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CHAPTER 5
Combined proteomics and transcriptomics 

analysis suggest a role for GRM3 in the 
regulation of FMRP signalling

With Gonzalez-Lozano, M., Gebuis, T., Paliukhovich, I., Giusti-Rodriguez, P., Abrantes, 
A., Li, K.W., Smit, A.B., Sullivan, P.F. and van Kesteren, R.E.
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ABSTRACT

The GRM3 gene encodes the group II metabotropic glutamate receptor 3 (mGluR3) and 
is a strong candidate schizophrenia (SCZ) risk gene. SCZ is a highly polygenic disorder, 
and many of its risk genes are shared with other psychiatric disorders, including 
fragile X syndrome (FXS). Using a tri-omics approach, we set out to understand the 
role of mGluR3 neurons and its potential link with FXS. Cellomics analysis showed that 
Grm3 knockdown in mouse neurons in vitro resulted in an early reduction in synapse 
numbers. Proteomics and transcriptomics were then employed to identify potential 
causal mechanisms underlying this cellular phenotype. Pathway analysis of significantly 
regulated proteins and genes showed a shared enrichment for functions like protein 
binding, enzymatic activity, transport and localization, vesicle-mediated transport, 
Rab regulation of trafficking and glutamatergic synaptic transmission. Interestingly, 
both proteomic and transcriptomic data showed an increase in expression of the 
RNA-binding fragile X mental retardation protein FMRP and its encoding gene Fmr1, 
and the transcriptomics data further revealed an enrichment for FMRP target mRNAs. 
FMRP expression and signaling are typically associated with group I metabotropic 
glutamate receptors, in particular mGluR5. Our data therefore hint for a novel functional 
connection between mGluR3, FMRP and synaptic dysfunction that may be of particular 
relevance in the pathogenesis of SCZ.
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INTRODUCTION

Group II metabotropic glutamate receptors (i.e., mGluR2 and mGluR3) are G-protein-
coupled receptors that couple to Gi or Go proteins. They inhibit adenylate cyclase and 
thereby prevent the formation of cyclic adenosine monophosphate (cAMP)26,132,298. 
Activation of group II glutamate metabotropic receptors leads to the inhibition of Ca2+ 
channels and the activation of K+ channels298. Group II metabotropic receptors have a 
widespread distribution in the brain, with a broad overlap in their expression26,132,298. 
Specific receptor localization is still a matter of debate, with mGluR2 being localized 
either only at pre-synaptic sites298 or at both pre- and post-synaptic sites299, whereas 
mGluR3 is localized at both pre- and post-synaptic sites298 or exclusively at either pre-
synaptic sites132 or post-synaptic sites299. Well-established is their positioning far away 
from the active zone of the synapse132,298,299. Moreover, mGluR2 is exclusively expressed 
in neurons, whereas mGluR3 is expressed in both neurons and glial cells298,299. Studies 
with mGluR2/3-/- mouse models showed impairments in hippocampus-dependent 
spatial memory and spontaneous exploratory behavior300, whereas a study in rhesus 
monkeys demonstrated the importance of mGluR3 in the strengthening of working 
memory133. Group II receptor agonists have antipsychotic-like activities in animal 
models24,27, presumably by mediating the potentiation of glutamate N-methyl-D-
aspartate (NMDA) receptors140, making group II mGluRs attractive targets in the 
treatment of schizophrenia (SCZ). In addition, mGluR3 has an inhibitory role in long-term 
potentiation (LTP) in the dentate gyrus132 and induces long-term depression (LTD) in 
mouse medial-prefrontal cortex, both in vitro and in vivo132,134. Finally, group II receptors 
can potentiate phosphatidylinositol (PI) hydrolysis induced by group I metabotropic 
glutamate receptor activation (i.e., mGluR1 and mGluR5)298.

GRM3 is the gene encoding mGluR3. Single-nucleotide polymorphisms (SNPs) in the 
GRM3 locus have been associated with SCZ in several genome wide association studies 
(GWAS)48,70. The GRM3 locus contains seven genes, ADAM22, DMTF1, GRM3, KIAA1324L, 
RUNDC3B, SRI and TMEM243. A challenge of such multigene GWAS loci is to map the 
risk-associated SNPs to the causal gene in the locus301. Nonetheless, GRM3 is often 
considered the main risk gene in the locus because additonal genetic associations with 
SCZ have been reported132,302-304. In addition, Corti et al. found a decrease in dimeric 
forms of mGluR3 in SCZ brains305 and Ghose et al. reported a reduction in mGluR3 
protein levels in the prefrontal cortex of SCZ patients306. Several studies have also 
highlighted an overlap of SCZ with mental retardation and a role for the fragile X mental 
retardation protein (FMRP) and its target genes71,307-309. Interestingly, activation of group 
I metabotropic glutamate receptors, in particular mGluR5, leads to an increase in FMRP 
expression at synaptic sites, which in turn inhibits the translation of FMRP target 
mRNAs298. It is not known whether mGluR3 has a similar interaction with FMRP.

Here, we reasoned that a combined application of cellomics, transcriptomics and 
proteomics might enable identification and dissection of synaptic signaling pathways 
associated with mGluR3 expression, and reveal potential overlap with previously
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Figure 1. Knockdown of GRM3 locus genes. (a) UCSC Genome Browser view of the GRM3 locus. 
The locus in mouse (upper panel) and human (lower panel) show high synteny, meaning that 
the genes present in both loci are the same in both species. (b) Real-time qPCR data show that 
multiple shRNAs decrease the expression of their respective target genes in the locus by 50-80% 
compared to scrambled control. Only for Kiaa1324l, a single shRNA was identified that produced 
significant knockdown. Data are shown as normalized expression levels against Actb. Error bars 
represent SD; n = 4, * p < 0.05.
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identified SCZ risk pathways. Cellomics was used to identify morphological phenotypes 
associated with shRNA-mediated knockdown of each of the seven genes in the Grm3 
locus in mouse primary hippocampal neurons. Adam22, Grm3 and Kiaa1324l knockdown 
cultures showed early synapse loss without significant cell loss. Proteomics and 
transcriptomics analysis of Grm3 knockdown cells revealed a significant increase in 
Fmr1 mRNA and FMRP protein levels, and a significant enrichment for FMRP target 
mRNAs, indicating a disruption of FMRP signaling in Grm3 knockdown neurons.

