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SUMMARY

In this study, we investigated whether intrinsic glial
dysfunction contributes to the pathogenesis of
schizophrenia (SCZ). Our approach was to establish
humanized glial chimeric mice using glial progenitor
cells (GPCs) produced from induced pluripotent
stem cells derived from patients with childhood-
onset SCZ. After neonatal implantation into myelin-
deficient shiverer mice, SCZ GPCs showed prema-
ture migration into the cortex, leading to reduced
white matter expansion and hypomyelination relative
to controls. The SCZ glial chimeras also showed de-
layed astrocytic differentiation and abnormal astro-
cytic morphologies. When established in myelin
wild-type hosts, SCZ glial mice showed reduced pre-
pulse inhibition and abnormal behavior, including
excessive anxiety, antisocial traits, and disturbed
sleep. RNA-seq of cultured SCZ human glial progen-
itor cells (hGPCs) revealed disrupted glial differentia-
tion-associated and synaptic gene expression, indi-
cating that glial pathology was cell autonomous.
Our data therefore suggest a causal role for impaired
glial maturation in the development of schizophrenia
and provide a humanized model for its in vivo
assessment.

INTRODUCTION

Schizophrenia is a uniquely human disorder whose phylogenetic
appearance parallels that of glial evolution, which accelerated
with the appearance of hominids (Horrobin, 1998; Oberheim
et al., 2006, 2009). In particular, astroglial complexity and pleo-
morphism increased significantly with hominid evolution, which
suggests an association between human glial evolution and the
development of human-selective neurological disorders, the
neuropsychiatric disorders as a case in point. Indeed, a number
of both genome-wide association and differential expression
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studies have highlighted the frequent dysregulation of glia-selec-
tive genes, both astrocytic and oligodendrocytic, in schizophrenia
(Aberg et al., 2006; Georgieva et al., 2006; Hakak et al., 2001; Hof
et al., 2002; Roy et al., 2007; Takahashi et al., 2011; Walsh et al.,
2008). At the same time, a number of investigators have high-
lighted the marked differences between humans and rodents in
glial gene expression, in contrast to the relatively conserved na-
ture of neuronal gene expression across mammals (Miller et al.,
2010; Sim et al., 2009; Zhang et al., 2016). Together, these studies
suggest the correlative association of human glial evolution with
the phylogenetic appearance of schizophrenia.

Patients with schizophrenia are typically characterized by a
relative paucity of white matter and often frank hypomyelination
(Connor et al., 2011; Fields, 2008; Gogtay et al., 2008; Mcintosh
et al., 2008; Mufioz Maniega et al., 2008; Takahashi et al., 2011),
and a number of both pathological and neuroimaging studies
have highlighted deficiencies in both oligodendroglial density
and myelin structure in affected patients (Fields, 2008; Lang-
mead and Salzberg, 2012; Rapoport et al., 2005; Xia et al.,
2016), including at the ultrastructural level (Pruitt et al., 2007;
Uranova et al., 2007, 2011). Furthermore, recent studies have
emphasized the role of oligodendrocytes in the metabolic sup-
port of neurons, suggesting myelin-independent mechanisms
whereby oligodendrocytic dysfunction might yield neuronal
pathology (Lee et al., 2012; Simons and Nave, 2015). However,
despite compelling genetic, cellular, pathological, and radiolog-
ical studies that have correlated glial and myelin pathology with
schizophrenia, many have assumed that clinical hypomyelina-
tion among schizophrenics is secondary to neuronal pathology,
so the contribution of cell-autonomous glial dysfunction to
schizophrenia has not been well studied.

This lapse has in large part been due to the lack of animal
models of human glial pathophysiology: mouse brains have
mouse glia. We therefore asked whether this limitation might
be addressed using a novel model of human glial chimeric
mice (Goldman et al., 2015; Han et al., 2013; Windrem et al.,
2008) paired with the development of protocols for generating bi-
potential astrocyte-oligodendrocyte glial progenitor cells (GPCs)
from patient-specific human induced pluripotent stem cells
(hiPSCs) (Wang et al., 2013). In these human glial chimeric
mouse brains, the majority of resident glia are replaced by
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Figure 1. Functional and Genomic Assessment of SCZ-Derived Glial Progenitor Cells

This schematic summarizes the steps involved in our analysis of glial progenitor cells derived from individuals with juvenile-onset SCZ compared with GPCs
derived from behaviorally normal controls. The major output data include effects of SCZ origin on in vivo oligodendrocyte maturation and myelination (Figure 2),
in vivo astrocyte differentiation and phenotype (Figure 3), in vitro differential gene expression (Figures 4 and 5), and behavioral phenotype of the human glial

chimeric host animals (Figure 6).
See also Figure S1 and Table S1.

human glia and their progenitors (Windrem et al., 2014), allowing
human glial physiology, gene expression, and effects on neuro-
physiological function to be assessed in vivo, in live adult mice
(Han et al., 2013). In this study, we used this glial chimeric model
to assess the contribution of human glia to the schizophrenic dis-
ease phenotype. To this end, we prepared human glial progeni-
tor cells (hGPCs) from iPSCs derived from fibroblasts taken
from either juvenile-onset patients with schizophrenia (SCZ)
or their normal controls, assessed the differential gene expres-
sion of SCZ hGPCs relative to those of normal subjects, and
transplanted these cells into immunodeficient neonatal mice to
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produce patient-specific human glial chimeric mice. The glial
chimeric mice were then analyzed regarding the effects of SCZ
derivation on astrocytic and oligodendrocytic differentiation
in vivo as well as for behavioral phenotype, and the data thereby
obtained correlated to disease-associated gene expression
(Figure 1).

RESULTS

Patients with juvenile-onset SCZ as well as healthy young adult
controls free of known mental iliness were recruited, and skin



biopsies were obtained from each. Patient identifiers were not
available to investigators besides the treating psychiatrist,
although age, gender, race, diagnosis, and medication history
accompanied cell line identifiers. Fibroblasts were isolated
from each sample; from these, 11 new independent hiPSC lines
were derived from eight patient samples (five juvenile-onset SCZ
patients and three healthy gender-matched and age-analogous
controls (Table S1). iPSCs were generated using the excisable
floxed polycistronic hNSTEMCCA lentivirus (Somers et al., 2010;
Zou et al., 2012) encoding Oct4, Sox2, Klf4, and c-Myc (Takaha-
shietal., 2007; Welstead et al., 2008). All lines were initially char-
acterized and validated as pluripotent using global transcrip-
tome profiling by RNA sequencing to assess pluripotent gene
expression as well as immunostaining for Oct4, Nanog, and
SSEA4. The identity of each iPSC line was confirmed to match
the parental donor fibroblasts using short tandem repeat
(STR)-based DNA fingerprinting. iPSC line isolates were
also karyotyped concurrently with these experiments to confirm
genomic integrity. An additional well-characterized hiPSC con-
trol line, C27 (Chambers et al., 2009), was used to ensure that
our control engraftment and differentiation data were consistent
with prior studies in our lab (Wang et al., 2013). Altogether, we
evaluated hGPC preparations from seven iPSC lines derived
from five SCZ patients and five iPSC lines derived from four con-
trol subjects (Table S1). We instructed these iPSC cells to a GPC
fate as described previously (Wang et al., 2013) and, after
>105 days in vitro (DIV) under glial differentiation conditions,
validated the predominant GPC phenotype of each cell popula-
tion using flow cytometry for CD140a/PDGFaR (platelet-derived
growth factor receptor alpha) (Figure S1; Sim et al., 2011). To
optimize glial differentiation in vivo, we limited transplants to
preparations in which most cells were CD140a* GPCs, with the
remainder astroglial.

We first asked whether SCZ hGPCs differed from wild-type
hGPCs in their myelination competence. To this end, we im-
planted SCZ hGPCs into neonatal immunodeficient shiverer
mice (rag2™’~ x MBP"S") a congenitally hypomyelinated
mutant lacking myelin basic protein (MBP) (Roach et al., 1983;
Rosenbluth, 1980). As these otherwise myelin-deficient mice
matured, their engrafted hGPCs differentiated into both astro-
cytes and myelinogenic oligodendrocytes, yielding mice
chimeric for individual patient-derived glia (Windrem et al.,
2008, 2014). By this means, we established mice with patient-
specific, largely humanized forebrain white matter derived from
SCZ or control subjects (Figures 2A-2D).

SCZ Glial Chimeric Mice Were Uniformly
Hypomyelinated

We first noted that the SCZ hGPCs manifested an aberrant
pattern of migration upon neonatal transplantation. Normal con-
trol hGPCs invariably expanded through the white matter before
colonizing the cortical gray matter (Figure 2A), as we have noted
previously in both fetal tissue- and hiPSC GPC-engrafted shiv-
erer mice (Wang et al., 2013; Windrem et al., 2008). In contrast,
SCZ GPCs preferentially migrated earlier into the gray matter
in shiverer mice, with large numbers traversing without stopping
in the callosal white matter (n = 4 lines from 4 different patients,
each with >3 mice/patient, each versus paired controls) (Fig-
ure 2B; Figure S2). This resulted in significantly fewer donor

hGPCs in the white matter of shiverers engrafted with SCZ
GPCs (Figures 2H and 2I; Figure S2). Importantly, this was asso-
ciated with substantially diminished central myelination in these
mice, as reflected by both MBP immunostaining (Figures 2C-2F)
and myelin luminance (Figure 2G).

Because the SCZ hGPC-engrafted shiverers manifested defi-
cient myelination, we asked whether this was due to a relative
failure of SCZ hGPCs to remain within white matter or, rather,
due to a cell-intrinsic failure in myelinogenesis. Examining
19-week-old SCZ and control hGPC-engrafted shiverer mice,
we found significantly fewer human nuclear antigen (hNA)-
defined, donor-derived cells in SCZ hGPC-engrafted shiverer
white matter (40,615 + 2,189 x 10% hNA* cells/mm?®, n = 18) than
in mice identically transplanted with control hGPCs (69,970 +
4,091/mm3, n = 32, p < 0.0001 by two-tailed t test; Fagerland
and Sandvik, 2009; Zimmerman, 2004) (Figure 2H). Moreover,
the numbers of hNA* donor cells co-expressing the oligodendrog-
lial lineage marker Olig2 were similarly depressed in SCZ hGPC-
engrafted mice (33,619 + 2,435/mm?, n = 26) relative to control
hGPC-engrafted mice (46,139 + 2,858/mm?®, n = 17, p < 0.002
by two-tailed t test) (Figure 2I). On that basis, we next found that
the density of transferrin-defined human oligodendroglia was
similarly lower in the callosal white matter of SCZ hGPC chimeras
than in control hGPC chimeras (8,778 = 892.2/mm?3, n = 25 versus
17,754 +2,023/mm®,n=17, respectively; p = 0.0006 by two-tailed
ttest) (Figure 2J). These dataindicate that SCZ GPCs are deficient
not only in their colonization of the forebrain white matter but
also in their oligodendrocytic differentiation, with a resultant
suppression of central myelinogenesis. Together, these findings
suggest that SCZ hGPCs migrate aberrantly, traversing rather
than homing to developing white matter, thus yielding relatively
poor white matter engraftment, deficient myelin formation, and
premature cortical entry relative to normal GPCs.

