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Abstract  

FUS is an RNA-binding protein associated with frontotemporal lobar degeneration 

(FTLD) and amyotrophic lateral sclerosis (ALS). Previous reports have demonstrated 

intrinsic roles of FUS in synaptic function. However, the mechanism underlying FUS’s 

regulation of synaptic morphology has remained unclear. We found that reduced mature 

spines after FUS depletion was associated with the internalization of PSD-95 within the 

dendritic shaft. Mass spectrometry of PSD-95-interacting proteins identified SynGAP, 

whose expression decreased after FUS depletion. Moreover, FUS and the ELAV-like 

proteins ELAVL4 and ELAVL1 control SynGAP mRNA stability in a 3’UTR length-

dependent manner, resulting in the stable expression of the alternatively spliced SynGAP 

isoform α2. Finally, abnormal spine maturation and FTLD-like behavioral deficits in FUS 

knockout mice were ameliorated by SynGAP α2. Our findings establish an important link 

between FUS and ELAVL proteins for mRNA stability control and indicate that this 

mechanism is crucial for the maintenance of synaptic morphology and cognitive function. 
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Introduction 

FUS/TLS is an RNA-binding protein with a genetic and pathologic relationship 

to frontotemporal lobar degeneration (FTLD) and amyotrophic lateral sclerosis (ALS) 

(Kwiatkowski et al., 2009; Neumann et al., 2009; Seelaar et al., 2011). FUS is 

mislocalized from the nucleus to cytoplasm and exhibits aggregate formation in 

FTLD/ALS (Mackenzie et al., 2011; Neumann et al., 2009). A gain of toxic function 

and/or loss of function of FUS have been hypothesized as pathogenic mechanisms. FUS 

has various roles in RNA metabolism, including functions related to alternative splicing 

(Lagier-Tourenne et al., 2012; Ishigaki et al., 2017), transcription (Tan and Manley, 2010; 

Masuda et al., 2015), mRNA transport (Fujii et al., 2005), mRNA stability (Kapeli et al., 

2016; Udagawa et al., 2015), translation (Yasuda et al., 2013), and miRNA processing 

(Morlando et al., 2012). Disruption of these functions may correspond to the pathogenesis 

of FTLD/ALS (Ling et al., 2013).  

The regulation of mRNA stability via deadenylation is a crucial mechanism in 

RNA metabolism (Chen and Shyu, 2011). Previous reports of high-throughput 

sequencing of RNA isolated through crosslinking immunoprecipitation (HITS-CLIP) 

have shown that a subpopulation of FUS binds the 3’UTR (Lagier-Tourenne et al., 2012; 

Ishigaki et al., 2012; Nakaya et al., 2013) and is important for mRNA stability (Kapeli et 
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al., 2016; Udagawa et al., 2015) and polyadenylation (Masuda et al., 2015), thus 

suggesting that FUS maintains the expression level of specific mRNAs via control of 

mRNA stability. However, the mechanism underlying the regulation of mRNA stability 

by FUS and whether these functions are related to the pathogenesis of FTLD/ALS remain 

unclear.  

Synaptic dysfunction has been implicated in a wide range of neurodegenerative 

diseases, including FTLD/ALS (Sephton et al., 2015; Herms and Dorostkar, 2016), and 

several reports have suggested that it may be an initial process involved in pathological 

changes (Selkoe, 2002; Jürgens et al., 2016). Previous studies have indicated roles of FUS 

in synaptic function (Fujii et al., 2005; Qiu et al., 2014; Sephton et al., 2014). In FUS 

knockdown mice, synaptic dysfunction results in behavioral abnormalities, including 

hyperactivity and disinhibition (Udagawa et al., 2015, Kino et al., 2015, Ishigaki et al., 

2017). In addition, we have shown that FUS regulates GluA1 mRNA stability at the 

3’UTR and that GluA1 expression in FUS knockdown mice partially ameliorates these 

abnormal behaviors (Udagawa et al., 2015). However, it remains unclear how FUS 

regulates mRNA stability at the 3’UTR and whether GluA1 is the sole major factor 

responsible for the synaptic abnormalities caused by FUS depletion.  

In this study, we identified a major target of FUS, SynGAP spliced isoform α2, 
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which is a critical factor involved in spine maturation. We found that FUS and ELAV-

like proteins cooperatively control SynGAP mRNA stability in a 3’UTR length-

dependent manner. Finally, we demonstrated that this mechanism is responsible for the 

development of abnormal spine morphology and FTLD-like cognitive symptoms in FUS 

knockout mice. 

 

Results 

FUS knockdown causes spine abnormalities associated with PSD-95 displacement 

To elucidate the mechanisms underlying the dendritic spine abnormalities 

caused by FUS depletion, we re-evaluated spine morphology in primary hippocampal 

neurons. F-actin staining by fluorescein-conjugated phalloidin demonstrated a decrease 

in total spine number, as well as a decrease in the frequency of mature spines in shFUS-

induced neurons (Figures 1A-1C), as reported previously (Fujii et al., 2005). This result 

was consistent with our previous findings showing that FUS depletion in cultured neurons 

or in the mouse hippocampus decreases synaptic transmission (Udagawa et al., 2015). 

For further analysis of post-synaptic structure and function, we examined PSD-95 

immunocytochemistry. PSD-95 is a major component of the post-synaptic density (PSD). 

