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Abstract

The watershed-hypothesis of schizophrenia asserts that over 200 different mutations dysregulate
distinct pathways that converge on an unspecified common mechanism(s) that controls disease
ontogeny. Consistent with this hypothesis, our RNA-sequencing of neuron committed cells
(NCC:s) differentiated from established iPSCs of 4 schizophrenia patients and 4 control subjects
uncovered a dysregulated transcriptome of 1349 mRNAs common to all patients. Data reveal
global dysregulation of developmental genome, deconstruction of coordinated mMRNA, and mRNA
networks, and the formation of aberrant, new coordinated mMRNA networks indicating a concerted
action of the responsible factor(s). Sequencing of miRNA transcriptomes demonstrated an
overexpression of 16 miRNAs and deconstruction of coordinated miRNA-mRNA networks in
schizophrenia NCCs. ChiPseq revealed that the nuclear (n) form of FGFR1, a pan-ontogenic
regulator, is overexpressed in schizophrenia NCCs and overtargets dysregulated mRNA and
miRNA genes. The nFGFR1 targeted 54% of all human gene promoters and 84.4% of
schizophrenia dysregulated genes. The upregulated genes reside within major developmental
pathways that control neurogenesis and neuron formation, whereas downregulated genes are
involved in oligodendrogenesis. Our results indicate (i) an early (preneuronal) genomic etiology of
schizophrenia, (ii) dysregulated genes and new coordinated gene networks are common to
unrelated cases of schizophrenia, (iii) gene dysregulations are accompanied by increased nFGFR1-
genome interactions, and (iv) modeling of increased nFGFR1 by an overexpression of a NFGFR1
lead to up or downregulation of selected genes as observed in schizophrenia NCCs. Together our
results designate nFGFRL1 signaling as a potential common dysregulated mechanism in
investigated patients and potential therapeutic target in schizophrenia.
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Introduction

Schizophrenia is one of the most debilitating mental illnesses worldwide (Hanzawa et al.,
2013), with a lifetime prevalence of about 1.5 — 2% (Saha et al., 2005), and current
treatments are only partially effective (Blanchard et al., 2011; Rummel-Kluge et al., 2012).
Although the primary onset of schizophrenia is during adolescence to young adulthood,
schizophrenia is commonly thought to be a neurodevelopmental disorder(Fatemi and
Folsom, 2009; Rehn and Rees, 2005). According to the neurodevelopmental hypothesis,
both genetic and environmental factors broadly affect the brain development and thus
contribute to the etiology of schizophrenia. (Kneeland and Fatemi, 2013). The early
developmental origin of schizophrenia is supported by the changes in brain morphology,
which most likely develop in utero during the late first and early second trimester (Kneeland
and Fatemi, 2013). Studies of such changes have revealed improperly clustered neurons in
layers I1, 11l and V of the cortex (Arnold et al., 1997), differences in a number of
nonpyramidal neurons in CA2 and in hippocampal shape (Benes et al., 1998), hypoplastic
dopamine neurons, and cerebellar atrophy (Akbarian et al., 1993; Bogerts et al., 1983;
Connor et al., 2004; Schiller et al., 2006). Additionally, disorganization of the white matter
tract has been observed in schizophrenia (Davis et al., 2003), suggesting that the disease
affects the development and function of not only neurons, but also oligodendrocytes. The
wide spread of brain malformations are thought to underlie the variety of clinical findings:
positive symptoms (delusions and hallucinations), negative symptoms (affective flattening,
amotivation and anhedonia) (Blanchard et al., 2011; Foussias et al., 2011), and cognitive
symptoms (disorganized speech and cognitive deficits) (DSM 4t edition). Abnormal
development during the first trimester is also consistent with minor physical anomalies
associated with schizophrenia (Lloyd et al., 2008).

Current evidence points to schizophrenia as a familial disorder with a complex mode of
inheritance and variable expression (Sullivan et al., 2003). Due to the polygenetic nature of
schizophrenia and its complexity, it has been difficult to dissect out the underlying genetic
mechanisms. Schizophrenia linkage studies are generally characterized by a lack of highly
significant and consistently reproducible results (Need et al., 2009). The advent of high-
throughput sequencing allowed researchers to look at hundreds of thousands of single
nucleotide polymorphisms (SNPs) simultaneously. To date, over 600 SNPs have been found
to have statistically significant associations with schizophrenia (GWAS Catalog)(Welter et
al., 2014). However, like the linkage studies, GWAS have been inconsistent, even with
respect to the top few genes identified. A common theme in the investigation of copy-
number variants in schizophrenia is an enrichment of those that are rare (< 1% minor allele
frequency) and large (>100kb) CNVs (International Schizophrenia, 2008; Malhotra et al.,
2011; Walsh et al., 2008), and those that occur de novo (Kirov et al., 2012; Malhotra et al.,
2011; Xu et al., 2008). Even the strongest genetic predictors of schizophrenia appear in only
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1-2% of schizophrenia cases (International Schizophrenia, 2008; Stefansson et al., 2008; Xu
et al., 2008). Hence, the genetic causes of schizophrenia appear to be a multiplicity of rare
risk alleles and schizophrenia has been defined as s a common, rare-variant disease.

In 2006, Cannon and Keller proposed a watershed hypothesis (Cannon and Keller, 2006) to
explain how so many different mutations throughout the genome give rise to a common
disease like schizophrenia. According to this hypothesis, individual mutations dysregulate
distinct biological pathways that in turn converge on a common ontogenic pathway(s).
Dysregulation of such common pathway leads to developmental malformations, which
increase the risk of the disease. However, the nature of these pathways and their organization
have not been understood.

The candidate pathway investigated in present study is one recently described as pan-
ontogenic, Integrative Nuclear FGFR1 Signaling (INFS) (Stachowiak, 2011; Stachowiak et
al., 2015; Stachowiak et al., 2007), which integrates signals from diverse pathways in which
the schizophrenia-linked mutations have been found. Genetic experiments have positioned
the fgfr gene at the top of the gene regulatory network that governs gastrulation and
subsequent development of the major body axis, nervous system, muscles, and bones, by
affecting downstream mRNAs that control the cell cycle, pluripotency and differentiation
(Chioni and Grose, 2012; Ciruna and Rossant, 2001; Ciruna et al., 1997; Dequeant and
Pourquie, 2008; Partanen et al., 1998), as well as microRNAs (miRNAs) (Bobbs et al., 2012;
Stuhlmiller and Garcia-Castro, 2012). This regulation is executed by a single protein, the
nuclear isoform of FGFR1 (nFGFR1), which operates at the interface of genomic and
epigenomic information, integrates signals from diverse developmental pathways and
provides feedback regulation of those pathways. (Chioni and Grose, 2012; Fang et al., 2005;
Han et al., 2015; Stachowiak and Stachowiak, 2016; Terranova et al., 2015).

Evidence from RNA-seq and ChIP-seq analyses has delineated global and direct gene
programing by nFGFR1 and its partner CREB Binding Protein (CBP), which guide
pluripotent embryonic stem cells (ESCs) towards development into multipotent neural
progenitor cells (NPCs) and towards further differentiation(Stachowiak and Stachowiak,
2016; Terranova et al., 2015). nFGFR1 cooperates with a multitude of transcription factors
(TFs), including RXR, RAR, and orphan nuclear receptors, and targets thousands of genes
that encode mMRNAs or miRNAs in top ontogenic networks. nFGFR1 binds to the promoters
of ancient proto-oncogenes and tumor suppressor genes, in addition to those encoding
metazoan morphogens that delineate the body axis, and that construct the nervous system as
well as the mesodermal and endodermal tissues (Stachowiak and Stachowiak, 2016;
Terranova et al., 2015). The discovery of pan-ontogenic gene programming by INFS
expands our understanding of ontogeny, and could also help to understand developmental
pathologies such as schizophrenia and autism spectrum disorders.