SCZ Glial Chimeric Mice Manifested Developmentally
Delayed Astrocytic Maturation

We next asked whether the SCZ hGPCs that prematurely
entered the gray matter differentiated instead into astrocytes
in that environment or whether they rather manifested an
impairment in lineage progression that prevented their astro-
cytic differentiation as well. Both SCZ- and control hGPC-en-
grafted shiverer brains were immunostained for astrocytic glial
fibrillary acidic protein (GFAP) 19 weeks after neonatal graft us-
ing a species-specific anti-human GFAP antibody. We found
that astrocytic maturation from engrafted hGPCs was markedly
deficient in the SCZ hGPC-engrafted brains (n = 19, derived
from 3 SCZ patient lines, and n = 12 control mice, from 3 control
patients) (Figures 3A and 3B). In the callosal white matter as well
as in both the striatal and cortical gray matter, astrocytic differ-
entiation by SCZ hGPCs was significantly less than that of con-
trol GPCs so that, although all control hGPC forebrains showed
dense human GFAP* astrocytic maturation, far fewer SCZ
hGPCs manifested hGFAP expression and an astrocytic pheno-
type (controls: 6,616 + 672.3 GFAP* cells/mm?® in callosum,
n=12; SCZ: 1,177 + 276.6 GFAP* callosal cells/mm?, n = 19;
p < 0.0001 by two-tailed t test; Figure 3C). This defect in astro-
cytic differentiation was consistently observed in all mice
(n = 19) derived from the three SCZ patients assessed
compared with the control GPC-engrafted mice (n = 12) derived
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Figure 2. SCZ-Derived hGPCs Exhibit Aberrant Dispersal and Relative Hypomyelination
Human iPSC GPC chimeras were established by neonatal hGPC injection into shiverer hosts and sacrificed at 19 weeks.
(A and B) GPCs derived from a control subject (A) dispersed primarily in the major white matter tracts, whereas SCZ-derived GPCs (B, 15-year-old male) showed

less white matter residence and more rapid cortical infiltration.

(C and D) Sagittal sections reveal that callosal myelination by SCZ GPCs (D) was less dense than that by control hGPCs (C).
(E and F) Higher-power images from chimeric mice engrafted with hGPCs from four control patients (E) versus chimeric mice engrafted with hGPCs from four

different SCZ patients (F).

(G) MBP luminance confirmed the greater callosal myelination of CTRL GPC-engrafted versus SCZ GPC-engrafted mice at 19 weeks (means of four different SCZ

and CTRL patients each, n > 3 mice/patient) (p = 0.0002, t test).

(H-J) Absolute donor cell densities were lower in SCZ- than control hGPC-engrafted corpus callosum (H, p < 0.0001, t test), as were the densities of olig2* hGPCs
and oligodendroglia (I, p = 0.002, t test) and transferrin (TFN)* oligodendroglia (J, p < 0.0001, t test).
**p < 0.002 (1); ***p < 0.0001 (H, J) or <0.0002 (G). In (C) and (D), the figures are derived from individual higher power photos taken in the X-Y plane, then stitched

together as wide-field montages in Stereolnvestigator. See also Figure S2.

from three normal subjects (Figure 3D) and reflected in part the
lower proportion of GFAP* astrocytes that developed among
engrafted human cells in the SCZ HGPC-engrafted brains
(Figure 3E). Furthermore, Sholl analysis of individual astroglial
morphologies (Sholl, 1953), as imaged in 150-um sections and
reconstructed in Neurolucida (Figure 3J), revealed that astro-
cytes in SCZ hGPC chimeras differed significantly from their
control hGPC-derived counterparts, with fewer primary pro-
cesses (Figure 3F), less proximal branching (Figure 3G), longer
distal fibers (Figure 3H), and less coherent domain structure
(Figure 3l). Thus, SCZ hGPCs derived from multiple patients ex-
hibited a common defect in phenotypic maturation and, hence,
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proved to be deficient in astrocytic differentiation as well as
myelination.

SCZ hGPCs Showed Cell-Autonomous Misexpression of
Differentiation-Associated Genes

To better define the molecular basis for the apparent impedi-
ment to terminal glial differentiation in SCZ GPC-engrafted
mice and to define which aspects of that deficit might be cell-
autonomous, we next used RNA sequencing (RNA-seq) anal-
ysis to identify the differentially expressed genes of SCZ
iPSC-derived GPCs relative to those of control-derived glia.
We used sequencing data to reconstruct the transcriptional
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Figure 3. Astrocytic Differentiation Is Impaired in SCZ hGPC Chimeric Brain

Human iPSC GPC chimeras were established in immunodeficient shiverer hosts and sacrificed at 19 weeks, and astrocytic differentiation was assessed.

(A and B) Representative images of the corpus callosum of mice neonatally injected with iPSC GPCs derived from either control (A, line 22) or schizophrenic (B,
line 164) subjects (human nuclear antigen, green; glial fibrillary acidic protein, red). Control hiPSC GPCs from all tested patients rapidly differentiated as GFAP*
astrocytes, with dense fiber arrays in both callosal white and cortical gray matter (A). In contrast, SCZ GPCs were slow to develop mature GFAP expression (B).

(legend continued on next page)
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patterns of hGPCs derived from four different SCZ and three
control patients. hGPCs were derived at time points ranging
from 154-242 days in vitro and sorted for hGPCs using
CD140a-targeted fluorescence-activated cell sorting (FACS).
Using a 5% false discovery rate (FDR) and a fold change
threshold of 2, we identified a total of 116 mRNAs that were
differentially expressed by CD140a-sorted SCZ hGPCs relative
to their control iPSC hGPCs (Figures 4A and 4B). Among the
genes most differentially expressed by CD140a-sorted SCZ
hGPCs were a host of glial differentiation-associated genes,
in particular those associated with early oligodendroglial and
astroglial lineage progression, which were uniformly downregu-
lated in the SCZ hGPCs relative to their normal controls (Figures
4C and 4F). These included a coherent set of the key GPC line-
age transcription factors OLIG1, OLIG2, SOX10, and ZNF488
as well as genes encoding stage-regulated proteins involved
in myelination, such as GPR17, UGT8, OMG, and FA2H (Fig-
ure 4G; see Table S2 and Figures S3 and S4 for detailed gene
expression data).

These expression data suggest that the diminished myelina-
tion of SCZ hGPC-transplanted shiverer brains reflected aber-
rant oligodendrocytic differentiation from the engrafted SCZ
hGPCs. Similarly, because hGPCs give rise to astrocytes as
well as oligodendrocytes, the RNA expression data suggest
an analogous impediment to astrocytic differentiation. The
functional consequences of the latter are especially profound,
given the critical role of astrocytes in synaptic development
and function; indeed, the relative suppression of astrocytic dif-
ferentiation by SCZ hGPCs suggests a glial contribution to the
impaired synaptic function noted in SCZ. In that regard, further
functional analysis of SCZ-associated dysregulated hGPC
genes identified channel and receptor activity as well as synap-
tic transmission as the most differentially affected functions be-
sides glial differentiation (Figures 4D and 4E). These disease-
linked channel and synapse-associated genes were largely
downregulated in SCZ hGPCs and included a number of potas-
sium channel genes (Figure 4D), including KCND2, KCNJ9,
KCNKO9, and KCNAB, as well as a number of transcripts associ-
ated with synaptic development and function (Figure 4E; Table
S2). The latter included NXPH1, NLGN3, and LINGO1, among
others (Table S83; Figures S3 and S4), synaptic genes whose
dysregulation has been previously linked to both SCZ and
autism spectrum disorders (Andrews and Fernandez-Enright,
2015; Fernandez-Enright et al., 2014; Mackowiak et al., 2014;
Salyakina et al., 2011; Sudhof, 2008). Although the expression
of these latter genes was suppressed in hGPCs derived from
all four SCZ patients, other synapse-associated genes, such
as NRXN1, NLGN1, DSCAML1, and the SLITRKs 2-5, were
sharply downregulated in hGPCs derived from three of the

four patients but not in the fourth (Table S3). However, other
synapse-associated transcripts, like NXPH3 and NTRNG2,
were similarly downregulated in some patients but not others.
TagMan low-density arrays were used for quantitative real-
time PCR validation of these and other dysregulated transcripts
of interest and confirmed the significant differential downregu-
lation of these differentiation- and synaptic function-associated
genes (Figure 5).

Together, these data suggest the importance of glia-associ-
ated synaptic gene expression in SCZ and emphasize the het-
erogeneity of pathways that might be mechanistically complicit
in its dysregulation. These data also highlight the point that,
although the neuronal localization of these synaptic proteins
has long been recognized, their synthesis by glia and the synap-
tic contributions thereof have not been specifically discussed,
although cell-type-specific transcriptional databases have noted
significant glial expression of these genes (Zhang et al., 2014).
Because NRXN1, a synapse-associated transcript closely linked
to SCZ (Sudhof, 2008), was one of the most strongly and consis-
tently downregulated glial genes across our patients, we verified
the downregulation of its expression by SCZ glia by immunoblot-
ting CD140a-sorted, neuron-free isolates of SCZ and control
hGPCs. Western blots revealed that neurexin-1 was indeed
abundantly expressed by human GPCs and that neurexin-1 pro-
tein levels were sharply lower in otherwise matched SCZ hGPCs
(Figure S5).

SCZ Glial Chimerization Yielded a Disease-Specific
Behavioral Phenotype

We next asked whether the alterations in glial distribution and
differentiation observed in mice engrafted with SCZ hGPCs
might alter the behavioral phenotype of the host mice. In partic-
ular, we postulated that the aberrant infiltration of hGPCs and
their derived astroglia into the developing cortex might influence
information processing within the cortex when mature. As noted,
past studies have reported both the influence of astrocytic net-
works on synaptic efficacy and plasticity and the differential
competence of hominid glia in this respect (Han et al., 2013;
Oberheim et al., 2009). Human glial chimeric mice manifest a
lower threshold for hippocampal long-term potentiation (LTP)
and learn more rapidly, with superior performance in a variety
of learning tasks that include auditory fear conditioning, novel
object and place recognition, and Barnes maze navigation. In
each of these tests, but not in any test of social interactivity or
primary perception, human glial chimeras acquire new causal
associations more quickly than allografted or untransplanted
controls (Han et al., 2013). Thus, engrafted human GPCs and
their daughter glia can integrate into, and substantially modify,
developing neural networks (Franklin and Bussey, 2013). On

(C-E) At 19 weeks, GFAP™ astrocyte densities were significantly greater in mice chimerized with control than SCZ-derived GPCs, both as a group (C) and when
analyzed line by line (D). This was not just a function of less callosal engraftment because the proportion of human donor cells that developed GFAP and an
astrocytic phenotype was significantly lower in SCZ- than control GPC-engrafted mice (E).

(F-J) Sholl analysis of individual astroglial morphologies (Sholl, 1953), as imaged in 150-um sections and reconstructed in 3D by Neurolucida (J), revealed that
astrocytes in SCZ hGPC chimeras differed significantly from their control hGPC-derived counterparts, with fewer primary processes (F), less proximal branching
(G), and longer distal fibers (H). When the 3D tracings (J) were assessed by Fan-in radial analysis (MBF Biosciences; Dang et al., 2014), an approach by which 3D
fiber distributions are quantified as to radial segments occupied, control astrocytic processes were noted to extend uniformly in all directions, whereas SCZ
astrocytic processes left empty spaces, indicative of a discontiguous domain structure (l).

