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Abstract 44 

Metabotropic glutamate receptor 7 (mGlu7) is an inhibitory heterotrimeric G protein-coupled 45 

receptor that modulates neurotransmitter release and synaptic plasticity at presynaptic terminals 46 

in the mammalian central nervous system. Recent studies have shown that rare mutations in 47 

glutamate receptors and synaptic scaffold proteins are associated with neurodevelopmental 48 

disorders (NDDs). However, the role of presynaptic mGlu7 in the pathogenesis of NDDs remains 49 

largely unknown. Recent whole-exome sequencing studies in families with NDDs have revealed 50 

that several missense mutations (c.1865G>A:p.R622Q; c.461T>C:p.I154T; 51 

c.1972C>T:p.R658W and c.2024C>A:p.T675K) or a nonsense mutation (c.1757G>A:p.W586X) 52 

in the GRM7 gene may be linked to NDDs. In the present study, we investigated the mechanistic 53 

links between GRM7 point mutations and NDD pathology. We find that the pathogenic GRM7 54 

I154T and R658W/T675K mutations lead to the degradation of the mGlu7 protein. In particular, 55 

the GRM7 R658W/T675K mutation results in a lack of surface mGlu7 expression in 56 

heterologous cells and cultured neurons isolated from male and female rat embryos. We 57 

demonstrate that the expression of mGlu7 variants or exposure to mGlu7 antagonists impairs 58 

axon outgrowth through the MAPK-cAMP-PKA signaling pathway during early neuronal 59 

development, which subsequently leads to a decrease in the number of presynaptic terminals in 60 

mature neurons. Treatment with an mGlu7 agonist restores the pathological phenotypes caused 61 

by mGlu7 I154T but not by mGlu7 R658W/T675K due to its lack of neuronal surface expression. 62 

These findings provide evidence that stable neuronal surface expression of mGlu7 is essential for 63 

neural development and that mGlu7 is a promising therapeutic target for NDDs. 64 

 65 

 66 
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Significance Statement 67 

Neurodevelopmental disorders (NDDs) affect brain development and function by multiple 68 

etiologies. Metabotropic glutamate receptor 7 (mGlu7) is a receptor that controls excitatory 69 

neurotransmission and synaptic plasticity. Since accumulating evidence indicates that the GRM7 70 

gene locus is associated with NDD risk, we analyzed the functional effects of human GRM7 71 

variants identified in patients with NDDs. We demonstrate that stable neuronal surface 72 

expression of mGlu7 is essential for axon outgrowth and presynaptic terminal development in 73 

neurons. We found that MAPK-cAMP-PKA signaling and subsequent cytoskeletal dynamics are 74 

defective due to the degradation of mGlu7 variants. Finally, we show that the defects caused by 75 

mGlu7 I154T can be reversed by agonists, providing the rationale for proposing mGlu7 as a 76 

potential therapeutic target for NDDs. 77 

 78 

 79 

 80 
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Introduction 89 

Neurodevelopmental disorders (NDDs) are a group of disorders that manifest a wide range of 90 

neurological and psychiatric symptoms beginning in the development period. According to the 91 

Diagnostic and Statistical Manual of Mental Disorders (DSM-V), NDDs include autism 92 

spectrum disorders (ASDs), intellectual disabilities (IDs), attention-deficit hyperactivity 93 

disorders (ADHDs), specific learning disorders, communication disorders, and motor disorders 94 

(American Psychiatric Association).  95 

Metabotropic glutamate (mGlu) receptors are G protein-coupled receptors that modulate 96 

neurotransmission and synaptic plasticity throughout the central nervous system. Of the eight 97 

mGlu receptors, mGlu7 is coupled with inhibitory G i/o protein and localized primarily in the 98 

presynaptic active zone (Okamoto et al., 1994; Shigemoto et al., 1996; Schoepp, 2001; Dalezios 99 

et al., 2002). It has been shown that stable surface expression of mGlu7, which is regulated by 100 

posttranslational modifications and receptor-scaffold protein interactions, is critical for receptor 101 

function and synaptic plasticity (Pelkey et al., 2005; Suh et al., 2008; Suh et al., 2013; Choi et al., 102 

2016; Lee et al., 2019). Recently, it was found that mGlu7 mRNA levels decreased in the P8 103 

cerebral cortex of X-linked methyl-CpG binding protein 2 (Mecp2)-knockout mice, a model of 104 

human Rett syndrome (RTT), that exhibit developmental regression (Bedogni et al., 2016). In 105 

particular, expression levels of mGlu7 protein were also reduced in the postmortem motor cortex 106 

of RTT patients (Gogliotti et al., 2017), suggesting a key role for the stable expression of mGlu7 107 

in the pathogenesis of NDDs (Palazzo et al., 2016; Fisher et al., 2018a). 108 

Several genetic association studies have identified human GRM7 as a potential NDD risk 109 

locus (Elia et al., 2011; Gai et al., 2012; Park et al., 2013; Yang and Pan, 2013; Liu et al., 2015; 110 

Noroozi et al., 2016). These studies have revealed inherited or de novo point mutations or 111 
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deletions in GRM7 introns and/or exons in cohorts of ASD or ADHD patients. In addition, a de 112 

novo missense mutation (c.1865G>A:p.R622Q) was reported to be associated with ASD on the 113 

basis of large-scale whole-exome sequencing (WES) studies in families with ASD (Sanders et al., 114 

2012; Iossifov et al., 2014). A recent WES study on consanguineous families identified GRM7 as 115 

the candidate gene for the highest risk of NDDs, including DD/ID and brain malformations 116 

(Charng et al., 2016). This study identified a homozygous missense mutation (c.461T>C:p.I154T) 117 

from two affected siblings with DDs/IDs, seizures, hypotonia, and brain atrophy. The compound 118 

heterozygous missense mutations (c.1972C>T:p.R658W and c.2024C>A:p.T675K) was also 119 

identified in another sibling with similar clinical features (Charng et al., 2016). In a different set 120 

of study, a homozygous nonsense mutation (c.1757G>A:p.W586X, in which X designates a 121 

translation termination codon) was identified in families with NDDs (Reuter et al., 2017). 122 

In this study, we investigated the mechanism by which human GRM7 variants carrying 123 

mutations in protein-coding sequences lead to the pathological phenotypes observed in NDD 124 

patients. Specifically, we characterized the function of the GRM7 variants identified from the 125 

existing WES literature for NDD patients (Table 1) (Sanders et al., 2012; Iossifov et al., 2014; 126 

Charng et al., 2016; Reuter et al., 2017). When we expressed human GRM7 variants in 127 

heterologous cells and rat primary cultured neurons, we found a profound reduction in the 128 

protein expression of mGlu7 variants. The instability of mGlu7 variant proteins is caused by 129 

protein degradation through the proteasomal or autophagosomal-lysosomal degradation pathway. 130 

We show that the GRM7 variants cause a severe impairment in axon outgrowth during early 131 

neuronal development, which subsequently leads to a deficit in the number of presynaptic 132 

terminals in mature neurons. We discovered that the mitogen-activated protein kinase (MAPK)-133 

cAMP-protein kinase A (PKA) pathway is perturbed by the GRM7 variants. Of particular 134 
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importance, we found that the deficits in axon outgrowth and presynaptic terminal development 135 

induced by mGlu7 I154T were restored by treatment with an mGlu7 agonist during early 136 

development. Thus, our study provides mechanistic insight into the development of NDDs by the 137 

GRM7 variants and suggests mGlu7 as a potential therapeutic target for NDD treatment. 138 

 139 

Materials and Methods 140 

Plasmid DNA constructs and cloning 141 

We generated a human WT GRM7 cDNA plasmid from rat WT Grm7 cDNA (GenBank 142 

accession No. NM_000844.3 and NM_031040) by substituting four amino acid mismatches in 143 

the coding sequence using site-directed mutagenesis. The following oligonucleotide primers 144 

were used: H454N-forward (F), 5 - gtatatccgcAatgttaacttcaatgg -3  and H454N-reverse (R), 5 - 145 

ccattgaagttaacatTgcggatatac -3 ; T488S-F, 5 - caacaaacacaaGcaaccctggtta -3  and T488S-R, 5 - 146 

taaccagggttgCttgtgtttgttg -3 ; S520A-F, 5 - gagagatcccaGcctctgtgtgtac -3  and S520A-R, 5 - 147 

gtacacacagaggCtgggatctctc -3 ; N578D-F, 5 - ctggctgtcagGaTatcccaatcatc -3  and N578D-R, 5 - 148 

gatgattgggatAtCctgacagccag -3  (the mutated nucleotides are indicated by capital letters). Using 149 

human WT GRM7 cDNA as a template, we generated pathogenic mutants by site-directed 150 

mutagenesis using the following oligonucleotide primers: I154T-F, 5 - 151 

tagttggagtgaCtggggcttcggg -3  and I154T-R, 5 - cccgaagccccaGtcactccaacta -3 ; W586X-F, 5 - 152 

tcaaactggagtAgcactccccctg -3  and W586X-R, 5 - cagggggagtgcTactccagtttga -3 ; R622Q-F, 5 - 153 

cacccattgtcCAggcatctgggcg -3  and R622Q-R, 5 - cgcccagatgccTGgacaatgggtg -3 ; R658W-F, 5 - 154 

tgtgttctttcTgGcgtgtcttctt -3  and R658W-R, 5 - aagaagacacgCcAgaaagaacaca -3 ; T675K-F, 5 - 155 

ctgcccttttaaAGaagaccaatcg -3  and T675K-R, 5 - cgattggtcttCTttaaaagggcag -3 . The PCRs were 156 
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performed using Phusion DNA polymerase (Cat# M0530, New England Biolabs) according to 157 

the manufacturer’s instructions. 158 

 159 

Antibodies and reagents 160 

The antibodies used in this study were obtained from the following commercial sources: anti-161 

mGluR7a (RRID:AB_310459), anti-VGLUT1 (RRID:AB_2301751) (Millipore); anti-VGAT 162 

