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Heterozygous NRXN1 deletions constitute the most prevalent
currently known single-gene mutation associated with schizophrenia,
and additionally predispose to multiple other neurodevelopmental
disorders. Engineered heterozygous NRXN1 deletions impaired neu-
rotransmitter release in human neurons, suggesting a synaptic path-
ophysiological mechanism. Utilizing this observation for drug
discovery, however, requires confidence in its robustness and val-
idity. Here, we describe a multicenter effort to test the generality of
this pivotal observation, using independent analyses at two labora-
tories of patient-derived and newly engineered human neurons
with heterozygous NRXN1 deletions. Using neurons transdifferentiated
from induced pluripotent stem cells that were derived from schizophre-
nia patients carrying heterozygous NRXN1 deletions, we observed the
same synaptic impairment as in engineered NRXN17-deficient neurons.
This impairment manifested as a large decrease in spontaneous synap-
tic events, in evoked synaptic responses, and in synaptic paired-pulse
depression. Nrxn1-deficient mouse neurons generated from embryonic
stem cells by the same method as human neurons did not exhibit
impaired neurotransmitter release, suggesting a human-specific
phenotype. Human NRXN1 deletions produced a reproducible in-
crease in the levels of CASK, an intracellular NRXN1-binding protein,
and were associated with characteristic gene-expression changes.
Thus, heterozygous NRXN1 deletions robustly impair synaptic func-
tion in human neurons regardless of genetic background, enabling
future drug discovery efforts.

neurexin | synapse formation | schizophrenia | NMDA receptor |
synaptic transmission

chizophrenia is a devastating brain disorder that affects mil-

lions of people worldwide and exhibits a strong genetic com-
ponent. In a key discovery, deletions or duplications of larger
stretches of chromosomal DNA that lead to copy number varia-
tions (CNVs) were identified two decades ago (1, 2). CNVs occur
unexpectedly frequently, are often de novo, and usually affect
multiple genes depending on the size of the deleted or duplicated
stretch of DNA. Strikingly, the biggest genetic risk for schizophrenia
was identified in three unrelated CNVs: a duplication of region
16p11.2 and deletions of 22q11.2 and of 2p16.3 (3-9). Of these
CNVs, 16p11.2 and 22q11.2 CNVs affect more than 20 genes,
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Heterozygous NRXN1 deletions predispose to schizophrenia and
other neurodevelopmental disorders. Engineered heterozygous
NRXN1 deletions impair neurotransmitter release in human neurons,
suggesting a synaptic pathophysiological mechanism. In a multi-
center effort to test the generality and robustness of this pivotal
observation, we used, at two laboratories, independent analyses of
patient-derived and newly engineered human neurons with het-
erozygous NRXN1 deletions. Schizophrenia patient-derived neurons
with NRXN1 deletions exhibited the same major decrease in neu-
rotransmitter release and an increase in CASK protein as engineered
human neurons with NRXN1 deletions. Strikingly, engineered mouse
Nrxn1-deficient neurons derived by the same method displayed no
such phenotype, suggesting a human-specific role for NRXN1. Thus,
heterozygous NRXN1 deletions robustly impair synaptic function in
human neurons, enabling future drug discovery efforts.
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whereas 2p16.3 CNVs impact only one or more exons of a single
gene, NRXN1, which encodes the presynaptic cell-adhesion
molecule neurexin-1 (4, 7, 9-12). NRXNI CNVs confer an ap-
proximately 10-fold increase in risk of schizophrenia, and addi-
tionally strongly predispose to other neuropsychiatric disorders,
especially autism and Tourette syndrome (13, 14). Moreover,
genome-wide association studies using DNA microarrays iden-
tified common changes in many other genes that predispose to
schizophrenia with smaller effect sizes (15-21). Viewed together, these
studies indicate that variations in a large number of genes are linked
to schizophrenia. Among these genetic variations, heterozygous
exonic CNVs of NRXNI are rare events, but nevertheless constitute
the most prevalent high-risk single-gene association at present.

Neurexins are central regulators of neural circuits that control
diverse synapse properties, such as the presynaptic release proba-
bility, the postsynaptic receptor composition, and synaptic plasticity
(22-28). To test whether heterozygous NRXNI mutations might
cause functional impairments in human neurons, we previously
generated conditionally mutant human embryonic stem (ES) cells
that enabled induction of heterozygous NRXN! deletions using
Cre-recombinase (29). We then analyzed the effects of the deletion
on the properties of neurons induced from the conditionally mutant
ES cells using forced expression of Ngn2, a method that generates
a relatively homogeneous population of excitatory neurons that
are also referred to as induced neuronal (iN) cells (30). These
experiments thus examined isogenic neurons without or with a
heterozygous NRXN1 loss-of-function mutation that mimicked the
schizophrenia-associated 2p16.3 CNVs, enabling precise control
of the genetic background. The heterozygous NRXNI deletion
produced a robust but discrete impairment in neurotransmitter
release without major changes in neuronal development or mor-
phology (29). These results were exciting because they suggested
that a discrete impairment in neurotransmitter release could un-
derlie the predisposition to schizophrenia conferred by the 2p16.3
CNV, but these experiments did not reveal whether the NRXN/
mutation induces the same synaptic impairment in schizophrenia
patients (31).

The present project was initiated to achieve multiple over-
lapping aims emerging from the initial study on human NRXNI
mutations (29). First, we aimed to validate or refute the results
obtained with neurons generated from engineered conditionally
mutant ES cells with neurons generated from patient-derived
induced pluripotent stem (iPS) cells containing NRXNI muta-
tions (Fig. 14). This goal was pursued in order to gain confidence
in the disease-relevance of the observed phenotypes. Second, we
wanted to test whether the observed phenotype is independent of
the laboratory of analysis (i.e., whether it is sufficiently robust to
be replicated at multiple sites) (Fig. 14). This goal was motivated
by the observation of limited reproducibility in some studies of the
phenotypes of patient-derived neurons. We hypothesized that this
lack of reproducibility is due to variations in experimental condi-
tions rather than an experimental failure, and designed our studies
to demonstrate robustness of the findings through replication.
Third, we aimed to generate reagents that could be broadly used
by the scientific community for investigating the cellular basis of
neuropsychiatric disorders (32). This goal was prompted by the
challenges posed by the finding that many different genes appear
to be linked to schizophrenia. Fourth, we aimed to definitively
establish or exclude the possibility that human neurons are
uniquely sensitive to a heterozygous loss of NRXNI compared
with mouse neurons (Fig. 1B). The goal here was to test whether
at least as regards to NRXN1, mouse and human neurons exhibit
fundamental differences. Fifth and finally, we hoped to gain fur-
ther insights into the mechanisms by which NRXN1 mutations
predispose to schizophrenia, an obviously needed objective given
our lack of understanding of this severe disorder. As described in
detail below, our data provide advances toward meeting these goals,
establishing unequivocally that heterozygous NRXN! deletions in
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human but not in mouse neurons cause a robust impairment in
neurotransmitter release that is replicable in multiple laboratories.