**p < 0.0001 by t test (C, E, F, and H) and by two-way ANOVA (D); **p < 0.002 (I); p < 0.0001 by non-linear comparison (G). Scale bars, 50 pm (A and B) and

25 um (J).
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Annotation Term P-Value
neurotransmitter receptor activity = <1.00E-10
extracellular ligand-gated ion

channel activity 1.58E-06
|on9t_rop|c glutamate receptor 1.72E-06
activity

a_nterqgrade trans-synaptic <1.00E-10
signaling

chemical synaptic transmission <1.00E-10
modula_tlo_n of synaptic <1.00E-10
transmission

central nervous system

development =1:00E-10
oligodendrocyte differentiation <1.00E-10
glial cell differentiation <1.00E-10
myelination 1.68E-06
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Figure 4. SCZ-Derived hGPCs Suppress Glial Differentiation-Associated Gene Expression

RNA sequence analysis reveals differential gene expression by SCZ hGPCs.

(A) Intersection of lists of differentially expressed genes (DEGs) (log2 fold change > 1.00, FDR 5%) obtained by comparison of hGPCs derived from four different
SCZ patients compared with pooled control hGPCs.

(B) Network representation of functional annotations for the intersection gene list shown in (A). In the top network, green and red nodes represent down- and
upregulated genes, respectively, and white nodes represent significantly associated annotation terms (FDR-corrected p < 0.01; annotation terms include Gene
Ontology: Biological Process (GO:BP), Gene Ontology: Molecular Function (GO:MF), pathways, and gene families, and nodes are sized by degree). The bottom
network highlights four highly interconnected modules identified by community detection.

(C) Top annotation terms identified for each module in (B).

(D) Heatmap representation of 12 conserved DEGs that are associated with module 1 (gray in B, 32.4%), which includes annotations related to neurotransmitter
receptor and gated channel activity.

(E) Heatmap representation of 15 conserved DEGs associated with module 2 (orange in B, 28.7%), which comprises annotations related to cell-to-cell signaling
and synaptic transmission.

(F) Heatmap representation of 21 conserved DEGs associated with module 3 (dark blue in B, 28.7 %), including annotations related to CNS and glial differentiation.
(G) Heatmap representation of four conserved DEGs that are associated with module 4 (light blue in B, 10.2%), with annotations related to myelination and lipid
biosynthesis. The absolute expression in heatmaps is shown in UQ-normalized, log2-transformed counts (Li et al., 2015).

See also Figures S3 and S4 and Table S2.
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Figure 5. Impaired Glial Differentiation-Associated Gene Expression by SCZ hGPCs

The expression of dysregulated genes in SCZ-derived GPCs, as identified by RNA-seq analysis, was assessed by TagMan low-density array (TLDA) gRT-PCR
and then compared with that of control hGPCs. Expression data were normalized to the GAPDH endogenous control. Mean delta delta Ct (ddCt) values and SE
ranges, calculated from four pooled SCZ GPC lines (n = 19) that were individually compared with three pooled control GPC lines (n = 10), are shown. The dif-
ference in gene expression by SCZ and control hGPCs was assessed by paired t tests, followed by multiple testing correction by Benjamini-Hochberg (BH)
procedure (**p <0.01, **p < 0.05, *p < 0.1). 48 genes were assessed. 45 genes are shown, excluding the endogenous control and genes that had high proportions
of undetermined or unreliable reactions, LRFN1 and NEURODG. The vast majority of genes were confirmed as dysregulated in SCZ-derived GPCs. Analysis of
TLDA data was performed in ExpressionSuite software version 1.1, supplied by Applied Biosciences.

See also Table S3.
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that basis, we postulated that the disruption in normal glial devel-
opment noted in our SCZ glial chimeras might yield disease-
associated changes in learning and behavior. To address this
question, we assessed the behavioral phenotypes of immunode-
ficient but otherwise wild-type mice neonatally engrafted with
SCZ GPCs relative to matched hosts engrafted with control-
derived GPCs. For these experiments, we used normally myelin-
ated hosts rather than shiverer mice to produce mice chimeric
only for human GPCs and astrocytes and not for oligodendroglia,
thus isolating any observed behavioral effects to SCZ hGPCs
and astrocytes.

We first asked whether schizophrenic derivation of engrafted
glia affected prepulse inhibition (PPI), a behavioral hallmark of
both clinical schizophrenics and animal models thereof (Ewing
and Grace, 2013). PPI reflects the coordination of sensorimotor
gating in the CNS, and its diminution may predict aspects of a
schizophrenic phenotype (lvleva et al., 2014; Kohl et al., 2013).
We found that, when assessed at 6 months of age, the latest
time point at which the C57BL/6 background strain of our
rag1™~ mice can be reliably assessed (because these mice
suffer premature auditory loss that might otherwise diminish
auditory PPI), that mice engrafted with SCZ hGPCs exhibited
significantly diminished auditory prepulse inhibition (Figure 6A)
and did so at all volumes of prepulse. Given the strong effect
of SCZ glial chimerization on PPI, we next asked whether SCZ
glial chimerization might be associated with changes in behavior
in cognitive and socialization tests. To that end, we compared
SCZ and control chimeras in a battery of behavioral tests that
included the elevated plus maze, a measure of anxiety (Walf
and Frye, 2007); the three-chamber social challenge (Yang
et al., 2011); novel object recognition, a focused measure of
executive memory (Bevins and Besheer, 2006); and the prefer-
ence for sucrose water, a test for anhedonia (Barnes et al.,
2014; Willner et al., 1987). In each, mice chimerized with one of
three SCZ or three control patient-derived lines were compared;
each line was derived from a different patient. Between 6-12
recipient mice were engrafted and tested per cell line, or 17-36
mice per group for each behavioral comparison, with a typically
equal balance of male and female recipients. These animals
were tested beginning between 30-36 weeks of age, and testing
typically lasted 3 weeks. Over the tested age range, the SCZ
GPC chimeric mice exhibited a number of significant differences
in behavior relative to their control hGPC-engrafted counter-
parts. SCZ hGPC mice exhibited greater avoidance of the
open arms in the elevated plus maze than the normal hGPC-en-
grafted controls (n = 36 mice/group, each including 12 mice en-
grafted with hGPCs from each of three patients; p = 0.036, two-
tailed t test), suggesting that the SCZ hGPC mice were prone to
higher anxiety when challenged (Figure 6B). In addition, the SCZ
hGPC mice showed less preference for sucrose water, consis-
tent with relative anhedonia (Figure 6C), less interest in strange
mice in the three-chamber social test (Figure 6D), and relatively
poor novel object recognition (Figure 6E), reflecting relative
impairment in executive memory.

As an additional metric of SCZ-associated behavior, we then
assessed sleep and diurnal activity patterns of human SCZ
and CTRL glial chimeras, directly comparing mice engrafted
with either SCZ (line 52) or control (line 22) hGPCs. We found
that mice engrafted with SCZ GPCs were significantly more

active than control mice engrafted with normal hGPCs. As
measured by meters moved per hour, over the course of a
72-hr video recording (Noldus Ethovision), the SCZ hGPC
chimeric mice moved significantly more than their normal
hGPC-engrafted controls (two-way ANOVA, F = 48.35, p <
0.0001) (Figure 6F). Interestingly, although the SCZ-associated
increment in activity largely occurred during nighttime periods
of wakefulness, the SCZ mice also manifested disrupted sleep
patterns, as measured by the duration of bouts of inactivity,
a surrogate for electroencephalogram (EEG)-validated sleep
(McShane et al., 2010; Pack et al., 2007; Figure 6G). Within the
half hour following the phase transition from dark to light (when
mice normally sleep), the control (CTRL) mice had more contin-
uous, uninterrupted patterns of sleep, with an average sleep
bout of 511.5 + 36.4 s (8.53 min), whereas SCZ mice were asleep
for 306.2 + 43.7 s, or 5.1 min per bout (p < 0.01 by two-way
ANOVA, with Bonferroni post hoc t tests). The shorter average
periods of inactivity manifested by SCZ hGPC mice during
the normal daytime transition to sleep suggest that SCZ hGPC
chimerization disrupted normal daytime sleep patterns while
increasing nighttime activity. Together, these results suggest
that SCZ glial chimerization was sufficient to yield heightened
anxiety and fear in engrafted recipients as well as disease-asso-
ciated deficits in socialization, cognition, and sleep patterning,
all features associated with human SCZ.

DISCUSSION

These data suggest a significant contribution of cell-autono-
mous glial pathology to the genesis and development of juve-
nile-onset SCZ. In these human glial chimeric mice, SCZ-derived
iPSC hGPCs exhibited aberrant migration with deficient engraft-
ment in the central white matter relative to age-analogous and
gender-matched control iPSC hGPCs. Although a fraction of
SCZ hGPCs that did remain within the white matter differentiated
as normal myelinogenic oligodendroglia, the premature cortical
influx and, hence, lower density of donor-derived cells in the
white matter of SCZ hGPC-engrafted mice resulted in the latter’s
overt hypomyelination relative to mice engrafted with control
GPCs. Thus, SCZ hGPCs appeared to traverse, rather than
home in on, the nascent white matter, resulting in sparse
hGPC colonization and, hence, deficient forebrain myelination.
The aberrant dispersal pattern of SCZ hGPCs suggests that
SCZ GPCs may not recognize developmental stop signals that
permit progenitors to dwell and expand within the presumptive
white matter before colonizing the cortical mantle and may,
instead, be biased toward rapid entry into the cortical gray mat-
ter. These observations in human SCZ glial chimeric mice are
especially intriguing given the well-described hypomyelination
of schizophrenic patients (Davis et al., 2003; Najjar and Pearl-
man, 2015; Sigmundsson et al., 2001; Voineskos et al., 2013),
particularly so in early-onset disease (Gogtay et al., 2008; Gog-
tay and Rapoport, 2008; Samartzis et al., 2014).

These anatomic observations were especially notable in light
of the differential gene expression pattern of the SCZ hGPCs,
which revealed that the cells were deficient not only in early glial
differentiation-associated transcripts but also in genes that
encode for synaptic proteins typically associated with trans-
ducing activity-dependent signals (Sudhof, 2008). Together,
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Figure 6. SCZ-Derived Human Glial Chimeras Have Significant Behavioral Abnormalities

(A-E) Behavioral tests were performed in mice chimerized with one of three SCZ or three control hGPC lines, each line from a different patient. 7-20 recipient mice
were tested per cell line, males and females equally.

(A) Prepulse inhibition normally myelinated rag1~'~ mice engrafted with SCZ hGPCs had reduced auditory prepulse inhibition (PPI) at all volumes of prepulse. The
extent of PPI differed significantly between control (n = 13) and SCZ (n = 27) hGPC-engrafted animals (p = 0.0008 by ANOVA, F = 11.76 [1,114]).