(RRID:AB_887873, Synaptic Systems); anti- -tubulin (RRID:AB_477583, Sigma-Aldrich); 163 

anti-LC3B (RRID:AB_881433), anti-Na
+
/K

+
 ATPase 1 (RRID:AB_306023) (Abcam); HRP-164 

conjugated anti-rabbit IgG (RRID:AB_2313567, Jackson ImmunoResearch Labs); anti-SMI312 165 

(RRID:AB_2566782), anti-beta-III tubulin (TUJ1, RRID:AB_2313773) (BioLegend); anti-Ub 166 

(RRID:AB_628423, Santa Cruz Biotechnology); anti-GFP (RRID:AB_221569), anti-transferrin 167 

receptor (RRID:AB_86623), HRP-conjugated anti-mouse IgG (RRID:AB_2536527), Alexa 168 

Fluor 488 conjugated anti-mouse or rabbit IgG (RRID:AB_2536527 or RRID:AB_2534088), 169 

Alexa Fluor 568 conjugated anti-mouse or rabbit IgG (RRID:AB_2313567 or 170 

RRID:AB_144696), Alexa Fluor 488 phalloidin (RRID:AB_2315147) (Thermo Fisher 171 

Scientific). Anti-c-myc (9E10) antibody was generated from a 9E10 clone (RRID:CVCL_G671, 172 

ATCC) in our laboratory. The following reagents were purchased from commercial sources: 173 

endoglycosidase H (Endo Hf, Cat# P0703S), peptide-N-glycosidase F (PNGase F, Cat# P0704S) 174 

(New England Biolabs); MG132 (Cat# 1748), chloroquine (Cat# 4109), L-AP4 (Cat# 0103), 175 

AMN082 (Cat# 2385), MSOP (Cat# 66515-29-5), MMPIP (Cat# 2963), PD98059 (Cat# 1213), 176 

PP2 (Cat# 1407) (Tocris Bioscience); bafilomycin-A1 (Cat# B1793), U73122 (Cat# U6756), 177 

nocodazole (Cat# M1404), paclitaxel (Cat# T7402), latrunculin A (Cat# L5163), forskolin (Cat# 178 

F3917), PMA (Cat# P1585), rolipram (Cat# R6520), FK506 (Cat# F4679), pertussis toxin (Cat# 179 
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P2980) (Sigma-Aldrich); H89 (Cat# 371963), Go6976 (Cat# 365250), dibutyryl-cAMP (db-180 

cAMP, Cat# 28745), KN93 (Cat# 422708) (Calbiochem); LY294002 (Cat# 9901, Cell Signaling 181 

Technology); acridine orange (AO)/propidium iodide (PI) staining solution (Cat# CS2-0106, 182 

Nexcelom Bioscience). 183 

 184 

Primary cortical or hippocampal neuron culture 185 

All animal experiments were conducted in accordance with the guidelines of the Seoul National 186 

University Institutional Animal Care and Use Committee (protocol no. SNU-161222-2-4). 187 

Pregnant female Sprague-Dawley rats on gestational day 18 were purchased from a commercial 188 

source (ORIENT BIO, South Korea). Day 18 embryos of either sex were collected by cesarian 189 

section and decapitated. The hippocampi or cortices of the embryos were isolated in dissecting 190 

solution [Hanks' Balanced Salt Solution (Cat# 14170-161, Thermo Fisher Scientific) with 10 mM 191 

HEPES (Cat# 15630-080, Thermo Fisher Scientific) and penicillin-streptomycin (Cat# 15070-192 

063, Thermo Fisher Scientific)]. The dissected tissues were incubated for 12 min in dissecting 193 

solution with 0.05% trypsin (Cat# T1005, Sigma-Aldrich) and 0.157 mg/mL deoxyribonuclease I 194 

(Cat# D5025, Sigma-Aldrich) at 37°C. The trypsin-treated tissues were dissociated by trituration 195 

using a fire-polished Pasteur pipette. The triturated cells were plated on poly-D-lysine-coated 196 

culture plates in serum-free Neurobasal media (Cat# 21103-049, Thermo Fisher Scientific) with 197 

B-27 supplement (Cat# 17504-044, Thermo Fisher Scientific) and 1% L-glutamine (Cat# G7513, 198 

Sigma-Aldrich), in which they were maintained before use. The number of days in vitro (DIV) 199 

varied depending upon the assay as detailed below. 200 

 201 

Western blotting 202 
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Primary cultured neurons or transfected HEK 293T cells were lysed in TNE lysis buffer [50 mM 203 

Tris-HCl, pH 8.0, 150 mM NaCl, 2 mM EDTA, 1% Triton X-100, and 0.1% sodium dodecyl 204 

sulfate (SDS)] with protease and phosphatase inhibitor cocktails (Cat# 11873580001, Roche; 205 

Cat# P3200-005, GenDEPOT). After the lysates were centrifuged at 20,000  g for 15 min at 206 

4°C, the insoluble materials were removed. The supernatants were then mixed with 6  Laemmli 207 

SDS sample buffer and denatured by incubating at 37°C for 20 min. The samples were resolved 208 

by polyacrylamide gel electrophoresis (PAGE) and transferred onto PVDF membranes (Cat# 209 

IPVH00010, Millipore). The membrane was blocked in Tris-buffered saline (TBS) with 5% 210 

nonfat skim milk and 0.1% Tween 20 (Cat# T1003, Anatrace) at room temperature (RT) for 1 h. 211 

After blocking, the membrane was incubated overnight with primary antibodies at 4°C. After 212 

several washes with TBS containing 0.1% Tween 20, the membrane was incubated with HRP-213 

conjugated secondary antibodies. The washed membrane was briefly incubated with 214 

chemiluminescent substrate (Cat# 34580, Thermo Fisher Scientific) and exposed on X-ray film 215 

(Cat# CP-BU, AGFA). 216 

 217 

Surface biotinylation assay 218 

For the surface biotinylation assay, surface proteins were labeled using membrane-impermeable 219 

biotin. Primary cortical neurons were incubated with 0.5 mg/mL EZ-Link sulfo-NHS-SS-biotin 220 

(Cat# 21331, Thermo Fisher Scientific) in 1  phosphate-buffered saline (PBS) with 1 mM 221 

MgCl2 and 0.1 mM CaCl2 for 20 min at 4°C. Surface biotinylated neurons were lysed in TNE 222 

lysis buffer and pulled down with streptavidin-agarose beads (Cat# 20347, Thermo Fisher 223 

Scientific) for 3 h at 4°C with gentle rotation. After washing the beads four times with TNE lysis 224 

buffer, the bound proteins were analyzed by western blotting. 225 
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 226 

Glycosidase assay 227 

The lysates from primary cultured neurons were immunoprecipitated using anti-myc antibody 228 

bound to protein G Sepharose beads (Cat# 17-0618-01, GE healthcare) for 4 h at 4°C. After 229 

washing, the proteins bound to beads were incubated overnight with 10× GlycoBuffer and Endo 230 

Hf (1500 units) or PNGase F (500 units) at 37°C. The deglycosylated samples were mixed with 231 

6  Laemmli buffer, incubated for 5 min at 100°C, and analyzed by western blotting. 232 

 233 

Virus production 234 

To knock down endogenous mGlu7, small hairpin RNA (shRNA) with a short hairpin was 235 

cloned under the H1 promoter (target shRNA sequence for rat mGlu7: 5 - gct tac ttc aca tcc cgg 236 

aca -3 ) in the FUGW lentiviral vector (Lichnerova et al., 2015). For the mGlu7 rescue study, 237 

endogenous mGlu7 was knocked down, and mGlu7 WT or mutant cDNAs harboring silent 238 

mutations (5 - gct tac ttT acG AGc cgg aca -3 , capital letters indicate mutated nucleotides that 239 

resist targeted shRNA) with IRES-EGFP were simultaneously expressed under the Ub promoter. 240 

Lentivirus particles were produced in HEK 293T cells by cotransfection with  8.9 and VSVG 241 

vectors (Lichnerova et al., 2015). Supernatants containing the viral particles were collected 60 h 242 

after transfection. 243 

 244 

Real-time RT-PCR 245 

Total RNA was extracted from DIV3 primary cortical neurons using TRIzol reagent (Cat# 9109, 246 

Takara Bio). Two micrograms of total RNA was converted to cDNA using AMV reverse 247 

transcriptase (Cat# M0277L, New England Biolabs) according to the manufacturer’s instructions. 248 
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Real-time RT-PCR was performed using a CFX Connect real-time system (Bio-Rad) and SYBR 249 

Green reagent (Cat# RR820A, Takara Bio). The oligonucleotides used to detect the human 250 

GRM7 gene were myc-hmGlu7-F, 5 - agaagctgatcagcgaggc -3  and myc-hmGlu7-R, 5 - 251 

atcgctgttgatctggtcca -3 ; rat-GAPDH-F, 5 - actctacccacggcaagttc -3  and rat-GAPDH-R, 5 - 252 

tactcagcaccagcatca -3 . 253 

 254 

Translating ribosome affinity purification (TRAP) assay 255 

EGFP-Rpl10a was cotransfected with the GRM7 variants in HEK 293T cells. Thirty-six hours 256 

after transfection, the cells were washed three times on ice with cold 1  diethyl pyrocarbonate 257 

(DEPC)-PBS. The cells were then lysed by lysis buffer [20 mM HEPES KOH (pH 7.4), 150 mM 258 

