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Abstract

Objective—Neurodevelopmental disorders presumably involve events that occur during brain
development. We hypothesized that neuropsychiatric disorders considered to be developmental in
etiology are associated with susceptibility genes that are relatively upregulated during fetal life
(i.e. differentially expressed).

Method—We investigated the presence of prenatal expression enrichment of susceptibility genes
systematically, as composite gene sets associated with 6 neuropsychiatric disorders in the
microarray-based “BrainCloud” dorsolateral prefrontal cortex (DLPFC) transcriptome.

Results—Using a fetal/post-natal log2 fold change threshold of 0.5, genes associated with
syndromic neurodevelopmental disorders (n = 31 genes, p = 3.37x1073), intellectual disability (n
= 88 genes, p = 5.53x1073), and autism spectrum disorder (n = 242 genes, p = 3.45x1074) were
relatively enriched in prenatal transcript abundance, compared to the overall transcriptome. Genes
associated with schizophrenia by GWAS were not preferentially fetal expressed (n = 106 genes, p
= 0.46), nor were genes associated with schizophrenia by exome sequencing (n = 212 genes, p =.
21), but specific genes within CNV regions associated with schizophrenia were relatively enriched
in prenatal transcript abundance, and genes associated with schizophrenia by meta-analysis were
functionally enriched for some neurodevelopmental processes. In contrast, genes associated with
neurodegenerative disorders were significantly underexpressed during fetal life (n = 46 genes, p =
1.67x1073).

Conclusions—We found evidence for relative prenatal enrichment of putative susceptibility
genes for syndromic neurodevelopmental disorders, intellectual disability, and autism spectrum
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disorders. Future transcriptome-level association studies should evaluate regions other than the
DLPFC, at other time points, and incorporate further RNA sequencing analyses.
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INTRODUCTION

Adult onset psychiatric disorders are increasingly being viewed as of neurodevelopment
origin, at least in part. For example, neurodevelopmental hypotheses of schizophrenia
introduced and articulated in the 1980’s, posited that a pathological perturbation occurs early
in life and that after a latent period, as the brain matures in early adulthood and calls into
action the compromised neural systems, and concurrent with environmental complexity, the
perturbation becomes clinically manifest, resulting in the symptoms that constitute the
syndrome of adult-onset schizophrenia.l

The neurodevelopmental model of schizophrenia has gained considerable traction and
evidentiary support since first proposed. Different versions of the neurodevelopmental
model have speculated that different temporal periods of brain development are most critical
in pathogenesis: e.g. pre-natal or post-natal events,2 or adolescent synaptic refinement.3
Epidemiologic evidence for pre-natal insults associated with increased schizophrenia
frequency include famine exposure # and maternal infection.> Minor physical anomalies in
the craniofacial region and limbs observed in patients with schizophrenia suggest disturbed
pre-natal ectoderm development.® Evidence for peri-natal insults includes the association of
obstetric complications with schizophrenia, which leads to up to a 2-fold increase in the
frequency of schizophrenia, with the magnitude of the effect varying by the type of obstetric
complication,”:8 and with schizophrenia risk associated genes potentially interacting with
obstetric complications.19 In children who subsequently develop schizophrenia, motor
abnormalities,!! social abnormalities,12 and cognitive deficits13-14 are present long before
the onset of psychotic symptomatology. In animal models, prenatal and neonatal disruptions
of cortical development lead to the emergence of abnormalities in a number of cognitive and
dopamine-related behaviors and glutamatergic-gabaergic pharmacological abnormalities that
do not emerge until early adulthood.116.17 At the cellular level, altered post-natal
maturation processes hypothesized to play a role in pathogenesis include GABA interneuron
maturation, pruning of glutamate synapses, maturation of dopaminergic projections, and
oligodendrocyte differentiation and myelination.18

