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Abstract

Neurexins are central to trans-synaptic cell adhesion and signaling during synapse specification
and maintenance. The past two decades of human genetics research have identified structural
variations in the neurexin gene family, in particular NRXNI copy number variants (CNVs),
implicated in multiple neuropsychiatric and developmental disorders. The heterogeneity and
reduced penetrance of NRXN deletions, in addition to the pleiotropic, circuit-specific functions
of NRXN1, present substantial obstacles to understanding how compromised NRXN1 function
predisposes individuals to neuropsychiatric disorders. Here, we provide an updated review of
NRXN1 genetics in disease, followed by recently published work using both human induced
pluripotent stem cell (iPSC) derived systems and animal models to understand the mechanisms
of disease pathophysiology. Finally, we suggest our outlook on how the field should progress
to improve our understanding of neurexin mediated disease pathogenesis. We believe that
understanding how structural genetic variants in NRXN contribute to disease pathophysiology
requires parallel approaches in iPSC and mouse model systems, each leveraging their unique
strengths — analysis of genetic interactions and background effects in iPSCs and neural circuit
and behavioral analysis in mice.

Neurexins

Neurexin protein structure

Neurexins are evolutionarily conserved presynaptic cell adhesion molecules that specify,
organize, and maintain synaptic structure and function via diverse binding partnerships with
a repertoire of postsynaptic cell adhesion and secreted bridging molecules (see Stidhof
2017 for comprehensive review [1]). In mammals, three neurexins (Arxn 1-3in mice and
NRXN 1-3in humans) are transcribed by a-promoters and p-promoters, producing distinct
long and short isoforms respectively [2]. A newly discovered -y isoform is also produced
from a distinct promoter specifically in Airxni [3]. a-neurexins consist of six LNS (laminin-
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neurexin sex hormone binding globulin) domains with epidermal growth factor (EGF)-like
repeats interspersed throughout whereas p-neurexins have a single LNS domain. They share
the transmembrane domain and C-terminal tail, which contains a PDZ-binding motif in all
isoforms. The extracellular domain of these molecules dictates the specificity of interactions
with binding partners including neuroligins, leucine-rich repeat transmembrane proteins
(LRRTMS), latrophilins, cerebellins and C1q-like proteins [1]. The intracellular domain

of neurexins binds to the calcium/calmodulin-dependent serine protein kinase (CASK)
scaffolding molecule, which mediates intracellular complexes important for coupling of
Ca?* channels to synaptic release machinery [4-8].

Neurexin splicing

Though all three neurexin genes are transcribed in the brain, a-neurexins are more
abundantly expressed than B-neurexins [9,10,11e¢]. Extensive alternative splicing at splice
sites (SS1-5) in the neurexin genes, in addition to the newly identified splice site (SS6) at
a-Nrxnl/3genes, are predicted to produce over 4000 isoforms, thereby supporting extensive
protein and functional diversity at synapses [10,12,13]. This structural diversity dictates
binding affinities to postsynaptic cell adhesion and secreted adaptor proteins to control the
neurexin ligand interaction network [14-20]. Furthermore, neurexin splicing is differentially
regulated depending on the specific cell type and brain region [21], suggesting a mechanism
for functional diversification of neurexin function by cellular context.

Context-specific neurexin functions

Neurexins exhibit substantial isoform and splicing diversity, are expressed over broad
temporal windows — from late neurogenesis into the adult — and are found across many
CNS cell types — from neurons to glia [22-25]. Early observation of pan-a-neurexin
constitutive knockout (KO) mice suggested a broad role in mediating neurotransmitter
release by coupling Ca2* influx to presynaptic release sites [7]. Recently, conditional KO of
pan-p-neurexins in mice showed presynaptic release deficits resulting from abnormal tonic
postsynaptic endocannabinoid signaling [26], highlighting the non-redundant functions of a-
neurexins and B-neurexins. Further evidence for functional diversification of each neurexin
molecule was observed for neurexin splicing mutants, which showed differential effects

on a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR)-mediated
and AV-methyl-p-aspartate receptor (NMDAR)-mediated excitatory synaptic transmission

