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ABSTRACT

Common genetic variation contributes a substantial proportion of risk for both schizophrenia and
bipolar disorder. Furthermore, there is evidence of significant, but not complete, overlap in genetic
risk between schizophrenia and bipolar disorder. It has been hypothesised that genetic variants
conferring risk for these disorders do so by influencing brain development, leading to the later
emergence of symptoms. The comparative profile of risk gene expression for schizophrenia and
bipolar disorder across development over different brain regions however remains unclear. Using
genotypes derived from genome wide associations studies of the largest available cohorts of patients
and control subjects, we investigated whether genes enriched for schizophrenia and bipolar disorder
association show a bias for expression across any of 13 developmental stages in prefrontal cortical
and subcortical brain regions. We show that genes associated with schizophrenia have a strong bias
towards increased expression in the prefrontal cortex during early midfetal development and early
infancy, and decreased expression during late childhood which normalises in adolescence. Risk-
associated genes for bipolar disorder shared this postnatal expression profile but did not exhibit a bias
towards expression at any prenatal stage. These results emphasise the dynamic expression of genes
harbouring risk for schizophrenia and bipolar disorder across prefrontal cortex development and
support the view that prenatal neurodevelopmental events are more strongly associated with

schizophrenia than bipolar disorder.
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INTRODUCTION

Schizophrenia and bipolar disorder are disorders of mainly adult onset, yet both have been considered
to have earlier developmental origins'™. In the case of schizophrenia, one influential hypothesis has
been that events occurring during prenatal brain development confer risk for the disorder which
remain latent and are only expressed later as symptoms in the context of brain maturation®>.
Prefrontal cortical regions, which don’t fully mature until the late second decade of life, have been
considered one potential substrate of such early developmental vulnerability for later
schizophrenia®>®. The importance of prenatal neurodevelopment in risk for schizophrenia is
supported by epidemiological evidence showing that prenatal and perinatal events such as infection,
famine and obstetric complications can increase risk for the disorder, and by the observation that
children with subtle neurological, cognitive and behavioural impairments are at enhanced risk for later

developing the condition3478,

There is less evidence that early neurodevelopmental events play an important role in the
development of bipolar disorder®®. In general, fewer epidemiological studies have examined potential
associations between prenatal / perinatal events such as maternal infection and obstetric
complications and risk for later bipolar disorder®. Whilst some evidence exists for a role of prenatal
influenza infection and low birth weight or prematurity in risk for bipolar disorder, results have not
been consistent across studies®?*°. Furthermore, there is not strong evidence that individuals who
later develop bipolar disorder had poorer premorbid cognitive functioning and social adjustment or

increased rates of subtle neurological symptoms*1®,

There has also been considerable interest in the potential role of developmental events
occurring postnatally during childhood and adolescence in the development of adult onset psychiatric
conditions such as schizophrenia and bipolar disorder*®'. It is well established that extensive
neuronal maturation occurs across childhood and adolescence®. In particular, prefrontal cortical areas

show considerable developmental change across late childhood and adolescence with extensive
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synaptic pruning and elimination of excitatory synapses shaping the late-maturing cortex®!®. There is
also evidence that environmental risk factors operating across the period of childhood and
adolescence can increase risk for both schizophrenia and bipolar disorder. In particular childhood
abuse is associated with an increased risk of both disorders'®?!, and maternal loss prior to the age of
5 is associated with bipolar disorder??. Furthermore, cannabis use has been found to have particularly
pronounced effects on risk for the development of psychosis if exposure occurs prior to or during the

adolescent period®2324,

Both schizophrenia and bipolar disorder are known to have a high degree of heritability>?.
Recent large scale genomic studies have made major progress in determining the genetic architecture
of schizophrenia and bipolar disorder?’-2°. Genetic risk for both conditions is highly polygenic in nature
with a major contribution from a large number of common variants, which collectively account for a
significant proportion of heritability for these conditions3%3%, There is considerable, although not
complete, overlap seen between common variants conferring risk for schizophrenia and bipolar
disorder as identified in genome-wide association studies3*33, However rarer but more penetrant
genomic risk variants, such as copy number variants, are generally found to be more enriched in
schizophrenia than in bipolar disorder343>. These findings have contributed to the development of a
“neurodevelopmental continuum” model in which schizophrenia is considered to be associated with