Yet, despite the accumulating circumstantial evidence for a neurodevelopmental
pathogenesis, a definitive cellular or molecular explanation of the neurobiology of an early
pathogenic process has remained elusive. Recent emerging molecular evidence suggest that
analysis of the temporal expression patterns of genes associated with schizophrenia may
provide insight into neurodevelopmental pathogenesis; for several genes associated with
schizophrenia, alternatively spliced transcripts expressed relatively abundantly in the
developing fetal brain may in fact contribute differentially to the mechanism of risk that
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underlies the clinical association.® Alternatively spliced transcripts that are expressed pre-
natally and associated with schizophrenia allelic risk variants have been demonstrated for
multiple schizophrenia candidate genes to date, including DISC1, neuregulin 1, neuregulin
3, GAD1, ZNF804A, and KCNH2.20-25 Fyrther, some groups reported that genes associated
with schizophrenia by exome sequencing of de novo rare variants are prenatally enriched in
transcript abundance.26:27

More broadly, beyond schizophrenia, other psychiatric disorders have been implicated as
having a developmental etiology. Obstetric complications may be an antecedent, or risk
factor, for psychiatric disorders other than schizophrenia.28 Autism spectrum disorders and
intellectual disability are readily classified as neurodevelopmental disorders in the clinical
and research literature,2° and their clinical onset in infancy or early childhood especially
implicates an early developmental abnormality.

An intriguing hypothesis then is that a neuropsychiatric disorder considered to be early
developmental in etiology is associated with genes that are preferentially fetally expressed,
that is with genes that are more transcriptionally active or abundant (i.e. differentially
regulated) in the pre-natal period compared to the post-natal period. Furthermore, the
preferentially fetally expressed genes are likely to be enriched for functions that have been
associated in previous gene expression studies with the developing fetal brain: neural
development and differentiation, axon guidance, transcription factor and gene regulation
activity.39:31 This would implicate factors related to gene regulation in the fetally
developing brain as critical for the genetic association with a developmental phenotype.

The present study investigated risk genes systematically, as composite gene sets associated
with a specific neuropsychiatric disorder, for the presence of transcripts that are
preferentially fetally expressed in the transcriptome of the dorsolateral prefrontal cortex
(DLPFC). We report the prenatal expression patterns of susceptibility genes associated with
4 neuropsychiatric disorders that are thought to have developmental components to their
pathogenesis: syndromic neurodevelopmental disorders, autism spectrum disorders (ASD),
intellectual disability, and schizophrenia, and one group of disorders thought not to be
principally of developmental origin: neurodegenerative disorders. We also include genes
associated with bipolar affective disorder in the current analysis.

METHODS

Gene Set Assignment

Based on literature review, susceptibility genes were classified into 6 neuropsychiatric
disorders and 12 gene sets based on differing genetic evidence (See Supplementary Methods
for methodology of gene set assignment). The gene sets were then explored in data derived
from BrainCloud,32 the public database of human prefrontal cortex gene expression across
the lifespan (http://braincloud.jhmi.edu/). As described by Colantuoni et al, 2011, RNA from
269 human post-mortem DLPFC samples ranging from fetal life (n = 38 fetal samples) up to
80 years of age, was extracted and analyzed on custom 2-color microarrays using a reference
RNA comprised of a pool of all samples in each array, with hybridization at 30,167 probes
reported.
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Statistical Methods

Linear regression was performed at each of 30,176 probes, modeling gene expression as a
continuous dependent variable, as a function of a binary “fetal” stage variable, including
surrogate variables as adjustment variables to account for potential batch effects and other
unwanted technical and biological variation.

More formally, the statistical model was:

yij:ai+ﬁiX§etal+Z'YSV+5ij

for probe i € [1, ..., 30,176] and subject j € [1, ..., 269], with indicator variable

X{et“l € [0,1] and surrogate variable set SV (SV1, ..., SV3g). This regression model
generated a “fetal effect” (/%), the log, fold change of pre-natal versus post-natal transcript
abundance, at each probe on the microarray.

Each gene set was then evaluated by a Wilcoxon signed rank test to determine if the fetal
effect distribution of the set differed significantly from the entire DLPFC transcriptome,
using the reduced statistic of one fetal effect per gene.

The significance of genes within each gene set with at least 1 transcript that was
preferentially fetally expressed was assessed using a binomial proportion test, compared to
background proportions in the genome, at increasing stringency of fetal effects on the log2
scale, 0.5, 1.0, and 1.5 (that is, a 1.4 fold, 2 fold, and 2.8 fold increase on a non-log2 scale,).