(B) Elevated plus maze. Left: representative heatmaps of the cumulated movement of a mouse engrafted with SCZ hGPCs, relative to its matched normal hGPC-
engrafted control, in the elevated plus maze, a test designed to assess anxiety, in which preference for enclosed space and avoidance of open height suggests
greater anxiety. Right: mice engrafted with hGPCs from three SCZ patients (12 implanted mice each for n = 36 mice total) spent more time in the closed maze arms
than control-engrafted mice (n = 36, also derived from three patients) (p = 0.036, two-tailed t test).

(C) Sucrose preference. SCZ GPC-engrafted mice were less likely to prefer sweetened water, suggesting relative anhedonia (p = 0.02, Mann-Whitney t test; n = 30
mice derived from three SCZ lines; n = 17 mice from three control lines).

(D) Three-chamber socialization test. Mice engrafted with hGPCs were placed into the middle chamber of a box divided into three compartments, one holding an
empty cage (bottom, X) and one containing an unfamiliar mouse (top, filled white circle) and then video-tracked for 10 min. Mice engrafted with SCZ hGPCs (right
heat-map) avoided strangers more than control mice (left heatmap), spending less time with strangers, whether analyzed as the proportion of time spent with the
strange mouse relative to the empty cage (left bar graph, p = 0.005) or the net amount of time spent with the strange mouse (right bar graph, p = 0.02); three SCZ
lines, 39 mice; four control lines, 52 mice).

(E) Novel object recognition. Mice engrafted with SCZ hGPCs showed significantly poorer novel object recognition (p = 0.00086; three SCZ lines, 19 mice; three
control lines, 28 mice).

(legend continued on next page)
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these anatomic and transcriptional data suggest that SCZ
hiPSC-derived GPCs might be subject to impaired phenotypic
differentiation, which might result in their neglect of the local
neuronal signals that typically regulate the expansion and matu-
ration of GPCs (Barres and Raff, 1993); this might account for
their rapid transit through the white matter into the overlying cor-
tex and, hence, the diminished callosal GPC density and hypo-
myelination of SCZ chimeric shiverer mice (Figure 2). Thus, the
myelination defect in SCZ hGPC chimeras appeared because
of both deficient oligodendrocytic differentiation and the relative
dearth of SCZ hGPCs remaining within the white matter. More-
over, astrocytic differentiation from SCZ hGPCs was also
impaired and may have contributed further to hypomyelination
in the SCZ glial chimeras, given the metabolic dependence of
mature oligodendrocytes on local astrocytes (Amaral et al.,
2013; John, 2012).

Importantly, the defective astrocytic maturation of SCZ
hGPCs might also have profound effects on developmental syn-
aptogenesis and circuit formation as well as on myelinogenesis.
Neural connectivity and synaptic development are both inti-
mately dependent on astrocytic guidance (Clarke and Barres,
2013; Ullian et al., 2001) and, hence, on the appropriate timing
of astrocytic appearance and maturation. As a result, any disrup-
tion in astrocytic maturation by SCZ hGPCs, as observed in each
of the SCZ lines we studied, might be expected to significantly
confound the construction and functional architecture of neural
networks in which SCZ hGPCs are resident. Moreover, glial pro-
genitors themselves may have significant interactions with local
neurons (Sakry et al.,, 2014) so that their dysfunction might
disrupt local neuronal response thresholds and circuit formation.

Besides the anatomic observation of deficient astrocytic matu-
ration in SCZ hGPC chimeras, our genomic analysis of SCZ-
derived hGPCs revealed significant downregulation in hGPCs
derived from all four SCZ patients of a number of synaptic genes,
including neuroligin-3, neuroexophilin-1, and LINGO1, relative to
their normal controls (Table S3; Figure 5). Other synapse-associ-
ated genes, such as neurexin-1 and DSCAML1, were significantly
and sharply downregulated in GPCs derived from three patients
(lines 8, 29, and 51) but not in the fourth (line 164). Similarly,
SLITRKs 2-5 were significantly and sharply downregulated in
GPCs derived from three patients (lines 8, 51, and 164) but not
in a fourth (line 29), which was instead associated with sharp
downregulation of LINGO1, DSCAML1, and several neurexins
and neuroexophilins; these data suggest heterogeneity of tran-
scriptional dysfunction that may lead to a final common pathway
of glia-involved synaptic dysfunction in SCZ (Tables S2 and S3).
These transcripts are critical contributors to synaptic stabilization
and function (Sudhof, 2008) but, although typically considered
neuronal, may be produced significantly by glial cells as well

(Zhang et al., 2014). The relative downregulation of these genes
by SCZ hGPCs may reflect the suppression of mature glial tran-
scripts in these cells, coincident with their relative block in glial
differentiation. This, in turn, may lead to a relative failure of SCZ
hGPCs and their derived astrocytes to provide these key proteins
to their neuronal partners as well as a potential failure on the part
of glial progenitors receiving synaptic inputs to respond to
afferent stimulation (De Biase et al., 2010; Lin and Bergles,
2004). Thus, besides the structural havoc that might be expected
of a cortical connectome formed without normal astrocytic sup-
port, the synaptic structure of the resultant networks might be
expected to be destabilized by poor SCZ glial provision to the
synaptic cleft of key astrocytic proteins required for normal syn-
aptic maintenance and function.

SCZ is genetically heterogeneous, so anatomic and behavioral
pathology may vary significantly among animals chimerized with
GPCs derived from different patients. It is thus critical that the re-
sults obtained from chimeras established with control hiPSC
GPCs be stable across both distinct lines of donor cells and
among recipient mice. The chimeric brains established from
the hGPCs of three different SCZ patients were thus compared
anatomically with those established from GPCs derived from
three control patients. None of the controls manifested the white
matter-avoidant dispersal pattern of the SCZ hGPC chimeras.
Similarly, we never noted this pattern of SCZ hGPC avoidance
of the white matter in any of several hundred human glial chi-
meras engrafted in other studies with either fetal tissue-derived
(Windrem et al., 2008, 2014) or normal iPSC-derived (Wang
et al., 2013) hGPCs.

Besides their clear anatomic phenotype, SCZ hGPC-chimeric
mice manifested robust behavioral phenotypes. They exhibited
significantly attenuated prepulse inhibition relative to control-en-
grafted mice, relative anhedonia, excessive anxiety, deficient
socialization with avoidance of conspecifics, and disrupted pat-
terns of diurnal activity and sleep. These data establish that SCZ
glial engraftment may yield an abnormal behavioral phenotype in
recipient mice along behavioral axes that typify selected aspects
of schizophrenic behavioral pathology in humans. In that regard,
although extensive literature has implicated GPCs (Bergles
et al.,, 2010; De Biase et al., 2010) as well as astroglia (Araque
et al., 1998; Kang et al., 1998) in the modulation of synaptic plas-
ticity and learning (Han et al., 2013), our data do not implicate one
phenotype over the other in the modulation of behavior by SCZ
glial chimerization; our chimeric mice are colonized by both
donor-derived human GPCs and their derived astrocytes. That
said, our observations of significant defects in SCZ glial matura-
tion shared by hGPCs derived from multiple independent patients,
associated in each with hypomyelination and disrupted astrocytic
differentiation as well as with abnormal behavioral phenotypes in

(F and G) The diurnal activity and sleep patterns of adult mice (70-80 weeks old) engrafted neonatally with either SCZ or CTRL hGPCs were assessed for 72 hrin

closed chambers (Noldus Ethovision) under continuous video recording.

(F) The average distance traveled in meters/hour over a 72-hr period was calculated and compared between CTRL mice (gray fill, n = 8 mice; lines 22 and 17) and
SCZ mice (purple fill; n = 10, line 52). Time of day is shown as a 24-hr cycle, with the dark phase indicated by gray background shading. SCZ mice were
significantly more active throughout the observation period than CTRL-engrafted mice (p < 0.0001, ANOVA, F = 19.32 [1,851].

(G) Left: Sample heatmaps of 1 hr of activity during the light phase (16:00, second day in box), the normal period of sleep for mice. The control mouse (left) remains
inactive for the entire hour, whereas the SCZ mouse moves about the cage during much of the hour. Right: SCZ mice exhibited sleep patterns that were
fragmented into bouts of shorter duration than their normal hGPC chimeric controls (p = 0.0026 by ANOVA, F = 12.08 [1,24]). Means + SEM; unpaired, two-tailed

Welch-corrected t tests.
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the resultant SCZ GPC chimeras, together suggest a strong
causal contribution of glial pathology to SCZ. In addition, these
data highlight the potential of disease-specific humanized chi-
meras in defining the respective contributions of glial and neuronal
dysfunction in the genesis and course of neurological disease.
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Deposited Data

Raw RNA-seq data

Processed RNA-seq data (count matrix) and R
scripts for data analysis

Human reference genome NCBI build 38, GRCh38

GEO datasets:
https://www.ncbi.nlm.nih.gov/gds/

This paper

Genome Reference Consortium

GEO: GSE86906

GitHub: https://github.com/cbtncph/
GoldmanetalSCZ2016

https://www.ncbi.nlm.nih.gov/grc/human

Experimental Models: Cell Lines

c27 L. Studer, Sloan-Kettering Institute N/A
CWRUS8 P. Tesar, Case Western N/A
CWRU19 P. Tesar, Case Western N/A
CWRU22 P. Tesar, Case Western N/A
CWRU29 P. Tesar, Case Western N/A
CWRU31 P. Tesar, Case Western N/A
CWRU37 P. Tesar, Case Western N/A
CWRUS51 P. Tesar, Case Western N/A
CWRU52 P. Tesar, Case Western N/A
CWRU164 P. Tesar, Case Western N/A
CWRU193 P. Tesar, Case Western N/A
CWRU205 P. Tesar, Case Western N/A
Experimental Models: Organisms/Strains

Mouse: C3Fe.SWV-Mbpshi/J Jackson Laboratory Cat#001428
Mouse: B6.129S7-Rag1tm1Mom/J Jackson Laboratory Cat#002216

Mouse: C3H.129S6(B6)-Rag2tm1FwaN12 Taconic Cat#000602-M
Software and Algorithms

Photoshop CS6 Adobe N/A

lllustrator CS6 Adobe N/A
Stereolnvestigator v11 MBF Bioscience N/A
Neurolucida 360 v2 MBF Bioscience N/A
Neurolucida Explorer v11 MBF Bioscience N/A

Leica Metamorph AF v2 Leica Biosystems N/A

Leica Application Suite X Leica Biosystems N/A

FlowJo TreeStar N/A

Trimmomatic (version 0.32)

Subread (version 1.4.6-p3)
featureCounts (version 1.4.6-p3)
R

RUVSeq (version 1.6.2)

Bolger et al. (2014)

Liao et al. (2013)
Liao et al. (2014)

R Core Team (2016)
Risso et al. (2014)
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bioc/html/RUVSeq.html
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Continued

REAGENT or RESOURCE

SOURCE

IDENTIFIER

EDASeq (version 2.6.2)

edgeR (version 3.14.0)

DESeq2 (version 1.12.4)

ToppCluster
Gephi (version 0.9.1)
Ingenuity Pathway Analysis

ExpressionSuite Software (v.1.1)

Risso et al. (2011)
Robinson et al. (2010)
Love et al. (2014)
Kaimal et al. (2010)
https://gephi.org/

