
Accepted manuscripts are peer-reviewed but have not been through the copyediting, formatting, or proofreading
process.

This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0 International
(http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution and reproduction in any
medium provided that the original work is properly attributed.

Copyright © 2016 Society for Neuroscience

This Accepted Manuscript has not been copyedited and formatted. The final version may differ from this version.

Research Article: New Research | Development

Hepatocyte Growth Factor modulates MET receptor tyrosine kinase and #-catenin
functional interactions to enhance synapse formation

MET signaling in synapse formation

Zhihui Xie1, Kathie L. Eagleson1, Hsiao-Huei Wu1 and Pat Levitt2

1Department of Pediatrics, The Saban Research Institute, Children’s Hospital Los Angeles, Keck School of
Medicine, University of Southern California, Los Angeles, CA, 90027
2Institute for the Developing Mind, The Saban Research Institute, Children’s Hospital Los Angeles, Keck School
of Medicine, University of Southern California, Los Angeles, CA, 90027

DOI: 10.1523/ENEURO.0074-16.2016

Received: 5 April 2016

Revised: 19 July 2016

Accepted: 25 July 2016

Published: 1 August 2016

Author contributions: Z.X., K.E., and P.L. designed research; Z.X. and H.-H.W. performed research; Z.X.,
K.E., and P.L. analyzed data; Z.X., K.E., H.-H.W., and P.L. wrote the paper.

Funding: National Institute of Mental Health
MH067842

Funding: The Simms/Mann Chair in Developmental Neurogenetics

Conflict of Interest: Authors report no conflict of interest.

National Institute of Mental Health [MH067842]; The Simms/Mann Chair in Developmental Neurogenetics.

Correspondence should be addressed to Pat Levitt, PhD, The Saban Research Institute, Children’s Hospital
Los Angeles, 4650 Sunset Blvd, MS #135, Los Angeles, CA 90027, plevitt@med.usc.edu

Cite as: eNeuro 2016; 10.1523/ENEURO.0074-16.2016

Alerts: Sign up at eneuro.org/alerts to receive customized email alerts when the fully formatted version of this
article is published.



 

 1

Hepatocyte Growth Factor modulates MET receptor tyrosine kinase and β-catenin 1 
functional interactions to enhance synapse formation  2 
Abbreviated title: MET signaling in synapse formation 3 

 4 
Zhihui Xie1, Kathie L. Eagleson1, Hsiao-Huei Wu1 and Pat Levitt2  5 

1Department of Pediatrics and 2Institute for the Developing Mind, The Saban Research 6 
Institute, Children’s Hospital Los Angeles, Keck School of Medicine, University of 7 
Southern California, Los Angeles, CA, 90027 8 
Corresponding Author: 9 
Pat Levitt, PhD 10 
The Saban Research Institute 11 
Children’s Hospital Los Angeles 12 
4650 Sunset Blvd, MS #135 13 
Los Angeles, CA 90027 14 
plevitt@med.usc.edu 15 
Author contributions: ZX and PL conceived the project, ZX, KL and PL designed 16 
experiments and analyzed data, ZX and HHW performed experiments and all people 17 
participated in writing and editing the manuscript. 18 
Number of pages: 45; number of figures:  6; number of table: 1; number of words: 19 
Abstract, 248; Significance Statement: 93; Introduction, 628; Discussion, 1494. 20 
Acknowledgments: This work is supported by a National Institute of Mental Health 21 
(NIMH) grant MH067842 and the Simms/Mann Chair in Developmental Neurogenetics 22 
(P.L.). The authors declare no competing financial interests.  23 



 

 2

Abstract 24 
MET, a pleiotropic receptor tyrosine kinase implicated in autism risk, influences multiple 25 
neurodevelopmental processes. There is a knowledge gap, however, in the molecular 26 
mechanism through which MET mediates developmental events related to disorder risk. 27 
In the neocortex, MET is expressed transiently during periods of peak dendritic 28 
outgrowth and synaptogenesis, with expression enriched at developing synapses, 29 
consistent with demonstrated roles in dendritic morphogenesis, modulation of spine 30 
volume and excitatory synapse development. In a recent co-immunoprecipitation (Co-31 
IP)/mass spectrometry screen, β-catenin was identified as part of the MET interactome 32 
in developing neocortical synaptosomes. Here, we investigated the influence of the 33 
MET/β-catenin complex in mouse neocortical synaptogenesis. Western blot analysis 34 
confirms that MET and β-catenin co-immunoprecipitate, but N-cadherin is not 35 
associated with the MET complex. Following stimulation with hepatocyte growth factor 36 
(HGF), β-catenin is phosphorylated at tyrosine142 (Y142) and dissociates from MET, 37 
accompanied by an increase in β-catenin/N-cadherin and MET/synapsin 1 protein 38 
complexes. In neocortical neurons in vitro, proximity ligation assays confirmed close 39 
proximity of these proteins. Moreover, in neurons transfected with synaptophysin-GFP, 40 
HGF stimulation increases the density of synaptophysin/bassoon (a presynaptic marker) 41 
and synaptophysin/PSD95 (a postsynaptic marker) clusters. Mutation of β-catenin at 42 
Y142 disrupts the dissociation of the MET/β-catenin complex and prevents the increase 43 
in clusters in response to HGF. The data demonstrate a new mechanism for modulation 44 
of synapse formation, whereby MET activation induces an alignment of pre- and 45 
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postsynaptic elements that are necessary for assembly and formation of functional 46 
synapses by subsets of neocortical neurons that express MET/β-catenin complex. 47 
 48 
 49 
Keywords: MET receptor tyrosine kinase, β-catenin, synapse development, autism 50 
 51 
Significance Statement 52 
The gene encoding the MET receptor tyrosine kinase is associated with autism 53 
spectrum disorder, and influences typical and atypical synapse development and 54 
cortical circuit function. The present studies focus on determining potential molecular 55 
mechanisms through which the receptor functions in neocortical neurons during 56 
synaptogenesis. The findings show that the MET receptor interacts functionally with 57 
other proteins also implicated in promoting new synapse assembly, which is reduced 58 
upon disruption of the interactions. Thus, in some instances of autism spectrum 59 
disorder, disturbances of these molecular interactions may relate to the pathophysiology 60 
of cortical circuit development. 61 
 62 
 63 



 

 4

Introduction 64 
The MET receptor tyrosine kinase has been implicated in multiple neurodevelopmental 65 
processes (Peng et al., 2013) and thus outcomes from disruptions in MET function vary 66 
according to cell context.  For example, in the forebrain, a risk allele for autism spectrum 67 
disorder (ASD) in the MET promoter, which reduces MET transcript and protein levels 68 
(Campbell et al., 2006; Campbell et al., 2007), is correlated with altered circuit function 69 
in typical and ASD human populations (Rudie et al., 2012) and in gray matter growth  70 
(Hedrick et al., 2012). Further, following conditional deletion of Met in mice, there is an 71 
increase in local interlaminar drive onto layer V neurons in the neocortex and premature 72 
maturation of excitatory synapse function in the hippocampus (Qiu et al., 2011; Qiu et 73 
al., 2014). Analyses in vivo and in vitro demonstrate that MET signaling modulates 74 
dendritic morphogenesis, spine volume, the clustering of postsynaptic proteins, 75 
excitatory synapse formation and maturation in the neocortex, striatum and 76 
hippocampus (Gutierrez et al., 2004; Tyndall and Walikonis, 2006; Nakano et al., 2007; 77 
Lim and Walikonis, 2008; Judson et al., 2010; Finsterwald and Martin, 2011; Qiu et al., 78 
2011; Kawas et al., 2013; Qiu et al., 2014; Eagleson et al., 2016; Peng et al., 2016). 79 
These developmental influences likely underlie the mature forebrain circuit phenotypes 80 
observed in the context of altered MET signaling. How MET receptor activation 81 
mediates these discrete cellular outcomes is only beginning to be addressed, with most 82 
focus on the diversity of downstream signaling pathways initiated following activation of 83 
MET (Finsterwald and Martin, 2011; Eagleson et al., 2016). Evidence from cell lines, 84 
however, indicates that the repertoire of MET protein-interacting partners expressed by 85 
a cell also can modulate MET signaling to influence biological outcomes (Smyth and 86 
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Brady, 2005; Wang et al., 2005; Zeng et al., 2006; Reshetnikova et al., 2007; DeAngelis 87 
et al., 2010; Bozkaya et al., 2012; Burghy et al., 2012; Lu et al., 2012; Niland et al., 88 
2013). A recent co-immunoprecipitation/mass spectrometry (Co-IP/MS) study identified 89 
the MET interactome with 72 proteins, including β-catenin, in isolated murine neocortical 90 
synaptosomes during the peak of synaptogenesis (Xie et al., 2016).  91 
 92 