RESULTS

Cellomics
Cellomics morphological analysis of cultured hippocampal neurons was performed 
to knock down the expression of all 7 genes in the Grm3 locus, i.e., Adam22, Dmtf1, 
Grm3, Kiaa1324l, Rundc3b, Sri and Tmem243 (Fig. 1a). For each gene, 5 shRNAs from 
the Sigma MISSION library were obtained, their knockdown efficiencies were tested 
using qPCR (Fig. 1b) and the shRNAs that produced a significant knockdown (p < 0.05) 
were selected for further experiments. Because only one shRNAs produced significant 
knockdown of Kiaa1324l we decided to include one additional shRNA that showed a 
non-significant knockdown of ~60% for this gene (p = 0.0819). Selected shRNAs were 
introduced in the mouse primary hippocampal cultures for the characterization of 
cellular morphology. The cultures were fixed, stained and analyzed at three time points, 
7, 14 and 21 days in vitro (DIV) and automated confocal microscopy and image analysis 
were used to extract neuronal, dendritic and pre- and post-synaptic parameters as 
previously described241,310. After normalization of the data against the scrambled 
controls and log2 transformation, the values of all shRNAs per gene were averaged and 
Euclidean correlation analysis was used for clustering of the genes (Fig. 2a). The cluster 
tree was divided in four major groups. Two groups were characterized by neuron loss 
starting at DIV7 (Rundc3b, Sri and Dmtf1, Tmem243), one no-effect group was observed 
which contained only the scrambled and untreated controls, and a fourth group was 
characterized by early synapse loss (DIV7) in the absence of significant neuron loss 
(Adam22, Grm3, Kiaa1324l). Focusing on the Grm3 phenotype it became clear that in 
particular shRNA #2 yielded a significant reduction in the number of synaptic spots 
per dendrite length already at DIV7 (presynaptic spot density: 0.87±0.07, p = 2.64e-5; 
postsynaptic spot density: 0.89±0.06, p = 0.0003; co-localized synaptic spot density: 
0.85±0.08, p = 3.18e-5), whereas shRNA #1 showed a similar reduction in synapse 
numbers only at DIV21 (presynaptic spot density: 0.93±0.01, p = 0.005; co-localized 
synaptic spot density: 0.91±0.09, p = 0.009), suggesting a milder phenotype (Fig. 2b). 
Importantly, neuronal survival was not significantly decreased in these cultures at DIV7 
(shRNA #2) or at both DIV7 and DIV14 (shRNA #1).
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Figure 2. Cellomics analysis. (a) Cluster diagram showing the average shRNA-induced phenotype 
per gene for four main cellomics parameters across three DIVs. Values are log2 transformed 
and normalized against the scrambled control. (b) Quantification of phenotypes for six different 
parameters after Grm3 knockdown with two different shRNAs. Data show a significant decrease 
in cell survival and in synapse densities for both shRNAs. In particular for shRNA #2, synapse 
densities are reduced early, at DIV7, when cell survival is not affected yet. The colour intensities 
of the bars represent the DIV (DIV7 to DIV21 represented from light to dark colour; n = 5, *p < 
0.005). (c) Representative images of the control (scrambled shRNA) and the two Grm3 shRNAs at 
10x and 40x for all DIV (scale bar 10x: 50 μm, 40x: 20 μm).
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Proteomics
Because synapse loss was observed for both shRNAs targeting Grm3, while cell viability 
was not affected at DIV7, we decided to perform proteomics and transcriptomics 
analysis on DIV7 neuronal cultures to reveal potential causes for early synapse loss. A 
quantitative proteomics analysis was performed using mass spectrometry. First, we 
used protein expression values to determine similarities between replicate samples 
using Kendall correlation analysis (Fig. 3a). For each of the two shRNAs (Grm3_Kd1, 
Grm3_Kd2), replicate samples showed a high correlation within groups but shRNA 
groups showed considerable differences. Correlation analysis confirmed that scrambled 
and untreated samples are significantly correlated as expected. With a q-value cutoff set 
at 10-3 (Fig. 3b) a total of 1998 proteins were measured. Next, the difference between 
analyzing the data of the two Grm3 shRNAs separately (n = 4 each) or combined into 
a single pool (n = 8) was assessed. Analysis of separate data sets yielded 368 and 409 
significantly regulated proteins for Grm3_Kd1 and Grm3_Kd2 respectively (FDR corrected 
p-value < 0.05), of which 65 were in overlap and showed fold-change concordance for 
both shRNAs (Fig. 3c). For the pooled data set, we found 140 significantly regulated 
proteins (FDR corrected p-value < 0.05), including 62 of the 65 proteins that were also 
detected in overlap in the analysis of the separate data sets (Fig. 3c). Thus, pooling of 
the proteomics data obtained with different shRNAs targeting the same gene increased 
the power to detect significantly regulated proteins without compromising on the 
elimination of false positives due to shRNA-specific off-target effects. Therefore, we 
decided to use the pooled shRNA data for further analysis.

