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Abstract
In this chapter, we will briefly discuss recent literature on the role of MET receptor tyrosine kinase
(RTK) in brain development and how perturbation of MET signaling may alter normal
neurodevelopmental outcomes. Recent human genetic studies have established MET as a risk
factor for autism, and the molecular and cellular underpinnings of this genetic risk are only
beginning to emerge from obscurity. Unlike many autism risk genes that encode synaptic proteins,
the spatial and temporal expression pattern of MET RTK indicates this signaling system is ideally
situated to regulate neuronal growth, functional maturation, and establishment of functional brain
circuits, particularly in those brain structures involved in higher levels of cognition, social skills,
and executive functions.

1. INTRODUCTION
Autism spectrum disorders (ASD), which include autistic disorder, Asperger’s syndrome,
and pervasive developmental disorder (PDD)-not otherwise specified, are a group of
neurodevelopmental syndromes that share a disease onset during early brain development
and maturation (Abrahams & Geschwind, 2008; Geschwind & Levitt, 2007; Walsh,
Morrow, & Rubenstein, 2008). There have been no unifying neuropathologic or
neurobiological features that define ASDs. The diagnosis is based on clinical assessment of
some core behavioral features, including impaired communicative skills, atypical social
behavior, and restricted interests and repetitive behaviors. Two cardinal features of ASD are
heritability and heterogeneity. Heritability refers to the fact that autism has evidently the
strongest genetic components of all the developmental neuropsychiatric disorders. This is
exemplified by the 82–92% concordance rate for autism among monozygotic twins as
compared with ~10% concordance rate for dizygotic twins (Abrahams & Geschwind, 2008;
Bailey et al., 1995; Constantino et al., 2013). Heterogeneity is reflected by the enormous
number (>200) of gene loci (Aldinger, Plummer, Qiu, & Levitt, 2011; Ebert & Greenberg,
2013; Piggot, hirinyan, Shemmassian, Vazirian, & Alarcon, 2009) that contribute to the risk
of developing ASD, hence imposing a major challenge for the identification of causative
genes. While this genetic heterogeneity can manifest as noncoding variations, de novo
mutations that produce syndromic disorders with autistic traits, copy number variations, and
chromosome abnormalities (Marshall et al., 2008; Nakatani et al., 2009; Piggot et al., 2009;
Sebat et al., 2007; Walsh et al., 2008), their functional implication spans even wider, from
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neuronal growth, projection and motility, GTPase/Ras-mediated signaling and cytoskeletal
organization, proteolysis, to activity-dependent synaptic remodeling (Levitt & Campbell,
2009; Pinto et al., 2010). Thus, to gain insights into the underlying mechanisms of ASD will
require a multidisciplinary approach focusing on brain regions, neural networks, and cellular
substrates.

ASD is a complex disorder and, as such, identification of causative genes has been
hampered by many inherent problems, such as multiple gene effects/interactions,
environmental factors, gene–environment interactions, variable penetrance for each
individual gene, and genetic heterogeneity. Many well-established autism risk genes encode
proteins that are involved in the molecular networks controlling formation and function of
the glutamatergic synapse, the submicron-scale structure that connects individual neurons
into functional networks capable of computational outputs. These well-established genes
include, but are not limited to, NRXN1, PTEN, SHANK3, UBE3a, NF1, NLGN3/4,
CNTNAP2, SYNGAP1, and FMR1 (Alarcon et al., 2008; Bourgeron, 2009; Clement et al.,
2012; Durand et al., 2007; Penagarikano et al., 2011; Piggot et al., 2009; Tabuchi et al.,
2007; Yashiro et al., 2009). These molecules function by mediating pre- and postsynaptic
assembly, scaffolding the synaptic structure, controlling neurotransmitter release, and
affecting the activity-dependent structural changes, processes critical to sculpting our
experience into neuronal circuits to guide future behavior. Not surprisingly, pathogenic
mutations of the previously mentioned ASD genes during development have been shown to
lead to synaptic dysfunction, impact the brain circuit, and disrupt the balanced excitatory/
inhibitory brain networks (Ebert & Greenberg, 2013; Rubenstein & Merzenich, 2003;
Tabuchi et al., 2007).

It is important to note, however, that synaptogenesis and neural circuit dynamics are
relatively late events during the neurodevelopmental timeline. Prior to these events, the
production and positioning of neurons in a correct cellular and network context must take
place in order for synaptogenesis and circuit remodeling to occur. These early histogenic
events are determined by genetic programs encoding neurogenesis, migration, neurite
outgrowth and polarization, and axon guidance at critical developmental stages. At the
cellular level, once a neuron is born, it migrates a long distance before arriving at its
destination and differentiating. Neurons extend two classes of processes: a single axon to
carry its output and several dendrites to collect information input. Once this neuronal
polarity is established, the axon navigates through a complex environment to find its target,
and dendrites undergo extensive growth and branching. The last step in forming functional
circuitry is the establishment of synaptic connections between different neurons (Bradke &
Dotti, 2000; Craig & Banker, 1994; Mueller, 1999; Tessier- Lavigne & Goodman, 1996).
Two major types of synapses, excitatory and inhibitory, coexist within any functional
circuitry, and their balanced action on the postsynaptic neurons shapes their functional
output (Rubenstein & Merzenich, 2003). Therefore, aberrant genetic programs during this
early extended timeline (as compared to impaired synaptic function at later stages) may
profoundly affect brain function as well. Consistently, autism risk genes have been shown to
control wide aspects of developmental events including neurogenesis, synaptogenesis,
glutamatergic transmission, endosomal trafficking, and protein turnover (Ebert &
Greenberg, 2013; Qiu, Aldinger, & Levitt, 2012; Walsh et al., 2008). As diverse as these
risk genes appear, they may converge on a final common molecular pathway to disrupt
developmental outcomes that perturb circuit formation and maturation.

The development of the central nervous system (CNS) is a complex process driven by a
myriad of factors including a large family of growth factors and their receptors. Protein
receptor tyrosine kinases (RTKs), which are cell-surface receptors for many polypeptide
growth factors, hormones, and cytokines (Robinson, Wu, & Lin, 2000), regulate many
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aspects of neuronal physiology, including neurogenesis and survival, differentiation and
migration, patterned connectivity, and plasticity. The human gene MET, which encodes
MET RTK (Cooper et al., 1984), has emerged as a prominent risk factor for ASD (Campbell
et al., 2006, 2009; Jackson et al., 2009; Sousa et al., 2009; Thanseem et al., 2010). MET
plays a pleiotropic role in cell proliferation, motogenesis, differentiation, and survival in
many tissue types (Birchmeier, Birchmeier, Gherardi, & Vande Woude, 2003; Maina et al.,
1998). The ligand for MET receptor, hepatocyte growth factor (HGF), is a polypeptide
growth factor that activates MET (Naldini, Weidner, et al., 1991). Both MET and HGF are
expressed in the developing brain, with distinct spatial and temporal profiles (Judson,
Amaral, & Levitt, 2011; Judson, Bergman, Campbell, Eagleson, & Levitt, 2009; Jung et al.,
1994). Genetic studies from multiple laboratories have found that functional MET promoter
variants are associated with differential risks for ASD. Consistently, clinical imaging and
animal studies have provided evidence that disrupted MET signaling levels produce both
morphological and functional alterations in neurons in those brain regions implicated in
producing the ASD endophenotypes. In this chapter, we will briefly discuss how MET
signaling might be ideally situated to regulate circuits and modify neuronal function. We
review recent literature and hypothesize that MET signaling plays a critical role in balancing
neuronal growth, functional maturation, and establishing functional circuits.

