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Abstract

Schizophrenia is a complex disease predisposed by genes, environment and their interaction.
Its diagnosis is mainly based on clinic observations with its treatment following a trial-and-error
manner. Both linkage studies and following association studies have identified some genes
and genomic regions which gain insight into pathophysiological foundation of the disease.
However, low replication rate of detected variation between/within different populations
prevented these findings from clinical application in the diagnosis and the precise treatment
of disease. With introduction of endophenotypes and extended endpphenotypes, multiple
disease-related traits such as neurocognitive deficits and neuroimaging alterations enable
a further refinement of phenotypes used in genetic and genomic studies of schizophrenia.
Here, the authors discuss the several endophenotypes emerging from their previous studies
and the methods which could incorporate both the dichotomous variable of diagnosis and
quantitative traits into genetic/genomic studies of schizophrenia. Furthermore, the authors
demonstrated some alternative methodologies utilizing the big data generated from recent
multi-sites cohort studies.
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Introduction (>0.01) [3], and “Common Disease, Rare
Variant (CDRV)”, which hypothesizes that the

Schizophrenia is a chronically disabling illness . . . ) ) .
specific genetic variations causing a disease with

affecting 1% of the global population. And

.. . . a common prevalence (a prevalence greater than
it is identified as a complex illness affected P @p &

1-5%) are not necessarily found to be common
in the population as suggested by the CDCV
but rather are comprised of a multiplicity of risk
alleles, each of which is individually rare in the
population [4,5].

by multiple genetic variants of weak effect
and gene-environment interactions (G*E)
including early childhood and maternal stress
as well as viral infection [1,2]. Schizophrenia,
similar to other complex diseases, is subject to
two hypothesis: “Common Disease, Common  With advances in genotyping and sequencing
Variant (CDCV)”, where the most genetic risk  technologies and decreasing of the price for
for common, complex diseases is due to genetic ~genome-wide scan, the genome-wide scan or
loci with a common population frequency whole-genome sequencingis currently conducted
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in an increasingly large sample size. For the
past decade, genome-wide association studies
(GWAS) of schizophrenia have been carried out
with large sample sizes in different populations,
shedding novel light on the pathogenesis of
the disease and potential treatment agents.
For example, 108 loci and genomic regions
were recently identified by PGC in a GWAS
involving 37,000 cases and 113,000 controls [6].
These new findings provide additional evidence
that schizophrenia, instead of oligogenic, is
a polygenic disease putatively involving gene
networks or pathways related to immunology
and calcium signaling.

Conundrum of phenotype

i Nevertheless, the larger does not necessarily lead
to the better. Replication is still the key challenge
facing the GWAS(s) of schizophrenia, and it is
exacerbated by the fact that the overlapping of
results from different GWAS(s) was relatively
low and there is significant genetic correlation
between schizophrenia, bipolar disorder and
major depressive disorder (Consortium 2013).
These facts should not be surprising. First, brain
is more complex an organ than was anticipated
with number of neuronal interconnections and
their permutations estimated as ~-2x10' [7,8].
Second, schizophrenia is a highly heterogeneous
illness with high between-individual variability
in clinical presentation. Although the hallmark
of schizophrenia is psychosis, patients with
schizophrenia can display severe affective
symptoms and neurological soft signs. Hitherto, a
laboratory-based test for schizophrenia is absent,
and hence, the diagnosis relies heavily on clinical
observations and self-report questionnaires [9].
Notably, the majority of GWAS(s) in the past
decade and current studies prefer dichotomous
clinical diagnosis as the phenotype, ignoring the
subtypes or subgroups (negative symptoms and
younger age of onset) in the cohort, which might
lead to inconsistent conclusions and challenges
while translating these results into clinical
applications.

The endophenotypes of schizophrenia

From genetic underpinnings to clinical and
behavioral manifestations recognized by disease
classification system, the gap is filled by multiple
structural, functional, and cognitive changes
found to be both heritable and impervious to
treatment [10,11]. Since revisiting the concept

