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Abstract

People with autism spectrum disorder (ASD) and other neurodevelopmental disorders (NDDs) are
behaviorally and medically heterogeneous. The combination of polygenicity and gene pleiotropy -
the influence of one gene on distinct phenotypes - raises questions of how specific genes and their
protein products interact to contribute to NDDs. A preponderance of evidence supports
developmental and pathophysiological roles for the MET receptor tyrosine kinase, a multi-
functional receptor that mediates distinct biological responses depending upon cell context. MET
influences neuron architecture and synapse maturation in the forebrain, and regulates homeostasis
in gastrointestinal and immune systems, both commonly disrupted in NDDs. Peak expression of
synapse-enriched MET is conserved across rodent and primate forebrain, yet regional differences
in primate neocortex are pronounced, with enrichment in circuits that participate in social
information processing. A functional risk allele in the MET promoter, enriched in subgroups of
children with ASD, reduces transcription and disrupts socially-relevant neural circuits structurally
and functionally. In mice, circuit-specific deletion of Met causes distinct atypical behaviors. MET
activation increases dendritic complexity and nascent synapse number, but synapse maturation
requires reductions in MET. MET mediates its specific biological effects through different
intracellular signaling pathways, and has a complex protein interactome that is enriched in ASD
and other NDD candidates. The interactome is co-regulated in developing human neocortex. We
suggest that a gene as pleiotropic and highly regulated as MET, together with its interactome, is
biologically relevant in normal and pathophysiological contexts, impacting central and peripheral
phenotypes that contribute to NDD risk and clinical symptoms.
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Autism spectrum disorder (ASD) is a neurodevelopmental disorder (NDD) affecting 1-2% of
children (1). Diagnosis of ASD is based on two behaviorally-defined criteria: 1) dysfunction
in social interaction and communication, and 2) restricted, repetitive behavior, including
hyper- or hypo-reactivity to sensory input (2). Described more than 70 years ago by Kanner
(3), the nature and severity of clinical presentation is highly heterogeneous. There has been
more recent attention to another layer of heterogeneity, the medical and psychiatric co-
occurring disturbances expressed by most individuals with ASD. Indeed, multiple
comorbidities have been described, including gastrointestinal disturbances (GID),
immunological dysfunction, sleep abnormalities, epilepsy, motor deficits, generalized
anxiety disorder, attention deficit hyperactivity disorder and aggression (4-6).

While a diagnosis of ASD is based on clinical observation using categorical measures, there
is a growing consensus that understanding the genetic contribution and underlying
pathophysiology of complex NDDs will be better served using a dimensional approach, with
each dimension, or endophenotype, ranging along a continuum from typical to atypical (7,
8). This approach recognizes that 1) distinct neural circuitry underlies different phenotypes —
for example, language, social interaction and behavioral inflexibility, 2) alterations in a
single dimension will cross categorical diagnoses — for example, impairments in social
interactions are observed in many DSM-V disorders, and 3) co-occurring psychiatric
conditions or shared traits across conditions probably arise from shared genetic and
environmental burdens. In such a scheme, co-occurring medical conditions that likely share
disruptions in common biological pathways define subpopulations of individuals with ASD,
facilitating the identification of specific genetic and environmental contributions to the
etiology of the disorder. Further, a focus solely on identifying genome-wide disease risk
(usually small risk effect size) will miss identifying factors that contribute to biological
dimensions that may be vulnerable in particular categorically-defined disorders. A similar
approach has benefited several fields of medicine, recently emphasized in studies of
psychiatric disorders (9).

The concept of pleiotropy and studies of the underlying complex biology of ASD
heterogeneity begs the question of how specific genes may contribute. This review focuses a
biological lens on basic and clinical studies of the MET receptor tyrosine kinase, which is an
important regulator of development and cellular homeostasis in organs in which it is
expressed (10). MET is a Category 2 risk gene on Simons Foundation Autism Research
Initiative Gene (SFARIgene, https://gene.sfari.org/autdb/GS_Home.do). A functional
promoter variant reduces MET transcription and is enriched in ASD. This has led to
extensive, interdisciplinary studies, reviewed here (supplemental Table S1), demonstrating
the biological significance of dysregulation of MET expression in the context of typical and
atypical neurodevelopment. We also describe MET function in peripheral systems relevant
to ASD, particularly GI and immune systems. We also review studies that place MET
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functionally in the broader context of specific gene and protein networks implicated in
NDDs.