PSD-95 particles were detected in the dendritic spines outside of the dendritic shafts in 
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control neurons, whereas in FUS-knockdown neurons, the majority of PSD-95 particles 

were displaced to the inner area of the dendritic shafts (Figures 1D and 1E). However, we 

found that the protein expression level of PSD-95 remained unchanged according to the 

results of immunostaining (Figure 1F) and western blotting (Figures 1G and 1H). These 

data suggest that FUS depletion might affect the protein interaction network of post-

synaptic factors and/or cytoskeletal proteins (Halpain et al., 1998).  

 

FUS knockdown downregulates SynGAP expression  

To identify proteins whose interaction with PSD-95 is affected in FUS-

knockdown neurons, we extracted proteins from cultured neurons and used an anti-PSD-

95 antibody in an immunoprecipitation assay (Figure 2A). Liquid chromatography and 

mass spectrometry (LC/MS) analysis of the bound proteins identified 366 proteins, 

approximately 12% of which were considered “synapse” proteins according to gene 

ontology analysis (Figure S1). Eleven of these proteins showed a >2-fold change in the 

shFUS/shCtrl ratio (Table S1). Here, we focused on SynGAP, which showed a >10-fold 

lower score for the shFUS/shCtrl ratio, on the basis of the assumption that proteins 

exhibiting a decreased interaction with PSD-95 would be crucial for spine maturation. 

Validation of the LC/MS analysis showed that the amount of SynGAP co-
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immunoprecipitated with PSD-95 indeed decreased in shFUS neurons (Figures 2B and 

2C). However, the input level of SynGAP decreased to a similar extent, indicating that 

FUS regulates SynGAP expression. Both SynGAP protein (Figures 2D and 2E) and 

mRNA levels (Figure 2F) were decreased significantly in the FUS knockdown neurons. 

These data suggest that SynGAP may be a direct target of FUS and that the 

downregulation of SynGAP may affect spine morphology. 

 

A decrease in SynGAP α2 is directly involved in abnormal spine maturation in FUS 

knockdown neurons 

SynGAP localizes to the PSD and negatively regulates the Ras/Rap pathway 

(Kim et al., 1998; Carlisle et al., 2008; Jeyabalan and Clement, 2016), and this protein is 

associated with autism spectrum disorders and epilepsy (Mignot et al., 2016). Previous 

studies in SynGAP hetero-knockout mice have identified an increase in the number of 

mature spines (Kim et al., 2003; Clement et al., 2012; Wang et al., 2013). These results 

appear contrary to our data. However, SynGAP has been reported to exhibit various 

alternatively spliced isoforms, and C-terminal variants have opposing effects on synaptic 

function. For example, overexpression of SynGAP α1 decreases mEPSC amplitude, 

whereas SynGAP α2 increases mEPSC amplitude (McMahon et al., 2012). The sequences 



Yokoi et al. 8 

of SynGAP α1 and α2 are thought to be determined by exon 19. The inclusion of exon 19 

in the α1 isoform results in a frameshift in exon 20 and a protein product that is shorter 

than α2. Notably, these previous studies have analyzed the SynGAP α1 isoform. Thus, 

we consider the possibility that isoform-related control of SynGAP may be associated 

with synaptic dysfunction in FUS knockdown neurons.  

Western blotting and immunostaining analyses of primary hippocampal neurons 

using isoform-specific antibodies (Figure 3A) showed that only SynGAP α2 was 

decreased after FUS depletion, whereas the level of SynGAP α1 remained unchanged 

(Figures 3B-3E), indicating that FUS differentially regulates the expression of SynGAP 

isoforms. To examine whether SynGAP α2 is a major downstream target of FUS that is 

involved in spine abnormalities, we generated a SynGAP α2 expression construct 

(Figures S2A and S2B). The expression of SynGAP α2 rescued the abnormal spine 

morphology in FUS knockdown neurons (Figures 3F and 3G). However, SynGAP α1 

supplementation did not rescue the spine abnormalities observed in FUS-silenced neurons, 

and SynGAP α1 expression in the control neurons instead enhanced spine abnormalities 

(Figures 3H and 3I, S2C and S2D), a result consistent with findings from a previous report 

(McMahon et al., 2012). These data indicated that SynGAP α2 is a major effector of spine 

maturation that is modulated by FUS. 
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FUS regulates SynGAP mRNA stability in a 3’UTR length-dependent manner 

To elucidate how FUS regulates SynGAP expression, we referred to HITS-CLIP 

data for FUS from our previous report (Figure S3, Ishigaki et al., 2012). The peak of FUS 

binding was detected near the 3’ end of the SynGAP α2 3’UTR, a result similar to findings 

for GluA1 mRNA (Udagawa et al., 2015), thus suggesting that FUS directly binds the 

SynGAP mRNA 3’UTR and regulates its stability. Indeed, RNA-IP confirmed that FUS 

bound the SynGAP mRNA (Figure 4A). The mRNA stability assay showed that the 

mRNA decay rate of the transcripts detected with primers corresponding to the SynGAP 

mRNA ORF and 3’UTR, but not to the intron, was significantly increased in shFUS 

neurons compared with shCtrl neurons (Figure 4B). 