We then proceeded with pathway analysis of the 140 significantly regulated proteins 
using gProfiler242 (Table 1). The top 5 enriched GO terms (adjusted p-value raking) for 
each GO category include: protein binding and catalytic activity (molecular function), 
transport, localization and autophagosome assembly (biological process), synapse 
(cellular compartment) and membrane trafficking and vesicle-mediated transport 
(reactome pathways). Despite the enrichment for proteins with the GO term ‘synapse’, 
no significant enrichment was observed for any specific synaptic ontology terms using 
SynGO243 (Fig 4a).
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Figure 3. Proteomic analysis. (a) Correlation analysis of proteomics samples shows that scram-
bled and untreated replicates cluster together, and each of the shRNA replicates cluster together, 
but separate from the each other. (b) Quality check of proteomics samples was performed. The 
left panel shows the peptide quality distribution; a q-value of 10^-3 was used as a threshold for 
peptide selection. The panel on the right shows the coefficient of variation of the control group 
and the Grm3 knockdown group. Median values <0.15 are considered high quality. (c) Separate 
analysis of individual shRNA experiments (n = 4 each) resulted in 65 significantly regulated proteins 
in overlap, whereas pooling data from both shRNAs (n = 8) resulted in 140 significantly regulated 
proteins compared to scrambled and untreated controls. (d) Volcano plot showing the 140 sig-
nificantly regulated proteins (in red) from the pooled shRNA analysis (FDR p < 0.05).

Transcriptomics
Transcriptomic data was generated by RNAseq analysis of Grm3 knockdown, scrambled 
and untreated control cultures, similar as for proteomics. Kendall correlation analysis 
revealed high similarity between shRNA replicate samples, but less correlation between 
the two individual shRNA samples (Grm3_Kd1, Grm3_Kd2), and that scrambled and 
untreated samples are strongly correlated as expected (Fig. 5a). Expression levels 
of Grm3 confirmed a knockdown of 50-70% and Cook’s distances revealed no major 
outliers among samples (Fig. 5b). In total, 34,828 unique RNA transcripts were 
measured. Similar as for the proteomics data, pooling of RNAseq data from all Grm3 
shRNA samples (n = 8) (Fig. 5c) yielded more than twice the number of significantly 
regulated genes compared to the separate analysis of each Grm3 shRNA and selecting 
overlapping differentially regulated genes (Fig. 5c), without compromising on the 
elimination of false positives due to shRNA-specific off-target effects. In total, we thus 
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found 2,160 differentially expressed genes with an FDR p-value < 0.005 and fold-change 
concordant for both shRNAs.
Pathway analysis was performed using gProfiler242 (Table 2). The top-5 GO terms 
(adjusted p-value ranking) for each GO category included: protein binding (molecular 
function), localization, nervous system development and cellular component 
organization (biological process), intracellular organelle (cellular component), Ras 
signalling, cAMP signalling and glutamatergic synapse (KEGG), and K+ channels, neuronal 
system and Rab regulation of trafficking (reactome). Given the enrichment of genes 
involved in the glutamatergic synapse, we also used SynGO243 to further specify the 
enrichment of synaptic genes. SynGO analyses revealed a general enrichment of both 
pre- and post-synaptic processes, including synapse, synaptic vesicle, process in the 
synapse, synaptic vesicle cycle and synapse organization (Fig 6a).

Figure 4. SynGO pathway analysis of differentially expressed proteins. (a) SynGO analysis did not 
reveal enriched pathways in either cellular component (CC) or biological process (BP) synaptic GO 
terms. (b) Graphs showing the number of identified proteins per SynGO term, showing an equal 
distribution across pre- and post-synaptic GO terms.
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Table 1. Proteomics data gProfiler pathway enrichment

term_name adjusted_p_value
catalytic activity 0.000126344
protein binding 0.000204493
binding 0.000782931
protein-containing complex binding 0.007558886
pyrophosphatase activity 0.022923702
transport 0.000251083
establishment of localization 0.000652898
localization 0.001603768
autophagosome assembly 0.003277886
autophagosome organization 0.00407026
cytoplasm 1.97E-16
cytoplasmic part 2.65E-15
intracellular part 3.35E-13
intracellular 2.20E-11
synapse 1.53E-10
RAB geranylgeranylation 0.004975954
Membrane Trafficking 0.011454146
Vesicle-mediated transport 0.014392728
Golgi-to-ER retrograde transport 0.039507396

Figure 5. Transcriptomic analysis. (a) Correlation analysis of transcriptomics samples show that 
scrambled and untreated replicates cluster together, and shRNA replicates clusters together, 
but shRNAs cluster separate from each other. (b) The left panel shows the knockdown of Grm3 
for each shRNA replicate compared to scrambled and untreated samples. The panel on the right 
shows the Cook’s distances for each sample replicate. Median values <0 are considered of high 
quality. (c) Separate analysis of individual shRNA experiments (n = 4 each) resulted in 1059 signifi-
cantly regulated genes in overlap, whereas pooling data from both shRNAs (n = 8) resulted in 2160 
significantly regulated genes compared to scrambled and untreated controls. (d) MA plot showing 
the 2160 significantly regulated genes (in red) from the pooled shRNA analysis (FDR p < 0.05).
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Figure 6. SynGo pathway analysis of differentially expressed genes. (a) SynGO analysis shows 
significant enrichment for synaptic vesicle membrane and postsynaptic density GO terms (cellular 
component) and for processes in the synapse and synaptic vesicle cycle GO terms (biological 
process). (b) Graphs showing the number of identified genes per GO term being equally distrib-
uted across pre- and post-synaptic GO terms.

Proteomics-transcriptomics comparison
When comparing transcriptomics and proteomics data sets we detected 54 of the 
140 significantly regulated proteins that were also significantly changed at the mRNA 
level (Fig. 7a, Table 3). Correlation analysis for these 54 proteins and genes, showed 
that regulation was always in the same direction and strongly correlated (adjusted 
R square = 0.77, p = 6.31e-19) (Fig. 7b). Pathway analysis, performed using gProfiler242, 
shows that the top-5 GO terms (adjusted p-value ranking) included: GTP binding, purine 
ribonucleoside binding (molecular function), autophagosome assembly, autophagosome 
organization (biological process), synapse, neuron projection (cellular component), 
vesicle-mediated transport, membrane trafficking (KEGG) (Table 4). Next, SynGO243 
analyses revealed a general enrichment of both pre- and post-synaptic processes, 
including synapse (Fig. 8).
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Table2. Transcriptomic data gProfiler pathway enrichment