In the current study, we focused on the role of the MET/β-catenin protein 93 
complex in HGF-mediated neocortical synapse formation. Previous studies have shown 94 
that: 1) MET and β-catenin are expressed at the developing neocortical synapse 95 
(Phillips et al., 2001; Murase et al., 2002; Eagleson et al., 2013); 2) MET activation 96 
increases synapse density on neocortical neurons in vitro (Eagleson et al., 2016); 3) β-97 
catenin regulates synaptic vesicle localization during presynaptic development in the 98 
hippocampus (Bamji et al., 2003; Yu and Malenka, 2003); and 4) functional interactions 99 
between MET and β-catenin can be observed in hippocampal neurons, as well as 100 
cancer cell lines (Monga et al., 2002; Herynk et al., 2003; David et al., 2008), with the 101 
stability of the complex dependent upon the presence of hepatocyte growth factor 102 
(HGF). MET and β-catenin physically interact with each other in vitro, and the activated 103 
MET receptor directly phosphorylates β-catenin at tyrosine142 (Y142) (David et al., 104 
2008). Consistently, following addition of HGF in hippocampal neurons, β-catenin is 105 
phosphorylated at Y142 and dissociates from MET (Herynk et al., 2003; Rasola et al., 106 
2007; David et al., 2008; Bhardwaj et al., 2013). Here, we used Co-IP/Western blot, 107 
proximity ligation assays and immunocytochemical analyses to determine how the 108 
MET/β-catenin complex might modulate neocortical synapse development in response 109 



 

 6

to HGF. We report, following stimulation with HGF, a dynamic regulation of MET-β-110 
catenin- and MET-synapsin 1-containing complexes in synaptosomes and within 111 
minutes, a rapid increase in synapses in primary cultures of neocortical neurons. Both 112 
outcomes are dependent upon phosphorylation of β-catenin at Y142. We propose a 113 
model in which an axis of HGF/MET/β-catenin signaling modulates neocortical synapse 114 
development. Disruption of this signaling complex may contribute to ASD etiology. 115 

 116 
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Materials and Methods  117 
Mice 118 
Timed-pregnant C57BL/6J mice were purchased from the Jackson Laboratory and the 119 
day of birth was considered postnatal day (P) 0. Animals had free access to food and 120 
water and were housed in a 13:11 (light:dark) cycle. All research procedures using mice 121 
were approved by the Institutional Animal Care and Use Committee at Children’s 122 
Hospital Los Angeles. All efforts were made to minimize animal suffering and to reduce 123 
the number of animals used.  124 
   125 
Plasmid construction  126 
Mouse β-catenin full-length cDNA was cloned by PCR from an adult mouse brain cDNA 127 
library using high proof PfuUltra II Fusion HS DNA Polymerase (Agilent) according to 128 
the manufacturer’s protocol, using the following primer pair:  129 
5' CTAGCTAGCTAGATGGATACGTATCGCTACATAATGGCTACTCAAGC 3' and 5' 130 
TGCTCTAGAGCATTACAGGTCAGTATCAAACCAGGCCAGCTGATT 3'. Purified β-131 
catenin cDNA fragments were subcloned into a PCI expression vector (Promega) and 132 
transformed into DH5α competent cells (Invitrogen). PCI-β-catenin plasmids were 133 
purified using the Zyppy™ plasmid maxiprep kit (Zymo Research) and PCR site-134 
directed mutagenesis of β-catenin (β-catenin Y142F) performed according to a 135 
published strategy (Zheng et al., 2004) using the following primer pair: 136 
5' GTTGTCAATTTGATTAACTTCCAGGATGACGCGGAACTTG 3' and 137 
5' CAAGTTCCGCGTCATCCTGGAAGTTAATCAAATTGACAAC 3'. The β-catenin and 138 
β-catenin Y142F fragments were PCR amplified using the following primer pair:  139 
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5’ CGGGATCCATGGATACGTATCGCTACATAATGGCTACTCAAGC 3’ and 140 
5’ CGGGATCCTTACAGGTCAGTATCAAACCAGGCCAGCTGATT 3'.  141 
The purified fragments were subcloned into a p3XFLAG-CMV-10 vector (Sigma) to 142 
generate p3XFLAG-CMV-10-β-catenin and p3XFLAG-CMV-10-β-cateninY142F 143 
plasmids. The fidelity of the entire coding sequences of all plasmids was confirmed by 144 
DNA sequencing (Genewiz, Inc.). 145 
 146 
RNAscope 147 
P14 mouse brains were fresh-frozen in ice-cold isopentane and sectioned in the coronal 148 
plane at 25 μm. Sections were subjected to dual fluorescent in situ hybridization using 149 
the RNAscope Multiplex Fluorescent Reagent kit (Advanced Cell Diagnostics) according 150 
to manufacturer’s instructions. RNAscope probes and the regions used to generate the 151 
probes were: Met (accession # NM_008591.2 region 3370-4286, cat # 405301-C2) and 152 
β-catenin (accession# NM_007614.3 region 342-2511, cat # 311741). Alexa488 and 153 
Atto550 detection reagents were used to visualize Met and β-catenin, respectively. 154 
Images were acquired using a Zeiss LSM 710 confocal microscope (Zeiss) with a 20x 155 
objective. The imaging parameters and Z-axis was adjusted to bring the sample into 156 
focus. The parameters were maintained to capture focused optical images in each 157 
wavelength. 158 
 159 
Co-IP and Western blot analysis 160 
All reagents for Co-IP and Western blots were from Sigma, unless otherwise noted. 161 
Crude synaptosomes were isolated from the neocortex of male and female P14 mice 162 
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(Judson et al., 2010) and resuspended in sodium bicarbonate-buffered oxygenated 163 
artificial cerebrospinal fluid (ACSF - NaCl (12.4mM), KCl (0.4mM), KH2PO4 (0.1mM, 164 
Baker), CaCl2 (0.25mM, Baker), MgCl2 (0.1mM), Dextrose (1mM, VWR)). Either 25 165 
ng/ml HGF (R&D systems) or the same volume of vehicle (phosphate buffered saline, 166 
PBS) was added for 5 minutes (Co-IP experiments) or for 5, 10, 20 minutes (β-catenin 167 
phosphorylation experiment) at 37oC to the synaptosomes. For Co-IP experiments, the 168 
synaptosomes were centrifuged at 16000 g for 15 minutes and the pellets were lysed in 169 
Co-IP lysis buffer containing 50mM HEPES pH 7.4, 2mM EGTA, 2mM EDTA, 30mM 170 
NaF, 10mM sodium orthovanadate, 40mM Beta-Glycerol phosphate, 1% Trixton-X100, 171 
and protease inhibitor cocktail. The lysate was centrifuged at 16000 g for 30 minutes 172 
and the resulting supernatant used for Co-IP, with a goat anti-MET antibody (R&D 173 
Systems), a mouse anti-β-catenin antibody (BD Biosciences) or a rabbit anti-N-cadherin 174 
antibody (Santa Cruz Biotechnology). An equivalent amount of goat, mouse or rabbit 175 
IgG antibody (Jackson ImmunoResearch) was used in parallel lysates as a negative 176 
control. The Co-IP complexes were bound to protein G agarose beads (Pierce), after 177 
which the beads were washed in Co-IP lysis buffer plus 150mM NaCl. The complexes 178 
were eluted from the beads by boiling in final sample buffer (12.5mM Tris-HCl, pH 6.8, 179 
5% Glycerol, 5mL, 0.4% SDS, 1% 2-mercaptoethanol, 0.02% bromophenol blue) and 180 
analyzed by Western blot. For the β-catenin phosphorylation experiment, the 181 
synaptosomes were centrifuged at 16000 g for 15 minutes followed by lysis in final 182 
sample buffer. Blots were probed with antibodies directed against β-catenin (BD 183 
biosciences, 1:2000), N-cadherin (Santa Cruz Biotechnology, 1:500), synapsin1 (EMD 184 
Millipore, 1:4000), synaptophysin1 (EMD Millipore, 1:2000), phospho-MET (Cell 185 
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Signaling, 1:500) and MET (Santa Cruz, 1:500). Digital images of the Western blots 186 
were acquired using a CCD camera coupled to a UVP BioImaging System using 187 
VisionWorksLS Image Acquisition software (v8.0, UVP). 188 
 189 
Semi-quantification of the Co-IPs 190 
Western blot analyses of Co-IPs in neocortical synaptosomes in the presence or 191 
absence of HGF were performed in three independent experiments. For each blot, 192 
representing an independent Co-IP experiment, the density of each immunoreactive 193 
band was measured in ImageJ (version 1.46r) and a background subtraction was 194 
applied. First, to account for different efficiencies of each pull down in each experiment, 195 
a ratio of co-immunoprecipitated protein (e.g. β-catenin in Figure 1A) to 196 
immunoprecipitated protein (e.g. MET in Figure 1A) was generated. Then, for each 197 
candidate, the data are expressed as the fold-change levels in the HGF-treated group 198 
compared to the PBS-treated group. The data are presented as box plots using 199 
GraphPad Prism 6. 200 
  201 
Primary neocortical neuron cultures 202 
Primary cultures of neocortical neurons were prepared from P1 mice (Beaudoin et al., 203 
2012) with the following minor modifications. In each culturing session, tissue from 2 204 
male and female pups was pooled and approximately 50,000 cells/cm2 were seeded 205 
onto 12 mm coverslips (Carolina Biological Supply Company) in 24-well plates, which 206 
were precoated with poly-D-lysine (Sigma). Cells were initially plated in Dulbecco’s 207 
Modified Eagle’s Medium (Invitrogen) supplemented with 10% fetal bovine serum 208 
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(FBS). After 4 hours, the medium was replaced with neurobasal medium (Invitrogen) 209 
supplemented with B27 (Invitrogen) and L-glutamine (Invitrogen), and one-half of the 210 
volume of medium was replaced every 3 days. This condition results in slower growth 211 
than when using glial conditioned medium or a glial feeder layer. To achieve sparse 212 
labeling of neurons, at 5 days in vitro (DIV), cultures were transfected with a p3XFLAG-213 
CMV10-β-catenin or p3XFLAG-CMV10-β-catenin Y142F vector using a calcium 214 
phosphate transfection kit according to manufacturer’s instructions (Clontech). In some 215 
experiments, a synaptophysin-GFP (Syn-GFP) plasmid (obtained from L. Reichardt, 216 
University of California, San Francisco) was co-transfected to label synaptic vesicles. At 217 
14 DIV, 25 ng/ml HGF or the same volume of PBS was added to the medium for 5, 10 218 
or 30 minutes (proximity ligation assays, PLA) or for 10 minutes (Syn-GFP cluster 219 
assays). The experiments were repeated in at least three independent culturing 220 
sessions. At the end of the assay period, coverslips were fixed with 4% 221 
paraformaldehyde for 15 minutes at room temperature, and processed for 222 
immunocytochemistry.  223 
 224 