proposed by Gottesman, et al. in 2003, after
he introduced it to the psychopathology
literature of schizophrenia in 1970’s, the
endophenotype of schizophrenia has become
the subject of heated debates and studies. A
plethora of endophenotypes has been identified
based on the criteria proposed by Gottesman,
et al. especially in the dimension of cognition
and neuroimaging [12,13]. Moreover, in a
recent systematic review, the cognitive traits
of schizophrenia were substantiated to exist
under a strong genetic influence, which is not
confounded by environmental and illness-
related factors such as medication [14]. Wang,
et al. (2007) recruited 112 first-episode, drug-
naive schizophrenic patients, 296 non-psychotic
first-degree relatives and 452 normal controls
for the comparison of sustained attention using
continuous performance test (CPT) and found
that when compared to normal controls, both
probands of schizophrenia and their relatives
showed lower performance in CPT, especially in
“hit reaction time” which catalogs psychomotor
processing speed of the correct response [15]. In
another study, a battery of neurocognitive tests
designed to assess five different neurocognitive
domains (attention and speed of information
processing, memory and learning, verbal
function, visuoconstructive abilities, and
executive function), was used to evaluate the first-
episode patients with schizophrenia and their
first-degree relatives as well as normal controls.
Of the three groups, patients with schizophrenia
performed poorest at all the neuropsychological
tests, suggesting a broad range of neurocognitive
deficits. The first-degree relatives of these
patients showed a similar but a less severe pattern
of poor performance. The findings demonstrated
that these selected neurocognitive deficits found
in the families of patients with schizophrenia
might represent “endophenotypes” denoting
varying degrees of vulnerability to schizophrenia.
These features might be valuable in molecular
genetic studies of the disease in the first-episode
schizophrenic patients and their first-degree
relatives [16].

In addition to neurocognitive measures, both
functional and structural neuroimaging have
made much progress in the understanding
of schizophrenia; for example, the decreased
gray matter (GM) volume in bilateral insula,
cingulate cortex, parahippocampal gyrus, and
the left middle frontal gyrus and the implication
of brain areas related to “self” in pathophysiology
of schizophrenia [17]. Despite the inconsistency
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in the neuroimaging findings in schizophrenia,
an increasing number of studies indicated that
it is a brain disease with gross dysconnectivity.
Accompanied by the advent of new analytical
methods such as graphic theories and dynamic
causal modeling [18,19], the emphasis has
been gradually shifted from focal areas related
to single brain function to network-based
topological configurations of the brain and
the dynamic interaction among different
regions of the brain in response to various
environmental stimuli. Furthermore, some other
studies combined the different neuroimaging
techniques, i.e., multimodal neuroimaging for
an enhanced understanding of both functional
and structural changes in schizophrenia. For
example, Wei, e al., (2015) combined different
modules of neuroimaging study (Voxel-based
morphometry and Diffusion Tensor Imaging) to
detect the alternations in the white matter (WM)
of the brains of schizophrenic patients with or
without deficit symptoms and their first-degree
relatives. Compared to the controls and patients
without deficit symptoms, both patients with
deficit symptoms and their first-degree relatives
showed significantly lower WM volumes and
microstructural integrity, especially in the right
extra-nuclear regions [20]. Such a multimodal
strategy  could comprehensively  highlight
the aberrant neural network associated with
schizophrenia. Besides, the machine learning
approach such as pattern recognition analysis
has also been used to identify the neuroimaging
biomarkers that could distinguish patients
with schizophrenia from healthy controls
[21,22]. One of main advantages to include
endophenotype in the studies of complex disease
like schizophrenia is that it further stratifies
patients into more homogeneous groups based
on their deficits in certain dimensions of the
diseases, avoiding the false positive/negative
rate arisen from the heterogeneity within the
patient group. Besides, most animal models of
schizophrenia are built to simulate one or two
dimensions of the illness features. For example,
prepulse inhibition/ acoustic startle reflex model
parallels to attentional/information processing
deficits; maze based delayed non-match to
sample task, eze. [23,24]. Using endophenotypes
which could be mapped to the parallel animal
model makes it possible to further validate and
improve the animal model of schizophrenia.

The literature review by Prasad, er al first
proposed the term “extended endophenotype,”
a network of endophenotypes linked on the

same putative or documented functional basis.
Constructing such “extended endophenotypes”
might improve the chances of delineating the
pathway from the genetic variations to the
behavioral phenotype. This could support the
deconstruction of the schizophrenia phenotype
into  physiologically  meaningful  clinical
phenotypes that may be amenable to developing
rational pharmacotherapy [25]. For instance,
one study identified the co-expression of verbal
memory and the reduced gray volume in the left
hippocampus in the relatives of schizophrenic
patients as compared to the controls; no
significant difference was observed in the co-
expression pattern between the relatives and the
patients [26]. In addition to neurocognition-
neuroimaging co-expression, the co-segregation
of schizophrenia with personality traits
(schizotypy) is well-recognized, which could be
correlated with neurocognitive deficits and brain
structural/functional aberrations. Based on the
results by Prasad et al., we found a correlation
amongst the FA in the right cerebral frontal lobar
subgyral WM) performance IQ, and negative
syndromes in schizophrenia, which could be one
of the candidate extended endophenotypes of
schizophrenia [27].

