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INTRODUCTION

Recent molecular genetics studies have made remarkable progress by identifying several
candidate susceptibility genes for schizophrenia [1, 2]. Some of these genes have now been
extensively examined with respect to their neurobiological roles, phenotypic expression of
risk genotypes, and their regulations in patients’ brain tissues [3-5]. As the evidence
accumulates for the pathophysiologic roles of these susceptibility genes, it has also become
clear that schizophrenia involves multiple genes and pathways as well as their interactions.
Particularly relevant to this proposition are the outcomes of recent genome-wide association
studies (GWAS) [6, 7] and rare variants investigations [8, 9], which highlight the
involvement of multiple genes, genetic mechanisms, and their interactions in schizophrenia.

Schizophrenia is a complex trait disorder, characterized by multiple dimensions of neuro-
cognitive symptoms. For susceptibility genes and other etiologic factors to conspire to form
such specific sets of clinical manifestations, there are likely to be interactive dynamics
through which genes and pathways integrate. If so, the pathophysiologic roles of a
susceptibility gene will be determined not by its own neurobiological functions by the
totality of its interactions with other factors rather than solely. To date, most
pathophysiologic studies of candidate susceptibility genes have focused on a single
candidate gene or pathway per se. It will be important to evaluate the impact of
susceptibility genes in the context of their interactions with other factors.

Such perspectives have recently emerged for a few candidate genes [10-14]. These studies
have proposed biological substrates, upon which candidate genes or their pathways can
converge, called an “interactome”. The purpose of this article is to apply this perspective to
the NRG1 —erbB4 signaling pathway, to consider its interactions with other pathways and to
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propose a possible interactome for the schizophrenia candidate pathway, schizophrenia
interactome.

Neuregulin 1 (NRGL1) is a schizophrenia susceptibility gene, for which risk genotypes or
haplotypes have been identified [15-17] and its associations with the illness have been
replicated in many populations [15, 18, 19] [20-24]. The potential pathophysiologic role of
NRGL1 is further supported by its diverse neurobiological functions [25, 26], some of which
have been implicated in the pathophysiology of the illness [27]. These functions include
neuronal migration [28], neuro- glial trophic effects, myelination [29] and modulation of
glutamatergic [30, 31] or GABAergic neurotransmitter systems [32—-34]. Genetic evidence
also supports erbB4 as a candidate susceptibility gene and suggests positive epistatic
interactions between NRG1 and erbB4 in schizophrenia [35, 36]. The tyrosine kinase
receptor, erbB4, along with erbB2 and erbB3, transduces neuregulinl and influences
glutamatergic and GABAergic transmission as well as neurotrophic effects, which have also
been implicated in schizophrenia. Together, these studies support the NRG1 —erbB4
signaling pathway as a whole for its role in schizophrenia.

While genetic, neurobiological and endophenotypic investigations support the role of the
NRG1 —erbB4 pathway in schizophrenia, they also provide clues that this pathway might not
act in isolation. In genetic studies, positive association of NRG1 with schizophrenia has
been replicated in various populations; still, no single risk genotype has proved to be solely
responsible for the illness [27, 37]. Genotype — phenotype association studies have
demonstrated links between risk genotypes of NRG1 and some of the disease manifestations
of schizophrenia. However, most disease endophenotypes were not associated with the
NRG1 or erbB4 risk haplotypes as a whole, but rather with a single nucleotide
polymorphism (SNP) within the hapblocks. Together, these studies suggest that the NRG1 —
erbB4 pathway might play a role in schizophrenia, but in conjunction with other genes and
factors.

Several investigators have provided excellent reviews on genetic, neurobiological, and
pathophysiologic studies of neuregulin 1 and erbB4 in schizophrenia [38—41]. In this article,
we will evaluate the pathophysiologic evidence for NRG1 —erbB4 signaling with respect to
its interactions with other factors and will consider a putative interactome with which NRG1
— erbB4 signaling is associated.

