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Reduced Survival Motor Neuron (SMN) protein triggers the motor neuron disease, spinal 

muscular atrophy (SMA). Restoring SMN prevents disease but it is not known how neuromuscular 

function is preserved. We used model mice to map and identify an Hspa8G470R synaptic chaperone 

variant, which suppressed SMA. Expression of the variant in the severely affected mutant mice 

increased lifespan >10-fold, improved motor performance and mitigated neuromuscular pathology. 

Mechanistically, Hspa8G470R altered SMN2 splicing and simultaneously stimulated formation of a 

tripartite chaperone complex, critical for synaptic homeostasis, by augmenting its interaction with 

other complex members. Concomitantly, synaptic vesicular SNARE complex formation, which 

relies on chaperone activity for sustained neuromuscular synaptic transmission, and was found 

perturbed in SMA mice and patient-derived motor neurons, was restored in modified mutants. 

Identification of the Hspa8G470R SMA modifier implicates SMN in SNARE complex assembly 

and casts new light on how deficiency of the ubiquitous protein causes motor neuron disease.

Graphical Abstract

eTOC Blurb

Why does paucity of the housekeeping SMN protein trigger selective motor neuron degeneration? 

Kim et al. probe this by identifying a genetic suppressor of neurodegeneration in spinal muscular 

atrophy model mice. The suppressor, a synaptic chaperone, reveals a role for SMN in assembling 

synaptic SNARE complexes specifically at neuromuscular junctions.
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Introduction

Homozygous loss of the Survival Motor Neuron 1 (SMN1) gene triggers the neuromuscular 

disorder, spinal muscular atrophy (SMA).1–3 A paralogue, SMN2, is invariably present 

in patients, but fails to counter SMN1 loss owing to a splice-switching exon 7 transition 

that renders the copy gene unable to produce adequate SMN protein.4,5 Still, SMN2 is 

an intuitively appealing therapeutic target for the treatment of SMA. Indeed, nusinersen 

and risdiplam, two agents currently approved for SMA therapy, mitigate disease by 

inducing SMN2 to express greater amounts of intact SMN. A third agent, onasemnogene 

abeparvovec, restores SMN by means of an AAV9 vector. These therapies, if delivered 

in a timely manner effectively prevent disease onset.6 Yet, developing these therapeutic 

modalities did not address our understanding of how SMN governs neuromuscular health. 

SMA mechanisms have instead been gleaned primarily from studies that investigated SMN 

functions. These have implicated SMN in diverse roles including, notably, functions in 

RNA metabolism.7 However, a compelling link between such functions and the selective 

vulnerability of the neuromuscular system in SMA is yet to emerge.

One approach to defining disease-relevant mechanisms involves the identification of genetic 

modifiers.8,9 Indeed, such a strategy has been pursued for SMA.10,11 Yet, what has emerged, 

especially from genetic screens carried out in invertebrates, has rarely been confirmed 

in mammalian models. Besides, the search for SMA modifiers in worms, flies and even 

rodents is hampered by the absence of a true, SMN2-like hypomorph in these model 

systems. Attempts to identify SMA modifiers by studying families with discordantly 

affected sibs have been more fruitful.12–15 However, perplexingly, expressing the genes that 

emerged from these studies in humanized, SMN2-expressing mice failed to modify disease 

without first augmenting the mutants with an SMN-enhancing agent. Moreover, none of 

the putative modifiers was ever linked to a distinct genomic alteration.12–14 Consequently, 

discerning precisely why the identified modifiers, which are indistinguishable in modified 

and unmodified subjects, alter disease is difficult.

We previously generated a severely affected, humanized mouse model of SMA.16 Consistent 

with observations of discordant SMA sibs and the notion of disease modifiers, we found that 

distinct mouse strain backgrounds altered phenotypic severity in the mutants. Here we report 

the mapping, identification and functional significance of a novel SMA modifier associated 

with the altered phenotypes. The modifier, a G470R variant of the synaptic chaperone, 

Hspa8, dramatically suppresses severe disease. Investigations of the mechanism of action of 

Hspa8G470R led to the discovery that SNARE complex assembly, a process reliant on Hspa8 

chaperone activity and crucial for neurotransmission, is impaired at the neuromuscular 

synapses of SMA mice but restored in mutants expressing the modifier. Our results suggest 

that SMN functions in a hitherto unrecognized manner – to facilitate assembly of synaptic 
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complexes critical to neuromuscular function. Moreover, to our knowledge, this is the first 

report of an SMA modifier to have emerged from an unbiased genetic study conducted in an 

established, mammalian model of the human disease.

Results

Evidence of a genetic modifier of the mouse SMA phenotype

We previously developed severe (“Δ7”) SMA model mice.16 On a mixed 

(FVB/N × C57BL/6) background, median and maximum lifespans of the mutants 

(SMN2+/+;SMNΔ7+/+;Smn−/−) were ~11 days and 25 days respectively. These were reduced 

on the pure parental strains (Figure 1A). Consistent with their shortened lifespans, FVB/N 

SMA mutants were significantly smaller than were those on the mixed background (Figure 

1B), suggestive of the existence of protective modifiers in one or both parental strains. To 

map the modifiers, a classic F2 intercross was employed to produce SMA mutants. Most 

mutants thus derived exhibited the typically severe SMA phenotype, succumbing to disease 

at approximately PND14. However, ~6% presented with an unexpectedly mild phenotype 

characterized by a maximum lifespan exceeding 300 days (Figure 1C). This dramatic 

extension of the two-week lifespan of typically severe SMA mice was accompanied by 

an increase in body weight (Figure 1B) and a complete recovery, as assessed in righting 

ability at PND14, of the paralytic SMA phenotype (Figure 1D). Overtly, the mice remained 

active into adulthood but developed necrotic tails. Still, the results strongly suggested the 

disease-modifying effects of an SMA suppressor.

We examined the modified mutants for SMN levels and evidence of neuromuscular 

pathology classically seen in SMA.17–19 At PND70, the mutants continued to express 

acutely low SMN protein (Figure 1E). Yet, morphometric counts of spinal motor neurons 

revealed no difference between the modified mutants and healthy controls (Figure S1A) 

and, consistent with this finding, there was neither a change in mutant spinal motor 

neuron soma size nor evidence of deafferentiation (Figure S1B – S1D). An examination 

of two muscles, the gastrocnemius and triceps, did not uncover any group atrophy of the 

fibers but, congruent with the smaller size of the mutants, did reveal a uniform drop in 

fiber size (Figure S1E – S1G). Δ7 SMA mice have defective neuromuscular junctions 

(NMJs) characterized by small, immature endplates bereft of the perforations observed in 

wild-type (WT) NMJs.20–22 These defects were partially rescued in the modified mutants; 

the endplates remained smaller than in controls but appeared perforated and fully mature 

(Figure S1H – S1J). Moreover, intracellular recordings to gauge NMJ function indicated that 

neurotransmission in the EDL muscle was normalized in the modified mutants (Figure S1K 

– S1M). These observations suggested that the modifier responsible for extending lifespan in 

our mutants also mitigated the neuromuscular defects typical of SMA.

Δ7 mutants are known to suffer cardiac abnormalities.23 We investigated if such dysfunction 

was also resolved in our F2 SMA modified mutants. Echocardiography indicated that 

cardiac function was indeed normalized in the mutants (Figure S2A – S2K). Consistent with 

this observation, gross cardiac structure and heart to body mass ratios were normal (Figure 

S2L and S2M). Collectively, these preliminary findings suggested that disease modification 

was systemic, involving cardiac function too.
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The SMA modifier is mapped to mouse chromosome 9

To reveal the chromosomal location of the SMA modifier, a cohort of F2 mutants exhibiting 

either the severe or the mild phenotype was subjected to a genome-wide scan using ~180 

and ~730 single nucleotide polymorphic (SNP) markers. We found linkage between the 

modified phenotype and a region of chromosome 9 (Chr.9) deriving from C57BL/6 and 

extending from 34Mbp to 49Mbp (Tables S1A and S1B). To ascertain if this region of Chr.9 

from the C57BL/6 strain was sufficient to produce the mild phenotype, we introduced it 

via successive backcrosses and SNP-based selection into SMA carriers deriving the rest 

of their genomes from the FVB/N strain. Such carriers, heterozygous for the region of 

interest (ROI), were then bred to produce mutants (Figure. 1F). As expected, mutants 

homozygous FVB/N for the ROI were very severely affected and perished on or before 

PND10. In contrast, mutants heterozygous at the ROI exhibited a median survival of 18 

days, and mice deriving both copies of the Chr.9 ROI from C57BL/6 lived much longer 

(Figure 1G). This suggested that the region of Chr. 9 being investigated did indeed harbor an 

SMA suppressor and, furthermore, that its disease-mitigating effects were dose dependent. 