Genetic study of schizophrenia
incorporating endophenotypes

Another advantage of the identification of
endophenotypes in schizophrenia is its potential
to boost the power of GWAS for detecting the
genetic variants conferring the risk of disease.
Although the large sample size is essential for
gene-mapping of schizophrenia using a case-
control design, some studies added illness-related
endophenotypes and their interaction effect with
diagnosis to the statistical model of association
in order to increase the power of the study, the
results proved that such an innovative strategy
is a valuable alternative to the simplified case-
control design [28-31] . For example, in a group
of 74 first-episode treatment-naive patients with
schizophrenia and 51 healthy controls, Wang, ez
al. (2013) found a significant difference in gray
matter volumes in three brain areas including left
hOC3v in the collateral sulcus of visual cortex
(hOC3vL), left cerebellar vermis lobule 10
(vermisL 10), and right cerebellar vermis lobule
10 (vermisR 10). Consequently, the study carried
out the genome-wide association of the gray
matter volume in these three brain regions as one
of the endophenotypes for schizophrenia. The
results identified SNPs in three genes (7BXAS1,
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PIK3C2G, and HS35T5) as the top signals (p <
10) of association [32]. Given the sample size in
the study by Wang et al., the power of association
analysis was increased by an order of magnitude.
Studies of genetic and genomic association of
other illness-related endophenotypes in recent
ten years were summarised in Table 1. As it
has illustrated, although incorporating the
endophenotypes in genetic and genomic studies
of schizophrenia provides more insights into the
genetic architecture and biologic mechanism
of the illness, result inconsistency and limited
ability to account for disease prevalence are
still the main issues lurking behind current
studies, which is likely due to difference in
sample size and studied population. Moreover,
majority of the genetic studies, especially ones
targeting variants in candidate genes, lacked the
description of effect size in their manuscripts,
which makes it difficult for any further inferential
explorations. As the consortium-based studies
with large sample size, such as ENIGMA,
proceed, more genetic markers associated with
different neuroimaging phenotypes or cognitive
phenotypes  would be uncovered. Using
polygenic risk score (PRS) benchmarked against
the effect size generated from these studies might
be another useful alternative approach to detect
any potential effect of gene, gene x disease and
gene x environment on endophenotypes.

De novo mutation and sporadic
schizophrenia

Although  the findings from GWAS(s)
contribute remarkably towards the physiological
understanding of schizophrenia, the strongest
signal of associations found to date does not
go beyond the odds ratio of 1.2. The common
variants generated from GWAS(s) only explained
the variance of disease liability partially. To
account for the “missing heritability,” the role of
rare variants is focused with respect to the risk
of disease.

Nevertheless, the first type of mutations
identified to be associated with schizophrenia
were copy-number variants (CNV), especially
the deletions on chromosome 22q11.2 (22qDS)
[33]. Approximately 1% of patients with
schizophrenia can be accounted for by 22qDS
[34-36]. Although schizophrenic  patients
with 22qDS have similar clinical presentations
of core symptoms, treatment response, and
neuroimaging examination to the patients
without such mutations, patients with such a

form of schizophrenia are likely to exhibit a low
IQ, congenital anomalies, and distinguishable
physical features, further providing the evidence
for the genetic heterogeneity of schizophrenia
[37]. Later, with the advances of technologies in
genotyping in comprehensive samples, associated
CNVs have been identified including NRXNI,
VIPR2, 1q21, 7qll, 15q11,15q13, 16pl3,
and 17q12. Recently, Schizophrenia Working
Groups of the Psychiatric Genomics Consortium
in collaboration with Psychosis Endophenotypes
International Consortium conducted the largest
genome-wide study of CNVs encompassing
21,094 cases and 20,227 controls. The results
not only echoed some of the well-established
loci found before, such as NRXN1, 22q11.2, and
15q13.3 but also indicated that patients with
schizophrenia carry a heavier global burden of
CNV, especially in the genes enriched in synaptic
function and neurobehavioral phenotypes
[38,39]. Furthermore, the population prevalence
of schizophrenia remains stable even with a low
fecundity of patients; the genetic variations
arisen de novo were hypothesized to replenish
the population risk and counteract the reduced
selective fitness of the disease [40,41]. Although
increased de novo rates have been reported in other
neurodevelopmental disorders such as autism and
intellectual disability (ID) [42-44], the largest
study did not display any evidence of increased
nonsynonymous or loss-of-function (LOF)
de novo mutations in schizophrenia [45,46].
However, de novo LOF mutations are found to
be enriched in the subgroup of schizophrenic
patients with low education, suggesting their
role in neurodevelopmental processes across
diagnostic boundaries. Wang, et al. tested this
hypothesis by collecting T1-weighted MR and
diffusion-tensor (DT) imaging from 68 patients
with first-episode, drug-naive schizophrenia and
100 healthy controls in order to compare the
WM integrity indexed by fractional anisotropy
(FA). The patient group demonstrated lower FA
in brain areas including the left temporal lobe
and right corpus callosum. Furthermore, Wang
et al. stratified the same group of patients into
one group with a family history and one without
and observed that the group without a family
history showed more severe FA deficit than
the group with a family history [47]. However,
this finding still needs further confirmation in
independent samples.