Genetic studies: association of the MET tyrosine kinase receptor with ASD

ASD is a polygenic disorder. Multiple rare de novo and inherited variations that are enriched
in the ASD population have been identified (11-13). These represent a modest fraction of
ASD diagnoses, with common heritable variations representing the largest component of
genetic risk (14). Our laboratory identified genetic association, in multiplex families, of a
common promoter variant, rs1858830, in the gene encoding the MET receptor tyrosine
kinase with ASD (15). The association of this and other variants has been replicated across
independent cohorts (16-19). There are, however, two important facts to emphasize in our
and others genetic findings. First, the promoter variant individually has a small effect on
ASD risk. Second, the promoter variant, like the majority of genetic findings in ASD, does
not reach genome-wide significance across populations selected solely on an ASD diagnosis.
Rather, the MET contribution to ASD risk likely occurs in unique subgroups of children, and
moreover, the variant alone is not sufficient to cause ASD. Thus, the common promoter
variant is likely one of a number of genetic and specific environmental factors that result in
ASD. The variant is nonetheless functional. The ‘ G’-to-* C single nucleotide polymorphism
results in a striking 50% decrease in promoter activity (20). Given that the promoter variant
may be more biologically influential in ASD subpopulations, how might one identify
clinically relevant subgroups across the autism spectrum? Attempts to do this with ASD
diagnostic tools have not succeeded (21). We have used a different approach, examining
subgroups for genetic risk by focusing on biomedical phenotypes (Figure 1). The strategy
takes advantage of the pleiotropic nature of MET, which, in addition to its role in brain
development, has demonstrated functions in systems vulnerable in ASD, including Gl (22,
23) and immune (24, 25). The MET * C allele is enriched in children with ASD and co-
occurring GID (26) and is associated in mothers who express ASD-associated antibodies
that react with fetal brain proteins (27). In those individuals with ASD from families with
GID, the MET “ C allele also is associated with more disrupted social communication (28).
This observation is consistent with the strong link between the most common types of GID
in ASD and increased social impairment and lack of expressive language (29). Further,
siblings in a family pedigree with a rare, functional mutation in MET that generates
haploinsufficiency have either ASD or social-communication deficits (30). Finally, a
subgroup of children who are homozygous for the MET “ C allele and whose mothers had
been exposed to high levels of air pollution during pregnancy are at an increased risk of
ASD (31).

Regulation of MET expression: biological significance

Because gene dysregulation is central to human disease (32), including ASD and psychiatric
disorders (33), and cell type-specific regulation of gene expression likely defines the most
vulnerable circuits in ASD (34), we have focused on defining precisely spatial, temporal and
evolutionary regulation of MET expression in the developing brain (35-38). Spatial and
temporal mapping of transcript and protein in the developing rodent forebrain revealed low
levels of MET expression prenatally. Metis not expressed in progenitor and migratory zones
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of neocortex and subcortical structures (36, 38), a pattern distinct from stem and migrating
cell expression during peripheral organ development (39). Over the first postnatal week,
there is a dramatic increase in MET expression in discrete forebrain regions, including
neocortex, hippocampus and subcortical limbic regions, with levels remaining elevated
through the second postnatal week (36, 40). This corresponds to the early and peak periods
of process outgrowth and synaptogenesis. In these regions, MET is expressed in excitatory
projection neurons, with no /n vivo evidence of expression in interneurons, astrocytes or
oligodendrocytes, consistent with the failure to alter interneuron development in Mef*/%]
DIx5/6°" mice (38). This latter point is important, as MET expression may occur
ectopically in some cells placed in culture or after injury. This occurs in cultured ganglion
eminence (GE), which gives rise to interneurons. The cells that generate interneurons
respond to the MET receptor ligand, hepatocyte growth factor (HGF), /n vitro, but in
contrast to our initial interpretation (41), this signaling would not operate for cortical
interneurons /n vivo because they lack Met. There also is no evidence for MET expression in
prenatal human GE, dorsal pallial progenitors or any migrating neurons (35), as well as in
our own and GENSAT MetSFF mice (42). We note, however, a report that Merf™ ™| Dlx5/6¢¢
mice on a different background exhibit neocortical interneuron decreases (43), though
without direct evidence of GE or interneuron Metexpression /n vivo using in situ
hybridization co-labeling. At later stages of cortical development, ligand-activated pMET
expression rapidly declines during synapse refinement (36, 40).