2. MET RECEPTOR TYROSINE KINASE-MEDIATED SIGNALING HAS A
PLEIOTROPIC ROLE IN MULTIPLE ORGAN ONTOGENESIS

The MET RTK and its sole polypeptide growth factor ligand, HGF, exemplify a versatile
signaling system that has effects not only on neurons but also on multiple target tissues
during embryogenesis. HGF, also known as “scatter factor,” was originally identified as a
molecule capable of triggering proliferation, motility, and morphogenesis in many epithelial
cell types and is also involved in organ regeneration, angiogenesis, and tumor invasion
(Naldini, Vigna, et al., 1991). The MET receptor was first identified as a proto-oncogene
and later as a receptor for HGF (Bottaro et al., 1991; Cooper et al., 1984; Naldini, Vigna, et
al., 1991). Soon after, MET/HGF-mediated signaling was found to be involved in a number
of normal physiological processes. The signaling system appears important in
mesenchymal–epithelial interactions during fetal development: genetic inactivation of Met
or Hgf in mice leads to embryonic lethality, resulting from impaired liver development, loss
of parenchymal cells, and failed development of placenta trophoblast cells and muscles
(Bladt, Riethmacher, Isenmann, Aguzzi, & Birchmeier, 1995; Huh et al., 2004; Schmidt et
al., 1995; Uehara et al., 1995). The context in which MET function is best understood is in
cancer biology. HGF signaling through MET is said to be morphogenic, motogenic, and
mitogenic. The function of this signaling extends to early steps of cell proliferation, survival,
branching morphogenesis, neuronal induction, organ regeneration, angiogenesis, and tumor
metastasis (Furge, Zhang, & Vande Woude, 2000; Maina et al., 1998).

This pleiotropic role suggests that the molecular basis for MET signaling is of broad
significance. Human MET protein is produced as a ~170 kD single-chain precursor (Cooper
et al., 1984; Faletto et al., 1992). The precursor is proteolytically processed, resulting in a
highly glycosylated extracellular α-subunit (50 kD) and a transmembrane β-subunit (145
kD) (Furge et al., 2000; Tempest, Stratton, & Cooper, 1988) (Fig. 5.1). The two subunits are
linked together by a disulfide bond. The β-subunit has extracellular, transmembrane, and
intracellular domains. The extracellular domain of both α- and β-subunits contains
homology to semaphorins (Sema domain); the β chain has cysteine-rich MET-related
sequences, glycine-proline-rich repeats, and four immunoglobulin-like domains (Ig domain).
The intracellular β-subunits contain motifs of tyrosine kinase domain and a multisubstrate
docking site. The function of both domains is dependent on several critical tyrosine residues.
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Upon HGF activation, MET dimerizes and transphosphorylation occurs on Tyr1234 and
Tyr1235 within the activation loop of the tyrosine kinase domain, and this activates the
intrinsic kinase activity of the receptor (Naldini, Weidner, et al., 1991). Close to the C-
terminal region, two tyrosine residues (1349 and 1356), residing in the multisubstrate
docking site, are capable of recruiting downstream Src homology-2 (SH2) domain-
containing adaptor proteins (Ponzetto et al., 1994). Some adaptor proteins, such as Grb2,
Src, SHC, and PI3K, interact with the multisubstrate docking site directly, whereas many
other effects are mediated through the large scaffolding protein Gab1, which is sequentially
tyrosine-phosphorylated and recruits a number of downstream effector proteins such as
PI3K, SHP2, and PLC-γ (Faletto et al., 1992; Gual et al., 2000).

During peripheral tissue ontogenesis, the majority of the MET signaling outcomes are
mediated by the adaptor proteins Grb2 and Gab1 (Maina et al., 1996, 2001; Ponzetto et al.,
1994, 1996), which activate downstream pathways involving Ras, Rho family GTPases
(such as Rho, Rac1, and Cdc42), ERK/MAPKs, guanine nucleotide exchange factors, Src
family kinases, PI3K, and PKB/AKT (Fig. 5.1). The signaling mediates a diversity of
events, including cell polarity, actin cytoskeleton reorganization, proliferation and cell-cycle
progression, cell motility and migration, angiogenesis, organ regeneration (Arthur,
Schwartz, Kuenzler, & Birbe, 2004; Ido, Numata, Kodama, & Tsubouchi, 2005; Royal,
Lamarche-Vane, Lamorte, Kaibuchi, & Park, 2000; Tahara et al., 2003; Takaishi et al.,
1994), immune and hormone responses (Beilmann, Vande Woude, Dienes, & Schirmacher,
2000; Okunishi et al., 2005; Roccisana et al., 2005), and tumor invasion (Birchmeier et al.,
2003). MET signaling is initiated through HGF binding and the ensuing dimerization and
tyrosine phosphorylation at its intracellular multisubstrate docking site (Naldini, Weidner, et
al., 1991; Ponzetto et al., 1994). In nonneuronal cells, MET can activate multiple signaling
cascades, including the Ras/MAP kinase and JNK/SAP kinase pathways, phospholipid
pathways through binding of PI3K, PLC-γ, SHP2 tyrosine phosphatase, and Src tyrosine
kinase.

MET activation recruits adaptor proteins to engage various molecular signaling pathways
leading to different development outcomes (Maina et al., 1998, 2001). Generally, these
multiple pathways are connected to cell growth and invasion following MET–HGF
signaling. For example, activating RAS pathways serves as a cellular scatter and
proliferation signal (O’Brien et al., 2004). The sustained RAS activation also leads to a
protracted MAPK activity (Marshall, 1995). Additionally, PI3K can be activated by RAS or
through binding to the multifunctional docking site. Activation of PI3K activates cell
motility through remodeling of cell adhesion and localized cytoskeletal reorganization,
processes which involve recruitment of transducers such as small GTPase Rac1- and p21-
activated kinase. By activating PKB/AKT, PI3K is conferring a survival signal to the cells
(Fan et al., 2001; Moumen et al., 2007). MET is also capable of activating the STAT3
transcription factor through binding to its SH2 domain (Boccaccio et al., 1998), which is
necessary for the HGF-induced branching morphogenesis. In cancer cells, MET can be
associated with β-catenin, which forms a complex with MET intracellular kinase domain.
Upon HGF activation, β-catenin translocates to the nucleus to guide gene expression, an
effect not seen in cells overexpressing a dominant-negative form of MET (only contains
extracellular and transmembrane regions of MET and is therefore signaling-incompetent)
(Monga et al., 2002).