KCl, 10 mM MgCl2 and 1% IGEPAL CA-630 (Cat# I8896, Sigma-Aldrich) in DEPC water] with 259 

protease inhibitor cocktails, 0.5 mM DTT, and RNase inhibitor (Cat# 10777019, Thermo Fisher 260 

Scientific). The cell lysates were further homogenized with a glass-glass homogenizer. The 261 

homogenates were centrifuged at 2,000  g for 10 min at 4°C and the supernatant was harvested. 262 

IGEPAL CA-630 was added to the supernatant at a final concentration of 2%. The supernatant 263 

was incubated on ice for 5 min, centrifuged at 18,000  g for 10 min at 4°C, and the final 264 

supernatant was harvested. 10% of the final supernatant was saved and used for extraction of 265 

total RNA. The final supernatant was immunoprecipitated using anti-GFP antibody bound to 266 

protein A Sepharose beads (Cat# P3391, Sigma-Aldrich) for 3 h at 4°C. After the beads were 267 

washed four times with high-salt lysis buffer [20 mM HEPES KOH (pH 7.4), 350 mM KCl, 10 268 

mM MgCl2 and 1% IGEPAL CA-630 in DEPC water] with 0.5 mM DTT, TRIzol reagent was 269 

immediately added to the beads. Rpl10a-bound GRM7 mRNA was isolated and analyzed by real-270 

time RT-PCR as described above. 271 
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 272 

Immunofluorescence microscopy 273 

Primary cortical neurons (DIV1) were plated on coverslips and transfected with mGlu7 and 274 

EGFP. Twenty-four hours after transfection, the neurons were treated with the indicated reagents 275 

for 24 h. At DIV3, the neurons were rinsed with PBS three times and fixed with 4% 276 

paraformaldehyde/4% sucrose for 15 min. After washing with PBS, the neurons were mounted 277 

on slides using ProLong antifade reagent (Cat# P7481, Thermo Fisher Scientific). For antibody 278 

staining, the fixed neurons were permeabilized with 0.25% Triton X-100 for 5 min and blocked 279 

in 10% normal goat serum (Cat# S-1000, Vector Laboratories) for 1 h at RT. The neurons were 280 

incubated overnight with primary antibodies at 4°C, washed with PBS three times, and incubated 281 

with Alexa Fluor secondary antibodies for 1 h at RT. Z-stacked maximum projection images 282 

were obtained using a Zeiss LSM 800 confocal microscope (RRID:SCR_015963). The length of 283 

the longest axon was analyzed by NeuronJ software (NIH). 284 

For the synaptic development assay, primary cultured hippocampal neurons were infected 285 

with lentivirus particles expressing human GRM7 WT or variants in the rescue construct at DIV1. 286 

After treatment with AMN082, the neurons were maintained for 16 days. At DIV17, neurons 287 

were fixed, permeabilized, and immunostained. Images of randomly selected neurons were 288 

acquired using a Zeiss LSM 800 confocal microscope with a 63  objective lens. All image 289 

settings remained constant during scanning. Z-stacked images were converted to maximal 290 

projections and used to analyze the density, size, and intensity of presynaptic puncta from the 291 

axons identified by SMI312 staining. Quantification was performed in a blind manner using 292 

Imaris software (Bitplane). Specifically, Z-stack images were analyzed with the FilamentTracer 293 

tool in auto depth mode. VGLUT1- or VGAT-positive puncta within 50 m axons were masked 294 



 

14 

 

using the Surface tool. The surface algorithm was used to calculate the number, area (size), and 295 

intensity of each puncta. 296 

 297 

LDH cytotoxicity assay 298 

The cell viability of primary cultured hippocampal neurons (DIV3 or DIV17) infected with virus 299 

was measured using a lactate dehydrogenase (LDH)-Cytotoxicity Colorimetric Assay Kit II 300 

(Cat# K313-500, BioVision) according to the manufacturer’s recommendations. The cytosolic 301 

LDH enzyme is released from damaged cells into the extracellular medium. Briefly, culture 302 

supernatants were harvested by centrifugation at 600  g for 10 min. Ten microliters of the 303 

collected supernatant was mixed with 100 L LDH reaction mixture and incubated for 30 min at 304 

RT. The reaction was stopped by the addition of 10 L stop solution. The absorbance was 305 

measured at 450 nm using a microplate reader (AT/Sunrise, TECAN). The cytotoxicity (%) was 306 

calculated according to the manufacturer’s guidelines. 307 

 308 

Neuron counting and viability 309 

The plated neurons (DIV3) were detached from the culture plate using 0.05% trypsin at 37°C for 310 

10 min. Equal volumes of suspended neurons were mixed with staining solution containing 1 311 

g/mL AO and 20 g/mL PI (Nexcelom Bioscience). AO stains all nucleated cells, whereas PI 312 

only stains dead nucleated cells with compromised membranes. Twenty microliters of stained 313 

neurons were loaded into a disposable Cellometer counting chamber and placed in a Cellometer 314 

K2 instrument (Nexcelom Bioscience) for automated counting and viability measurements. 315 

 316 

Statistical analysis 317 
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The data show the mean and the standard error of the mean (SEM) based on at least three 318 

independent experiments and are presented as a proportion of the control values. The 319 

significance of the differences between the mean values of the data sets was compared by 320 

Student’s paired t-test or one-way ANOVA followed by Tukey’s post hoc test or Bonferroni’s 321 

post hoc test using GraphPad Prism (RRID:SCR_002798) software. P-values < 0.05 were 322 

considered statistically significant. 323 

 324 

Results 325 

Pathogenic mGlu7 variant proteins are expressed at low levels in heterologous cells and 326 

neurons 327 

To investigate the functional effect of the GRM7 missense and nonsense variants, we first 328 

generated human GRM7 I154T, W586X, R622Q, and R658W/T675K (dual mutations) cDNA 329 

plasmids using site-directed mutagenesis. All mutant constructs were validated by Sanger 330 

sequencing. The amino acid Ile154 is located at the Venus flytrap domain (VFD) within the 331 

orthosteric ligand binding site. Trp586 is located at the end of the extracellular domain of mGlu7. 332 

Arg622 is located at the first intracellular loop. Arg658 is located in the first extracellular loop 333 

between the second and third transmembrane domains (TMs), and Thr675 is in the third TM (Fig. 334 

1A). When we expressed extracellular c-myc-tagged human GRM7 variants in HEK 293T cells, 335 

we found that the protein expression levels of mGlu7 I154T and R658W/T675K were markedly 336 

reduced to 11  1% or 5  0% of the WT level, respectively, whereas the R622Q level was not 337 

changed compared to the WT level (Fig. 1B; 
*p < 0.0001; n.s., p > 0.9999; n = 3, one-way 338 

ANOVA followed by Bonferroni’s post hoc test). Although W586X, a truncated nonsense mutant, 339 

does not contain any TMs, it was expressed at the expected size (~70 kDa) (Fig. 1B). Compared 340 
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to the reduced expression of mGlu7 I154T in the high molecular weight (HMW) dimer, the 341 

expression level of the low molecular weight (LMW) monomer of mGlu7 I154T was comparable 342 

to that of the WT protein (Fig. 1B). 343 

To evaluate the expression levels of the human GRM7 variants in neurons, we generated 344 

FHUW lentiviral constructs with endogenous mGlu7 expression knocked down by shRNA under 345 

the H1 promoter and expressed human GRM7 variants in the same construct downstream of the 346 

ubiquitin-C promoter (hereafter called the “rescue” construct) (Lois et al., 2002). The rescue 347 

constructs were used to express the GRM7 WT or mutants throughout this study. Consistent with 348 

the results from the HEK 293T cells, we found that the protein expression levels of GRM7 I154T 349 

and R658W/T675K were markedly reduced to 6  1% or 14  2% of the WT level in cortical 350 

neurons at DIV17, whereas the GRM7 R622Q expression level was not changed compared to the 351 

WT level (Fig. 1C; 
*p < 0.0001; n.s., p > 0.9999; n = 3, one-way ANOVA followed by 352 

Bonferroni’s post hoc test). To determine whether the low protein expression of the GRM7 353 

variants was caused by mRNA instability or transcription defects, a real-time RT-PCR assay was 354 

performed to determine the amount of exogenous myc-tagged GRM7-specific mRNA. We found 355 

that mRNA levels of the GRM7 variants were not significantly altered compared to that of the 356 

WT (Fig. 1D; 
*p = 0.0086; n.s., p > 0.9999, p > 0.9999, p = 0.9868, and p = 0.3959, respectively; 357 

n = 3, one-way ANOVA followed by Bonferroni’s post hoc test). Next, we examined the rate of 358 

GRM7 mRNA translation into protein using the translating ribosome affinity purification (TRAP) 359 

method (Doyle et al., 2008; Heiman et al., 2008; Heiman et al., 2014). EGFP-tagged Rpl10a, 360 

which encodes ribosomal protein L10a, was cotransfected with the GRM7 variants into HEK 361 

293T cells. Ribosomes bound to mRNA transcripts were selectively isolated by 362 

immunoprecipitation using anti-GFP antibody. After mRNA was isolated from ribosomes, the 363 
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amount of exogenous myc-GRM7-specific transcripts was determined by real-time RT-PCR. We 364 

found that ribosome-bound GRM7 mRNA levels were not significantly different in the WT and 365 

variants (Fig. 1E; Input, n.s., p = 0.2487 and p = 0.0902, respectively; TRAP, n.s., p > 0.9999; n 366 