In developing rhesus monkey, three striking findings emerged: 1) the temporal pattern of
MET expression is conserved, with peak expression also occurring during the period of
rapid process outgrowth and synapse formation (37); 2) subcortical and hippocampal
expression patterns are similar between rodent and primate; and 3) there are substantial
differences in neocortical regional expression. Specifically, whereas MET is expressed
across all neocortical regions in the rodent, it is largely limited to temporal, posterior parietal
and occipital regions in developing monkey and human neocortex (35, 37). The conserved
temporal expression pattern of MET in forebrain likely reflects conserved functions during
synapse and circuit development. The enrichment in regions that include sensory processing
of social information highlights the circuits most vulnerable to dysregulated MET
expression, noteworthy because of recent human imaging findings (44, 45).

The effects of MET dysregulation have been extensively studied in cancer, where
overexpression or gain-of-function mutations in MET result in increased receptor signaling,
leading to uncontrolled cell proliferation and metastasis (46). In contrast, the MET *C allele
causes a 50% reduction in gene transcription (15). This allele is present in typical and ASD
populations, thus prompting the question as to how the MET *C allele shapes typical
neurodevelopmental processes to influence disorder risk (Figure 1). For example, there is a
significant effect of the MET *C allele on MET expression in typically developing subjects
(20). Such reductions in protein expression likely impact development and function. The is
evident in typically-developing children and adolescents, with a reduction in the thickness of
MET-expressing areas of the neocortex that is related to the dose of the MET * C allele (44).
These cortical regions contribute to circuits underlying social behavior, including face
processing. Consistent with this, a functional neuroimaging study revealed that, in typically-
developing subjects, those with the MET * C allele exhibit altered activity patterns in
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response to emotional faces (45). Further, resting state and structural connectivity between
temporal and parietal cortices is disrupted.

What about MET expression and function in ASD? Compared to age-matched control
subjects, MET transcript and protein are reduced approximately 2-fold in the temporal
cortex of individuals with ASD, irrespective of MET promoter genotype (20). This decrease
suggests that, in addition to the promoter allele, other genetic or environmental factors may
contribute to reduced MET expression in ASD. MET reduction in temporal cortex in ASD
was replicated in an independent transcriptome analysis (47). This reduction likely underlies
the disruption in ASD of the typical regional differences in MET expression, which is
normally high in temporal and low in frontal cortices. In a functional context, the
neuroimaging study described above for the typical population (45) revealed alterations in
circuit structure and function in subjects with ASD that also correlate with the ‘C’allele.
Two important findings emerged: 1) the MET “ C allele has a more pronounced quantitative
impact on circuits in individuals with ASD compared to the measures in controls of the same
genotype; 2) the effect size on atypical brain circuitry is greater in typically-developing C/C
individuals than in ASD G/G individuals. While these findings may seem counterintuitive
because typically developing individuals do not meet criteria for ASD, this is consistent with
the well-known overlap of specific dimensional measures between clinically and non-
clinically diagnosed individuals (45, 48). Moreover, this emphasizes the fact that for genetic
factors like MET, which contribute small to moderate ASD risk, there are likely other
genetic and environmental factors that are necessary to reach criteria for a clinical diagnosis
(14, 33, 49). Thus, the functional promoter variant can influence neurobiological
phenotypes, but does not cause ASD.