3. MET SIGNALING PLAYS A ROLE IN A LARGE NUMBER OF
NEURODEVELOPMENT EVENTS

The molecular signaling events discussed earlier are mostly ascertained in human epithelial
or cancer cell lines, and, collectively, they mediate cell growth and invasive programs. The
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recognition of MET serving as a key signaling component in specific neurodevelopmental
events is relatively new compared with the well-established roles in cancer biology (Judson,
Eagleson, & Levitt, 2011; Maina et al., 1998). It is currently unclear to what extent these
signaling events are operating in neurons during brain development. Nonetheless,
accumulating evidence suggests that MET signaling is also required for multiple
neurodevelopmental events. For example, MET is required for neuronal lineage
commitment. Streit et al. (1995) showed that grafts of Hensen’s node into chick embryos
enhanced the expression of neuronal markers in neighboring epiblast cells. In the presence
of HGF, epiblast explant cultures prepared from chick embryos can differentiate into cells
with neuronal morphology and express neuronal markers. This suggests that HGF plays a
role during the early steps of neural induction, perhaps by inducing or maintaining the
competence of the epiblast to respond to neural-inducing signals.

It has also been shown that postnatal proliferation of cerebellar granule neurons requires the
full level of HGF/MET signaling. Cerebellum development occurs mainly postnatally and
implies cell proliferation and migration during this period. HGF and MET are coexpressed
in the developing cerebellum (Ieraci, Forni, & Ponzetto, 2002). MET is localized in granule
cell precursors, and cultures of these cells respond to HGF with proliferation. HGF and
MET are involved inmediating these responses, and a hypomorphicMET mutant (Grb2-
binding incompetent) results in reduced size of the cerebellum, foliation defects, and
reduced granule cell proliferation (Ieraci et al., 2002). HGF/MET signaling has been shown
to modulate migration of specialized neuron types (Garzotto, Giacobini, Crepaldi, Fasolo, &
De Marchis, 2008; Giacobini et al., 2007; Krasnoselsky et al., 1994; Powell, Mars, & Levitt,
2001; Segarra, Balenci, Drenth, Maina, & Lamballe, 2006). For example, HGF/MET
signaling can elicit transtelencephalic migration of interneurons during forebrain
development (Powell et al., 2001). The activation of HGF requires urokinase-type
plasminogen activator receptor (uPAR). uPAR-deficient mice showed impaired scatter
activity of forebrain neurons and reduced number of inter-neurons in the frontal and parietal
cortex, likely due to impaired interneuron migration from the ganglionic eminence
(Eagleson, Bonnin, & Levitt, 2005; Powell, Campbell, et al., 2003). HGF has also been
shown to act as a motogen and guidance signal for gonadotropin hormone-releasing
hormone-1 neuronal migration (Giacobini et al., 2007), an effect that is mediated by
molecular cross talk between MET and the AXL receptor tyrosine kinase (Salian-Mehta,
Xu, & Wierman, 2013). MET also has been shown to regulate the migration of olfactory
interneuron precursors in the rostral migratory stream (Garzotto et al., 2008), thus
potentially contributing to olfactory sensory processing. MET-triggered cortical neuron
migratory effects seem to depend on combined MET–Grb2 coupling and signaling through
ERK, PI3K/AKT, andRAC1/p38 (Segarra et al., 2006).

MET signaling has a profound effect on neuronal growth and morphology. In cortical
organotypic slice culture, exogenous HGF increases dendritic growth and branching of
pyramidal neurons, whereas applying function-blocking HGF antibody or transfection of
neurons with a MET dominant-negative mutant receptor reduced the size and complexity of
the dendritic arbors (Gutierrez, Dolcet, Tolcos, & Davies, 2004), suggesting that HGF plays
a role in regulating dendritic morphology in the developing cerebral cortex. This is in
agreement with studies showing in vivo manipulation of MET in dorsal pallial-specific
knockout mice (Judson et al., 2009). A recent study has shown that exogenous HGF
treatment of cultured hippocampal neurons enhanced the phosphorylation and activation of
MET, increased the number of dendrites, and increased the total dendritic length. These
effects are mediated by AKT activation, subsequent phosphorylation of glycogen synthase
kinase-3 beta, and ultimately impinging upon cytoskeletal proteins (Lim &Walikonis, 2008).
This study suggests that the PI3K pathway is involved in mediating HGF-induced neuronal
growth effect. It would be interesting to examine whether axonal outgrowth involves other
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molecular mechanisms such as peripheral tissue development or tumor cell metastasis. MET
signaling also seems to have a role in sensorimotor gating. HGF promotes development of
sensory neuron target innervations (Maina, Hilton, Ponzetto, Davies, & Klein, 1997),
cooperates with nerve growth factor to enhance sympathetic neuron axonal outgrowth, and
increases the numbers of neurites of sensory neurons (Maina et al., 1998). HGF is also
growth-promoting a chemoattractant for cranial motor axons during development (Caton et
al., 2000), an axonal chemoattractant, and a neurotrophic factor for spinal motor neurons
(Ebens et al., 1996). One potential mechanism for HGF to promote optimal axonal growth
ganglion neurons is through an intrinsic, local dendritic autocrine mechanism (Yang et al.,
1998).

In addition to mediating neuronal growth and morphological development in vivo, HGF/
MET could affect neuronal function, likely through both cell-autonomous and cell
nonautonomous mechanisms. In cultured hippocampal neurons, Tyndall and Walikonis
(2006) reported that MET is clustered at excitatory synapses and colocalizes with NMDA
receptor subunit NR2B and PSD-95 protein. This is revealed by immunocytochemistry and
ultrastructural verification through immunoelectron microscopy. Additionally, MET protein
is enriched at the postsynaptic density fraction, and HGF treatment can induce MET
phosphorylation and enhance the expression and clustering of synaptic proteins including
NR2B, calmodulin-dependent protein kinase II, and the AMPA receptor subunit GluA1.
These findings suggest a direct functional connection with MET signaling and glutamatergic
synapses.