= 3, one-way ANOVA followed by Bonferroni’s post hoc test), suggesting that the efficiency of 367 

the mRNA translation was not changed in the GRM7 variants. These results indicate that the 368 

reduction in mGlu7 variant proteins was primarily determined at the protein level, not at the 369 

mRNA level. 370 

 371 

mGlu7 variant proteins are degraded via the proteasomal and/or autophagosomal-372 

lysosomal degradation pathway 373 

To investigate the degradation pathway of mGlu7 variant proteins, we treated neurons 374 

expressing the variants with specific chemical inhibitors for 15 h: MG132 (5 M, a proteasome 375 

inhibitor), chloroquine (100 M, a lysosome inhibitor), and bafilomycin-A1 (100 nM, an 376 

autophagosome-lysosome fusion inhibitor). We found that treatment with MG132 significantly 377 

increased the expression levels of mGlu7 I154T and R658W/T675K (Fig. 2A). Treatment with 378 

chloroquine or bafilomycin-A1 also increased the expression level of I154T but not 379 

R658W/T675K, suggesting that mGlu7 I154T is degraded via proteasomes and 380 

autophagolysosomes, whereas mGlu7 R658W/T675K is degraded via proteasomes (Fig. 2A; 
*p = 381 

0.0012, 
**p < 0.0001, 

***p = 0.0010; n = 5, one-way ANOVA followed by Bonferroni’s post hoc 382 

test). The constitutive expression of WT mGlu7 was stable with a long half-life; therefore, 383 

treatment with degradation inhibitors had little effect on the expression level of mGlu7 WT.  384 

Since stable surface expression of mGlu7 has been shown to be important for bidirectional 385 

synaptic plasticity at mossy fiber (MF)–CA3 stratum lucidum interneuron (SLIN) synapses 386 
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(Pelkey et al., 2005; Suh et al., 2008), we examined the protein maturation and surface 387 

expression of mGlu7 variants in neurons. After expression of mGlu7 WT or variants in primary 388 

cortical neurons using rescue lentivirus, surface-expressed receptors were labeled with 389 

membrane-impermeable sulfo-NHS-SS-biotin and pulled down using streptavidin-agarose beads. 390 

The relative surface expression level of mGlu7 I154T, the ratio of surface band intensity to total 391 

band intensity, was reduced by 53  10% compared to that of WT and R622Q (Fig. 2B). In 392 

contrast, mGlu7 R658W/T675K was not expressed on the neuronal plasma membrane (Fig. 2B; 393 

*p = 0.0005, 
**p < 0.0001; n.s., p = 0.6595; n = 3, one-way ANOVA followed by Bonferroni’s 394 

post hoc test). To determine whether the lack of surface expression of mGlu7 R658W/T675K is 395 

caused by rapid endocytosis, we utilized DNM1-K44A, a dominant negative mutant of dynamin 396 

that inhibits clathrin-mediated endocytosis (Lee and De Camilli, 2002). Coexpression of DNM1-397 

K44A increased the surface and total expression of mGlu7 I154T but did not restore the lack of 398 

surface expression of mGlu7 R658W/T675K in HEK 293T cells (Fig. 2C). The surface 399 

expression of transferrin receptor (TfR), which is endocytosed by the clathrin-mediated pathway, 400 

was increased by the coexpression of DNM1-K44A (Fig. 2C). Next, we evaluated the maturation 401 

status of mGlu7 N-glycans using N-glycosidase enzymes. Glycosidase-sensitive proteins exhibit 402 

rapid electrophoretic gel mobility during SDS-PAGE (Lichnerova et al., 2015; Skrenkova et al., 403 

2018; Park et al., 2020). Endo Hf cleaves the “immature” type of N-glycans present in the ER or 404 

early Golgi apparatus but does not cleave the “mature” complex types of N-glycans present in 405 

the late Golgi or on the plasma membrane. PNGase F removes both the immature and mature 406 

forms of N-glycans. When we treated the lysates from cortical neurons expressing mGlu7 WT or 407 

variants with Endo Hf, mGlu7 WT and R622Q were resistant to Endo Hf, as indicated by 408 

identical gel mobility for the untreated samples in both dimer and monomer form (Fig. 2D). The 409 
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mGlu7 I154T dimer was Endo Hf-resistant (arrow), while the mGlu7 I154T monomer was an 410 

Endo Hf-sensitive immature form (arrowhead) (Fig. 2D). In contrast, mGlu7 R658W/T675K in 411 

both the dimer and monomer form was immature and sensitive to Endo Hf (Fig. 2D). These 412 

results indicate that mGlu7 WT, R622Q, and dimeric I154T contain mature N-glycans and are 413 

expressed on the neuronal surface plasma membrane, whereas neither mGlu7 R658W/T675K nor 414 

monomeric I154T are delivered to the neuronal surface and may exist in intracellular 415 

compartments such as the ER. 416 

 417 

mGlu7 variants regulate axon outgrowth during early neuronal development 418 

A recent study demonstrated that mGlu7 regulates the proliferation and differentiation of neural 419 

progenitor cells (NPCs) during early cortical development (Xia et al., 2015). Specifically, Grm7 420 

knockdown increased NPC proliferation and decreased neuronal differentiation and neurite 421 

outgrowth by inhibiting NPC exit from the cell cycle, leading to defective neuronal development 422 

in the cortex of mouse embryos (Xia et al., 2015). Consistent with this report, we observed that 423 

mGlu7 knockdown reduced axon outgrowth of DIV3 primary cultured neurons (Fig. 3A). 424 

Immunostaining with anti-neurofilament antibody (SMI312), which specifically labels the axonal 425 

process, shows that the longest neurites were axonal processes (Fig. 3A; 
*p < 0.0001; n = 3, total 426 

neurons > 38; Student’s unpaired t-test). 427 

This finding prompted us to examine the effect of the GRM7 variants on axon outgrowth 428 

in the primary cultured neurons. We expressed the GRM7 rescue variants in the DIV1 cultured 429 

hippocampal neurons. Forty-eight hours after transfection, the length of the longest neurite (axon 430 

branch) was measured based on the GFP signal. We found that the expression of mGlu7 WT 431 

increased the growth of axonal processes at DIV3 by approximately 2-fold, whereas the 432 
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expression of mGlu7 I154T, R658W/T675K, or W586X markedly reduced axon outgrowth 433 

compared to the effect of the control vector (~0.5-fold) and WT mGlu7 (~2.5-fold) (Fig. 3B). 434 

The expression of mGlu7 R622Q did not significantly alter axon outgrowth compared to the 435 

effect of WT expression (Fig. 3B; 
*p = 0.0012, 

**p = 0.0302, 
***p = 0.0034, 

#p = 0.0011, 
##p = 436 

0.0075; n = 3, total neurons > 31; one-way ANOVA followed by Tukey’s post hoc test). These 437 

results suggest that the degradation of mGlu7 causes defects in axon outgrowth during early 438 

neuronal development. 439 

 440 

mGlu7 activity regulates axon outgrowth and restores defects in axon outgrowth 441 

Next, we investigated the effects of mGlu7-specific agonists and antagonists on axon outgrowth 442 

of primary cultured neurons. We treated cultured DIV2 neurons with L-AP4 (200 M, a group III 443 

mGlu receptor agonist), AMN082 [1 M, an mGlu7-specific positive allosteric modulator 444 

(PAM)], MSOP (100 M, a group III mGlu receptor antagonist), or MMPIP (10 M, an mGlu7-445 

specific negative allosteric modulator) for 24 h. We found that L-AP4 and AMN082 increased 446 

axon outgrowth, whereas MSOP and MMPIP decreased axon outgrowth by approximately 2-fold 447 

(Fig. 4A; 
*p < 0.0001, 

**p = 0.0004, 
***p = 0.0348, 

#p = 0.0008; n = 3, total neurons > 25; one-448 

way ANOVA followed by Tukey’s post hoc test). Thus, along with the importance of mGlu7 449 

protein expression levels, the activity of mGlu7 is essential for axon outgrowth during early 450 

neuronal development. 451 

Since we observed an increase in axon outgrowth upon cell treatment with mGlu7 agonists, 452 

we investigated whether treatment with mGlu7 agonist can restore the impaired axon outgrowth 453 

by mGlu7 variants. We transfected mGlu7 WT, I154T, or R658W/T675K into cultured neurons 454 

and treated the neurons with 1 M AMN082 for 24 h. AMN082 did not significantly alter the 455 



 

21 

 

WT mGlu7-induced increase in axon outgrowth. However, the reduction in axon outgrowth by 456 

mGlu7 I154T was restored to the control level by treatment with AMN082, whereas the 457 

reduction by mGlu7 R658W/T675K was not restored (Fig. 4B; 
*p < 0.0001; WT, n.s., p = 0.7925, 458 

R658W/T675K, n.s., p = 0.9997; n = 3, total neurons > 29; one-way ANOVA followed by 459 

Tukey’s post hoc test). This difference is probably due to the availability of mGlu7 on the 460 

neuronal membrane surface, as mGlu7 I154T is expressed on the neuronal surface, but mGlu7 461 

R658W/T675K is not. 462 

 463 

mGlu7-mediated axon outgrowth is regulated through cytoskeletal organization via 464 

MAPK-cAMP-PKA signaling 465 

We examined whether mGlu7 is expressed in the growth cone, the tip of the axonal process of 466 

the primary cultured neurons. At DIV3, cortical neurons were immunostained with anti-mGlu7 467 

antibody (red) and TUJ1 (pseudoblue), an antibody that selectively labels the shaft of neurites 468 

and the central domain of the growth cone. The neurons were also labeled with phalloidin (green) 469 

to visualize filamentous actin (F-actin) present at the peripheral domain of the growth cone 470 

(Turlova et al., 2016). Confocal microscopy imaging revealed that mGlu7 is present in the 471 

central and peripheral domains of the growth cone and in the somata and axonal shaft (Fig. 5A). 472 