The differential circuit expression of MET led to our hypothesis that the behavioral readout
of dysregulated MET signaling would be complex. Three Cre-LoxP mouse lines revealed
that the specific behaviors disrupted depend on the neuronal population targeted by Cre
deletion and, in some instances, even gene dosage (50, 51). Global deletion of Metfrom all
neural cells was achieved using Nestin’¢. These mice exhibit disruptions in contextual fear
conditioning (50). In the absence of MET signaling, only fear memory is disrupted, whereas
reduction of MET signaling (heterozygous mice) additionally alters fear learning. In
contrast, fear conditioning is normal when using £mx1¢ to delete Metin neocortical and
hippocampal neurons (50). These mice display hypoactivity and blunted spontaneous
alternation, with heterozygous mice performance comparable to wild types. Neither line
shows differences in sociability and social novelty preference. This contrasts Met deletion
from a subset of dorsal raphe neurons using Pet1¢¢; these mice exhibit deficits in social
approach, but normal baseline activity (51). The lack of phenotypic overlap of the 3 lines
suggests that circuit-specific manipulations of Met can generate both unique dysfunction and
adaptive capacities that may contribute to distinct phenotypes.

MET in the forebrain: synapse formation and plasticity

Human genetic studies and animal models indicate that disruption of synapse formation
and/or stabilization is a major target in the etiology of ASD (52, 53). MET function falls
within this framework, as accumulating evidence demonstrates a key role for the receptor in
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modulating forebrain dendritic growth and synapse formation. MET expression is enriched
spatially and temporally during forebrain development to impact these neurodevelopmental
processes. Further, MET protein expression is robust in neuropil, with an enrichment in pre-
and post-synaptic compartments, and developing axon tracts, reflecting active transport to
the synapse (36, 54). Strikingly, localization of endogenously-activated MET (pMET) in the
developing forebrain reveals enriched receptor activation in the neuropil, with an absence
from axon tracts (55).

MET signaling modulates dendritic growth and synapse formation of glutamatergic
neocortical and hippocampal neurons /7 vitro (Figure 2). In the short-term, HGF increases
dendritic length and branching (40, 55-58), the expression and clustering of postsynaptic
proteins, including NR2B and GIuR1 (59, 60), and synapse density (55). Like many receptor
tyrosine kinases, ligand-induced activation of MET engages the mitogen-activated protein
kinase/extracellular signal-regulated kinase (MAPK/ERK) and phosphatidylinositol-3 kinase
(PI3K)/Akt pathways (61-63). In hippocampal neurons, activation of Akt is required for
HGF-induced dendritic growth, although the role of the MAPK/ERK pathway was not
examined (57). In neocortical neurons, however, inhibition of the PI3K/Akt pathway has no
effect on HGF-induced dendritic growth; rather, this response is abolished in the presence of
inhibitors of the MAPK/ERK pathway (55, 58), reflecting cell-specific intracellular
mediation of the same outcome to MET activation even in closely-related neuronal
populations. In contrast, similar treatments demonstrate that the PI3K/Akt pathway is
required for a rapid increase in synapse density following MET activation, with no role for
MAPK/ERK in synaptogenesis (55). Based on all findings, mediating different growth
effects via distinct intracellular pathways has potential pathophysiological implications for
developmental disruption of MAPK/AKkt-PI3K balance (64).

In vitro and animal models have addressed the morphological and functional outcomes
following long-term alterations in MET signaling. Increases or decreases in MET expression
in vitro have opposing effects on spine development in CA1 hippocampal neurons (40).
Specifically, overexpression of MET results in increased density of immature-looking
dendritic protrusions and a decrease in spine head volume, whereas reduced MET
expression leads to decreased mature spine density but a concomitant increase in spine head
volume. The Met™™/Emx1¢€ mouse has complex alterations in neocortical dendritic
architecture (65), including an increase in spine volume, but no change in spine density.
Increases in spine volume have been associated with increases in excitatory synaptic
transmission and functional maturation (66, 67). Likewise, in hippocampal CA1 neurons,
there is altered dendritic branching and increases in spine head volume, but these are
accompanied by a decrease in spine density (40, 68). Interestingly, medium spiny neurons in
the striatum also exhibit altered dendritic growth patterns and increases in spine head
volume. These neurons receive MET-positive afferents from the neocortex, but do not
themselves express MET, suggesting that MET signaling may also influence
neurodevelopmental outcomes in a non-cell autonomous fashion (65).