Many studies have established HGF as a neurotrophic/neuroprotective factor. HGF promotes
motor neuron survival and synergizes with ciliary neurotrophic factor to promote growth of
sensory and parasympathetic neurons (Davey, Hilton, & Davies, 2000; Wong et al., 1997).
HGF secreted by muscle fibers serves as a survival factor for certain populations of
embryonic motoneurons (Yamamoto et al., 1997). Additionally, HGF signaling alleviates
neuronal injury in a rat model for amyotrophic lateral sclerosis, and transgenic
overexpression of HGF in a mouse model for amyotrophic lateral sclerosis delays the
disease progression and prolongs life span of the mouse (Ishigaki et al., 2007; Sun,
Funakoshi, & Nakamura, 2002). HGF also promotes endogenous repair and functional
recovery after spinal cord injury (Kitamura et al., 2007). HGF is capable of protecting
hippocampal neurons from injury induced by ischemia and preventing cultured rat cerebellar
granule neurons from apoptosis (Miyazawa et al., 1998), an effect probably involving the
activation of the Ras/MAPK and PI3K/AKT pathways. The fact that HGF has
neuroprotective effects implies a therapeutic potential of MET signaling on the CNS. A
recent study (Bai et al., 2012) showed that conditioned medium from cultured human
mesenchymal stem cells reduces functional deficits in experimental autoimmune
encephalomyelitis mouse model by promoting the development of oligodendrocytes and
neurons. Functional tests from the same study identified HGF and MET as mediators of the
conditioned medium-stimulated recovery. This protective effect is due to HGF and MET
promotion of neural cell development and remyelination.

4. MET RECEPTOR TYROSINE KINASE EXPRESSION IN THE DEVELOPING
BRAIN

To better understand the developmental capacity of MET/HGF signaling in the brain, it is
important to ascertain the normal spatiotemporal patterns of MET/HGF expression levels.
Several early studies have attempted to resolve this question. Di Renzo et al. (1993) showed
that MET is expressed in the human CNS and MET protein is detectable in human brain
tissues using Western blot. Immunohistochemical staining of MET revealed a rather
extensive labeling of both gray and white matter, particularly in cells showing
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morphological and immunochemical markers for microglia cells, suggesting a potential role
of HGF/MET in microglial reactions to CNS injuries. Another earlier study using in situ
hybridization demonstrated that both Hgf and Met transcripts are expressed in developing
and adult mouse brain (Jung et al., 1994). Specifically, Hgf mRNA is primarily localized in
the neurons of hippocampus, cortex, and the granule cell layer of the cerebellum, while Met
mRNA is more specifically restricted to the CA1 area of the hippocampus, the septum, and
the cortex. Both Hgf and Met mRNA transcripts are detectable as early as embryonic days
12–13, respectively. Functionally, neurons respond to HGF/MET signaling by increased
immediate early gene c-Fos transcription.

In light of recent human genetic studies implicating MET as an ASD risk gene (see
discussion in the succeeding text), a detailed investigation of MET/HGF expression across
the spatial and temporal domains (preferably in multiple species) during brain development
would be informative to understanding the biological role of MET signaling at cellular and
system levels. By examining specific brain structures, one can focus on the expression
patterns of MET in defined brain circuits that are behaviorally relevant to autism. In a recent
study, Judson et al. (2009) had systematically investigated the expression pattern of Met
transcripts and protein levels using complementary Western blotting, in situ hybridization,
and immunohistochemical approaches. The study was conducted in mice forebrain
throughout late embryonic and postnatal development (embryonic day E17.5–P35). It was
found that the expression of MET protein levels was tightly regulated across the time
domain in the forebrain. MET protein levels are relatively low around the late embryonic
stage in mouse (E16.5) but increase dramatically during perinatal development (postnatal
day 0, P0) to reach a peak at P7. Thereafter, MET levels are relatively stable during the
second postnatal week but decline drastically after P21 to very low levels at adult stage. The
study has revealed that peak levels of MET expression coincide with principal periods of
neurite outgrowth and synaptogenesis. High-resolution immunohistochemistry staining from
the same study reveals that MET is expressed by discrete subtypes of long-projecting
neurons of the forebrain, especially those of dorsal pallial origin. Interestingly, MET protein
is found to be enriched in the developing axons of these projection neurons. In P7– P14
mouse, MET immunoreactivity is strongly distributed to axons and neuropil throughout the
anteroposterior axis in the cortex. The corpus callosum has the highest level of MET
expression. There is also a clear laminar patterning of Met transcript and protein expression
in the neocortex in which the barrel cortex and layer IV of the cortex distinctly lack MET
expression. Because layer IV is the synaptic input layer from subcortical structures, this is
consistent with the observation that the majority of subcortical region shows minimum MET
immunoreactivity in mouse. Another interesting finding from this study is the apparent
discrepant patterns of expression for Met transcripts and proteins in the striatum. For
instance, Western blot analysis showed that striatum tissue contains abundant MET proteins,
whereas in situ hybridization failed to reveal Met transcripts in the striatum. Therefore, the
presence of MET protein in the striatum is exclusively attributed to cortical projecting
axons. Since the medium spiny neurons in the striatum do not express MET, changes to
corticostriatal circuits following ablation of MET in dorsal pallium structures can be
therefore attributed to a presynaptic mechanism.

The brainstem circuitry is implicated in ASD pathophysiology and autonomic function
control, and a recent study (Wu & Levitt, 2013) has examined Met and Hgf mRNA
expression in the developing rodent brainstem using in situ hybridization and
immunohistochemistry to probe protein levels. This study revealed a highly selective
expression pattern of MET in the brainstem in a subpopulation of neurons in cranial motor
nuclei, the dorsal raphe, Barrington’s nucleus, and the nucleus of solitary tract. All of these
brainstem structures show strong Met transcripts and immunoreactivity, which indicates that
MET signaling may influence the development of brainstem circuits that control autonomic
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function, such as central regulation of respiration and circulation, gastrointestinal function,
tongue movement, speech, stress, and mood.

Compared with the rodent brain, there has been limited information of MET protein
expression levels in the brains of higher organisms. It has been shown that MET protein and
mRNAs can be readily detected by quantitative Western blots and RT-PCR from
postmortem temporal lobe gray matter samples (Brodmann areas 41/42, 52, or 22) in both
ASD cases and their matched controls (Campbell et al., 2007). In fetal human brain, MET
mRNA expression during midgestation (weeks 15–20) can be detected and is restricted
almost exclusively to portions of the temporal and occipital lobes (Mukamel et al., 2011).
However, little is known on the physiological MET protein expression patterns at later
developmental stages in postnatal human or primate brain.

It is of interest to examine whether the orthologs of MET receptor function similarly in the
developing primate forebrain because of the presumed circuit similarity of primate brain in
producing social and communication phenotypes. Judson, Amaral, et al. (2011) had found
that MET expression levels in the rhesus macaque forebrain are similar to mouse brain in
that strong temporal conservation of expression exists during the time of rapid axon
development and at the onset of robust synapse formation. The expression patterns of MET
in axon fiber tracts (e.g., corpus callosum, anterior commissure, and cortiothalamic
projections) and limbic structures (entorhinal cortical projections of the perforant pathway)
were similar in both species. Most strikingly, the neocortex MET expression patterns
showed highly divergent pattern: while the mouse neocortex shows a generally uniform
distribution of MET, the macaque brain exhibited more restricted expression to the cingulate
cortex, posterior parietal, inferior temporal, and visual cortices, including the putative face-
processing temporal lobe cortex. This unique pattern in the primate brain may indicate a
more prominent role for MET-expressing neurons in establishing circuits relevant to
species-appropriate responses, such as vision-guided social behavior. Although extreme
caution should be taken on how to interpret these findings in mice and make them relevant
to understanding ASD, this study nonetheless suggests that, when evaluating expression
pattern of ASD risk genes, it is important to consider the alterations in the spatial and
temporal distributions of gene products rather than the absolute levels of proteins with
regard to their role in the formation of brain circuits.