We transfected myc-mGlu7 into cortical neurons, which was immunostained with anti-myc 473 

antibody. The overexpression of myc-mGlu7 followed the same pattern as the distribution of 474 

endogenous mGlu7 (Fig. 5B). The distribution pattern of mGlu7 suggested that mGlu7 may play 475 

a role in axon outgrowth through microtubule dynamics and actin polymerization. 476 

To identify the molecular pathways involved in mGlu7-mediated axon outgrowth, we 477 

aimed to examine several pathways known to be involved in the function of group III mGlu 478 
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receptors including mGlu7. It was shown that group III mGlu receptors are coupled with the 479 

phosphatidylinositol-3 kinase (PI3K) and MAPK pathways of agonist-induced neuroprotection 480 

in cerebellar granule cells (Iacovelli et al., 2002; Wang et al., 2012). The MAPK kinase (MEK)-481 

extracellular signal-regulated kinase (ERK) signaling pathway is thought to be downstream of 482 

mGlu7 associated with beta-arrestins (Jiang et al., 2006; Gu et al., 2012; Iacovelli et al., 2014; 483 

Lee et al., 2019). Src is involved in the group III mGlu receptor-mediated ERK activation in 484 

midbrain neurons and heterologous cells (Iacovelli et al., 2004; Jiang et al., 2006). Protein kinase 485 

C (PKC), which is associated with protein interacting with C-kinase 1 (PICK1), plays essential 486 

roles in the stabilization of mGlu7 on the neuronal surface (Dev et al., 2000; Pelkey et al., 2005; 487 

Suh et al., 2008; Suh et al., 2018). mGlu7 regulates P/Q-type calcium channels and glutamate 488 

release via a phospholipase C (PLC)-dependent pathway in cerebellar granular cells and 489 

hippocampus (Perroy et al., 2000; Perroy et al., 2002; Martín et al., 2007; Martin et al., 2010). 490 

Thus, we screened a series of chemical reagents at the following concentrations: H89 (10 M, a 491 

PKA inhibitor), PD98059 (50 M, an MEK inhibitor), LY294002 (50 M, a PI3K inhibitor), 492 

KN93 (10 M, a CaMKII inhibitor), PP2 (25 M, a Src family kinase inhibitor), Go6976 (200 493 

nM, a PKC inhibitor), U73122 (2 M, a PLC inhibitor), FK506 (1 M, a calcineurin inhibitor), 494 

and nocodazole (100 nM, a microtubule polymerization inhibitor) in the presence of the mGlu7 495 

agonist L-AP4. We found that H89, PD98059, and nocodazole inhibited the agonist-induced 496 

increase in axonal outgrowth in the cultured neurons, while the other reagents had no effect (Fig. 497 

5C; 
*p < 0.0001; n = 3, total neurons > 27; one-way ANOVA followed by Tukey’s post hoc test). 498 

Treatment with these reagents alone had no effect on axon outgrowth (Fig. 5D; 
*p < 0.0001; H89, 499 

n.s., p = 0.9572, PD98059, n.s., p = 0.8670, Noc, n.s., p = 0.9987; n = 3, total neurons > 25; one-500 

way ANOVA followed by Tukey’s post hoc test). We further screened the following chemical 501 
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reagents in the presence of the mGlu7 antagonist MMPIP: paclitaxel (3 nM, a microtubule 502 

disassembly inhibitor), latrunculin A (100 nM, an actin polymerization inhibitor), db-cAMP (500 503 

M, a cAMP analog), forskolin (3 M, an adenylyl cyclase activator), and PMA (3 M, a PKC 504 

activator). Treatment with paclitaxel, latrunculin A, db-cAMP, or forskolin restored the 505 

antagonist-induced decrease in axon outgrowth, whereas PMA did not restore it (Fig. 6A; 
*p < 506 

0.0001, 
**p = 0.0003; n.s., p > 0.9999; n = 3, total neurons > 28; one-way ANOVA followed by 507 

Tukey’s post hoc test). Although we were unable to observe the effect of these reagents alone on 508 

axon outgrowth under our experimental conditions (Fig. 6B), it has often been reported that these 509 

reagents can affect axon outgrowth (Qiu et al., 2002; Yamada et al., 2005; Aglah et al., 2008; 510 

Shelly et al., 2010; Batty et al., 2017). Thus, we tested the effect of these reagents on axon 511 

outgrowth at higher concentrations. We observed that axon outgrowth increased only when these 512 

reagents were treated at more than twice the concentration we had originally used, as shown in 513 

Figure 6A (6 nM paclitaxel, 200 nM latrunculin A, or 1 mM db-cAMP) (Fig. 6B; 
*p = 0.0121, 

**p 514 

= 0.0233, 
***p < 0.0001; paclitaxel, n.s., p > 0.9999, LacA, n.s., p = 0.7163, db-cAMP, n.s., p = 515 

0.8515; n = 3, total neurons > 30; one-way ANOVA followed by Tukey’s post hoc test). Taken 516 

together, microtubule polymerization and actin depolymerization through MAPK-cAMP-PKA 517 

signaling were required for mGlu7-mediated axon outgrowth. 518 

 519 

Impaired axon outgrowth by mGlu7 variants is restored by cAMP-elevating agents or 520 

cytoskeletal drugs 521 

Next, we tested whether specific signaling can restore defective axon outgrowth by mGlu7 522 

variants. Treatment with paclitaxel, latrunculin A, or db-cAMP reversed the reduced axonal 523 

outgrowth induced by mGlu7 I154T or R658W/T675K (Fig. 7A; 
*p < 0.0001; paclitaxel, n.s., p = 524 
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0.8526, LacA, n.s., p = 0.9979, db-cAMP, n.s., p = 0.9616; n = 3, total neurons > 30; one-way 525 

ANOVA followed by Tukey’s post hoc test). In addition, treatment with these reagents also 526 

reversed the reduced axon outgrowth induced by mGlu7 knockdown, but PMA did not restore it 527 

(Fig. 7B; 
*p < 0.0001, 

**p = 0.0002; n.s., p = 0.9892; n = 3, total neurons > 23; one-way ANOVA 528 

followed by Tukey’s post hoc test). To confirm that cAMP influences the extent of axon 529 

outgrowth by mGlu7 variants, we treated the cultured neurons with rolipram, a selective 530 

phosphodiesterase 4 (PDE4) inhibitor that suppresses cAMP breakdown. We found that rolipram 531 

had little effect on axon outgrowth in the vector control but reversed the reduced axonal 532 

outgrowth induced by mGlu7 I154T or R658W/T675K (Fig. 8A; 
*p < 0.0001; n.s., p = 0.5591; n 533 

= 3, total neurons > 30; one-way ANOVA followed by Tukey’s post hoc test). Because mGlu7 is 534 

coupled with heterotrimeric G i/o protein, we tested whether G i/o protein is an upstream 535 

signaling mediator critical for axon outgrowth. We treated cortical neurons with pertussis toxin 536 

(PTX), which catalyzes the ADP-ribosylation of G i/o and prevents its interaction with GPCRs. 537 

PTX treatment had no effects on agonist-induced axon outgrowth (Fig. 8B; *p < 0.0001, 
**p = 538 

0.0041, 
***p = 0.0085; n = 3, total neurons > 37; one-way ANOVA followed by Tukey’s post hoc 539 

test), suggesting that the G i/o-independent pathway is involved in mGlu7-mediated axon 540 

outgrowth. In addition, when we treated neurons with PD98059 in the presence of rolipram, 541 

PD98059 no longer inhibited agonist-induced axon outgrowth (Fig. 8C; 
*p < 0.0001; n.s., p = 542 

0.7828; n = 3, total neurons > 33; one-way ANOVA followed by Tukey’s post hoc test). Taken 543 

together, MAPK, but not the G i/o protein, is an upstream signaling mediator of the cAMP in 544 

regulating mGlu7-mediated axon outgrowth (Gao et al., 2003; Dumaz and Marais, 2005). 545 

 546 

The number of mature synapses is reduced by the early expression of the GRM7 variants 547 



 

25 

 

We questioned whether defects in early neuronal development could lead to impairment of 548 

synapse development in mature neurons. Primary cultured hippocampal neurons (DIV1) were 549 

infected with rescue lentivirus expressing the mGlu7 WT or variants and maintained for 2 weeks. 550 

At DIV17, excitatory or inhibitory synapses were visualized by immunostaining VGLUT1 or 551 

VGAT, which are excitatory or inhibitory presynaptic terminal markers, respectively. We 552 

analyzed the number, size, and intensity of VGLUT1- or VGAT-positive puncta distributed along 553 

the SMI312-positive axon branch. The number of both VGLUT1- and VGAT-positive synapses 554 

was markedly reduced by approximately 2-fold for the neurons expressing mGlu7 I154T or 555 

mGlu7 R658W/T675K compared to those expressing WT mGlu7 (Fig. 9A,B). The size and 556 

intensity of the VGLUT1- or VGAT-positive puncta did not change significantly (Fig. 9A,B). In 557 

particular, consistent with the effect of the agonists on axon outgrowth, treatment with AMN082 558 

at DIV2 restored the number of VGLUT1- and VGAT-positive puncta in the mature neurons 559 

(DIV17) expressing mGlu7 I154T (Fig. 9A,B). However, treatment with AMN082 failed to 560 

restore the number of synapses that had been reduced by mGlu7 R658W/T675K, which is not 561 

expressed on the neuronal surface membrane (Fig. 9A,B) (Fig. 9A; number, 
*p < 0.0001; WT, n.s., 562 

p = 0.8688, R658W/T675K, n.s., p = 0.9378; size, n.s., p = 0.2109, p = 0.7541, p = 0.9984, p = 563 