Jungerius reported that single nucleotide point mutations in the fgfrZ gene are linked to
schizophrenia (Jungerius et al., 2008). Furthermore, manipulation of FGFR1 function in
dopaminergic neurons of transgenic mice led to developmental brain malformation and
behavioral changes that the mimic the positive, negative and cognitive deficits observed in
humans (Stachowiak et al., 2013a). Although a number of mouse models of schizophrenia
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exist, it is unclear how accurately effects on the mouse genome recapitulate human disease.
A robust human-based system is needed to study schizophrenia and to understand the
pathways and mechanisms involved. Postmortem analysis of brain tissues from
schizophrenia patients is affected by lifetime events such as substance abuse, drug treatment,
and fluctuations in brain pH caused by hypoxia or nutritional deficiency (Deep-Soboslay et
al., 2011). Moreover, a body of evidence for the early in utero origination of schizophrenia
indicates that elucidation of the genomic-developmental etiology of this disease will require
a focus on the early stages of neuro-ontogenesis. To this end, human induced pluripotent
stem cells (iPSCs) are invaluable. In 2011, two laboratories reported successful development
of iPSCs from schizophrenic patients (Brennand et al., 2011; Chiang et al., 2011). Brennand
et al. had developed iPSCs from four patients diagnosed with schizophrenia or its schizo-
affective variant, and from control non-schizophrenic subjects (Brennand et al., 2011). These
iPSCs were differentiated into mature neurons and their gene expression was analyzed using
an mRNA microarray. 596 genes were differentially expressed in neurons derived from
schizophrenic patients versus controls, reflecting the phenotypic differences between the
differentiated neuronal populations (Brennand et al., 2011). Previous work has shown that
schizophrenia hiPSC-derived NPCs have aberrant migration (Brennand et al., 2014b) and
cellular polarity (Yoon et al., 2014), perturbed WNT signaling (Srikanth et al., 2015; Topol
et al., 2015b), increased oxidative stress (Brennand et al., 2014b; Paulsen et al., 2011;
Robicsek et al., 2013) and altered responses to environmental stressors (Hashimoto-Torii et
al., 2014); while schizophrenia hiPSC-derived neurons exhibit decreased neurite number
(Brennand et al., 2011), reduced synaptic maturation (Brennand et al., 2011; Robicsek et al.,
2013; Wen et al., 2014; Yu et al., 2014) and synaptic activity (Wen et al., 2014; Yu et al.,
2014), and blunted activity-dependent response (Roussos et al., 2016). Extensive
immunocytochemical validation of the NPC lines used in the present study showed they are
positive for diverse NPC markers including nestin, Sox2, vimentin, Pax6 and
TBR2(Brennand et al., 2015). Furthermore, comparisons of the NPC microarray gene
expression profiles to AllenBbrain Span Atlas of the developing human brain using
Spearmen Rank Correlation Analysis, showed the highest similarility to the first trimester
human fetal brain tissue.

To investigate the early neural developmental origin of schizophrenia, we used the same
established iPSCs from four schizophrenia and four control individuals as described in
(Brennand et al., 2011). The iPSCs were developed into NPCs, which were then briefly (2
days) stimulated to initiate differentiation, producing neuron-committed cells (NCCs). We
tested the hypothesis that the NCCs from different patients share transcriptional
dysregulation of one or more developmental gene programs, and that INFS is a common
cause of those changes. To this end, we performed RNA-seq and nFGFR1 ChlP-seq
experiments. Our results reveal that different schizophrenia cases have common
dysregulated transcriptomes as well as newly formed coordinated gene networks. The gene
dysregulation is accompanied by increased interactions of NFGFR1 with the mRNA and
miRNA genes, and can be modeled in human ESCs by transfection of a nuclear variant of
FGFR1. These results indicate that schizophrenia is programmed early (before neurons
develop), and designate INFS as a one common dysregulated mechanism of the Cannon and
Keller model of schizophrenia and a prospective target for therapeutic interventions.
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Experimental/Materials and Methods

Plasmids and transfections

Plasmids expressing FGFR1 constructs: FGFR1 (TK-)-deleted tyrosine kinase domain,
FGFR1 (SP-/NLS)-signal peptide replaced with the nuclear localization signal (NLS) from
the SV40 large T antigen, and FGFR1 (SP-/NLS) (TK-) were described in (Peng et al., 2001;
Peng et al., 2002). All transfections were carried out using Fugene 6, per manufacturer’s
instructions. hESC-derived NPCs were transfected using 6 pg of either control p-gal,
FGFR1(SP-/NLS) or FGFR1(SP-/NLS)(TK-) per well in a 6-well plate. Three wells were
combined into a single sample.

IPSCs and ESCs culture and differentiation

Human induced pluripotent stem cell lines (Brennand et al., 2011) (Table 1) were
differentiated into NPCs as described previously (Brennand et al., 2011). To initiate neuronal
development, NPCs were cultured in neuronal differentiating media for 2 days (DMEM/F12,
1x N2, 1x B27-RA, 20 ng mI~1 BDNF (Peprotech), 20 ng mI~1 GDNF (Peprotech), 1 mM
dibutyryl-cyclic AMP (Sigma), and 200 nM ascorbic acid (Sigma). After two days of
treatment, the neuron comitted cells (NCCs) were harvested for RNAseq and ChiP-seq
analyses. RNAseq analysis of MRNA transcriptomes were performed on established and
characterzed iPSC lines from all 4 patient and 4 control individuals (Brennand et al., 2011)
(Table 1). Further information about genotype and CNV analysis can be found in previous
publication(Brennand et al., 2011). Due to financial constrains, RNAseq of miRNA
transcriptomes were performed on 3 control and 3 schziophrenia lines.

hESC line, H9, from WiCell Research Institute (Madison, W1), was used for these
experiments under the approval of the Committee for Stem Cell Research Oversight at
SUNY-Buffalo. hESCs were differentiated into NPCs utilizing the same protocol as for
iPSCs. In brief, hESCs were transferred to a non-adherent plate (Corning). Embryoid bodies
were grown in suspension in N2 medium (DMEM/F12-GlutaMAX (Invitrogen), 1x N2
(Invitrogen). After seven days, embryoid bodies were plated in N2 medium with 1 pg ml=1
laminin (Invitrogen) onto polyornithine (PORN)/laminin-coated plates. Visible rosettes
formed within one week and were detached using Neural Rosette Selection reagent (Stem
Cell). Rosettes were cultured in NPC medium (DMEM/F12, 1x N2, 1x B27-RA
(Invitrogen), 1 g mI~1 laminin and 20 ng mI~1 FGF2). NPCs were then transferred from
polyornithine/laminin-coated plates onto matrigel-coated plates and were maintained in NPC
media. NPCs were differentiated into NCCs with neuronal differentiating media for 2 days.