Genetic evidence for NRGL1 - erbB4 as a susceptibility pathway in

schizophrenia

While NRG1 - erbB signaling has been extensively studied over decades [25, 29, 40, 42,
43], it was genetic findings that first implicated NRG1 in the pathophysiology of
schizophrenia [16, 17]. Steffanson et al provided the first evidence for the association of
NRG1 with schizophrenia in an Icelandic population [16]. Linkage analyses and subsequent
association studies pointed to NRG1 as a susceptibility gene for schizophrenia and further
identified an at risk haplotype, consisting of 5 SNPs and two microsatellites in the 5
regulatory region of the gene, called Hap(lce).
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Subsequently, many groups have tested the association of NRG1 with schizophrenia and
have reported positive results in many populations [15, 18, 19] with a few exceptions [44,
45]. Perhaps, as should be expected for a complex trait disorder, no single causative allele
has yet been identified [46, 47]. Instead, at risk SNPs and haplotypes have varied between
populations: a few studies reported positive associations for the seven marker Haplce (or
three marker Haplotype) [15, 19] and others reported associations for other variants either at
the 5’ end of the gene or other parts of the gene [18, 22].

Prompted by positive association studies for NRG1, several groups have examined erbB4,
one of the receptors for NRG1, for its association with schizophrenia. In an Ashkenazi
population, Silberberg et al. reported positive associations of alleles and haplotypes of erbB4
in an Ashkenazi population [48], which was followed by the reports of positive associations
of erbB4 in two independent family samples [36].

Evidence for positive gene-gene interactions between NRG1, a ligand, and its receptor,
erbB4, can lend further support for the pathophysiologic influence of the pathway. In
populations from the UK [35, 49], a significant interaction was found between
IVS12-15C>T in ErbB4 and HAP,cg in NRGL1 [35] or suggestive evidence for epistasis
between ErbB4 with NRG1, NRG2 or NRG3 [49]. In a Japanese population, rs2919381 of
NRG1 and rs7560730 of ErbB4, when combined, increased the risk for schizophrenia, while
NRG1 alone was not associated with schizophrenia [50]. While more studies are needed to
fully elucidate these gene gene interactions, these studies may provide further support NRG
1 —erbB4 signaling as a candidate susceptibility pathway for schizophrenia.

Our understanding of the genetic predisposition for complex trait disorders is guided by two
perspectives; namely common alleles of small effects vs. rare alleles of large effects [51, 52].
The advent of new technologies, the microchip and its deep sequencing methods, have
recently enabled genome-wide association studies (GWAS), the most systematic approach
for common alleles, and extensive rare variants studies for schizophrenia. The results for
these studies together have revealed the complexity to the schizophrenia genetics, in which
the heritability of schizophrenia reflects a combination of common alleles and rare variants
[37].

Several GWAS studies on large schizophrenia patient populations have so far identified
several genes with the p value of less than 107. These studies, however, have failed to report
positive associations for any of the widely recognized susceptibility candidate genes,
including NRGL1 and erbB4. Recent studies have shown that rare variants are more often
associated with schizophrenia than with controls. It is also interesting that one of the rare
variant studies has reported deletions in the erbB4 gene in a patient [9].

It remains unclear how the negative results of GWAS studies for candidate susceptibility
genes are to be interpreted. Nor is it presently evident what relative roles the common vs.
rare alleles contribute to schizophrenia. It is apparent, however, that no single causative
allele or haplotype of NRG1 or erbB4 precipitates the illness [46, 47]. Consistent with this
notion is the fact that risk genotypes have small odds ratios (mostly less than 2.0) and that
the results of several meta-analyses have shown associations for NRG1 and/or erbB4 that
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were positive but nevertheless weak [46, 53-55]. At present, it will be reasonable to consider
that NRG1 and erbB4 confer genetic susceptibility, via common or rare risk variants. It is
also worth considering whether the resultant small effects of genetic variants do combine
with other factors in order to precipitate biological substrates for schizophrenia.

Phenotypic expression of risk sequence variations of NRG1

A direct way to assess the pathophysiologic effects of genetic variants would be to examine
human subjects with risk variants for symptoms of schizophrenia. Along these lines, many
groups have tested the association of NRG1 risk variants with electrophysiological and
structural endophenotypes of schizophrenia in human subjects. These measures have
included prepulse inhibition (PPI) as a measure of sensory motor gating [56], P300
waveform during tasks of stimuli discrimination [57] and structural assessment of the brain
as endophenotypes of schizophrenia.

These studies have reported positive associations of individual SNPs of NRG1 with some of
previously described components of these endophenotypes, although the results have varied
between populations. In patients with schizophrenic illnesses, [58], a SNP within the
Haplce, SNP 221533, was associated with altered P300 latency, although the association was
negative for Haplce per se. Association of NRG1 variants with altered PPI has varied, with
the association of a missense genotype of NRG1, Rs3924999 being either positive [59] or
negative [60].