a greater load of early neurodevelopmental insults than bipolar disorder®343,

Previous studies examining the expression of the top genome-wide association study (GWAS)
common variant risk-associated loci for schizophrenia in post-mortem tissue have confirmed a high
level of expression in pre-natal brain development, consistent with the view that risk for schizophrenia
may have early neurodevelopmental origins>3%-38, However, less is known about the early expression
of bipolar-associated genes, or the comparative profile of risk gene expression for schizophrenia and
bipolar disorder across development and into adulthood. In this study we therefore used data from

large scale GWAS of schizophrenia and bipolar disorder combined with gene expression data across
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development from the BrainSpan dataset®®, to examine the dynamic expression of genes harbouring

common risk variants across developmental stages from prenatal life to adulthood.
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METHODS

Neurodevelopmental transcriptome

Transcriptomic data was obtained from the Allen Institute BrainSpan Atlas:3° a resource providing RNA
sequencing-derived gene expression data of post-mortem brain tissue from 38 individuals between 8
post-conceptual weeks and 40 years of age (Supplementary Table 1). The data was filtered to remove
samples with low RNA integrity (RIN<7) and genes which were unexpressed (zero reads per kilobase
per million (RPKM) in all samples) or did not possess an NCBI/Entrez gene ID, and any duplicate entries.
RPKM gene expression values were adjusted to control for RNA integrity, ethnicity and gender by
fitting a linear regression model of expression with these factors as independent variables; the
residuals and intercepts from this model were used as the adjusted expression values. Subjects were

grouped into 13 developmental stages (Supplementary Table 1).

Calculation of gene expression scores

For each developmental stage, each gene was assigned a relative expression score reflecting the
degree of expression relative to all other developmental stages. Expression scores were calculated by
fitting a linear regression model for each gene and developmental stage: expression = brain region +
developmental stage, where expression is the adjusted expression value of the gene and
developmental stage is a binary variable denoting whether the sample was from the stage or not. This
model was fitted to selected groups of brain regions. The brain region covariate was included to
account for differences in gene expression between subregions. We defined the expression score = R?
X sgn(coefficient), so that for any developmental stage genes with high expression relative to other
stages will have large positive scores, those with low expression relative to other stages will have large
negative scores, and those whose expression is relatively constant across development will have
scores close to zero. We structured analyses in a hierarchical fashion whereby developmental
expression was first analysed using the combined data from all brain regions; a second tier of analyses

was then performed on major groups of subregions.
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Genotype data

Schizophrenia and bipolar disorder single nucleotide polymorphism (SNP) association summary
statistics were taken from previously described GWAS meta-analyses?”?%. A combined schizophrenia
sample of 40 675 cases and 64 643 control subjects consisted of 11 260 cases and 24 542 controls
from studies of UK patients with schizophrenia taking clozapine (CLOZUK)?’, and 29 415 cases and 40
101 controls from a large-scale GWAS performed by the Psychiatric Genomics Consortium (PGC)?°.
The bipolar disorder sample comprised of 20 352 cases and 31 358 controls from 32 cohorts of

European descent, compiled as part of a recent PGC GWAS?2.

Schizophrenia and bipolar disorder GWAS SNPs were filtered to include only those with a
minor allele frequency > 0.01 and imputed INFO score 2 0.6. Additional filters were applied to exclude
the extended major histocompatibility complex (xMHC) region and the X chromosome, consistent

with previous analyses?’.