term_name adjusted_p_value
protein binding 4.44E-26
binding 6.84E-18
enzyme binding 2.81E-17
ion binding 4.93E-16
metal ion binding 4.19E-11
localization 3.94E-23
nervous system development 2.27E-20
cellular component organization or biogenesis 1.43E-19
cellular component organization 2.00E-19
establishment of localization 2.55E-17
intracellular 5.32E-41
intracellular part 6.07E-40
cytoplasm 3.29E-35
organelle 2.80E-29
intracellular organelle 4.27E-25
Ras signaling pathway 2.13051E-05
cAMP signaling pathway 0.000351782
Circadian entrainment 0.000365426
Glutamatergic synapse 0.000731704
MicroRNAs in cancer 0.003218632
Voltage gated Potassium channels 0.001443964
Potassium Channels 0.00213517
Neuronal System 0.008078964
Rap1 signalling 0.019834955
Rab regulation of trafficking 0.031088561

Figure 7. Comparison of proteomic and transcriptomic data. (a) Venn diagram showing the over-
lap between differentially expressed proteins and genes. (b) Correlation plot of 54 significant 
genes/proteins shared between the proteomics and transcriptomics analysis indicating significant 
correlation.
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In line with our hypothesis that impaired mGluR3 signalling might affect FMRP 
signalling, we found a significant increase in FMRP protein expression (log2 fold-
change 0.31, p = 0.029) as well as Fmr1 gene expression (log2 fold-change 0.23, 
p = 0.030). Therefore, we also tested the total set of 2160 significantly regulated genes 
for enrichment of FMRP target gene. Indeed, a significant enrichment was observed 
with 143 known FMRP target mRNAs significantly regulated in our transcriptome data 
(Fisher’s exact test, p = 6.14e-22) (Table 5), indicating that a downregulation of mGluR3 
signalling led to an increase in Fmr1 mRNA and FMRP protein levels, resulting in altered 
levels of known FMRP target mRNAs.

Table 3. Proteomics and transcriptomics overlap

ID Prot_Log2
(fold change)

Prot_FRD
(p-value)

Trans_Log2
(fold change)

Trans_FRD
(p-value)

ADAP1 0.344968994 0.036772406 0.205287225 0.000122969

ALDH9A1 0.467336572 0.002503587 0.199208494 3.70E-05

ARMC10 0.25902492 0.024738103 0.387727626 1.12E-10

ARPC1A 0.221075845 0.029759798 0.188468519 1.67E-06

ATP5E 0.61033152 0.022187393 0.181575263 0.004311769

CALU -0.686451477 0.005096049 -0.45347551 0.002842804

CD47 -0.266865272 0.024738103 -0.366468956 0.000277469

CMAS 0.168602113 0.04724022 0.1646017 1.54E-05

CYP46A1 -0.336965868 0.029759798 -0.1779005 5.78E-07

FADS2 -0.358871486 0.016635917 -0.2351617 0.002600516

GDI1 0.181697955 0.03921478 0.1783275 1.01E-05

GLRX -0.447966585 0.022187393 -0.5615787 0.00191251

GRIN1 -0.503962089 0.023862956 -0.2736002 0.000418984

HSD17B7 -0.787371017 0.005470194 -1.185547 1.98E-85

HSP90B1 -0.302833966 0.005561361 -0.5186957 1.83E-11

KCND3 -0.328873892 0.036292781 -0.4473729 1.09E-05

KIF3B 0.326091777 0.028607148 0.3493332 1.90E-11

LZIC -0.305770802 0.04724022 -0.4784672 5.80E-08

MARCKSL1 1.281489198 0.002503587 0.4041784 0.00013217

METAP2 0.418048175 0.027093791 0.3280598 2.00E-18

MGEA5 0.292591674 0.02945224 0.3623321 3.71E-10

MYADM -0.574879067 0.023862956 -0.4286475 1.26E-17

NBEA -0.535569058 0.005561361 -0.4215111 1.20E-10

NCDN -0.345904763 0.004280789 -0.4251945 1.05E-10

NIPSNAP1 0.252284093 0.016445858 0.2680549 2.64E-12

NUDT2 0.308749868 0.029215837 0.3025741 9.22E-06

VolledigBinnenwerkMartina.indd   125VolledigBinnenwerkMartina.indd   125 10/09/2020   12:49:4810/09/2020   12:49:48



126

Chapter 5

Table 3. Proteomics and transcriptomics overlap (continued)

ID Prot_Log2
(fold change)

Prot_FRD
(p-value)

Trans_Log2
(fold change)

Trans_FRD
(p-value)

OLA1 0.280262015 0.022187393 0.2754976 1.06E-05

PACSIN1 -0.364221747 0.047651732 -0.2603889 0.002695528

PCDH1 -0.692657305 0.029109453 -0.34145 4.89E-06

PGM2L1 0.420710319 0.025537879 0.1781736 0.001308014

PIP4K2B -0.306488188 0.03921478 -0.3089398 8.43E-05

PRKCG -0.624833451 0.048065533 -0.3889505 3.72E-06

PTMA 0.748230521 0.029215837 0.3894576 2.29E-09

PTPN1 0.383518824 0.004183419 0.2824802 2.07E-07

PTPRA -0.379399217 0.010179847 -0.1739715 2.99E-07

RAB1A 0.252032356 0.004216397 0.1590342 0.000513925

RAB1B 0.21527459 0.040759171 0.2300164 6.33E-05

RAB21 0.353750099 0.003732939 0.1818579 0.00037924

RAB23 0.240570139 0.046004982 0.2025814 1.23E-05

RHEB -0.571143599 0.022187393 -0.5445858 0.000198637

RIC8A -0.252899919 0.022187393 -0.2320965 3.59E-08

SEC22B 0.379353412 0.022187393 0.1694245 0.000321283

SGTB -0.52107998 0.048065533 -0.6282337 1.31E-09

SLC4A10 -0.541436025 0.009786348 -0.467382 0.000332431

SLC6A17 -0.492040552 0.005561361 -0.4398424 3.28E-19

SORCS2 -0.650701269 0.039079601 -0.48457 2.88E-16

SRGAP2 -0.311829766 0.013796572 -0.3283399 2.30E-05

SRM -0.219903958 0.049844493 -0.2932633 0.001302461

SYT11 -0.688677753 0.003732939 -0.3310751 1.34E-08

TMEM109 -0.418957948 0.03921478 -0.3984489 1.05E-05

TSNAX 0.667119164 0.009786348 0.4247588 5.91E-06

TUBB4A 0.342685226 0.009786348 0.4052741 1.66E-17

VAT1 -0.335383266 0.048065533 -0.518618 1.43E-10

VIM -0.460168384 0.022187393 -0.5581431 7.68E-09
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Table 4. Transcriptomic and proteomic overlap data gProfiler pathway enrichment