The PLA assay was used to determine spatial proximity between proteins that 225 
are immunolabeled with the Duolink in situ PLA kit (Sigma), as described previously 226 
(Eagleson et al., 2013). Immunoflurescent signals using dual imaging channels 227 
represent proteins that are within 40nm or less of each other. The following antibody 228 
combinations were used: α-MET (R&D systems, 1:50) with 1) α-β-catenin (BD 229 
biosciences, 1:50), 2) α-synapsin1 (EMD Millipore, 1:100), or 3) α-flag (Sigma, 1:200). 230 
For the Syn-GFP cluster assays, coverslips were incubated with pre-chilled 100% 231 



 

 12

methanol for 10 minutes at 4oC, then permeabilized with 0.1% Triton-X100 in PBS 232 
(PBST) for 20 minutes and blocked in blocking buffer (5% FBS in PBST) for 1 hour at 233 
room temperature. Coverslips were incubated overnight at 4oC in the following primary 234 
antibody cocktails diluted in blocking buffer: 1) rabbit anti-bassoon (Cell Signaling, 235 
1:500) and mouse anti-flag (Sigma, 1:1000), or 2) mouse anti-PSD95 (Thermo 236 
Scientific, 1:1000) and rabbit anti-flag (1:1000). Following three washes with PBS, 237 
coverslips were incubated for 1 hour at room temperature in the following cocktails of 238 
Alexa Fluor-labeled secondary antibodies (Life Technologies, all at 1:1000): 1) 546-239 
goat-anti-mouse and 633-goat-anti-rabbit for bassoon/flag staining, or 2) 546 goat anti-240 
rabbit and 633-goat-anti-mouse for PSD95/flag staining. After 3 washes in PBS, 241 
coverslips were mounted onto glass slides with Prolong mounting medium (Life 242 
Technologies).  243 

 244 
Image analysis 245 
Images were captured using an automated laser scanning confocal microscope (Zeiss 246 
LSM 710) with a 60x oil immersion objective. The focal point of the beam and the Z-axis 247 
were adjusted until an appropriate focus was reached. All images in a given culturing 248 
session were captured and analyzed with the same exposure time and settings. Note 249 
that visualization of spines requires a longer exposure than that needed to visualize 250 
labeling of synaptic proteins in the linear range. Because the settings were optimized for 251 
analysis of synapses, there is an apparent absence of dendritic protrusions in the 252 
captured images. For PLA analyses, in each culturing session, 6-8 fields were randomly 253 
imaged for each treatment group. Quantitative measures of MET association with select 254 
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protein partners were obtained by counts of PLA clusters/area of dendrite using 255 
published methods (Eagleson et al., 2013). For the Syn-GFP cluster assays, axons from 256 
8 transfected neurons, based on Syn-GFP labeling, were imaged for each treatment 257 
group in each culturing session. Images were imported into ImageJ (NIH) for analysis. 258 
Syn-GFP puncta co-labeled with bassoon or PSD95, and single-labeled Syn-GFP 259 
puncta, were identified using an automated plugin to Image J [https://github.com/Pat-260 
Levitt/SynapseCounter; (Wang et al., 2015)], with thresholds set in each channel 261 
independently. Once the threshold was set for a given culturing session, the same 262 
threshold was used throughout the analyses. The following parameters were then 263 
measured for each co-labeled Syn-GFP-positive puncta using the “analyze particles” 264 
tool: 1) density (average number of puncta per 100 μm of axon length), 2) integrated 265 
density (the product of the puncta area and the average gray value within that area), 3) 266 
major length (the length of the major axis of Syn-GFP fluorescence signal expressed as 267 
average Feret's diameter), and 4) size of the puncta. 268 
 269 
Statistics 270 
Data were expressed as the mean ± SEM. For each experimental manipulation, data 271 
were collected from at least three independent culturing sessions. Individual neurons 272 
were considered as samples (Sun and Bamji, 2011; Crowell et al., 2015) and sample 273 
size varied between studies and is indicated in the figure legends. The normality of the 274 
data was tested using the D'Agostino & Pearson omnibus normality test. If the data 275 
were not normally distributed, either the data were transformed to meet the assumption 276 
of normal distribution or a nonparametric test was applied. Specifically, the data in 277 
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Figures 1F, 4D and 6C were transformed with square root and the data in Figure 6D 278 
were transformed with natural logarithm to meet the assumption of normality for two-279 
way ANOVA analyses. For two-way ANOVA analyses, means were compared to 280 
determine the effects of treatment (PBS and HGF) x treatment time, or treatment x 281 
transfected plasmid (wild type β-catenin and β-catenin-Y142F), and the interaction 282 
between those factors. If a significant effect was detected, a Bonferroni's multiple 283 
comparisons test was performed to determine the possible source of interactions. When 284 
the data were not normally distributed, the Mann-Whitney U test was used to compare 285 
differences between PBS and HGF-treated groups. The unpaired t test with Welch's 286 
correction was applied to compare differences between PBS and HGF-treated groups if 287 
the data were normally distributed. For all tests, p values are reported to the fourth 288 
decimal place and values < 0.05 considered significant. Statistical analyses and 289 
preparation of graphs were performed using GraphPad Prism 6.0. 290 
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Results  291 
HGF down-regulates the MET and β-catenin complex during synapse 292 
development 293 
Previously, a discovery-based Co-IP/MS method was used to detect the MET 294 
interactome in neocortical synaptosomes at the peak of synaptogenesis (P14), and 295 
identified β-catenin as a member of the MET interactome (Xie et al., 2016). In this study, 296 
we took several approaches to validate and characterize the functional relevance of the 297 
MET/β-catenin complex. First, we confirmed the presence of a MET/β-catenin complex 298 
in neocortical crude synaptosomes using Western blot analysis of Co-IPs. Specifically, 299 
β-catenin was detected in MET-immunoprecipitated complexes (Figure 1A) and, 300 
conversely, MET was present in β-catenin-immunoprecipitated complexes (Figure 1B). 301 
Neither protein was detected in complexes that had been immunoprecipitated with 302 
control IgG. Activation of the MET receptor following treatment of the synaptosomes 303 
with HGF for 5 minutes was accompanied by a significant decrease in MET/β-catenin 304 
complex (mean fold change (HGF/PBS): 0.3987, 95% CI: [0.0773, 0.7201] for β-catenin 305 
in MET IP; mean fold change (HGF/PBS): 0.3760, 95% CI: [0.0606, 0.6915] for  in 306 
β-catenin IP; Figure 1D). The β-catenin and N-cadherin complex also occurs during 307 
synapse formation (Uchida et al., 1996). Interestingly, while we confirmed this complex 308 
following immunoprecipitation with β-catenin and N-cadherin antibodies (Figures 1B, C), 309 
N-cadherin could not be detected in MET pull-downs (Figure 1A). These data show that 310 
β-catenin forms separate complexes with MET and with N-cadherin. Moreover, following 311 
HGF stimulation, there is an increase in N-cadherin/β-catenin complex (mean fold 312 
change (HGF/PBS): 1.309, 95% CI: [1.018, 1.600] for N-cadherin in β-catenin IP; mean 313 
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fold change (HGF/PBS): 1.388, 95% CI: [0.6342, 2.141] for β-catenin in N-cadherin IP; 314 
Figure 1D) that complement the reduced MET/β-catenin complex (Figures 1A, B and D). 315 
 316 