Gene property analysis

The relationship between gene expression scores and enrichment for association with schizophrenia
or bipolar disorder was determined for each developmental stage using gene property analyses in
MAGMA v1.06%. Briefly, common SNP association P-values were combined into gene-wide P-values
(via the MAGMA SNP-wise mean model), using a window of 35 kb upstream and 10 kb downstream*
of each gene in order to include SNPs within regulatory regions. Only protein-coding genes were
included in the analysis. The gene property analysis method performs a linear regression of gene-wide
association against a gene-level property (here, relative expression score), in which covariates are
included to correct for potential confounds. Our analyses were two-tailed and included correction for
gene size and SNP density. In conditional analyses, gene expression scores for the conditioned
developmental stage were included as covariates. At each tier of analysis, P-values were Bonferroni

adjusted for the number of developmental stages or brain regions analysed.
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RESULTS

Whole brain developmental expression profile of risk genes for schizophrenia and bipolar
disorder

We used gene property analysis in MAGMA? to determine whether gene expression during particular
developmental periods is correlated with enrichment for common variant association for
schizophrenia or bipolar disorder. In a combined analysis of gene expression data from all brain
regions, we observed a non-uniform relationship between relative gene expression and enrichment
for schizophrenia association across development (Figure 1a). Genes mediating risk to schizophrenia
tended to be more highly expressed during the Early Midfetal 2 developmental stage (adjusted
P=0.014). Conversely, an inverse relationship between gene expression and schizophrenia risk was
observed at Late Childhood (adjusted P=0.038), implying low expression of risk genes, whilst relative

expression at other stages was non-significant.

Brain-wide analyses of bipolar disorder GWAS data showed some variation of risk gene
expression bias, although no significant relationship between gene expression and gene-wide

association for bipolar disorder risk was observed at any single developmental stage (Figure 1b).

Cortical and subcortical analyses of risk gene expression across development

Since trajectories of neurodevelopmental gene expression vary considerably between brain regions,
we sought to determine whether relationships with risk for schizophrenia or bipolar disorder were
more pronounced for specific subregions of the brain. We tested these relationships in grouped sets
of prefrontal cortex (medial prefrontal cortex, dorsolateral prefrontal cortex, ventrolateral prefrontal
cortex and orbital frontal cortex), non-prefrontal cortex (posterior superior temporal cortex,
inferolateral temporal cortex, primary auditory cortex, primary visual cortex, primary motor cortex,
posteroventral parietal cortex and primary somatosensory cortex) and subcortical regions

(amygdaloid complex, thalamus, striatum and hippocampus).
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For schizophrenia, we observed increased expression of associated genes in prefrontal cortex at Early
Midfetal 1 (adjusted P=6.3x10%) and Early Infancy (adjusted P=0.034; Figure 2a). Gene expression at
Early Midfetal 2 development was nominally related to schizophrenia risk (adjusted P = 0.053).
Consistent with whole brain analyses, decreased gene expression in prefrontal cortex at Late
Childhood was strongly correlated with schizophrenia risk (adjusted P=1.7x107). In non-prefrontal
cortex and subcortical regions, gene expression was not correlated with schizophrenia association at

any developmental stage (Figure 2c,e).

Subregion analysis of the expression of bipolar associated genes revealed that genetic
association with bipolar disorder was correlated with high prefrontal cortex expression during Early
Infancy (adjusted P=0.011), and low prefrontal cortex expression during Late Childhood (adjusted
P=0.033; Figure 2b). Whilst these postnatal expression profiles are akin to those observed for genes
contributing risk to schizophrenia, prenatal expression did not correlate with risk for bipolar disorder.
Gene expression in non-prefrontal cortex or subcortical regions did not correlate with bipolar disorder

risk at any developmental stage (Figure 2d,f).

Investigation of overlapping signals between developmental stages

We next investigated whether genes mediating the relationship between common variant association
and prefrontal cortex expression during early developmental stages were also responsible for the
relationship found in Late Childhood. To determine whether these signals are driven by overlapping
sets of genes, we performed conditional gene property analyses for the relevant developmental

stages.

For schizophrenia, conditioning on Late Childhood expression resulted in reduced correlation
of prefrontal cortex expression at Early Midfetal 1 with common variant association (uncorrected
P=0.0054). This indicates that a substantial proportion of risk genes which have high prefrontal cortex
expression during this prenatal developmental stage tend to have subsequent low prefrontal

expression in this region during Late Childhood. In the reciprocal analysis, conditioning on Early


https://doi.org/10.1101/333104
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/333104; this version posted May 29, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Midfetal 1 had little effect on the strong negative correlation between Late Childhood gene expression
and schizophrenia association (uncorrected P=1.2x10°), implying that there is a greater set of

independently associated risk genes with converging expression during this stage.