Consistent with the longer lifespans of mutants harboring the ROI, we found that motor 

performance in the mice was improved and body weight enhanced relative to severely 

affected SMA mice (Figure 1H and 1I). Investigations of muscle fiber morphology and 

spinal motor neuron counts confirmed the modifying effects of the Chr.9 ROI. At PND7, 

myofiber area frequency distribution analysis showed that fibers of mutants homozygous 

for the modifying ROI were closer in size to that of controls (Figure S3A), and this was 

borne out when average fiber size was quantified. Fibers from mutants with the modifying 

ROI were significantly larger than those from mutants devoid of it, although they remained 

smaller than fibers in controls (Figure S3B). By 6 months, differences in fiber size between 

modified mutants and controls were no longer detectable and, morphologically, the mutant 

muscles appeared healthy (Figure S3C and S3D). Motor neuron counts at this stage failed to 

detect significant difference between controls and mutants homozygous for the ROI (Figure 

S3E and S3F).

A G470R variant in the synaptic chaperone Hspa8 is the SMA modifier

To ascertain the precise identity of the SMA modifier, a second cohort of F2 mutants, similar 

to those employed to localize it chromosomally, was subjected to whole genome sequencing 

and variants specifically in the Chr.9 ROI examined in detail. Our rough localization studies 

predicted that fully modified mutants, defined as those with lifespans of > 50 days, would 

be homozygous for the C57BL/6 version of the modifier, while typically severe mutants, 

succumbing to disease before PND14, would inherit both modifier alleles from the FVB/N 

strain. Mutants heterozygous for the modifier were expected to constitute a third group 

with an intermediate phenotype. We furthermore focused on non-synonymous changes in 

protein coding genes. A genome-wide association study (GWAS) revealed approximately 

4.9 million total SNP variants, 0.8% of which were in protein coding regions (Figure 2A, 

2B and Table S2A). After filtering for stringency, 4742 significant SNPs emerged from 

the GWAS. The preponderance of these mapped to the Chr.9 ROI (Figure 2C – 2E and 

Table S2B) and were non-exonic; only 2 were non-synonymous variants. One of these 

resulted in a T1309M alteration in IGSF9b, a protein expressed in synapses.24 However, the 

residue is not evolutionarily conserved and was rejected. The second variant of interest, a 
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G→C nucleotide change, caused a G470R substitution in Hspa8 and piqued our curiosity 

for several reasons. First, the transversion is not evident in the ancestral C57BL/6 strain, 

suggesting that it arose de novo in our C57BL/6 colony. Second, Hspa8 is a chaperone, 

important for synaptic proteostasis and neurotransmission25,26, functions disrupted in SMA. 

Finally, the glycine at position 470 is a constituent of a 10 amino acid IPPAPRGVPQ motif, 

perfectly conserved from worms to humans suggesting an important function.

To demonstrate unequivocally that Hspa8G470R underlies the modified SMA phenotype, we 

edited the wild-type GGG (Gly470) codon to CGG – for Arginine – in FVB/N-derived Δ7 

carriers (Figure 3A). Two independent lines termed C3 and C5 were thus obtained. Each 

was used to generate SMA mutants. Consistent with Hspa8G470R being the SMA-modifying 

factor, we found that median survival of mutants from the two lines was increased vis-à-vis 

typically affected SMA mice, although lifespans of the modified mutants did not differ 

substantially from each other (Figure S4A). The latter observation suggested that the two 

lines were equivalent, and this was reflected in similar body weights, motor performance and 

relative levels of SMN and Hspa8 in the mutants (Figure S4B – S4E). Importantly, we also 

showed equivalent amounts of Hspa8 in animals with or without G470R suggesting that the 

variant does not alter protein stability (Figure S4F and S4G). Considering the equivalence 

between the C3 and C5 lines, all subsequent analyses were conducted on mutants from the 

C5 line.

Hspa8G470R mitigates neuromuscular pathology in SMA model mice

We next investigated how Hspa8G470R might mitigate neuromuscular dysfunction. 

Expectedly, we found that mutants harboring the variant were larger, more agile and 

considerably longer-lived than mutants expressing WT Hspa8 (Figure 3B – 3D). The 

disease-modifying effects of the G470R variant were furthermore confirmed in a more 

severe model of SMA (Figure S5A and S5B), suggesting that the modification is not line-

specific. Moreover, on the Δ7 background, Hspa8G470R expression restored spinal motor 

neuron numbers in PND9 and PND75 mutants and resulted in muscle fibers that were larger 

than those of age-matched severe SMA mice expressing WT Hspa8 (Figure 3E – 3J). An 

examination of the NMJs, which in severe SMA mice feature small, immature, denervated 

endplates juxtaposed against nerve terminals engorged with neurofilament (NF) protein, 

revealed significantly fewer of these defects in the presence of Hspa8G470R (Figure 4A – 

4D). This was accompanied by restoration of function, as assessed electro-physiologically, 

in hindlimb muscles of adult, modified mutants (Figure 4E). In fact, consistent with a role 

for Hspa8 in neurotransmission, end-plate currents in Hspa8G470R-expressing mutants were 

statistically assessed to be even greater than those observed in controls heterozygous for 

murine Smn and WT for Hspa8. This interesting phenomenon was also seen when controls 

expressing the variant (SMN2;Δ7;Hspa8G470R;Smn+/−) were compared to littermates absent 

the modifier (SMN2;Δ7;Smn+/−), and extended to most parameters analyzed, indicating that 

the modifier potentiates neurotransmission (Figure 4F). NMJ function in PND8-10 SMA 

mice, at a time point when all three mouse cohorts were viable, also demonstrated restored 

neurotransmission in the presence of the modifier (Figure S5C – F). Collectively, this aspect 

of the study unambiguously assigned a potent SMA-modifying property to the Hspa8G470R 

protein.
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Hspa8G470R modestly raises SMN levels by inducing SMN2 exon 7 inclusion

Considering the disease-mitigating effects of Hspa8G470R, we sought to explain its 

mechanism(s) of action. We began, notwithstanding evidence of acutely low protein 

in F2 mutants, by again assessing SMN levels. This analysis was undertaken as it 

had proved challenging, prior to identifying Hspa8G470R, to reliably assort severe and 

modified mutants into distinct groups for comparison. To our surprise, we found that 

although modified mutants continue to express only residual protein (≤20%) relative to 

SMN2+/+;SMNΔ7+/+;Smn+/− controls, they nevertheless expressed more SMN than mutants 

devoid of the modifier (Figure 5A, B). This suggested that one means by which Hspa8G470R 

acts is by increasing SMN. Considering the only source of SMN in Δ7 SMA mice is 

the human SMN2 transgene and that inducing exon 7 inclusion into SMN2 transcripts is 

one commonly reported means by which SMN may be raised, we examined levels of the 

full-length (FL) and truncated (SMNΔ7) transcripts from SMN2 in our various cohorts 

of mice by Q-PCR. We found that levels of FL-SMN were indeed modestly enhanced 

(~2-fold) in modified versus severe mutants (Figure 5C and 5D). This result is, moreover, 

consistent with reports of a feedback loop wherein low SMN protein exacerbates SMN2 
exon 7 exclusion, and small increases in protein can stimulate production of FL-SMN 

transcript.27,28 Congruent with an increase in FL-SMN in the modified mutants, levels 

of SMNΔ7 transcript dropped relative to those in severely affected SMA mice (Figure 

5E). Since measuring these transcripts in Δ7 mice may be confounded by the presence 

of the SMNΔ7 cDNA transgene16 in them, we repeated the analysis with mice harboring 

SMN2 but devoid of SMNΔ7.29 The outcome of the experiments with the latter set of 

mice reflected results obtained in the Δ7 line of mice (Figure S5G and S5H); FL-SMN 

increased while levels of the truncated isoform correspondingly dropped in the presence of 

Hspa8G470R. This suggested that murine Hspa8G470R raises SMN levels by altering SMN2 
splicing.