The core haplotype was also examined for its association with volumetric abnormalities in
the brain, but the results have varied. In a study of schizophrenia patients and controls,
Haplce was found to be associated with smaller hippocampal volumes in both groups [61].
On the other hand, in a much larger sample, consisting of 120 families with schizophrenia
probands, the core haplotype was not associated either with volumetric changes nor with age
of onset of the illness [62].

Interestingly, a series of studies have shown rather consistent association of
SNP8NRG243177, a SNP within Haplce, with various changes in the brain. The T allele of
the SNP was associated with altered fronto-temporal brain function as well as the
development of psychotic symptoms in subjects with high risk for schizophrenia [63]. There
was also an association with increased lateral ventricle volume in patients with first episode
schizophrenia [64]. The same allele was also associated with changes in spatial working
memory capacity in healthy control male subjects [65]. However, in another cohort of
patients with chronic schizophrenia, SNP8BNRG243177 was not associated with either
schizophrenia, age of onset or neurocognition [66].

Accumulating evidence suggests that a few SNPs within the core haplotype,
SNP8NRG243177 in particular, could impact on at least some components of schizophrenia
endophenotypes. However, associations of endophenotypes with the core haplotype as a
whole or other SNPs within the hapblock have varied. Thus, phenotypic expression of these
SNPs can not be fully explained by the transmission of the haplotype, which might suggest
the involvement of other factors. The presence of variability between populations is also
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noteworthy. Phenotypic effects of these SNPs appear to be more pronounced in certain
populations; suggesting that the observed positive associations are linked to certain
biological contexts characteristic of certain populations.

In sum, genotype-phenotype association studies suggest the roles of NRG1 — erbB signaling
in schizophrenia but also support the notion that phenotypic expression of the candidate
pathway might involve other factors.

Behavioral manifestations of dysregulated NRG1 or erbB4

Transgenic approaches are a powerful tool to evaluate the behavioral effects of susceptibility
genes [67]. Several transgenic lines have been developed for NRG1 and erbB4 by targeting
specific domains of the molecules [68, 69]. These include NRG1 (+/-, EGF), a transgenic
line with a mutation in the EGF like domain, [70, 71], NRG1 (+/-, TM), with a deletion in
the transmembrane domain [16], NRG1 (+/-) lg, with an alteration in the immunoglobulin
domain, [72], and NRG1 (+/-, type Il1) with a mutation in type 111 of NRG1 [73]. Another
transgenic line manifesting dysregulated NRG1 is the BACE1 null, in which the beta-Site
APP-cleaving enzyme 1 (BACEL), responsible for proteolytic processing of NRG1, was
targeted [74].

These transgenic mouse models have been examined for behavioral phenotypes utilizing
comprehensive testing batteries. Overall, the studies show that the mutations of various
domains are associated with several endophenotypic behavioral characteristics of
schizophrenia. Such characteristics include altered locomotor activity, which was suppressed
by antipsychotic treatment [16], deficits in PPI, mismatch negativity [75], contextual fear
conditioning [75], cognitive impairment [74], and social behaviors [75-77]. Furthermore,
NRG1 (+/-, type I1I) showed enlarged lateral ventricles and decreased dendritic spine
density, structural characteristics of brains of schizophrenia patients [73]. These together
suggest that NRGL1 signaling is linked to components of schizophrenia endophenotypes and
therefore support the pathophysiologic role of NRG1 in schizophrenia.

It was also noted, however, that the transgenic lines differed in their manifestation of
behavioral endophenotypes. PPI deficit was robust in NRG1 (+/-, type 111) [73] and BACE 1
mutants [74]; less noticeable in NRG1 (+/-, TM); and either slight or unobserved in NRG1
(+/-, EGF)[69, 75]. Locomotor hyperactivity was pronounced in NRG1 (+/-, TM) and
NRG1 (+/-, EGF), but it was not observed in NRG1 (+/-, Ig) at baseline [78]. Impaired
habituation was shown in NRG1 (+/-, TM) but not in NRG1 (+/-, EGF) [79].

Mice mutated for erbB2 or erbB3, two other receptors for NRG1, demonstrated none of the
behavioral changes seen in NRG1 mutants [79]. Thus, behavioral effects of NRG1 mutations
are more likely to be mediated by erbB4. Mutants for erbB4 showed hyperactivity similar to
NRG1 mutants, yet exhibited no deficits in PPI [16]. However, when erbB4 was perturbed in
a conditional knockout paradigm specific for the CNS, the animals showed an overall
decreased level of activity, the opposite of other mutants’ behavioral trait [80, 81].