For both schizophrenia and bipolar disorder, conditioning on Late Childhood did not ablate
the relationship between gene expression during Early Infancy and genetic risk (schizophrenia
uncorrected P=0.0024; bipolar disorder uncorrected P=5.9%x10), suggesting that during Early Infancy

an independent set of risk genes are differentially expressed.
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Figure 1 Neurodevelopmental expression bias of genes mediating risk to schizophrenia (a) and bipolar disorder (b). Gene
property analysis against case-control common variant data was performed on gene expression scores derived from RNA
sequencing data of all brain regions. Bars represent -log1(P) Xsgn(B), where Pis uncorrected following gene property analysis
and f is the corresponding regression coefficient. Dotted lines show significance thresholds accounting for multiple testing
across 13 developmental stages.
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Figure 2 Cortical and subcortical relationships between gene expression and risk for schizophrenia (a,c,e) or bipolar disorder
(b,d,f). Prefrontal Cortex includes medial prefrontal cortex, dorsolateral prefrontal cortex, ventrolateral prefrontal cortex
and orbital frontal cortex. Non-prefrontal cortex includes posterior superior temporal cortex, inferolateral temporal cortex,
primary auditory cortex, primary visual cortex, primary motor cortex, posteroventral parietal cortex and primary
somatosensory cortex. Subcortical regions include amygdaloid complex, thalamus, striatum and hippocampus. Bars
represent -logio(P)Xsgn(P) in gene property analyses, where P is uncorrected following gene property analysis and f is the
corresponding regression coefficient. Dotted lines show significance thresholds accounting for multiple testing for 13
developmental stages and 3 subregion groups.
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DISCUSSION

In this study we have examined the expression of risk genes for schizophrenia and bipolar disorder
across development using post mortem gene expression data from the BrainSpan database3®%. Our
results show a significant bias of schizophrenia risk gene expression in prefrontal cortex to the prenatal
period, with a subsequent dynamic change in the collective expression of these risk genes across
infancy, childhood and adolescence. In contrast, in bipolar disorder we found no evidence of increased
expression of bipolar risk genes in the prenatal period, although we observed a similar pattern of
change in bipolar risk gene expression in prefrontal cortex across infancy and childhood to that seen

in schizophrenia.

Our finding of increased expression of schizophrenia risk genes in the prenatal period is
consistent with previous reports>36-38, In the present study we have examined this enrichment across
the full polygenic signal of schizophrenia risk using gene property analyses in MAGMA, suggesting that
this bias towards prenatal expression exists across a wide number of schizophrenia associated alleles.
Our results show an excess of schizophrenia risk gene expression in the prefrontal cortex during early
midfetal development, consistent with findings from key epidemiological studies implicating this
period in risk for schizophrenia®*78, This period of development is one of profound neurogenesis and
corticogenesis®. Subtle alterations in gene expression modulating these processes could represent one
form of the early developmental cortical “lesion” proposed by the neurodevelopmental hypothesis of
schizophrenia®®. Notably a similar bias of expression of risk associated genes to the prenatal period
has also previously been described for autism and intellectual disability*?, further supporting the view
that these disorders can collectively be considered to be neurodevelopmental in origin. However, for
bipolar disorder risk genes the elevation in foetal expression was less pronounced and we failed to
observe any significant evidence of a prenatal bias in gene expression, consistent with the view that
these conditions can be collectively viewed as lying on a spectrum of neurodevelopmental risk, with

bipolar disorder characterised by a lower prenatal burden of risk*3*3>, These results are also consistent
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with a recent study showing that polygenic risk for schizophrenia, but not polygenic risk for bipolar

disorder, is associated with impairments in early infant neuromotor development*3.