In a final set of experiments and as measure of the consequences of the Hspa8G470R 

–dependent increase in SMN expression, we examined the levels of a number of downstream 

targets of SMN.30,31 We found that the reductions in the U12 and U4atac snRNAs seen in 

severe SMA were reversed and defects of Mdm2 and Clcn7 splicing rescued in modified 

mutants (Figure S6A – S6D). However, aberrant splicing of Tmem41b, defective 3’-UTR 

processing of histone H1c and abnormal Cdkn1a expression persisted in the mildly affected 

mutants (Figure S6E – S6G). Unexpectedly, U11 levels were found to increase in severe 

SMA, and perturbed concentrations of this snRNA, U2 and mis-spliced Tspan31 abnormally 

expressed or actually exacerbated in modified mutants (Figure S6H – S6J). These results 

suggest that although Hspa8G470R does raise SMN, the increase is insufficient to fully rescue 

splicing and/or expression defects universally in genes downstream of SMN.

Hspa8G470R exhibits an enhanced affinity for its synaptic co-chaperone partners

The discordance between the very modest increase in SMN and the striking rescue 

of the SMA phenotypes in our mutants led us to speculate that Hspa8G470R modifies 

disease directly and in addition to its effects on SMN. This idea was especially appealing 

considering the many synaptic functions of Hspa8 32,33 and our own observations suggesting 

a potentiation of neurotransmission by Hspa8G470R. Indeed, Hspa8 is an indispensable 
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member of a tripartite chaperone complex critical for proteostasis and recycling of 

a number of synaptic proteins including those of the SNARE complex involved in 

neurotransmission.34,35 We therefore inquired if the other two members, SGTA and CSPα, 

of the tripartite chaperone of which Hspa8 is a component were affected under conditions 

of low SMN or by the Hspa8G470R variant. We found that levels of SGTA and CSPα were 

unaffected by low SMN (Figure 6A and 6B). Yet, interestingly, the G470R variant enhanced 

the affinity of Hspa8 for its binding partners (Figure 6C and 6D). That the strengthened 

interaction was not just SMN-mediated, given the incremental increase in SMN in modified 

versus severe mutants, was confirmed by extending the analysis to control samples. A large 

increase in SMN in these control samples, WT for Hspa8, did not augment the interaction 

of the latter for SGTA to the extent discerned in mutants harboring the variant (Figure S7A 

and S7B). Congruently, Hspa8WT-SGTA binding remained weaker than the binding of the 

G470R variant to SGTA in Smn heterozygotes (Figure S7C and S7D). We also discovered 

that Hspa8 is an SMN-interacting partner, and this association was significantly weakened 

by the variant (Figure 6E and 6F). We suggest that binding of Hspa8 to the two other 

members of the tripartite chaperone complex occurs while potentially being competed for by 

other client protein interactors such as SMN. These interactions, which likely influence one 

another and have downstream functional consequences, are altered by Hspa8G470R.

SNARE complex assembly is disrupted by low SMN and recovers in SMA;Hspa8G470R mice

Considering the implications of proper chaperone complex formation and function for 

SNARE complex assembly, and the upshot – poor neurotransmission – of inefficient 

SNARE complex formation, we quantified assembled SNARE complexes in modified and 

severe mutants. We began this investigation in the traditional manner – by using brain 

tissue, a source of CNS synapses. However, we failed to detect changes (Figure S8A and 

S8B). We therefore turned to muscle (triceps) tissue, a source of neuromuscular synapses; 

these synapses are particularly vulnerable in SMA. Interestingly, this analysis revealed a 

clear and reproducible difference between severe SMA mice and healthy littermate controls 

heterozygous for murine Smn; assembled SNARE complexes as detected with an antibody 

against SNAP25, a core component of the complex, were significantly less abundant under 

conditions of low SMN, but absent any attendant drop in levels of SNAP25, Stx1 or Syb2 

monomers. Importantly, their levels were restored in modified mutants, and this pattern 

observed, albeit to a lesser extent, in gastrocnemius muscle (Figure 7A, 7B and Figure S8C 

– S8E).

Given the novelty of SNARE complex assembly deficits in SMA, we sought to confirm our 

findings and investigate underlying mechanisms. Accordingly, we first repeated assessments 

of assembled SNARE complexes, probing our blots with antibodies against the two 

remaining components, Stx1 and Syb2, of the complex. These experiments also revealed 

inefficient SNARE complex assembly in severe SMA and rescue of the assembly in 

Hspa8G470R –expressing mutants (Figure S8F – S8H). Next, we examined SNARE complex 

assembly in iPSC-derived motor neurons from severe SMA patients. This too revealed fewer 

assembled complexes under low SMN conditions (Figure 7C – 7E). The lower abundance of 

SNARE complexes detected in the iPSC-derived motor neurons with the SNAP25 antibody 

were confirmed with antibodies against Stx1 and Syb2 (Figure S8I – S8L). Similarly, 
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knockdown of SMN in neuron-like PC-12 cells resulted in inefficient SNARE complex 

assembly (Figure 7F – 7H). Third, we ascertained the likelihood that rescue of SNARE 

complex assembly in modified mutants was mediated exclusively through induction of 

SMN by Hspa8G470R or, alternatively, at least in part through a direct effect of the variant 

chaperone on the SNARE complex. For this, we examined complex assembly in two sets 

of Smn+/− controls expected to assemble sufficient complexes for normal neurotransmission. 

Yet, controls expressing the Hspa8G470R variant were found to assemble SNARE complexes 

more efficiently than cohorts harboring WT Hspa8 (Figure S8M and S8N). This suggested 

that Hspa8G470R promoted SNARE complex assembly even under non disease-relevant 

SMN conditions and without a requirement for large increases in SMN. Indeed, we 

found that over-expressing Hspa8G470R in HEK293 cells transfected to express equimolar 

quantities of Stx1, Syb2 and SNAP25 resulted in correspondingly greater levels of SNARE 

complexes (Figure 7I – 7K). Interestingly, in these experiments, an appreciable increase in 

SMN was not detected (Figure 7J and 7K) indicative of a direct effect of Hspa8G470R on 

SNARE complex formation. Moreover, forced expression of SMN in HEK293 cells beyond 

WT levels failed to stimulate SNARE complex assembly the way Hspa8G470R did (Figure 

S8O and S8P). This suggested that Hspa8G470R has a direct and potent effect of potentiating 

SNARE complex assembly. In the context of fewer such complexes forming in SMA NMJs, 

Hspa8G470R likely restores their levels, rescuing neurotransmission at these synapses. In 

aggregate, we posit that Hspa8G470R has a significantly more robust and direct effect on 

restoring SNARE complex assembly in our mutants instead of merely acting to promote 

the formation of these complexes by raising SMN. Notwithstanding such an inference, and 

given the clear dependency of SNARE complex assembly on SMN levels, we performed a 

fourth set of experiments to inquire if poor complex formation was a peculiarity of just the 

Δ7 line or more generally observed in SMA. To do so, we examined complex formation 

in a second SMA mouse model – the Smn2B/− mouse.36 Poor SNARE complex assembly 

was determined to be a feature of this model too (Figure S9A, and S9B) suggesting that 

this phenomenon is a likely bona fide synaptic defect in SMA. In a final set of experiments, 

we inquired if inefficient SNARE complex formation in SMA mutants is a mere by-product 

of denervation by examining how well the complexes formed in a mouse model of ALS.37 

We found that complex assembly in symptomatic (PND110 – 127) ALS mutants was no 

different from that in controls (Figure S9C and S9D). Indeed, in this particular mutant 

SOD-1 line, expressing Hspa8G470R failed to modify the ALS phenotype (Figure S9E). In 

aggregate, the data reveals a new aspect of SMN function – a capacity to modulate, likely 

indirectly, SNARE complex assembly. The data also suggests that Hspa8G470R functions in 

the same pathway to independently promote complex formation and, finally, that inefficient 

formation of this synaptic complex is not merely a general consequence of a denervating 

disease.