RESULTS

Fetal Effect Analysis

As an example of the “fetal effect” metric, Figure 1 displays the neurodevelopmental
expression patterns of two genes across the lifespan, ANK3 and HTR2A. ANK3 is
preferentially fetally expressed while HTR2A is relatively fetally under expressed, with a
fetal effect of 2.42 and —2.85 respectively. Across the transcriptome, of 30,176 probes that
mapped to 17,677 genes, 43% of genes expressed a transcript with a fetal effect greater than
0 (and p < 0.05). Twenty-five percent of genes expressed a transcript with a fetal effect
greater than 0.5, and 12% of genes expressed a transcript with a fetal effect greater than 1.
All probes with a fetal-post natal log2 fold change greater than 0.5 had a p-value less than
0.05 (except for 2 probes). Supplementary Tables 1 lists each gene in a gene set and

its "fetal effect”, that is the log2 fold change, or the calculated regression coefficient.

The binomial proportion tests (Table 1) reveal statistically significant preferential fetal
expression for the following disease-associated gene groups: syndromic neurodevelopmental
disorders (n = 31 genes, 52% of genes with a fetal effect greater than 0.5, p = 3.37x1073),
intellectual disability (n = 88 genes, 40% of genes with a fetal effect greater than 0.5, p =
5.53x1073) and autism spectrum disorder (n = 242 genes, 36% of genes with a fetal effect
greater than 0.5, p = 3.45x1074). In contrast, as illustrated in the density plots and Wilcoxon
tests in Figure 2, there was statistically significant fetal underexpression for
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neurodegenerative disorders (n = 46 genes, one-sided p-value for Wilcoxon signed-rank test
in the negative direction = 9.96x10~%4). The dissociation between relative fetal
overexpression in genes associated with intellectual disability, syndromic
neurodevelopmental disorders, and autism spectrum disorders, and the relative fetal
underexpression of genes associated with late-life neurodegenerative disorders, provides
conceptual support for the current approach.

Genes associated with schizophrenia by meta-analysis were not significantly different than
the genome in relative overall fetal expression (n = 36 genes, 22% of genes with a fetal
effect greater than 0.5, p = 0.66) nor were the genes reported in a series of GWAS reports by
Ripke et al, 2011 and 2013 (n = 106 genes, 29% of genes with a fetal effect greater than 0.5,
p = 0.46). Genes associated with schizophrenia by CNV analysis also were not significantly
different compared to the genome in relative fetal expression (n = 113 genes, one sides p-
value for Wilcoxon signed-rank test in the positive direction = 0.80) nor were genes
associated with schizophrenia by exome sequencing and rare de novo SNV/Indels (n = 212
genes, one sided p-value for Wilcoxon signed rank test in the positive direction = .29).

Genes within loci associated with ASD by CNV analysis did not show any statistically
significant difference, neither elevation nor decrease in relative fetal expression, compared
to the genome (n = 176 genes, one-sided p-value for Wilcoxon signed-rank test in the
positive direction is 0.91 and 0.09 in the negative direction). The gene set associated with
bipolar disorder by GWAS also was not significantly different than the genome in prenatal
expression abundance (n = 123 genes, 24% with a fetal effect greater than 0.5, p = 0.82).
Further, the set of genes that overlapped diagnostic categories (listed in Supplementary
Table 2) was not significantly different than the genome in prenatal expression abundance (n
= 62 genes, 31% with a fetal effect greater than 0.5, p = 0.36).

Functional Analysis of Prenatally Enriched Genes

Gene set enrichment analysis was performed for the subset of prenatally enriched genes for
each gene set (defined as a gene with a “fetal effect” greater than 0.5), compared to the
background universe of all brain-expressed genes (Supplementary Table 3 lists significant
GO terms). The gene sets that demonstrated preferential fetal expression patterns were
enriched for multiple functions pertinent to early cellular development and
neurodevelopment. For example, genes associated with syndromic neurodevelopmental
disorders were broadly enriched for “generation of neurons” (GO:0048699) and for “system
development” (GO:0048731) and genes associated with intellectual disability were enriched
for “central nervous system development” (GO:0007417) and “cell projection organization”
(G0O:0030030).