When viewed together, these studies in transgenic animals support the notion that
perturbations in NRG1 - erbB4 signaling contribute to the behavioral phenotypes of
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schizophrenia. A closer look at individual mutants, however, reveals additional subtleties to
the relationship between this gene and patient behavioral outcomes. It appears that
alterations in NRG1 — erbB4 signaling can lead to different behavioral manifestations,
depending on the affected domains, time, and biological context of the dysregulation.

Transgenic studies help us to evaluate the pathophysiologic roles of candidate genes. It is a
challenge, however, to relate behavioral outcomes of mutants to endophenotypic expression
of genetic variants in patients. Variations in patients’ risk genotypes are subtle, while gene
alterations in transgenic mice are more pronounced. Thus, behavioral manifestations of risk
genotypes in patients could be much less robust than those seen in transgenic mice.
Furthermore, it becomes increasingly clear that risk variants of candidate genes can differ
between populations and vary among individuals, leading to diverse behavioral effects.

Transgenic studies provide clarity for the function of candidate genes. Risk genotypes of
candidate genes, however, could have subtle and diverse effects on the endophenotypes of
schizophrenia. These heterogeneous effects must be integrated in some fashion to form
disease specific endophenotypes. If so, it will be reasonable to consider that such integration
occurs via interactions with other candidate genes or pathways in specific interactive
dynamics.

Dysregulations of NRG1 and erbB4 in postmortem brains of patients

Despite various confounds inherent to the study paradigm, postmortem studies can offer
direct evidence for dysregulated candidate genes and pathways in patients’ brains. Several
groups have assessed gene expression and proteins of NRG1 and erbB4 in postmortem
brains and reported differences between schizophrenia and healthy control groups. In the
dorsolateral PFC (DLPFC), Hashimoto et al examined mRNAs for types I, Il and 111 of
NRG1 and found that that there was a significant increase in type | mRNAs, while type 11
and type 11l mRNAs remained unaltered [82]. Type | mMRNAs were also found to be
increased in the DLPFC of schizophrenia patients in another cohort [83]. NRG1 protein
expression has also been examined, although the results were somewhat varied. Chong et al
showed significant increases in NRG1 protein expression, particularly for smaller MW
bands in western blotting analyses [84] whereas in another cohort of much older subjects, no
discernable changes were found in NRG1 expression among patients [85].

Examination of ErbB4 protein expression in postmortem brains of schizophrenia patients
has also yielded mixed results. In one study, western blot analyses of the PFC showed the
full length erbB4, 180 kDa, was increased by 30% in schizophrenia [84]. In addition, this
study showed that lower molecular weight bands; 21, 55 and 60 kDa bands were also altered
and that the ratios 21 kDa/180 kDa and 55 kDa/180 kDa became significantly reduced [84].

In a very similar study design, we have conducted immunoblot analyses of erbB4 proteins in
synaptosomal, synaptic membranes and post-synaptic density fractions of 14 matched pairs
of patients and controls [85]. Our study failed to detect differences in erbB4 protein
expression between the schizophrenia and control groups. This apparent discrepancy
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between the two studies could be attributable to the differences in demographics of subjects,
specifically age of subjects (48 vs. 79) and differences in the PMI (30 vs. 10) [84].

Interestingly, significant increases were reported in mMRNAs for ErbB4 JMa/CYTI in
postmortem brain studies of two separate cohorts of patients with schizophrenia. ErbB4
JMa/CYTI. consists of a metalloprotease cleavable extracellular domain (JM-a) and a
cytoplasmic domain (CYT-1) that contains a phosphotidylinositol-3 kinase (P13K) binding
site [86]. This study also reported positive association of intronic SNPs with increased
mRNAs for IMa/CYTI, suggesting that splice-variant specific expression of ErbB4 is the
basis for the association of this gene with schizophrenia [86].

Alternatively, dysregulations in NRGL1 signaling may be a reflection of altered function of
the receptors. To test this, we employed an experimental paradigm in which postmortem
brain tissues were incubated with NRG1, and the erbB4 activation was biochemically
monitored [85]. We found that ligand-induced erbB4 activation, measured by tyrosine
phosphorylation and the activation of downstream signaling, was significantly enhanced in
the PFC of schizophrenia subjects. Interestingly, this finding was accompanied by the
increased association of erbB4 with PSD-95, which plays a critical role in the activation of
erbB4; suggesting that enhanced erbB4 activity might be due to altered protein associations
of erbB4 [85].