Results

Cohort of Cases and Controls. Peripheral blood mononuclear cell
(PBMC) specimens and genomic DNA were obtained from the
National Institute of Mental Health Repository and Genomics
Resource, donated by schizophrenia patients carrying heterozy-
gous NRXN1 exonic deletions and control individuals who were
participants in the Molecular Genetics of Schizophrenia (MGS2)
European-ancestry cohort (33). The controls met criteria that
predicted low genetic risk for schizophrenia. Cases and controls
were aged 35 to 51y at collection (Materials and Methods and SI
Appendix, Table S1) (for the availability of nonidentified clinical
information and of biomaterials, see https://www.nimhgenetics.
org/). Controls were selected based on low schizophrenia polygenic
risk scores and educational/occupational characteristics suggesting
absence of either superior or deficient cognitive function. iPS cell
lines were generated from PBMCs by the Rutgers University Cell
and DNA Repository (RUCDR) via integration-free Sendai virus
reprogramming. Three subclones were generated from each line
for analysis (Fig. 1). Reprogramming included extensive quality-
control measures to verify normal karyotypes, morphology, and
pluripotency of iPS cells, which were also tested pre- and post-
freezing for mycoplasma, and whole-genome sequencing (WGS)
validated the presence of an exonic NRXN1 deletion in patients but
not in controls (SI Appendix, Fig. S1). No patient or control carried
other exonic CNVs known to be associated with schizophrenia or
contained nonsynonymous single-nucleotide variants, except for a
variant in N1884 (chr2:50724817G > A [hgl9]; chr2:50497679G >
A [hg38]), which is predicted to be benign.

Of the five lines with NRXN1 deletions (referred to as NRXNI%)
and the six control lines available, we selected three pairs of
NRXNI% cases and controls based on similarity in gender and age
at donation (SI Appendix, Table S1). Two selected lines had de-
letions affecting only NRXN1a, while the third line had a deletion
ablating both NRXN1la and NRXN1p (S Appendix, Fig. S14). All
subsequent differentiations, functional assays, and data analyses
were performed using this pairing system, such that each patient-
derived human iPS cell line was consistently paired with its own
human control iPS cell line to minimize experimental and line-to-line
variability. This approach does not imply genetic similarity between
cases and controls as the pairing is by necessity random. Frozen vials
of iPS cells were shipped for cell line expansion, banking, and iN
cell transdifferentiation to generate human neurons at two sites,
Stanford University and FUJIFILM Cellular Dynamics Inc. (FCDI)
(Fig. 1). The neurons generated at Stanford University were then
also analyzed at Stanford, whereas the neurons generated at FCDI
were shipped for analysis to Rutgers University.

Single-Laboratory vs. Industry-Scale Methods of Ngn2-Induced
Transdifferentiation of iPS Cells into Neurons. Forced expression of
Ngn2 rapidly converts human ES or iPS cells into excitatory
neurons (29, 30, 34). These human neurons, also referred to as iN
cells, are composed of excitatory, relatively homogeneous neurons
resembling cortical layer 2/3 pyramidal neurons (30). Since pro-
duction of Ngn2-induced human neurons is robust and scalable,
we decided to further optimize it with two specific goals in mind:
1) to generate human neurons by transdifferentiation of iPS cells
that are grown on feeder cell layers, which was necessary to
minimize karyotypic abnormalities; and 2) to manufacture human
neurons at an industry scale, thus enabling distribution of human
neurons to multiple sites for downstream functional studies.
Guided by our published protocols (35) (Materials and Methods),
we modified the iPS cell dissociation step to efficiently remove
mouse feeder cells from human iPS cell colonies. We also im-
proved the initial induction step to provide the optimal medium
combination for cell survival and TetO-inducible Ngn2 expression
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Fig. 1. Overall study design illustrating the experimental approach to an-
alyze human heterozygous NRXNT loss-of-function mutations, to achieve
cross-laboratory and cross-platform validation of observed phenotypes, and
to perform cross-paradigm evaluations of these phenotypes in human and
mouse neurons. (A) Experimental strategy for analyzing the functional ef-
fects of heterozygous NRXN1 loss-of-function mutations in human patient-
derived neurons and for validating the observed phenotypes in a cross-
laboratory and cross-platform comparison. PBMCs from schizophrenia pa-
tients with NRXN1 deletions and from control individuals were reprog-
rammed into iPS cells by Rutgers University (RUCDR Infinite Biologics). iPS
cells that passed QC were shipped to Stanford and to FCDI for expansion,
banking, and transdifferentiation into induced neurons. The indicated sub-
sequent analyses were carried out at Stanford University and at Rutgers
University. FCDI manufactured industry-scale human induced neurons that
were shipped to Rutgers for analysis, whereas Stanford generated induced
neurons at an academic single-laboratory scale for analysis. (B) Experimental
strategy to evaluate the conservation of NRXN17-deletion phenotypes ob-
served in human neurons in mouse neurons (cross-paradigm evaluation).
Human and mouse stem cells that carried heterozygous engineered condi-
tional NRXN1/Nrxn1 deletions were transdifferentiated into neurons by
Ngn2 expression and analyzed using similar approaches to ensure compa-
rability. In this approach, isogenic human and mouse neurons without or
with NRXN1/Nrxn1 deletions were compared to test whether side-by-side
analysis of human and mouse neurons prepared by indistinguishable ap-
proaches yields similar phenotypes.

via doxycycline. However, we observed unexpected differences
between iPS cell lines. Every iPS cell line pair had to be optimized
separately to achieve workable conditions for the induction, dif-
ferentiation, and survival of Ngn2-induced neurons (SI Appendix,
Fig. S2). Adjustments of lentivirus titers, starting cell numbers, and
timing of the window of doxycycline application before puromycin
selection were made for each iPS cell line, and no standard
treatments with reliable survival and transdifferentiation of iPS
cell lines into neurons was possible. This variability likely reflects
clonal differences in iPS cell lines that are not immediately ap-
parent in standard assays.

Although lentiviral Ngn2-induced transdifferentiation of iPS
and ES cells into neurons is reproducible and reliable in an individual
laboratory setting, it is not well suited for up-scaling. Therefore,
FCDI optimized a large-scale manufacturing strategy to produce
Ngn2-induced human neurons via the PiggyBac transposon system
(Materials and Methods). This system utilizes stable transgene in-
tegration by PiggyBac that contains an inducible Ngn2 and a
constitutive puromycin expression cassette. Puromycin-resistant
cells were selected and expanded prior to doxycycline induction.
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Next, cryopreservation of Ngn2-induced human neurons was op-
timized, such that postmitotic neurons can be cryopreserved in a
fashion where they retain their precryopreservation phenotype
after thawing, and batches of cryopreserved human neurons were
benchmarked against fresh cultures (Materials and Methods).
Finally, postthaw culture conditions were optimized so that Ngn2-
induced human neurons could be cultured long-term in any
laboratory CO, incubator under defined media conditions and
yield electrically and synaptically functional human neurons for
imaging and whole-cell patch-clamp electrophysiology experiments
(Materials and Methods).