There has been some ultrastructural evidence on the subcellular distribution of MET in
neurons. Using immunoelectron microscopy, Tyndall and Walikonis (2006) had found that
MET protein is localized at the postsynaptic dendritic site, suggesting MET could be part of
the postsynaptic signaling complex. In a recent study by Kawas, Benoist, Harding, Wayman,
and Abu- Lail (2013), it was found that MET protein levels are especially enriched in brain
regions that undergo extensive synaptic remodeling and plasticity, such as the hippocampus
CA1 region. Additionally, MET activation increases the dendritic spine density and number
of synapses. The authors then used atomic force microscopy combined with a specific MET
antibody to address the question of subcellular localization of MET and found that the
activated multimeric form of MET is concentrated in the dendritic spine compartment. In
comparison, the inactivated monomeric form of MET is prominent on the soma of neurons.
This ultrastructural study provides the first direct evidence of functional activation of MET
in neurons. A comprehensive morphology study by Eagleson, Milner, Xie, and Levitt (2013)
attempted to resolve the perisynaptic location of MET, that is, whether MET is expressed in
the presynaptic, postsynaptic, or glial compartments. Combining immunoelectron
microscopy and in situ proximity ligation assay (PLA), the authors found that MET
localization is rather dynamic, depending on the postnatal age of mouse examined. In the
striatum radiatum layer of CA1 region of P7 mouse (peak stage of rapid neuronal dendritic
growth and morphogenesis), MET expression is equally located at both pre- and
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postsynaptic compartments. At a later stage when extensive synaptogenesis occurs, MET
expression is predominantly presynaptic, with a small proportion of immunoreactivity
arising from glial cells at this time. These morphological observations are consistent with
their PLA analysis in cultured neurons and Western blot analysis of MET levels in the sub-
synaptic compartments in brain tissues. This study provides conclusive evidence that MET
is enriched at synapses during development, and its expression is dynamically regulated.
The study also provides structural evidence that signaling of MET can potentially recruit
both pre- and postsynaptic mechanisms.

A current important unanswered question is how MET receptor tyrosine kinase is regulated
to allow its spatiotemporal specificity in the developing brain. Initial study by Campbell et
al. (2006) has shown that the transcription factors SP1 and PC4 (encoded by SUB1) bind to
the 5′-transcriptional regulatory region of the MET gene, but the functional significance of
this binding is not clear. A recent study (Mukamel et al., 2011) has identified Forkhead box
protein P2 (FOXP2) as a novel transcriptional repressor of the MET gene. FOXP2 has been
established as a regulatory repressor protein and has been implicated in regulating higher
cognitive functions, including language development (Lai, Fisher, Hurst, Vargha-Khadem,
& Monaco, 2001). In the cortical plate of the developing human brain, the laminar pattern of
MET expression is complementary to that of FOXP2, indicating that FOXP2 may be capable
of repressing MET gene expression. Over-expression of FOXP2 in normal human neuronal
progenitor cells leads to reduced levels of MET protein expression in vitro. Using an EMSA
assay, these authors identified a direct FOXP2-binding site in the 5′-regulatory region of
MET gene. Considering the role of FOXP2 in language development, it is possible
downstream regulation by FOXP2 of key gene networks including MET ultimately impacts
wiring of ASD at-risk circuits. Therefore, despite the fact that relatively little is known on
the transcriptional regulation of MET, FOXP2 seems to be a functional repressor for MET
expression. In the future, it would be interesting to examine whether genetic inactivation of
FOXP2 expression, such as in the brain-specific conditional knockout mouse, will alter the
patterned expression of MET across spatial and temporal domains. Nonetheless, although
the detailed regulatory mechanisms for MET expression are yet to be determined, the
functional significance of this regulation can be dramatic. We can predict that this intrinsic
regulatory mechanism limiting MET signaling is important in that (1) since MET signaling
plays a role in neurite outgrowth and synaptogenesis, once these major events pass their
peak time, MET expression is downregulated so there is limited redundancy for this
signaling system and, (2) alternatively, the reduced level of MET signaling following the
peak of neurite outgrowth and synaptogenesis may be a prerequisite for functional
maturation of the glutamatergic synapses.

5. THE HUMAN MET GENE EMERGES AS A PROMINENT AUTISM RISK
FACTOR

The human MET gene (OMIM 164860; chromosome 7q31) was first reported by Campbell
et al. as a risk factor for autism based on genome-wide association studies aimed to identify
genetic variants that are overrepresented in individuals with autism compared to control
populations (Campbell et al., 2006). MET was hypothesized as a candidate gene based on
the following observations prior to this study: First, MET is located on human chromosome
7q31, under a linkage peak identified in multiple whole-genome scan studies of ASD
(IMGSAC, 1998, 2001; Yonan et al., 2003). Second, MET signaling mediates invasive
growth and neurite extension and contributes to the development of the brain (Beilmann et
al., 2000; Gutierrez et al., 2004; Ido et al., 2005; Ieraci et al., 2002; Maina et al., 1997;
Okunishi et al., 2005; Powell et al., 2001). Additionally, MET signaling plays a role in
immune function and gastrointestinal repair (Arthur et al., 2004; Tahara et al., 2003), and
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both are impaired modalities seen in some ASD cases. Lastly, there have been converging
developmental biological studies indicating hypomorphic MET signaling in the cortex
results in abnormal interneuron migration and decreased proliferation of granule cells in the
cerebellum (Eagleson et al., 2005; Ieraci et al., 2002; Powell, Campbell, et al., 2003).

The study by Campbell et al. (2006) analyzed the MET gene in a family-based study of ASD
including >1200 cases. The study revealed strong genetic association of a common C allele
(rs1858830 “C”) in the 5′- transcriptional regulatory region of the MET gene in >200 autism
families. Additionally, in multiplex families with more than one autistic child, the rs1858830
“C” allelic association is even stronger. Overall, the relative risk for autism diagnosis was
2.27 (95% CI 1.41–3.65) for the CC genotype and 1.67 (95% CI 1.11–2.49) for the CG type
compared with the GG type. The autism risk susceptibility is correlated with MET promoter
activity and the promoter sequence’s binding for specific transcription factors SP1 and PC4
(encoded by SUB1) in a functional assay. A subsequent study following this initial report by
the same group examined MET expression levels in the postmortem tissue from the
temporal lobe of autism and control cases. The study found decreased MET transcript and
protein expression in individuals with ASD compared to matched controls (Campbell et al.,
2007), further supporting the notion that reduction or hypomorphic MET signaling is a risk
factor for autism.