In sum, these studies demonstrate that NRG1- erbB4 signaling is dysregulated at multiple
levels from gene expression to protein-protein interactions in the brains of schizophrenia
patients.

Interactions with other pathways for NRG1-erbB4 dysregulations in

schizophrenia

The results of postmortem brain studies provide a few clues that dysregulations in NRG1 —
erbB4 signaling might be partly mediated by interactions with other pathways. Genetic
variants of NRG1 or erbB4 are thought to alter the expression or the function of NRG1 or
erbB4. The observed dysregulations, however, can not be explained solely by the risk
haplotypes because risk genotypes of NRG1 or erbB4 affect only subgroups of patients [16,
35, 48], while altered NRG1 — erbB4 signaling appears to be more prevalent among patients
[84-86].

It is also of note that the observed dysregulations in NRG1 and erbB4 are unidirectional:
with increases in mMRNAs and proteins of NRG1 and erbB4 and in the activity of erbB4. It is
unlikely that a single abnormality, either in NRG1 or in erbB4, would be able to cause
consistent changes in the levels of the ligand, receptors and their functions. If the primary
dysregulation is an increase in NRG1, for instance, erbB4 signaling is likely to decrease as a
compensatory mechanism. A relevant example is the observation that increased NRG1 was
accompanied by decreased association of erbB4 with PSD-95 in BACE1 (-/-) mice [74].
The dysregulations in patients are therefore more likely to be the cumulative results of
alterations not only from within the NRG1 - erbB4 pathway but also from other pathways
associated with NRG1 — erbB4.
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There could be several mechanisms by which other genes or pathways impact on NRG1 —
erbB4. NRGL1 — erbB4 dysregulations could be compensatory responses to changes in other
pathways that transduce signals via erbB4. For instance, down-regulations of NRG2 or
NRG3 that also transduce signals via erbB4 could enhance NRG1- erbB4 signaling at all
levels. Relevant to this is the recent report that NRG3 was associated with schizophrenia
[87]. In addition, dysregulations in the NRG1 — erbB4 pathway as a whole could be
associated with alterations in the downstream pathways of erbB4. In this regard, it is
interesting that AKT signaling, a downstream pathway of erbB4, has been reported to be
attenuated in the postmortem brains of SCZ patients [88, 89].

Another mechanism could be one in which NRG1 - erbB4 signaling is part of a larger
molecular complex that encompasses multiple pathways. These pathways may interact with
each other in the network and their interactions are coordinated to serve specific cellular
functions. In this scheme, erbB4 can associate with other molecules, through which it can
modulate other pathways and/or can be affected by those that are critical for schizophrenia.
In this regard, the relationship between erbB4 and glutamatergic signaling pathway is of
particular import.

ErbB4 and glutamatergic receptors are highly concentrated in the postsynaptic density
(PSD) and are physically associated, albeit indirectly. ErbB4 can impact the establishment
and activity of glutamatergic receptors [31, 90-92] and alter glutamatergic receptor function
[86], NMDAR in particular, can also impact on erbB4 [93]. The relationship between erbB4
and NMDAR is of particular import, considering the increasing evidence supporting
NMDAR hypofunction as a pathophysiologic mechanism for schizophrenia. Of the various
possible mechanisms by which NRG1 —erbB4 can interact with other pathways, therefore,
we will focus on its relationship with glutamatergic signaling and examine these receptor
complexes as a possible interactome of schizophrenia.

NRGL1 — erbB signaling modulates glutamatergic signaling

Several groups have examined the acute effects of NRG1 on glutamatergic signaling and
shown important interactions between the two pathways. Huang et al employed
electrophysiological recordings in rodent hippocampal slices and demonstrated that NRG1
stimulation suppressed long term potentiation (LTP) [31] via non-NMDA mediated
mechanisms. In this study, NRG1 did not alter NMDA mediated synaptic responses, which
suggested that NRG1 modulates LTP via AMPA receptors. Kwon et al [90]investigated the
effects of the NRG1 in the hippocampal CA1 region in more detail. It was shown that
NRG1p reverses LTP in vivo by promoting the internalization of GIuR-1 containing
AMPARSs.