Heterozygous NRXN1 Deletions (VRXN19) Predisposing to Schizophrenia
Do Not Affect Neuronal Morphology or Synapse Numbers. We pre-
viously characterized the effect of conditional heterozygous NRXN1
mutations on the molecular, cellular, and electrophysiological
properties of human neurons (29). In these studies, NRXNI-
mutant neurons were derived from engineered ES cells carrying
conditional heterozygous NRXN! deletions or truncations that
could be induced by recombinases. We found that that NRXN1
mutations did not impair dendritic arborization or synapse
formation of human neurons, nor did they alter their passive
membrane properties or action potential generation properties (29).
Therefore, we tested the same parameters in Ngn2-induced neurons
generated from pairs of schizophrenia patient-derived NRXNI%
and control iPS cells. Neurons were either generated with the small-
scale method and analyzed at Stanford University, or were generated
by the PiggyBac-based large-scale method at FCDI and analyzed at
Rutgers University (Fig. 14 and SI Appendix, Fig. S2).

In two pairs of NRXNI%' and control neurons, we did not
detect any significant changes in neurite outgrowth, number of
primary dendritic processes, or dendritic branch points, or soma
size (Fig. 2 A and B and SI Appendix, Fig. S3). Moreover, the
density and size of synapses were not altered in NRXNI% neu-
rons (Fig. 2 C and D and SI Appendix, Fig. S3). Interestingly,
despite different Ngn2-dependent neuronal induction strategies
(lentiviral transduction vs. PiggyBac; laboratory vs. industrial),
different laboratories (Stanford vs. Rutgers), and independent
analytical strategies (IntelliCount semiautomated quantification
vs. Metamorph counting), we consistently observed no deficit in
synapse formation in NRXNI? neurons (Materials and Methods
and SI Appendix, Fig. S3) (29, 36). Thus, similar to previously
examined engineered NRXNI mutations, patient-derived neu-
rons with NRXNI% CNVs do not display major morphological
changes.

Schizophrenia-Associated NRXN1?/ CNVs Do Not Significantly Alter
the Intrinsic Membrane Properties of Neurons. Next, we investi-
gated the electrical properties of schizophrenia patient-derived
NRXN19" neurons. Using patch-clamp recordings, we measured
the membrane capacitance, input resistance, neuronal excitabil-
ity, resting membrane potential, and various parameters of ac-
tion potential generation in two pairs of NRXNI1% and control
neurons. We detected no differences between schizophrenia
patient-derived NRXNI%' neurons and corresponding control
neurons in both pairs (SI Appendix, Fig. S4), suggesting that
heterozygous loss of NRXNI does not affect nonsynaptic elec-
trical properties of human neurons. Again, the data were con-
sistent across the two different sites with neurons generated by
different Ngn2 induction methods, providing a cross-platform
validation of the results (SI Appendix, Fig. S4).

NRXN1%®! CNVs Decrease the Frequency of Spontaneous Synaptic
“Mini” Events. To analyze synaptic function, we asked whether
NRXN1% neurons exhibit a change in spontaneous miniature ex-
citatory postsynaptic currents (mEPSCs, monitored in the presence
of tetrodotoxin) or spontaneous EPSCs (SEPSCs). Schizophrenia
patient-derived NRXN1“ neurons exhibited a large (approximately
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twofold) decrease in mEPSC frequency, but no change in the
mEPSC amphtude (Fig. 3) This decrease was observed in two in-
dependent pairs of NRXN1“ vs. control neurons. The decrease was
similar in small-scale neurons produced and analyzed at Stanford
University, and in large-scale neurons produced at FCDI and an-
alyzed at Rutgers (Fig. 3). These results again phenocopy those
previously obtained for engineered NRXNI-mutant human neurons
(29), suggesting that the heterozygous NRXNI mutation impairs
synaptic transmission.

Schizophrenia-Associated NRXN19' CNVs Decrease the Neurotransmitter
Release Probability. To determine whether the decrease in mEPSC
frequency reflects a decrease in synaptic strength, and to determine
whether this decrease may be caused by a change in neurotransmitter
release probability, we measured action potential-evoked EPSCs
mediated by a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid receptors (AMPARs). Consistent with the decrease in mEPSC
frequency, we observed a large decrease (approximately twofold)
in EPSC amplitude in NRXN1%' neurons compared with controls.
This decrease was detected in the two pairs studied above, and
replicated with a third pair of NRXNI“ vs. control neurons (Fig. 4A)

We then examined whether the decreased synaptic strength in
NRXN1% neurons is due to a decrease in release probability, since
the lack of a change in mEPSC amplitudes suggested that post-
synaptic AMPARSs were normal. We measured the coefficient of
variation (CV) of evoked EPSCs, which is inversely proportional
to the release probablhty 37). The CV of EPSCs was increased
significantly (~1.4- fold) in NRXNI! vs. control neurons, consis-
tent with a decrease in release probability (Fig. 44). To inde-
pendently test this conclusion, we measured the paired-pulse ratio
(PPR) of EPSCs, which is the ratio of the EPSC amplitudes
evoked by two closely spaced action potentials. The PPR de-
pends on the release probability because the extent of release
induced by the first action potential determines, among others,
how much additional release can be induced by a second action
potential (38, 39). In control neurons, the PPR exhibited a decrease
in the second response (referred to as paired-pulse depression)
because the release probability under our recording conditions
is high (Fig. 4B). However, in the NRXNI1%' neurons generated
from patient-derived iPS cells, paired-pulse depression was
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Fig. 2. Dendritic outgrowth and synapse formation
are not significantly altered in NRXN1% neurons trans-
differentiated from iPS cells derived from schizophrenia
patients. (A and B) NRXN7%’ neurons exhibit no
changes in soma size or dendritic arborization as
analyzed at Stanford University in neurons obtained
from two pairs of patient-derived vs. control iPS cells.
(AT and A2) Representative confocal images of sparsely
transfected cells expressing EGFP to label individual
neurons for morphometric analyses. (Scale bars, 50 pm.)
Dendrite (BT and B2) Summary graphs of soma size, dendrite
branch points
30 length, number of primary dendrites, and dendritic
branch points. Neurons were analyzed at 4 wk in
culture. (C and D) NRXN1%' neurons display no ap-
parent change in synapse formation, assessed by the
presynaptic marker Synapsin-1 as analyzed at Stanford
University in two pairs of patient-derived vs. control
neurons. (C7 and C2) Representative confocal images
of MAP2* dendritic segments and Synapsin-1* synap-
ses. (Scale bars, 5 um.) (D7 and D2) Summary graphs of
the density and size of Synapsin-1* puncta measured
on secondary dendrites in control and schizophrenia-
associated NRXN19¢/ neurons. Data are means + SEM
(numbers in bars represent number of cells/experi-
ments analyzed). Statistical analyses by Student’s t test
comparing NRXN1% neurons to controls revealed no
significant differences. For analyses performed at
Rutgers University, see S/ Appendix, Fig. S3.
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decreased, confirming a deficit in the initial release probability
This decrease in paired pulse depression was replicated in all
three pairs of NRXNI! vs. control neurons at Stanford University
(Fig. 4B).

We performed similar experiments with the two of the three
pairs of NRXNI9 and control neurons (the same analyzed above)
at Rutgers University, with comparable results (Fig. 4 C and D).
Again, we observed a decrease in the EPSC amplitude and an
increase in the CV of EPSCs, although the difference was not
statistically significant (Fig. 4C). Moreover, we detected a significant
decrease in paired-pulse depression (Fig. 4D). Taken together
these results indicate that patient-derived NRXNI% neurons
exhibit a robust and reproducible decrease in neurotransmitter
release probability.