Discussion

The durability of current SMA treatments remains unclear, and the precise function(s) of 

the SMN protein in maintaining the vigor of the neuromuscular system continues to be 

debated.38 Here we report findings that center primarily on SMN functions but could also 

impact future therapy development and, more broadly, inform how nerve-muscle function 

Kim et al. Page 9

Neuron. Author manuscript; available in PMC 2024 May 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



is preserved by proteins best recognized for their housekeeping properties. Two notable 

outcomes of our work are worth summarizing. The first is the discovery of Hspa8G470R, 

a novel and potent SMA suppressor. Morphological and functional defects in model 

mice expressing Hspa8G470R were rescued, motor neuron numbers restored and lifespan 

enhanced from approximately 10 days to roughly 300 days. Such a profound rescue has 

not previously been reported for severe SMA. Our second noteworthy finding emerges from 

functions attributed to Hspa8, implicating SMN in a novel role consistent with the classic, 

neuromuscular SMA phenotype – influencing SNARE complex assembly at nerve-muscle 

synapses. Building on the discovery that the G470R variant is better able than WT Hspa8 

to bind other constituents of a tripartite synaptic chaperone critically important for SNARE 

complex formation, we found that assembly of this complex is disrupted at NMJs and 

spinal motor neurons respectively of severely affected SMA mice and humans. In contrast, 

SNARE complex formation was restored in the presence of the modifier; NMJ function 

was concomitantly normalized, indeed potentiated, in Hspa8G470R-expressing SMA mutants. 

These findings cast new light on how low SMN triggers motor neuron dysfunction.

Aside from a handful of human studies that identified perturbations of endocytosis in 

SMA12–14,15, positional cloning strategies and unbiased genetic screens to probe disease 

mechanisms have not been particularly informative for this condition. Moreover, none of 

the investigations employed humanized SMA model mice. Here, for the first time, we 

describe the outcome of one such exploration for SMA modifiers using the rodent models. 

Initially somewhat puzzling as a candidate modifier, Hspa8G470R as a modulator of the SMA 

phenotype is perhaps not altogether a surprise. Wild-type Hspa8 is an especially abundant 

component of synapses39 and best known for ensuring cellular homeostasis through the 

sequestration or degradation of nascent, misfolded or aggregated proteins.40 However, it 

is in two lesser-known capacities – as a chaperone of neuronal SNARE complexes and 

as a modulator of splicing that the G470R variant most likely alters the SMA phenotype. 

Hspa8 is not widely reported to be involved in splicing. Still, it has been detected by mass 

spectrometry analysis in mammalian spliceosome complexes and, additionally, emerged in 

an unbiased screen for splice modulators as a weak activator of PSD-95 splicing.41–43 It is 

therefore reasonable to assume that WT Hspa8 is a constituent of the factors that regulate 

SMN2 splicing, either directly as a member of the spliceosome or, indirectly, by altering an 

SMN2 splicing protein in its capacity as a chaperone. Discerning these possibilities is an 

exciting avenue for future studies. Substituting Gly470 in Hspa8 with Arg likely alters the 

levels and/or activities of these factors resulting in exon 7 inclusion in the SMN2 transcript. 

The substitution concomitantly weakens Hspa8-SMN interaction but, importantly, enhances 

the affinity of Hspa8 for its binding partners in the tripartite chaperone complex, likely 

increasing the efficiency with which it assembles into a functional unit to promote SNARE 

complex formation. The precise dynamics of these altered interactions leading to SMA 

suppression remain to be fully elucidated but are nevertheless captured in a hypothetical 

model premised, in part, on competing interactions for Hspa8 by various partners (Figure 8).

What are the structural consequences of the G470R substitution? Glycine-470 lies in the 

substrate-binding domain (SBD) of Hspa8. That this position is occupied, in all species 

examined, by glycine is not surprising; this section of Hspa8 constitutes a bend/loop 

between two β-sheets. Loops or bends are secondary structures in proteins, generally 
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composed of small amino acids with low steric restrictions.44 Still, our finding that Hspa8 

accommodates Arg at this position is not entirely unexpected. Arginine is charged. Such 

amino acids are not normally tolerated in tight bends owing to their charged nature and large 

size. Moreover, in a number of studies Gly → Arg substitutions were found to be amongst 

the most common disease-causing missense mutations45–47, with arginine a particularly 

frequent mutant residue in bends and turns.45 Yet paradoxically, arginine is also the most 

statistically over-represented amino acid in turns/bends of WT proteins.45 This is consistent 

with the G470R variant we report and suggests that the bend/loop between the β5 and β6 

sheets harboring this residue is not just tolerant of the substitution but having acquired it, 

in fact turns Hspa8 into a disease suppressor. Still, precisely how the G470R variant alters 

the 3-dimensional structure of Hspa8 and the implications of the variant for the chaperone’s 

multifarious clients including Tau – a protein associated with Alzheimer’s disease48 – 

remain to be investigated.

Arguably, the most noteworthy finding to have emerged from this work is that of 

disrupted SNARE complex assembly in SMA. We suggest that this results, at least in 

part, via unintended competition between client proteins such as SMN and SGTA/CSPα for 

Hspa8 (see Figure 8), entrapment of Hspa8 into SMN-containing units and, consequently, 

inadequate chaperone complex to maintain synaptic SNAREs in proper conformation to 

sustain repeated cycles of neurotransmission. Precisely why SMN binds Hspa8 is not clear. 

However, the interaction has been observed in prior studies49–51, and it is quite possible that 

SMN is subject to Hspa8-mediated proteostasis via autophagy, a process reportedly elevated 

in SMA52 when SMN oligomers are likely to consist of unstable SMNΔ7 units instead 

of mainly intact, full-length SMN1-derived protein. A second, equally intriguing outcome 

of our study is the selective disruption of SNARE complex assembly in neuromuscular 

synapses; we were unable to detect similar perturbations in brain synapses. While these 

findings are consistent with especially profound dysfunction of neuromuscular synapses 

in SMA, an explanation for the differential vulnerability of CNS and peripheral synapses 

to disruptions of SNARE complex assembly in the disease is not readily apparent. The 

cellular machinery that is responsible for neurotransmission is conserved in central synapses 

and NMJs. Yet, there are important distinctions and these can produce markedly different 

effects not only at these two synapses but also between excitatory and inhibitory CNS 

synapses.53 Thus, for instance, combined knockout of Munc13-1 and Munc13-2, proteins 

involved in neurotransmitter release, evoked quite distinct effects in brain and peripheral 

synapses, abolishing miniature end-plate potentials (MEPPs) in hippocampal synapses 

while augmenting them two-fold at NMJs.54,55 It is possible that bMunc13-2, a brain-

specific isoform of Munc13-2 underlies this difference. Similarly, while double knockout 

of ELKS1 and ELKS2, proteins responsible for vesicle priming, failed to affect EPPs in 

the calyx of Held, ablation of ELKS1 at fly NMJs was sufficient to reduce evoked currents 

significantly.56,57 Expression of both ELKS proteins in brain but only ELKS1 at NMJs 

is one plausible explanation of this finding. Whether differential expression in brain and 

peripheral synapses of these or other neurotransmission-related proteins explain the selective 

vulnerability of NMJs in SMA to SNARE complex assembly remains to be determined and 

could, more generally, elucidate nuanced differences in the way brain and neuromuscular 

synapses operate.
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The Hspa8G470R SMA suppressor we report here is the first to have emerged from 

observations of discordant phenotypes in humanized model mice and arguably, the most 

potent reported so far. This likely stems from multiple mechanisms of action. Our study 

provides evidence for involvement of at least two pathways, one based on increased SMN 

from the human SMN2 gene, the other most likely acting directly on neurotransmission via 

effects on SNARE complex assembly. Interestingly, the fly homolog of Hspa8 (Hsc70-4) 

is also reported to mitigate neurodegenerative disease via effects at the synapse.58 Still, 

the relative contributions of the two pathways identified here to overall disease mitigation 

remain to be determined, as small changes in SMN can significantly alter disease.59–61 

Future studies to dissociate the effects of Hspa8G470R on promoting SNARE complex 

assembly on the one hand and raising SMN levels on the other will enable one to discern the 

extent to which each pathway modifies SMA. Despite this question, the net effect observed 

here was a complete rescue of neuromuscular dysfunction – as assessed in young adult 

mutant mice – but failure to resolve defects of splicing fully. This bolsters the notion that 

the neuromuscular SMA phenotype is not immutably linked to defects of splicing. Indeed, 

we suggest that directly targeting other disease-relevant pathways be actively considered if 

existing SMN-augmenting therapies fail to provide optimal benefit. Improving function at 

the synapse via Hspa8-associated or other related pathways is one appealing prospect. In this 

vein, it is pertinent to consider the low (~6%) frequency with which we obtained mild SMA 

mutants in our mapping studies – one that predicts a second FVB/N-derived modifier acting 

in concert with Hspa8G470R to produce the rescue we report. Revealing the identity of this 

second modifier will cast additional light on basic SMA biology and be an important driver 

of future investigations.