Additional genetic and pathophysiological evidence that dysfunctional MET signaling
contributes to ASD risk has been complimentary to the original findings. Campbell, Li,
Sutcliffe, Persico, and Levitt (2008) tested whether genes in the MET pathway (multiple
genes encoding proteins that regulate MET expression and activity), such as HGF, and
PLAUR transcripts are significantly altered in the ASD brain. The PLAUR gene encodes the
urokinase plasminogen activator receptor, which is required for the urokinase plasminogen
activator to process the HGF precursor into an active form. In addition, the SERPINE1 gene,
which encodes plasminogen activator inhibitor-1, was also examined. Both PLAUR and
SERPINE1 exhibited significant association with autism (Campbell et al., 2008). PLAUR
promoter variant rs344781 T allele was associated with ASD by both family-based
association test and case–control analyses. There is also significant gene–gene interaction
contributing to ASD risk between MET and PLAUR. This study further supports that
multiple components of the MET signaling pathway contribute to ASD genetic
susceptibility.

Additional independent genetic studies in different populations have further confirmed the
association of MET with ASD risk. A study by Sousa et al. (2009) found a positive
correlation between rs38845 in the MET gene and autism in an additional two cohorts with
ASD diagnoses. However, this study did not find a correlation between the rs1858830 “C”
allele variants and autism. Shortly after this report, a third independent study screened two
additional cohorts and found the rs1858830 “C” variant to be associated with the autism
cohort but not the PDD cohort (Jackson et al., 2009). At a similar time, another group
(Thanseem et al., 2010) performed a trio association study of MET with ASD in a Japanese
population and revealed an additional SNP in intron 1, rs38841, that is associated with ASD
risk. Therefore, these combined results including five unrelated cohorts all revealed a strong
association between MET and ASD, irrespective of the source of genetic variation.

How do these functional MET variants confer risk for ASD, and how do they relate to the
disrupted circuit connectivity seen in ASD cases? Impaired local and long-range cortical
connectivity has been posited as a pathophysiological hallmark of ASD brain (Anderson et
al., 2011; Courchesne & Pierce, 2005; Geschwind & Levitt, 2007). A recent functional
imaging study by Rudie et al. (2012) has provided evidence on how MET impacts functional
and structural networks in the human brain and offered a critical missing puzzle piece in the
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context of convergent genetic, clinical, and neurobiological findings regarding MET as a
candidate for mediating ASD risk. Rudie et al. have examined the functional ASD risk
variant (rs1858830 “CC”) on network functions in ASD and control subjects by examining
the relationship between MET risk genotype and functional activation patterns to social
stimuli (emotional faces). MET risk genotype (“CC” allele) is capable of predicting atypical
fMRI activation and deactivation patterns to social stimuli and is correlated with reduced
functional and structural connectivity in temporoparietal lobes, areas known to have high
levels of MET expression. Additionally, the MET rs1858830 “CC” risk allele exhibits the
largest alterations in structural and functional endophenotypes in individuals with ASD. This
study is also important in that it shows that genetic stratification may reduce heterogeneity
and helps clarify the biological basis of ASD and potentially other neuropsychiatric
conditions.

6. IMPLICATION OF MET SIGNALING IN NEURAL DEVELOPMENT AND
FUNCTIONAL CONNECTIVITY

ASD is considered a developmental disconnection syndrome, and the core
pathophysiological basis can likely be attributed to disrupted ontogeny of neural
connectivity (Courchesne & Pierce, 2005; Geschwind & Levitt, 2007). The specificity and
the timing of brain circuits that are involved and the severity of disruption determine the
presentation of clinical phenotypes. There is strong molecular and cellular basis for this
hypothesized mis-wiring. MET signaling is required for multiple neurodevelopmental
events, including neuronal lineage commitment and survival (Bronner-Fraser, 1995; Streit et
al., 1995), proliferation (Ieraci et al., 2002), migration (Garzotto et al., 2008; Giacobini et
al., 2007; Krasnoselsky et al., 1994; Powell et al., 2001; Segarra et al., 2006), neurite
outgrowth (Gutierrez et al., 2004; Maina et al., 1997; Tyndall, Patel, & Walikonis, 2007),
sensorimotor axon pathfinding (Caton et al., 2000; Ebens et al., 1996; Powell, Muhlfriedel,
Bolz, & Levitt, 2003), and neuronal repair and survival (Maina et al., 1997, 1998; Miyazawa
et al., 1998; Wong et al., 1997; Yamamoto et al., 1997). MET signaling in vitro enhances
axon outgrowth, dendritogenesis, and synaptogenesis (Ebens et al., 1996; Gutierrez et al.,
2004; Tyndall et al., 2007). It has been shown that MET is required not only for excitatory
neuron development but also for migration of inhibitory interneurons. For instance, HGF
stimulates migration of GABAergic inter-neurons from cultured ganglionic eminence
explants (Powell et al., 2001). Hypomorphic MET signaling in uPAR−/− mouse leads to
disruption of cortical interneuron development and atypical emotional and social behavior
(Eagleson et al., 2005; Powell, Campbell, et al., 2003). All of these evidence suggests MET
has an essential role in hardwiring circuits during early histogenetic events. It is important to
note that these distinct physiological processes may involve differential intracellular
pathways mediated by MET signaling. However, it is unclear which signaling cascades are
responsible for each of these processes involving differentiation, axonal outgrowth, and
synaptogenesis. Most likely, common intracellular mechanisms are shared among different
tissue types, and these mechanisms converge on the regulation of adhesion molecules and
cytoskeleton proteins that ultimately impinge upon cell growth and motility.

Studies have shown that MET signaling functions beyond early histogenic events. In
relatively mature synapses, such as long-term in vitro cultures of hippocampal neurons,
MET protein is concentrated at excitatory synapses and colocalizes with postsynaptic
density proteins. Treatment of cultured neurons with HGF induces MET tyrosine
phosphorylation and enhances clustering of synaptic proteins, such as NR2B, GluR1, and
CaMKII (Tyndall & Walikonis, 2006). MET signaling seems capable of modifying and
responding to activity-dependent neural plasticity as well. Enhancing neuronal activity in
cultured developing hippocampal neurons, which produces growth effects, also increased
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HGF immunoreactivity and clustering (Tyndall et al., 2007), suggesting MET signaling can
be a downstream player employed by activity-dependent mechanisms. In neuronal circuits
closely resembling in vivo conditions (i.e., the hippocampal slice preparation), MET
signaling by HGF application enhanced phosphorylation of NMDA receptor subunit GluN1
(Ser 896/897), augmented NMDA receptor-mediated currents, and increased the amplitude
of long-term potentiation induced by elevated neuronal activity (Akimoto et al., 2004). The
physiological role of this MET signaling in the adult brain is further supported by the
finding that tissue plasminogen activator, which is required for HGF activation, is released
in a neuronal activity-dependent manner (Thewke & Seeds, 1999). Therefore, although
anatomical studies (Judson et al., 2009) indicate a dramatically reduced MET expression
level in adult brain, the remaining levels of MET expression, at least in the hippocampus
(Akimoto et al., 2004), could likely play a physiological role in regulating synaptic
transmission and plasticity.