MET function regulation of developing cortical circuits was determined using different
electrophysiological methods in Met*X’*/Emx1¢"e mice (40, 68, 69). In frontal cortex of both
homozygous null and heterozygous mice, caged glutamate activation reveals a 2.3-fold
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increase in excitatory drive from layer 2/3 onto discrete populations of layer 5 neurons (69).
This phenotype is restricted to contralaterally-projecting intratelencephalic corticostriatal
neurons. There are no input changes in layer 5 pyramidal tract corticopontine neurons,
emphasizing again that contribution to ASD risk may be instantiated in the findings of
circuit-specific disruption following dysregulation of MET expression in humans and
rodents. The local hyperconnectivity also is reminiscent of that reported in ASD using
functional neuroimaging (70, 71). In the mouse hippocampal CAL region, single-neuron
analyses during the second postnatal week reveals excitatory synaptic changes. Premature
maturation is evident in three measures, including a significantly larger ratio of stimulus-
evoked AMPA to NMDA currents, a more rapid replacement of the GIUN2B subunit of the
NMDA receptor by GIUN2A, and fewer silent synapses (40). This early maturation contrasts
with the repression of the number and maturational state of glutamatergic synapses
following prolonged activation of MET signaling /n vitro (68). Interestingly, changes in
trafficking and localization of postsynaptic proteins to the synapse, rather than altered levels
of expression, underlie the physiological phenotype. Measures of glutamatergic maturational
state become normalized by puberty, indicating that altered phenotypes expressed in the
adult are likely developmentally mediated through a complex process of altered maturation
due to MET receptor dysfunction (Figure 2).

MET, the periphery and ASD: Gl and immune functions

MET signaling is pleiotropic in multiple peripheral organ systems (22-25, 72—74). Here, we
describe the role of MET in two systems known to be dysregulated in subpopulations of
individuals with ASD: Gl and immune. Findings that the MET * C allele is enriched in
children with ASD and co-occurring GID (26) stimulated a focus on the GI system. MET is
expressed by intestinal epithelial cells, as well as enteric nervous system precursors and a
subpopulation of differentiated myenteric neurons (22, 75). Rodent models of Gl injury
support a key role for MET signaling in intestinal mucosal wound repair and remodeling.
Following injury, treatment with HGF increases MET activation in and improves the
regeneration of colonic epithelium (76). Unexpectedly, mice in which Metis deleted from
enteric neurons, but is still expressed in intestinal epithelium, also have an increased
susceptibility to mucosal injury (22). Recent evidence suggests vagal innervation may
modulate intestinal mucosal immune homeostasis by a mechanism known as the cholinergic
anti-inflammatory pathway (reviewed in (77)), such that vagotomized mice also display
increased susceptibility to experimentally-induced colitis (78, 79). In this context, mapping
studies in rodent and monkey reveal highly enriched MET expression in neurons comprising
brainstem autonomic nuclei contributing central efferents to the vagus nerve (80). Thus,
MET signaling can contribute to GI homeostasis and injury responses in multiple ways, via
epithelial, and peripheral and central neural mechanisms.

The role of MET in mediating aspects of immune responses also is well-delineated. It is not
known, however, whether MET immune-mediated function relates to the reported
enrichment of autoimmune disorders, allergies and asthma in the families of children with
ASD (81), although these disturbances have been postulated as contributing factors to ASD
symptoms (for review (82)). From a functional perspective, how might MET signaling be
involved? Within the immune system, MET expression is low in inactive cells, but increases
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following activation in several cell classes, including monocytes/macrophages, dendritic
cells and B cells (24, 83, 84). Normally, MET negatively regulates immune responsiveness
in mice, attenuating inflammatory responses in a variety of contexts (85, 86). Thus, the
reduced levels of MET and interleukin-10 expression in activated immune cells from
individuals homozygous for the MET *C allele (27) may underlie immune comorbidities in
at least some patients with ASD, as well as their family members. There is one direct link
between disrupted MET signaling and immune function in mothers of children with ASD
(27). Specifically, the MET * C allele is highly enriched with the presence of ASD-
associated maternal antibodies that recognize a specific pattern of fetal brain proteins; these
antibodies are functionally active in terms of brain disruptions (87, 88). The relationship
with Gl and immune dysfunction is well-delineated in ASD and, as noted above, MET
signaling clearly is involved in both systems. The genetic, clinical and biological
correlations are intriguing, but meaningful convergence of these data will require additional
studies.