In another preparation, Gu et al [91]showed that EGF domain of NRGp-1 produced a
significant reduction of the NMDA receptor mediated ionic currents and synaptic currents in
PFC pyramidal neurons in primary cultures derived from rat PFC [91]. The effects of NRG1
on NMDAR signaling were also examined in human postmortem brain tissues. Our group
showed that NRG1 attenuates ligand induced phosphorylation of NMDA receptors and its
association with signaling partners in human postmortem brain tissues [85]. These
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observations together, demonstrate that NRG1 overall attenuates the activation of
glutamatergic pathways impacting on NMDA receptor signaling.

Itis largely unknown how exactly the NRG1- erbB4 signaling modulates NMDA receptor
activation. Such modulation, however, could occur via molecular events that govern NMDA
receptor activity such as tyrosine phosphorylation of NR2 subunits. Of various kinases
influencing NMDA receptor activity, Src/Fyn Kinases are particularly interesting, because
they are modulated by multiple PKC, Pyk2 and PKA thus can serve as a hub of various
pathways influencing NMDA receptor activation [94, 95]).

NRG1 stimulation can enhance Fyn kinase activity and increase phosphorylation of Y1472
of NR2B [96]. Interestingly, when NRG1 was applied to brain tissues in addition to NMDA
and glycine, tyrosine phosphorylations of NR2 subunits was lower than those in the tissues
that were incubated solely with NMDA and glycine. This modulation, shown in human
postmortem [85] and mouse brains (unpublished observation), was accompanied by
decreases in phosphorylation of src and Pyk2. This suggests NRG1 - erbB4 mediated
modulation of NMDA receptor signaling via src/Fyn and its upstream kinases.

Evidence has accumulated that the NRG1 — erbB4 signaling is crucial for the development
and maintenance of excitatory synapses [28, 92, 97]. Over-expression of erbB4 can enhances
AMPA synaptic currents and increase dendritic spine size, while reduced NRG1/ErbB4
activity can destabilize synaptic AMPA receptors leading to the loss of synaptic NMDA
currents and dendritic spines [98]. Synaptic activity is largely dependent on the size and
morphology of dendritic spines, which in turn are modulated by synaptic activity. NRG1/
erbB4 activity can mediate the interactions between the synaptic activity and dendritic
spines [98]. These observations together suggest that NRG1 — erbB4 signaling provides
trophic support for glutamatergic pathway for development, maturation and stabilization.

The results of these studies reveal seemingly divergent effects of NRG1 — erbB signaling on
the glutamatergic pathway. In acute applications, NRG1, partially mediated by erbB4,
attenuates glutamatergic transmission. Long term, erbB4 may provide trophic support to
synaptic structure and function during pre- and post-natal development and thus enhance
AMPA and NMDA currents. It is presently unclear which of these is more relevant to the
pathophysiology of schizophrenia.

The results of postmortem brain studies showed overall increases in NRG1 - erbB4
signaling in schizophrenia [85]. This may lend more support to the acute effects of NRG1 on
the glutamatergic pathway than to the long term trophic effects. In the scheme of the acute
effects, the increased NRG1 — erbB4 signaling will lead to NMDA receptor hypofunction as
postulated for schizophrenia. In contrast, the increased expression or signaling of the NRG1
—erbB4, based on the long term effects, might lead to increases in dendritic spines and other
features of synpatic strengths, which would be the opposite of previous postmortem findings
[99].

It will be also of note, however, that postmortem brains may not exhibit erbB4’s long term
trophic or developmental effects, because postmortem subjects are well past the stages of
brain development in which the disease first manifests. Highly relevant to this are recent
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observations that spine densities of postsynaptic neurons in postmortem brain tissues are
decreased in schizophrenia patients [100, 101]. Together, these studies illustrate various

ways in which NRG1 —erbB can impact on glutamatergic function and further confirms

robust interactions between the two pathways.

NMDA receptor complexes as a schizophrenia interactome

ErbB4 and NMDA receptors are part of the macromolecular complexes consisting of
hundreds of proteins linked to diverse signaling pathways. In these complexes, the proteins
are highly organized around scaffolding proteins, particularly those containing PDZ
domains. Such intermolecular organization determines the recruitment of proteins into the
complexes as well as the proximity between signaling partners.

The physical relationships between the molecules are crucial to their interactions and could
therefore determine the activity of the signaling proteins. Moreover, the overall constellation
of the proteins could influence the receptor complex as a whole in terms of how it responds
to other entities, such as ligand stimulation or downstream transcriptional changes.