QIAGEN

Applied Biosystems

http://www.bioconductor.org/packages/release/
bioc/htmI/EDASeq.html

http://www.bioconductor.org/packages/release/
bioc/html/edgeR.html

http://www.bioconductor.org/packages/release/
bioc/html/DESeqg2.html

https://toppcluster.cchmc.org/

https://gephi.org/
https://www.qgiagenbioinformatics.com/products/
ingenuity-pathway-analysis/
https://www.thermofisher.com/dk/en/home/

technical-resources/software-downloads/
expressionsuite-software.html

Other

Orca-R2 Digital CCD Camera Hamamatsu Cat#C10600-10B
MAC 5000 Ludl Electronic Prods. Cat#73005001
Focus DR Linear encoder Ludl Electronic Prods. Cat#99A420

STG 4”x3” Stepper Ludl Electronic Prods. Cat#99S100LE2MBF
Agilent Bioanalyzer Agilent N/A

BD FACS Aria lllU BD Biosciences N/A

HiSeq 2500 lllumina N/A

Nanodrop 1000 spectrophotometer Nanodrop N/A

QuantStudio 12K Flex Real-Time PCR system Applied Biosystems N/A

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to, and will be fulfilled by, the lead and corresponding
author, Steve Goldman (goldman@sund.ku.dk or steven_goldman@urmc.rochester.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Patient identification, protection and sampling

Patients from which these lines were derived were diagnosed with disabling degrees of schizophrenia with onset in early adoles-
cence; informed consent was obtained and all patients and their guardians consented by a child psychiatrist (RLF) under an approved
protocol of Case Western School of Medicine, blinded as to subsequent line designations, and no study investigators had access to
patient identifiers.

iPSC line derivation and production of GPCs

Punch biopsies of the skin were obtained from patients with juvenile onset schizophrenia (ages 10 to 17 years old) and controls (ages
24 to 32 years old). The ages, genders, and ethnicities of each line used in this study are individually identified in Table S1. In brief, 4
control subjects were used: CTRL 1 (lines 19, 22; 26 year-old male); CTRL 2 (line 37; 32 year-old female); CTRL 3 (line 205; 25 year-old
male); CTRL 4 (line C27, fully de-identified), while 5 schizophrenic patients were used: SCZ 1 (line 8; 10 year-old female); SCZ 2 (lines
51, 52; 16 year-old male); SCZ 3 (lines 29, 31; 12 year-old male); SCZ 4 (line 164; 14 year old female); SCZ 5 (line 193, 15 year-old
female).

Induced pluripotent stem cells (iPSC) lines were derived from these patient samples using an excisable floxed polycistronic
hSTEMCCA lentiviral vector. Short tandem repeat (STR)-based DNA fingerprinting was used to confirm iPSC identity, as a match
to original patient or control donor. Additional genotyping was performed using lllumina Omni5 SNP arrays; these data are available
in dbGAP (http://www.ncbi.nlm.nih.gov/gap). The iPSCs were then driven toward a glial progenitor cell (GPC) fate using previously
described protocols (Wang et al., 2013). Cells were harvested between 160-240 DIV, by which time most typically expressed the bi-
potential GPC marker PDGF«R/CD140a, while the remainder were A2B5*/CD140a” astrocytes. The karyotypes of all iPSC lines were
assessed during glial differentiation to ensure genotypic stability of the cells utilized in all experiments presented here (karyotyping by
WiCell, Madison, WI). All iPSCs showed a normal karyotype, except for line 51, which was found to have a balanced Robertsonian
translocation of chromosome 13, an anomaly previously associated with juvenile-onset schizophrenia (Graw et al., 2012).
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Host transplantation

Homozygous shiverer mice (The Jackson Laboratory, Bar Harbor, ME) were crossed with homozygous rag2 null immunodeficient mice
(Shinkai et al., 1992) on the C3h background (Taconic, Germantown, NY, USA) to generate shi/shi x rag2~'~ myelin-deficient, immu-
nodeficient mice (Windrem et al., 2008). In addition, rag1 ™~ normally-myelinated immunodeficient mice (B6.129S7-Rag1i™"°m/y),
were obtained from the Jackson Laboratory and bred in our lab. Suspensions of single-cells or small clusters of hiPSC-derived
GPCs were spun down to 100,000 cells/pl. Neonates were anesthetized by cooling, and transplanted bilaterally in the corpus callosum
with a total of 200,000 cells, as described (Windrem et al., 2004); see Method Details section for transplant procedure. At 4.5 months of
age (shi/shi x rag2 ") or after completion of behavioral testing at 6-9 months (rag1~/~ only), transplanted mice were anesthetized with
pentobarbital, then perfusion fixed with cold HBSS*/* followed by 4% paraformaldehyde (PF) with a 2 hr post-fixation in cold PF. All
animal procedures were approved by the University of Rochester’'s Committee on Animal Resources.

METHOD DETAILS

Transplantation

Shiverer x Rag2 null and Rag1 null neonatal mice were transplanted on postnatal day 1 or 2. Half of the litter was removed from the
dam and placed in a humidified warming chamber. For this we used a sterilized plastic box, lined with sterile gauze dampened with
Hanks balanced salt solution, and warmed on a heating block. The pups to be injected were then wiped with Povidone-lodine and
wrapped in sterile gauze to prevent direct contact with ice, then cryo-anesthetized for 2 to 6 min, depending on size. The pups were
then removed from ice and cleaned with an alcohol prep pad, then laid in a customized neonatal mouse holder made of baked
molded clay. The pups were injected directly through the skin and skull osteoid into both the rostral (at Bregma, ML + 1.0 mm, ventral
1.0 mm) and caudal (AP —1.0, ML + 1.0 mm, ventral 0.9 mm) corpus callosum. Following injections, pups were cleaned with alcohol
prep pads and returned to the warming chamber for recovery. Upon recovery, the first half of the litter was returned to the dam, and
the second half put in the humidified chamber. Pups were weaned between 21 and 28 days, then group housed.

Immunolabeling of tissue sections

Brains were cryopreserved, embedded in OCT (Tissue-Tek OCT, Sakura Finetek, Torrance, CA) and sectioned at 20 um, either sagit-
tally or coronally, on a cryostat. Human cells were identified with mouse antihuman nuclei, clone 235-1 at 1:800 (MAB1281, EMD
Millipore, Billerica, MA). Myelin basic protein was labeled with rat anti-MBP at 1:25 (Ab7349, Abcam, Cambridge, MA), oligodendro-
cyte progenitors with anti-human-specific PDGFRa. (D13C6, XP® rabbit mAb 5241, 1:300, Cell Signaling Tech), oligodendrocytes
with mouse anti-human-specific transferrin (clone HT1/13.6.3, 08691231, MP Biomedicals), astrocytes with anti-human-specific
GFAP (SMI 21 at 1:1000, Covance, Princeton, NJ). Alexa Fluor secondary antibodies, goat anti- mouse, rat, and rabbit 488, 568,
594, and 647 were used at 1:400 (Life Technologies, Carlsbad, CA).

Antibodies and dilutions used See Key Resources Table.

Western blots

GPCs derived from CWRU22 and CWRU51 were sorted by FACS for CD140a at DIV160-200, directly into cell lysis buffer (NP40,
Invitrogen, FNN0021) with protease inhibitor (Roche, 183617025) on ice. The insoluble fraction was removed by centrifugation at
12,000 g for 5 min at 4°C, and the supernatant analyzed for total protein with BCA™ Protein Assay Kit (Thermo, 23227). 10 ug sample
aliquots were separated on 4%-12% gradient gels by SDS-PAGE electrophoresis (XCell SureLock, Invitrogen, 071210). Separated
protein was transferred to PVDF membranes, which were blocked with 5% dry milk and incubated sequentially with a rabbit poly-
clonal anti-neurexin-1 antisera (Millipore, ABN161-1, 1:1000) at 4°C overnight, then washed and followed serially by a mouse mono-
clonal anti-f actin (Abcam, ab173838, 1:5000) at RT for 1h, and anti-mouse and anti-rabbit secondary antibodies (GE Healthcare,
95107-322 and 95107-328, 1:10000) at RT for 1h. Membranes were visualized by chemiluminescence (Mix ECL™ Reagent, GE
Healthcare, RPN2236) through exposure of X-ray film. Experiments were repeated 3 times, with 3 different sets of cells.

Behavior

Behavioral tests were scored using either ANY-maze (Stoelting, Wood Dale, IL) or EthoVision (Noldus). Behavioral testing began at
either 25 weeks (for pre-pulse inhibition) or 30-36 weeks (all other tests), and typically lasted 3 weeks; starting age was matched be-
tween experimentals and controls. A total of 6-12 recipient mice were engrafted and tested per cell line, or 17-36 mice per group for
each behavioral comparison, with a roughly equal balance of male (M) and female (F) recipients. All behavioral tests were done by
experimenters blinded as to the treatment condition and implanted cell line.

Tests were performed in the same sequence for all mice, and included: 7) Elevated Plus Maze Each test mouse was placed in the
center of a raised, plus-shaped apparatus, consisting of 2 enclosed arms and 2 open arms, facing an open arm (Walf and Frye, 2007).
Each tested mouse was videotaped and scored for time spent in the open versus closed arms. 2) Three chamber social choice The
test apparatus is a plexiglass enclosure divided into thirds with connecting doors (Ugo Basile, Italy) (Yang et al., 2011). Each test
mouse was first acclimated to the central chamber or 5 min. The doors to the outer chambers were then removed, and the test mouse
allowed to explore all three chambers for 10 min. The test mouse was then guided back to the central chamber, and a same sex and
age stranger mouse was placed in a cylindrical container in one side chamber, while an empty cylindrical container was placed in the
opposite side chamber. The mouse was then recorded for 10 min, and scored with respect to the amount of time it spent with the
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stranger mouse versus the empty compartment. 3) Novel Object Recognition Each test mouse was placed in an empty 1 ft? testing
chamber for 5 min to acclimate, then removed, and two identical objects were placed in the chamber. The mouse was returned to the
chamber with the objects, placed facing directly away from them, recorded for 10 min and scored for time spent in proximity to each
object (Bevins and Besheer, 2006). After one hour, the experiment was repeated, with one of the two objects replaced by a novel
object. 4) Pre-pulse inhibition Each mouse was placed in a restraint chamber inside a larger isolation cabinet, equipped with sound,
light, and air puff generators (SR-LAB, San Diego Instruments), and auditory PPl assessed as described (Geyer and Swerdlow, 2001).
5) Sucrose preference This experiment was always performed last, as mice were individually housed in order to measure liquid con-
sumption. Sucrose preference was determined by the percentage of sucrose water consumed as a proportion of all water consumed
(Willner et al., 1987). Water is delivered in our colony by Hydropac (Lab Products, Inc.), so an additional Hydropac containing sucrose
water was added to the cage and the two packs were weighed daily.

Activity and sleep assessment

Individually-housed mice were video recorded in 12” x 12” x 13.5” acrylic chambers, using infra-red cameras during the dark phase,
for 72 continuous hours under 12/12 light/dark conditions. The distance traveled in meters per hour was calculated by Noldus
Ethovision software, and averaged across 8 CTRL mice (gray fill, lines 22 and 17) and 10 SCZ mice (purple fill, line 52). In addition,
transitions between phases of the light cycle (measured 30 min before and 30 min after light changes) were analyzed in terms of the
number of consecutive seconds of immobility as a percentage of total immobility (AnyMaze, Stoelting), per 30 min measurement
block as described (McShane et al., 2010; Pack et al., 2007).