term_name adjusted_p_value

GTP binding 0.001715115

purine ribonucleoside binding 0.001950431

ribonucleoside binding 0.002059366

purine nucleoside binding 0.002134824

nucleoside binding 0.002460582

autophagosome assembly 0.00441402

autophagosome organization 0.005173147

Rab protein signal transduction 0.029456537

synapse 1.72E-07

cytoplasm 6.58521E-06

synaptic membrane 9.07935E-06

neuron projection 2.18019E-05

cell body 2.33034E-05

Vesicle-mediated transport 0.002787046

Membrane Trafficking 0.004793134

COPI-dependent Golgi-to-ER retrograde traffic 0.006329986

Golgi-to-ER retrograde transport 0.029027421

Table 5. Transcriptomic FMRP targets

ID Trans_Log2(fold change) Trans_FDR(p-value)

ABCA3 -0.524444 1.93E-37

ATP2A2 -0.318418 3.17E-22

SLC6A17 -0.439842 3.28E-19

PKP4 -0.495813 2.56E-17

UNC13C -1.068226 7.93E-16

KCNH1 -0.810168 2.45E-14

GNB1 0.307094 1.51E-13

ULK2 0.289189 2.79E-13

GRIN2A -0.610076 7.60E-13

CAMK2N1 0.499286 1.28E-11

GNAO1 0.166422 2.53E-11

RTN1 0.225173 2.76E-11

PCDH9 -0.339275 8.70E-11

NCDN -0.425195 1.05E-10

NBEA -0.421511 1.20E-10

MAP1A -0.315239 1.57E-10
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Table 5. Transcriptomic FMRP targets (continued)

ID Trans_Log2(fold change) Trans_FDR(p-value)

IGSF9B -0.391893 2.36E-10

UBQLN1 0.226191 6.07E-10

KCNH3 -0.398526 8.70E-10

HDLBP -0.440597 1.03E-09

PTK2B -0.482594 1.20E-09

SORT1 -0.383763 3.87E-09

MAZ -0.316678 5.28E-09

DLG5 0.374258 6.54E-09

ARHGAP33 -0.575588 7.13E-09

CRMP1 0.297171 9.29E-09

PRKCB -0.77317 1.07E-08

HTT -0.339823 1.55E-08

LRP8 -0.24883 1.56E-08

GPR158 0.441328 3.59E-08

TSN 0.252397 5.75E-08

RYR2 -0.514625 1.94E-07

NFIC -0.681853 2.36E-07

SCN8A -0.293161 5.70E-07

NEDD4 0.198319 7.41E-07

G3BP1 0.233033 7.62E-07

AMPH 0.391512 8.85E-07

KCNQ3 -0.579926 9.08E-07

RALGAPB -0.191448 1.26E-06

PPFIA3 -0.247983 1.78E-06

USP22 0.389662 1.81E-06

RASGRP1 -0.769502 2.57E-06

EIF4G3 0.275481 2.60E-06

PHLDB1 -0.628995 2.92E-06

CLSTN1 0.203691 3.09E-06

PRKCG -0.388951 3.72E-06

NGEF -0.282068 4.25E-06

LINGO1 -0.375072 4.74E-06

PCDH1 -0.34145 4.89E-06

TNS3 -0.471026 5.02E-06

SMARCA4 0.226786 5.16E-06

SCN2A -0.60889 5.48E-06
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Table 5. Transcriptomic FMRP targets (continued)

ID Trans_Log2(fold change) Trans_FDR(p-value)

SRCIN1 0.400992 7.07E-06

CLASP2 0.281844 7.17E-06

MECP2 0.41138 7.43E-06

COBL 0.474829 9.98E-06

KCNQ2 -0.226914 9.98E-06

PPP2CB 0.169273 1.34E-05

GARNL3 -0.379714 1.38E-05

TNPO2 -0.320133 1.73E-05

RPL10 -0.452828 1.98E-05

GNAZ 0.235977 3.21E-05

ARHGAP23 -0.236021 4.19E-05

IDS -0.165491 4.78E-05

GAS7 -0.230644 5.09E-05

MADD -0.301086 6.03E-05

USP5 -0.207293 7.38E-05

NDST1 -0.280944 9.50E-05

ADAP1 0.205287 0.000123

DOCK3 0.259493 0.000128

TNRC6B 0.428607 0.000139

AGTPBP1 0.192296 0.000148

GPR162 -0.270329 0.000161

DST -0.450723 0.000164

TNRC18 -0.548119 0.000165

FAM120A 0.263908 0.00019

TAOK2 0.170224 0.0002

TRPM3 -0.680698 0.000216

CELF5 0.312518 0.000247

PEG3 0.688678 0.000257

CPLX2 -0.302298 0.000286

MAPKBP1 0.223399 0.000309

ARPP21 0.277217 0.00032

ESR1 -0.834587 0.000376

GRIN1 -0.2736 0.000419

CPT1C 0.218819 0.000421

KIF3C -0.375165 0.000435

MCPH1 0.223707 0.000452
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Table 5. Transcriptomic FMRP targets (continued)