A Newly Engineered Conditional NRXN17¢' iPS Cell Line Reproduces
the Synaptic Impairments Observed in Patient-Derived NRXN77¢/
Neurons. In analyzing patient-derived neurons, a pressing ques-
tion is whether the observed phenotypes in neurons with disease-
associated CNVs or mutations are truly caused by these genetic
changes, or are produced by the polygenic effects of a combi-
nation of specific mutations with a particular genetic background
(31). Mutations associated with neuropsychiatric disorders often
predispose to multiple disease conditions. For example, NRXN1
CNVs are among the most frequent mutations associated not only
with schizophrenia, but also with intellectual disability, autism
spectrum disorders, and epilepsy (11, 13, 14, 40-45). We thus
decided to test whether the similarity of the synaptic impairments
we observed in NRXN19 neurons generated from schizophrenia
patient-derived iPS cells to those we previously described for
NRXNI-deficient neurons generated from ES cells could be vali-
dated with neurons generated from iPS cells carrying a newly
engineered conditional NRXNI mutation. For this purpose, we
generated a new iPS cell line (from our control line C3141a) (S7
Appendix, Table S1) carrying a heterozygous conditional knockout
(cKO) of NRXNI using a strategy that is identical to the approach
we previously employed in mice and in human ES cells (S Ap-
pendix, Fig. S5 and Table S2). We produced this additional vali-
dation tool not only to test our conclusions, but also to generate
a conditionally mutant NRXN1 iPS cell line that can be freely
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Fig. 3. NRXN79¢ neurons transdifferentiated from schizophrenia patient-
derived iPS cells exhibit a significant decrease in the frequency of sponta-
neous excitatory synaptic events. (A) The frequency but not amplitude of
spontaneous MEPSCs is decreased approximately twofold in NRXN1%' neu-
rons derived from schizophrenia patients compared with controls (A7 and
A2) (Top, representative traces of mEPSC recordings; Bottom Left, cumula-
tive probability plots of interevent intervals and summary graphs of the
mEPSC frequency; Bottom Right, cumulative probability plots and summary
graphs of the mEPSC amplitude). mEPSCs were recorded in the presence of
tetrodotoxin (TTX, 1 pM) at Stanford University. (B) Similar to A, but sEPSCs
were analyzed in the absence of TTX with an independently generated set
of neurons at Rutgers University (cross-laboratory and cross-platform vali-
dation). Data are means + SEM (numbers in bars represent number of cells/
experiments analyzed). Statistical analyses were performed by Student’s
t test for the bar graphs, and by Kolmogorov-Smirnov tests for cumulative
probability plots, comparing NRXN19¢’ with control neurons (*P < 0.05,
***P < 0.001; nonsignificant comparisons are not indicated). All recordings
were performed from 6 wk after the start of differentiation.

distributed for further studies, and that is not subject to the
commercial constraints imposed on the previously generated
conditionally mutant NRXNI ES cell lines (29).

We limited our analysis of the newly engineered conditional
NRXN1% neurons to key measurements, namely assessments of
mEPSCs and evoked EPSCs. The newly engineered NRXNI1%
neurons exhibited the same decrease in mEPSC frequency, EPSC
amplitude, and paired-pulse depression as patient-derived NRXN14
neurons (Fig. 5 A-C and SI Appendix, Fig. S6 A and B). These results
confirm that heterozygous NRXNI deletions produce a robust
synaptic phenotype in human neurons, suggesting that the associa-
tions of heterozygous NRXN1 deletions with specific neuropsychiatric
disorders, such as schizophrenia, cannot be explained by the NRXNI
deletion alone, and are likely shaped by factors downstream of the
synaptic impairments. Since our newly engineered line was gener-
ated in an iPS cell line that can be distributed without commercial
restrictions, this line is now available for further mechanistic and
therapeutic studies in schizophrenia.

Mouse Neurons Carrying the Heterozygous Nrxn1% Allele Do Not
Recapitulate the Human NRXN77¢' Phenotype. In our earlier analy-
sis of the engineered conditional human NRXNI% neurons, we
found that dissociated cultures of mixed mouse neurons and glia
obtained from the cortex of heterozygous or homozygous Nrxnla
KO mice did not replicate the heterozygous NRXNI“ pheno-
type (29). This appeared to indicate that human neurons are
uniquely sensitive to the heterozygous deletion of NRXN1, which
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is unexpected given the apparent structural and functional sim-
ilarity between human NRXNI and mouse Nmxnl. However, in
these original experiments the compared human and mouse
neurons were quite different. The mouse neurons were primary
cultures of many cell types that were analyzed as a mixture de-
rived from the mouse cortex after neurogenesis and neuronal
migration had completed, whereas the human neurons consti-
tuted a relatively homogeneous population of directly converted
neurons. Moreover, the mouse neurons were from Nrxnla KO
animals, whereas the human neurons carried heterozygous deletions
of both NRXNIa and NRXNIp. Thus, these earlier experiments did
not reveal whether or not heterozygous Nmnl deletions in mouse
neurons would produce a phenotype similar to that observed for the
human neurons analyzed here.

To directly test whether human and mouse neurons are indeed
differentially sensitive to heterozygous NRXNI/Nrxnl deletions,
we repeated the precise experiment that we had performed with
engineered human NRXN19' neurons with the equivalent mouse
Nrxn19! neurons. For this purpose, we generated ES cells from
mice with the same heterozygous mutation as the human con-
ditional NRXN19' iPS and ES cells (28, 46). We converted these
mouse ES cells into Ngn2-induced neurons, and analyzed the
electrophysiological phenotype of these neurons. Strikingly, the
mouse neurons did not exhibit a significant synaptic impairment
(Fig. 5 D-F and SI Appendix, Fig. S6 C and D). They displayed a
normal mEPSC frequency, and a trend toward a decrease in
EPSC amplitude that was not statistically significant (Fig. 5 D-F).
Moreover, the mouse Nixrn 1% neurons showed no change in PPR,
possibly the most sensitive electrophysiological phenotype (Fig. 5 E
and F). These results indicate that the synaptic phenotypes conferred
by the heterozygous human NRXNI19 mutations are unique to
the human neuronal context.

Heterozygous NRXN1 Deletions Consistently Increase CASK Protein
Levels in Human Neurons. One striking finding previously obtained
in ES cell-engineered NRXN1%/ neurons was the increase in CASK
protein stability, which was detected with two different engineered
NRXNI mutations (29). CASK is a cytoplasmic scaffolding protein
that interacts with neurexins (47) and forms a tight complex with
other presynaptic proteins (48-52). In human patients, mutations
in CASK, which is X-linked, are associated with autism spectrum
disorders and X-linked mental retardation in addition to brain
malformations (53-58). We thus tested whether CASK protein
is also increased in schizophrenia patient-derived NRXNI%
neurons. Consistent with previous studies, we observed a large
increase (>50%) in CASK protein levels in NRXNI“ neurons,
while all other synaptic proteins measured were not altered, with the
exception of NRXN! protein levels, which were down-regulated by
~50% (Fig. 64 and SI Appendix, Fig. S7A). Moreover, we detected
a similar increase in CASK levels in neurons derived from the
newly engineered heterozygous NRXNI iPS cell line (Fig. 6B
and ST Appendix, Fig. S7C), further validating this change. Since
no change in CASK mRNA levels was detected in the RNA-
sequencing (RNA-seq) experiments (see next section), these re-
sults indicate that CASK protein is stabilized and protected from
degradation upon heterozygous deletion of NRXNI in human
neurons.