Because the SynGAP α1 3’UTR sequence in the Ensembl database appears to be 

incomplete, we next performed 3’RACE to determine the SynGAP 3’UTR sequence and 

unexpectedly identified an mRNA variant with a short 3’UTR, in which the internal 

3’UTR sequence, including the FUS binding site, appeared to be spliced out. Whereas 

PCR amplification using a reverse primer designed within the spliced UTR detected a 

single band, PCR with a reverse primer designed near the 3’ end of the 3’UTR resulted 

in two confirmed bands, corresponding to the full-length (long) and the spliced (short) 
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3’UTR (Figure 4C). These results indicated that at least two different SynGAP mRNA 

3’UTR variants exist: one that is probably modulated by FUS and another that lacks the 

FUS binding element. The intensity of the short UTR was ~15% compared with the long 

UTR, and only the mRNA with the long UTR showed a decreased level of FUS 

knockdown neurons, suggesting that FUS regulates the stability of the long 3’UTR. As 

the mRNA with the short UTR was not affected by FUS depletion, it is unlikely that 

alternative splicing of this 3’UTR is affected by FUS depletion (Figures 4D and 4E). 

qPCR of SynGAP mRNA with the primer pairs specific for SynGAP long3’UTR showed 

that the SynGAP mRNA level was reduced after FUS knockdown to a similar extent as 

measured by the primer pairs for the SynGAP ORF (Figures 2F and 4F), suggesting that 

isoforms with the long 3’UTR are dominant. 

Next, to determine which SynGAP isoforms contained the long and the short 

3’UTRs, we cloned and sequenced SynGAP mRNA using two sets of primer pairs: one 

detecting both the short and the long 3’UTRs and another detecting only the long 3’UTR. 

Interestingly, whereas both SynGAP α2 and α1 were detected by the common primer pair, 

α2 was the dominant isoform detected by the long UTR-specific primers (Figure 4G). 

These data suggested that FUS regulates SynGAP mRNAs by binding the specific 3’UTR 

region in an isoform-dominant manner. Note that the SynGAP α1 sequence available in 
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the Ensembl database was not found in our sequencing data. However, there was a 

population of clones in which 1 base in exon 20 was deleted, as compared with the 

SynGAP α2 sequence, and those clones appeared to be α1 isoforms according to the 

encoded protein sequence. Because there was only a single base difference in the coding 

region of the α1 and α2 isoform sequences, we were not able to generate an α1-specific 

primer pair to quantify the mRNA level of the α1 isoform specifically. Although SynGAP 

α1 with the long 3’UTR occurred in some amount, the protein expression level of 

SynGAP α1 was not decreased by shFUS, and SynGAP α1 supplementation in shFUS 

neurons did not rescue the spine abnormalities, thus indicating that FUS regulation of 

SynGAP α1 with a long 3’UTR might have less of an effect on spine morphology.  

Finally, to confirm this model, we generated an shRNA targeting the SynGAP 

3’UTR, specific to the long UTR containing the FUS binding site (Figure S3). 

Remarkably, the protein expression of SynGAP α2, but not α1, was decreased in 

shSynGAP 3’UTR neurons (Figures 4H and 4I), and knockdown by shSynGAP 3’UTR 

induced spine abnormalities, as observed in FUS-silenced neurons (Figures 4J and 4K). 

Together, these results strongly suggested that FUS binds a specific region of the SynGAP 

mRNA 3’UTR and regulates its stability, thus controlling specific isoform expression in 

a 3’UTR length-dependent manner.  
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FUS and ELAV-like family proteins regulate SynGAP mRNA stability bi-

directionally at its 3’UTR 

Next, to further elucidate the precise mechanism underlying the FUS-mediated 

control of mRNA stability at the 3’UTR, we generated a biotinylated RNA probe for the 

SynGAP 3’UTR that contained FUS binding sequences (Figure 5A; Figure S3). An RNA 

pull-down assay using the biotinylated SynGAP 3’UTR and streptavidin beads showed 

that FUS bound to SynGAP 3’UTR sequences more efficiently than to a control GAPDH 

probe (Figure S4A). Next, we performed LC/MS analysis of the SynGAP 3’UTR-bound 

proteins. On the basis of the analysis of in-gel-trypsinized samples from the bands that 

appeared only when the SynGAP 3’UTR was used as the pull-down probe, we identified 

many proteins involved in RNA metabolism (Figure S4B, Table S2). Interestingly, we 

detected several RNA-binding proteins that have been reported to stabilize their target 

mRNAs (Figures 5B and 5C). We found that the binding efficacy of one of these proteins, 

ELAV-like protein 4 (ELAVL4/HuD) was significantly decreased in FUS knockdown 

neurons. We also validated ELAVL3, ELAVL2, PTBP2 and PCBP2, which remained 

unchanged in pull-down assay (data not shown). Furthermore, we explored proteins that 

destabilize mRNA (Bronicki et al., 2013) and found that ELAV-like protein 1 
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(ELAVL1/HuR) bound the SynGAP pull-down probe more strongly in shFUS neurons 

(Figures 5B and 5C). We also evaluated other RNA-binding proteins that destabilize 

mRNA, including KSRP, AUF1, CUGBP1 and TIS11B, but no increase in the efficacy 

of binding to the SynGAP probe was observed (data not shown).  

ELAVL4 is an AU-rich element (ARE)-binding protein that regulates mRNA 

stability (Bronicki et al., 2013; Fukao et al., 2009). FUS co-immunoprecipitation showed 

that ELAVL4 interacts with FUS independently of RNase (Figure S4C), a result 

consistent with findings from previous reports (Blokhuis et al., 2016; Groen et al., 2013). 