We next used the PLA assay to examine the proximity of MET/β-catenin in 317 
primary cultures of neocortical neurons. At 14DIV, PLA signal was detected in the 318 
presence of MET and β-catenin antibodies (Figure 1E), indicating a close proximity 319 
between these two proteins. There was a significant effect of treatment (PBS versus 320 
HGF) on the magnitude of the PLA signal (F[1,174] = 9.401, p = 0.0025, Figure 1F). 321 
Pairwise analysis revealed that there was no effect for HGF stimulation for 5 minutes 322 
(PBS versus HGF: pa = 0.8383, df = 174) but there was a significant reduction in PLA 323 
signal after HGF stimulation for 10 minutes (pb = 0.0002, df = 174). Specifically, after 324 
stimulation for 10 minutes, there was a ~50% decrease in the density of PLA clusters in 325 
HGF- compared to PBS-treated cultures (Figure 1F). The PLA signal returned to pre-326 
stimulation levels 30 minutes following HGF treatment (PBS versus HGF: pc = 0.0723, 327 
df = 174, Figure 1F). Together, the co-IP/Western and PLA analyses demonstrate that 328 
MET/β-catenin proximity is regulated in an HGF-dependent manner.  329 

 330 
In the third set of experiments, we used RNAscope to examine the co-expression 331 

of Met and β-catenin in the mouse neocortex at P14, providing an anatomical context 332 
for MET and β-catenin complex in vivo. There was a gradient of Met and β-catenin co-333 
expression across neocortical layers (Figure 1G). Specifically, in layers II/III, there were 334 
many neurons that co-expressed the Met and β-catenin transcripts (Figure 1G’).  In 335 
deeper layers, the signal intensity of puncta was greater in co-labeled neurons (Figure 336 
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1G’’). In both superficial and deep layers, there also were single-labeled Met or β-337 
catenin pyramidal neurons (Figures 1G’, G’’). These data indicate that the MET/β-338 
catenin complex resides in subsets of neocortical neurons during the peak period of 339 
synapse formation. This heterogeneity in neuronal co-expression may account in part 340 
for the disruption of physiological functions in a subset of neocortical synapses after Met 341 
deletion (Qiu et al., 2011). 342 

 343 
HGF increases the synapsin 1/MET complex during synapse development  344 
Following HGF stimulation, β-catenin dissociates from the MET complex. We 345 
hypothesized that activation of MET could result in the recruitment of other protein 346 
partners into the receptor complex. MET is localized in pre- and post-synaptic 347 
compartments, but with predominant enrichment in presynaptic compartments in the 348 
developing neocortex (Eagleson et al., 2013) and cultured neocortical neurons. β-349 
catenin also is densely co-localized with presynaptic markers synapsin 1 and neurexin 1 350 
as compared to postsynaptic marker PSD95 in cultured neocortical neurons (Figure 351 
2A). Thus, the experiments here focused on impact of MET receptor activation on 352 
presynaptic proteins. In P14 neocortical synaptosomes, synapsin 1 is co-353 
immunoprecipitated with MET (Figure 2B). Further, in contrast to β-catenin, following 354 
activation of MET by HGF stimulation for 5 minutes, additional synapsin 1 was recruited 355 
to MET complexes (mean fold change (HGF/PBS): 1.804, 95% CI: [1.114, 2.494]; 356 
Figure 2B). Consistent with this, the density of the PLA signal generated by MET and 357 
synapsin 1 antibody labeling in neocortical neurons in vitro was significantly increased 358 
(~1.5 fold, pd  = 0.0109, df = 58) following HGF addition, compared with PBS treatment 359 
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(Figures 2C and 2D). In contrast to the MET/synapsin 1 complex, MET and 360 
synaptophysin 1 do not co-immunoprecipitate under conditions with or without HGF 361 
stimulation (Figure 2E). These data suggest that there is an increase in a functional 362 
MET/synapsin 1 complex following HGF stimulation. 363 
 364 
HGF regulates MET and β-catenin complex through phosphorylation of β-catenin 365 
at Y142 366 
Previous reports demonstrated phosphorylation of β-catenin at Y142 in response to 367 
HGF in cancer cells and cultured hippocampal neurons (Herynk et al., 2003; Rasola et 368 
al., 2007; David et al., 2008; Bhardwaj et al., 2013). Similarly, we found that, following 369 
addition of HGF to P14 neocortical synaptomsomes, the level of phosphorylated of β-370 
catenin (Y142) was increased, reaching a peak after 5 minutes, and declining toward 371 
pre-stimulation levels by 20 minutes (Figure 3A). Moreover, in cultured neocortical 372 
neurons at 14 DIV, the number of immunoreactive puncta, labeled with an antibody that 373 
recognizes Y142-phosphorylated β-catenin (Strom et al., 2007; David et al., 2008), 374 
significantly increased after HGF treatment for 10 minutes (~2 fold, pe  = 0.003, t = 375 
3.882, df = 51; Figures 3B and 3C). Together, these results indicate that HGF can 376 
regulate β-catenin phosphorylation at Y142 in the neocortex during the period of 377 
synapse formation.  378 
 379 