NRXN19¢! Neurons Exhibit Modest Changes in Gene Expression. Using
4-wk-old, relatively mature human neurons generated from the
three pairs of patient-derived NRXNI19? and control iPS cells
that we analyzed in Fig. 4, we performed bulk RNA-seq on total
RNA in triplicate (Fig. 74). In addition, we performed RNA-seq
analyses (in triplicate) on isogenic pairs of human neurons without
or with the heterozygous NRXNI deletion that were trans-
differentiated from the newly engineered iPS cell line carrying a
conditional NRXN1% allele (Fig. 5 and SI Appendix, Fig. S5), and
on three unrelated wild-type iPS cell lines (in duplicate). In total,
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Fig. 4. Evoked excitatory synaptic transmission is
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tervals). Data are means + SEM (numbers in bars represent number of cells/expenments analyzed). Statistical analyses were performed by Student's t test for
the bar graphs (A and C) and by two-way RM ANOVA with Tukey'’s post hoc test for summary plots (B and D), comparing NRXN1% neurons with controls (*P <
0.05; **P < 0.01; ***P < 0.001; nonsignificant comparisons are not indicated). Neurons were analyzed at 6 wk in culture.

we analyze 30 samples (9 control and schizophrenia-NRXN1
mutants, 3 controls and engineered NRXNI mutants, and 6 wild-
type iPS cell samples; replicates are from independent cultures at
different time points).

Since human neurons are cocultured with mouse glia, the RNA-
seq data constituted a mixture of human neuronal and mouse glia
transcriptomes. Thus, we needed to deconvolve the two tran-
scriptomes and normalize the relative abundance of each species’
mRNA to the total number of that species’ mRNAs (Materials and
Methods). The Kallisto program unambiguously assigned each
paired 150-bp sequence to mouse and human reference tran-
scriptomes (59). Since mouse:human mRNA ratios differed be-
tween cultures of neurons transdifferentiated from various iPS cell
lines, we adjusted each sample’s species-specific mRNA abundance
based on transcripts per million (TPM) for each gene, summed
these for each gene, and then carried out per sample quantile
normalization steps (60) (Fig. 74). This approach provided a
reproducible abundance measure for each gene per sample. The
resulting values were used to form a logy(TPM+1) gene-by-sample
matrix that was used for differential gene-expression analyses.

As described above, our samples included three types of
reprogrammed cells: induced neurons generated from iPS cell
lines from patient and control donors; isogenic neuronal cultures
generated from an engineered iPS cell line carrying a conditional
heterozygous NRXN1del knockout construct; and wild-type iPS
cells. To gain a better understanding of the transcriptomic state
of our cultures, we selected 7,763 differentially expressed genes
(DEGs) from the RNA-seq datasets that met at least one of the
following four criteria in ¢ tests comparing different types of cells:
an absolute value of ¢ > 15 in comparisons of engineered vs. iPS
cells, of nonengineered vs. iPS cells, or of induced neurons in
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general vs. iPS cells; or an absolute value of ¢ > 4 for engineered
vs. nonengineered neurons. These tests used the limma-trend
procedure (Materials and Methods). K-means cluster analysis of
these DEGs revealed 11 clusters; these were reduced to 7 clusters
based on similarity (Fig. 7B and SI Appendix, Fig. S8C). Analyses
of functional enrichment of gene ontology (GO) categories (Ma-
terials and Methods) suggested that different clusters were as-
sociated with distinct biological categories, but could not be
assigned to defined functional biological pathways. For exam-
ple, clusters C1 and C3 are both associated with “synaptic sig-
naling” and “presynapse,” whereas clusters C6 and C7 are both
associated with “nucleic acid binding.”

Principal component analysis of the transcriptome identified,
as expected, the most significant gene-expression differences be-
tween those of iPS cells vs. induced neurons (SI Appendix, Fig. S8 A
and B), consistent with the profound gene-expression changes in-
duced by transdifferentiation of iPS cells into neurons (30, 61-63).
The second most significant gene-expression differences were de-
tected between the transcrlptomes of neurons derived from control
and patient-derived NRXN1% iPS cells vs. neurons derived from
engineered iPS cells (independent of whether they were NRXN14
or wild-type neurons) (Fig. 7 and SI Appendix, Fig. S8 A and B).
Nonengineered iPS cell-derived neurons exhibited a more mature
neuronal gene-expression signature compared with neurons from
engineered iPS cells (Flp vs. Cre). Because of this difference, sub-
comparisons (e.g., comparing wild-type neurons from control vs.
engineered iPS cells) also uncovered significant differences in gene
expression. The large transcriptome differences between neurons
from engineered vs. nonengineered neurons is unexpected because
the engineered iPS cells were derived from one of the three control
iPS cell lines, and thus “isogenic.” Since engineered iPS cells were
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Fig. 5. Isogenic heterozygous deletion of human but not of mouse NRXN1/

Nrxn1 replicates the impairment in presynaptic release probability observed
in NRXN19¢' neurons transdifferentiated from schizophrenia patient-derived
iPS cells. (A) Heterozygous NRXN1%¢’ neurons generated from a newly
engineered NRXN1 cKO iPS cell line (1215sub) exhibit a large decrease in
mEPSC frequency but not mEPSC amplitude (Left, sample traces of mEPSCs;
Right, cumulative probability plot of the mEPSC interevent intervals and
summary graph of the mEPSC frequency). Neurons were infected with len-
tiviruses expressing Flp (creates wild-type genotype [black]) or Cre (induces
heterozygous NRXN1 KO [purple]). (B) Sample traces of evoked EPSCs eli-
cited by closely spaced pairs of action potentials (intervals: 20 ms, 50 ms, 100
ms, 500 ms, 1,000 ms) to measure both the EPSC amplitude and the EPSC PPR
from neurons derived from the NRXN1 cKO iPS cell line. (C) Conditional
heterozygous NRXN1 deletion in engineered neurons induces a greater than
twofold decrease in the amplitude of evoked EPSCs (Left, summary graph of
the amplitude of the first evoked EPSC) and a greater than twofold reduc-
tion in the paired-pulse depression of evoked EPSCs (Right, summary plot of
the PPR, measured as the amplitude ratio of the second over the first evoked
EPSC, and plotted as a function of the interstimulus interval). Data are
means + SEM; numbers of cells/cultures analyzed are shown in the bar dia-
grams. Statistical significance was evaluated with the Kolmogorov-Smirnov
test (cumulative probability plots), one-tailed t test (summary graphs), or
two-way ANOVA (PPR plots) (*P < 0.05; **P < 0.01, ***P < 0.001). All re-
cordings were performed from 6-wk-old neurons. (D) Heterozygous Nrxn1
deletions in mouse neurons cause no significant changes in mEPSC fre-
quency. ES cells isolated from heterozygous Nrxn1 cKO mice (27) were
transdifferentiated into neurons using Ngn2 expression, infected with len-
tiviruses expressing Cre (to induce the heterozygous Nrxn1 deletion) or ACre
(control), and analyzed at day in vitro 14 to 16 (Left, representative mEPSC
traces; Right, cumulative probability plots of the mEPSC interevent intervals;
Inset, summary graph of the mEPSC frequency). (E and F) Heterozygous Nrxn1
deletions in mouse neurons also cause no significant impairments in evoked
synaptic transmission. EPSCs were recorded in response to two sequential
stimuli separated by defined interstimulus intervals (20 ms, 50 ms, 100 ms, 500
ms, 1,000 ms) in neurons prepared as described in D. (E) Representative traces.
(F, Left) Summary graph of the amplitude; (Right) summary plot of the PPR of
the EPSCs displayed as a function of the interstimulus intervals. Numerical data
are means = SEM (number in bars or brackets show number of cells/cultures
analyzed). No significant differences were detected between test and control
conditions using an unpaired, one-tailed t test (D) or a two-way ANOVA (E).