In addition to many advantages shown by the
association study of rare variants, the foremost
limitation is that the approach is sample size-
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Table 1: Summary of genetic-/genomic-studies of schizophrenia-related endophenotypes in patients with schizophrenia and

healthy subjects.
Author-year Endophenotype Study design Study group Significant Results Effect size
Roussos et al. (2008) | Prepulse Inhibition of Startle = Candidate gene (COMT) ~ Caucasian patients with — VallVal <VallMet<Met/
schizophrenia Met
Mismatch negativity event- . Caucasian patients with
Baker et al. (2005) related potentials MMN Candidate gene (COMT) 29DS Val < Met N/A
Decoster et al. (2012) P300 event-related potential Candidate genes Caussian patients with rs1045642(ABCB1) 1.822
schizophrenia
Lu et al. (2007) P50 event-related potential  Candidate gene (COMT) =~ C@ussian patients with Met/Val < Met/Met < 0.13
schizophrenia Val/Val
Greenwood et al.(2013) P50 event-related potential Genome-W|de_ linkage Caussmln patlent‘s with Not significant N/A
analysis schizophrenia
Demily et al. (2016) P50 event-related potential | Candidate gene (COMT) Cauca5|gn pat|eqts with Not significant N/A
schizophrenia
Haraldsson et al.(2010) Antisaccade task for eye Candidate gene (COMT) Caussmln patlent_s with Val < Met -0.11
movements schizophrenia
Schmechtig ef al.(2010) Antisaccade task foreye oo yigate gene (NRG1) | Caussian healthy subjects G<A N/A
movements
Kattoulas et al. (2012) Antisaccade task foreye oo, yigate gene (RGS4) | Caussian healthy subjects G<A 0.057
movements
Vaidyanathan et al.(2014) Antisaccade task for eye GWAS Caucasian healthy subjects ~ rs4973397(B3GNT7) 0.029
movements
Donohoe et al. (2007) Continuous Performance Test Candldalte gene Cauca&gn patleqts with Not significant N/A
(Dysbindin) schizophrenia
Greenwood et al.(2011) Continuous Performance Test Candidate genes Caucasrqn pat|eqts with Val265lle(TAARSG) N/A
schizophrenia
Greenwood et al.(2013) Continuous Performance Test Genome-wdg linkage Cauca5|gn pat|enlts with 10926 LOD=2.4
analysis schizophrenia
Walters et al.(2010) Continuous Performance Test| Candidate gene (ZNF804) Caucasralm pat|enlts with Not significant N/A
schizophrenia
Ucok et al.(2007) Continuous Performance Test| Candidate gene (HTR2A) Turk|sh pahentg with CC+CT<TC N/A
schizophrenia
Liao et al.(2008) Continuous Performance Test| Candidate gene (COMT) Chinese Han patlelnts with Val < Met N/A
schizophrenia
Greenwood et al.(2013) California Verbal Learning Genome—W|d§ linkage Caucasu'an patlenlts with 8424 24
Test analysis schizophrenia
Greenwood et al.(2011) California Verbal Learning Candidate genes Caucasian patients with Gly884Glu (GRM1) N/A
Test schizophrenia
Wedenoja et al.(2008) California Verbal Learning Candidate genes Caucasu_in patlenlts with RELN N/A
Test schizophrenia
Roffman et al.(2007) California Verbal Learning . 1 jigate gene (MTHFR) |~ C2Ucasian patients with Not significant N/A
Test schizophrenia
Wirgenes et al.(2010) California Verbal Learning Candidate gene (COMT) Caucasw_m patlen_ts with Not significant N/A
Test schizophrenia
Greenwood et al, (2011) | -etter-Number Sequencing Candidate Genes Caucasian patients with CTNNA2 N/A
test schizophrenia
Aguilera et al.(2008) Letter-Number Sequencing | . jigate gene (CoMT) ~ CBucasian patients with Met < Val 0.58
test schizophrenia
Walters et al.(2013) Letter-Number Sequencing Candidate gene region Caucasu’gn patlen'ts with Not significant N/A
test schizophrenia
Greenwood et al.(2011) Letter-Number Sequencing Candidate genes Caucasian patients with HTR2A(Ser34Ser) N/A
test schizophrenia
Almasy et al.(2008) Abstractlonl a‘n‘d Mental Genome-W|d<=T linkage Caucasrc_an patlen_ts with Chrsq lod = 3.4
Flexibility analysis schizophrenia
Greenwood et al.(2013) Face memory GENome-W|d<_e linkage Caucasu_m patlen_ts with 10926 LOD=2.4
analysis schizophrenia
John et al.(2016) Face memory Candidate genes Indlan_patlents_wnh rs10734041(PIP4K2A) N/A
schizophrenia
Greenwood et al.(2013) Emotion recognition Genome-W|de_ linkage Caucasw_:m patlen_t S with 1p36 LOD=3.4
analysis schizophrenia
Greenwood et al.(2011) Emotion recognition Candidate genes Caucasian patients with NOS1AP N/A
schizophrenia
- . . Candidate genes (HTR1A Chinese patients with
Guan et al.(2016) Wisconsin Card Sorting Test and HTR5A) schizophrenia rs1800883 (C < G) N/A
Barnett et al. (2007) Wisconsin Card Sorting Test | Candidate gene (COMT) Meta-analysis Not significant in patients N/A
Diaz-Asper et al.(2008)  Wisconsin Card Sorting Test Cnadidate gene (COMT) |~ Caussian patients with Not significant N/A
schizophrenia
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Caucasian patients with