The transition from late childhood into adolescence also represents a profound period of
frontal cortical maturation. In particular, this period is characterised by the elimination (“pruning”) of
excitatory synapses in the frontal cortex resulting in changes in excitatory-inhibitory balance and
dopaminergic regulation and the emergence of adult patterns of executive functioning®?. It has for
some time been hypothesised that risk for schizophrenia and related disorders may be in part
mediated through impacts on these late maturational changes in the frontal cortex, which
immediately precede the period of peak onset of psychotic disorders?’. In the present study we find
evidence that in both schizophrenia and bipolar disorder there is a profound change in risk gene
expression in frontal cortex across the transition from late childhood into adolescence. The patternin
both disorders is of low expression in late childhood which then normalises at the transition into
adolescence. Whilst we do not see an overall differential expression of risk genes in adolescence, these
data do suggest that there is a dynamic shift in risk gene expression for both schizophrenia and bipolar
across this developmental period. It is also notable that a similar pattern of gene expression change is
seen in both schizophrenia and bipolar disorder. This finding is consistent with the strong genetic
overlap of these conditions and suggests that this overlap derives in part from genes which show

dynamic expression changes in the frontal cortex across later childhood and adolescence.

We also found evidence of an increase in risk gene expression for both bipolar disorder and
schizophrenia in frontal cortex during early infancy. Early infancy is a critical period of human brain
development, but has been less discussed in terms of later risk for psychiatric disorders such as bipolar
disorder and schizophrenia than prenatal and adolescent development. Human infancy represents a
period of rapid brain maturation including synaptogenesis, myelination and the establishment of
patterns of network activation which include frontal regions*’. These developmental changes sub-

serve the emergence of cognitive functions including early language development, attention, working
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memory and self-regulation®, all of which are strongly implicated in neuropsychiatric disorders.
Interestingly our conditional analyses show that the genes driving this increase in expression during
infancy are not the same as those showing decreased expression in later childhood, implicating
differing sets of genes in conferring risk across development. This contrasts with our analysis
investigating potential overlaps between genes expressed in prenatal development in schizophrenia
and those showing changes across late childhood-adolescence where we find evidence of a substantial

overlap in implicated genes through conditional analyses.

Our study has a number of limitations which should be borne in mind. Firstly, the
developmental expression data come from a relatively limited group of post-mortem brains, although
this dataset is large compared to many comparator datasets and benefits from high quality standards
and careful curation®. Nevertheless, replication of the current findings in additional samples will be
important. In addition, it will be desirable to identify which specific cell types the enrichment signals
derive from, given increasing evidence of the involvement of specific key cell types in schizophrenia
and related disorders*#’. Our study only looks at overall bias of expression of schizophrenia and
bipolar associated genes across development and does not implicate specific genes or variants. Future
work will be required to substantiate these findings for specific genes and pathways, and it is likely
that not all risk genes will conform to the predominant expression patterns identified here®®,
Furthermore, the use of post-mortem gene expression data, whilst powerful, does not necessarily
capture all activity-dependent changes in gene expression which may be particularly important in the
context of adult plasticity and learning. Finally, it was not possible to generate separate genetic risk
profiles for bipolar patients with and without psychotic symptoms, meaning we are not able to say
whether genes associated with psychotic bipolar disorder are more strongly expressed in early

neurodevelopment, as may be expected from the symptom overlap with schizophrenia“.

Overall this work highlights the dynamic changes in expression of risk-associated genes for

schizophrenia and bipolar disorder across development. Our results are consistent with the view that
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there is a significant early neurodevelopmental component to risk for schizophrenia, deriving from
processes operating in prenatal development, which is not extensively shared with bipolar disorder.
We also provide evidence of a common pattern of changes in risk gene expression for both
schizophrenia and bipolar disorder across infancy, childhood and adolescence. Our results show a
particularly strong association between risk gene expression in both conditions and prefrontal cortical
development, supporting the view that the dynamic and extended development of the human
prefrontal cortex is an important substrate for risk for these disorders. Overall our data are consistent
with the view that schizophrenia and bipolar disorder lie on a continuum of neurodevelopmental
risk3*3%, with evidence of substantial similarities in risk gene expression across development but a

greater burden of risk gene expression in prenatal development in schizophrenia.