RNA-seq

hGPCs assessed for gene expression were first sorted by fluorescence-activated cell sorting on the basis of the cell surface marker
CD140a (BD PharMingen) as described (Sim et al., 2011) (Figure S2). Using polyA-selection, mRNA was isolated from these
PDGFRa*" hGPCs, which were derived from iPSCs made from 4 patients with juvenile-onset schizophrenia (SCZ line numbers 8
[n =4 independent cell preparations], 29 [n = 3], 51 [n = 7], and 164 [n = 8]); and 3 demographically similar healthy controls (CTR lines
22 [n=3], 37 [n=4], and 205 [n = 7]). Sequencing libraries were prepared using the TruSeq RNA v2 kit, and sequenced on an lllumina
HiSeq 2500 platform for approximately 45 million 1x100 bp reads per sample. The sequencing reads were pre-processed by
trimming off adaptor and low-quality sequences from the 3’ end using Trimmomatic (Bolger et al., 2014). The quality of reads before
and after pre-processing was assessed with FastQC (D’Antonio et al., 2015), and the pre-processed reads were then aligned to the
RefSeq NCBI reference human genome version GRCh38 (Pruitt et al., 2007) with Subread read aligner (Liao et al., 2013) using
Hamming distance to break ties between more than one optimal mapping locations. Raw gene counts were obtained from BAM
alignment files with the featureCounts tool (Liao et al., 2014).

For bioinformatic analysis, see Quantification and Statistical Analysis section below.

QUANTIFICATION AND STATISTICAL ANALYSIS

Imaging and quantitative histology

For mapping the distribution of human nuclei, or photographing gross distribution of myelin at low power, whole brain sections were
imaged on a Leica LMD 6500. Imaging for phenotypic counts was performed on an Olympus BX51 driven by Stereo Investigator soft-
ware (MBF, Williston, VT).

Astrocyte morphometrics
Shiverer x rag2 null mice were sacrificed at 4.5 months of age and their white matter astrocyte morphologies assessed. 150 um thick
coronal slices were taken by Vibratome at Bregma —1.0 mm from control (22, 37 and C27) or SCZ (51, 164, 193) hGPC-engrafted
mice, incubated in mouse anti-hGFAP for 1 week, then 4 hr in Alexa 568 goat anti-mouse. The slices were mounted on slides and
imaged at 100x by confocal (Leica SP8). The images were traced using Neurolucida 360 (MicroBrightfield, Inc.); all tracings were
done by experimenters blinded as to the treatment condition.

Individual astrocytes were selected from the middle of the corpus callosum at mid-depth so as to capture cells and their processes
in their entirety. Nine cells/brain were analyzed by Neurolucida with Sholl analysis, as 3 cells/slice and 3 slices/brain, taken at 500,
1000, and 1500 pum lateral of the midline. Two or three brains were assessed for each of three lines produced from separate patients,
for a total of 8 brains and 72 traced cells/condition, for both CTRL and SCZ-engrafted groups. For Sholl analysis, concentric shells
placed at successively increasing diameters of 5 um were centered on the cell body, and the number of intersections between cell
processes and shells counted (Sholl, 1953). For the assessment and quantitative description of astrocytic fiber 3D architecture, Fan-
in analysis (MBF Biosciences) was used as previously described for studies of dendritic topology (Dang et al., 2014).

Myelin luminance analysis

To measure forebrain myelination, we used luminance analysis based on measurement of myelin basic protein (MBP) immunofluo-
rescence. Evenly-spaced and uniformly sampled coronal sections were stained for MBP as described, and images taken at 10x using
a Nikon Ni-E and Nikon DS-Fi1 camera. The corpus callosum was selected as region of interest, and mean intensity values were
obtained using NIS Elements v.4.5.
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Statistical analysis
Unless otherwise noted, all analyses were done in GraphPad Prism v.7. Individual tests were performed as noted for each experi-
ment; all data shown as Means + SEM.

Bioinformatics

Raw RNaseq gene counts were obtained as noted above. After eliminating lowly expressed transcripts with < 5 reads in more than 5
samples across the dataset, the count data was normalized using the RUVSeq (Risso et al., 2014) R Bioconductor package (Gen-
tleman et al., 2004) to account for variance. As described in the RUVSeq manual, the normalization was accomplished in the following
three-step procedure: 1) in silico negative control genes were determined by first-pass differential expression analysis by the edgeR
(Robinson et al., 2010) and DESeq2 (Love et al., 2014) R Bioconductor packages, taking genes with FDR-adjusted P values > 0.75, as
calculated by both methods (approximately 7000 genes were unaffected by the condition of interest); 2) the negative control genes
were then used in the RUVs function of the RUVSeq package, for calculation of variance factors; and, 3) the second-pass differential
expression analysis (5% FDR and log2 fold change > 1) for determining disease-dysregulated genes was performed using the original
counts, adjusting for RUVs-calculated variance factors by multi-factor GLM models implemented in the edgeR and DESeq2
packages.

This three-step analysis, with filtering for low-expressed transcripts, was used to compare each SCZ-derived hGPC cell line to the
pooled CTR-derived hGPCs. The intersection of the resulting 4 individual lists of differentially expressed genes was taken as the
conserved representative list of SCZ-dysregulated genes. In the normalization procedure for each comparison, the number of
RUVs-calculated variance factors was limited to 1 for line 29, 3 for lines 8 and 164, and 7 for line 51, as determined by principal
component and hierarchical clustering analyses performed with native R functions (https://www.R-project.org). To obtain average
fold changes and P values for dysregulated genes in all 4 SCZ hGPC lines, a differential expression comparison of pooled SCZ to
pooled CTR lines was performed by the same filtering and analysis workflow with the number of variance factors limited to 9.

For all differential expression comparisons, only the significant results that agreed between edgeR and DESeg2 methods were
used in downstream analysis. Once individual fold changes and P values for dysregulated genes in all 4 SCZ hGPC lines were estab-
lished relative to control lines, the differential expression of pooled SCZ to pooled CTR lines was performed. For each SCZ cell line,
separate DE comparisons were performed against each control line and the intersection of the DE genes was taken as a represen-
tative list for that SCZ line against the control population. Fold changes and FDR-adjusted P values reported were calculated by
edgeR. Functional annotation of the conserved set of SCZ-dysregulated genes was done using ToppCluster (Kaimal et al., 2010)
and Ingenuity Pathway Analysis (IPA) (http://www.giagen.com/ingenuity). Network visualization and analysis of the results of func-
tional annotation were performed in Gephi (Jacomy et al., 2014) visualization software.

Real-Time PCR

Expression levels in SCZ- and control derived GPCs of selected target genes identified by RNA-seq were assayed by TagMan Low
Density Array (TLDA) Real-Time PCR. The raw data were analyzed in EspressionSuite Software version 1.1 supplied by Applied Bio-
systems and exported into HTQPCR R package (27) for relative quantification analysis.

DATA AND SOFTWARE AVAILABILITY
For streamlined execution of the above data processing and analysis routines, a set of Python and R scripts was developed. The code
and the data files needed to reproduce our normalization and differential expression pipeline are available from https://github.com/

cbtncph/GoldmanetalSCZ2016.
All genomic data have been deposited to GEO: GSE86906.
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SUPPLEMENTARY FIGURES

Figure S1 (related to Figures 1, 2 and 4)

FACS isolation of hiPSC-derived GPCs
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Figure S$1
CD140a" glial progenitor cells could be efficiently produced from both SCZ and normal hiPSCs
Flow cytometry for CD140a/PDGFaR" glial progenitor cells (right plots, compared to unstained
gating controls on left), reveals dominant proportions of CD140a-defined cells in both normal control
patient-derived (top, A-B) and SCZ-derived (botfom, C-D) preparations. A-C and B-D were run as
matched pairs; A and C, 177 and 168 days in vitro (DIV); B and D, 188 and 196 DIV. E-H show a
representative post-FACS preparation of CD140a-sorted cells, as E, a phase image, immunostained
for both olig2 (F, red) and PDGFRa (G; H, merged). These plots were typical of GPC cultures of both
normal and SCZ-derived hiPSC lines. The sorted populations were used for genomics assessment,
while both sorted and unsorted cells were used for transplantation, with no evident performance

differences between the two.



Figure S2 (related to Figure 2)

A Control B Schizophrenia
CTR 1 (22) SCZ 1 (51)

Mouse 1

" Mouse 1

Mouse 2

Mouse 3

Mouse 4

Figure S2
Schizophrenia-derived GPCs exhibit aberrant dispersal in vivo

The dispersal patterns of GPCs produced from SCZ patients typically differed from that of
iPSC hGPCs derived from normal patients, in that SCZ GPCs did not remain and expand within the
white matter before progressing to cortical infiltration, as was otherwise invariably the case with
normal GPCs. A-B show 4 mice each implanted with either control subject-derived (line 22) or SCZ
patient-derived (line 51) hGPCs. All SCZ hGPC-engrafted mice show disproportionate hGPC entry
into the cortical and striatal gray matter, with less expansion and hence less net engraftment in the
forebrain white matter tracts. This difference in hGPC dispersal pattern was noted consistently in all 4
SCZ lines assessed in vivo, each derived from a different patient, relative to their matched 4 control

lines, similarly obtained from distinct patients (see Figure 2).



Figure S3 (related to Figure 4)
Heat maps of significantly dysregulated genes in schizophrenic relative to control hiPSC GPCs
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Expression patterns for shared genes differentially expressed by hiPSC GPCs derived from 4
schizophrenic patients, relative to the pooled gene expression pattern of hGPCs derived from 3
control-derived iPSCs (log2 fold change >1.0, FDR 5%, 118 genes total). The dysregulated genes
were manually annotated and grouped into relevant sets based on their function and cellular
localization. Each heat map visualizes UQ-normalized, log2-transformed counts of genes grouped into
the following functional categories, comprising genes encoding: (A) transcription regulators, zinc
finger proteins, and other nucleus-associated proteins; (B) glial differentiation-associated proteins; (C)
myelin-related genes and transcription factors; (D) Wnt pathway effectors; (E) metabolic enzymes; (F)
lipid and lipoprotein metabolism; (G) kinases and phosphatases; (H) adhesion molecules, cadherins;
and astrotactins; (I) GPCR signal intermediates; (J) growth factors; and (K) cytokines.
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Figure S4 (related to Figure 4)

Additional heat maps of significantly dysregulated genes in SCZ relative to control hGPCs
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Additional heat maps of significantly dysregulated genes in SCZ relative to control hGPCs

As in Figure S3, expression patterns for genes differentially expressed by hiPSC GPCs
derived from 4 SCZ patients, relative to the pooled gene expression pattern of hGPCs derived from 3
control-derived iPSCs (log2-fold change >1.0, FDR 5%, 118 genes total). As in Figure S3, which is
derived from the same data set, each heat map visualizes UQ-normalized, log2-transformed counts of
differentially expressed genes. These are grouped into the following functional categories, which
follow those listed in Figure S3: (L) cell signaling and synaptic proteins; (M) ion channels; (N)
transporters; (0O) extracellular matrix constituents; (P) other transmembrane proteins; (Q) other
cytoplasmic and membrane-bound proteins; and (R) unannotated genes, open reading frames, and

long intergenic non-coding RNAs.
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Figure S5 (related to Figure 5)
Neurexin-1 expression was suppressed in SCZ hiPSC GPCs
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A, Western blots revealed that neurexin-1 protein was abundantly expressed by human GPCs
purified by CD140a-directed FACS, and that neurexin-1 levels were lower in otherwise matched SCZ
hGPCs (line 51 SCZ hGPCs vs. line 22 CTRL hGPCs). B, Quantitative densitometry revealed the
significant decrease in neurexin1 protein expression by SCZ hGPCs relative to their CTR hGPCs.
*p<0.05, Student’s t-test.