— Nrxnl SS4+ selectively enhanced NMDAR-responses, but not AMPAR-responses

while Nrxn3 SS4+ induced suppression in AMPAR-responses but not NMDAR-responses
[9,27,28]. Finally, depending on the specific cellular context in which neurexin mutations
were manipulated and studied, neurexins showed distinct regulatory roles in shaping synapse
properties [9,27,28,29+¢,30]. In summary, these studies highlight the importance of neurexin
molecules in specifying and maintaining distinct synapse properties in a circuit-specific
manner. Given the protracted expression and dynamic regulation of neurexins [30], further
work is needed to confirm whether the synaptogenic period is the peak window of
vulnerability to neurexin genetic insults.
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Clinically associated exonic deletions in NRXN1 gene

Monoallelic heterozygous CNVs

The human genome encodes three neurexin genes (MRXNI, 2p16.3; NRXNZ, 11913.1;
NRXN3, 14q24-931.1), which span large genomic regions of up to 1.1 Megabase. Copy
number variants in all three neurexins have been associated with human disease, although
the frequency of NRXNI-related disease far outnumbers those of NRXNZ2and NRXN3
structural variants. Rare genomic lesions of NRXNZ2and NRXN3 have been identified

in autism spectrum disorder (ASD) patients [31,32] and associations of NRXN3single
nucleotide polymorphisms (SNPs) were found in schizophrenia (SCZ) and substance abuse
cohorts [33,34]. The genomic region of NRXN is particularly susceptible to non-recurrent
deletions which are clinically associated with various neurodevelopmental disabilities,
including developmental delay (DD), intellectual disability (ID), ASD, SCZ, attention deficit
hyperactivity disorder (ADHD), epilepsy, Tourette Syndrome (TS), obsessive compulsive
disorder (OCD), and Pitt Hopkins Syndrome 2 (for a comprehensive review, see Dabell et al.
[35], Bena et al. [36], Castronovo et al. [37]). Most frequent are heterozygous (monoallelic)
exonic NRXNI deletions, which are significantly enriched in cases versus controls. It is
estimated that across these disorders, 0.18% cases versus 0.02% controls exhibit NRXN1
structural variants, which translates to ~ 10-fold risk of developing such disorders for
individuals with NRXNI CNVs [37,38,39¢¢]. Castronovo et al. estimates 9-fold, 36-fold,
and 8-fold increases in the frequency of these variants in the cases compared to controls for
DD/ID, ASD, and SCZ cohorts, respectively [37]. Interestingly, exonic NRXNI deletions
in clinical cases frequently associate with 5 "deletion of the gene resulting in selective
disruption of NRXNIa, although cases do exist showing deletions of NRXNIa and B.

Bialleleic compound heterozygous mutations

While monoallelic deletions are frequently observed in disease-association studies, biallelic
deletions with compound heterozygosity have been observed in 11 cases to date [37]. The
extreme case of complete VRXNI null individuals (usually with disruptions in the promoter
region and first few exons of the NRXN1a transcripts) were identified with Pitt Hopkins
syndrome (PHS), which often presents with severe developmental delay, loss of expressive
language, muscle hypotonia, motor stereotypes, social interaction deficits, abnormal sleep-
wake cycle and chronic constipation [37]. Further studies requiring additional sample
collection and tracing of parental alleles would permit a better description and functional
analysis of compound heterozygous NRXN1 mutations and their contribution to PHS.