schizophrenia

Barnett et al.(2008) Wisconsin Card Sorting Test | Candidate gene (COMT) - ) Not significant N/A
schizophrenia
R°d"9:f(22'g'6‘;‘;"ez e | Wisconsin Card Sorting Test ~Candidate gene (DRD2) = Caucasian healthy subjects CT/TT<CC N/A
Tao et al.(2008) Wisconsin Card Sorting Test Candidate gene (PRODH )  Chinese Han patients with 1945T/C-1852G/A N/A
schizophrenia
Liao et al.(2008) Wisconsin Card Sorting Test = Candidate gene (COMT) Chinese I-_|an patle_nts with Val < Met N/A
schizophrenia
Nkam et al.(2017) Wisconsin Card Sorting Test Candidate genes Caucasian patients with 6575 pRp2 ¢ < T) NA
schizophrenia
. . Genome-wide linkage Caucasian patients with _
Greenwood et al.(2013) Sensorimotor Dexterity : : ) 2924, 232 LOD=2.7
analysis schizophrenia
Greenwood et al. (2011) Sensorimotor Dexterity Candidate genes Caucasu_an patlen'ts with 5q32 (HTR4) N/A
schizophrenia
Yokley et al. (2012) Sensorimotor Dexterity Candidate gene (NRG1) |~ Caucasian patients with T<C N/A
schizophrenia
. . . ) C-A-T for rs2619539,
Donohoe et al.(2007) Spatial Memory Ca(rlsdlgsit: d?,?)ne Caucsa;:?;opﬁ?s:it: with rs3213207 and N/A
¥ P rs2619538
. Candidate gene Chinese Han patients with
Zhang et al. (2012) Spatial Memory (CACNAIC) schizophrenia G<A N/A
Greenwood et al. (2011) Spatial Memory Candidate genes Caucasw_m patlen_ts with 2q34(ERBB4) N/A
schizophrenia
Ren et al. (2015) Spatial memory GWAS Chinese Han patients with 4 441835(yWHAZPS5) N/A
schizophrenia
) . . Caucasian patients with
Greenwood et al. (2011) Spatial processing speed Candidate genes schizophrenia 8p12(NRG1) N/A
Greenwood et al. (2013) Spatial processing speed Genome—mdg linkage Caucasgn patlen_ts with 16923 LOD =25
analysis schizophrenia
Burdick et al. (2007) Wide Range Achievement | . yiate gene (DTNBP1)  CBUcasian patients with - oropp ¢ gy haplotype 0.02
Test schizophrenia
Opgen-Rhein et al. (2008) ~ 'Vide Range Achievement . ijot0 gene (DAOA)  C8UCasian patients with Not significant N/A
Test schizophrenia
Tao et al. (2008) Trail-making test Candidate gene (PRODH ) C@ucasian patients with G<A N/A
schizophrenia
Stein et al. (2012) Intracranial volume GWAS Meta-analysis rs10784502(HMGA2) 0.28
12.5
. Caucasian community- rs4273712 and (rs4273712)
Ikram et al. (2012) Intracranial volume GWAS dwelling elderly r$9915547(KANSL1) “14.9
(rs9915547)
Donohoe et al. (2011) Whole brain volume Candidate gene (ZNF804) Caucasw_m patlen_ts with Not significant N/A
schizophrenia
Walters et al. (2013) Total gray matter volume Candidate genes Caucasw_m patlen_ts with rs6904071(HIST1H2BJ) -5.93
schizophrenia
Li et al. (2012) Total gray matter volume Candidate gene (VRK2) Chinese healthy subjects T<C N/A
Wang et al. (2013) Total gray matter volume GWAS Chinese Han patients with Chr7q34(TBXAS1) -0.04315
schizophrenia
Candidate gene . .
Huang et al. (2015) Total gray matter volume (CACNAIC) Chinese healthy subjects G<A N/A
Candidate gene . .
Kempton et al.(2009) Total gray matter volume (CACNAIC) Caussian healthy subjects GG <GA<AA 0.95
Candidate gene . .
Wang et al. (2011) Total gray matter volume (CACNAIC) Caucasian healthy subjects GG <GA+AA N/A
ENIGMA (2015): Total gray matter volume GWAS Caussian population rs945270 (KTN1) 48.89
Caussian patients with rs7766029
Ho et al. (2011) Total white matter Candidate gene (CNR1) np ) rs9450898 N/A
schizophrenia
rs12720071
Donohoe et al. (2011) Total white matter Candidate gene (ZNFgo4) ~ Caucasian patients with Not significant N/A
schizophrenia
Addington et al. (2007) Total white matter Candidate gene (NRG1) ~ Caucasian patients with 420M9-1395 N/A
schizophrenia
Szeszko et al. (2007) Frontal volume Candidate gene (DISC1) =~ C@ucasian patients with phe < leu N/A
schizophrenia
Molina et al. (2011) Frontal volume Candidate gene (TP53) Caucasrc_an patlen_ts with Pro/Arg < Pro/Pro N/A