To address the possibility that phosphorylation of β-catenin at Y142 modulates 380 
the extent to which MET and β-catenin functionally interact, neocortical neurons were 381 
transfected with wild type β-catenin that can be phosphorylated at Y142 with HGF 382 
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treatment (Figures 4A and 4B) or a mutant form of β-catenin that cannot be 383 
phosphorylated at Y142 (β-cateninY142F) (David et al., 2008). PLA analyses at 14DIV 384 
demonstrated that, consistent with our previous data with endogenous β-catenin and 385 
MET associated, either directly or indirectly, with transfected β-catenin and MET, this 386 
association is down-regulated by HGF (Figure 4C). Quantitative analysis revealed a 387 
significant functional association between the construct transfected (wild type β-catenin 388 
versus β-cateninY142F) and treatment (PBS versus HGF) on the density of PLA 389 
clusters (F[1,84] = 9.570, p = 0.0027, Figures 4C, D). Pairwise analysis revealed that 390 
this effect was due to differences in the PLA signal following HGF stimulation. 391 
Specifically, there was no significant difference in the density of PLA clusters between 392 
wild type β-catenin and β-cateninY142F in the absence of HGF (pf = 0.8269, df = 84, 393 
Figures 4C, D), demonstrating that β-cateninY142F still associated in a complex with 394 
MET. Following stimulation with HGF, however, there was a significant difference 395 
between wild type β-catenin and β-cateninY142F (pg = 0.0013, df = 84, Figures 4C, D). 396 
Specifically, there was an approximately 70% decrease in the density of PLA clusters in 397 
neurons transfected with wild type β-catenin (ph = 0.0002, df = 84), but no significant 398 
difference in PLA signal in flag-β-cateninY142F-transfected neurons (pi  > 0.9999, df = 399 
84, Figures 4C, D), compared to PBS. These data demonstrate that HGF-stimulated 400 
phosphorylation of β-catenin at Y142 is required for the subsequent dissociation of the 401 
β-catenin/MET complex. We noted that the transfected β-catenin or β-cateninY142F 402 
was distributed in the entire neuron (Figure 4A), but the PLA signals are rarely present 403 
in dendrites. The labeling pattern may suggest that HGF stimulation impacts the 404 
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functional association of MET with transfected β-catenin at presynaptic sites, but we 405 
cannot exclude postsynaptic complex interactions. 406 

 407 
HGF increases the density of Syn-GFP/bassoon and Syn-GFP/PSD95 clusters in 408 
neocortical neurons 409 
Given the increased MET/synapsin 1 complex following activation of the receptor, we 410 
reasoned that HGF/MET signaling might contribute to presynaptic development through 411 
an alteration in protein complexes. To address this, we transfected neurons with Syn-412 
GFP, which is a marker of synaptic vesicles, localized at presynapatic sites and axon 413 
but not at dendrites (Figure 5B) (Bamji et al., 2003). MET/synaptophysin are not found 414 
in the same protein complex. Following transfection, neurons were treated with HGF for 415 
10min at 14 DIV. At the end of the treatment period, we categorized Syn-GFP puncta 416 
(Figure 5A) according to whether they were: 1) co-labeled with bassoon (Figure 5C), an 417 
active zone marker; 2) co-labeled with PSD95 (Figure 5D), a postsynaptic marker; or 3) 418 
total labeled Syn-GFP puncta (Syn-GFP), including puncta co-labeled with bassoon or 419 
PSD95 and puncta labeled with Syn-GFP alone. Mann-Whitney statistical analyses 420 
revealed a significant increase in the density of Syn-GFP puncta co-labeled with 421 
bassoon (~2.1-fold, U(34) = 80, pj = 0.0087, Figure 5C, E) or with PSD95 (~1.8-fold, 422 
U(34) = 84, pk = 0.0129, Figure 5D, E) in HGF- compared to PBS-treated cultures. In 423 
contrast, there was no significant difference in the density of clusters labeled with Syn-424 
GFP (U(34) = 103, pl = 0.0633). We further characterized Syn-GFP puncta co-labeled 425 
with bassoon or PSD95, measuring parameters previously shown to be influenced by β-426 
catenin (Sun et al., 2009). There was no significant effect of HGF treatment on the 427 
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integrated density (Figure 5F), major length (Figure 5G) or size (Figure 5H) of Syn-GFP 428 
puncta, which approximate the size of the synaptic vesicle pool (Sun et al., 2009). 429 
Together, these data suggest that HGF promotes the rapid assembly of synaptic 430 
vesicles at active zones to increase the formation of nascent synapses, but does not 431 
further cause accumulation of synaptic vesicles at existing synaptic sites. 432 
 433 
Phosphorylation of β-catenin at Y142 is required for the HGF-induced increase in 434 
the density of Syn-GFP/bassoon and Syn-GFP/PSD95 clusters  435 
Previous studies have demonstrated a role for an N-cadherin/β-catenin complex in 436 
synaptic vesicle localization at the synapse (Brigidi and Bamji, 2011). Given our data 437 
showing that, following HGF stimulation, there is a reduction of the β-catenin/MET 438 
complex that is accompanied by an increase in the β-catenin/N-cadherin complex, we 439 
wondered whether the HGF-upregulation of Syn-GFP/bassoon and Syn-GFP/PSD95 440 
clusters requires dissociation of the MET/β-catenin complex. To address this, we 441 
transfected primary cultures of neocortical neurons with wild type β-catenin or β-442 
cateninY142F, which can form a complex with MET, but does not dissociate from the 443 
complex after HGF stimulation. Consistent with our data in untransfected cultures, HGF 444 
increased the density of Syn-GFP/bassoon and Syn-GFP/PSD95 clusters in neurons 445 
transfected with wild type β-catenin (Figure 6A). In contrast, there was no increase in 446 
the density of these clusters in β-cateninY142F-transfected neurons (Figure 6B). 447 
Quantitative analysis demonstrated a significant interaction between the construct 448 
transfected (wild type β-catenin or β-cateninY142F) and treatment (PBS or HGF) on the 449 
density of Syn-GFP/bassoon (F[1,92] = 8.056, p = 0.0056) and Syn-GFP/PSD95 450 
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(F[1,116] = 4.141, p = 0.0441) clusters. Pairwise analysis revealed that, in the absence 451 
of HGF, there was no significant difference in the density of Syn-GFP/bassoon (pv  > 452 
0.9999, df = 92, Figure 6C) or Syn-GFP/PSD95 (py  > 0.9999, df = 116, Figure 6D) 453 
clusters in neurons transfected with wild type β-catenin or β-cateninY142F. This result 454 
suggests that β-cateninY142F does not disrupt Syn-GFP/bassoon or Syn-GFP/PSD95 455 
cluster density under conditions in which MET is not stimulated. Following addition of 456 
HGF, however, there was a significant increase in the density of Syn-GFP/bassoon (pw 457 
= 0.0232, df = 92) and Syn-GFP/PSD95 (pz = 0.0018, df = 116) clusters in neurons 458 
transfected with wild type β-catenin, but not in flag-β-cateninY142F-transfected neurons 459 
(Syn-GFP/bassoon: px  = 0.3078, df = 92, Syn-GFP/PSD95: paa  > 0.9999, df = 116), as 460 
compared to PBS. These results demonstrate that HGF activation of MET promotes an 461 
increased density of Syn-GFP/bassoon and Syn-GFP/PSD95 clusters by regulating the 462 
MET/β-catenin complex through the phosphorylation of β-catenin at Y142. 463 
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Discussion 464 
Many genes have been identified as components of molecular networks involved 465 