Based on current clinical genetic data, monoallelic deficiency of NRXN alone appears
insufficient to cause neuropsychiatric disorder. This has strengthened the hypothesis that
ultimate clinical severity and specificity are driven by interactions between the functional
effects of NRXNICNVs and either genetic or environmental modifiers. In the case of
biallelic disruptions associated with PHS, the second hit in the NRXN allele may be
sufficient, as demonstrated by behavioral changes in core behavioral domains also observed
with neuropsychiatric disease.
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Understanding NRXN1 CNVs through human iPSC models

To investigate the functional impact of heterozygous NRXNZ CNVs in human neurons,
Pak et al. engineered two different NRXNI a/p heterozygous conditional KO alleles in

an isogenic human embryonic stem cell (ESC) background and analyzed the morphology,
physiology and gene expression in human induced cortical excitatory neurons [11ee].

This study showed that VRXNI haploinsufficiency in human neurons affected synaptic
transmission properties (reduced excitatory synaptic transmission and neurotransmitter
release probability) without affecting overall neuronal development (dendritic complexity
and synapse morphology) [11e¢]. Interestingly, these mutant neurons exhibited upregulation
of CASK protein, a binding partner of the NRXN1 intracellular domain [4]. In a follow

up study, Pak et al. confirmed these electrophysiological and morphological phenotypes in
neurons derived from SCZ patients carrying NRXNI CNVs (2 individuals with a-deletions
and 1 individual with a/p deletion) versus paired controls (3 individuals) [40]. The

CASK protein upregulation was similarly replicated in these patient neurons. In addition,
bulk transcriptomic analysis comparing SCZ- NRXN1 deleted neurons versus controls
showed that while intrinsic developmental transcriptomic programs were comparable,
genes with post-neurogenesis functions were differentially regulated, consistent with the
observed morphological and electrophysiological phenotypes [40]. Importantly, mouse ESC
derived induced neurons harboring the same Nrxnlal/p heterozygous mutations showed no
electrophysiological phenotypes, suggesting potential species differences in gene dosage
effects, with human cortical neurons being more vulnerable to heterozygous loss of NRXN1
than similar cultures in mouse [40].

Interestingly, using human neurons differentiated from patients with BP, SCZ, and childhood
onset SCZ carrying heterozygous NRXNI deletions (4 cases versus 3 controls), Flaherty

et al. profiled total neurexin transcripts and identified a reduction in normal NRXNIa
isoforms with misexpression of novel isoforms from the mutant allele [41e¢]. The altered
isoforms, when expressed in a wild type background, reduced spontaneous network activity,
while the normal isoforms, when introduced in a disease background, rescued the neuronal
firing deficit [41es]. While it is presently unclear how widespread this phenomenon is upon
heterozygous loss of NRXNZ, it represents a path by which changes in splice isoform alter
trans-synaptic binding interactions to contribute to disease.

A central question in these iPSC studies is whether the same genetic NRXNI deletion
generates consistent or distinct phenotypic outcomes depending on the disease background
the mutation interacts with. In a neurodevelopmental model of ASD, Avazzedah et al.
generated iPSC lines from ASD individuals carrying NRXNI heterozygous deletions (3
cases and 5 controls) and showed in their differentiated neurons elevated frequency, duration
and amplitude of somatic Ca2* transients [42]. It will be important to test the effects of
NRXNI CNVs in other disease contexts including TS, PHS, and ID in multiple patient-
control cohorts to identify potential common pathophysiological mechanisms.

Moving forward, it is imperative to analyze the functional effects of NRXNIZ CNVs and
how they interact with the genetic backgrounds of different disorders (ID versus ASD versus
SCZ versus TS) (Figure 1). Here, the robustness of the observed phenotypes thus far in
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iPSC-based models provides a solid foundation for dissecting the functional interactions
between NRXNI CNVs and additional genetic modifiers as well as a path toward eventual
drug discovery. Second, it is important to expand our analyses to various neuronal and
non-neuronal cell types and across multiple developmental time windows at single cell
resolution. Here, iPSC-derived brain organoid models represent a tractable system to probe
multiple cell types and developmental time points influenced by NRXN disruption in brain
development.