ACKNOWLEDGEMENTS

This work was supported by Medical Research Council (MRC) grant MR/L010305/1, a Wellcome Trust
Strategic Award (100202/Z/12/Z) and The Waterloo Foundation ‘Changing Minds’ programme. We
thank the Bipolar Disorder Working Group of the Psychiatric Genomics Consortium for providing the

bipolar disorder summary statistics used in this study.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

SUPPLEMENTARY INFORMATION

Supplementary Table 1

REFERENCES

1 Weinberger DR. Implications of Normal Brain Development for the Pathogenesis of
Schizophrenia. Arch Gen Psychiatry 1987; 44: 660—669.

2 Murray RM, Lewis SW. Is schizophrenia a neurodevelopmental disorder? Br Med J 1987; 295:
681-682.


https://doi.org/10.1101/333104
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/333104; this version posted May 29, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

3 Owen MJ, Sawa A, Mortensen PB. Schizophrenia. Lancet 2016; 6736: 1-12.

4 Demjaha A, MacCabe JH, Murray RM. How genes and environmental factors determine the
different neurodevelopmental trajectories of schizophrenia and bipolar disorder. Schizophr
Bull 2012; 38: 209-214.

5 Birnbaum R, Weinberger DR. Genetic insights into the neurodevelopmental origins of
schizophrenia. Nat Rev Neurosci 2017; 18: 727-740.

6 Selemon LD, Zecevic N. Schizophrenia: A tale of two critical periods for prefrontal cortical
development. Trans/ Psychiatry 2015; 5: e623-11.

7 Van Os J, Kenis G, Rutten BPF. The environment and schizophrenia. Nature. 2010; 468: 203—
212.

8 Jones P, Rodgers B, Murray R, Marmot M. Child development risk factors for adult
schizophrenia in the British 1946 birth cohort. Lancet 1994; 344: 1398-1402.

9 Marangoni C, Hernandez M, Faedda GL. The role of environmental exposures as risk factors for
bipolar disorder: A systematic review of longitudinal studies. J. Affect. Disord. 2016; 193: 165—
174.

10 Machdn RA, Mednick SA, Huttunen MO. Adult major affective disorder after prenatal exposure
to an influenza epidemic. Arch Gen Psychiatry 1997; 54: 322-8.

11 Parboosing R, Bao Y, Shen L, Schaefer CA, Brown AS. Gestational influenza and bipolar disorder
in adult offspring. JAMA Psychiatry 2013; 70: 677—685.

12 Canetta SE, Bao Y, Co MDT, Ennis FA, Cruz J, Terajima M, Shen L, Kellendonk C, Schaefer CA,
Brown AS. Serological documentation of maternal influenza exposure and bipolar disorder in
adult offspring. Am J Psychiatry 2014; 171: 557-563.

13 @gendahl BK, Agerbo E, Byrne M, Licht RW, Eaton WW, Mortensen PB. Indicators of fetal
growth and bipolar disorder: A Danish national register-based study. Psychol Med 2006; 36:
1219-1224.

14 Nosarti C, Reichenberg A, Murray RM, Cnattingius S, Lambe MP, Yin L, MacCabe J, Rifkin L,
Hultman CM. Preterm birth and psychiatric disorders in young adult life. Arch Gen Psychiatry
2012; 69. doi:10.1001/archgenpsychiatry.2011.1374.

15 Chudal R, Sourander A, Polo-Kantola P, Hinkka-Yli-Salomaki S, Lehti V, Sucksdorff D, Gissler M,
Brown AS. Perinatal factors and the risk of bipolar disorder in Finland. J Affect Disord 2014,
155: 75-80.

16 Parellada M, Gomez-Vallejo S, Burdeus M, Arango C. Developmental Differences between
Schizophrenia and Bipolar Disorder. Schizophr Bull 2017; 43: 1176—-1189.

17 Feinberg |. Schizophrenia: Caused by a fault in programmed synaptic elimination during
adolescence? J Psychiatr Res 1982; 17: 319-334.

18 Foulkes L, Blakemore SJ. Studying individual differences in human adolescent brain
development. Nat. Neurosci. 2018; 21: 315-323.

19 Varese F, Smeets F, Drukker M, Lieverse R, Lataster T, Viechtbauer W, Read J, Van Os J, Bentall
RP. Childhood adversities increase the risk of psychosis: A meta-analysis of patient-control,
prospective-and cross-sectional cohort studies. Schizophr Bull 2012; 38: 661-671.