in ASD risk (Bourgeron, 2009; Pinto et al., 2014). These putative relations are placed in 466 
a functional context by examining how interactions at the protein level impact typical 467 
and atypical neurodevelopment (Xie et al., 2016). In this context, we demonstrate here 468 
a dynamic, ligand-dependent functional interaction, either directly or indirectly, between 469 
two proteins encoded by ASD risk genes, MET (Campbell et al., 2006; Campbell et al., 470 
2008; Jackson et al., 2009; Thanseem et al., 2010; Zhou et al., 2011; Rudie et al., 2012; 471 
Abrahams et al., 2013; Lambert et al., 2014) and β-catenin (O'Roak et al., 2012b; 472 
O'Roak et al., 2012a). A possible association between MET and WNT/ β-catenin was 473 
recently put forth as a contributing mechanism through which neurodevelopmental 474 
events impacted in ASD are coordinated (Mullins et al., 2016).  Previous reports of 475 
functional interactions between MET and β-catenin have focused on transcriptional 476 
regulation, in which HGF promotes the phosphorylation of β-catenin at Y142 directly via 477 
activating the MET receptor (David et al., 2008), followed by the dissociation of β-478 
catenin from a MET complex and then translocated to the nucleus (Herynk et al., 2003; 479 
Rasola et al., 2007; Bhardwaj et al., 2013). We demonstrate a similar modulation of the 480 
MET/β-catenin functional interaction by HGF at the neocortical synapse. In contrast to 481 
nuclear translocation, however, the released β-catenin is, at least in part, sequestered 482 
into N-cadherin complexes, with activated MET receptor recruiting additional synapsin 1 483 
to form functional complexes which may be mediated through other proteins in a 484 
complex. In addition to MET, phosphorylation of β-catenin at Y142 could also be 485 
induced by other non-receptor tyrosine kinases such as Fer or Fyn tyrosine kinase. This 486 
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latter phosphorylation down-regulates the interactions of β-catenin and α-catenin, but 487 
does not affect the β-catenin and cadherin adhesive complex, which is controlled by 488 
phosphorylation of β-catenin at Y654 (Roura et al., 1999; Piedra et al., 2003; Tai et al., 489 
2007). Independent of HGF/MET signaling, the regulation of cadherin/β-catenin/α-490 
catenin complex by Fer and Fyn tyrosine kinases also contributes to synapse 491 
development (Bamji et al., 2006; Arikkath and Reichardt, 2008; Lee et al., 2008).  492 

 493 
The dissociation of the MET/β-catenin complex is required for the HGF-induced 494 

increase in the density of Syn-GFP/bassoon and Syn-GFP/PSD95 clusters in 495 
neocortical neurons. This increase, which is observed over a short assay period of 10 496 
minutes, is suggestive of an increased number of nascent synapses in the presence of 497 
HGF and is reminiscent of increased synapse density, defined by synapsin 1 and 498 
PSD95 co-localization, in the same culture paradigm after stimulation with HGF for 24 499 
hours (Eagleson et al., 2016). It should be noted that MET signaling also appears to 500 
modulate excitatory synapse maturation in the hippocampus and neocortex (Qiu et al., 501 
2014; Peng et al., 2016), such that genetic deletion of Met results in premature 502 
maturation, assessed morphologically, electrophysiologically and by the increased 503 
membrane insertion of AMPA receptor subunits (Qiu et al., 2014). Overexpression of 504 
MET in hippocampal neurons or slices in vitro results in both immature spine growth 505 
and electrophysiological properties. The data together are consistent with a unique dual 506 
role for MET during synapse development - initiating synapse formation at early stages, 507 
and maintaining an immature functional state until MET signaling is eliminated. In vivo, 508 
MET receptor activation is robust during the period of rapid synapse formation between 509 
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P7 and 14, but then rapidly falls to near negligible levels by P16 (Eagleson et al., 2016), 510 
a time when neocortical synapse are undergoing maturation. While speculative, MET 511 
contribution to new synapse formation, followed by a decline to permit maturation, may 512 
contribute to the generation of an appropriate number or function of mature excitatory 513 
synapses in the developing neocortex. Disruption of MET signaling does increase 514 
excitatory drive and synapse maturation, and thus may alter excitation/inhibition 515 
balance, a key element contributing to NDDs, including ASD (Rubenstein and 516 
Merzenich, 2003; Levitt et al., 2004; Dani et al., 2005; Gogolla et al., 2009; Gatto and 517 
Broadie, 2010; Bateup et al., 2013). 518 

 519 
In the current study, we focused on the role of MET/β-catenin complex in 520 

modulating presynaptic development. Specifically, HGF increases synaptic vesicles 521 
clustering at the active zone and at the synapse through regulation of MET/β-catenin 522 
complex by phosphorylation of β-catenin at Y142. We also showed that, under basal 523 
culture condition, β-catenin as well as β-catenin Y142F itself could promote synapse 524 
formation. This may reflect the role of β-catenin independent of HGF/MET signaling and 525 
phosphorylation of β-catenin at Y142 as discussed previously (Arikkath and Reichardt, 526 
2008; Sun et al., 2009; Brigidi and Bamji, 2011), as well as the low concentration of 527 
HGF in our basal culture condition. The low concentration of HGF may not generate 528 
sufficient phosphorylation of β-catenin at Y142 to induce difference between β-catenin 529 
and β-catenin Y142F transfected neurons. It should be noted that the regulation of 530 
MET/β-catenin complex by HGF may occur at both pre- and post-synaptic sites, 531 
because in vivo, both β-catenin and MET are also localized at postsynaptic sites in the 532 
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neocortex and hippocampus (Phillips et al., 2001; Murase et al., 2002; Eagleson et al., 533 
2013). Thus, the increased alignment of synaptic vesicles at active zone and at synapse 534 
induced by HGF could be triggered through regulation of both pre- and post-synaptic 535 
MET/β-catenin complexes in the cultured neurons. It also should be noted that MET is 536 
localized predominantly in presynaptic compartments, and there is no individual 537 
synapse with MET distributed at both pre- and post-synaptic sites in the developing 538 
neocortex in vivo (Eagleson et al., 2013). While it awaits formal testing, we favor the 539 
hypothesis that the major regulation of MET/β-catenin complexes would occur at the 540 
presynaptic site in the developing neocortex in vivo. However, we note that, β-catenin 541 
and MET have been demonstrated independently to modulate several features of 542 
postsynaptic development. For example, β-catenin regulates dendritic morphogenesis, 543 
dendritic spine density, and postsynaptic structure and function (Murase et al., 2002; Yu 544 
and Malenka, 2003; Abe et al., 2004; Yu and Malenka, 2004; Gao et al., 2007; Okuda et 545 
al., 2007). Similarly, there is increasing evidence that MET signaling modulates dendritic 546 
and spine morphogenesis, as well as the clustering of postsynaptic proteins, including 547 
PSD95 (Gutierrez et al., 2004; Lim and Walikonis, 2008; Judson et al., 2010; 548 
Finsterwald and Martin, 2011; Judson et al., 2011; Qiu et al., 2014; Peng et al., 2016). 549 
Thus, it is plausible that the MET/β-catenin complex, and the regulation of this complex 550 
by HGF, may influence different aspects of pre- and postsynaptic development.  551 

 552 
The analyses of HGF-induced regulation of MET/β-catenin functional interactions 553 

in neocortical neurons in vitro raise the issue of defining the cellular and circuit context 554 
in which this signaling system may operate in vivo. At P14, we found that there are both 555 
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co-labeled and single labeled neurons expressing Met and β-catenin transcripts in 556 
layers II-III and V-VI. The double-labeled neurons located superficially are almost 557 
entirely intrinsic intratelencephalic cortico-cortical or callosal neurons, where as deep 558 
layer MET+ neurons could be both callosal and cortico-fugal in nature. During the active 559 
period of synaptogenesis in the mouse neocortex, Hgf mRNA is evident mostly in deep 560 
layers of the neocortex at P14 (Eagleson et al., 2016). Thus, both ligand and receptor 561 
are positioned to modulate MET/β-catenin complexes in subsets of neurons in vivo. 562 
Determining the specific subpopulation identifies are currently under investigation. 563 
  564 

Our current findings are consistent with converging evidence that the developing 565 
neocortical synapse is disrupted in ASD, with many ASD risk genes having implicated 566 
or demonstrated roles in synapse development and plasticity (Zoghbi, 2003; Garber, 567 
2007; Sudhof, 2008; Zoghbi and Bear, 2012; De Rubeis et al., 2014; Xie et al., 2016). 568 
Less progress has been made in understanding the heterogeneity in clinical 569 
presentation, which likely reflects the polygenic nature of the disorder. Our data suggest 570 
that an understanding of ASD risk at the level of protein functional interactions, including 571 
identification of the specific subpopulations of neurons and circuits in which these 572 
interactions occur, will provide insight into how such heterogeneity arises. For example, 573 
MET expression in the primate brain is enriched in temporal, posterior parietal and 574 
occipital regions, with very limited expression in few frontal lobe areas. Neuroimaging 575 
studies confirm that the MET promoter risk variant impacts structure and function of 576 
circuits in which it is enriched (Rudie et al., 2012). At the cellular level, the RNAscope 577 
analyses reveal that a subset of neocortical neurons co-express MET and β-catenin 578 
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during the peak period of synaptogenesis. This suggests that the biological impact of 579 
reducing MET expression, which occurs in ASD and Rett syndrome (Campbell et al., 580 
2007; Voineagu et al., 2011; Plummer et al., 2013), may differentially disrupt the 581 
development of subpopulations of neurons, with specific changes being dependent on 582 
the specific repertoire of MET-interacting proteins expressed by different neurons and 583 
circuits. Advances in multiplex in situ techniques will provide opportunities to more 584 
carefully characterize the co-expression of multiple members of the MET interactome, 585 
11% of which have been associated with neurodevelopmental disorders (Xie et al., 586 
2016), in discrete neocortical neuron subpopulations. 587 