SUPPLEMENTARY TABLES

Table S1 (related to Figure 1)

Patients and cell lines used in this study

RNA-Seq of Anatomic Behavioral
Subject | hiPSC | Age of - T An.+ | assessment | assessment
number | Line(s) | subject Gender | Ethnicity Cg;tosa N=shiverer | N=myelin w/t
mice mice

Control Subjects
Cntrl 1 19, 22 26 M C N N N
Cntrl 2 37 32 F AA N N N
Cntrl 3 205 25 M C \ \ N
Cntrl 4 c27 NA NA NA Yl V

Schizophrenic Subjects
SCZ1 8 10 F C V N
SCz2 51, 52 16 M C J V V
SCz3 29, 31 12 M C \ \
Scz4 164 14 F AA Yl d
SCZ5 193 15 F NA d V

A total of 11 new independent iPS cell lines were derived from 8 subjects; 5 juvenile-onset
schizophrenic patients and 3 healthy controls; an established control line (C27) from an additional
normal subject was published previously (Chambers et al., 2009; Wang et al., 2013), and graciously
provided by L. Studer. hGPCs derived from these cells were assigned to individual experiments as

noted. C, Caucasian; AA, African-American; NA, not available.



Table S2 (related to Figure 4)

Significantly dysregulated genes in schizophrenic relative to control GPCs

These tables list shared genes differentially expressed by hiPSC GPCs derived from 4 SCZ
patients, relative to the pooled gene expression pattern of hGPCs from 3 control-derived iPSCs (log2
fold change >1.0, FDR 5%, 116 genes total, red, upregulated in SCZ vs CTRL; green, downregulated
in SCZ GPCs). The fold- changes (FC) and FDR-adjusted p values shown here were derived from the
comparison of the pooled SCZ-derived GPC lines to the pooled control-derived GPC lines.
Dysregulated genes were grouped into functional sets by their cellular roles and localizations.
Gene ID Log2 FC

P Value Entrez Gene Name

Transcription regulators, & nucleus-associated (10 genes)

SLFN13 _ 2.18E-13 schlafen family member 13

SLFN11 2.193 6.47E-09 schlafen family member 11

NLRP2 4.24E-58 NLR family, pyrin domain containing 2

SOX10 -4.448 8.37E-19 SRY-box 10

NROB1 -3.321 5.92E-27 nuclear receptor subfamily 0 group B member 1
OLIG2 -3.196 4.23E-19 oligodendrocyte lineage transcription factor 2
OLIG1 -3.146 5.72E-22 oligodendrocyte transcription factor 1

ZNF439 -2.139 6.14E-08 zinc finger protein 439

IRX1 -1.815 5.52E-06 iroquois homeobox 1

ZNF488 -1.464 4.44E-07 zinc finger protein 488

Glial differentiation (5 genes)

SOX10 -4.448 8.37E-19 SRY-box 10

OLIG2 -3.196 4.23E-19 oligodendrocyte lineage transcription factor 2
OLIG1 -3.146 5.72E-22 oligodendrocyte transcription factor 1

DLL3 -2.352 2.09E-24 delta-like 3 (Drosophila)

MPZ -2.105 7.66E-13 myelin protein zero

Myelination-associated (12 genes)

SOX10 -4.448 8.37E-19 SRY-box 10

GPR17 -3.357 1.94E-10 G protein-coupled receptor 17

UGT8 -3.250 4.36E-09 UDP glycosyltransferase 8

OLIG2 -3.196 4.23E-19 oligodendrocyte lineage transcription factor 2
GAL3ST1 -2.681 4.01E-12 galactose-3-0O-sulfotransferase 1

CNTN1 -2.675 5.65E-15 contactin 1

PLLP -2.581 1.21E-24 plasmolipin

OMG -2.561 5.09E-12 oligodendrocyte myelin glycoprotein

FA2H -2.440 4.45E-08 fatty acid 2-hydroxylase

SLC8A3 -2.224 2.00E-12 solute carrier family 8 (sodium/calcium exchanger), member 3
MPZ -2.105 7.66E-13 myelin protein zero

ZNF488 -1.464 4.44E-07 zinc finger protein 488

Whnt signaling (4 genes)

WNT7B -2.626 1.46E-07 wingless-type MMTV integration site family member 7B
PCDH15 -2.530 1.42E-10 protocadherin-related 15

PCDH11X -2.364 1.25E-08 protocadherin 11 X-linked

CDH10 -1.646 9.33E-07 cadherin 10

Enzymes (15 genes)

SLFN13 2.18E-13 schlafen family member 13

SLFN11 2.193 6.47E-09 schlafen family member 11

HS3ST4 2.149 1.44E-04 heparan sulfate-glucosamine 3-sulfotransferase 4
ALOX5 1.777 2.35E-05 arachidonate 5-lipoxygenase

CA10 -3.550 3.07E-08 carbonic anhydrase X

NEU4 -3.361 8.31E-40 neuraminidase 4 (sialidase)

UGT8 -3.250 4.36E-09 UDP glycosyltransferase 8

GAL3ST1 -2.681 4.01E-12 galactose-3-O-sulfotransferase 1

CNTN1 -2.675 5.65E-15 contactin 1

CSMD3 -2.560 5.78E-10 CUB and Sushi multiple domains 3

GALNT13 -2.467 2.80E-11 polypeptide N-acetylgalactosaminyltransferase 13
FA2H -2.440 4.45E-08 fatty acid 2-hydroxylase

AOAH -2.271 2.99E-12 acyloxyacyl hydrolase

KIF19 -1.644 5.10E-06 kinesin family member 19

DSEL -1.151 1.35E-10 dermatan sulfate epimerase-like

Lipid & lipoprotein metabolism (5 genes)

ALOX5 1.777 2.35E-05 arachidonate 5-lipoxygenase

NEU4 -3.361 8.31E-40 neuraminidase 4 (sialidase)
GAL3ST1 -2.681 4.01E-12 galactose-3-O-sulfotransferase 1
PLPPR1 -2.652 1.16E-09 phospholipid phosphatase related 1
PLPPR5 -1.573 1.69E-09 phospholipid phosphatase related 5



Kinases & phosphatases (6 genes)

PTPRT
PPP1R16B
PPAPDC1A
DGKG
EPHB1
PNCK

IO 1.coc-17
-2.665 1.29E-09
-2.357 6.76E-09
-2.306 9.29E-12
-1.344 3.89E-17
-1.226 4.25E-08

Adhesion molecules (5 genes)

DSCAM
ASTN2
OPCML
BAI1
CDH10

-3.148
-2.242
-2.099
-2.000
-1.646

1.58E-12
4.70E-21
7.87E-10
1.31E-12
9.33E-07

GPCR signaling (10 genes)

CCL2
GPR17
GPR45
WNT7B
GPR139
OMG
CRHR1
DGKG
BAI1
GPR123

Growth factors (3 genes)

FGF14
FGF12
CSPG5

1.832
=337/
-2.895
-2.626
-2.589
-2.561
-2.382
-2.306
-2.000
-1.807

-2.021
-1.988
-1.285

Cytokines (2 genes)

CCL2
CMTM5

1.832
-3.023

1.97E-07
1.94E-10
2.95E-14
1.46E-07
1.32E-08
5.09E-12
5.81E-12
9.29E-12
1.31E-12
1.76E-18

5.14E-07
5.47E-09
6.38E-17

1.97E-07
3.69E-15

protein tyrosine phosphatase, receptor type T
protein phosphatase 1 regulatory subunit 16B
phospholipid phosphatase 4

diacylglycerol kinase gamma

EPH receptor B1

pregnancy up-regulated nonubiquitous CaM kinase

Down syndrome cell adhesion molecule
astrotactin 2

opioid binding protein/cell adhesion molecule-like
adhesion G protein-coupled receptor B1

cadherin 10

chemokine (C-C motif) ligand 2

G protein-coupled receptor 17

G protein-coupled receptor 45

wingless-type MMTV integration site family member 7B
G protein-coupled receptor 139

oligodendrocyte myelin glycoprotein

corticotropin releasing hormone receptor 1
diacylglycerol kinase gamma

adhesion G protein-coupled receptor B1

adhesion G protein-coupled receptor Al

fibroblast growth factor 14
fibroblast growth factor 12
chondroitin sulfate proteoglycan 5

chemokine (C-C motif) ligand 2
CKLF-like MARVEL transmembrane domain containing 5

Synaptic-junction associated (32 genes)

CCL2
ALOX5
BRINP3
DSCAM
KCND2
NXPH1
CHRNA4

ARHGAP36

CNTN1
NETO1
PLLP
PCDH15
GRIA4
BCAN
GABRA3
CRHR1
SHISA7
SLC8A3
MPZ
GRID2
RPH3A
VWC2
CTTNBP2
MT3
KCNA3
BRINP2
LGI3
SLC6A1
GRID1
GRIK4
KCNK9
EPHB1

Ion channels (10 genes)

KCND2
GRIA4
GABRA3
ASIC4
KCNJ9
GRID2
KCNA3
GRID1
GRIK4
KCNK9

1.832
1.777
-3.433
-3.148

-2.382
-2.302
-2.224
-2.105
-2.055
-2.014
-2.003
-1.904
-1.795
-1.719
-1.625
-1.614
-1.596
-1.562
-1.547
-1.460
-1.344

-3.145
-2.519
-2.450
-2.321
-2.187
-2.055
-1.719
-1.562
-1.547
-1.460

1.97E-07
2.35E-05
4.70E-22
1.58E-12
5.67E-11
3.11E-15
4.45E-14
1.21E-05
5.65E-15
2.52E-12
1.21E-24
1.42E-10
1.84E-09
7.35E-32
1.08E-12
5.81E-12
1.43E-14
2.00E-12
7.66E-13
3.65E-06
1.01E-06
9.67E-13
7.21E-08
5.27E-09
3.03E-12
2.03E-12
4.07E-08
5.52E-11
7.61E-07
2.73E-07
4.40E-06
3.89E-17