20 Aas M, Henry C, Andreassen OA, Bellivier F, Melle |, Etain B. The role of childhood trauma in
bipolar disorders. Int J Bipolar Disord 2016; 4: 2.

21 Palmier-Claus JE, Berry K, Bucci S, Mansell W, Varese F. Relationship between childhood


https://doi.org/10.1101/333104
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/333104; this version posted May 29, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

adversity and bipolar affective disorder: systematic review and meta-analysis. Br J Psychiatry
2016; 209: 454-459.

22 Mortensen PB, Pedersen CB, Melbye M, Mors O, Ewald H. Individual and familial risk factors
for bipolar affective disorders in Denmark. Arch Gen Psychiatry 2003; 60: 1209-1215.

23 Arseneault L, Cannon M, Poulton R, Murray R, Caspi A, Moffitt TE. Cannabis use in adolescence
and risk for adult psychosis: longitudinal prospective study. BMJ 2002; 325: 1212-1213.

24 Gomes F V., Rincon-Cortés M, Grace AA. Adolescence as a period of vulnerability and
intervention in schizophrenia: Insights from the MAM model. Neurosci. Biobehav. Rev. 2016;
70: 260-270.

25 McGuffin P, Rijsdijk F, Andrew M, Sham P, Katz R, Cardno A. The heritability of bipolar affective
disorder and the genetic relationship to unipolar depression. Arch Gen Psychiatry 2003; 60:
497-502.

26 Sullivan PF, Kendler KS, Neale MC. Schizophrenia as a Complex Trait Evidence From a Meta-
analysis of Twin Studies. Arch Gen Psychiatry 2003; 60: 1187-1192.

27 Pardifias AF, Holmans P, Pocklington AJ, Escott-Price V, Ripke S, Carrera N, Legge SE, Bishop S,
Cameron D, Hamshere ML et al. Common schizophrenia alleles are enriched in mutation-
intolerant genes and in regions under strong background selection. Nat Genet 2018; 50: 381-
389.

28 Stahl E, Forstner A, McQuillin A, Ripke S, PGC BDWG of the, Ophoff R, Scott L, Cichon S,
Andreassen OA, Sklar P et al. Genomewide association study identifies 30 loci associated with
bipolar disorder. bioRxiv 2017; : 173062.

29 Ripke S, Neale BM, Corvin A, Walters JTR, Farh K-H, Holmans P a., Lee P, Bulik-Sullivan B, Collier
D a., Huang H et al. Biological insights from 108 schizophrenia-associated genetic loci. Nature
2014; 511: 421-427.

30 Doherty JL, O’'Donovan MC, Owen MJ. Recent genomic advances in schizophrenia. Clin. Genet.
2012; 81: 103-109.

31 Purcell SM, Wray NR, Stone JL, Visscher PM, O’Donovan MC, Sullivan PF, Sklar P, Purcell Leader
SM, Ruderfer DM, McQuillin A et al. Common polygenic variation contributes to risk of
schizophrenia and bipolar disorder. Nature 2009; 10: 8192—-8192.

32 Doherty JL, Owen MJ. Genomic insights into the overlap between psychiatric disorders:
implications for research and clinical practice. Genome Med 2014; 6: 29.

33 Sullivan PF, Agrawal A, Bulik CM, Andreassen OA, Bgrglum AD, Breen G, Cichon S, Edenberg HJ,
Faraone S V., Gelernter J et al. Psychiatric genomics: An update and an Agenda. AmJ Psychiatry
2018; 175: 15-27.

34 Owen MJ, O’'Donovan MC. Schizophrenia and the neurodevelopmental continuum:evidence
from genomics. World Psychiatry 2017; 16: 227-235.

35 Owen MJ. New approaches to psychiatric diagnostic classification. Neuron. 2014; 84: 564-571.

36 Birnbaum R, Jaffe AE, Chen Q, Hyde TM, Kleinman JE, Weinberger DR. Investigation of the
prenatal expression patterns of 108 schizophrenia-associated genetic loci. Biol Psychiatry 2015;
77: e43—e51.