Genes from the ASD database demonstrated the most significant enrichment of all genes
sets for multiple neurodevelopmental processes, including “neurogenesis” (GO:0022008),
“axogenesis” (GO:0007409), and “neuron development” (GO:0048666). The group of genes
associated with schizophrenia by meta-analysis were enriched for multiple developmental
processes including “nervous system development” (GO:0007399) and “neuron
differentiation” (GO: 0048468).
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Further functional investigation of the prenatally enriched genes consisted of a co-
expression analysis, determining which genes are co-expressed during the second trimester
with a disease-associated and prenatally enriched gene. As reported in Supplementary Table
4, while some genes revealed isolated patterns of expression, others appeared to be co-
expressed with numerous genes in the second trimester, indicating a potential functional
concordance or co-regulation.

To determine potential interactions among prenatally enriched genes, Supplementary Figure
1 illustrates the “top scoring” networks from the IPA interaction analysis for genes
prenatally enriched in the ASD gene set and for the genes prenatally enriched in the
combined SCZ datasets (GWAS studies, CNV association, and SNVs) along with selected
functional annotation of individual genes. The networks yielded some noteworthy potential
interactions and candidates, for example the 26s Proteasome complex in ASD and the NF-
kB complex in schizophrenia.

Secondary Analysis of CNV regions

We performed a secondary post hoc analysis on genes within CNV regions associated with
schizophrenia and ASD, under the assumption that these broad regions involve multiple
genes, some of which may demonstrate a pattern of preferential fetal expression and
therefore be more pathogenically relevant (Supplementary Table 5). Within the loci affected
by CNVs associated with schizophrenia and ASD, select genes were indeed preferentially
fetally expressed, with one or two genes at each locus demonstrating a comparatively greater
fetal effect.

At the 1g21.2 locus, PRKAB?2 (fetal effect = 1.39) and BCL9 (fetal effect = 2.02) were most
abundant in pre-natal compared to post-natal transcript abundance. The single gene deletion
at 16p11.2, NRXN1, also common to both schizophrenia and autism, demonstrated a fetal
effect of 1.31. At the 15g13.3 locus, CHRNA7 demonstrated a fetal effect greater than other
genes at 0.83, followed by MTMR15 (fetal effect = 0.50). At the 16p11.2 region, PAGR1/
Cl6orf53 (fetal effect = 1.29) and PPPAC (fetal effect = 1.29) were most relatively fetally
abundant. Lastly at the 22¢q11.2 region, CDC45L (fetal effect = 3.89) and HIC2 (fetal effect
= 2.32) were most notable in relative fetal abundance, along with ZNF74 (fetal effect =
1.70). Supplementary Tables 5 list the genes within each CNV locus for schizophrenia and
ASD, respectively, to enable comparison of genes with a given disease-associated CNV
locus.

Secondary Analysis of Genes in ASD Database

Since the genes in the SFARI ASD database were of differing genetic evidence, functional
biology (n = 29 genes), genetic association (n = 110 genes), and single rare variants (n = 103
genes), we conducted a secondary analysis to determine if one subgroup was driving the
fetal effect. Indeed, while the former two were not significantly different than the genome in
fetal effect, the set of genes with single rare variants was highly significantly different than
the overall genome (n = 103 genes, one sided p-value for Wilcoxon signed rank test in the
positive direction = 4.75x1077) with 15% of the genes with a fetal effect > 1.5 (p = 0.007)
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As most of our candidate genes were sequence variants based on clinical association studies,
we examined an additional ASD gene set, from the recently published study by Voineagu et
al. 33 that identified differentially expressed genes between adult autism cases and controls,
and also identified weighted gene co-expression networks associated with ASD. We found
that the M12 module, reported to be underexpressed in autism samples, and whose
eigengene was correlated with disease status, was highly significant for underexpression in
fetal samples compared to the fetal expression of the overall genome. (n = 273 genes, p =
1.59x10734). It is important to note that only 18 of the genes in the reported M12 module
overlap our combined list of 418 ASD candidate genes, and the ASD etiological candidacy
of the remaining genes in the M12 module remains to be determined.