There is strong evidence that MET signaling may affect the assembly and function of neural
circuits, and the substrates of neurological dysfunction have been studied at the synaptic and
microcircuit levels in mouse models with disrupted MET signaling. Because genetic
knockout of Hgf or Met results in embryonic lethality in mouse (Bladt et al., 1995; Huh et
al., 2004; Schmidt et al., 1995; Uehara et al., 1995), Judson et al. have taken advantage of a
conditional knockout mouse model by crossing two genetic modified mouse lines (Judson et
al., 2009). In one of the mouse lines, the mouse Met was modified by conditional gene
targeting (Metfx/fx) (Huh et al., 2004). These Metfx/fx floxed mutant mice contain loxP sites
flanking exon 16 and, when crossed to mice that express Cre recombinase, the resulting
offspring will have an exon 16 deletion. Exon 16 encodes a critical ATP-binding site
(Lys1108), and this deletion inactivates the intracellular tyrosine kinase activity of MET,
which is essential for its function. In the second mouse line, Cre recombinase is expressed
from an Emx1 knockin site (Emx1-IRES-cre) (Gorski et al., 2002). Crossing these two lines
will lead to MET inactivation in the Emx1-expressing dorsal pallial structures. The cellular
elements with inactivated MET signaling will include radial glia, Cajal–Retzius cells,
glutamatergic pyramidal neurons, astrocytes, and oligodendrocytes. In comparison, most of
the pallial GABAergic neurons arising outside the Emx1-expressing lineage are not affected.

Anatomical studies from Met forebrain conditional knockout mice (Metfx/fx/Emx1cre) have
provided important clues on MET signaling in the development of normal neuronal
morphology. Judson et al. used lucifer yellow microinjection technique to reveal the detailed
morphology of defined neuron types and compared that in wild-type and Metfx/fx/Emx1cre

mice (Judson, Eagleson, Wang, & Levitt, 2010). The study revealed morphological deficits
in cortical pyramidal neurons, specifically a reduction in apical dendritic arborization, and a
decreased cortical volume that can be sampled by Metfx/fx/Emx1cre neurons. Interestingly,
although the dendritic spine density in cortical pyramidal neurons is not altered, the spine
head volume is significantly increased by ~20%. In comparison, medium spiny neurons in
the striatum, which do not express MET but receive MET-containing presynaptic cortical
input (see discussion earlier), exhibited significant increase in total dendritic arbor length
and enlarged spine head volume. Considering that dendritic spine size and geometry is
correlated with glutamate receptor content and synapse maturity (Matsuzaki et al., 2001),
these findings suggest the effect of MET signaling on the dendritic structure appears to be
circuit-selective, and developmental loss of presynaptic MET signaling can affect
postsynaptic morphogenesis through cell nonautonomous mechanisms. Additionally,
reduced MET signaling could impair both local and long-range connectivity within circuits
relevant to ASD by altering the time course of glutamatergic synapse maturation.

Numerous functional and structural imaging studies in patients support connectivity-based
etiology for ASD (Geschwind & Levitt, 2007; Hong et al., 2011; Just, Cherkassky, Keller,

Peng et al. Page 12

Int Rev Neurobiol. Author manuscript; available in PMC 2014 February 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Kana, & Minshew, 2007; Just, Cherkassky, Keller, & Minshew, 2004; Kana, Keller,
Cherkassky, Minshew, & Just, 2009; Sahyoun, Belliveau, Soulieres, Schwartz, & Mody,
2010; Shukla, Keehn, Smylie, & Muller, 2011). These imaging studies consistently indicate
alterations in both local brain regions and long-range connectivity among different
functional regions. For example, Just et al. (2007, 2004) had shown that there is less
synchronous activity of language-processing areas in ASD patients in response to a semantic
comprehension task, and the impaired synchrony is selectively seen in frontoparietal areas
during the executive function testing. A similar conclusion on compromised synchrony was
obtained during social processing tasks (Kana et al., 2009). Reduced functional connectivity
with frontal cortical regions in individuals with ASD was also observed during face
recognition task or visuospatial and linguistic reasoning (Sahyoun et al., 2010). This
phenotype of hypofunctioning in long-range circuits is supported by the anatomical
evidence. For instance, altered white matter structure, as evidenced by reduced corpus
callosum volume, has been reported in some ASD patients (Hong et al., 2011; Just et al.,
2007; Shukla, Keehn, & Muller, 2011; Shukla, Keehn, et al., 2011; Thomas, Humphreys,
Jung, Minshew, & Behrmann, 2011). Diffusion tensor imaging of the ASD brain reveals
reduced fractional anisotropy in most major long-range fiber tracts, indicating a possibility
for global deficit in functional connectivity (Shukla, Keehn, et al., 2011) in ASD brains. In
addition to these clinical imaging findings, convergent genetic and developmental
neurobiology studies have supported the role of MET in influencing synapse development in
circuits relevant to core behavioral domains of ASD. Based on these combined evidence, a
basic mechanistic hypothesis accounting for MET-induced ASD genetic risk can be
formulated: developmental dysregulation of the MET signaling pathway increases the risk of
ASD-relevant brain circuit miswiring.

Complementary to neurogenetic and neuroanatomical approaches, functional microcircuit
analysis is emerging as an important line of investigation due to the fact that this technique
is capable of providing a direct readout of circuit function (Luo, Callaway, & Svoboda,
2008). It holds promise for resolving the underlying pathophysiology and also for designing
potential novel therapeutic strategies targeting specific neurological pathways. A recent
study has revealed functional circuit abnormality in Metfx/fx/Emx1cre mice model (Qiu,
Anderson, Levitt, & Shepherd, 2011). We used laser scanning photostimulation (LSPS)
combined with glutamate uncaging to investigate a major local synaptic pathway in mouse
frontal cortical region and compared this circuit function in Metfx/fx/Emx1cre mice and their
littermate controls. The study found that laminar synaptic input from layer 2/3 into layer 5
pyramidal neurons is increased. Specifically, the layer 2/3 to layer 5 corticostriatal neurons
(which project to striatum, as identified by retrograde tracer injection) are selectively
increased by twofold. In comparison, the layer 2/3 to layer 5 corticopontine neurons (which
project to the brainstem) synaptic connectivity did not change. The enhanced connectivity
from layer 2/3 to layer 5 is also seen at synaptically connected neuronal pairs, suggesting
stronger unitary connections in local brain regions resulting from MET loss of function.
Although this study did not reveal whether pre-or postsynaptic mechanisms contribute to
increased synaptic drive, the enhanced synaptic connectivity seen in a major local synaptic
circuit may be reminiscent of hyperconnectivity of local brain regions seen in ASD patients.
It would be interesting to examine long-range circuit functionality in future studies. Due to
the limitations that LSPS mapping can only be done in brain slices where intact long-range
circuits cannot be preserved, adaptation of new optogenetic tools into this technique
provides a feasible approach to map long-range circuits (Petreanu, Huber, Sobczyk, &
Svoboda, 2007). Lastly, although neuroanatomical and functional mapping gained valuable
insight into the static circuit property, neural circuits are very dynamic in that they exhibit a
remarkable ability to scale their activity in response to changes of activity or experimental
perturbations, a process known as homeostatic plasticity (Pozo & Goda, 2010; Turrigiano &
Nelson, 2000). It would be interesting for future work to look at the principal substrates of
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synaptic homeostasis, that is, the compensatory adaptations in synaptic strength or intrinsic
excitability, and how these components respond to disrupted MET signaling.