Therefore, these macromolecular complexes of erbB4, NMDAR and other glutamatergic
receptors could serve to integrate the dysregulations of various molecular processes linked to
the receptor complexes, as might happen with schizophrenia (illustrated in Figure 1).

It has been proposed that NMDAR signaling could be a point of convergence for various
candidate susceptibility genes for schizophrenia [2, 102]. This proposition was based on the
observation that several candidate susceptibility genes, in addition to erbB4, such as DAAO,
G72 and dyshindin-1 can affect glutamatergic signaling (Fig.1). DAAO metabolizes D-
serine, an endogenous modulator of the NMDA receptor. G72, another candidate gene can
activate DAAO, thereby also influencing glutamatergic signaling [103-105]. Dysbindin-1
can modulate glutamate release via its interactions with the vesicular transport machinery
[106].

Protein-protein interactions of NMDAR complexes could be molecular substrates upon
which the effects of dysregulated candidate genes converge. The influence of DAAO, G-72
and dysbindin-1 on the activation of NMDAR, could lead to changes in the modulation of
NMDAR with its signaling partners, such as PLCy or nNOS (Fig.1). Interestingly, our
postmortem brain studies have shown decreases in the association of NMDAR1 with PLCry
and nNOS in response to NMDA stimulation in postmortem brains [85] as well as in their
basal states (unpublished observations).

Some of the susceptibility genes can more directly impact protein associations of NMDAR
complexes (Fig.1). DISC-1 associates with AKAP-9 and alpha-actinin-1 [13], binding
partners of NMDAR. Altered DISC-1 expression can therefore modulate the relationships of
AKAP-9 and alpha-actinin-1 with other signaling proteins of NMDAR complexes [107].
Dysbindin-1, which was also found in the PSD [108], can bind the exocyst protein sec8
[107], which is critical to NMDAR trafficking. Thus, the decreased level of dyshindin
observed in schizophrenia [106, 109, 110] can impact on both the protein association and
trafficking of NMDAR. In this regard, study of subcellular distribution of NMDAR subunits
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and their associated proteins in postmortem brains of patients will be an interesting avenue
of research as the methodologies for such studies are now available [111].

The impact of erbB4 on protein interactions of NMDAR complexes could be mediated by its
relationship with PSD-95. The association with PSD-95 is crucial for the activity of erbB4
as well as for NMDAR and it has been shown that the PSD-95 protein complexes also
contain a number of proteins that have been implicated for schizophrenia [112]. The
increased erbB4 -PSD-95 association observed in schizophrenia was accompanied by
enhanced association of erbB4 with NMDAR. Also relevant to this is the observation that
NRG1 stimulation induced further decreases in the activation of NMDAR in patients’ brain
tissues, in which erbB4 - PSD-95 association was enhanced.

The interactions, between susceptibility candidate genes and protein interactions of
NMDAR, might also be reciprocal. Altered protein composition in the NMDAR complexes
or in NMDAR function can influence the activity of the candidate pathway. As an example,
decreased expression of NMDAR’s signaling partners, such as PLCy or PKC, or their
recruitment into the receptor complexes, could reduce the activation of downstream
pathways following receptor activation. Thus, the effects of dysbindin-1, DISC-1, or other
candidate genes that influence NMDAR activation would be further attenuated.

Altered NMDAR function could also impact on protein associations of candidate genes
within NMDAR complexes and thereby can modulate their functions. For example,
glutamate induced down-regulation of cdk-5 enhances phosphorylation of PSD-95 at the N-
terminal, which facilitates the association of PSD-95 with erbB4 [113]. Decreased NMDAR
activation therefore can enhance cdk-5 activity [114], which in turn could increase the
association of erbB4 with PSD-95 as observed in schizophrenia. Interestingly, we recently
observed that erbB4: PSD-95 association was also strikingly enhanced in NMDAR
hypomorphs expressing significantly decreased levels of NMDAR (unpublished
observation). Thus, the enhancement in erbB4 activity and/or in erbB4 - PSD-95 association
can not only precipitate NMDAR hypofunction, as noted above, but also can result from it.