Antibody verification

The nuclear presence of FGFR1 was demonstrated in several laboratories in non-
transformed cells (Maher, 1996; Reilly and Maher, 2001), cancer cell lines (Bryant and
Stow, 2005; Peng et al., 2001; Stachowiak et al., 2003; Stachowiak et al., 19963, b), stem
cells and in the rat and mouse brain (Clarke et al., 2001; Gonzalez et al., 1995) (Fang et al.,
2005; Leadbeater et al., 2006; Stachowiak et al., 2003) using an array of antibodies that
target different FGFR1 epitopes. Furthermore, transfected FGFR1-EGFP in live cells was
detected using native fluorescence and FGFR1-Flag using aFlag. Gene targeting by FGFR1
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was shown by EMSA and ChiP assays using diverse FGFR1 antibodies: SC121, Abcam
ab10646, FGFR1McAb6, Abcam FGFR1 Mab; (SC 121G) (Baron et al., 2012b; Chioni and
Grose, 2012; Fang et al., 2005; Lee et al., 2013; Lee et al., 2012; Peng et al., 2002). FGFR1-
DNA interactions were not detected in cells that do not express endogenous FGFR1 and
were restored by transfection of FGFR1 (Fang et al., 2005). Gene binding by FGFR1-flag
was verified with aFlag (Lee et al., 2012). Dynamic transcription-dependent interactions of
FGFR1-EGFP with chromatin was shown in live cells by confocal microscopy and FRAP
(Dunham-Ems et al., 2009). In the present study, we used ChiP- and ChiPseg-validated
aFGFR1, Abcam ab10646 (Lee et al., 2013; Lee et al., 2012; Narla et al., 2013; Terranova et
al., 2015). Detection of nFGFR1 by this antibody is prevented by siRNA knock down of
FGFR1 mRNA (Coleman et al., 2014). The ChiP validated Notch1 antibodies were obtained
as a gift from Dr. Jon C. Aster (Brigham and Women’s Hospital, Boston, MA) and used as
previously in ChIPseq assays (Wang et al., 2011).

ChIP was performed with 250 pg of chromatin DNA and 4 ug of FGFR1 or Notchl
antibodies using the Invitrogen MAGnify kits, according to manufacturer’s instructions and
as previously described (Terranova et al., 2015), with slight modifications. Genomic DNA
was precipitated with ethanol, treated with RNase A and proteinase K, and purified using the
Qiagen PCR purification kit. ChiPseq analyses required a major expansion of the CNC
cultures. Cells from twelve 35 mm plates were pooled together and the immunoprecipitated
chromatin was further processed using the Tru-seq ChIP Sample Preparation Kit. The
purified library DNA was captured on an Illumina flowcell for cluster generation and
sequenced on an lllumina Hi-seq 2500, following the manufacturer’s protocols.

RNA-seq and RT-gPCR

RNAseq was performed as previously described (Terranova et al., 2015). RNA was extracted
using Trizol or the Qiagen RNA extraction kit, according to manufacturer’s instructions.
RNA was prepared using the Tru-Seq RNA kit and purified library cDNA was captured on
an Illumina flowcell for cluster generation and sequenced on an Illumina Hi-seq 2500,
following the manufacturer’s protocols. For independent mRNA assays, cDNA synthesis
was carried out using 1 pg of RNA and the iScript cDNA Synthesis Kit (Bio-Rad; Hercules
CA). One tenth of the synthesized cDNA was used as the template for real time-quantitative
PCR. 25 pl real-time PCR reactions were performed on the BioRad MyiQ Cycler with iQ
SYBR Green Supermix (Bio-Rad). RT-gPCR using the amplification cycles: initial
denaturation for 8:30 min at 95C, followed by 35x cycle 2 (denaturation for 15 s at 95C and
annealing for 1 min at 60C). Melt curve data collection was enabled by decreasing the set
point temperature after cycle two by 0.58C. The specificity of amplicons was confirmed by
generating the melt curve profile of all amplified products. Levels of individual mRNAs
were analyzed relative to GADPH mRNA (Terranova et al., 2015).

ChlP-seq and RNA-seq data processing

For ChlP-seq, raw RASTQ reads were aligned to the homo sapien genome build hg19
(UCSC) using bowtie2. All peaks were called using Model-based Analysis of ChIP-
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Seq(MACS) version 2.0 using a g-value cutoff of 0.01(Zhang et al., 2008). MACS2 uses a
dynamic Poisson distribution to calculate peaks.

RNA-seq results were analyzed using the tuxedo pipeline and its statistics (Trapnell et al.,
2012). Raw FASTQ reads were mapped to the homo sapiens genome build hg19 (UCSC)
using tophat 2. These mapped reads were assembled into transcripts and gene expression
levels using Cufflinks version 2.0.2. Transcript assemblies were merged together using
Cuffmerge and Cuffdiff was used to determine significant differences in gene expression
(FPKM) between control and schizophrenia cell lines. Heatmaps of differentially expressed
genes were generated using R.

Raw data of next- generation sequencing data can be found at GEO: ChIP-seq GSE92873,
RNA-seq GSE92874, miRNA-seq GSE92875

Schizophrenia patients share a common pattern of gene dysregulation

To identify all genes for which the mRNA was expressed in NCC lines from both controls
and patients, we performed RNA-seq using an Illumina HiSeq2500 instrument. Raw data
were analyzed using the Tuxedo pipeline (Bowtie2 -> Tophat2 -> Cufflinks2) and aligned to
the UCSC genome hg19 build. The expression levels of over 24,000 genes were assessed
using the Tuxedo pipeline. We found 15,279 genes expressed at detectable levels (63%) in
all eight samples, whereas 4,582 genes (19%) were not detectable in any of the eight
samples. The remaining 4,470 (18%) were (Figure 1A) not detected in all eight samples and
were eliminated from further analysis due to their near-threshold expression. Out of the
15,279 genes, 1,349 showed expression levels that differed significantly between the
schizophrenia and control NCC lines (FC = —-/+1.5 and ¢ value = 0.05). Among these
dysregulated genes, 839 were upregulated, and 510 were downregulated in schizophrenia
NCC (Figure 1B).

We used Gene Ontology (GO) to identify functions of the dysregulated genes. In
overrepresentation analysis, the 1349 dysregulated genes were tested for the likelihood of
belonging to a specific biological category and were then compared to a randomly selected
group from among all human genes. This analysis revealed that many neuronal GO
categories were overrepresented (Table S1) including genes involved in neural crest
development, synaptic plasticity, learning, memory, and synapse organization. Several GO
groups related to glial development were also overrepresented, including those involved in
the processes of myelination, axon ensheathment, glial cell differentiation, and
oligodendrocyte differentiation. Lastly, GO groups related to general ontogeny, including
regulators of endothelial cell differentiation, artery development, collagen metabolic process,
and mesenchyme differentiation, were also overrepresented among the dysregulated genes
(Table S1).

Next, pathway analysis was performed using Reactome, an open-source, manually curated
and peer-reviewed database of pathways and biological processes (Haw et al., 2011). This
analysis estimated gene overrepresentation within specific pathways, taking into account
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gene interactions. Due to the limitations of manual curation and incomplete knowledge of
genes in pathways, out of the initial 1349 differentially regulated genes, only 886 were
mapped to Reactome. The identified pathways clustered around the terms: neuronal systems,
developmental biology, and extracellular organization (Table S2). One hub was centered
around the neurotransmitter release cycle and included pathways related to the release cycles
for dopamine, serotonin, norepinephrine, and glutamate neurotransmitters (Fig. S1). L1cam
signaling, which plays a role in axonal growth (Pollerberg et al., 2013), was also
significantly overrepresented (Fig. S2), as were Notch Signaling, various extracellular
matrix pathways, and transcriptional regulation by TP-53 (Table S2).

Further analysis was performed using Ingenuity pathway analysis (IPA), a proprietary
curation of pathways by Qiagen. Analysis by IPA of the 1349 commonly dysregulated genes
n schizophrenia NCC revealed multiple neuronal pathways, such as axonal guidance (Figure
S3), glutamate receptor signaling (Figure S4), CREB signaling in neurons, and dopamine
degradation (Table S3, Figure 1C). Number of the IPA-identified neuronal development
pathways were overrepresented consistent with the Reactome analysis. These included
Notch signaling (Figure S5), Wnt/p-catenin signaling (Figure S6), and pluripotency
regulation (Table S3, Figure 1D). Other affected pathways represented major general
signaling pathways, such as PI3K/AKT signaling, eNOS signaling, and VEGF signaling
(Figure 1D), as shown in Table S3. Together, these analyses revealed that the dysregulation
of gene expression in NCCs derived from patients with schizophrenia was centered on
neuronal genes as well as other developmental genes.