More importantly, ELAVL4 knockdown decreased SynGAP α2 specifically, similarly to 

FUS knockdown (Figures 5D and 5E). ELAVL4 knockdown also destabilized SynGAP 

mRNA (Figure 5F). Furthermore, when ELAVL4 was depleted, FUS was released from 

the SynGAP 3’UTR, and the interaction of ELAVL1 with the SynGAP 3’UTR was 

increased (Figures 5G and 5H), thus suggesting that FUS and ELAVL proteins 

cooperatively interact with the SynGAP mRNA 3’UTR and regulate its stability. In 

support of this notion, double knockdown of FUS and ELAVL4 had no synergistic effect 

on SynGAP mRNA expression (Figure 5I). On the other hand, individual knockdown of 

FUS and ELAVL4 both resulted in recruitment of ELAVL1 to the SynGAP pull-down 

probe (Figures 5B and 5G). ELAVL1 has been reported to stabilize its target mRNAs in 
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general; however, it has also been found to destabilize certain mRNAs, such as c-Myc 

mRNA (Mukherjee et al., 2011; Kim et al., 2009). ELAVL1 knockdown increased 

SynGAP mRNA expression significantly, albeit weakly (Figure 5J), in contrast to the 

FUS and ELAVL4 knockdown, thus suggesting that ELAVL1 negatively regulates 

SynGAP mRNA stability. Moreover, ELAVL1 knockdown partially ameliorated 

SynGAP mRNA expression in shFUS neurons (Figure S4D). To further confirm the 

regulation of FUS and ELAVL proteins at the SynGAP 3’UTR, we performed a reporter 

assay using mRNA encoding Venus fluorescent protein fused with a SynGAP 3’UTR 

sequence identical to the one used in the RNA pulldown assays. Knockdown of FUS, 

ELAVL4 or ELAVL1 altered reporter expression in the same direction observed for 

endogenous SynGAP expression in primary cultures (Figures S4E and S4F). Together, 

these findings indicated that FUS and ELAVL1/4 cooperatively control the stability of 

SynGAP mRNA at its 3’UTR. This regulation mechanism may also play a role in the 

control of GluA1 mRNA expression (Figures S4G-S4J), thus suggesting that the FUS-

ELAVL protein complex is a common regulator of mRNA stability at the 3’UTR. 

 

Conditional FUS knockout mice show spine abnormalities and FTLD/ALS-like 

behavioral abnormalities, which are ameliorated by SynGAP α2 expression 
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Finally, to confirm the functional importance of FUS in the control of SynGAP 

α2 expression, we generated conditional FUS knockout mice in the C57BL/6 strain. The 

insertion of a LoxP-Cre sequence in FUS and Cre expression controlled by the Camk2-

promoter resulted in forebrain-specific knockdown. Immunohistochemistry indicated that 

the FUS expression level was decreased in the hippocampus (Figure 6A). Lysates from 

the CA1 region of the hippocampus exhibited decreased expression of SynGAP α2, but 

not α1, a result similar to that in primary neurons (Figures 6B and 6C). Fluorescence 

immunohistochemistry of CA1 also revealed a decrease in SynGAP α2 expression 

(Figure 6D). Golgi-Cox staining showed that the proportion of mature dendritic spines 

was significantly decreased in CA1 dendrites, but the number of spines remained 

unchanged (Figures 6E-6G). This phenotype was similar to that of adeno-associated virus 

(AAV)-shFUS injected mice (Udagawa et al., 2015, Ishigaki et al., 2017) and was 

ameliorated by SynGAP α2 expression via AAV (Figures 6E-6G; Figures S5A and S5B). 

These data indicated that SynGAP α2 is an important modulator of spine maturation in 

vivo in the FUS knockdown model.  

Behavioral assays revealed that conditional FUS knockout mice showed 

hyperactivity in an open-field test (OFT) (Figure 6H) and decreased anxiety in an elevated 

plus-maze test (EPM) (Figures 6I and 6J). However, memory defects were absent in the 
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novel object recognition test (NOR) (Figure S5C) and the fear conditioning test (FC) 

(Figures S5E and S5F). These phenotypes were similar to those of previous FUS 

knockdown models (Udagawa et al., 2015; Kino et al., 2015), suggesting the existence of 

common features in FUS depletion models. Moreover, the phenotype of disinhibition in 

the absence of a memory defect partially mimics the early symptoms of FTLD (Vernay 

et al., 2016; Rascovsky et al., 2011). Whereas AAV-shFUS-injected mice showed 

increased interactions in the social interaction test (SI) and an increase in object 

investigation in the NOR (Udagawa et al., 2015), conditional FUS knockout mice did not 

show these phenotypes (Figures S5D and S5G). Finally, to confirm that the decrease in 

SynGAP α2 levels was responsible for these behavioral abnormalities, we injected AAV-

SynGAP α2 into the FUS knockout mice. SynGAP α2 supplementation in the 

hippocampus indeed partially ameliorated the observed phenotypes (Figures 6H-6J). 

Supplementation of SynGAP α2 in wild-type mice had no effect on their behavior in these 

assays (Figures S5H-S5J). These results, together with those from our previous work, 

suggested that the cognitive and synaptic disabilities induced by the loss of FUS function 

can be ameliorated by enhancing synaptic function through the induction of spine 

maturation or synaptic glutamate receptors. This result may provide an effective strategy 

for the prevention of neurodegenerative disease progression. 
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Discussion 

RNA-binding proteins related to FTLD/ALS, such as FUS and TDP-43, have 

been implicated in RNA metabolism; however, the underlying mechanisms directly 

linked to physiology or pathogenesis remain unclear. We found that SynGAP α2 is a 

major target of FUS in the promotion of spine maturation and cognitive function in 

3’UTR length-dependent manner. These results, together with our previous finding that 

GluA1 expression is regulated by FUS (Udagawa et al., 2015), notably suggest that the 

expression of two functionally distinct proteins at the post-synapse, SynGAP α2 and 

GluA1, an AMPA receptor subunit, are both capable of rescuing the spine abnormalities 

and cognitive function deficits caused by FUS depletion. The pathogenesis of FTLD/ALS 

has been mainly described in the context of the gain of toxic function model (Ling et al., 

2013). Our loss of function model displayed spine abnormality, which is thought to be an 

initial change in neurodegeneration (Selkoe, 2002; Herms and Dorostkar, 2016), as well 

as a few selected behavioral abnormalities, partially reminiscent of FTLD symptoms. 