Beyond ASD: Broader implications for MET-related networks in NDDs

Thus far, we have considered MET in the context of normal neurodevelopmental function,
and in ASD brain and periphery-related disturbances. MET may be more broadly involved in
other NDDs. The weakest evidence comes from a haplotype block association, of small
effect size, with schizophrenia (89). More intriguing data are from studies of Rett syndrome
(RTT), typically defined genetically by mutations in the transcription factor MECP2.

MeCP2 binds directly to the MET promoter in human neural progenitor cells /n vitro (90).
There is enhanced binding and transcription in the presence of the MET *C allele and RTT-
specific mutations in MECPZ2reduce MET transcription. There are two important findings in
this study (90): 1) in females with RTT, MET transcript is reduced dramatically in
postmortem temporal cortex compared to sex-matched controls, with a much greater effect
size than in ASD - this contrasts with ASD, where reduced MET expression is observed only
in males, and 2) unlike ASD, the MET *C allele is not enriched in RTT. These data indicate
that dysregulated MET expression, potentially through distinct disease- and sex-related
mechanisms, may contribute to the pathophysiology of multiple NDDs, not just ASD.

The broader NDD involvement by MET may reflect circuit-specific networks of proteins
with which the receptor interacts to mediate neurodevelopmental processes at risk in NDDs.
The nature of the MET protein network is likely dependent on cell and subcellular context,
as well as activation state. Further, disruption of discrete components of the network may
modulate the balance between activation of the MAPK/ERK and PI3K/Akt pathways, thus
influencing functional outcome. Mutations in components or regulators of these two
signaling pathways have been associated with ASD (64, 91) as well as syndromic or rare
mutation NDDs (13, 92-100). Few studies to date, however, have examined specific protein
networks in a neurodevelopmental context. To address this knowledge gap, we recently
characterized the MET interactome in murine neocortical synaptosomes, isolated at the peak
of synaptogenesis, using co-immunoprecipitation/mass spectrometry (101). Seventy-two
interacting proteins were identified, which could include those that bind directly or
indirectly to MET within the protein complex. Of these, nine (12.5%) — including MET - are
associated with NDDs, based on high confidence criteria set by genetic consortia.
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Specifically, genes encoding five proteins in the MET interactome are associated with ASD,
two with bipolar disorder and three with schizophrenia; no proteins encoded by genes
associated with attention deficit hyperactivity disorder or major depressive disorder are
represented in the MET interactome. The 9 NDD-associated candidates, together with their
secondary protein interactors, form an interactome network, in which NDD-associated
candidates are highly connected with each other at the center (Figure 3). A more refined
enrichment analysis, using proteins determined experimentally to be expressed in a mouse
neocortical synaptosome fraction (102) as a background comparison, reveals a very
important relationship - only NDD- and ASD-associated proteins are enriched in the
synaptic MET interactome. Furthermore, based on analysis of the human neocortical
transcriptome (in BrainSpan), MET and its interactome proteins are co-regulated temporally
and spatially from 0-24 postnatal months, compared to all other synaptic proteins. The MET
synaptic protein network is complex, but this enrichment for NDD partners points towards a
pronounced modulatory role for MET signaling in balancing synapse development along
with other contributors to typical and atypical maturation in specific circuits.