schizophrenia
Katarina et al. (2008) Frontal volume Candidate gene (BDNF) Caussian patients with T<A N/A
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Wang et al. (2016) Frontal functional connectivty GWAS Chinese Han patients with 6600381 (CHRM3) 0.28
schizophrenia
Li et al. (2016) Intracranial volume Candidate genes Chinese healthy subjects Not significant N/A
Li et al. (2016) total brain volume Candidate genes Chinese healthy subjects Not significant N/A
Wassink et al. (2012) Frontal volume Candidate gene (ZNFgo4) ~ Caussian patients with C<A N/A
schizophrenia
Benedetti et al. (2010) Temporal volume Candidate gene (GSK3-8) Caucasw_m patlen_ts with C<T N/A
schizophrenia
Voineskos et al. (2015) Temporal volume Candidate genes Caucasr?m patlen_ts with Not significnt N/A
schizophrenia
rs199525 (17q21) 0.102
rs11759026(6q22) 0.095
rs2022464(6q21) 0.063
Adams et al. (2016) Intracranial volume GWAS Caucasian population rs11191683(10g24) 0.059
rs9811910(3q28) 0.096
rs138074335(12q14) 0.051
rs2195243(12q23) 0.059
Vézquez-Bourgon et al. Temporal volume Candidate gene (DISC1) Caucasrc'ln patlen'ts with Leu < Phe N/A
(2016) schizophrenia
Mata et al. (2008) Parietal volume Candidate gene (NRG1) ~ CAussian patients with Not significant N/A
schizophrenia
Takahashia et al. (2009) Parietal volume Candidate gene (DISC1) =~ Japanese patients with Cys < Ser 2.84
schizophrenia
Ho et al. (2011) Parietal volume Candidate gene (CB1/ Caussian patients with rs7766029 (C < T) N/A
CNR1) schizophrenia
Addington et al. (2007) Parietal volume Candidate gene (NRG1) =~ Ca@ucasian patients with 420M9-1395 N/A
schizophrenia
Addington et al. (2007) Temporal volume Candidate gene (NRG1) Caucasw_;m patlen_ts with 420M9-1395 N/A
schizophrenia
Addington et al. (2007) Frontal volume Candidate gene (NRG1) Caucasw_:m patlen_ts with 420M9-1395 N/A
schizophrenia
Kuswanto et al. (2012) Parietal volume Candidate gene (ZNFgo4) ~CNinese Han patients with T<G N/A
schizophrenia
Trost et al. (2013) temporal volume Candidate gene (DISC1) Caussian human subjects T<A N/A
Seshadri et al. (2007) Parietal volume Candidate genes Caussm_n pat|ent_s with rs719435 (CCDC129) N/A
schizophrenia
Lencz et al. (2010) Total white matter volume  Candidate gene (ZNF804) ~ C2ucasian patients with G<T N/A
schizophrenia
rs77956314(HRK) 10.418
rs61921502(MSRB3) 9.017
. ) ) ) rs11979341(SHH) -6.755
Hibar et al. (2017) Hippocampal volume GWAS Caucasian population r$7020341(ASTN2) 6.645
rs2268894(DPP4) -6.546
rs2289881(MAST4) 5.558
] : ) ) rs77956314(HRK) -55.18
ENIGMA (2015): Hippocampal volume GWAS Caussian population rs61921502(MSRB3) 399
. . . Caucasian/Japanese sample R
Harrisberger et al. (2015) Hippocampal volume Meta-analysis / mixed ethnicity Not significant N/A
Zhang et al. (2015) Hippocampal volume Candidate gene (BIN1) Chinese healthy subjects A<G N/A
Mclntosh et al. (2008) White matter integrity Candidate gene (NRG1) N/A T<C N/A
Lett et al. (2013) White matter integrity Candidate gene (MIR137) Mixed patients with T<G N/A
schizophrenia
Wei et al. (2013) White matter integrity Candidate gene (ZNFg04) ~ Chinese Han patients with Not significant N/A
schizophrenia
Kuswanto et al. (2015) White matter integrity Candidate gene (MIR137)  Chinese patients with T<G N/A
schizophrenia
Sprooten et al. (2012) White matter integrity Candidate gene (ZNF804)  Caussian healthy subjects Not significant N/A
Lopez et al. (2012) White matter integrity GWAS Caucasian healthy subjects | rs7192208 (ADAMTS18) -0.48
Wei et al. (2012) White matter integrity Candidate gene (ZNFgo4) ~CNinese Han patients with G<T N/A
schizophrenia
Zuliani et al. (2011) White matter integrity Candidate gene ErbB4 Healthy subjects with G<A N/A
unknown ethnicity