These data suggest that FUS deficiency might also be involved in the disease mechanism 

of FTLD/ALS. Certainly, further evaluation in other brain regions and human samples 

will be needed to clarify whether these abnormalities caused by FUS depletion indeed 
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contribute to FTLD/ALS pathogenesis. 

Because the 3’UTR plays a role in controlling mRNA stability, localization, and 

translation, an alternative 3’UTR may significantly affect the destination of the 

corresponding mRNAs (Tian and Manley, 2017; Mayr, 2016). We found that SynGAP 

isoforms exhibit at least two different forms of the 3’UTR: full length (long) and 

alternately spliced (short). We showed that FUS controls the expression of the α2 isoform, 

but not the α1 isoform and that SynGAP α2 is the major isoform that possesses the long 

3’UTR, in which the FUS binding site is present. Such 3’UTR length-dependent 

regulation of mRNA stability has been reported previously (Graham et al., 2007; 

Sandberg et al., 2008), but not for RNA-binding proteins related to FTLD/ALS. Although 

the precise mechanism of SynGAP 3’UTR splicing remains unknown, it would be 

interesting to elucidate the different functions of each alternative 3’UTR that may be 

involved in spine morphology or localized to a certain subcellular region (An et al., 2008; 

Berkovits and Mayr, 2015).  

We found that SyGAP α2 is the major isoform with long 3’UTR, whereas 

majority of the α1 isoform have short 3’UTR and SynGAP  exhibits both short and long 

3’UTR. SynGAP α1 has been the most characterized SynGAP isoform thus far, and is 

reported to interact with PSD-95 through its C-terminal PDZ ligand motif (Kim et al., 



Yokoi et al. 19 

1998). The deletion of the PDZ ligand motif has been shown to disrupt its interaction with 

PSD-95, resulting in enlarged spines (Vazquez et al., 2004). The phosphorylation of 

SynGAP α1 by CaMKII and PLK2 modulates the composition of the PSD by reducing 

its occupancy of the PDZ domain of PSD-95, which, in turn, would free the PDZ domain 

for binding with other proteins (Walkup et al., 2016). Although neither SynGAP α2 nor 

SynGAP  have a PDZ ligand motif, they have been shown to localize to PSD (McMahon 

et al., 2012). As SynGAP might form trimers through its coiled-coil domains (Zeng et al., 

2016), SynGAP α2, and possibly , might indirectly interact with PSD-95. As precise 

interaction or localization of SynGAP isoforms remain unclear, further evaluation will be 

needed to elucidate the functions of each isoform, the cooperative effects of the isoforms, 

and the involvement of 3’UTR length-dependent regulation. 

We showed that FUS binds ELAVL4 at a unique position within the SynGAP 

long 3’UTR. ELAVL4 has various roles in RNA metabolism, including functions related 

to alternative splicing, translation, alternative polyadenylation, mRNA transport, and 

mRNA stability (Bronicki et al., 2013; Fukao et al., 2009). ELAVL4 KO mice show 

deficits in dendritogenesis and a lack of anxiety in an EPM, similarly to our FUS knockout 

mice (DeBoer et al., 2014). However, the involvement of ELAVL4 in FTLD/ALS has not 

been adequately investigated (Fallini et al., 2012). We demonstrated that depletion of 
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either FUS or ELAVL4 accelerated the decay of SynGAP α2 mRNA. Interestingly, 

knockdown of one of these proteins decreased the SynGAP 3’UTR-binding efficacy of 

the other, and double knockdown of FUS and ELAVL4 did not have a synergistic effect 

on SynGAP mRNA expression, thus suggesting that FUS and ELAVL4 act together in 

stabilizing SynGAP mRNA. Moreover, we demonstrated that ELAVL1, the counterpart 

of the FUS-ELAVL4 complex, destabilizes SynGAP mRNA. Knockdown of ELAVL1 

partially ameliorated the decrease in SynGAP mRNA due to FUS depletion. ARE-binding 

proteins (ARE-BPs), including ELAVL proteins, regulate ARE-BP-mediated decay 

(Chen and Shyu, 2011) and collaborate or act antagonistically at ARE-containing 3’UTRs, 

thereby balancing target mRNA expression (Iadevaia and Gerber, 2015; Gardiner et al., 

2015). The counterpart of ELAVL4 for ARE-mediated decay has been suggested 

(Gardiner et al., 2015), but not verified. Interestingly, GluA1 expression is regulated in a 

similar manner as SynGAP by ELAVL4 and ELAVL1, thus suggesting that cooperative 

control of mRNA stability by FUS and ELVAL proteins might be a conserved mechanism 

for the regulation of synaptic proteins. However, because the rescue efficacy of 

shELAVL1 was limited, other factors, such as miRNAs, may be involved in ELAVL1-

mediated SynGAP mRNA destabilization (Kim et al., 2009; Glorian et al., 2011). Future 

studies will be needed to determine how the mRNA stabilization and decay of SynGAP 
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mRNA are balanced and whether/how this mechanism is disrupted under certain 

circumstances that cause neurodegenerative diseases, including environmental stress or 

aging.  