0.9678, and p = 0.8407, respectively; intensity, n.s., p = 0.9971, p > 0.9999, p = 0.0653, p = 564 

0.0684, and p = 0.0855, respectively; Fig. 9B; number, 
*p < 0.0001; WT, n.s., p = 0.4210, 565 

R658W/T675K, n.s., p = 0.9907; size, n.s., p = 0.8363, p = 0.8780, p = 0.0587, p = 0.0759, and p 566 

= 0.2405, respectively; intensity, n.s., p = 0.9989, p > 0.9999, p = 0.1494, p = 0.8129, and p = 567 

0.5573, respectively; n = 3; one-way ANOVA followed by Tukey’s post hoc test). To determine if 568 

changes in the number of mature synapses were due to neuronal cell death, we performed an 569 

LDH-cytotoxicity colorimetric assay. We confirmed that neither mGlu7 knockdown nor the 570 
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expression of mGlu7 WT or mutants caused changes in cell viability (Fig. 9C; DIV3, n.s., p > 571 

0.9999, DIV17, n.s., p > 0.9999; n = 3, one-way ANOVA followed by Bonferroni’s post hoc test). 572 

In addition, we counted the number of virus-infected neurons (DIV3) using the fluorescent 573 

automated cell counter Cellometer K2. The neurons were trypsinized, and thereafter stained with 574 

AO and PI to label all nucleated neurons and dead nucleated neurons, respectively. We found that 575 

~5% of neurons were dead among both uninfected and virus-infected neurons, but there was no 576 

significant difference in the number of live or dead neurons following infection with mGlu7 577 

knockdown or mutant virus (Fig. 9D; live neurons, n.s., p > 0.9999, dead neurons, n.s., p > 578 

0.9999; n = 4, one-way ANOVA followed by Bonferroni’s post hoc test). These results indicate 579 

that neuronal viability was not altered by infection with mGlu7 knockdown or mutant virus. 580 

 581 

Discussion 582 

Neurite outgrowth and synapse formation during early brain development are fundamental 583 

processes for establishing functional neural circuits. Abnormal synapse assembly leads to circuit 584 

dysfunction, brain malformation, and NDDs. Early pharmacological interventions targeting 585 

glutamate receptors have successfully ameliorated synaptic and social deficits in animal models 586 

(Washbourne, 2015; Berry-Kravis et al., 2018). In the present study, we demonstrate that GRM7 587 

is a candidate gene and a potential target for the therapeutic intervention of NDDs. Rare biallelic 588 

variants in GRM7 have been identified in six consanguineous families with NDDs, including 589 

three families recently characterized (Marafi et al., 2020). These patients commonly share 590 

clinical neurological phenotypes such as DD/ID, early onset seizures, and microcephaly, 591 

suggesting GRM7 as a candidate gene for autosomal recessive NDDs (Charng et al., 2016; 592 

Reuter et al., 2017; Marafi et al., 2020). Using mutation information from these published studies, 593 
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we demonstrate that mGlu7 is essential for axon outgrowth during early neuronal development. 594 

We show that the I154T and R658W/T675K missense mutations in GRM7 cause rapid 595 

degradation of the mGlu7 protein via proteasomes and/or autophagosomes-lysosomes. The 596 

degradation of mGlu7 variant proteins prevents axon outgrowth via the impairment of the 597 

MAPK-cAMP-PKA signaling pathway accompanied by dysregulation of cytoskeletal dynamics 598 

in primary cultured neurons. In addition, impaired axon outgrowth results in defect in 599 

presynaptic terminal development in mature excitatory and inhibitory synapses. Of particular 600 

interest, the defects caused by GRM7 I154T in axon outgrowth and presynaptic terminal 601 

development can be reversed by the activation of mGlu7 with an agonist, whereas the defects 602 

caused by GRM7 R658W/T675K are not due to its lack of surface expression (Fig. 10). 603 

The mGlu7 I154T and R658W/T675K proteins show the same pathological phenotype, but their 604 

degradation pathways are different. The R658W/T675K protein was preferentially degraded via 605 

proteasomes, whereas the I154T protein was degraded via both proteasomes and 606 

autophagosomes-lysosomes. Although there was a marked reduction in the protein expression 607 

levels of both mGlu7 I154T and R658W/T675K, mGlu7 I154T was delivered to the surface of 608 

the plasma membrane, but R658W/T675K was not. Recently, we reported that ubiquitinated 609 

mGlu7 on the neuronal surface is degraded by both proteasomes and lysosomes (Lee et al., 2019). 610 

Because mGlu7 I154T was detected on the neuronal surface and its protein level was increased 611 

by blocking clathrin-mediated endocytosis, we propose that surface-expressed mGlu7 I154T is 612 

degraded via both proteasomes and lysosomes. However, neither mGlu7 R658W/T675K nor 613 

monomeric mGlu7 I154T was expressed on the neuronal surface, so misfolded mGlu7 614 

R658W/T675K or I154T might be retained in the ER and trigger ER-associated protein 615 

degradation (ERAD) by cytosolic proteasomes. 616 
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We demonstrated that the mGlu7 protein expression level affects axon outgrowth in early 617 

neuronal development. It has been shown that the genetic reduction of GRM7 is associated with 618 

the development of RTT, a type of NDD caused by loss-of-function mutations in the MECP2 619 

gene (Bedogni et al., 2016; Gogliotti et al., 2017; Fisher et al., 2018b; Fisher et al., 2018a). These 620 

reports showed that the mGlu7 protein expression level was reduced in the brains of RTT 621 

patients and Mecp2-null mice, which was attributed to the loss of mGlu7 mRNA transcription as 622 

regulated by MeCP2. In utero electroporation experiments revealed that embryonic Mecp2 623 

knockdown impaired the migration of cortical neurons, which is a morphological change similar 624 

to that observed in a study of mGlu7-knockdown neurons (Xia et al., 2015; Bedogni et al., 2016). 625 

Because we observed a profound reduction in the protein expression in the GRM7 variants, the 626 

pathological phenotype of these GRM7 variants is likely attributable to the loss-of-function of 627 

mGlu7. However, since mGlu7 variants was partially expressed compared to the endogenous 628 

mGlu7 (Fig. 1C), we cannot exclude the possibility that mGlu7 variants may deliver a dominant-629 

negative signal that is detrimental to early neuronal development. In addition to the protein 630 

expression level of mGlu7, using agonists or antagonists, we showed that the degree of mGlu7 631 

activation is closely correlated with axonal outgrowth. The surface expression levels of mGlu7 632 

I154T or R658W/T675K were significantly reduced or deficient, respectively (Fig. 2B). These 633 

findings indicate that proper surface expression of mGlu7 during the early developmental stage 634 

is essential for neuronal development and synapse formation. 635 

We were not able to observe any phenotypic change by GRM7 R622Q, a heterozygous 636 

point mutation found in ASD patients. In addition, heterozygous deletions (exon 2 or exons 3-7) 637 

in coding sequences of GRM7 have been identified in ASD patients (Gai et al., 2012; Sanders et 638 

al., 2012; Iossifov et al., 2014; Liu et al., 2015; Fisher et al., 2018a). Deletion of exon 2 or exons 639 



 

29 

 

from 3 to 7 will cause a frameshift in the GRM7 coding sequence, resulting in a truncated mGlu7 640 

protein of 181 or 252 amino acids, respectively. Since we found defective axon outgrowth by 641 

GRM7 W586X, a homozygous deletion found in two patients with DD/ID and brain 642 

malformation (Reuter et al., 2017), these ASD-related deletions may lead to the same phenotype 643 

as acquired by GRM7 W586X in vitro. Thus, the GRM7 gene dosage may manifest the different 644 

phenotype in vivo as either ASD or DD/ID. Homozygous loss-of-function mutations in GRM7 645 

can cause DD/ID with brain malformation, while heterozygous loss-of-function mutations with a 646 

dominant-negative effect on neuronal development may lead to ASD in vivo. The phenotypes 647 

unique to ASD may not be detected by our analysis because the molecular pathways in ASD 648 

differ from those in DD/ID and brain anomalies. 649 

Our study suggests that aberrant GRM7 function may be one of the possible molecular 650 

pathways for NDD development (Fig. 10). Using a series of signaling inhibitors, we report that 651 

the MAPK-cAMP-PKA signaling and cytoskeletal dynamics are defective in the GRM7 variants. 652 

In particular, mGlu7-dependent MAPK signaling, but not G protein signaling, appears to be a 653 

candidate pathway for the development of NDDs. Our previous study showed that -arrestin 2 654 

complexed with Nedd4 regulates mGlu7-mediated ERK signaling in primary cultured neurons 655 

(Lee et al., 2019). It has also been reported that -arrestin 2 modulates Raf-MEK-ERK signaling 656 

of mGlu5, independent of G q-mediated signaling (Stoppel et al., 2017). Consistent with our 657 

discovery that MAPK is upstream of cAMP-PKA, activated ERK was shown to increase cAMP 658 

signaling by inhibiting PDE4 (Gao et al., 2003). Furthermore, accumulating evidence indicates 659 

that cAMP can regulate axon outgrowth via cytoskeleton remodeling (Qiu et al., 2002; Yamada 660 

et al., 2005; Aglah et al., 2008; Shelly et al., 2010; Batty et al., 2017). We show that defective 661 

axon outgrowth by mGlu7 variants can be reversed by modifying cytoskeleton dynamics; 662 
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therefore, we propose a model in which the dysregulated MAPK-cAMP-PKA-cytoskeleton 663 

dynamics is a central signaling pathway for the impairment of axon outgrowth and synapse 664 

development by the GRM7 variants (Fig. 10). 665 

Several studies on mGlu7-knockout mice have shown that mGlu7 is involved in cognitive 666 

function, social behavior, motor coordination, epilepsy, depression, and anxiety. These behavioral 667 

phenotypes overlap with the phenotypes characteristic of human NDDs (Palazzo et al., 2016; 668 