subjected to stringent quality controls, such as karyotyping (SI Ap-
pendix, Fig. S1B), the transcriptome differences are not due to large
chromosomal arrangements. The process of subcloning and engi-
neering iPS cells thus may be sufficient to produce large shifts in the
properties of iPS cells and neurons derived from these lines. On
the background of these gene-expression differences, the strong
similarity in the synaptic phenotypes of patient-derived and engi-
neered NRXNI%! neurons appears compelling.
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A primary goal of the bulk RNA-seq experiments was to assess
the effect of heterozygous NRXNI deletions on gene transcription.
Surprisingly, however, we observed no consistent differences be-
tween NRXNI1%' and control neurons in principal component
analyses (SI Appendix, Fig. S8 A and B). None of the DEG clusters
was driven by gene-expression differences between NRXNI9% vs.
wild-type neurons (Fig. 7B and SI Appendix, Fig. S8C). These
observations indicate that the heterozygous NRXN1 deletion does
not produce major perturbations of gene expression, but do not
rule out more subtle effects. To achieve a more granular analysis,
we selected (after initial QC, see Materials and Methods) 12,910
genes with expression values >2 in at least one of 18 patient and
control samples, and >0.1 in all 18. We analyzed these genes
using a moderated paired ¢ test (with limma-trend), pairing the
patient and control replicates that were cultured in the same
plate at the same time, to identify DEGs with the highest sig-
nificance.

First, we examined the most strikingly dysregulated genes (see
Datasets S1-S4 for detailed results). No P values were significant
after Bonferroni correction, and only 15 DEGs achieved a
Benjamini and Hochberg false-discovery rate (FDR) of 30%. We
constructed a volcano plot highlighting 78 genes with an uncorrected
P <0.001 and a |logx(fold-change)| > 0.8 (SI Appendix, Fig. S9A) to
consider whether any gene-expression changes were plausibly
caused by the NRXN! deletion (SI Appendix, Fig. S9 B and C). No
obvious functional signature emerged from these DEGs. For exam-
ple, although the heterozygous NRXNI deletion produced a selective
and large impairment in synaptic transmission, only two genes among
the top DEGs encode specifically synaptic proteins (CPLX2 and
C1QL3), both of which are down-regulated (S Appendix, Fig. S9A).
CASK expression is not significantly up-regulated in NRXNI% neu-
rons, confirming previous data that CASK protein levels are up-
regulated posttranscriptionally in NRXNI% neurons (29).

Second, we selected test sets of 296 down- and 403 up-regulated
DEGs for NRXN1% vs. control neurons, using a broader set of
criteria [uncorrected P < 0.05 and |log,(fold-change)| >2]. We
annotated these DEGs in a GO analysis with the ToppFun
function of ToppGene (https://toppgene.cchmc.org) (Materials
and Methods and Datasets S1-S4). We used hypergeometric tests
to compare the fraction of the test set (11,880 post-QC genes for
this enrichment analysis) that was associated with a given GO term
with the fraction of the up- and down-regulated DEGs associated
with the same term. No GO terms for up-regulated DEGs were
significant after Bonferroni or FDR correction. For down-regulated
DEGs, multiple terms in all three GO categories exhibited a
Bonferroni-corrected significant enrichment of DEGs compared
with the test set. Characteristic top terms are listed in ST Appendix,
Fig. S9D (see also Datasets S1-S4). The up-regulated genes no-
tably included KYAT3 that encodes kynurenine aminotransferase
3, while the down-regulated genes included RELN (involved in
neuronal development and signaling) and transcription factors
such as TBX1 (S Appendix, Fig. S9 A-C). The increase in KYAT3
expression was highly reproducible in various experiments, sug-
gesting a true expression change (SI Appendix, Fig. S9B). Quan-
titative immunoblotting experiments confirmed an increase in
KYATS3 protein levels, supporting the mRNA expression results
(Fig. 64 and SI Appendix, Fig. S7B).

qRT-PCR Suggests that Increased NNAT Expression Is an Intrinsic
Property of Patient-Derived NRXN1¢' iPS Cells. In the RNA-seq
experiments, genes were excluded from analyses if one or more
of the 18 samples had an expression value of <0.1. One of these
genes, NNAT (encoding neuronatin), demonstrated a striking up-
regulation in neurons derived from NRXNI patients but not in
engineered NRXNI* neurons. gqRT-PCR experiments on patient-
derived NRXN1%! vs. control neurons confirmed that NNAT expres-
sion was massively enhanced in patient-derived NRXN1%' neurons (SI
Appendix, Fig. S9 E-G). Other neuronal control genes exhibited no
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increase except for a small but significant increase in RIMSI expres-
sion (SI Appendix, Fig. S9 E-G). Moreover, NNAT mRNA levels were
also consistently increased in patient-derived NRXNI19°! iPS cells
when compared with control iPS cells (SI Appendix, Fig. SOH).
Could the increased NNAT expression be directly caused by the
NRXNI deletion? NRXNI“ neurons obtained from two different
engineered, conditionally mutant stem cell lines [the original ES
cell line (29)] (SI Appendix, Fig. SOI) and the newly engineered iPS
cell line (S Appendix, Fig. S97 and Table S2) exhibited no increase
in NNAT expression, even though they displayed the modest in-
crease in RIMSI expression observed in patient-derived NRXNI
neurons (SI Appendix, Fig. 89 I and J). Thus, NRXN1% neurons
and iPS cells derived from schizophrenia patients exhibited a
consistent NNAT expression change that was absent from controls
and “normal” neurons in which the same NRXNI deletion was
engineered, despite the fact that these neurons displayed the same
functional phenotypes. A possible reason for the difference in NNAT
expression between the engineered NRXNI% and the patient-
associated NRXN1% mutation could be that NNAT is an imprinted
gene (64, 65). Silencing of NNAT by imprinting may be maintained
in the engineered iPS cell line but not in the patient-derived iPS
cell line. Alternatively, the relative immaturity of the engineered neurons
may be responsible, but this seems unlikely because NNAT expression
is already increased in patient-derived NRXN1%! iPS cells and thus
independent of neuronal transdifferentiation and maturation.

Discussion

Schizophrenia is a devastating and prevalent mental disorder with
a huge impact on millions of patients and their families. Recent
advances in human genetics have identified variations in multiple
chromosomal regions and genes that contribute to the genetic risk
for schizophrenia and may provide clues to schizophrenia patho-
genesis (4, 9). Enormous progress was made in describing the
genetic landscape underlying schizophrenia, resulting in the real-
ization that changes in a large number of genes contribute to
schizophrenia (7, 15-17, 66, 67). This genetic heterogeneity sup-
ports the notion that schizophrenia is a multifactorial disorder that
may not be induced by a general pathophysiological mechanism
but result from diverse molecular changes.