In summary, we identified SynGAP α2 as a major candidate target that is 

involved in spine maturation and cognitive behavior and is regulated by FUS. In addition, 

we demonstrated that FUS, together with ELAVL family proteins, regulates SynGAP 

mRNA stability at a unique sequence within the long 3’UTR, thus stabilizing the long 

UTR-specific mRNA. Our findings increase our understanding of the pathways 

controlled by FUS function and provide important clues for the further exploration of the 

pathogenesis of FTLD/ALS.   
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Experimental Procedures 

Animals 

All mice (C57BL/6J) were maintained in a temperature (25 °C) and light-controlled (12 

h light-dark cycle) facility. Animal protocols were approved by the Institutional 

Committee under the Regulations for Animal Experiments at Nagoya University. We 

generated conditional FUS knockout mice by using the loxP-Cre system. The same 

directional loxP sites were inserted into the 5’UTR and intron 3 of the FUS gene with a 

Frt-flanked neomycin cassette. Targeted iTL BA1 (C57BL/6J x 129/SvEv) hybrid 

embryonic stem cells were microinjected into C57BL/6J blastocysts. The resulting 

chimeras were mated with C57BL/6J FLP mice to remove the Neo cassette and were 

backcrossed to C57BL/6J. MAX-BAX℠ (Charles River) was performed to obtain fully 

congenic mice for behavioral assays. Finally, we crossed FUS flox/flox mice with 

Camk2-Cre mice (Tsien et al., 1996, a kind gift from Miyakawa T) and generated FUSfl/fl 

Cre+ mice as conditional FUS knockout mice and FUSfl/fl or FUSfl/- Cre- mice, which 

were used as controls. 

 

Neuron cultures 

Cultures of mouse cortical and hippocampal neurons were prepared as described 
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previously (Udagawa et al., 2015). Details regarding neuron culture, western blotting, 

immunostaining, immunoprecipitation, quantitative real-time PCR, RNA pull-down 

assays, reporter assays, DNA construction, Lentivirus production, and AAV production 

are presented in the Supplemental Experimental Procedures.  

 

Quantitative analysis of immunofluorescence data and spine morphology 

The immunofluorescence signal intensity was measured using ZEN software (Zeiss). The 

nucleus was determined based on the DAPI-positive area, and the cell body cytoplasm 

was determined based on the MAP2-positive/DAPI-negative area. The ROI of the soma 

was set to equally include areas of the nucleus and the cytoplasm, blinded from interested 

protein intensities. The dendrite intensity measurement and counts of PSD-95 particles 

were performed using ImageJ software. The equal ROI area, 20 m in length and 5 m 

in width within the range of 40-100 m away from the cell soma without other crossed 

dendrites, was set to measure the mean intensity of PSD-95, including the inside and 

outside of the dendrites. Note that no more than one 20-m section per dendritic branch 

within this range can be selected in most cases, which is due to high confluency of crossed 

dendrites. Particles inside and outside the MAP2-positive area were counted by using the 

“particle count” function in ImageJ. The threshold was set to twice the mean intensity for 
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the shCtrl dendrites. The number of spines was counted over a region of 10 m in length, 

selected by applying the same criterion as above. In the same region, mature spines were 

analyzed on the basis of the definition of a head/neck diameter ratio >1.5 (Harris et al., 

1992). In all experiments, MAP2 intensities were analyzed, and no significant differences 

were found between groups.   

 

Behavioral assays 

Behavioral assays were conducted on the male mice at 12-15 weeks of age. Mice were 

examined using the open field test, elevated plus maze test, novel object recognition test, 

social interaction test, and fear conditioning test under the same experimental settings, as 

described previously (Udagawa et al., 2015). The mice were used for each behavioral test 

only once. The precise settings for each assay are described in the Supplemental 

Experimental Procedures. 

 

Statistical analyses 

 Western blot, immunocytochemistry, immunoprecipitation, and qRT-PCR data were 

obtained from at least three independent experiments. All data were analyzed with IBM 

SPSS Statics 24. Normality was determined with the Shapiro-Wilk test. For the statistical 
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analysis of two groups, the unpaired t-test was used (except in Figure S6C, where the data 

were analyzed with a paired t-test). When the data were not distributed normally, the 

Mann-Whitney U-test was used. In experiments with more than two groups, one-way 

analysis of variance with post hoc Tukey’s multiple comparison test was used. When the 

data were not normally distributed, the Kruskal-Wallis test and the post hoc Bonferroni 

test were used. In the mRNA stability assay presented in Figures 4B and 5F, ANCOVA 

was used for the analysis of fitted curves. In all experiments, the data are expressed as the 

mean ± s.e.m., and the threshold of statistical significance was set to *P<0.05, **P<0.01, 

or ***P<0.001. 
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Figure legends 

Figure 1. FUS knockdown causes spine abnormalities with PSD-95 displacement in 

cultured neurons.  

(A) Mouse primary hippocampal neurons were infected with a lentivirus expressing 

scrambled shRNA (shCtrl) or shRNA targeting FUS (shFUS1 and shFUS2). At DIV20, 

the neurons were immunostained for FUS (white) and MAP2 (red). F-actin (green) was 

stained by fluorescein-conjugated phalloidin. Mature spines are indicated with red arrows. 