 588 
 589 
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Figure Legends  837 
Figure 1. MET/β-catenin complexes during synapse development.  838 
(A-C) Representative Western blots of complexes immunoprecipitated from P14 cortical 839 
crude synaptosomes using anti-MET (A), anti-β-catenin (B), anti-N-cadherin (C), or 840 
control IgG antibody. This experiment was repeated three times using independent 841 
synaptosomal preparations. In PBS treated synaptosomes, β-catenin (α-β-cat) and MET 842 
(α-MET) are detected in MET and β-catenin, but not control IgG, pull-downs. Similarly, 843 
β-catenin and N-cadherin (α-N-cad) are evident in N-cadherin and β-catenin, but not 844 
control IgG, pull-downs. MET is not detected in the N-cadherin pull-down. Stimulation of 845 
synaptosomes for 5 minutes with HGF results in reduced MET and β-catenin 846 
complexes, with a concomitant increased in the β-catenin and N-cadherin complexes 847 
(HGF lane versus PBS lane). An anti-phospo-MET antibody (α-pMET) was used to 848 
confirm HGF-induced activation of the MET receptor. (D) The fold change of HGF 849 
stimulated-group as compared to PBS-stimulated group for each IP is presented as 850 
box-and-whisker plots. The line bisecting the box represents the median. The horizontal 851 
red dash line indicates unchanged level (1.0) for comparison between HGF and PBS. N 852 
= 3 independent Co-IP experiments for each interaction. (E) Representative confocal 853 
microscopy images of PLA staining in primary cultures of neocortical neurons at 14DIV 854 
following treatment with PBS or HGF for 5, 10 and 30 minutes. Red fluorescent profiles 855 
represent regions of PLA signal amplification denoting MET and β-catenin co-856 
localization. For comparison, the total MET immunoreactivity (green fluorescence) in the 857 
same field is illustrated. Scale bar = 5 μm (applies to all images in E). (F) Quantitative 858 
analysis of the MET/β-catenin PLA signals. Error bars represent standard error of the 859 
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mean. N = 30 neurons from 4 independent culturing sessions in each group.  **p < 0.01 860 
(HGF versus PBS). (G-G’’) Dual RNAscope in situ hybridization for Met (red) and β-861 
catenin (green) in the P14 mouse cortex. Nuclei were labeled with DAPI (blue) to 862 
distinguish the cortical layers. Representative confocal microscopy images show Met 863 
expression in superficial and deep layers, with β-catenin expression across all layers, 864 
with more intense labeling in layers V and VI (G). Higher magnification images from 865 
superficial (G’) and deep (G”) cortical layers. Dotted circles in G’ and G’’ indicate 866 
RNAscope-labeled single cells. Arrows in G’ and G’’ indicate Met and β-catenin co-867 
labeled cells. Arrowheads indicate Met (G’) or β-catenin (G’’) single labeled neurons. 868 
Scale bar = 200 μm in G; 25 μm in G’’ (applies to G’ and G’’).  869 
 870 
Figure 2. HGF recruits additional synapsin 1 to MET receptor complex.  871 
(A) Quantitative analysis of PLA signals generated with β-catenin alone (β-cat), β-872 
catenin with MET (+ MET), β-catenin with synapsin 1 (+ Syn 1), β-catenin with Neurexin 873 
1 (+ Nxn 1) and β-catenin with PSD95 (+ PSD-95). Error bars represent standard error 874 
of the mean, N = 6 - 8 cells from independent cultures for each group. (B) 875 
Representative Western blots of complexes immunoprecipitated from P14 cortical crude 876 
synaptosomes using an anti-MET or control IgG antibody. This experiment was 877 
repeated three times using independent synaptosomal preparations. In PBS treated 878 
synaptomsomes, synapsin 1 and MET are detected in the MET, but not IgG, pull-879 
downs. Stimulation of the synaptosomes for 5 minutes with HGF increased the 880 
MET/synapsin 1 complex (HGF vs PBS lane). An anti-phospo-MET antibody (α-pMET) 881 
was used to confirm HGF-induced activation of the MET receptor. (C) Representative 882 
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confocal microscopy images of PLA staining in primary cultures of neocortical neurons 883 
at 14DIV following treatment with PBS or HGF for 10 minutes. Red fluorescent profiles 884 
represent regions of PLA signal amplification denoting MET and synapsin 1 co-885 
localization. For comparison, the total MET immunoreactivity (green fluorescence) in the 886 
same field is illustrated. Scale bar = 5 μm (applies to all images in B).  (D) Quantitative 887 
analysis of the MET/synapsin 1 PLA signals. Error bars represent standard error of the 888 
mean, N = 30 cells from 5 independent cultures in each group.  *p < 0.05 (HGF versus 889 
PBS). (E) Representative Western blots of complexes that were immunoprecipitated 890 
from P14 cortical crude synaptosomes using an anti-MET or control IgG antibody. MET 891 
are detected in the MET, but not IgG, pull-downs. Stimulation of the synaptosomes for 5 892 
minutes with HGF results in phospho-MET detection in MET pull-downs (HGF vs PBS 893 
lane). A single synaptophysin 1 band is readily detected in the input sample, prior to IP. 894 
In contrast, the post-immunoprecipitation sample has only non-specific bands in all Co-895 
IP groups, indicating that synaptophysin 1 does not co-immunoprecipitate with MET 896 
under these conditions.  897 
 898 
Figure 3. HGF promotes phosphorylation of β-catenin at Y142.  899 
(A) Representative Western blots of crude neocortical synaptosomes following 900 
stimulation with HGF stimulation for 0, 5, 10 and 20 minutes. This experiment was 901 
repeated three times using independent synaptosomal preparations. The level of β-902 
catenin phosphorylated at Y142  (p142-β-cat) increased in the presence of HGF, 903 
peaking at 5 minutes. Note the expected increase, followed by a time-dependent 904 
decrease, in phospho-MET (pMET) levels in response to HGF. Total levels of β-catenin 905 
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(β-cat) and MET are unchanged. (B) Representative confocal microscopy images of 906 
primary neocortical neurons at 14 DIV following stimulation for 5 minutes with PBS or 907 
HGF (25 ng/ ml). This experiment was repeated in two independent culturing sessions. 908 
Note the increase in immunostaining of p142- β-catenin in the presence of HGF. Scale 909 
bar = 20 μm (applies to both images in B). (C) Quantitative analysis of the p142- β-910 
catenin clusters. Error bars represent standard error of the mean, N = 26 cells from 2 911 
independent cultures in each group.  *p < 0.05 (HGF versus PBS). 912 
 913 
Figure 4. HGF modulates MET/β-catenin complex via phosphorylation of β-catenin 914 
at Y142.  915 
(A) Neurons were transfected with flag-tagged wild type β-catenin (Flag-β-cat). 916 
Representative confocal microscopy image of transfected neuron with total flag 917 
immunoreactivity (white) was shown. Note that transfected β-catenin was distributed 918 
along the entire neuron and processes. Scale bar = 50 μm. (B) Representative confocal 919 
microscopy images of Flag-β-cat transfected neurons with total flag (green) and p142-920 
 β-catenin immunoreactivity (white). Note the positive immunostaining of p142- β-921 
catenin in the Flag-β-cat transfected neuron with stimulation of HGF. Scale bar = 25 μm. 922 
(C) Representative confocal microscopy images of PLA staining of MET and flag in 923 
primary cultures of neocortical neurons at 14 DIV following treatment with PBS or HGF 924 
for 10 minutes. Neurons were transfected with Flag-β-cat or β-cateninY142F (Flag-β-925 
catY142F) at 5 DIV. Red fluorescent profiles represent regions of PLA signal 926 
amplification denoting MET and flag co-localization. For comparison, the total flag 927 
immunoreactivity (green fluorescence) in the same field is illustrated. Scale bar = 5 μm 928 
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(applies to all images in C). (D) Quantitative analysis of the MET/flag PLA signals. Error 929 
bars represent standard error of the mean, N = 22 cells from 3 independent cultures in 930 
each group. Note the decrease is PLA signal with HGF in the wild type Flag-β-catY, but 931 
no change with HGF in the Flag-β-catY142F condition.  **p < 0.01 (HGF versus PBS in 932 
Flag-β-cat-transfected group), n.s.: no significance (Flag-β-cat versus Flag-β-catY142F 933 
with PBS stimulation, HGF versus PBS in Flag-β-catY142F-transfected group). 934 
 935 
Figure 5. MET activation increases the density of Syn-GFP/bassoon and Syn-936 
GFP/PSD95 clusters in neocortical neurons.  937 
(A) Diagram of synaptophysin-GFP (Syn-GFP) cluster assay. Neocortical neurons were 938 
transfected with Syn-GFP at 5DIV and treated with PBS or HGF (25 ng/ml) for 10 939 
minutes at 14 DIV. Measurements were made of 1) Syn-GFP/Bassoon (a marker of the 940 
active zone) co-labeled clusters, 2) Syn-GFP/PSD95 (a marker of the postsynaptic 941 
density) co-labeled clusters, and 3) clusters labeled with Syn-GFP along axon (with 942 
active zone and synapse included). (B) Representative confocal microscopy image of 943 
Syn-GFP (green) transfected neurons. Note Syn-GFP clusters are present along axons 944 
but not dendrites. Scale bar = 50 μm. (C-D) Representative confocal microscopy 945 
images of Syn-GFP (green), bassoon (red) and PSD95 (magenta) immunoreactivity in 946 
neocortical neurons. White arrows indicate clusters co-labeled with Syn-GFP/bassoon 947 
(C) or Syn-GFP/PSD95 (D). Scale bar = 5 μm (applies to all images in C and D). (E-H) 948 
Quantitative analysis of the density (E), integrated density (F), major length (G) and size 949 
(H) of Syn-GFP clusters. Each parameter was normalized in each culturing session to 950 
the mean value of Syn-GFP clusters in the PBS treated group. Error bars represent 951 