dependent. However, deep whole-genome
sequencing (WGS) of individuals in large
numbers is not cost-effective and likely to remain
the same in the near future. One alternative
preferential strategy is to select samples carrying

extreme phenotypes [48]. For quantitative
traits, the number of individuals needed to be
sequenced to reach a given power can be reduced
by half if they are chosen from the upper and
lower 10% tails of the phenotype distribution
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[49,50]. For example, a case-control study can
sample affected individuals with an early-onset
of disease, family history, and poor response to
treatment as compared to controls who are late-
onset, without a family history, and with good
response to treatment.

Phenome-wide association study
(PheWAS) and related methodology

Hitherto, the majority of genomic studies
adopt the principle of phenotype-to-genotype,
revealing the associated variants after matching
the phenotype of interest with that of the
controls. However, several studies identified
a minimum of 10% of genetic variants in the
human genome that display a pleiotropic effect
on human traits and diseases [51]. For example,
the MHC region was implicated in increasing
the vulnerability to both autoimmune diseases
and psychiatric disorders [51,52]. These findings
emphasize that only the “tip of iceberg” will be
seen in any genomic study of a single candidate
phenotype. Empowered by the rapid expansion
of phenotypic data generated from health record
information and epidemiological investigations,
some studies embarked on the exploration of
genotype-to-phenotype association by choosing
a reverse pathway, mapping the genotypes
to multple phenotypes simultaneously
(PheWAS), detailing the phenome supported
by genetic variants with a pleiotropic effect
[53]. Nevertheless, the neuropsychiatric
PheWAS is still in its infancy with the existing
studies still restricted to single gene/SNP
scanning [54]. Moreover, the issues such as the
lack of effective methodology incorporating
the genome-wide and phenomic data continue
to impede its application to a broad dataset
recently divulged from large cohort studies such
as US and UK biobanks. Notwithstanding, a
few nascent methodologies might ameliorate
such difficulties. (1) The raw genotypic data-
based approach is in contrast with univariate
association analysis commonly used in GWAS,
and such an approach simultaneously includes
multiple phenotypes in the reversed regression
model of phenotype-to-genotype. For example,
MultiPhen, fully taking into account the linear
combination of single phenotypes included
in the model, was found to boost the power
of discovering the independent associated
loci missed in univariate GWAS; parallel
independent component analysis (parallel ICA),
capable of combining genome-wide and whole-
brain structural or functional neuroimaging