Low magnification: Scale bar = 20 m. High magnification: Scale bar = 5 m. (B) 

Quantification of the soma FUS intensity in (A) (n = 19, 18, and 19 neurons from triplicate 

samples for shCtrl, shFUS1, and shFUS2, respectively; Kruskal-Wallis test; ***P < 0.001 

compared with shCtrl). (C) Quantification of the number of spines per 1 m and the 

percentage of mature spines in (A) (n = 19, 18, and 19 neurons for shCtrl, shFUS1, and 

shFUS2; one-way analysis of variance; ***P < 0.001 compared with shCtrl). (D) 

Immunostaining of primary hippocampal neurons for PSD-95 (green) and MAP2 (red) (n 

= 21, 17, and 17 neurons from triplicate samples for shCtrl, shFUS1, and shFUS2). High 

magnification: Scale bar = 5 m. Low magnification: Scale bar = 20 m. (E) 

Quantification of the percentage of PSD-95-positive particles outside of the dendrite in 

(D) with ImageJ software (one-way analysis of variance; ***P < 0.001 compared with 
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shCtrl). (F) Quantification of the intensity of soma and dendrite PSD-95 in (D) (NS = not 

significant, one-way analysis of variance). (G) The lysates of primary hippocampal 

neurons were subjected to western blotting with the indicated antibodies (n = 3 each). (H) 

Quantification of the protein levels in (G) (normalized to GAPDH intensity; one-way 

analysis of variance; **P < 0.01, ***P < 0.001 compared with shCtrl). In (B), (C), (E), 

(F) and (H), data represent mean ± SEM. 

 

Figure 2. SynGAP is downregulated in FUS knockdown neurons.  

(A) Schematic representation of the mass spectrometry analysis of PSD-95-bound 

proteins in the control and FUS knockdown primary cortical neurons. (B) Co-IP of PSD-

95 using the lysates from the FUS knockdown and control primary cortical neurons (n = 

3 each). The bound proteins were detected by western blotting with the indicated 

antibodies. (C) Quantification of the band intensity of SynGAP in (B) (*P < 0.05, ***P 

< 0.001, un-paired t-test). (D) The lysates were prepared from primary hippocampal 

neurons infected with shCtrl, shFUS1 and shFUS2 (n = 4 neuron cultures each) and were 

subjected to western blotting with the indicated antibodies. (E) Quantification of the band 

intensity of SynGAP in (D) (normalized to GAPDH intensity; one-way analysis of 

variance; *P < 0.05, **P < 0.01 compared with shCtrl). (F) Total RNA was extracted 



Yokoi et al. 42 

from primary hippocampal neurons infected with shCtrl, shFUS1 and shFUS2 (n = 3 

neuron cultures each), and the mRNA expression levels of SynGAP and FUS were 

analyzed via qRT-PCR (one-way analysis of variance; *P < 0.05, **P < 0.01 compared 

with shCtrl). In (C), (E) and (F), data represent mean ± SEM. See also Figure S1. 

 

Figure 3. The decrease in SynGAP α2 is responsible for spine abnormalities in the 

FUS knockdown neurons.  

(A) Neuro2A cells were transfected with the lentivirus vectors expressing SynGAP α1 or 

α2 with FLAG, and the lysates were analyzed by western blotting with the indicated 

antibodies. (B) Lysates were prepared from primary hippocampal neurons infected with 

shCtrl and shFUS1 (shFUS) (n = 3 each) and were subjected to western blotting with the 

indicated antibodies. (C) Quantification of the band intensity shown in (B) (normalized 

to GAPDH intensity; *P < 0.05, un-paired t-test). (D) Primary hippocampal neurons 

infected with shCtrl and shFUS were immunostained for SynGAP α2 or α1 (red), FUS 

(white) and MAP2 (green). Scale bar = 50 m. (E) Quantification of SynGAP soma 

intensity in (D) (***P < 0.001, un-paired t-test). (F) Primary hippocampal neurons 

infected with shCtrl + mock (n = 22), shFUS + mock (n = 22), shCtrl + SynGAP α2 (n = 

24) or shFUS + SynGAP α2 (n = 20) were immunostained for MAP2 (red). F-actin (green) 
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was stained by fluorescein-conjugated phalloidin. Mature spines are indicated with red 

arrows. Scale bar = 5 m. (G) Quantification of the number of spines per 1 m and the 

percentage of mature spines in (F) (***P < 0.001, one-way analysis of variance). (H) 

Primary hippocampal neurons infected with shCtrl + mock (n = 20), shFUS + mock (n = 

20), shCtrl + SynGAP α1 (n = 22) and shFUS + SynGAP α1 (n = 21) were immunostained 

for MAP2 (red). F-actin (green) was stained by fluorescein-conjugated phalloidin. Scale 

bar = 5 m. (I) Quantification of the number of spines and the percentage of mature spines 

in (H) (spine number: ***P < 0.001, one-way analysis of variance; %mushroom spine: 

***P < 0.001, Kruskal-Wallis test). In (C), (E), (G) and (I), data represent mean ± SEM. 

See also Figure S2. 

 

Figure 4. FUS regulates the stability of SynGAP α2 mRNA at its 3’UTR in a 3’UTR 

length-dependent manner.  

(A) RNA IP of FUS in cultured cortical neurons. The bound RNAs were analyzed via 

qRT-PCR. IP efficiency was calculated relative to the input. Representative data from 

triplicate experiments are shown. (B) mRNA stability was measured in the control and 

FUS knockdown primary cortical neurons treated with 10 g ml-1 actinomycin D via 

qRT-PCR using the primer sets indicated above each graph. The RNA level relative to 
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pretreatment samples for an equal amount of total RNA is plotted against the time after 

treatment (**P < 0.01, ***P < 0.001, ANCOVA). (C) RT-PCR of RNA from primary 

hippocampal neuron cultures was performed by using the 2 primer sets indicated in the 

schema. The band corresponding to the short UTR, indicated by a yellow arrow, was 

extracted, and its sequence is shown beside the gel image. A putative splice junction is 

indicated with an arrow. (D) RT-PCR of SynGAP 3’UTR in primary hippocampal 

neurons infected with shCtrl or shFUS were performed with the primer No.2 set as shown 

in (C) (n = 3 each). (E) The band intensity was quantified by ImgaeJ software (***P 