ID Trans_Log2(fold change) Trans_FDR(p-value)

TANC2 0.278495 0.00046

GIT1 -0.299509 0.00048

ARF3 -0.170675 0.000485

ABCG1 0.423909 0.000529

DHX30 -0.23054 0.000542

PLD3 -0.216905 0.000557

PPP2R2C 0.155457 0.000611

EXTL3 -0.559117 0.000746

MINK1 -0.211549 0.000788

SECISBP2L 0.198033 0.000834

ADCY1 -0.670869 0.000835

TNKS 0.234699 0.000884

SLITRK5 -0.286994 0.000905

SIPA1L2 -0.250076 0.000958

SLC22A17 -0.302735 0.000958

ATP1A3 0.160919 0.000976

REV3L 0.204874 0.000982

TTYH1 -0.264089 0.000996

MIB1 0.267501 0.001169

TEF 0.288887 0.001249

RAP1GAP2 -0.450427 0.001259

CASKIN1 -0.32907 0.001297

PGM2L1 0.178174 0.001308

MYH10 0.238641 0.001335

MET -0.483742 0.001381

PCDH7 -0.311102 0.001491

SLC8A2 -0.367094 0.001535

CTBP1 0.276506 0.001569

PRKCE -0.889059 0.001658

FOXO3 0.39311 0.00175

MAPK1 0.25501 0.001803

KCNA2 -0.199271 0.001867

MED13L 0.285363 0.002013

PIGQ -0.461608 0.002045

CPE -0.122079 0.00208

ENC1 0.352517 0.002133
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Table 5. Transcriptomic FMRP targets (continued)

ID Trans_Log2(fold change) Trans_FDR(p-value)

ADSL 0.205725 0.002246

PHF8 -0.361463 0.002296

NAT8L 0.218889 0.002316

CALM3 0.205324 0.002497

PPP1R9B 0.118774 0.002924

OPHN1 0.389177 0.002928

RPS6KA2 -0.295141 0.002952

SYNPO -0.479243 0.003208

LRRC8B -0.253833 0.003457

KAT5 0.125486 0.003491

FRMPD4 -0.430368 0.003626

MBD4 0.25286 0.003649

DSCAML1 -0.252031 0.003655

MYT1L -0.188046 0.003867

DLG4 -0.21162 0.003959

TTC3 0.192148 0.004488

MAST2 -0.41014 0.004526

DIAPH3 0.358559 0.004528

ATXN1 -0.400065 0.004862
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Figure 8. SynGo pathway analysis of overlappig differentially expressed proteins and genes. (a) 
SynGO analysis shows significant enrichment for presynaptic GO terms (cellular component) and 
for presynaptic GO terms (biological process). (b) Graphs showing the number of identified genes 
per GO term being equally distributed across pre- and post-synaptic GO terms.

DISCUSSION

Two recent genome wide association studies (GWAS) of schizophrenia48,70  have 
associated multiple single-nucleotide polymorphisms (SNPs) across the GRM3 locus. 
The locus contains seven genes in total, ADAM22, DMTF1, GRM3, KIAA1324L, RUNDC3B, 
SRI, TMEM243 and there is still uncertainty as to which gene is causally associated with 
SCZ. Here, we used a cellomics approach to analyze and compare neuronal phenotypes 
caused by RNA interference of each of the seven genes in the locus. Our reasoning 
was that SCZ risk genes should be critically involved in neuronal function, and that 
genes that do not cause any detectable phenotype can thus be excluded as causative 
genes. Cluster analysis of the cellomics data showed that knockdown of all seven 
genes resulted in detectable changes in neuronal viability and morphology. Besides 
the no-effect control group, three main phenotypic clusters were identified. Two were 
characterized by moderate or severe cell death which was much stronger than any 
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detectable effect on neuronal morphology, and one was characterized by a decrease in 
dendrite length and synapse density with relatively little cell death. With these results 
we were not able to firmly exclude any gene in the locus as a potential causative gene 
in the disease. Likely, complete knockdown of these genes is not representative for the 
subtle genetic variation arising from genetic risk factors found with GWAS, which are 
apparently often located in non-coding parts of the genome.

Despite the clear limitations of our RNAi approach, we were intrigued by the fact 
that three genes, Adam22, Grm3 and Kiaa1324l, showed changes in synapse density 
without severely affecting cell viability, as such a synaptic phenotype could potentially 
underlie the neurodevelopmental and cognitive symptoms observed in SCZ. Of those 
three genes, KIAA1324L has been studied the least. Araki et al. found that it is involved 
in epidermal differentiation during early embryonic development in Xenopus311, and two 
other studies found an association of KIAA1324L with inflammation312,313. ADAM22 codes 
for a known postsynaptic protein that associates with LGI1 and modulates surface 
expression of LGI1, Kv1.1 and AMPA receptors314-317. Dysfunction of the ADAM22-LGI1 
complex has been associated with epilepsy and seizures315,318,319. Finally, GRM3 is the 
gene coding for the metabotrobic glutamate receptor mGluR3. Activation of mGluR3 
receptor inhibits cAMP production which leads to the inhibition of Ca2+ channels and 
activation of K+ channels26,132,298. Several genetic studies besides GWAS and post-
mortem brain studies have linked GRM3 to SCZ304,305. An increasing body of literature 
on genetic and molecular findings in SCZ have given rise to a wide array of speculation 
on causal mechanisms in the disease. A long-lasting speculation associates SCZ with 
inflammation320; in fact, the first and highest SCZ GWAS association is with the MHC 
II region48 and high levels of cytokines are found in post-mortem brain studies of SCZ 
patients5. Also, recent genetic and molecular studies have stressed the importance of 
disruptions in synaptic development in SCZ69,291. Both the inflammation and the synapse 
hypothesis make KIAA1324L and ADAM22 interesting targets for further investigation. In 
the present study, however, we decided to focus on GRM3 given its strong association 
with SCZ as evidenced in multiple studies48,70,304,305.