Fisher et al., 2020). Specifically, mGlu7-knockout mice exhibited diminished short-term 669 

plasticity in the hippocampus and impairment in short-term working memory and spatial learning 670 

(Bushell et al., 2002; Hölscher et al., 2004; Goddyn et al., 2015). mGlu7-knockout mice also 671 

showed anxiolytic and antidepressant behavior, delayed extinction of a conditioned fear response, 672 

deficits in motor coordination and strength, and increased seizure susceptibility (Masugi et al., 673 

1999; Sansig et al., 2001; Cryan et al., 2003; Callaerts-Vegh et al., 2006; Fisher et al., 2020). 674 

Although our data and another study support morphological changes by acute mGlu7 knockdown 675 

in primary cultured neurons and mouse embryos (Xia et al., 2015), the mGlu7-knockout mice do 676 

not display any brain malformation, such as microcephaly or cortical atrophy, which is observed 677 

in patients with the GRM7 variants. Although the scenario remains unclear because human and 678 

mouse mGlu7 proteins are highly homologous (99.5% identical), but we postulate the following 679 

explanations for this discrepancy. First, the mGlu7-mutant proteins, in addition to the effect of 680 

loss-of-function, may transmit detrimental signals during early neuronal development. Second, 681 

mGlu7 may be less critical for early neuronal development in mice than it is in humans. Third, 682 

mGlu7-knockout neurons are more likely to compensate for mGlu7 loss than acute knockdown 683 

neurons. 684 
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It was shown that mGlu7 PAMs restore mGlu7-mediated altered synaptic transmission, 685 

deficits of long-term potentiation at Schaffer Collateral (SC)–CA1 synapses, and attenuated 686 

social and cognitive behaviors in the RTT mouse model (Jalan-Sakrikar et al., 2014; Gogliotti et 687 

al., 2017; Fisher et al., 2018a). We show that mGlu7 activation by AMN082, the first selective 688 

PAM for mGlu7, restores the defects of axon outgrowth and synapse development if mGlu7 is 689 

expressed on the neuronal surface plasma membrane. Therefore, modulation of mGlu7 activity 690 

and stabilization of mGlu7 on the neuronal surface are promising therapeutic targets for 691 

controlling DD/ID phenotypes in NDDs, including RTT (Fisher et al., 2018a). Further cell type-692 

specific genetic analysis on the role of the GRM7 variants will be required to understand the 693 

pathophysiology of the GRM7-related NDDs. 694 
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Figure legends 901 

Figure 1. Expression of human GRM7 variants identified in NDD patients. A, A schematic 902 

diagram shows the location of the GRM7 pathological variants identified in NDD patients. B, 903 

HEK 293T cells were transfected with myc-tagged human mGlu7 WT, R622Q, I154T, 904 

R658W/T675K, or W586X. Western blotting was performed with anti-myc or anti-mGlu7 905 

antibodies. Note that the epitope of the anti-mGlu7 antibody is located at the extreme C-terminus 906 

of mGlu7a; therefore, the anti-mGlu7 antibody did not recognize W586X, a truncated mutant of 907 

mGlu7. The HMW (high molecular weight, >200 kDa) and LMW (low molecular weight, ~100 908 

kDa) forms of mGlu7 are labeled. Vec, vector control. Bar graph with scatter plots represent the 909 

means ± SEM of the expression levels of HMW myc-mGlu7. n.s., not significant. C, Lentivirus-910 

mediated rescue expression of human myc-mGlu7 WT and variants. Endogenous rat mGlu7 was 911 

knocked down by shRNA, and human myc-mGlu7 WT, R622Q, I154T, R658W/T675K, or 912 

W586X were expressed with the same vector in DIV10 cortical neurons. At DIV17, western 913 

blotting was performed with the indicated antibodies. Asterisks denote nonspecific bands. Bar 914 

graph with scatter plots represent the means ± SEM of the expression levels of HMW myc-915 

mGlu7. n.s., not significant. D, Following lentivirus-mediated infection, the mRNA expression 916 

levels of GRM7 WT or mutants in DIV3 cortical neurons were analyzed by real-time RT-PCR. 917 

Relative mRNA expression was calculated by the 2
- CT

 method using GAPDH as an internal 918 

control. Bar graph with scatter plot represents means ± SEM. n.s., not significant. E, The 919 

efficiency of GRM7 mRNA translation was analyzed by TRAP assay. EGFP-tagged Rpl10a was 920 

cotransfected with the GRM7 variants into HEK 293T cells. The cell lysates were 921 

immunoprecipitated with anti-GFP antibody, and the bound mRNA was isolated. The amount of 922 

GRM7 mRNA bound to ribosomes was determined by a real-time RT-PCR assay. Input indicates 923 



 

37 

 

the amount of total GRM7 mRNA. Bar graph with a scatter plot represents the means ± SEM. 924 

n.s., not significant. 925 

 926 

Figure 2. Degradation pathways and surface expression of mGlu7 pathological variants. A, 927 

Primary cortical neurons were infected with rescue lentivirus expressing human myc-mGlu7 WT, 928 

I154T, or R658W/T675K. At DIV17, cortical neurons were incubated with 5 M MG132, 100 929 

M chloroquine (CQ), or 100 nM bafilomycin-A1 (Baf-A1) for 15 h. Expression of exogenous 930 

mGlu7 was analyzed by western blotting. LC3B and ubiquitin (Ub) blotting was performed to 931 

confirm the integrity of the assay. Bar graph with scatter plot represents the means ± SEM 932 

normalized to the vehicle band intensity. B, Neuronal surface expression of mGlu7 variants was 933 

examined by a cell surface biotinylation assay. Cortical neurons were infected with rescue 934 

lentiviruses expressing myc-mGlu7 WT, R622Q, I154T, or R658W/T675K. At DIV17, the 935 

neurons were biotinylated using membrane-impermeable sulfo-NHS-SS-biotin and pulled down 936 

using streptavidin-agarose resin. Western blotting was carried out using the indicated antibodies. 937 

The short exposed blot to X-ray film is presented for the myc-mGlu7 WT and R622Q. Na
+
/K

+
 938 

ATPase 1 blot indicates a loading control for total and surface-expressed receptors, and -939 

tubulin blot shows the integrity of the assay. Bar graph with scatter plot represents a ratio of 940 

surface-to-total expression levels and is displayed as the means ± SEM normalized to the WT 941 

level. n.s., not significant. C, EGFP-DNM1-K44A was cotransfected with myc-mGlu7 WT, 942 

I154T, or R658W/T675K in HEK 293T cells. Thirty-six hours after transfection, the surface-943 

expressed receptors were analyzed by a cell surface biotinylation assay. TfR, transferrin receptor. 944 

D, Gel migration properties of the Endo Hf- or PNGase F-treated mGlu7 variants. Cortical 945 

neurons were infected by rescue lentivirus expressing myc-mGlu7 WT, R622Q, I154T, or 946 
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R658W/T675K. At DIV17, neuronal lysates were immunoprecipitated with anti-myc antibody. 947 

The immunoprecipitates were incubated overnight with Endo Hf or PNGase F at 37 C and 948 

subjected to western blotting using anti-myc antibody. Arrow, Endo Hf-resistant mature mGlu7; 949 

arrowhead, Endo Hf-sensitive immature mGlu7. 950 

 951 

Figure 3. The expression of mGlu7 shRNA or pathological variants inhibits axon outgrowth 952 

during early neuronal development. A, Cortical neurons (DIV1) were transfected with lentiviral 953 

vector harboring control (Ctl) shRNA or mGlu7 shRNA. The longest neurite was confirmed to 954 

be an axonal branch by immunostaining with SMI312, a specific marker for axons. The length of 955 

the longest axons was measured using NeuronJ software. Scale bar, 50 m. Scatter plots 956 

represent the means ± SEM. B, Hippocampal neurons (DIV1) were transfected with the rescue 957 

constructs in which mGlu7 shRNA and myc-mGlu7 WT-IRES-EGFP or myc-mGlu7 variant-958 

IRES-EGFP were expressed in the same vector. Because the GFP signal in a bicistronic IRES-959 

EGFP construct was weak, neurons (DIV3) were stained with anti-GFP and then Alexa Fluor 488 960 

secondary antibodies. Representative images of these GFP signals are displayed in black. Scale 961 

bar, 50 m. Scatter plots represent the means ± SEM. 962 

 963 

Figure 4. The impaired axon outgrowth by mGlu7 variants is restored by treatment with mGlu7 964 

agonists. A, After primary hippocampal neurons (DIV1) were transfected with EGFP, an mGlu7 965 

agonist (200 M L-AP4, 1 M AMN082) or antagonist (100 M MSOP, 10 M MMPIP) was 966 

administered for 24 h. At DIV3, axonal outgrowth was visualized by confocal microscopy. Scale 967 

bar, 50 m. Scatter plots represent the means ± SEM. B, Control vector (Vec), mGlu7 WT, I154T, 968 

or R658W/T675K rescue construct was cotransfected with EGFP into primary cortical neurons 969 
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(DIV1). Twenty-four hours after transfection, the neurons were treated with AMN082 for 24 h. 970 

At DIV3, the neurons were fixed and visualized by confocal microscopy. Scale bar, 50 m. 971 