Seconday Analysis of Genes Associated with Schizophrenia by exome sequencing of rare
single nucleotide variants (SNVs)

Due to possibly discrepant findings between previously published reports of prenatal
enrichment of transcripts of genes associated with schizophrenia by exome sequencing and
the current analysis, we further analyzed the subset of genes recently reported by Gulsuner
et al, 2013 (Supp Ref 13). While Gulsuner et al. report that genes associated with
schizophrenia by exome sequencing of rare variants are expressed during the fetal period,
relative and differentially increased prenatal expression was not determined in that report,
which is the scope of the current inquiry. Thus, we used the publicly-available BrainSpan
RNA sequencing data,3* to evaluate the DLPFC expression of 52 of the reported genes by
Gulsuner et al. in fetal samples (n = 17) and post-natal samples (n = 18) and found that only
21 of the 52 genes had a higher fetal mean of RPKM expression, that is 40% were
preferentially fetally expressed, corroborating our microarray data of a lack of a preferential
fetal expression pattern for this subset of genes.

DISCUSSION

In the present analysis, we calculated a “fetal effect” for each gene expressed in the DLPFC
transcriptome by comparing gene expression in the second trimester of fetal development to
post-natal expression, and then by comparing the disease-associated gene sets to the genome
at large. The principal question we asked was whether genes associated with putatively
neurodevelopmental behavioral disorders would show a relatively positive “fetal effect”, i.e.
preferential fetal compared with post-natal expression.

Our finding of prenatal enrichment of expression of genes associated with syndromic
neurodevelopmental disorders and intellectual disability may be interpreted as a “positive
control”. It is probable that syndromic neurodevelopmental disorders and intellectual
disability have a fetal pathogenic causality; syndromic neurodevelopmental disorders may
be apparent at birth, and intellectual deficiencies are often apparent by infancy or early
childhood. In contrast, the counterpoint finding of significant underexpression of genes
associated with neurodegenerative disorders is consistent with an onset later in life, and with
increased disease-associated gene expression preceding or concurrent with gliosis,
apoptosis, and other cellular processes characteristic of neurodegeneration. Thus,
notwithstanding the limitations of our approach, which include the imprecision and low
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biological resolution of surveys of gene expression in postmortem brain based on
oligonucleotide arrays (vide infra), our positive results at the two extremes of the spectrum
of neurodevelopmental disorders add credibility to the current approach.

Prenatal Expression of ASD-Associated Genes

Genes with rare single nucleotide variants associated with ASD demonstrated a strong
pattern of preferential fetal expression. This finding, however, should be viewed in the
context of the phenotypic heterogeneity of the reported ASD cases, with different studies
using different criteria for ASD, some studies including syndromic forms of ASD or
intellectual deficits of varying magnitude. Nevertheless, for the current putative ASD
candidate gene list, there is an overall pattern of preferential fetal expression compared to
the genome, as might be expected for genes contributing to the pathogenesis of a clinical
phenotype present by early childhood.

Prenatal Expression of Schizophrenia-Associated Genes

The current findings do not strongly support a specific fetal pathogenic causality for the
composite set of genes associated with schizophrenia, by GWAS, CNV analysis, or exome
sequencing of rare variants, at least not a causality that would be reflected in differential
fetal expression. We believe, however, that several caveats are important to consider in
interpreting these results.

»  For genes implicated by GWAS, multiple genes in the LD region of an associated
SNP were selected for the current analysis. The probable over-inclusion of genes in
disease-associated loci (but not true risk genes) might have decreased the
probability of observing an overall fetal expression pattern.-Within each CNV
locus associated with schizophrenia (or ASD), one or two genes were enriched in
pre-natal abundance, suggesting that they may be particularly relevant to a potential
fetal pathogenesis. For example, at the 22¢11.2 region, CDC45L showed an
especially high relative fetal abundance, the second highest of all of the genes in
the present analysis. It encodes the CDC45 protein which forms a complex required
for the activation of DNA helicase, and essential for DNA replication.3> At
16p11.2, PAGR1(C160rf53) was preferentially fetally expressed, and recent
evidence suggests that this gene modulates glucocorticoid-receptor gene
induction.36

»  Overall, the gene-set enrichment analyses confirmed the critical functionality of
genes that are preferentially fetally expressed and associated with syndromic
neurodevelopmental disorders, intellectual disability, and ASD. The results also
suggest that genes associated with schizophrenia by meta-analysis are enriched for
neurodevelopmental processes, potentially supporting a fetal pathogenic
mechanism for schizophrenia.