Neuronal morphology analysis of Grm3 knockdown neurons showed a significant 
decrease in the densities of pre- and post-synaptic puncta starting already at DIV7 
and depending om the shRNA used. This early decrease in synapse density preceded 
significant cell loss and could therefore be interpreted as the primary phenotype 
associated with the Grm3 knockdown. The decrease of both pre- and post-synaptic 
puncta densities is consistent with the localization of mGluR3 at both pre- and post-
synaptic sites298, although we cannot exclude the possibility that trans-synaptic signaling 
mechanisms are responsible for an indirect effect at either the pre- or the post-synaptic 
site.

Proteomics and transcriptomics analyses were used to determine molecular 
phenotypes associated with Grm3 knockdown. We performed these analyses on DIV7 
neuronal cultures to increase the chance of detecting early changes that may be causally 
involved in the synaptic phenotype. Even though only ~40% of the proteins that were 
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differentially regulated also showed a significant change at the mRNA level, there was a 
strong correlation between mRNA and protein levels within this group, indicating that 
both methods yielded valid and biologically relevant data. In line with this observation, 
pathway analysis revealed enrichment in both data sets for proteins/genes involved 
in protein binding, enzymatic activity, transport and localization, vesicle-mediated 
transport and Rab regulation of trafficking. The transcriptomics data set furthermore 
showed enrichment in cAMP signaling and K+ channel pathways, which is consistent with 
the signaling properties of mGluR3 and the previously described role for mGluR3 in the 
activation of K+ channels26,132,298. Finally, pathway analysis of both data sets pointed to a 
dysregulation of synapses. Further analysis using SynGO was unable to further specify 
this dysregulation: for the proteomics data, no significant enrichment was observed for 
specific synaptic pathways, whereas for the transcriptomics data, an equal disruption 
of pre- and post-synaptic compartments and processes was observed.

Finally, we hypothesized that, in analogy to mGluR5, mGluR3 might be involved 
in the regulation of FMRP signaling, thus providing a plausible explanation for the 
dysregulation of synapses as implicated by cellomics, proteomics and transcriptomics 
analyses. Taking a close look at the data we noticed that that FMRP protein and Fmr1 
gene expression were both significantly increased. No direct effects of mGluR3 
activation on FMRP signaling have been demonstrated yet, but mGluR5, a type I 
glutamate metabotropic receptor, has been associated with fragile X syndrome (FXS) 
and its activation has been shown to increase FMRP expression in synapses298. FMRP 
then binds to specific synaptic mRNAs and blocks their translation, providing glutamate-
dependent control over specific synaptic functions via the regulation of local protein 
synthesis298. In line with this, we indeed observed a selective dysregulation of FMRP 
target mRNAs in our transcriptomics data, supporting the idea that not only FMRP, but 
also FMRP target transcripts, change in abundance in Grm3 knockdown neurons. Di 
Menna et al. and Joffe et al. have recently demonstrated that mGluR3 contributes to 
mGluR5 mediated phosphoinositide hydrolysis in pyramidal neurons and that mGluR3 
mediated long-term depression in cortical neurons requires activation of mGluR5321,322. 
These data suggest that dysregulation of FMRP signaling in Grm3 knockdown neurons 
might be caused indirectly by altered mGluR5 signaling. No alterations were detected 
in protein or mRNA expression of mGluR5/Grm5 or its downstream signaling pathway 
(e.g. PKC, GSK3B, AKT, Homer)298,322, suggesting that dysregulation of FMRP signaling is 
due directly to GluR3 knockdown. However, we cannot exclude that mGluR5 signaling 
is altered due to changes in phosphorylation states of the receptor or its signaling 
components; this needs to be further investigated. Together, our findings lead to an 
intriguing possibility that there might be a direct connection between mGluR3 activation 
and FMRP signalling, which is of clear interest as both have been implicated in SCZ, 
either as a direct GWAS hit (GRM3)48, or via a significant enrichment of target genes 
among GWAS hits (FMRP)4,68. Further studies are needed to validate the functional 
connection between mGluR3, FMRP and synaptic dysfunction, and to demonstrate 
the relevance of this connection in SCZ.
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MATERIALS AND METHODS

Primary neuron culture. Primary hippocampal neuron cultures were prepared from 
P0 mouse pups as described247 previously. Briefly, hippocampal tissue was incubated 
for at 37 °C for 25 min in a Hanks balanced salt solution (Sigma) containing 1% Hepes 
buffer solution (1 M; Gibco) and 10% trypsin (Gibco). Tissue was washed three times in 
the Hanks-Hepes solution and placed in Neurobasal medium (Gibco) completed with 
2% B27 (Gibco), 2% Hepes solution, 0.25% glutamine (200 mM; Gibco) and 0.1% Pen/
Strep (Gibco). The tissue was then triturated with a fire-polished Pasteur pipette, cells 
were counted in a Fuchs-Rosenthal chamber, and plated in multi-well plates (Greiner 
Bio-one) previously coated with poly-D-lysine (Sigma). Cells were plated at 12.5k/well in 
96-well glass bottom plates for morphological analyses, at 125k/well in 24-well plates 
for RNA extraction, or at 300k/well in 12-well plates for protein extraction. 

Lentivirus production. Bacterial glycerol stock was purchased from Sigma (MISSION 
library; see Table S2) and grown on agar plates with LB medium and 1% ampicillin. For 
each shRNA, a single colony was picked and expanded for DNA extraction (QIAprep spin 
mini prep kit; Qiagen). Next, shRNA, envelope and packaging plasmids were transfected 
into HEK 293T cells. One day after transfection, the HEK 293T medium was replaced 
with Optimem medium (Gibco) completed with 1% Pen/Strep and 1% glutamine. The 
third day after plating, the medium was collected and centrifuged at 1000 x g for 5 min 
and the supernatant containing the viral particles was filtered (0.45 mm pore size) and 
aliquoted. Primary neuron cultures were infected with the LVV at DIV1.