Scatter plots represent the means ± SEM. n.s., not significant. 972 

 973 

Figure 5. mGlu7-dependent axon outgrowth is regulated by the MAPK-cAMP-PKA pathway 974 

and microtubule dynamics. A, Localization of endogenous mGlu7 in early developing cortical 975 

axons. Cortical neurons (DIV3) were permeabilized and coimmunostained with rabbit anti-976 

mGlu7 and mouse TUJ1 antibodies. After washing, the neurons were stained with anti-rabbit 977 

Alexa Fluor 568 or anti-mouse Alexa Fluor 647 secondary antibodies. F-actin was visualized 978 

with Alexa Fluor 488 phalloidin. The enlarged image reveals endogenous mGlu7 on the axonal 979 

shaft and tip of the growth cone. Scale bar, 20 m. B, Human myc-mGlu7 cDNA was transfected 980 

into DIV1 cortical neurons. At DIV3, the distribution of mGlu7 was evaluated, as shown in panel 981 

A, using anti-myc and TUJ1 antibodies. Scale bar, 20 m. C, The mGlu7 agonist-induced 982 

increase in axon outgrowth was abolished by treatment with a PKA inhibitor, MEK inhibitor, or 983 

microtubule polymerization inhibitor. After hippocampal neurons (DIV1) were transfected with 984 

EGFP, the neurons were treated with L-AP4 for 24 h in the presence of the following inhibitors: 985 

H89 (10 M), PD98059 (50 M), LY294002 (50 M), KN93 (10 M), PP2 (25 M), Go6976 986 

(200 nM), U73122 (2 M), FK506 (1 M), or nocodazole (Noc, 100 nM). At DIV3, axon 987 

outgrowth was visualized by confocal microscopy, and axon length was measured by NeuronJ 988 

software. Scale bar, 50 m. Scatter plots represent the means ± SEM. D, The effect on axon 989 

outgrowth by the reagents involved in the mGlu7 signaling pathway. mGlu7 agonist L-AP4 990 

increased axonal outgrowth at DIV3, whereas treatment with the indicated reagents alone did not 991 
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affect axon outgrowth. Scale bar, 50 m. Scatter plots represent the means ± SEM. n.s., not 992 

significant. 993 

 994 

Figure 6. Impaired axon outgrowth induced by mGlu7 antagonist is regulated by cytoskeletal 995 

dynamics and cAMP signaling. A, mGlu7 antagonist-induced decrease in axon outgrowth was 996 

reversed by treatment with a microtubule disassembly inhibitor, actin polymerization inhibitor, 997 

cAMP analog, or adenylyl cyclase activator. The neurons were treated with MMPIP for 24 h in 998 

the presence of the following reagents: paclitaxel (3 nM), latrunculin A (LacA, 100 nM), db-999 

cAMP (500 M), forskolin (3 M), or PMA (3 M). Scale bar, 50 M. Scatter plots represent the 1000 

means ± SEM. n.s., not significant. B, Dose-dependent effect of the reagents on axon outgrowth. 1001 

Cortical neurons (DIV1) were transfected with EGFP. Twenty-four hours after transfection, the 1002 

neurons were treated with paclitaxel, LacA, or db-cAMP at the indicated concentration for 24 h. 1003 

Scale bar, 50 m. Scatter plots represent the means ± SEM. n.s., not significant. 1004 

 1005 

Figure 7. The impaired axon outgrowth by mGlu7 variants or knockdown is restored by 1006 

adjusting dysregulated cytoskeletal dynamics or cAMP signaling. A, Cortical neurons (DIV1) 1007 

were cotransfected with EGFP and control vector (Vec), mGlu7 I154T, or R658W/T675K rescue 1008 

construct. Twenty-four hours after transfection, the neurons were treated with the indicated 1009 

reagents for 24 h. At DIV3, axonal outgrowth was visualized by confocal microscopy and 1010 

measured by NeuronJ software. Scale bar, 50 m. Scatter plots represent the means ± SEM. n.s., 1011 

not significant. B, Hippocampal neurons (DIV1) were transfected with lentiviral vector 1012 

harboring control (Ctl) shRNA or mGlu7 shRNA. Twenty-four hours after transfection, the 1013 
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neurons were treated with the indicated reagents for 24 h. Scale bar, 50 m. Scatter plots 1014 

represent the means ± SEM. n.s., not significant. 1015 

 1016 

Figure 8. mGlu7-mediated axon outgrowth is regulated by the MAPK-cAMP pathway, but is 1017 

independent of the G i pathway. A, Cortical neurons (DIV1) were cotransfected with EGFP and 1018 

the control vector (Vec), mGlu7 I154T or R658W/T675K rescue constructs in the absence or 1019 

presence of rolipram (500 nM). At DIV3, axonal outgrowth was visualized by confocal 1020 

microscopy and measured by NeuronJ software. Scale bar, 50 m. Scatter plots represent the 1021 

means ± SEM. n.s., not significant. B, mGlu7-mediated axon outgrowth is not related to the G i 1022 

signaling pathway. After cortical neurons (DIV1) were transfected with EGFP, the neurons were 1023 

treated with AMN082 in the presence or absence of 2, 4, or 10 g/mL PTX, an inhibitor of G  1024 

subunits of the heterotrimeric G protein. At DIV3, axonal outgrowth was visualized by confocal 1025 

microscopy. Scale bar, 50 m. Scatter plots represent the means ± SEM. C, MAPK is an 1026 

upstream mediator of cAMP in mGlu7-mediated axon outgrowth. After transfection with EGFP, 1027 

the cortical neurons (DIV1) were treated with MEK inhibitor (PD98059) and/or 500 nM 1028 

rolipram, a PDE inhibitor that suppresses cAMP degradation, in the absence or presence of the 1029 

mGlu7 agonist AMN082. At DIV3, axonal outgrowth was visualized by confocal microscopy. 1030 

Scale bar, 50 m. Scatter plots represent the means ± SEM.  1031 

 1032 

Figure 9. Presynaptic terminal development is deficient upon expression of the mGlu7 rescue 1033 

variants, and AMN082 restores the defect induced by mGlu7 I154T. A, Hippocampal neurons 1034 

(DIV1) were infected with rescue lentivirus expressing mGlu7 WT, I154T, or R658W/T675K. 1035 

Twenty-four hours after infection, the neurons were treated with AMN082. At DIV17, the 1036 
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neurons were permeabilized and immunostained with anti-VGLUT1 (red) and SMI312 (pseudo 1037 

blue) antibodies. Scale bar, 10 m. Bar graphs show a summary of the effects of mGlu7 variants 1038 

on the number of VGLUT1-positive puncta per 10 m axon (left), size of the VGLUT1-positive 1039 

puncta (middle), and intensity of the VGLUT1-positive puncta (right). The number in the bar 1040 

indicates the total number of neuron analyzed. AU, arbitrary unit. Bar graphs represent means ± 1041 

SEM. n.s., not significant. B, Hippocampal neurons were infected as shown in panel A and 1042 

immunostained with anti-VGAT (red) and SMI312 (pseudo blue) antibodies. Scale bar, 10 m. 1043 

Summary graphs show the effect of the GRM7 variants on the number of VGAT-positive puncta 1044 

per 10 m axon (left), size of the VGAT-positive puncta (middle), and intensity of the VGAT-1045 

positive puncta (right). The number in the bar indicates the total number of neuron analyzed. AU, 1046 

arbitrary unit. Bar graphs represent means ± SEM. n.s., not significant. C, Cell viability was 1047 

measured using an LDH cytotoxicity colorimetric assay in DIV3 (left panel) or DIV17 (right 1048 

panel) hippocampal neurons infected with the indicated virus. Bar graph with scatter plots 1049 

represent the means ± SEM. n.s., not significant. D, After staining the neurons (DIV3) with 1050 

AO/PI, the number of live neurons and the number of dead neurons in one well of a 6-well 1051 

culture plate were automatically counted using Cellometer K2. Bar graph represents the means ± 1052 

SEM. Scatter plots with open circle and triangle represent the live neuron number and dead 1053 

neuron number, respectively. n.s., not significant. 1054 

 1055 

Figure 10. A proposed model for NDD development induced by pathogenic GRM7 mutations 1056 

and rescued by AMN082. WT mGlu7 is stably expressed on the neuronal surface and necessary 1057 

for axon outgrowth and presynaptic terminal development. Rapid degradation of mGlu7 variant 1058 

proteins prevents axon outgrowth and presynaptic terminal development via the defective 1059 
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MAPK-cAMP-PKA signaling pathway and subsequent dysregulation of cytoskeletal dynamics. 1060 

As some mGlu7 I154T is expressed on the neuronal surface, an mGlu7 agonist can restore 1061 

impaired axon outgrowth and presynaptic terminal development (blue arrows). We propose that 1062 

this scenario is the molecular basis for the development of mGlu7-related DDs/IDs and suggest 1063 

mGlu7 as a potential therapeutic target for NDDs. 1064 

 1065 

 1066 

 1067 

Table 1. Pathogenic human GRM7 variants and clinical features 1068 

Nucleotide 

change 
Amino acid 

substitution Clinical features of patients References 

c.1865G>A p.Arg622Gln ASD 
(Sanders et al., 2012; 

Iossifov et al., 2014) 

c.461T>C p.Ile154Thr 
DD, hypotonia, seizures, brain 

malformation 
(Charng et al., 2016) 

c.1972C>T; 
c.2024C>A 

p.Arg658Trp; 

p.Thr675Lys 

DD, ID, hypotonia, seizures, 

hypomyelination, brain atrophy 
(Charng et al., 2016) 

c.1757G>A p.Trp586X 

ID, seizures, limb hypertonia, 

microcephaly, cerebral atrophy, 

leukodystrophy 

(Reuter et al., 2017) 

ASD, autism spectrum disorder; DD, developmental delay; ID, intellectual disability 1069 

 1070 






