7. CONCLUDING REMARKS
Translating the genetic contributions to neurodevelopmental disorders, such as ASD, into
pathophysiological mechanisms will bridge the current knowledge gap and facilitate
developing novel interventions and treatments. Many of the most compelling candidate
genes identified for rare/syndromic and idiopathic forms of ASD so far are involved in brain
wiring and synaptic function by being an integral part of synaptic molecular machinery, by
regulating gene transcriptions, or by contributing to the excitatory/inhibitory balances
(Bourgeron, 2009). MET signaling may be a unique mechanism capable of regulating a
multitude of neuron behavior, including differentiation, growth, neurite extension, and
synapse maturation, all of which are prerequisite steps in establishing brain circuits.
Therefore, efforts in deciphering the functional significance of MET at molecular, cellular,
and system levels are central to understanding how MET contributes to ASD
pathophysiology. A recent genetic study (Pinto et al., 2010) focusing on the functional
impact of global rare copy number variations in ASD has reported “an enrichment of CNVs
disrupting functional gene sets involved in cellular proliferation, projection and motility, and
GTPase/Ras signaling.” Existing experimental evidence suggests that MET signaling plays a
role in each of these functional domains. MET expression levels peak in the early postnatal
phase of development, which coincides a period when synaptic microcircuits are undergoing
development, refinement, and maturation (Fig. 5.2). During these protracted processes, the
signaling is tightly regulated by developmentally encoded intrinsic mechanisms yet to be
defined and can be influenced by multiple factors through possible cross talks through the
intracellular molecular pathways. These pathways are fundamentally involved in
neurodevelopmental, plasticity, and disorder processes and may be engaged by other autism
risk genes. These processes, when disrupted, may lead to impaired final common molecular
pathways and the most replicated ASD-related endophenotype— the disrupted synaptic
connectivity.

Convergent genetic, clinical, and neurobiological findings from recent research studies have
contributed to an accumulating body of evidence that MET is a critical signaling element in
the developing brain. The biological basis of the genetic risk mediated by hypomorphic
MET expression may occur through alterations in MET-mediated signaling pathways in
neurons. MET activation by HGF induces a signaling cascade that involves many molecular
components, such as TSC1, NF, PTEN, Ras/MAPK, and PI3K/AKT/mTOR (Fig. 5.1; also
reviewed in Levitt & Campbell, 2009). These molecules either are known ASD risk factors
themselves or interact with signaling pathways involving other ASD risk genes. The recent
finding that MET expression levels are regulated by FOXP2 (Mukamel et al., 2011), a well-
known risk factor for language dysfunction (Lai et al., 2001), further supports the view that
MET is part of a complex molecular network implicated in ASD risk. The clinical relevance
of MET signaling has been exemplified by 50% lower levels of MET protein in postmortem
brain studies (Campbell et al., 2007). MET is integrated within a cell signaling network of
synaptic proteins that regulates the early organization and function of synapses in MET-
expressing circuits. The functional nature of the common risk allele in regulating levels of
gene expression (Campbell et al., 2006, 2007), the patterns of connectivity and circuit
activity in human brain (Rudie et al., 2012), the dramatic restriction of neocortical
expression to regions that are implicated in ASD dysfunction in primates (Judson, Amaral,
et al., 2011; Mukamel et al., 2011), and the circuit abnormality resulting from MET loss of
function in animal models (Qiu et al., 2011) all support this conclusion. The literature
discussed here further supports the view that ASD is a developmental “disconnection
syndrome,” and MET signaling is critical for the normal synaptic connectivity established
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during development. We reason that the core pathophysiology of ASD brain lies not only in
the impaired construction of circuit topography but also perhaps, more importantly, in the
refinement and plasticity of these circuits in response to constant, adaptive behavior input of
the individual processes of which can be all profoundly shaped by MET receptor tyrosine
kinase.
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Figure 5.1.
Potential molecular signaling pathways mediated by MET receptor tyrosine kinase in
neurons. The activation of the MET signaling pathway is initiated by hepatocyte growth
factor (HGF) binding, which induces MET dimerization and transphosphorylation of two
critical tyrosine residues (Tyr1234 and Tyr1235) in the tyrosine kinase domain to activate the
intrinsic kinase activity of MET. The ensuing phosphorylation of two additional tyrosine
residuals (Tyr1349 and Tyr1356) in the multisubstrate docking sites recruits downstream
adaptor proteins including Grb2, Gab1, and SHC to activate cascades of downstream
pathways that involve major signal transducers such as PLCγ, AKT, MAPK/Erk1/2,
STAT3, focal adhesion kinase (FAK), and Rho family of small GTPases (Rho, Rac1, and
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Cdc42). Note that PI3 kinase can be directly activated by binding either to the multisubstrate
docking site or downstream to Gab1 activation. Although most of these signaling events are
established in nonneuronal cells, it is possible that these molecular pathways cooperate in
developing neurons to mediate the outcome of neuronal survival, morphogenesis and
proliferation, projection and motility, and activity-dependent gene transcription. Indeed,
there has been some experimental evidence that MET signaling in neurons activates PI3K–
AKT pathway and MAP kinase pathway (indicated by shaded boxes). MET has been shown
to directly interact with other membrane-bound proteins in neurons, such as AXL, CD44,
and plexins (which bind to semaphorins). The extent to which these membrane protein
interactions and the intracellular signaling pathways in mediating the functional
developmental outcomes in neurons has yet to be ascertained.
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Figure 5.2.
MET receptor tyrosine kinase as a synaptic player that balances neuronal growth, synaptic
plasticity, and functional maturation. The expression of MET protein in the developing brain
is tightly regulated in both spatial and temporal domains. MET expression is turned on
during the perinatal period in mouse and peaks during the period of extensive neurite growth
and synaptogenesis. This suggests that MET-mediated signaling plays a role in these early
processes of brain development (green arrows). MET protein is dramatically reduced as the
brain circuits undergo functional maturation and synaptic plasticity (red ticks). Disturbances
of MET signaling, such as carrying a hypofunctional MET allele, could have detrimental
effects in the protracted neuronal developmental timeline and contribute to impaired circuit
function in the adult brain.
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