Among CNVs predisposing to schizophrenia, 2p16.3 CNVs
are notable in that they affect expression of only a single gene,
NRXNI (7, 14). NRXNI1 CNVs at 2p16.3 strongly predispose to
schizophrenia, but also to other neuropsychiatric disorders, affecting
thousands of patients. NRXNI CNVs are at present the most
prevalent known single-gene mutation associated with schizophrenia,
although other CNVs involving multiple genes (such as 22q11.2) are
more prevalent (7, 10, 11). Strikingly, our previous study suggested
that heterozygous deletions of NRXN! in human but not in mouse
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representative corresponding blots, see S/ Appendlix, Fig.
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ditional NRXN1 deletion in an iPS cell background
(1215sub) also causes an increase in CASK protein levels.
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neurons cause a distinct and robust impairment in neurotransmitter
release without changing the development or the morphology of
neurons (29). This was an exciting finding because it identified a
robust phenotype caused by a schizophrenia-associated mutation
that could potentially be used to gain insight into schizophrenia
pathophysiology and may even be amenable for drug develop-
ment. Given the current reproducibility crisis, however, it was
necessary to independently assess these results. Thus, the present
study aimed for a multidimensional validation of these findings.
Specifically, the present study had five objectives: 1) to validate or
refute the results obtained with engineered conditionally mutant
ES cells, using patient-derived iPS cells with a similar mutation; 2)
to confirm that the observed phenotype is independent of a par-
ticular laboratory (i.e., that it can be replicated at multiple sites); 3)
to generate tools and reagents for general use by the scientific
community to study the cellular basis of neuropsychiatric disorders;
4) to determine whether human neurons are uniquely sensitive to a
heterozygous loss of NRXN! as compared with mouse neurons;
and 5) to achieve further insights into the mechanisms by which
NRXNI1 mutations may predispose to schizophrenia. The present
study achieved all of these objectives.

We show that human neurons derived from patients with a
heterozygous NRXN1 deletion (NRXNI1%' neurons) exhibit the
same phenotype of synaptic impairments as engineered human
neurons with a heterozygous NRXNI deletion, and that this phe-
notype is robustly observed in different laboratories (Figs. 2-4 and
6). This result validates the generality of the synaptic phenotype we
described earlier, demonstrating that it is disease-relevant (objec-
tives 1 and 2). Moreover, we engineered a conditional NRXNI%!
iPS cell line that is free from commercial restrictions for general
use by the scientific community, and that enables production of
human neurons with a conditional NRXN1 deletion exhibiting a
phenotype identical to that of patient-derived NRXN1% neurons
(Fig. 5) (objective 3). Furthermore, only human but not mouse
NRXNI1%" neurons prepared by the same neuronal induction
protocol from stem cells exhibited a robust phenotype of synaptic
impairments (Fig. 5). This result indicates that at least some
genes predisposing to human neuropsychiatric disorders should
preferentially be analyzed in human neurons (objective 4). Overall, our
results therefore establish that in human neurons, heterozygous NRXN!
deletions, independent of whether they result from spontaneous CNVs
or genetic engineering in stem cells, produce a robust but discrete
functional phenotype that consists of a decrease in release probability
without a change in synapse numbers or neuronal development.

The definition of this synaptic impairment enables a mechanistic
approach to a better understanding of schizophrenia pathophysi-
ology in patients with NRXNI mutations. Besides establishing
NRXNI%! neurons as a robust model system for future studies, our
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Fig. 7. RNA-seq analyses comparing the transcriptomes of control iPS cells and of NRXN19¢’ and control neurons reveal distinct patterns of differential gene expression.
(A) Flow-diagram of bulk RNA-seq experiments. Genes for analyses were selected from 17,004 gene IDs with log,(TPM+1) > 2 in at least 1 of the 30 samples.
(B) Cluster analysis of DEGs. The heat map shows the relative expression level of each gene for each culture. The annotation lists results for selected terms with
the most significant P values for each Cluster: the P value; the number and percentage of cluster DEGs and of all test set genes assigned to the term, and the
odds ratio (OR). Because GO categories annotate the same genes multiple times, the 5% a-level for Bonferroni correction considered the number of tested terms in
each category separately (MF: 1,209, P = 4.14E-05; BP: 6,405, P = 7.81E-06; CC: 846; 5.91E-05). For details, see S/ Appendix, Detailed Experimental Procedures.

results provide information on pathogenetic mechanisms (Figs. 6
and 7) (objective 5). The electrophysiological studies revealed that
NRXN1%' neurons exhibit a selective impairment in neurotransmitter
release without changes in other neuronal properties, suggesting a
circumscribed dysfunction of synaptic transmission that is related to
the release machinery. Consistent with this conclusion, we uniformly
detected in NRXNI* neurons an increase in CASK protein levels,
possibly because a decrease in NRXN! signaling via CASK may
lead to a compensatory increase in CASK levels (Fig. 6). In the
RNA-seq studies, few major changes in gene expression were
detected, suggesting that NRXN1 is not directly involved in regulating
gene expression (Fig. 7). However, several interesting gene-expression
changes were noted. In all patient-derived NRXNI% neurons,
we detected a significant up-regulation in NNAT expression. NNAT
appears to perform a regulatory role in secretory tissues, especially
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the brain (68, 69). We did not detect an up-regulation of NNAT in
NRXNI neurons derived from genetically engineered iPS cells,
possibly because NNAT is an imprinted gene and the imprinting
state may differ among iPS cells. The fact that NNAT is not increased
in the engineered NRXNI%' neurons indicates that the increase in
NNAT expression is not responsible for the synaptic phenotype that is
uniformly observed in the patient-derived and engineered NRXN1%
neurons. Finally, the RNA-seq experiments identified a prominent
change in the expression of KYAT3 that mediates the biosynthesis
of kynurenic acid. Kynurenic acid can act as an anticonvulsant, is an
antagonist of ionotropic glutamate receptors, and has been
proposed to be critically involved in schizophrenia pathogenesis
(70). In particular, kynurenic acid is thought to suppress NMDA-
receptor function, which in turn is also regulated by NRXNI (27)
and may be decreased in schizophrenia (67, 71). Thus, an overall
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picture emerges whereby NRXN1 dysfunction might operate in the
same pathway as kynurenic acid in schizophrenia pathogenesis.
How do the current results relate to other genetic predispo-
sitions to schizophrenia? The SCHEMA study recently identified
ultrarare mutations in 10 genes (SETDI1A4, CULI1, XPO7, TRIO,
CACNAIG, SP4, GRIA3, GRIN2A, HERC1, and RG1CC1I) that
strongly predispose to schizophrenia, with half of these genes
having a larger effect size than NRXNI deletions, although being
much less frequent (67). These genes appear to have very dif-
ferent functions and cannot be easily fitted into a single synaptic
or nonsynaptic pathway. Most of these genes are incompletely
understood, and it is possible that biological studies such as those
performed here will uncover additional commonalities that are currently
not anticipated. Interestingly, however, two of these genes encode
proteins that are directly regulated by neurexins. The synaptic re-
cruitment of NMDARs, including those containing the GRIN2A
subunit, is controlled by NRXN1 (27), whereas the synaptic recruitment
of AMPARSs, including those containing the GRIA3 subunit, is con-
trolled by NRXN3 (23). Together with the regulation of KYAT3
that is also part of the NMDAR-regulatory pathway, a picture
emerges whereby incremental changes in postsynaptic glutamate
receptor function in some circuits may predispose to schizophrenia.
In summary, we here present evidence that the robust synaptic
phenotype observed upon NRXN/ deletions in human neurons is
disease-relevant since it is fully reproducible in patient-derived
neurons. Moreover, in generating iPS cells with a conditional
NRXNI deletion, we have produced a generally available resource
for studying schizophrenia pathophysiology. Finally, we have
shown that the heterozygous NRXN! deletion phenotype is not
observed in mouse neurons under the same experimental condi-
tions, strengthening the rationale for studying disease phenotypes
in human neurons. The stage is now set to use these findings and
reagents for insight into the molecular mechanisms involved.