5.67E-11
1.84E-09
1.08E-12
4.13E-14
2.85E-21
3.65E-06
3.03E-12
7.61E-07
2.73E-07
4.40E-06

chemokine (C-C motif) ligand 2

arachidonate 5-lipoxygenase

bone morphogenetic protein/retinoic acid inducible neural-specific 3
Down syndrome cell adhesion molecule

potassium channel, voltage gated Shal related subfamily D, member 2
neurexophilin 1

cholinergic receptor, nicotinic alpha 4

Rho GTPase activating protein 36

contactin 1

neuropilin and tolloid like 1

plasmolipin

protocadherin-related 15

glutamate receptor, ionotropic, AMPA 4

brevican

gamma-aminobutyric acid (GABA) A receptor, alpha 3

corticotropin releasing hormone receptor 1

shisa family member 7

solute carrier family 8 (sodium/calcium exchanger), member 3
myelin protein zero

glutamate receptor, ionotropic, delta 2

rabphilin 3A

von Willebrand factor C domain containing 2

cortactin binding protein 2

metallothionein 3

potassium channel, voltage gated shaker related subfamily A, member 3
bone morphogenetic protein/retinoic acid inducible neural-specific 2
leucine-rich repeat LGI family member 3

solute carrier family 6 (neurotransmitter transporter), member 1
glutamate receptor, ionotropic, delta 1

glutamate receptor, ionotropic, kainate 4

potassium channel, two pore domain subfamily K, member 9

EPH receptor B1

potassium channel, voltage gated Shal related subfamily D, member 2
glutamate receptor, ionotropic, AMPA 4

gamma-aminobutyric acid (GABA) A receptor, alpha 3

acid sensing ion channel subunit family member 4

potassium channel, inwardly rectifying subfamily J, member 9
glutamate receptor, ionotropic, delta 2

potassium channel, voltage gated shaker related subfamily A, member 3
glutamate receptor, ionotropic, delta 1

glutamate receptor, ionotropic, kainate 4

potassium channel, two pore domain subfamily K, member 9
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Transporters (6 genes)

AZGP1 -3.323
PLLP -2.581
SNX22 -2.297
SLC8A3 -2.224
RPH3A -2.014
SLC6A1 -1.596

1.66E-08
1.21E-24
3.53E-20
2.00E-12
1.01E-06
5.52E-11

alpha-2-glycoprotein 1, zinc-binding

plasmolipin

sorting nexin 22

solute carrier family 8 (sodium/calcium exchanger), member 3
rabphilin 3A

solute carrier family 6 (neurotransmitter transporter), member 1

Extracellular matrix-associated (14 genes)

CCL2 1.832
COL20A1 -3.476
BRINP3 -3.433
WNT7B -2.626
BCAN -2.473
FGF14 -2.021
VWC2 -2.003
FGF12 -1.988
LUZP2 -1.948
ELFN2 -1.943
KY -1.873
BRINP2 -1.625
LGI3 -1.614
CSPG5 -1.285

1.97E-07
7.33E-14
4.70E-22
1.46E-07
7.35E-32
5.14E-07
9.67E-13
5.47E-09
7.22E-06
1.47E-06
2.41E-13
2.03E-12
4.07E-08
6.38E-17

chemokine (C-C motif) ligand 2

collagen, type XX, alpha 1

bone morphogenetic protein/retinoic acid inducible neural-specific 3
wingless-type MMTV integration site family member 7B

brevican

fibroblast growth factor 14

von Willebrand factor C domain containing 2

fibroblast growth factor 12

leucine zipper protein 2

extracellular Leu-rich repeat and fibronectin type III domain containing 2

kyphoscoliosis peptidase

bone morphogenetic protein/retinoic acid inducible neural-specific 2
leucine-rich repeat LGI family member 3

chondroitin sulfate proteoglycan 5

Transmembrane proteins (5 genes)

TMEM257 -4.018
CMTM5 -3.023
CHRNA4 -2.755
LINGO1 -2.139
TMEM229B -1.187

5.58E-23
3.69E-15
4.45E-14
3.56E-14
7.76E-06

transmembrane protein 257

CKLF-like MARVEL transmembrane domain containing 5
cholinergic receptor, nicotinic alpha 4

leucine-rich repeat and Ig domain containing 1
transmembrane protein 229B

Cytoplasmic & membrane-associated (15 genes)

CCL2 1.832
BTN3A2 1,355
BEX5 -3.885
ARHGAP36 -2.686
WNT7B -2.626
GRIA4 -2.519
SNX22 -2.297
LHFPL3 -2.250
RPH3A -2.014
CTTNBP2 -1.904
SHC3 -1.830
MT3 =1, 755
LGI3 -1.614
KCNK9 -1.460
CSPG5 -1.285

1.97E-07
8.10E-20
2.55E-21
1.21E-05
1.46E-07
1.84E-09
3.53E-20
1.71E-07
1.01E-06
7.21E-08
7.88E-19
5.27E-09
4.07E-08
4.40E-06
6.38E-17

chemokine (C-C motif) ligand 2

butyrophilin subfamily 3 member A2

brain expressed X-linked 5

Rho GTPase activating protein 36

wingless-type MMTV integration site family member 7B
glutamate receptor, ionotropic, AMPA 4

sorting nexin 22

lipoma HMGIC fusion partner-like 3

rabphilin 3A

cortactin binding protein 2

SHC (Src homology 2 domain containing) transforming protein 3
metallothionein 3

leucine-rich repeat LGI family member 3

potassium channel, two pore domain subfamily K, member 9
chondroitin sulfate proteoglycan 5

lincRNAs, ORFs, & uncharacterized (25 genes)

RPS12P11 1.647
LOC101927206 -3.592
LOC100505797 -3.266
C100rf85 -3.081
CXXC11 -2.814
LOC284395 -2.792
RP11-54717.2 -2.779
AC009227.2 -2.758
LOC101928430 -2.691
FL138379 -2.389
LOC102723927 -2.363
RP11-1055B8.3 -2.336
AC131097.3 -2.180
Clorfo4 -2.077
HMGA1P7 -2.057
LOC101929249 -2.003
LOC101927646 -2.001
AC010890.1 -1.937
C20rf80 -1.924
MAPT-AS1 -1.844
LOC100128127 -1.814
RP11-1134114.8 -1.783
SLC6A1-AS1 -1.706
KIAA1244 -1.643
FAM222A-AS1 -1.297

9.02E-30
2.74E-63
3.10E-27
3.52E-10
7.70E-19
1.20E-10
4.81E-34
3.05E-13
5.56E-10
1.25E-15
7.74E-21
1.02E-16
5.80E-16
7.03E-11
4.49E-09
1.52E-06
1.22E-10
3.53E-10
6.74E-18
5.40E-07
1.43E-09
5.72E-22
1.31E-09
1.63E-10
1.10E-11

not available

not available

myosin heavy chain IB-like

long intergenic non-protein coding RNA 1561
receptor (chemosensory) transporter protein 5 (putative)
uncharacterized LOC284395

not available

not available

not available

not available

uncharacterized LOC102723927

not available

not available

chromosome 1 open reading frame 94

high mobility group AT-hook 1 pseudogene 7
uncharacterized LOC101929249
uncharacterized LOC101927646

not available

chromosome 2 open reading frame 80

MAPT antisense RNA 1

not available

not available

SLC6A1 antisense RNA 1

ARFGEF family member 3

FAM222A antisense RNA 1
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Table S3 (related to Figure 5)
Significantly dysregulated synaptic genes in SCZ GPCs

SCz.08 SCz.29 SCz.51 SCZ.164 SCZ.084+29+51+164
vs. Pooled CTR vs. Pooled CTR vs. Pooled CTR vs. Pooled CTR vs. Pooled CTR

Gene ID Log2 FC P Value Log2 FC P Value Log2 FC P Value Log2 FC P Value Log2FC P Value

DSCAML1 -1.971 8.83E-07 -2.968 1.31E-04 -1.089 8.32E-05 NS NS -0.982 5.34E-08
LINGO1  -2.320 3.20E-04 -2.885 2.26E-04 -1.452 3.36E-06 -2.523 O.19E-12 -2.139 3.56E-14
NLGN1  -1.249 3.37E-04 -1.014 4.32E-02 NS NS -0.545 3.88E-02 -0.625 3.15E-04
NLGN2 NS NS -0.767 1.74E-02 -0.384 3.01E-03 -0.408 1.47E-02 -0.452 3.37E-06
NLGN3  -0.563 3.98£-02 -1.669 3.07E-03 -1.011 1.63E-09 -0.958 3.67E-05 -1.143 1.61E-19
NRP1 1,362 1.15E-03 1.409 5.00E-04 NS NS NS NS NS NS

NRP2 NS NS | 1548 2.07E-03 NS NS -0.733 3.65E-02 NS NS

NRXN1 | -3.259 5.93E-06 -2.984 5.55E-03 -1.176 1.356-02 NS NS -1.161 2.04E-04
NRXN2 NS NS -2.179 9.04E-06 -1.252 2.71E-11 -0.720 3.33E-03 -1.102 6.82E-17
NRXN3 | 1.874 1.60E-04 NS NS NS NS | 1.198 1.20E-02 0.909  6.89E-04
NTNG2  -0.874 7.99E-03 -1.814 3.51E-04 NS NS NS NS NS NS

NXPE3 NS NS NS NS NS NS 0410 1.74E-02 0.248 2.79E-02
NXPH1 | -3.019 3.98E-07 | -3.666 1.84E-03 -1.338 1.06E-02 -2.317 2.46E-09 -2.892 3.11E-15
NXPH2  -2.288 5.62E-04 NS NS NS NS NS NS NS NS

NXPH3 NS NS -2.225 1.49E-03 -1.084 7.92E-03 NS NS -0.675 2.66E-02
NXPH4  -2.186 5.96E-03 [OOSR 4.08E-14 NS NS -1.560 1.09E-02 NS NS

PTPRZ1 NS NS -2.967 2.60E-05 -0.792 4.13E-03 -0.870 5.38E-03 -1.296 2.41E-11
RGS4 1,982 6.80E-05 | 2,184  3.97E-04 1.105 7.04E-04 -1.419 2.64E-03 NS NS

SLITRK2 [\56:812" 1.35€-04 NS NS [EAS07) 7.516-25 [NESISSIN 5.54E-06 [196:138 | 5.52E-14
SLITRK3 = -2.958 2.68E-03 NS NS -1.698 6.37E-04 -3.490 1.61E-11 -2.502 6.76E-07
SLITRK4 | -4.157 7.12E-05 NS NS | -3.713 5.02E-05 -2.678 1.20E-02 -2.457 5.86E-05
SLITRK5 =~ -2.047 3.87E-07 NS NS -1.184 1.54E-06 -1.734 9.31E-08 -1.152 1.05E-08
SPARCL1 =~ -2.314 6.14E-06 NS NS NS NS -0.843 3.87E-02 NS NS

TNR -3.082 8.83E-06 | “5.108 | 1.89E-07 -2.227 8.81E-13 NS NS | -2.137 5.56E-12

Genomic analysis of SCZ-derived hGPCs from 4 different patients revealed the significant and

shared down-regulation in these cells of a number of synaptic genes, including neuroligin-3,

neuroexophilin-1, LINGO1 and DSCAMLA1, relative to their normal controls (red, upregulated in SCZ

vs CTRL; green, downregulated in SCZ GPCs; color intensity proportionate to differential

dysregulation). Other synapse-associated genes, such as the SLITRKs 2-5, were significantly and

sharply downregulated in GPCs derived from 3 of the 4 patients (lines 8, 51 and 164).

Lines 08, 29, 51 and 164: schizophrenia-derived, different patients; pooled controls, 3 lines,

each from a different patient. Individual SCZ line data shown as well as pooled SCZ data, to highlight

both commonalities and distinctions between SCZ GPCs derived from different patients. Log2FC: log;

fold-change in expression. NS: not significant.
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