To further characterize the observed gene dysregulation, we performed separate analyses of
genes that were upregulated and genes that were downregulated in schizophrenia NCCs.
Genes involved in glial differentiation and axon ensheathment, were present only in the
downregulated category (Table S4) while, neuronal ontologies such as axonogenesis,
neurotransmitter transport, and learning were overrepresented in the upregulated group
(Table S5). IPA analysis indicated that in many pathways, genes were up- and
downregulated, but in certain pathways, the majority of dysregulated genes leaned more in
one direction or the other. For example, the majority of dysregulated genes in glutamate
receptor signaling, CREB signaling in neurons, Notch signaling, and dopamine degradation
were downregulated, whereas most of those involved in axon guidance, p53 signaling,
cholesterol biosynthesis, PI3BK/AKT signaling, tight-junction signaling, and STAT3 pathway
signaling were upregulated (Figure 1E). Analysis of pathways through Reactome verified
segregation of distinct pathways between the up- and downregulated categories. The
upregulated genes were involved in neurotransmitter release, axon guidance, (TP53-
dependent) transcription of cell cycle genes, and development (Table S6); whereas
downregulated genes were involved in cell junction organization, cell-cell junctions,
neurotransmitter receptor binding, and cell-cell communication (Table S7).

To identify genes that were co-regulated, we performed a pairwise correlation network
analysis. First, we correlated the expression of all 1349 dysregulated genes in pairs (Figure
2A), for 909,226 correlations. In control cells (n=4), the distribution of correlations was flat,
whereas in patients cells (n=4) peaks were present at the edges of both positive (the same
direction) correlations and negative (opposite direction) correlations. Next, we implemented
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a cutoff of 0.9 to identify and focus on genes for which expression was highly correlated.
The 200 most connected genes from control and patient networks were analyzed using
circular network graphs. A common feature of both networks was that the top 200 genes
were highly interconnected (Figure 2B). However, the sets of most connected genes in
control and patient cells were different. The top 200 genes interconnected in controls were
largely unconnected in patients and vice versa (Supplemental Figure 7). These results
suggest that whereas the control networks were disrupted in the patient NCCs, a new
network of connected genes formed in their place. Control networks included both up- and
downregulated genes. In the schizophrenia networks, however, the up- and downregulated
genes clearly segregated into separate networks indicate a concerted up- and down gene
dysregulation.

Common dysregulated miRNAs in schizophrenia NCCs

Factors that could elicit a concerted dysregulation of transcriptome included miRNAs, which
influence overlapping gene sets in a coordinated fashion. miRNAs influence gene expression
at the transcription level, by promoting mRNA degradation and by inhibiting mRNA
translation (Bartel, 2009; Younger and Corey, 2011). Earlier studies have shown that some
miRNAs may be dysregulated in the brains of schizophrenia patients (de Bartolomeis et al.,
2015; Hill et al., 2014). We performed small-RNA seq (Terranova et al., 2015) to identify
and to measure the miRNA levels in NCC lines from the three controls (C1, C2, C4) and
three schizophrenic patients (P1, P2, P3). The expression of 1391 miRNAs was quantified
utilizing the CLC Genomics Workbench and the most up-to-date miRBASE. Among these,
440 miRNAs were expressed in all six samples, whereas 479 miRNAs were not detected in
any of the samples. The remaining 472 miRNAs were detected only in some samples at the
threshold levels of detection and, therefore, were eliminated from further analysis. Out of
440 miRNAs expressed in all six samples, 16 were differentially expressed in patients as
compared to controls (Fig 3A). All 16 miRNAs were upregulated, but to different degrees
(1.5- to >70-fold). In contrast, in control cells the expression levels of these individual
miRNAs were similar. TargetScan and MirTarBase analyses predicted that the overexpressed
miRNAs may interact with >400 dysregulated mRNAS, in a largely overlapping manner as
illustrated on Figure 3B.

Given the complexity of these individual mMiRNA-mRNA interactions, we analyzed relations
between the networks of miRNAs and their target mMRNA. First, we preformed pairwise
correlations of the 16 miRNAs (Figure 3C) which revealed a high degree of positive
correlation in control NCCs. This high correlation was consistent with the model in which
different miRNAs controlled shared mRNA targets. In schizophrenia NCCs, the correlation
among 16 miRNAs was lost. Subsequently, we modeled the miRNA correlations based on
the correlations among their targeted mRNAs by constructing combined miRNA-mRNA
networks using protocol of Huttenhower et. al. (Huttenhower et al., 2009). In control NCCs,
the predicted and actual miRNA networks were similar (Fig. 3D). In contrast, in the
schizophrenia NCCs, the predicted miRNA networks differed markedly from the observed
networks. This result indicated a disruption of the miRNA-mRNA network in the
schizophrenia NCCs.
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NnFGFR1 binds throughout the genome

Another candidate factor that could potentially contribute to the concerted transcriptome
dysregulation in schizophrenia is panontogenic INFS. To identify sites of the genome
targeted by nFGFR1, we performed ChIP-seq of both control and patient samples. Initially,
we performed a detailed ChiP-seq analysis of a single control line, female C4, and a single
patient line, female P3 (Table 1 in Experimental Methods/Materials), using previously
tested, ChiP and ChiPseq validated anti-FGFR1 antibody (Terranova et al., 2015). IP and
input samples were sequenced on Illumina HiSeq2500. Raw data were aligned to the UCSC
hg19 human genome using the Bowtie2 tool. Peaks were identified with MACS2 at a g-
value < 0.01. The input sequences were used as the background from which peaks were
called. This ensured that our peak identification was not influenced by a biased
fragmentation of the genome. DNA sequences located at the center of the specific peak are
expected to be more conserved than the random DNA sequences away from the binding site.
This was verified in both our control and patient conservation plots using the Conservation
Plot feature of Cistrome. (Supplemental figure 8A).

In the control sample, 22,432 peaks of FGFR1 binding were identified. More peaks were
found in the patient sample (34, 346; Figure 4A). In both the control and patient samples,
peaks were distributed throughout the genome and across all chromosomes. In both control
and patient DNA, the highest concentrations of FGFR1 peaks were on chromosomes 17, 19,
and 22, and the lowest were on chromosome 13. However, this enrichment was not observed
when the values were normalized to gene density. Thus, the chromosomal differences in
nFGFRL1 binding reflect the distribution of genes across the chromosomes.

Next, we analyzed the distribution of NFGFR1 peaks within various genomic regions. The
most upstream transcription start sites (TSS) in individual genes were identified and used as
landmarks for promoters and 5"UTRs. Overall, in both control and patient genomes, the
peaks were located primarily within the promoters (+1kb), 5° UTRs, introns, and distal
intergenic regions. Distribution of overall genomic length was compared to that of FGFR1
peaks to identify potential sites of enrichment in certain genomic regions. We observed a
large enrichment of peaks in the promoters (>20 Fold) and 5'UTRs (>5fold), and a small
enrichment (>2fold) in downstream DNA (Figure 4B). In contrast, peaks were not enriched
in introns and intergenic regions. The distribution of NFGFR1 peaks was similar in both the
control and patient samples.

To identify the locations of the additional ~12,000 peaks that were present only in
schizophrenia NCCs, we tabulated the number of peaks in each genome location (Figure
4C). A two-fold increase was found in distal promoters (1-3kb from TSS) and downstream
promoters (0-3kb). Interestingly, a majority of peaks unique to patient samples were
distributed within introns and distal intergenic regions.