Understanding Nrxnl functional contributions to disease-relevant

behavioral dysfunction

Despite the enormous power of iPSC models for exploring early development trajectories
and uncovering molecular mechanisms unique to distinct clinical populations, these
preparations are limited in their ability to reproduce the cellular diversity and precise
connectivity of the brain, as well as to generate its most relevant output, behavior. Rodent
and small non-human primate models can fill this gap, with the promise of establishing
causal relationships between neurexin-associated changes in neuronal processing and altered
behavioral output. Success requires: (1) appropriate modeling of disease-relevant genetic
alterations; (2) quantitative analysis of disease-relevant behavioral endophenotypes and (3)
higher-throughput methods for observing brain activity (Figure 1).

Neurexin mutations and behavior

Behavioral analyses have been a frequent component of the extensive work on neurexin
gene function in rodents. Nevertheless, it is challenging to derive general disease relevant
principles from these data as they use a variety of behavioral assays and complex

genetic crosses primarily intended to probe neurexin functional redundancy. A smaller

set of studies has explicitly sought to model neurexin-associated disease, by looking

at the effects of specific mono-allelic and bi-allelic disruption of neurexins on putative
disease relevant behavioral endophenotypes (e.g. social or appetitive reward processing,
motor control, sensorimotor gating, cognitive flexibility). For ArxnZa., homozygous KO
mice exhibited increased anxiety and decreased sociability, while NirxnZa heterozygotes
exhibited only minor social approach abnormalities [43,44]. For Nrxnla-associated social
behaviors, gene dosage also had distinct effects — homozygote mutants exhibited increased
social approach but also heightened aggression, while heterozygotes only had subtle
deficits in social preference tasks. Etherton et al. described a range of behavioral control
phenotypes including reduced pre-pulse inhibition (commonly observed in schizophrenic
patients), increased locomotor activity and elevated grooming [45e¢]. Furthermore, a robust
enhancement in motor learning on the accelerating rotarod was noted, a curious behavioral
endophenotype observed in multiple ASD genetic models [46]. Reward processing is
another key behavioral domain driving neuropsychiatric disease pathology recently linked
to Nrxnla perturbations. Rats with homozygous mutations in ArxnZa had male-specific
deficits in a simple instrumental learning task for reward [47]. More recently, Alabi et

al. employed value-based operant tasks coupled with reinforcement learning behavioral
modeling to quantify choice abnormalities in Mrxnla mutant mice [48e]. Furthermore,
they used conditional deletion of Airxnla to localize these deficits to disruption within
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telencephalic excitatory neurons, initiating the challenging task of uncovering pathology-
driving neural circuit dysfunction.

Neurexin mutations and physiology

The synaptic function of neurexins has been examined in numerous circuits including

brain stem, hippocam-pus, amygdala, prefrontal cortex and cerebellum [7,29¢,47,49,51].
These experiments suggest divergent functions based on cellular context, as clearly
demonstrated by Nrxn1/2/3triple KO mice, where cerebellar climbing fibers exhibited
altered localization and function while inhibitory connections in prefrontal cortex were
absent [29+]. Despite the diversity of neurexin-associated phenotypes observed across
circuits, some recurrent trends are apparent — (1) Nrxnl and Nrxn3can exert trans-synaptic
effects on the composition of postsynaptic glutamate receptors [9,27,28]; (2) Neurexin-
Neuroligin networks can modulate the synaptic tone of endocannabinoids [26,50]; (3) both
a and B Nrxns support dynamic Ca2* signals in terminals required for synaptic release
[7,8,26,29¢¢]. Regarding physiology of neurexin disease models, there has been a single
study of synaptic phenotypes in the hippocampus of AMrxnia KOs, showing a subtle
decrease in excitatory synaptic strength [45e¢]. Recent work has extended these analyses

to striatal circuits, demonstrating startling specificity of MrxnZa KO phenotypes within

a single circuit — prefrontal synapses onto indirect but not direct pathway striatal spiny
neurons (iISPNs/dSPNs) have reduced synaptic release, while thalamo-striatal projections
have normal synaptic release but lower synaptic NMDAR content on both SPN targets.
Interestingly, all of these phenotypes are also observed in Nrxnla heterozygotes, providing
evidence for haploinsufficiency in NrxnZa mouse models [51].