 

 45

standard error of the mean, N = 18 cells from 3 independent cultures in each group. 952 
Increases in co-labeling of pre/postsynaptic markers are evident following HGF 953 
stimulation.  *p < 0.05, **p < 0.01 (HGF versus PBS).  954 
 955 
 956 
Figure 6. Phosphorylation of β-catenin at Y142 is required for the HGF-induced 957 
increase in Syn-GFP/bassoon and Syn-GFP/PSD95 clusters.  958 
(A-B) Representative confocal microscopy images of Syn-GFP (green), bassoon (red), 959 
PSD95 (magenta) and flag (blue) immunoreactivity in neocortical neurons at 14 DIV 960 
after treatment with PBS or HGF (25 ng/ml) for 10 minutes. The neurons were co-961 
transfected with Syn-GFP and either flag-β-catenin (A) or flag-β-cateninY142F (B) 962 
plasmids at 5DIV. White arrows indicate clusters co-labeled with Syn-GFP/bassoon 963 
(upper panels) or Syn-GFP/PSD95 (lower panels). Scale bar = 5 μm (applies to all 964 
images in A and B). (C-D) Quantitative analysis of the density of Syn-GFP/bassoon (C) 965 
and Syn-GFP/PSD95 co-labeled clusters in β-catenin (β-cat)- or β-cateninY142F (β-966 
catY142F)- transfected neurons. Each parameter was normalized in each culturing 967 
session to the mean value of Syn-GFP clusters in the PBS treated group. Error bars 968 
represent standard error of the mean, N = 24 cells from 3 independent culturing 969 
sessions for bassoon co-labeling assay, N =30 cells from 3 independent culturing 970 
sessions for PSD95 co-labeling assay. Note the inability to phosphorylate Y142 residue 971 
following HGF treatment results in no change in co-labeling of pre/postsynaptic 972 
markers. *p < 0.05, **p < 0.01 (HGF versus PBS). 973 
 974 
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Table 1 Statistical table 
Figures Comparisons Label Data Structure Type of Test Power 

Figure 1F PBS vs HGF (5 min) a 
Normal distribution after 

transformation 

2-way ANOVA Bonferroni's 

multiple comparisons test 

0.26 

PBS vs HGF (10 min) b 1.00 

PBS vs HGF (30 min) c 0.93 

Figure 2C PBS vs HGF d Non-normal distribution Mann Whitney test 0.99 

Figure 3C 
PBS vs HGF e Normal distribution 

Unpaired t test with Welch's 

correction 
1.00 

Figure 4D -catenin vs -catenin Y142F PBS 

treatment) 
f 

Normal distribution after 

transformation 

2-way ANOVA Bonferroni’s 

multiple comparisons test 

0.17 

 -catenin vs -catenin Y142F HGF 

treatment) 
g 1.00 

 PBS vs HGF (-catenin 

transfection) 
h 1.00 

PBS vs HGF (-catenin Y142F 

transfection) 
i 0.01 

Figure 5E PBS vs HGF (Syn-GFP/Bassoon) j Non-normal distribution Mann Whitney test 0.99 

PBS vs HGF (Syn-GFP/PSD95) k Non-normal distribution Mann Whitney test 0.99 

PBS vs HGF (Syn-GFP) l Non-normal distribution Mann Whitney test 0.94 

Figure 5F PBS vs HGF (Syn-GFP/Bassoon) m Non-normal distribution Mann Whitney test 0.94 

PBS vs HGF (Syn-GFP/PSD95) n Non-normal distribution Mann Whitney test 0.78 

PBS vs HGF (Syn-GFP) o Non-normal distribution Mann Whitney test 0.82 

Figure 5G PBS vs HGF (Syn-GFP/Bassoon) p Non-normal distribution Mann Whitney test 0.90 

PBS vs HGF (Syn-GFP/PSD95) q Non-normal distribution Mann Whitney test 0.75 

PBS vs HGF (Syn-GFP) r Normal distribution 
Unpaired t test with Welch's 

correction 
0.92 

Figure 5H PBS vs HGF (Syn-GFP/Bassoon) s Non-normal distribution Mann Whitney test 0.91 

PBS vs HGF (Syn-GFP/PSD95) t Non-normal distribution Mann Whitney test 0.90 

PBS vs HGF (Syn-GFP) u Non-normal distribution Mann Whitney test 0.88 

Figure 6C -catenin vs -catenin Y142F PBS 

treatment, Syn-GFP/Bassoon) 
v 

Normal distribution after 

transformation 

2-way ANOVA Bonferroni's 

multiple comparisons test 

0.00 

 PBS vs HGF (-catenin 

transfection, Syn-GFP/Bassoon) 
w 0.98 

PBS vs HGF (-cateninY142F 

transfection, Syn-GFP/Bassoon) 
x 0.69 

Figure 6D -catenin vs -catenin Y142F PBS 

treatment, Syn-GFP/PSD95) 
y 

Normal distribution after 

transformation 

2-way ANOVA Bonferroni's 

multiple comparisons test 

0.00 

 PBS vs HGF (-catenin 

transfection, Syn-GFP/PSD95) 
z 1.00 

PBS vs HGF (-cateninY142F 

transfection, Syn-GFP/PSD95) 
aa 0.00 

Note: To meet the assumption of normality, the data of figures 1F, 4D and 6C were transformed with square root, and the data of 
figure 6D were transformed with natural logarithm. The normality of the data was tested using D'Agostino & Pearson omnibus 
normality test. 