Binding of nFGFRL1 to active genes

To determine how nFGFR1 binding relates to gene expression, we first identified the set of
peaks at the proximal promoters (+/— 1kb of the TSS) of all of the genes in the human
genome. For this analysis, all TSS within a gene that could potentially be used to produce
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alternative transcripts were taken into account. For the proximal promoters of all the
annotated human genes (24,331), nFGFR1 bound to 13,182 in control and to 15,324 genes
in patient cells. NnFGFR1 also bound to the distal promoters (1 to 3kb from TSS) of 377
genes in control cells and 672 genes in patient cells. In majority of those genes (>80%)
nFGFR1 bound also to the proximal promoter suggesting its cooperative regulation.
Approximately 90% of genes that were expressed in all eight samples had promoters
targeted by nFGFR1 (Figure 5A). Thus, in both control and schizophrenia NCC nFGFR1
primarily associated with the promoters of active genes.

Among the 1,349 genes dysregulated in schizophrenia NCCs, nFGFR1 bound the proximal
promoters of 1,124 genes in patient cells and 929 genes in control cells (Fig. 5B). Likewise,
the number of dysregulated genes in which nFGFR1 bound to distal promoters was greater
in schizophrenia (96 genes) than in control cells (63 genes). In both control and patient cells
915 genes were bound by nFGFR1 (Figure 5C). Of these, 592 were upregulated, and 323
downregulated, in patient samples. 203 genes (128 upregulated and 75 downregulated) were
bound by nFGFR1 only in patient cells. Only 12 genes were bound by nFGFR1 exclusively
in control cells. Those genes were found upregulated (3 genes) and downregulated (9 genes)
in patient cells (Figure 5C). Finally, 219 genes were not bound by nFGFR1. Among these,
115 were upregulated and 104 were downregulated in patient cells. In summary, the majority
of dysregulated genes have promoters targeted by nFGFR1 and the number of genes bound
nFGFR1 was increased in schizophrenia NCCs

Categories of dysregulated genes targeted by nFGFR1 were identified using GO, IPA, and
Reactome. Due to their small number, the 14-dysregulated genes that bound nFGFR1 only in
control cells (listed in Table S8) were not analyzed. As found for all 1,349 dysregulated
genes, the 915 genes in which nFGFR1 was bound in both control and schizophrenia NCCs
overrepresented the pathways involved in axon guidance, neurotransmitter release, and glial-
cell differentiation (GO, Table S9). Pathway analysis using Reactome revealed that nFGFR1
targeted the pathways including neurotransmitter release, axon guidance, TP53-regulated
cell cycle genes, and L1Cam signaling (Table S10). IPA verified and identified pathways
such as axonal guidance, PI3K/AKT signaling, Notch signaling, and Wnt/p-catenin
signaling. Overall, the 915 genes bound by nFGFR1 were distributed among pathways that
overlap with those selected by analysis of all dysregulated genes (Table S11).

Second, we analyzed the 203 genes bound in patient cells but not in controls. GO terms for
neuron development, axon guidance, extracellular matrix, and others were overrepresented
in this set (Table S12). Reactome pathway analysis revealed a spread across various
functions, including Notch signaling, RHO GTPase pathways, p75 NTR axonogenesis
pathway, and MHC Class 1 Antigen processing and presentation (Table S13). In this case,
IPA also revealed axonal guidance signaling, tight junction signaling, urea cycle, along with
others. The 203 genes, which were targeted by nFGFR1 only in schizophrenia cells, were
engaged in the same functions as the remaining genes targeted by nFGFR1 in both control
and patient cells (Table S14).

In addition to the nNFGFR1 binding gene sets, we also analyzed the 211 dysregulated genes
to which nFGFR1 did not bind. Overrepresented GO terms included synaptic transmission
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and neuron projection development (Table S15). Reactome analysis showed that
overrepresented pathways involved in hemostasis, metabolism, lipid digestion, and the
regulation of cell death. These categories were not overrepresented in the set of the 1,124
nFGFR1-targeted genes (Table S16). In addition, IPA identified glutamate receptor
signaling, calcium signaling, and CREB signaling in neurons among these nNFGFR1 no-
binding genes (Table S17). However, neither IPA nor Reactome identified key
developmental pathways, such Wnt signaling or Notch signaling, among the genes that did
not bind nFGFRL1. Thus, categories of dysregulated genes that were targeted by nFGFR1
differed from those that did not bind nFGFR1.

The relationship between gene dysregulation and nFGFR1 binding was analyzed further in
915 genes targeted by nFGFR1 in both control and patient cells. To compare nNFGFR1
binding at the same sites of control and patient genomes we used MACS2 analysis to
determine the NFGFR1 binding score. The score reflects the abundance of nFGFR1 at a
particular genomic locus in a cell population. The binding was compared only when the
centers of peaks in control and patient cells were within 50 base pairs of each other. This
analysis showed that 15,451 peaks had a stronger binding (higher binding score) in patients
than in control cells. Out of the 915 genes that bound nFGFRL1 in both samples, 828 showed
stronger nNFGFR1 binding in patient cells. The average binding profile of nFGFR1 over the
genome showed a sharp increase in NFGFR1 binding score near the promoter (Figure 6A).
This binding was stronger in schizophrenia NCCs than in control NCCs. These differences
were verified in a separate ChiP-seq experiment on a pair of male control and male patient
NCCs (Figure S8B).

Total of 15,451 peaks had a higher binding score in patient than in control cells. Examples of
the loci (Discl, FZD1, Sox3 TH, and WNT genes) with increased nFGFR1 binding in
schizophrenia NCCs are shown on Figure 6B and Figure S8C. Relatively few peaks, 102
located on 24 genes, had binding scores higher in control cells than in schizophrenia NCCs.
Only three of these genes were dysregulated, GAS7 was downregulated, and HIF3A and
TFAP2C upregulated.

NnFGFR1-targted motifs

Although nFGFR1 lacks a DNA binding domain, it can bind to promoters indirectly through
CBP, which interacts with diverse TFs. Analysis of Motif Enrichment (AME) program
identified number of overrepresented sequences targeted by nFGFR1. nFGFR1 bound at
canonical target sequences of RAR, RXR, Nurr, and CREB, all of which were shown
interact with NFGFR1 (Baron et al., 2012b; Lee et al., 2013; Lee et al., 2012; Peng et al.,
2002; Terranova et al., 2015). In addition, we identified motifs for various TFs, including
homeodomain (HOX) family, Kriippel-like factor (KLF), sex determining region-Y box
(Sox), and octamer-binding transcription factor (OCT). Importantly, in patient NCCs, but not
in control cells, nNFGFR1 bound at the motif of the chromatin organizing CTCF protein.
Similarly, motifs for Oligl and Olig2 were targeted by nFGFR1 only in patient cells. Next,
we determined if specific motifs were overrepresented only in the dysregulated genes. We
found that members of the HOX, high mobility box family (which include SOXs) and zinc
finger proteins (ZNF354C) were overrepresented in the nFGFR1 peaks on dysregulated
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genes relative to all NFGFR1 peaks. Also, number of nFGFR1-targeted motifs (i.e., Esrrg,
Mybl2, MAFB, HoxB5, and NR2C2) were enriched among the upregulated genes.
Downregulated genes were enriched for the FGFR1-targeted Oligl, Sox2, Creb3l1, Pax6,
and PDX1 motifs (Figure S9).