Not the center of the universe — but clearly part of it

The preponderance of data obtained over the past 10 years from model systems, clinical and
neuroimaging studies supports the inclusion of the MET receptor tyrosine kinase as an
important element when considering mechanisms of action in synapse development relevant
to ASD and other NDDs. MET pleiotropy in systems causal to ASD co-occurring medical
conditions provides further links. The dynamic spatial and temporal regulation of MET
expression across evolution, in addition to co-regulation of key proteins with which MET
interacts at the synapse, speaks to an involvement in influencing the quality of circuit
development. This is not to overstate that dysregulated MET signaling will have dramatic
systemic impact, but rather a greater influence on modulating the developmental timing, and
ultimately the quality of circuit function. We suggest that MET may be biological relevant in
a number of pathophysiological contexts, both centrally and peripherally. Why else would
MET be one of only 32 genes (joining the serotonin transporter) across the entire genome
overlapping in selection between two highly social species - humans and domesticated dogs
(103)?
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Figure 1. The MET promoter variant ‘C’- allele is associated with children with ASD in
multiplex families and influences development and function of human brain and peripheral
organ systems

A common ‘G’-to-* C single nucleotide polymorphism in the MET promoter results in a
50% decrease in promoter activity. Because the ‘C’variant is biologically functional, it is
associated with specific phenotypes in typical individuals and those diagnosed with ASD.
From Top Left to Lower Right: In the typical population, reduced levels of MET protein in
the temporal cortex correlate with the C/C genotype. People with ASD have reduced MET,
irrespective of genotype. Human neuroimaging studies demonstrate reduced gray matter
thickness in MET-expressing cortical regions and altered functional and structural
connectivity in C/C individuals independent of diagnosis. The phenotype effects are greater
in people with ASD. Examination of ASD subgroups based on behavioral and biomedical
phenotypes shows an enrichment of the C/Callele in children with ASD whose social
communication is more impaired, and in children with ASD who have co-occurring
gastrointestinal (GI) dysfunction. In the immune system, levels of MET in activated
peripheral blood mononuclear cells (PBMCs), critical components of the immune system,
isolated from individuals with a C/C genotype is approximately half that from those with
G/G. In addition, the C/C genotype is enriched in mothers who produce ASD-associated
maternal antibodies that recognize brain proteins expressed only in the fetus. Finally, there is
an increased risk of ASD in children with the C/C allele whose mothers had been exposed to
high levels of air pollution during pregnancy, suggesting an interaction between genetic and
environmental burdens that influence ASD risk.
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Figure 2. Functional outcomes of normal, decreased or increased MET receptor signaling during
forebrain development

During normal development (top panel), MET signaling is absent (white shading) during
progenitor cell proliferation and neuron migration. MET signaling increases and is
maintained at high levels (pink shading) during the early and peak periods of process
outgrowth and synapse formation. At this time, activation of MET by its ligand, hepatocyte
growth factor (HGF), results in an increase in the phosphorylated receptor (pMET), which
activates the MAPK/ERK pathway to increase dendritic growth. In the same neurons, pMET
also activates the PI3K/AKkt pathway to promote immature synapse formation, denoted by
the NMDA (green) and AMPA (red) glutamate receptor ratio in the postsynaptic membrane.
During the period of synaptic refinement, MET signaling rapidly declines (white shading),
and is accompanied by a maturation (increased AMPA:NMDA ratio) of the nascent
synapses. In the absence of MET signaling (middle panel), there is a reduction in spine
density, but an increase in spine head volume that is accompanied by a premature onset of
synapse maturation (early AMPA:NMDA ratio increase). In contrast, prolonged MET
signaling (bottom panel) increases dendritic growth and promotes nascent synapse
formation, but delays synapse maturation.

Biol Psychiatry. Author manuscript; available in PMC 2018 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Eagleson et al.

Page 18

'/

O ASD did in MET i O Other NDD did: in MET inter
<> ASD and BD candid. in MET inter O Other NDD candidates in network
D ASD, SCZ and syndromic did. in MET inter . Other proteins in MET interactome
. ASD candidates in network O Other proteins in network

Figure 3. The MET interactome in the developing neocortical synapse is in a protein network
enriched in NDD-associated candidates

A protein-protein interaction network was generated using MET and the 72 MET-interacting
candidates identified by immunoprecipitation and mass spectrometry analysis. Of the 72
proteins, there are 9 NDD-associated candidates (large yellow, pale green and salmon
shapes), including MET. Secondary interactors of the NDD-associated candidates, identified
in GeneMania (a human protein-protein interaction database), are shown as pale blue and
dark green small circles, with several high confidence NDD candidates at the periphery of
the network (larger circles). Note that NDD-associated candidates are highly connected with
each other at the center of the network.
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