STAR METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by Lead Contact, Umrao R. Monani 

(um2105@columbia.edu).

Materials availability—Unique reagents generated in this study will be made available 

on request, but we may require a payment and/or MTA if there is potential for commercial 

application.

Data & code availability—Mouse whole genome sequencing data that support the 

findings of this study have been deposited in the BioProjects database with ID number 

PRJNA855239.

METHOD DETAILS

Animals—Δ7 SMA model mice (Jax #005025), and their progenitors harboring only 

human SMN2 (Jax #005024), were created by us16,29 and are available from the Jackson 

Labs. Transfer of the various transgenic and knockout alleles constituting the Δ7 model onto 

the FVB/N and C57BL/6 strain backgrounds was carried out at Columbia University. 

Smn2B/− mice were a kind gift from Rashmi Kothary, Ottawa University. SOD1G86R mutants 
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were acquired from the Jackson Labs (#05110). Hspa8G470R mice were created at the 

Columbia University mouse core facility using CRISPR technology. To generate 

Hspa8G470R mice, a donor template (5’ –

TATGAAGGTGAAAGGGCCATGACCAAGGACAACAAC 

CTGCTTGGAAAGTTCGAGCTCACAGGCATCCCTCCAGCACCCCGTCGGGTCCCTC

AGATTGAGGTTACTTTTGACATCGATGCCAATGGCATCCTCAATGTTTCTGCTGTA

GATAAGAGCACA – 3’) and Hspa8-G470R guide RNA (sgRNA: 5’-GCAUCCCUCCAGC 

ACCCCGGUUUUAGAGCUAUGCU −3’), were synthesized (Integrated DNA 

Technologies). S. pyogenes CAS9 nuclease was purchased (New England Biolabs). 

Equimolar concentrations of CAS9 enzyme and sgRNA were mixed in injection buffer (10 

mM Tris-HCl, pH 8.0, 0.1 mM EDTA, pH 8.0) to form 0.15 μM RNP complex. The RNP 

complex (0.15 μM) and the donor template (0.5 μM) were injected into the pro-nuclei of 

fertilized FVB/NJ eggs and transferred after a 24h incubation period into the oviducts of 

pseudo-pregnant surrogate females. Analyses of the various mice employed for the study 

were carried out in a blinded fashion except for behavioral studies when severe phenotypes 

displayed by mutants precluded blinding. All animal procedures adhered to protocols 

described in the Guide for the Care and Use of Lab Animals (National Academies Press, 

2011) and were approved by Columbia University’s IACUC. The subjects of this study were 

randomly selected, mixed or pure background male and female mice housed in a controlled 

environment on a 12-hour light/12-hour dark cycle with food and water. Δ7 SMA carrier 

mice heterozygous for murine Smn constituted healthy controls unless otherwise specified. 

Genotyping was performed by PCR on tail DNA using primers listed in Table S4. Righting 

ability was assessed as previously described.20 Briefly, mice were placed on their backs and 

latency of the animals to place all four limbs on the tabletop recorded. Time to right was 

converted into a score as described 20 and reported as such in the manuscript. For the 

behavioral studies, GraphPad Prism was used to determine sample sizes to detect differences 

of at least 2 SDs with a power of 80% (P < 0.05). Mice were not randomized, but in any 

instance where mutants did not exhibit an overt disease phenotype, it was possible to blind 

the investigator to the particular cohort being assessed.

Sequencing and GWAS—Genomic DNA from 25 F2 SMA mutants exhibiting either 

severe or mild disease was isolated and subjected to whole genome sequencing using the 

NovaSeq 6000 platform (Novogene Inc., Table S3A). An average of 52 billion bases per 

sample were sequenced and roughly 333 million reads per subject mapped by aligning the 

reads to the C57BL/6 reference sequence (GRCm38.p6/mm10) using the Burrows-Wheeler 

Aligner algorithm.62 Removal of duplication reads from the BAM files thus generated (Table 

S3B) resulted in sequence coverage of 11X – 14X (> 95% of genomic regions covered 

at a depth of 4X and 98% of the genome covered at a depth of 1X). Samtools63 and 

ANNOVAR64 were used to call SNPs from BAM files and to predict the consequences 

of the variants, respectively (Table S3C and S3D). Genome-wide association tests were 

performed with the following phenotypic groups stratified based on increasing degree of 

disease severity (LL1-11, I1-8, and S9-14; LL: long-lived, I: Intermediate; S: Severe) and 

assigned numeric values; LL1-11 = 1, I1-8 = 2, S9-14 = 3. Tests were run under linear 

models by using the --glm function in PLINK2 software (https://www.cog-genomics.org/
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plink/2.0/) (Table S2B). ANNOVAR64 was used to predict consequences of the 4742 

significant SNPs, P values < 5×10−8 (Table S3D).

Motor neuron, NMJ and muscle histology—Motor neuron, NMJ and muscle 

histology was essentially carried out as previously described20,65 and detailed below.

Motor neurons:  Spinal cord tissue was dissected following transcardial perfusion (4% 

PFA in 1X PBS) of mice. The tissue was post-fixed in the same fixative, cryo-protected in 

20% and then 30% sucrose before embedding the material in Tissue-Tek OCT medium for 

cryostat sections. 20 μm sections from lumbar spinal cords were overlaid for 10 minutes 

with 4% PFA, washed in 1X PBS and the tissue then permeabilized with 1% Triton 

X-100, 5 min. To stain the motor neurons, sections were placed in blocking buffer (2% 

normal goat serum, 2% BSA, 0.5% Triton X-100 in PBS) for 1 hr at room temperature. 

The sections were then incubated (4°C, overnight) with primary antibodies against ChAT 

(1:100, Millipore) or vGlut1 (1:10,000, Millipore) diluted in blocking buffer, and washed 

(15 min × 4) with 1X PBS. Sections were subsequently incubated with appropriate 

secondary antibodies (Alexa Fluor-594 conjugated donkey anti-goat IgG or Alexa Fluor-488 

conjugated goat anti-guinea pig IgG, Invitrogen) at dilutions of 1:1000, 2 hr at room 

temperature. After washing (15 min ×4) with 1X PBS, the sections were mounted in 

anti-fade mounting media (Vector Labs) and motor neurons visualized on either a Nikon 80i 

fluorescent microscope (Nikon) or a Leica TCS SP5 II laser scanning confocal microscope 

(Leica). Motor neuron numbers were assessed in the L1-L5 region of the spinal cord and 

the raw numbers extrapolated to the entire region based on the length and thickness of tissue 

segment.

Muscle histology:  The proximal triceps muscle and distal gastrocnemius muscle were 

flash-frozen in isopentane cooled with liquid nitrogen. 12 μm thick sections were stained 

with hematoxylin and eosin (H&E; Sigma), and morphology, size and numbers of fibers 

were determined using ImageJ software following image acquisition with a SPOT 4.5 

camera and associated software (Diagnostic Instruments). Fiber sizes were determined 

by assessing ≥ 100 fibers from individual samples. Cardiac structure was assessed using 

transverse sections cut at the level of the ventricles. The thickness of the left ventricles in 

mutants was normalized to heart size.