Other considerations

Despite progress on functional characterization of neurexin mutations, outstanding issues
abound. Foremost are considerations about the suitability of current loss-of-function
approaches to model the genetics of disease. The use of ArxnZa null alleles seems
reasonable given the 5 “location of the majority of disease-associated NRXNI CNVs [37],
but the default use of homozygous deletions is questionable. While homozygous models
may serve as a sensitized genetic state to reveal neural circuits vulnerable to Nrxnla loss, it
is clear that increased focus on heterozygote models as well as splice-altering mutations

is warranted [41e+,43,44,51]. Another key outstanding question is whether there exist
disease-relevant circuits that are vulnerable to neurexin mutations and how to proceed in
finding and causally testing such populations. The use of circuit-specific molecular genetic
dissection, as with the cortical versus thalamic deletion of Nrxnia [48e¢], is a first step in
addressing this challenge, but is not amenable to higher throughput scaling and assumes that
disease pathology does not arise from dysfunction at multiple circuit nodes. Finally, it is
important to consider the utility of both higher and lower model systems, which can provide
novel perspectives about how neurexin mutations contribute to circuit pathology. While
marmosets have become a potential avenue to analyze single gene mutations in primate
brains, flies, fish and worms remain powerful systems for probing genetic interactions and
pharmacological modulators, despite the substantial divergence of their neurexin homologs
from those of mammals.
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Future directions

Two broad questions should guide future studies in understanding how NRXNI structural
variants provide the initiating event for a multitude of brain diseases (Figure 1) — (1) how
do the functional outcomes of NRXNI CNVs interact and synergize with other small effect
size variants to impact brain function and are these interactions disease specific? (2) What
neural circuits are predisposed to dysfunction with NRXNI mutation and does the diversity
of disease associated with NRXNZ CNVs map to distinct neural circuit perturbations? It

is clear that iPSC research could lead the task of dissecting the interplay between genetic
background and NRXNI CNV effects, while simultaneously providing a highly scalable
platform for drug discovery. In mice, the task of mapping NRXNI mutation-associated
specific neural circuit dysfunction to behavior can be accomplished via the utilization of
improved behavioral modeling, coupled with multi-site high density neural recordings or
resting state functional connectivity measures [52,53]. The combined use of these systems
will help distinguish whether genetic interactions are acting within individual cells or
across neural circuits. We also envision future synergistic interactions between these model
systems with mapping of human transcriptomic data to disease-vulnerable neural circuits
in mice as a path towards understanding pathophysiological mechanisms and uncovering
potential pharmacological tools based on molecular diversity. Ongoing large-scale multi-
center efforts, such as the BRAIN Initiative Cell Census Consortium will help better inform
experimental designs across species as more complete inventory of brain cell types of the
human and rodent developing brain states is achieved [54]. Finally, these basic research
directions must be complemented by similar boundary-pushing approaches in the clinical
setting. In particular, longitudinal studies that map patient’s developing clinical course
with quantifiable changes in structural and functional brain imaging can be coupled with
whole genome sequencing of these patients and their immediate family members [55].
These unprecedented datasets will eventually give us a first-hand view of the developmental
trajectories associated with genetic alterations.
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Figure 1.
Future research directions in understanding phenotypes and mechanisms of NRXNI copy
number variants.

Understanding how NRXNI CNVs contribute to human disease will require coordinated
efforts between iPSCs, where genetic interactions can be explored and high-throughput
screens performed, and murine genetic models, where these mutations can be placed in

neural circuit and behavioral contexts (Small animal imaging data modified from Canella et

al., bioRxiv, 2020; doi: https://doi.org/10.1101/2020.08.05.237958).
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