Materials and Methods

Patient and Control Cohort. Case and control donors for this study are de-
scribed in SI Appendix, Table S1. For the six individuals (three NRXN1 dele-
tion schizophrenia cases and three controls) for whom data are reported in
this paper, 33 to 41x whole-genome DNA paired-end 150-bp sequencing
(WGS) was carried out from genomic DNA extracted from whole blood. For
details on patients and genomics, see S/ Appendix.

iPS Cell Generation, Banking, and QC Procedures. CD4* T cells were obtained
from frozen PBMC specimens and reprogrammed into iPS cells using the
Sendai virus method at RUCDR Infinite Biologics. For details on QC and
culture procedures, see S/ Appendix.

Gene Targeting. The previously reported NRXN1 cKO strategy for homologous
recombination (29) was used to engineer the control C3141a iPS cell line using
TALENSs (FCDI engineering team). Multiple subclones were generated and tested
for correct genomic integration by PCR and Sanger sequencing. Karyotyping,
pluripotency test, mycloplasma test, and postthaw cell test were performed
on the engineered lines. Cell lines were shipped on dry ice to multiple sites and
viability, genotype, and differentiation were independently tested by individual
laboratories (Stanford and University of Massachusetts). Cells were genotyped
using previously described primers (29). For details, see SI Appendix.

FCDI iN Cell Methods. Engineered iPS cell lines were generated at FCDI using
PiggyBac-mediated insertion of an inducible human Ngn2 expression cas-
sette alongside constitutive rtTet expression. For details, see S/ Appendlix,.

Lentiviruses were produced as described previously (29, 62). For details,
see S/ Appendix.

Generation of Human Neurons (iN Cells) from iPS Cells. Neurons were gener-
ated from iPS cells as described previously (30, 35). For details, see S/ Appendix.

Analyses of Gene Expression Using RNA-seq and qRT-PCR. For bulk RNA-seq
and gRT-PCR validations, total RNA was isolated and analyzed from 4- to
4.5-wk-old neurons cocultured with mouse astrocytes as described in detail
in S/ Appendix, Detailed Experimental Procedures. Computational analyses
of RNA-seq data were performed as described in detail in S/ Appendix.
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Immunoblotting and protein quantifications were performed as described
previously (30, 62).

Experiments Involving Mice. All mouse work was performed under approved
protocols at Stanford University. Nrxn1o/p cKO mice were described previ-
ously (26). ES cells were generated from Nrxn1a/f conditional KO mice using
standard procedures and converted into neurons using the standard iN cell
protocol. For details, see S/ Appendix.

Morphological Analyses Using Immunofluorescence Microscopy. Paraformaldehyde-
fixed human neurons were examined by immunofluorescence staining and confocal
microscopy as described previously (29, 34). Image analyses were performed using
Metamorph, Nikon, and ImageJ software. For details, see SI Appendix.

Electrophysiological Recordings. Electrophysiological recordings from human
and mouse neurons were performed as described previously (20, 30, 72), and
explained in detail in SI Appendix.

Data and Reagent Availability. All biomaterials and data are available to the
scientific community as described in detail in S/ Appendix as follows. 1) The
three schizophrenia/NRXN19¢' and three control iPS cell lines (SI Appendix,
Table S1) are available to qualified scientists from the RUCDR for the National
Institute of Mental Health Repository and Genetics (Study 183) (https:/Awww.
nimhgenetics.org). RUCDR will bank and share the four engineered cKO sub-
clones (SI Appendix, Table S2) when COVID-19-related laboratory restrictions
have been lifted. 2) The National Cooperative Reprogrammed Cell Research
Groups Cell Reprogramming Database (CReD) portal (https:/cred-portal.com/)
will provide open access to dendritic morphometric and synaptic density
measurements, protein quantification and qRT-PCR data, electrophysiological
tracings, measurements and analyses, PCR validation of the engineered iPS cell
line, electrophysiological and morphometric replication data for pairs 1 and 2
(Z.P.P. laboratory), and the FCDI protocol for industrial-scale production of
NGN2-induced neurons. 3) Submission to dbGAP (https:/www.ncbi.nlm.nih.
gov/gap/) for controlled-access sharing has been approved (Project #39338) for
the following data: genomic DNA WGS data for the three NRXN7% and three
control individuals studied here and the additional lines noted above; and bulk
RNA-seq data for all replicates of the nonengineered and engineered pairs pre-
sented here. 4) The following data are available through the National Center for
Biotechnology Information Gene Expression Omnibus (NCBI GEO) (GSE168762):
transcript-level human and mouse read counts; human counts per gene adjusted
for TPM human reads; the quantile-polished log,(TPM+1) values used in the pre-
sent analyses, for each of 15,000 final cluster analysis test set genes (which include
the 12,910 patient-control DEG test set genes) for the 30 cultures studied here. 5)
Supplementary data files for the present paper are provided as follows (the
READMIE sheet in each file provides more detailed information about its contents):

Dataset S1: Gene IDs and gene symbols and quantile polished log,(TPM+1)
values for all 15,048 genes that are in the 15,000-gene cluster test set, the
12,190-gene patient-control test set, and/or the 12,356-gene engineered iN
test set; and columns showing to which sets each gene belongs.

Dataset S2: Gene IDs and symbols; 4 limma t test values used to select
7,763 DEGs that defined clusters 1 to 7 (Fig. 7B); a column indicating the
genes assigned to each cluster; and columns indicating which 12,910 genes
were also in the patient-control test set and which of these were broadly
defined up- or down-regulated patient-control DEGs.

Dataset S3: All limma output for patient-control DEG analysis of 12,910
genes in 9 patient vs. 9 control cultures; for separate analyses of each
patient-control pair (3 patient vs. 3 control cultures for each pair); and for
12,356 genes for 3 deleted vs. 3 wild-type iN cultures generated from the
conditional heterozygous knockout iPS cell line.

Dataset S4: All significant Bonferroni-corrected and 5% FDR GO term
results for enrichments analysis of patient-control down-regulated DEGs.

Data Availability. The data reported in this paper have been deposited in the NCBI
GEO database, https://www.ncbi.nlm.nih.gov/geo (accession no. GSE168762).
All other study data are included in the article and supporting information.
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