Co-targeting of gene promoters by Notchl and nFGFR1

Several of the nFGFR1-targeted motifs are known to bind an important developmental TF -
Notchl (Wang et al., 2011). We performed ChiP-seq with a Notch1 Ab to determine whether
nFGFR1 may be targeting any part of the genome in schizophrenia NCCs together with
Notchl. Hence, we identified genomic locations in which binding of NFGFR1 and Notchl
overlapped by at least 1 base pair (bp) in the same ChiP-seq sample. Conservation of Notchl
binding is plotted on Figure S10A. The total number of Notchl peaks was 21,508, and
nearly half of these (9,664) colocalized with NFGFR1 peaks (Figure S10B). Even though we
found no general enrichment for Notch peaks at the promoters or 5"UTR, the overlapping
nFGFR1/Notch-1 peaks were enriched in these regions (Figure S10C). In contrast, the
Notchl-only peaks were enriched in the intergenic part of genome (Figure S10C, D). Thus,
Notchl may regulate gene promoters together with nFGFR1 but act independently
elsewhere. Among 1,349 genes dysregulated in schizophrenia NCCs, <20 had promoter sites
that were targeted only by Notchl. In contrast, nearly half (560) of the dysregulated genes
had promoter sites cotargeted by Notch1 and nFGFR1 (Figure S10E).The numbers of those
genes that were upregulated (57%) and number of genes which were downregulated (63%)
were similar. Thus, nNFGFR1 could act together with Notch-1 to affect gene expression in
schizophrenia NCCs. The examples of genes which are regulated by nFGFR1 (Chris PLOS)
and are targeted by both the nFGFR1 and Notchl include PAX3, IRX3, ID3 (Figure S11).

nFGFR1-targeting miRNAs

Among 440 miRNAs expressed by control and schizophrenia NCCs, the promoter sites of
68 (15%) were bound by nFGFR1 (Table S18). Among 16 miRNAs that were dysregulated
in schizophrenia NCCs, 5 (miR-132, miR-17, miR-2V, miR-124 and miR-219a) were
targeted by nFGFR1. For miR-132 (Figure 6C) and other miRNAs genes (not shown), the
strength of nNFGFR1 binding was increased in schizophrenia NCCs.

Role of nNFGFR1 in dysregulation

Previous work showed that an increase in nFGFR1 can lead to changes in the transcriptional
activity of diverse genes (Baron et al., 2012a; Baron et al., 2012b; Lee et al., 2013; Lee et
al., 2012; Stachowiak et al., 2013b; Terranova et al., 2015). Here, in schizophrenia NCCs,
we observed an increase in NFGFR1 binding accompanied by altered gene activities.
Increased nFGFR1 binding to NuRE, RARE, nBRE, CRE, AP1, NfkB, and Ebox were
previously shown to activate transcription, whereas binding to Smad targeted site, inhibited
transcription (Terranova et al., 2015). Also, nNFGFR1 activated the promoters of neural genes
B111- tubulin, doublecortin (Lee et al., 2013; Lee et al., 2012; Narla et al., 2013), Pax, 1d3,
Cdx1, IRX3, and Hox A, but inhibited promoters of pluripotency KIf4, STAT3, and Sox2
genes (Terranova et al., 2015). To inquire further if the increased nFGFR1 binding plays a
role in genome-wide dysregulation of gene expression in schizophrenia cells, we transfected
FGFR1(SP-)(NLS) or a control B-galactosidase expressing vector into hESC-derived NCCs,
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which were differentiated into a neuronal lineage as described for iPSCs. gPCR of selected
genes, Olig2, Discl, TH, Wnt 7B, Neurod4, NCAM, and Oligl showed that transfection of
constitutive active nuclear FGFR1(SP-)(NLS) resulted in a change in mRNA expression
(Figure 7). Oligl, Olig2, and NCAM mRNA were downregulated to a similar to that
observed in patient cells. mMRNA of TH, WNt7B, and Neurod4 was upregulated by
FGFR1(SP-)(NLS), similar to the upregulation found in the schizophrenia NCCs. The
NCAM is one of several genes targted by both R1 and Notch1.

Discussion

The present investigation into iPSCs neural progeny supports the watershed hypothesis of
schizophrenia, revealing early developmental, common dysregulation of the genome, in four
patients with diverse genetic backgrounds and different schizophrenia-linked copy-number
variants. The common 1349 dysregulated genes displayed varying degrees of dysregulation
in the individual patients, including the siblings. Variations in the expression of these
individual genes were not observed in unrelated control subjects, and thus, may represent
different forms of the disease. The gene dysregulation in schizophrenia was observed also in
the mature neuronal populations differentiated from the same four control and four
schizophrenia patients iPSCs as used in the present studies (Brennand et al., 2011). Indeed,
these earlier studies concluded that neuronal populations develop differently from
schizophrenia than from control iPSCs and that the synaptic connectivity is altered among
the schizophrenia neurons. Many of the changes in gene expression observed in mature
neurons could reflect differences in the types of neurons that were generated from the patient
and control IPSCs (Brennand et al., 2015; Brennand and Gage, 2011; Brennand et al.,
2014a; Brennand et al., 2011). To identify the genomic mechanisms that lead to altered
neuronal and brain development and thus underlie the etiology of schizophrenia, we focused
on early neural development, i.e., the transition from NPCs into the committed neuronal
stage, NCCs.

Gene ontology and pathway analyses (both Reactome and IPA) revealed that many of the
dysregulated NCC genes are involved in pathways that govern the early stages of neural
development, e.g., Wnt/Beta-Catenin signaling, Notch signaling, ERK/MAPK signaling,
PI3K/AKT signaling, and growth hormone signaling. The dysregulated genes reside also in
pathways that guide axonal guidance and myelination, glial differentiation, as well as
signaling by dopamine and glutamate receptors and CREB signaling in neurons. This type of
changes may forecast malfunctions in maturing and in mature neuronal systems.

Our recent studies have shown that nFGFR1 interacts with the same genes which were
affected in the schizophrenia NCCs pathways also in the mouse genome (Stachowiak and
Stachowiak, 2016; Terranova et al., 2015). Like in the mouse genome, in both control and
schizophrenia NCCs, the nFGFRL1 peaks are enriched at the promoters (both distal and
proximal) and 5° UTRs (Terranova et al., 2015), and are found primarily on expressed
genes. Of all annotated human genes (24,331), 54% (13,182 genes) were bound by nFGFR1
in control and patients NCCs. However, among the 1324 dysregulated genes, nFGFR1
bound to 84.4% (1,118) dysregulated genes. The majority of NFGFR1 peaks were in the
same location in control and patient NCCs.
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While many pathways had both up- and downregulated genes, in several
neurodevelopmental pathways, the number of upregulated genes was higher than that of
downregulated genes in schizophrenia NCCs. The upregulated genes are involved in the
differentiation and maturation of neurons and in axonal guidance, whereas the
downregulated genes are involved in glial differentiation and myelination. An in-depth
analysis of selected pathways revealed a concerted augmentation of the pro-neuronal
developmental mechanisms and an attenuation of pro-glial/anti-neuronal signaling. For
instance, within the pro-neuronal Wnt pathway, the schizophrenia NCCs displayed a
concerted activation of genes that enhance Wnt signals and repression of genes that inhibit
the Wnt signals (Figure S6). In contrast, genes within the Notchl pathway, which inhibits
neuronal development but promotes gliogenesis, displayed a concerted downregulation
(Figure S5). A similar coordinated downregulation was found in schizophrenia NCCs genes
that mediate glutamatergic transmission (Figure S4). The latter suggests that the glutamate
synaptic insufficiency is programmed during early neural development. Together, these
findings imply that in the context of schizophrenia, neural progenitor cells may exit from the
cell cycle prematurely and differentiate into neurons, and that the development of glia,
specifically oligodendroglia, is suppressed. These gene dysregulation could therefore
account for the excessive numbers of small neurons often found in schizophrenia brains
upon post-mortem examination (Akbarian et al., 1993; Connor et al., 2004; Schiller et al.,
2006), and for the abnormal myelination observed by MRI and PET imaging (Palaniyappan
etal., 2013).

