al. Polygenic risk and white matter integrity in individuals at
high risk of mood disorder. Biol. Psychiatry 74, 280-286 (2013).

Emsell L. et al. White matter microstructural abnormalities in families multiply
affected with bipolar | disorder: a diffusion tensor tractography study. Psychol.
Med. 44, 2139-2150 (2014).

Benedetti, F. et al. Disruption of white matter integrity in bipolar depression as
a possible structural marker of illness. Biol. Psychiatry 69, 309-317 (2011).
Aoki, Y, Abe, O, Nippashi, Y. & Yamasue, H. Comparison of white matter
integrity between autism spectrum disorder subjects and typically developing
individuals: a meta-analysis of diffusion tensor imaging tractography studies.
Mol. Autism 4, 25 (2013).

Nagae, L. M. et al Elevated mean diffusivity in the left hemisphere
superior longitudinal fasciculus in autism spectrum disorders increases with more
profound language impairment. AJINR Am. J. Neuroradiol. 33, 1720-1725 (2012).
Shukla, D. K, Keehn, B. & Muller, R. A. Tract-specific analyses of diffusion tensor
imaging show widespread white matter compromise in autism spectrum
disorder. J. Child Psychol. Psychiatry 52, 286-295 (2011).

Weinstein, M. et al. Abnormal white matter integrity in young children with
autism. Hum. Brain Mapp. 32, 534-543 (2011).

Makris, N. et al. Segmentation of subcomponents within the superior long-
itudinal fascicle in humans: a quantitative, in vivo, DT-MRI study. Cereb. cortex
15, 854-869 (2005).

Wang X. et al. Subcomponents and connectivity of the superior longitudinal
fasciculus in the human brain. Brain Struct. Funct 221, 2075-2092 (2016).
Ramayya, A. G, Glasser, M. F. & Rilling, J. K A. DTl investigation of neural
substrates supporting tool use. Cereb. Cortex 20, 507-516 (2010).

Thiebaut de Schotten, M. et al. A lateralized brain network for visuospatial
attention. Nat. Neurosci. 14, 1245-1246 (2011).

69.

70.

71.

72.

73.

74.

75.

77.

78.

Page 10 of 10

Piras, F. et al. Brain structure, cognition and negative symptoms in schizo-
phrenia are associated with serum levels of polysialic acid-modified NCAM.
Transl. Psychiatry 5, €658 (2015).

Finne, J, Bitter-Suermann, D, Goridis, C. & Finne, U. An IgG monoclonal
antibody to group B meningococci cross-reacts with developmentally regu-
lated polysialic acid units of glycoproteins in neural and extraneural tissues. J.
Immunol. 138, 4402-4407 (1987).

Angata, K & Fukuda, M. Polysialyltransferases: major players in polysialic acid
synthesis on the neural cell adhesion molecule. Biochimie 85, 195-206
(2003).

Harduin-Lepers, A. et al. Evolutionary history of the alpha28-sialyltransferase
(ST8Sia) gene family: tandem duplications in early deuterostomes explain
most of the diversity found in the vertebrate ST8Sia genes. BMC Evol. Biol. 8,
258 (2008).

Angata, K. et al. Human STX polysialyltransferase forms the embryonic form of
the neural cell adhesion molecule. Tissue-specific expression, neurite out-
growth, and chromosomal localization in comparison with another poly-
sialyltransferase, PST. J. Biol. Chem. 272, 7182-7190 (1997).

Kubicki, M. et al. DTl and MTR abnormalities in schizophrenia: analysis of white
matter integrity. Neuroimage 26, 1109-1118 (2005).

Mori, S. & van Zijl, P. C. Fiber tracking: principles and strategies - a technical
review. NMR Biomed. 15, 468-480 (2002).

Szewczyk, L. M. et al. ST8SIA2 promotes oligodendrocyte differentiation and
the integrity of myelin and axons. Glia 65, 34-49 (2017).

Cichon, S. et al. Genome-wide association study identifies genetic variation in
neurocan as a susceptibility factor for bipolar disorder. Am. J. Hum. Genet. 88,
372-381 (2011).

Muhleisen, T. W. et al. Association between schizophrenia and common
variation in neurocan (NCAN), a genetic risk factor for bipolar disorder. Schi-
zophr. Res. 138, 69-73 (2012).



	Differential effect of disease-associated ST8SIA2 haplotype on cerebral white matter diffusion properties in schizophrenia and healthy controls
	Introduction
	Materials and methods
	Participants
	Genotyping
	Image acquisition
	Image preprocessing
	Statistical analysis

	Results
	Discussion
	ACKNOWLEDGMENTS