NMJ assessment:  NMJ analysis was performed on whole muscle. Tissues were fixed and 

permeabilized with 100% methanol for 10 min at −20°C and incubated with blocking buffer 

(2% normal goat serum, 3% BSA, 1% Triton X-100 in PBS) for 1 hr. at room temperature. 

The tissue was incubated overnight at 4°C with a primary antibody against neurofilament 

(NF, 1:1000, Millipore) and washed (20 min × 4) by 1X PBS. The following secondary 

antibodies were subsequently applied: Alexa Fluor-488 conjugated goat anti-rabbit IgG 

secondary antibody (1:1000, Invitrogen), and rhodamine-α-bungarotoxin (BTX, 1:1000, 

Invitrogen) for 3 hr at room temperature. After washing (20 min × 4) by 1X PBS, the tissue 

was mounted in anti-fade medium (Vector Labs) and images of NMJs were acquired with 

Leica TCS SP5 II laser scanning confocal microscope (Leica). Morphological analyses were 
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conducted using LAS-X software (Leica). NMJ abnormalities were quantified as previously 

described.20

NMJ electrophysiology—NMJ function was assessed by electrophysiological means as 

described by us in prior reports.21,66 Detailed protocols follow. Methods described in a 

previous report66 were used to evaluate NMJ function in modified F2 SMA mutants. In 

short, EDL muscle with the sciatic nerve attached was extracted from 4 – 5 month-old mice 

and placed in oxygenated mammalian Ringer’s solution. Muscle contraction was suppressed 

by incubating the tissue (45min) in 2–3μm μ-Conotoxin. Recordings were subsequently 

carried out in toxin-free Ringer’s solution. Between 40 and 70 MEPPs and 20 EPPs were 

gathered from each NMJ. EPPs were triggered with a 1Hz train, normalized to −75mV and 

corrected for non-linear summation. Mean quantal content was calculated from the ratio of 

EPPs to MEPPs. The protocol for assessing NMJs in SMA-G470R+/+ mutants and controls 

differed somewhat and is detailed in a previous report.21 Briefly, TA (tibialis anterior) 

muscle with the intact nerve was dissected from mice at ~PND75 and placed in oxygenated 

mammalian Ringer’s solution. NMJs were visualized with 10 μm 4-(4-diethylaminostyryl)-

N-methylpyridinium iodide (4-Di-2ASP), then impaled at a distance no greater than 100μm 

from the endplate. Myofibers were crushed away from the endplate band and voltage 

clamped to −45 mV to prevent movement after nerve stimulation. Two-electrode voltage 

clamp was employed to determine miniature endplate current (MEPC) amplitudes and 

endplate currents (EPCs) evoked after nerve stimulation. Voltage clamp precludes issues 

stemming from differences in muscle fiber size, e.g., differences in capacitance and input 

resistance. Quantal content was calculated by dividing EPC amplitude by the mean MEPC 

amplitude for a given NMJ. NMJ function in PND8-10 mice was assessed in the TVA 

muscle as described previously.67

Cardiovascular function—Cardiac function was evaluated according to protocols 

previously employed by us.68,69 Briefly, mice were lightly anesthetized (1–2% isoflurane) 

before performing transthoracic echocardiography using a Visualsonics Vevo 770 ultrasound 

system (Visualsonics) with a 30 MHz transducer applied to the chest wall. M-mode 

images and two-dimensional (2D) parasternal short-axis images at the mid-papillary muscle 

level were recorded. Measurements were made offline by a single individual in a group-

blinded fashion. Assessments of left ventricular (LV) end-diastolic and end-systolic internal 

diameters were made enabling calculation of LV fractional shortening (FS), LV end-diastolic 

volume, LV end-systolic volume, and ejection fraction (EF). End-diastolic and end-systolic 

cavity areas were quantified at the mid-papillary level by tracing the endocardial border. The 

% LV fractional area change was estimated using the formula: LV end-diastolic cavity areas 

– LV end-systolic cavity areas)/LV end-diastolic cavity areas] × 100. M-mode images were 

used to determine heart rates. All parameters represent the mean of three beats.

Transcript and protein measurements—Total RNA was extracted using TRIzol 

reagent (Invitrogen) according to the manufacturer’s instructions and then treated with 

RNase-free DNase I (Thermofisher). cDNA was synthesized using the RevertAid RT kit 

(Thermo) or the iScript Reverse Transcription Supermix (Bio-Rad). Quantitative PCR was 

performed in triplicate on a CFX96 Real-Time System (Bio-Rad) using SsoAdvanced 
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Universal SYBR Green Supermix (Bio-Rad), and normalized to endogenous Gapdh or β-
Actin mRNA levels; for primer sequences, see Table S4. For protein estimation, western blot 

analysis was performed. Protein was extracted from cells or tissues using lysis buffer (50 

mM Tris-HCl pH 7.5, 150 mM NaCl, 1mM EDTA, 1% NP-40, protease Inhibitor Cocktail; 

Roche - #4693159001). In the case of tissue-derived protein, tissue was homogenized and 

incubated in ice for 30 min. Lysates were cleared by centrifugation (15,000g for 30 min 

at 4°C) and then protein levels quantified using the BCA protein assay kit (Thermo). Prior 

to loading protein samples on SDS gels for immunoblotting, lysates were denatured by 

boiling for 5 min with 4X Laemmli sample buffer (Bio-Rad), or were mixed with 2X 

Laemmli sample buffer (Bio-Rad) – without boiling – to measure SDS-resistant SNARE 

complexes. To detect the lower abundance of SNARE complexes in the hiPSC lines, the 

protocol was slightly modified such that the lysis buffer indicated above was replaced with 

1X PBS. For co-IP studies, 0.5–1 mg of protein lysate was incubated (4°C, overnight) with 

primary antibodies, then 20 μl of protein A/G PLUS-Agarose beads (SantaCruz) added to 

the lysate and the mix further incubated (4 °C for 4–6 hr). The beads were washed 5 times 

with lysis buffer, and bound proteins eluted in 2X Laemmli sample buffer (Bio-Rad) before 

performing SDS-PAGE and immunoblotting. Separated proteins were transferred to PVDF 

membrane (Millipore), membranes blocked in TBS containing 5% non-fat milk and 0.1% 

Tween 20, and primary antibodies used to probe (2 hr at room temperature or overnight at 

4°C) for the presence of relevant proteins. Following incubation with primary antibodies, 

membranes were washed (1X TBST) and then incubated (1hr, room temperature) with 

appropriate secondary antibodies. Protein bands were visualized using the ECL kit (Bio-

Rad) and images captured with a ChemiDoc Imaging System (Bio-Rad). Band intensities 

were determined with the Image Lab (Bio-Rad) or ImageJ software.

Cell cultures and transfections—PC-12 cells (ATCC CRL-1721) for our experiments 

were maintained in RPMI-1640 supplemented with 10% horse serum and 5% fetal bovine 

serum (FBS); HEK293T cells were maintained in DMEM supplemented with 10% FBS 

at 37°C with 5% CO2. Knockdown of SMN in the PC-12 cells was accomplished using 

lentivirus expressing a rat Smn shRNA. Lentivirus was produced by co-transfecting the 

following three plasmids into HEK293 cells: pGFP-C-shSmn1lenti (Origene, #TL710710), 

the pCMV-Δ8.2 packaging vector (Addgene, #12263) and pMD2.G (Addgene #12259), 

which codes for the virus envelope. Culture media from the transfected cells was collected 

48h and 72h post-transfection, combined and viral particles in the liquid concentrated using 

the Lenti-X™ Concentrator (Clontech) according to the manufacturer’s instruction. To assess 

SNARE-complex assembly in HEK293 cells, a plasmid expressing rat Syntaxin 1A, VAMP2 

and SNAP25 (1:1:1) under the control of the CMV promoter (generous gift from T. Sudhof, 

Stanford University and M. Sharma, Weill Cornell Medical College) was transiently co-

transfected into the cells (Lipofectamine 3000, Invitrogen) along with a construct containing 

Myc-tagged mouse Hspa8-G470R or human SMN1. Forty-eight hours later, the cells were 

harvested, lysed and protein extracted for immunoblotting. SMA iPS cells were generated 

and maintained on irradiated mouse embryonic fibroblasts. Motor neurons from the iPS 

cells (provided by the Ebert laboratory at the Medical College of Wisconsin) were derived 

from human induced pluripotent stem cell (hiPSC) lines from 1x healthy individual (line 

4.2), 1x SMA Type 1 patient (line 7.12) and 1x SMA Type 2 patient (line 3.6; previously 
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classified as Type 1). hiPSCs were differentiated into spinal cord-like motor neurons using a 

previously established protocol.70,71 iPSCs were maintained on Corning® Matrigel® Growth 

Factor Reduced Basement Membrane Matrix coated 6-well plates in Essential 8 medium. 