Many of the genes dysregulated in schizophrenia NCCs are involved in general ontogenic
pathways. Their malfunction could impact neural development as well potentially make it
vulnerable to schizophrenia-linked environmental factors(Hamlyn et al., 2013). The early
neuronal committed cells used in our study, still express number of non-neural genes, some
of which were dysregulated in patients” NCCs. Changes in the activities of genes involved in
angiogenesis, development of muscles and other tissues may be predictive of non-neural
developmental changes, more frequently observed in the schizophrenia compared to the
control population. The well-known examples include curved fifth digit, asymmetrical ears,
hypertelorism, etc. (Compton and Walker, 2009). Programing development of the
schizophrenia iPSCs to non-neural tissues may further elaborate our findings,

Within the dysregulated transcriptome of schizophrenia NCCs, we observed a marked rise in
the number of genes displaying a highly correlated expression. The analysis of the 200 most
connected genes revealed a unique set of genes whose expression was highly correlated in
control NCCs and different sets of genes that were highly correlated in the schizophrenia
NCCs. Within the patient network, the upregulated genes correlated almost exclusively with
other upregulated genes, while the downregulated correlated with the downregulated genes.
Such separation was not observed within the control network in which up and
downregulated genes displayed strong regulatory connection.

The control networks, which became disrupted in patient NCCs, included genes involved in
neural development and cell matility both of which are affected in schizophrenia (Fatemi
and Folsom, 2009). The newly formed highly correlated networks in schizophrenia NCCs
included genes involved in the biology of the extracellular matrix, consistent with the
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proposed role of brain extracellular matrix in the pathophysiology of schizophrenia
(Berretta, 2012). In addition, analysis of all 15,279 genes expressed by schizophrenia NCCs
revealed increased positive correlation among genes that participate in brain development,
cell motility, differentiation, synaptogenesis as well as glutamatergic transmission, all
implicated in the etiology of schizophrenia (Figure S12).

The formation of the coordinated changes in gene activities and the separate up- and down-
networks in schizophrenia NCCs suggested a concerted action of a global gene activator/
inhibitor. Our present investigation points to two types of global gene regulators that may be
involved: miRNAs and nFGFRL1. In schizophrenia NCCs, we found a concerted
dysregulation of 19 miRNAs, all of which were overexpressed, albeit to a different extent.
Within this group, mir-132 (Miller et al., 2012), mir-134 (Moreau et al., 2011; Santarelli et
al., 2011), mir-218 (Perkins et al., 2007), and mir-17 (Shi et al., 2012) had previously been
implicated in schizophrenia (Miller et al., 2012; Santarelli et al., 2011). Postmortem human
studies revealed that miRNAs are upregulated in schizophrenia brain accompanied by an
increase in the expression of DICER and other miRNA processing genes (Santarelli et al.,
2011). In schizophrenia NCCs, we found no changes in the expression of miRNA processing
genes. Therefore, the upregulation of the 16 specific miRNAs may not be due to generalized
changes in miRNA processing. In control NCCs, the expression of these 16 miRNAs showed
high level of correlation consistent with the largely shared population of their 440 targeted
mRNAs (Figure 4B). This highly correlated network of miRNASs can be correctly modeled
based on their target MRNAS expression. In contrast, in schizophrenia NCCs, the expression
of 16 miRNAs was not correlated and was disconnected from their highly correlated target
mRNA network (Fig 3D). We hypothesize that separation of miRNAs and a malfunctioning
mMRNA gene regulator that takes over the control of mMRNA genes, causing their hyper-
correlation, could enforce mRNAS networks. Another possibility is suggested by the study
of Schmiedel (Schmiedel et al., 2015), who showed that miRNAs may be more effective in
controlling mRNAs expressed at low versus high levels (Schmiedel et al., 2015). Thus, the
efficacy of miRNAs may change as their targeted mMRNA become dysregulated in
schizophrenia NCCs. Further studies, including manipulation of individual miRNAs, and
new computational techniques that analyze global genome miRNA-mRNA interactions as a
function of their levels, could to shed light on the mechanisms of the disintegration of joint
miRNA-mRNA network in schizophrenia NCCs.

A novel mechanism that could elicit global genomic dysregulation as observed in
schizophrenia NCCs is the pan-ontogenic INFS. Similar as found in mouse ESCs and NCCs
(Terranova et al., 2015), nFGFR1 binds throughout all chromosomes in human NCCs. Like
in the mouse genome, in both control and schizophrenia NCCs, the nNFGFR1 peaks are
enriched at the promoters (both distal and proximal) and 5° UTRs (Terranova et al., 2015),
and are found primarily (90%) on expressed genes. Of all annotated human genes (24,331),
54% (13,182 genes) were bound by nFGFRL1 in control and patient NCCs. Among 1118
nFGFRL1 targeted dysregulated genes, NnFGFR1 bound to 915 genes, in both the control and
patient genomes, and to 203 genes in only the patient genome. The majority of nNFGFR1
peaks were in the same location in control and patient NCCs. However, the total number of
peaks was higher in patient NCCs, and the overall binding to the nFGFR1 promoter stronger
in schizophrenia NCCs than in control cells. Thus, the increase in nFGFR1 binding and de-
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novo targeting of gene promoters by nFGFRL1 in schizophrenia cells may contribute to the
observed gene dysregulation. Analysis by qPCR confirmed that the increase in NFGFRL1 in
the nucleus is sufficient to increase expression of the exemplary neuronal genes, TH,
WNT7B, and Neurod4, as well as to suppress the expression of the oligodendrocytic genes,
Oligl, Olig2 and NCAM, thus modeling the changes observed in patient cells. Furthermore,
nFGFR1 targeted motifs, many of which were the same in the mouse genome (Terranova et
al., 2015), are effectively regulated by nFGFR1. For example, increased binding of NFGFR1
to DNA motifs targeted by Nur (NURE, NBRE), RAR and RXR (RARE), CREB (CRE),
myc (Ebox), AP1 and NfxB promotes transcription by RNA Polymerase 1. In contrast
nFGFR1 binding to the Smad site inhibits transcription (Stachowiak et al., 2015; Terranova
et al., 2015). Therefore, the generalized increase in nFGFR1 binding could lead to global
changes in gene activities as observed in schizophrenia cells.

Our investigation has revealed a close relationship between the nFGFR1 and the Notchl
systems the significance of which will require further investigation. Among genes whose
expression is dysregulated in schizophrenia NCCs, Notch pathway genes showed a
concerted suppression (Figure S10), and several of those genes (i.e., NOTCH2, DTX4,
HES5, MAML2, HEY2, DLL3, and JAG11) were directly targeted by nFGFR1 (Table S2,
S11). Also, many of the nR1 regulated genes (IRX3, ID3, PAX3(Terranova et al., 2015) and
NCAM present study) ) are targeted by both nR1 and Notch (Figure S11). Thus R1 may
control expression of genes involed in Notch synthesis and signaling as well as interact with
the Notchl targted genes. The global interactions between the NnFGFR1 and Notch systems
could play an important role in the etiology of schizophrenia and thus should be addressed
by future experiments.

In addition to the NFGFR1 peaks that were associated with the proximal promoters, we
observed changes in the number of peaks in the distal promoters and the intergenic regions
in schizophrenia NCCs. The role of distal intergenic binding by nFGFR1 is under
investigation. It is possible that these peaks play a role in chromatin organization. Motif
analysis revealed that in the patient NCC genome, nNFGFR1 targets DNA motifs that are
bound by CTCF, a chromatin insulator and an organizer of topologically associating
domains (Ciabrelli and Cavalli, 2015). Therefore, the binding of FGFR1 to CTCF in these
distal regions may be related to global gene dysregulation over longer distances in
developing schizophrenia neurons.