data, could identify the risk-associated genetic
variants in linear correlation with multiple
neuroimaging traits [55]; And Machine learning
is also an optimal choice to take full advantage
of genetic and neuroimaging phenome to
translate fundamental research to clinical
classification [56]. (2) Summary statistics-
based approach; with a rapid accumulation
and easy accessibility of results from GWAS
for different kind of univariate phenotypes
in large sample sizes, some methodology
has been developed to fully embrace these
univariate summary statistics for all trait-
related phenotypes to arrive at a global-trait P
value. TATES, Trait-based Association Test
that uses Extended Simes procedure, weights
the p values for univariate phenotypes by the
effective numbers of p-value and the numbers
of top p-value for each phenotypes and such an
algorithm was found to be more powerful and
less computationally intensive than raw-data
based approach [57]. Furthermore, if consider
the regularized relationship within phenotypic
variables for some traits, such as how BMI is
the function of both height and weight (BMI=
weight/height?), treating these variables with
same weight in association analysis might either
lose the power or increase type-1 errors. Based
on this rationale, a genome-wide inference
study (GWIS), exploiting the effective size
and standard errors from GWAS summary
statistics, takes into account the inner function
deriving trait from its phenotypic components.
Nivard, ez al. (2016) compared GWAS of BMI
with GWIS from summary statistics of GWAS
on height and weight and indicated that there
is substantial overlapping in top hits from two
analyses and the effect size maintained the same
with no notable inflation of type I errors even
when a significant difference in sample size
existed within constituent phenotypes. The
particular areas which GWIS could be applied
with greater accuracy and efficacy include (bio)
chemical reactions involving metabolites of
which the concentrations have been analyzed in
a GWAS or the traits with equations describing
(active) membrane transport of proteins
or metabolites given that GWAS summary
statistics are available for their concentrations
on both sides of the barrier. Another application
of GWIS is increasing the effective sample size
for the GWAS of a complex function. If not all
constituent phenotypes have been measured in
genotyped cohorts, these cohorts are excluded
from the GWAS but can still contribute to a
GWIS [58].
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Future directions

The last decade witnessed the rapid rise in
the identification of the associated loci of
schizophrenia from GWAS of different sample
size in different populations. The ongoing
projects such as 1000 Genomes Project and UK
Biobank will facilitate the efforts in providing
broader panels of genomic benchmarks for
thereby
capturing the full picture of genomic variations
underlying this debilitating complex disease.
However, there are a few caveats that the future

whole-genome  sequencing  studies,

studies should fully recognize while designing
the study, analyzing the data, and interpreting
the results. First, the whole-genome sequencing
will likely remain expensive in the intermediate
future, especially for the sample size large enough
to identify the loci covering the entire spectrum
of allele frequency. Identifying the individuals
distributed at the extremes of disease liability
(extreme phenotype) might reduce such a
financial burden and the cost of data-collection
and computation. Further, the high heterogeneity
of clinical manifestations in patients with
schizophrenia might dissolute the signals of
association using a case-control design. Therefore,

stratifying the patients under the category of
“illness” according to their endophenotypic/
extended endophenotypic profiles might increase
the power of association; similarly, selecting
the quantitative endophenotypes could evade
the misspecification of cohort and reduce the
potential ascertainment errors. Still, the effect
environmental factors mediated by potential
epigenetic mechanism should be taken into
consideration when designing and interpreting
the studies, such as including GE interaction
in the statistical model and downstream genetic
In addition, new
methodology including multivariate association

expression analysis [59].

analysis that incorporates multiple phenotypes
into the association study of phenome such as
GWIS, could increase the chance of discovering
the loci or genomic region, which predispose the
individuals to schizophrenia by interacting with
each other and with environmental factors at the
varied level of the pathogenesis of schizophrenia.
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