Neurospheres were generated from iPSCs via dual SMAD inhibition (SB 431542 and LDN 

1931899) and Wnt activation (Chir 99021) and subsequently patterned with retinoic acid and 

smoothened agonist to induce a ventral-caudal cell fate. Spinal motor neuron progenitors 

were dissociated from neurospheres and plated down on to Matrigel® coated plates with 

maturation media supplemented with DAPT, BDNF and GDNF for terminal differentiation. 

Cells were cultured to Day 50, collected and snap frozen for protein extraction.

Quantification and statistical analysis—Kaplan-Meier survival curves were assessed 

for differences using the log-rank test equivalent to the Mantel-Haenszel test. The unpaired, 

2-tailed Student’s t test, one-way ANOVA followed by Tukey’s post-hoc comparison or 

Kruskal-Wallis test followed by Tukey’s or Dunn’s post-hoc comparison, where indicated, 

were used to compare means for statistical differences. In instances where categorical 

binomial variables had to be analyzed, the Fisher’s exact test was employed. Data are 

represented as mean ± SEM unless otherwise indicated. P < 0.05 was considered significant. 

Statistical analyses were performed with GraphPad Prism v6.0 (GraphPad Software).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• An Hspa8G470R synaptic chaperone variant genetically suppresses SMA 

severity.

• SNARE complex formation is disrupted in SMA neuromuscular junctions 

(NMJs).

• Disrupted SNARE complexes in SMA NMJs link SMN to motor neuron 

disease.

• Hspa8G470R stimulates SNARE complex formation and functions in splice-

switching.
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Figure 1. Evidence and mapping of a C57BL/6-derived modifier of SMA in model mice.
(A) Kaplan-Meier survival curves depicting altered lifespans of model mice on pure or 

hybrid strain backgrounds. P < 0.0001 between C57BL/6 and FVB/N mutants, log-rank test. 

(B) Weight curves of pure and hybrid strain SMA mutants. ***, P < 0.001, PND2 – PND12 

between FVB/N and SMA-Mod mutants, t tests. Reduced disease severity in SMA-Mod 

mutants relative to FVB/N-derived mutants, as assessed by (C) increased lifespans and (D) 

improved motor performance. Note: P < 0.0001 for panel (C) log-rank test; *, **, ***, P 
< 0.05, P < 0.01 and P < 0.001 respectively, Kruskal-Wallis test (D). (E) Western blots 
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and quantified results of blots depicting greatly reduced SMN in SMA-Mod mutants. **, 

***, P < 0.01 and P < 0.001 respectively, t tests. (F) Diagrammatic representation of the 

strategy employed to map the SMA modifier to Chr.9. (G) Kaplan-Meier survival curves 

demonstrating that mutants harboring the C57BL/6-derived Chr.9 ROI are more mildly 

affected than those homozygous FVB/N for this genomic region. P < 0.0001 between SMA-

hom C57BL/6 and SMA-hom FVB/N mutants, log-rank test. SMA-hom C57BL/6 Chr.9 

mutants were also less severely affected based on (H) the righting reflex assay and (I) their 

tendency to gain more weight than their SMA-hom FVB/N Chr.9 counterparts. Note: *, **, 

P < 0.05 and P < 0.01, Kruskal-Wallis test for panel (H); ***, P < 0.001 between SMA-hom 

C57BL/6 and SMA-hom FVB/N mutants in panel (I). N.S. – not significant. SMA-Mod 

– SMN2+/+;SMNΔ7+/+;Hspa8G470R;Smn−/−, Controls – SMN2+/+;SMNΔ7+/+;Smn+/−. Data: 

mean ± SEM. See also Video S1, Table S1 and Figs. S1–S3.
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Figure 2. GWAS links an Hspa8 variant to SMA disease suppression.
Graphical representations of (A) the total number of variant SNPs in the modified SMA 

mice, and (B) those in protein-coding genes. (C) Pie chart of SNPs filtered for P values 

< 5×10−8 and predicted for mutational consequences by ANNOVAR. (D) Manhattan plot 

of highly significant variant SNPs linked to the modified SMA phenotype, emphasizing 

those clustered in the Chr. 9 ROI; magenta line signifies P = 5×10−8. (E) Restricted view 

of the Manhattan Plot depicting the Chr. 9 Hspa8 c.G1408C SNP (id: 9:40804249, exon 7) 

underlying the Hspa8G470R variant (P = 1.5×10−15). See also Tables S2, S3.
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Figure 3. Editing of WT Hspa8 to the G470R variant is sufficient to protect against severe SMA.
(A) Sequence chromatograms highlighting the ancestral (GGG) and edited (CGG) codons 

in Hspa8 from severe and modified SMA mutants. Hspa8G470R-expressing mutants are (B) 

larger, (C) perform significantly better in a motor performance assay and (D) have markedly 

longer lifespans than do mutants expressing the WT protein. Note: *, **, ***, P < 0.05, 

P < 0.01, P < 0.001 respectively; t tests (SMA and SMA-G470R+/+), one-way ANOVA 

and log-rank test respectively for panels B, C and D. (E) Representative immunostains of 

lumbar spinal cord sections depicting normal numbers of motor neurons in the SMA-G470R 
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mutant at PND9. (F) Morphometric counts of lumbar motor neurons in SMA and littermate 

controls. (G) H&E-stained muscle sections from PND9 SMA mutants with or without the 

G470R variant and a littermate control; myofibers in the SMA-G470R+/+ mouse are larger 

than those of the SMA mutant. (H) Frequency distributions and (I) average sizes of myofiber 

in PND9 SMA and littermate controls. (J) Graph of mean myofiber areas in young adult 

(PND75) SMA-G470R+/+ mutants and littermate controls. Note: *, **, ***, P < 0.05, P < 

0.01, P < 0.001 respectively; one-way ANOVA for comparisons at PND9 and t tests for 

comparisons at PND75 in panels F, I and J. N.S. – not significant. Scale bars: 20μm (panel 

E), 25μm (panel G). Data: mean ± SEM. See also Fig. S4.
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Figure 4. NMJ defects in SMA mice are suppressed by the Hspa8G470R variant.
(A) Immunostains of NMJs in the triceps of PND9 controls and SMA mutants with or 

without Hspa8G470R; the modifier reduces denervation (asterisks) and the incidence of nerve 

terminals with abnormal NF varicosities (arrows). Scale bar: 20μm. Enumeration of NMJs 

in the three cohorts of mice displaying (B) nerve terminals abnormally swollen with NF 

protein and (C) denervated endplates. (D) Graphs depict relative enlargement of endplates 

in SMA-G470R+/+ versus SMA mutants. Note: **, ***, P < 0.01, P < 0.001, one-way 

ANOVA (panels B – D). Electrophysiological measures from EDL muscles of (E) PND75 
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SMA-G470R+/+ mutants and controls and (F) similarly aged controls with or without the 

variant illustrate the potentiating effect of the modifier on neurotransmission. Note: *, ***, P 
< 0.05, P < 0.001, t tests, N.S. – not significant. Data: mean ± SEM. See also Fig. S5.
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Figure 5. Hspa8G470R alters SMN2 splicing and modestly raises SMN levels.
(A) Western blots of SMN protein in PND9 controls and SMA mutants with or without 

the G470R modifier and (B) quantified results of the blots in the three cohorts of mice. 

(C) Analysis of FL-SMN transcript levels by Q-PCR at PND9 in the three cohorts of mice. 