Immunocytochemistry. Neurons were fixed at DIV7, DIV14 or DIV21 with 4% 
paraformaldehyde and 4% sucrose in PBS (pH 7.4) and then permeabilized with PBS 
containing 0.5% Triton X-100. Fixed cells were incubated for one hour at RT with PBS 
containing 0.1% Triton X-100 and 1% BSA, and then incubated for two nights at 4 
°C in PBS containing 0.1% Triton X-100, 1% BSA, anti-synapsin 1 (1:1000; Chemicon/
Millipore), anti-PSD-95 (1:250; Thermo Scientific) and anti-MAP2 (1:5000; Bio-connect). 
Then, neurons were washed twice with PBS and incubated for 90 min at RT in Alexa-
488-conjugated goat anti-mouse (1:400; Invitrogen), Alexa-568-conjugated goat anti-
rabbit (1:400; Molecular Probes) and Alexa-647-conjugated goat anti-chicken (1:400; 
Invitrogen). After two washes with PBS and one with dH2O the cells were incubated for 
10 min at RT with Hoechst (1:10000; Invitrogen).

Imaging and image analysis. Images were acquired at 10x and at 40x magnification 
on an Opera™ LX (PerkinElmer) automated confocal microscopy system. Analysis was 
performed using Columbus image data storage and analysis software (v2.5.2.124862; 
Perkin Elmer). The 10x magnification images were used for measurements of neuron 
numbers and dendrite parameters (dendrite length per neuron, dendrite arborization 
per neuron, dendrite number of roots per neuron) based on Hoechst and anti-MAP2 
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staining. The 40x magnification images were used to calculate pre- and post-synaptic 
puncta densities based on anti-MAP2, anti-synapsin and anti-PSD-95 staining. Raw 
data were normalized per plate against the scrambled control values. For statistical 
analysis, we used a Student’s t test on normalized data and p-values were corrected 
for multiple testing. Cluster analysis of normalized cellomics data was performed using 
Euclidean clustering in R.

Real-time qPCR. RNA was extracted from the primary cultures at DIV7 using the 
RNAeasy mini kit (Qiagen). Sample concentration was determined using a NanoDrop 
ND-1000 spectrophotometer (NanoDrop Technologies). cDNA synthesis was performed 
using 200 mg RNA. The RNA was mixed with hexanucleotide primers (25 pmol/ml), 
heated to 37 °C for 1 min, and then snap-cooled on ice. We then added a mix with 
reverse transcriptase (200 units/ml; Promega) and dNTPs (10 mM) and incubated the 
samples for 45 min at 37 °C. SYBR green (GC Biotech) was used as the reporter dye to 
perform the real-time qPCR. For primer sequences, see Table S2. All qPCR Cp values 
were normalized against the Cp values of Actb.

Transcriptomics. RNA was extracted from the primary cultures at DIV7 using the 
RNAeasy mini kit (Qiagen). Sample concentration was determined using a NanoDrop ND-
1000 spectrophotometer (NanoDrop Technologies). Sequencing libraries were prepared 
using 300 ng of total RNA using the TruSeq stranded mRNA library preparation kit (V4; 
Cat# RS-122-2101/2102, Illumina Inc.) including polyA selection. Library preparation 
was performed according to the manufacturers’ protocol (#15031047). Libraries were 
pooled and sequenced on the Illumina HiSeq2500, using paired-end 125 bp read length. 
The sequenced reads are quantified with Salmon 0.8.2 using an index generated from 
the mouse GENCODE gene set version M16. Transcripts are mapped to genes by 
importing to R with the tximport package. Only transcripts that map to a gene with 
known chromosomal location are retained (i.e. no MT or unknown). The default settings 
for DESeq2 version 1.14.1 were used for gene expression normalization, hypothesis 
testing, and correction for multiple testing in differential expression analysis.

Proteomics. Proteins were extracted from primary cultures at DIV7. Before protein 
extraction, plates were washed twice with PBS at 4 °C and a solution of PBS with 
protease inhibitor (Roche) was added to each well. Cells were scraped and recovered 
in Eppendorf tubes and centrifuged at 3000 x g for 5 min at 4 °C. the supernatant was 
discarded and the cell pellets were resuspended in 15 ml of loading buffer. Samples 
were then processed for mass spectrometry as described previously224,225. In short, SDS-
PAGE was used to separate proteins on size. After Coomassie blue staining, each gel lane 
was cut in smaller pieces and de-stained with two incubations with 50 nM ammonium 
bicarbonate (Fluka)/50% acetonitrile ( JT Baker). The gel pieces were then dried with 
100% acetonitrile and digested overnight at 37 °C with trypsin (Promega). Digested 
peptides were extracted with two incubations of 0.1% trifluoroacetic acid (Applied 
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Biosystems)/50% acetonitrile and one of 0.1% trifluoroacetic acid/80% acetonitrile, 
and the resulting peptide solution was dried in a speedvac before dissolving in 0.1% 
acetic acid solution. Samples were loaded into an Ultimate 3000 liquid chromatography 
system (Dionex, Thermo Scientific) and then into a 5800 proteomics analyzer mass 
spectrometry system.

Proteomics data analysis. First, a spectral library of cultured primary hippocampal 
mouse neurons was built. MS data was analyzed with Spectronaut Pulsar software 
(Biognosys) and the library was used for peptide identification. The quality (q) value 
threshold was set as 10-3. For detecting differentially expressed proteins, eight control 
samples (four untreated sample replicates and four scrambled shRNA samples) were 
compared to eight Grm3 knockdown samples (four Kd1 sample replicates and four 
Kd2 sample replicates). Peptide selection criteria were set to fail detection in only 
one replicate sample within groups and in all but one samples between groups. All 
contaminant proteins (i.e., immunoglobulins, keratins and trypsin) were removed before 
analysis. Regulated proteins were selected based on an FDR corrected p-value cutoff 
of 0.05. We used gProfiler242 and SynGO243 for pathway analysis. Enrichment for FMRP 
target mRNAs was based on previously published data254.
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