37 Jaffe AE, Straub RE, Shin JH, Tao R, Gao Y, Torres LC, Kam-Thong T, Xi HS, Quan J, Chen Q et al.
Developmental And Genetic Regulation Of The Human Cortex Transcriptome In Schizophrenia.
bioRxiv 2017; : 124321.

38 Jaffe AE, Shin J, Collado-Torres L, Leek JT, Tao R, Li C, Gao Y, Jia Y, Maher BJ, Hyde TM et al.


https://doi.org/10.1101/333104
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/333104; this version posted May 29, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Developmental regulation of human cortex transcription and its clinical relevance at single
base resolution. Nat Neurosci 2015; 18: 154-161.

39 Miller JA, Ding SL, Sunkin SM, Smith KA, Ng L, Szafer A, Ebbert A, Riley ZL, Royall JJ, Aiona K et
al. Transcriptional landscape of the prenatal human brain. Nature 2014; 508: 199-206.

40 de Leeuw CA, Mooij JM, Heskes T, Posthuma D. MAGMA: Generalized Gene-Set Analysis of
GWAS Data. PLoS Comput Biol 2015; 11. doi:10.1371/journal.pcbi.1004219.

41 O’Dushlaine C, Rossin L, Lee PH, Duncan L, Parikshak NN, Newhouse S, Ripke S, Neale BM,
Purcell SM, Posthuma D et al. Psychiatric genome-wide association study analyses implicate
neuronal, immune and histone pathways. Nat Neurosci 2015; 18: 199-209.

42 Birnbaum R, Jaffe AE, Hyde TM, Kleinman JE, Weinberger DR. Prenatal expression patterns of
genes associated with neuropsychiatric disorders. Am J Psychiatry 2014; 171: 758-767.

43 Serdarevic F, Jansen PR, Ghassabian A, White T, Jaddoe VWV, Posthuma D, Tiemeier H.
Association of genetic risk for schizophrenia and bipolar disorder with infant neuromotor
development. JAMA Psychiatry. 2018; 75: 96-98.

44 Dehaene-Lambertz G, Spelke ES. The Infancy of the Human Brain. Neuron. 2015; 88: 93—109.

45 Guyer AE, Perez-Edgar KE, Crone EA. Opportunities for Neurodevelopmental Plasticity From
Infancy Through Early Adulthood. Child Dev 2018. doi:10.1111/cdev.13073.

46 Skene NG, Grant SGN. Identification of vulnerable cell types in major brain disorders using
single cell transcriptomes and expression weighted cell type enrichment. Front Neurosci 2016;
10. doi:10.3389/fnins.2016.00016.

47 Skene NG, Bryois J, Bakken TE, Breen G, Crowley JJ, Gaspar H, Giusti-Rodriguez P, Hodge RD,
Miller JA, Munoz-Manchado A et al. Genetic Identification Of Brain Cell Types Underlying
Schizophrenia. bioRxiv 2017; : 145466.

48 Mihleisen TW, Reinbold CS, Forstner AJ, Abramova LI, Alda M, Babadjanova G, Bauer M,
Brennan P, Chuchalin A, Cruceanu C et al. Gene set enrichment analysis and expression pattern
exploration implicate an involvement of neurodevelopmental processes in bipolar disorder. J
Affect Disord 2018; 228: 20-25.

49 Allardyce J, Leonenko G, Hamshere M, Pardifas AF, Forty L, Knott S, Gordon-Smith K, Porteous
DJ, Haywood C, Di Florio A et al. Association between schizophrenia-related polygenic liability
and the occurrence and level of mood-incongruent psychotic symptoms in bipolar disorder.
JAMA Psychiatry 2018; 75: 28-35.


https://doi.org/10.1101/333104
http://creativecommons.org/licenses/by/4.0/

	Abstract
	Introduction
	Methods
	Neurodevelopmental transcriptome
	Calculation of gene expression scores
	Genotype data
	Gene property analysis

	Results
	Whole brain developmental expression profile of risk genes for schizophrenia and bipolar disorder
	Cortical and subcortical analyses of risk gene expression across development
	Investigation of overlapping signals between developmental stages

	Discussion
	Acknowledgements
	Conflict of Interest
	Supplementary Information
	References