Two-way comparisons of (D) FL-SMN transcript levels and (E) the SMNΔ7 isoform in the 

two sets of SMA mutants illustrate an increase in the intact transcript and a corresponding 

drop in the truncated form. Note: *, **, ***, P < 0.05, P < 0.01, P < 0.001 respectively, 

one-way ANOVA (panels B and C), t tests, panels (D and E). Data: mean ± SEM. See also 

Figs. S5, S6.
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Figure 6. An enhanced affinity of Hspa8G470R for synaptic co-chaperone proteins.
(A) Western blot analysis depicting equivalent levels of Hspa8 and other constituent 

members of a synaptic chaperone complex in PND9 brain tissue of controls and SMA 

mutants expressing WT or the G470R Hspa8 variant. (B) Quantified results of blot; N.S. – 

not significant, one-way ANOVA. (C) Co-immunoprecipitation (co-IP) analysis of relative 

affinities of WT Hspa8 or the G470R variant for its co-chaperones, SGTA and CSPα; the 

variant binds better to SGTA and CSPα. (D) Graph depicting the affinities of Hspa8WT 

and Hspa8G470R for their interacting partners. (E) Reciprocal co-IP analysis of brain-derived 

Hspa8 and SMN illustrates that the two interact and that there is weakened affinity of the 

G470R variant for SMN. (F) Quantification of relative affinities of WT Hspa8 or the G470R 

variant for SMN. Note: *, ***, P < 0.05, P < 0.001 respectively, t tests for analyses in panels 

D and F; brain lysates from PND9 mice were used for co-IP experiments. Data: mean ± 

SEM. See also Fig. S7.
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Figure 7. SNARE complex assembly is disrupted in SMA NMJs and restored by the Hspa8G470R 

variant.
(A) Representative immunoblot, probed for SNAP25, illustrating reduced high molecular 

weight SDS-resistant SNARE complexes in PND9 SMA NMJs derived from triceps; 

complex levels are restored in SMA-G470R mutants. Note: Samples were not boiled. (B) 

Quantified SNARE complex levels in triceps and gastrocnemius muscles of PND9 controls 

and SMA mutants with or without the G470R variant. Note: **, ***, P < 0.01, P < 

0.001 respectively, one-way ANOVA. N.S. – not significant. (C) Representative immunoblot 

depicting reduced SNARE complexes in two iPSC-derived motor neuron lines from severe 
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SMA patients; samples were not boiled. (D) Western blot analysis of boiled samples from 

panel c confirm low levels of SMN in the SMA lines. (E) Graph showing relative SNARE 

complex concentrations and SMN levels in panels C and D respectively. (F) Reduced 

SNARE complex assembly is observed in the immunoblot of samples from PC-12 cells 

expressing shRNAs against SMN; samples were not boiled. (G) Western blot analysis of 

boiled samples from panel F confirm low levels of SMN in shRNA-mediated knockdown 

lines. (H) Quantified SNARE complex and SMN levels in samples analyzed for study 

depicted in panels F and G. Note: ***, P < 0.001, respectively, t tests for analysis of 

data in panel (H). (I) Immunoblot depicting effect of raising Hspa8G470R levels (from a 

plasmid) on SNARE complex formation in HEK293 cells transfected with the core SNARE 

components; samples were not boiled. (J) Western blot analysis of boiled samples from 

panel (I) showing relatively stable levels of SMN notwithstanding increasing concentrations 

of Myc-Hspa8G470R, as detected with anti-myc antibody. (K)Quantified levels of SNARE 

complexes and SMN respectively in panels I and J. Note: *, **, P < 0.05, P < 0.01, 

respectively, one-way ANOVA. N.S. – not significant. Data: mean ± SEM. See also Figs. S8, 

S9.
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Figure 8. Modulation of SNARE complex assembly by SMN and the G470R variant of Hspa8.
Depicted is a hypothetical model that encapsulates the relationship between SNARE 

complex assembly, SMN and the Hspa8G470R SMA modifier at NMJs. In the WT state, the 

preponderance of SMN exists as intact (FL), stable oligomeric complexes, SMNΔ7 isoforms 

being excluded from the complexes. Consequently, relatively little Hspa8 is required 

for SMN turnover in synapses. Hspa8 is therefore free to engage with its synaptic co-

chaperones, CSPα and SGTA, notwithstanding a potentially weak affinity for these proteins. 

Still, this ensures proper SNARE complex assembly and efficient neurotransmission. In 

the absence of SMN1 (SMA), total FL-SMN levels fall and relative concentrations of 

oligomers of the protein containing the unstable SMNΔ7 species and proteins such as NF 

rise. Hspa8 is diverted away from the tripartite chaperone complex to effect turnover of 

dysregulated proteins such as the less stable FL-SMN:SMNΔ7 hybrid oligomeric complexes. 

Consequently, repeated cycles of SNARE complex assembly are disrupted. The G470R 

variant reverses this effect by stabilizing the interaction of Hspa8 with its co-chaperones and 

concomitantly weakening its association with SMN and perhaps other clients too. SNARE 

complex assembly is thus restored. A weak, SMN2 splice-switching property inherent in 

Hspa8G470R modestly raises levels of the intact SMN and combines with the effect of the 

variant on assembling SNAREs to potently suppress the SMA phenotype. Note: Larger 

arrowheads in double-headed arrows signify direction of preferred interaction.
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KEY RESOURCE TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

SMN BD biosciences Cat#610647; RRID: AB_397973

β-tubulin Santa Cruz Cat#SC53140; RRID: AB_793543

β-actin Santa Cruz Cat#SC47778; RRID: AB_626632

GAPDH Santa Cruz Cat#sc32233; RRID: AB_627679

Hspa8 Invitrogen Cat#MA1-26078; RRID: AB_794523

SGTA Proteintech Cat#11019-2-AP; RRID: AB_2188830

CSPα Invitrogen Cat#PA5-87937; RRID: AB_2804520

SNAP25 BioLegend Cat#836303; RRID: AB_2715864

Syntaxin 1 SYSY Cat#110 011; RRID: AB_887842

Synaptobrevin 2 SYSY Cat#104 211; RRID: AB_2619757

Myc-Tag Santa Cruz Cat#SC40; RRID: AB_627268

Goat anti-Rabbit IgG-HRP Jackson ImmunoResearch Cat#111-035-003; RRID: AB_2313567

Goat anti-Mouse IgG-HRP Jackson ImmunoResearch Cat# 115-035-003; RRID: AB_10015289

Goat anti-Rat IgG-HRP Jackson ImmunoResearch Cat# 112-035-003; RRID: AB_2338128

Choline acetyltransferase (ChAT) Millipore Cat#AB144P; RRID: AB_2079751

vGlut1 Millipore Cat#AB5905; RRID: AB_2301751

Neurofilament Millipore Cat#AB1987; RRID: AB_91201

Rhodamine-α-bungarotoxin Invitrogen Cat#B13424; RRID: AB_2313931

Synaptophysin Santa Cruz Cat#SC9116; RRID: AB_2199007

Alexa Fluor-488 conjugated donkey anti-mouse Invitrogen Cat#A-21202; RRID: AB_141607

Alexa Fluor-488 conjugated goat anti-rabbit Invitrogen Cat#A-11034; RRID: AB_2576217

Alexa Fluor-594 conjugated donkey anti-goat Invitrogen Cat#A-11058; RRID: AB_2534105

Alexa Fluor-594 conjugated goat anti-mouse Invitrogen Cat#A-11032; RRID: AB_2534091

Oligonucleotide

Primers for genotyping, see Table S4 This paper N/A

Primers for qRT-PCR, see Table S4 This paper N/A

Experimental Models: Organisms/Strains

Δ7 mouse Jackson Laboratory Stock #005025; RRID: IMSR_JAX:005025

SMN2 mouse Jackson Laboratory Stock #005024; RRID: IMSR_JAX:005024

Smn2B/- mice Bowerman et al. 200936 N/A

SOD1G86R mouse Jackson Laboratory Stock #005110; RRID: IMSR_JAX:005110

Software and Algorithms

GraphPad Prism Graph Pad Software RRID: SCR_002798

ImageJ NIH RRID: SCR_003070

ImageQuantTL GE Healthcare RRID: SCR_018374

SPOT v4.5 Diagnostic Instruments RRID: SCR_014313
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REAGENT or RESOURCE SOURCE IDENTIFIER

Leica LAS X Leica RRID: SCR_013673
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