In conclusion, our detailed investigation of global transcriptomes in four different
schizophrenia patients and four unrelated control subjects lends strong support to the
watershed model of the polygenic, rare variant disease, schizophrenia. Our investigation
designates pan-ontogenic INFS as a potential central, converging mechanism, which
receives aberrant signals from schizophrenia genes and elicits genome dysregulation in
differentiating neural progenitor cells (Fig. 8).

Overactive INFS may dysregulate multitudes of common, nFGFR1-targeted developmental
pathways in patients with different schizophrenia-linked mutations. Given that NFGFR1 is
both sufficient and essential for neuronal programing of stem and neural progenitor cells
(transfected constitutively active nuclear (FGFR1(SP-/NLS) induces neuronal differentiation
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in ESC and NPC, while the dominant negative (FGFR1(SP-/NLS)(TK-) prevents retinoic
acid, cCAMP, NGF or BMP4 neuronal programing (Fang et al., 2005; Lee et al., 2013; Lee et
al., 2012; Stachowiak et al., 2003)), treatments that target the overactive INFS may reduce
developmental progression of brain malformations and emerge as a potential strategy for
treating schizophrenia and other neurodevelopmental disorders, including autism. Our
findings warrant further INFS-focused investigation of the diverse groups of patients.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

RNAseq of control and schizophrenia NCCs. A) Distribution of gene expression across 8
samples: 4 control and 4 schizophrenia NCC lines. 15,279 expressed genes (mMRNAs) were
detected in all 8 samples. 4470 expressed genes were detected in some but not all samples.
4582 annotated genes were not detected in any sample. B) Heatmap of 1349 genes that were
dysregulated in all 4 schizophrenia NCCs samples (FC = —/+1.5 and g value = 0.05). Among
these, 839 were upregulated and 510 were downregulated. Raw expression data were log
transformed and then centered to the median of all 8 samples. Red indicates higher value
than median, green indicates lower value than median. C-E) IPA analysis of dysregulated
genes. The number on the right represents the total number of genes in the pathway. The bar
height represents the percentage of genes in the pathway that were found to be dysregulated.
Green represents downregulated genes. C) Neuronal pathways, D) developmental pathways,
and E) pathways that are predominantly up- or downregulated.
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Figure2.
A) Histogram of pairwise correlations. Correlation was performed using 4 control and 4

patient NCCs samples. A flat distribution of correlation is observed in controls, while in
patients an increase in the number of positively and negatively correlated genes was
observed. B) Top 200 nodes (genes whose expression is highly correlated with that of
multiple other genes) in control and in patient NCCs were identified. Yellow represents
upregulated genes, and blue represents downregulated genes. Grey lines link pairs of genes
whose correlation is greater than 0.9. In the control set, two separate networks are observed
and each contains both upregulated and downregulated genes. In the patient set the
upregulated and downregulated genes form two separate networks.
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Figure 3.
A) NCCs from three control subjects and three patients were analyzed. Heatmap shows 16

dysregulated miRNA genes (all upregulated) in patient NCCs. Raw expression data were log
transformed, and then centered to the median of all 6 samples. Red indicates higher value
than median, green indicates, lower value than median. B) 16 dysregulated miRNAs (Green)
target 440 dysregulated mRNA (Blue). Each gray line indicates a connection between an
miRNA and an mRNA. C) In pairwise correlation of dysregulated miRNA genes a high
correlation is observed in control NCCs (n=3), but not in patient NCCs (n=3). D) Modeled
versus actual mMiRNA-mRNA correlations. Red line shows correlations for miRNAs
predicted based on correlations of their target mMRNAs as in (Huttenhower et al., 2009). Blue
line shows measured correlations between miRNAs and their target mMRNAS. In control
NCCs the predicted and actual correlations are similar. In patients, the patterns of predicted
and actual correlations differ markedly.
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Figure 4.
A) Distribution of NFGFR1 peaks throughout the genomes of NCCs from a female control

(C4) and a female patient (P3). nFGFRL1 binds to all chromosomes. The binding profiles are
similar for both control and patient genomes. B) Distributions of nFGFR1 peaks in genomes
of control and patient NCCss. In patients, a two-fold increase is observed in introns, distal
intergenic regions, downstream (0-3kb), and distal promoters (1-3kb). C) Enrichment of
NFGFR1 peaks in genomes of control and patient NCCs within the promoters and
bidirectional promoters, and downstream of the TSS. No enrichment is observed in introns
or intergenic regions.
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Page 29

Downregulated

H
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A) nFGFR1 binds to 54% of all annotated human genes in control (C4) NCCs and to 63% in
schizophrenia patient (P3) NCCs. B) nFGFRL1 binds to 915 dysregulated genes under both
conditions, and to an additional 203 genes in schizophrenia NCCs only. In total, NFGFR1
binds to 84% of the genes that are dysregulated in schizophrenia NCCs. Only 14 genes are
targeted by nFGFR1 in control but not schizophrenia NCCs.
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Figure 6.
A) Conservation plot of sequences of FGFR1 peaks in NCCs from a female control (C4) and

female patient (P3). The expected increase in conservation was observed near the center of
the nNFGFRL1 peak. B) Strength of NFGFR1 binding across a modeled average gene in NCCs
from female C4 (blue) and male P3 (red). C) UCSC genome browser views of nFGFR1
binding for Discl, FZD1, and Sox3. Tag distribution of NFGFR1 — increased binding is
observed in patient (P3) compared to control (C4).
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Figure7.
Overexpression of constitutively active nuclear FGFR1(NLS/SP-) affects expression of

selected schizophrenia dysregulated genes. Human ESCs were stimulated to differentiate
into NPCs and transfected with constitutively active nuclear FGFR1(NLS/SP-) or control -
galactosidase (B-gal). Transfected NPCs were induced to commit to a neuronal lineage
(NCCs) within 2 days of treatment, and specific mRNAs were analyzed by RT-gPCR.
FGFR1(NLS/SP-) transfection upregulates TH, Wnt7B, and Neurod4 mRNAs and
downregulates Olig2, Oligl, and NCAM mRNAs.
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Figure 8.
Disruption of INFS in schizophrenia. “Feed-Forward-and-Gate” signaling by INFS during

development(Fang et al., 2005; Stachowiak et al., 2015). Neurogenic signals generated by
diverse extracellular stimuli (S: neurotransmitters, hormones, growth factors, cell contact
receptors) are propagated through signaling pathways (SiP; cCAMP, Ca++/PKC, MAPK, etc.)
to sequence-specific transcription factors (TF: CREB, AP1, NfkB, Smads, KIf4, Stat3, RXR/
RAR, etc.). In parallel, newly synthesized nFGFR1 translocates into the nucleus and “feeds
forward” (F-F) developmental signals directly to CREB binding protein (CBP), an essential
transcriptional co-activator and gene-gating factor. The coupled activation of TFs and CBP
by nFGFR1 allows genes to respond to developmental signals in a coordinated fashion. In
addition, INFS reinforces or turns off the input signals via a feedback loop (Stachowiak et
al., 2013a). * marks signaling pathways in which schizophrenia-linked genes have been
found, including cAMP, G-protein, PKC, MAPK, NfkB, CREB, RXR, and Nurrl pathways
(Stachowiak et al., 2013a). In schizophrenia and other neurodevelopmental diseases,
mutations of these individual genes, including “weak” copy variations, could deregulate this
auto-regulated genomic circuit (red lines) and thus lead to broad molecular and
developmental dysfunction.
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