Future Transcriptome Investigations

As the current evaluation is a quantitative assessment of genes that are preferentially fetally
expressed, further investigation should also consider qualitative evaluation of individual
specific genes, potential splicing variation and fetal transcriptional activity, and their impact
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on cellular processes and consequently neuropsychiatric disorders. Within each gene set,
there may be a qualitative distinction in fetal expression e.g. splicing or 3’ UTR activity that
overrides the significance of an overall quantitative measure.

It is important to consider neurodevelopmental pathogenic models beyond simply a fetal
pathogenic effect. For example, a disease-associated gene may exert its pathogenic effect at
multiple time points. Alternatively, the disorder may be heterogeneous with different
phenotypic subtypes of differing etiology, so that one subtype may have a fetal pathogenic
mechanism, while another subtype may have a different pathogenic mechanism. Further,
genes may be pathogenic factors in disorders like schizophrenia but not necessarily be
differentially upregulated-they may be repressed in programmed development, act at low
levels in gradient patterning, or by another mode of regulatory action in fetal development.
Also, a pathogenic role for genes in fetal development may be subserved simply by their
being expressed at any level in fetal developmental.

The current analysis compared prenatal to post-natal expression but did not further explore
the timing of specific peaks and troughs, or specific post-natal trends. Previous
transcriptome-level studies of fetal post-mortem samples including those by Kang et al. and
Johnson et al. (Ref 30,31) have demonstrated that regional transcriptomes are
developmentally regulated. Thus, ongoing refined examination during particular
developmental time windows and at regions other than the DLPFC may lead to further
functional and ontological insight for an individual gene, gene group, or cluster of co-
expressed genes.

From a methodological perspective, our post-mortem analysis is potentially confounded by
shifting cellular heterogeneity (post-natal samples are increasingly populated by glial cells,
while pre-natal samples are predominantly neuronal) and RNA integrity (higher quality in
the pre- than post-natal samples). While the issue of cellular composition warrants further
investigation, the present analysis controlled for RIN by considering “negative control
genes” associated with RIN. Lastly, the microarray platform is limited by an a priori probe
design, which may not include the presence of pathogenic and alternatively spliced fetal
transcripts; future RNA sequencing analysis will be advantageous in permitting the
investigation of novel, as yet uncharacterized transcripts. Thus, the results of the present
study, while provocative, must be viewed as preliminary in exploration of the developmental
aspects of psychiatric genetics. As the polygenic and developmental etiology of
schizophrenia and other neuropsychiatric disorders becomes increasingly substantiated, and
as the hope for gene-based diagnostics and therapeutics grows, a fetal component to
pathogenesis is critical to consider, since well prior to the onset of apparent symptoms, in
utero disease-associated gene expression may have prophylactic and therapeutic
implications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Fetal Effect, by individual gene

Fetal Effect is Pre vs Post Natal Log2 (Fold Change), or Regression Coefficient n = 269

controls (including 38 fetal samples)
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Figure 2. Density Plot of Fetal Effect by Gene Set and Wilcoxon signed-rank test
The density of each gene set’s fetal effect compared to the fetal effect of the whole genome.

The x-axis is the fetal effect, or regression coefficient (pre-natal vs post-natal) and y-axis is
the density. Black line indicates the genome and colored line indicates the gene set. Red line
indicates significant increase, Purple line indicates significant decrease. Blue line is default,
no significant difference in fetal effect of gene set compared to the transcriptome. One-sided
p-values are shown for Wilcoxon signed-rank test for each gene set, elevation in the positive
direction on the upper right side, and decrease in the negative direction on the upper left
side.
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