Reciprocal interactions between NMDAR complexes and the susceptibility genes could be
critical for establishing the pathophysiology of schizophrenia. A unilateral dysregulation of a
pathway by another could conceivably be compensated for by another biological process
thus dampening its phenotypic expression. Mutually facilitating bidirectional modulations,
however, could defy compensatory processes, thus maintaining abnormal signaling as a
newly established homeostasis. Protein — protein interactions in the NMDAR complexes can
mediate such reciprocal interactions between pathways and therefore are equipped to
respond to, integrate and reciprocally modulate dysregulations in the candidate susceptibility
genes. Thus, the protein stoichiometry of NR complexes can reflect dysregulations of many
molecular pathways in postsynaptic neurons, thus can represent molecular pathology of
various neuropsychiatric illnesses. Of these, the pathophysiologic role of NMDA receptor
complexes is particularly interesting as we find that NRG1-erbB4 signaling and
dysregulations of other candidate genes and pathways can ultimately converge on NMDAR
complexes. Thus we propose the protein stoichiometry of NMDAR complexes as a
schizophrenia interactome.
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Concluding Remarks

NRGL1 - erbB4 signaling has been extensively studied as a candidate pathway of
schizophrenia. While these studies endorse possible roles of NRG1 — erbB4 signaling in
schizophrenia, they also indicate that this pathway does not act alone but in conjunction with
other candidate pathways. Most pathophysiologic studies of candidate genes, including
NRG1 and erbB4, have thus far focused on the candidate gene or pathway per se.
Pathophysiologic investigation of candidate genes should be considered in the context of
interactions with other pathways. Such approaches will require identification of
schizophrenia interactomes and re-evaluation of candidate genes in the context of
pathophysiologic roles of the interactomes.

We propose the protein-protein interactions in NMDAR complexes as a possible
schizophrenia interactome in which dysregulations of NRG1 —erbB4 and other susceptibility
genes can integrate. This proposition is prompted by several observations. First, evidence
accumulates to support NMDAR hypofunction in the pathophysiology of schizophrenia.
Second, the protein stoichiometry of NMDAR complexes is well poised to integrate changes
in neighboring candidate pathways. Third, various candidate genes and pathways can impact
on protein composition of NMDAR complexes (Fig. 1).

Pathophysiologic investigation of the interactome will require research paradigms that can
capture the interactions between the genes and pathways. Generating mutations in multiple
candidate genes either using double knock-outs or recreating the sequence variations of
patients employing knock-in approaches may be a rewarding research avenue. It will also be
important to fine tune the expression of candidate genes in transgenic mice in a brain region
specific manner.

Also critical will be the development of experimental techniques that can capture protein
complexes and decipher both protein composition and the interactions among the proteins.
In this regard, recent technological advancements in the biochemical fractionation of brain
tissues and mass-spectrometry analyses of protein complexes are timely. Until recently,
examination of these protein-protein interactions has been hindered by the complexity of the
PSD and NMDAR complexes. Recent technical advancements, however, have enabled
biochemical enrichment of the PSD and proteomic analysis of protein complexes of brain
tissues [115]. More recently, these methods have been adapted human postmortem brain
tissues [111], aided by advances in proteomic analyses of both the PSD [111, 116, 117] and
the protein complexes located therein [112, 117].

Combined with transgenic strategies and with /7 vivo and ex vivo pharmacologic
manipulations, this approach could elucidate the role of NRG1 —erbB4 or other candidate
pathways in the context of the disease interactome. Such investigations could lead us not
only to a better pathophysiologic understanding but also to the identification of certain
protein associations as potential therapeutic targets.
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Figure 1. Protein interactions of the NMDA receptor (NMDAR) complex as an interactome for
the pathophysiology of schizophrenia

Several candidate susceptibility genes converge on NMDAR complexes either in ligand
mediated mechanisms (pre-receptor) or in post-receptor protein interactions. Dysbindin 1
modulates glutamate release, DAAQO and G72 regulate D-serine and thus alter NMDAR
activation. These dysregulations originating from ligand mediated processes will lead to
altered associations between NMDARs and their signaling partners; PLCy nNOS and PKC
and others. Note that associations of NMDAR1 with PLCy, nNOS and CAMKII were found
to be decreased in the postmortem brains of schizophrenia patients (see downward arrows).
ErbB4, DISC1 and dysbindin 1 could also directly impact on protein associations in the
NMDAR complexes; ErbB4 via PSD-95, DISC1 via AKAP9 or Actinin and dyshindin 1 via
sec8. Thus, alterations in the susceptibility genes and their pathways, via ligand mediated or
post-receptor mechanisms, can converge on protein associations within the NMDAR
complexes. It is of note that there are numerous potential protein-protein interactions in
NMDAR complexes that might be associated with various psychiatric illnesses [112]. This
diagram represents a permutation of numerous possible arrangements.
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