<0.001, unpaired t- test). (F) SynGAP mRNA levels in primary hippocampal neurons 

infected with shCtrl or shFUS (n=3 each) were analyzed via qRT-PCR using primers for 

the long 3’UTR specific sequence (**P < 0.01, un-paired t-test). (G) Two reverse primers, 

one containing the sequence of the 3’ end of the 3’UTR and the other 400 nt from exon 

20, were designed to detect the ratio of SynGAP isoforms in primary hippocampal 

neurons (n=56 for R primer1, n=50 for R primer2). (H) Lysates from primary cortical 

neurons infected with shCtrl or shSynGAP 3’UTR (n = 3 each) were analyzed by western 

blotting with the indicated antibodies. (I) Quantification of the protein levels in (H) 

(normalized to GAPDH intensity; *P < 0.05, un-paired t-test). (J) Primary hippocampal 

neurons infected with shCtrl (n = 18) or shSynGAP 3’UTR (n = 20) were immunostained 
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for MAP2 (red). F-actin (green) was stained by fluorescein-conjugated phalloidin. Scale 

bar = 5 m. (K) Quantification of the number of spines per 1 m and the percentage of 

mature spines in (J) (spine number: ***P < 0.001, Mann-Whitney U test; mature spines: 

***P < 0.001, un-paired t-test). In (B), (E), (F), (I) and (K), data represent mean ± SEM. 

See also Figure S3. 

 

Figure 5. FUS regulates SynGAP α2 mRNA with ELAV-like family proteins at the 

3’UTR.  

(A) Experimental schema of the biotinylated RNA pull-down assay using SynGAP 

mRNA 3’UTR sequences, followed by mass spectrometry analysis. (B) The RNA pull-

down assay was performed by using a biotinylated RNA probe cloned from the SynGAP 

3’UTR (see precise location in Figure S3). Pull-down samples were analyzed by western 

blotting with the indicated antibodies. (C) Quantification of the band intensity in (B) (*P 

< 0.05, un-paired t-test). (D) The lysates from primary cortical neurons infected with 

lentiviruses (shCtrl or shELAVL4, n = 3 each) were analyzed by western blotting with 

the indicated antibodies. (E) Quantification of the band intensity of the indicated proteins 

in (D) (normalized to GAPDH intensity; ***P < 0.001, **P < 0.01, un-paired t-test). (F) 

mRNA stability was measured in the control and ELAVL4 knockdown primary cortical 
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neurons as described in Figure 4B (n = 3) (*P < 0.05, ANCOVA). (G) RNA pull-down 

assay with SynGAP probes in ELAVL4 knockdown primary cortical neurons (n = 3). 

Bound proteins were analyzed by western blotting with the indicated antibodies. (H) 

Quantification of the band intensities in (G) (*P < 0.05, **P < 0.01, un-paired t-test). (I) 

Cultured cortical neurons were transduced with lentiviruses expressing shCtrl, shFUS, 

shELAVL4 and shFUS+shELAVL4 (n = 3 each). Total RNA was extracted and used for 

qRT-PCR with the indicated primers (***P < 0.001, one-way analysis of variance). (J) 

qRT-PCR of primary cortical neurons infected with shCtrl or shELAVL1 lentiviruses (n 

= 4 each) (**P < 0.01, ***P < 0.001 un-paired t-test). In (C), (E), (F), (H), (I) and (J), 

data represent mean ± SEM. See also Figures S4. 

 

Figure 6. FUS depletion causes spine and behavioral abnormalities that are 

ameliorated by SynGAP α2 expression. 

(A) The hippocampi of FUS fl/fl Cre- or FUS fl/fl Cre+ mice were immunostained with 

an FUS antibody. Scale bar: 200 m. (B) The CA1 region of the hippocampus from Cre- 

or Cre+ mice was excised and sonicated. The lysates were analyzed by western blotting 

with the indicated antibodies. (C) Quantification of the band intensity in (B). (normalized 

to GAPDH intensity; *P < 0.05, **P < 0.01, un-paired t-test). (D) The CA1 regions of the 
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hippocampi from Cre- or Cre+ mice were immunostained for SynGAP α2 (red), FUS 

(green), and DAPI (blue). Scale bar: 10 μm. (E) Golgi staining in the CA1 region of the 

hippocampus. FUS flox mice were injected with GFP or SynGAP α2 (n = 3 each). Scale 

bar: 10μm. (F) The total number of spines per 100 m of dendrite was quantified (NS = 

not significant, one-way analysis of variance) (G) The percentage of mushroom spines 

per 100 m of dendrite was quantified (***P < 0.001, one-way analysis of variance). (H) 

Exploring distance in the open field test. Number of Cre-GFP/Cre+ GFP/Cre+ SynGAP 

α2 samples = 14 / 11 / 11 (total and outer arena: *P< 0.05, **P < 0.01, Kruskal-Wallis 

test; center arena: NS = not significant, one-way analysis of variance). (I-J) Results of the 

elevated plus maze test. Number of Cre-GFP/Cre+ GFP/Cre+ SynGAP α2 samples = 8 / 

7 / 8. (I) Percentage of time in open arms compared with the total time in open plus closed 

arms (*P < 0.05, one-way analysis of variance). (J) Open arms entries were counted (*P 

< 0.05, one-way analysis of variance). In (C), (F), (G), (H), (I) and (J), data represent 

mean ± SEM. See also Figure S5. 
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