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Abstract: Spinal muscular atrophy (SMA) is a neuromuscular disease caused by low levels of 24 

SMN protein. Several therapeutic approaches boosting SMN are approved for human patients, 25 

delivering remarkable improvements in lifespan and symptoms. However, emerging 26 

phenotypes, including neurodevelopmental comorbidities, are being reported in some treated 27 

SMA patients, indicative of alterations in brain development. Here, using a mouse model of 28 

severe SMA, we revealed an underlying neurodevelopmental phenotype in SMA where 29 

prenatal SMN-dependent defects in translation drove disruptions in non-motile primary cilia 30 

across the central nervous system (CNS). Low levels of SMN caused widespread perturbations 31 

in translation at embryonic day (E) 14.5 targeting genes associated with primary cilia. The 32 

density of primary cilia in vivo, as well as cilial length in vitro, was significantly decreased in 33 

prenatal SMA mice. Proteomic analysis revealed downstream perturbations in primary cilia-34 

regulated signalling pathways, including Wnt signalling. Cell proliferation was concomitantly 35 

reduced in the hippocampus of SMA mice. Prenatal transplacental therapeutic intervention 36 

with SMN-restoring risdiplam rescued primary cilia defects in SMA mouse embryos. Thus, 37 

SMN protein is required for normal cellular and molecular development of primary cilia in the 38 

CNS. Early, systemic treatment with SMN-restoring therapies can successfully target 39 

neurodevelopmental comorbidities in SMA. 40 

 41 

 42 

 43 

 44 

  45 
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Introduction 48 

Spinal muscular atrophy (SMA) is an inherited neuromuscular disease with an incidence of 49 

around one in every 10,000 live births (1, 2). SMA is primarily characterized by progressive 50 

muscular weakness and atrophy, associated with the degeneration of spinal cord and brain stem 51 

motor neurons (3, 4). In most patients, SMA is caused by mutations in the survival motor 52 

neuron 1 gene (SMN1), resulting in insufficient production of full-length, functional SMN 53 

protein (5).The SMN protein is ubiquitously expressed in both the cytoplasm and nucleus of 54 

all cell types, and is dynamically regulated during development (6, 7). High levels of SMN 55 

expression during embryogenesis undergo a significant reduction after birth, suggesting an 56 

important role for SMN during prenatal development (8). SMN has been shown to be a 57 

ribosome-associated protein, with a crucial role in translation and ribosome biology. Given its 58 

contribution to translational control of gene expression, SMN depletion leads to widespread 59 

perturbation of protein synthesis in SMA (9, 10).  60 

 61 

In recent years, three disease-modifying therapies designed to increase full-length SMN protein 62 

levels have been approved to treat SMA patients (11, 12). Whilst these therapies represent a 63 

major breakthrough in improving the length and quality of life for SMA patients, both clinical 64 

trial and real-world data show that they fall considerably short of a “cure”. Therapeutic efficacy 65 

can be enhanced by early administration, ideally before symptom onset (13-16), highlighting 66 

the critical requirement for SMN protein in pre-symptomatic periods preceding disease onset. 67 

As a result of these SMN-restoring treatments, individuals living with SMA now have an 68 

increased expected lifespan. Importantly, however, this has been accompanied by the 69 

emergence of new, unexpected phenotypes, including the unmasking of novel subclinical 70 

phenotypes that were not previously apparent in the pre-treatment era. Amongst these, 71 

numerous studies have reported an emerging spectrum of neurodevelopmental comorbidities, 72 



 5 

together with cognitive and language development issues, in particular affecting children with 73 

the most severe forms of SMA (17-25). This raises fundamental questions about the role of, 74 

and requirements for, SMN protein in the developing CNS. 75 

 76 

To explore the underpinning biology of emerging neurodevelopmental comorbidities in vivo, 77 

here we model prenatal CNS organogenesis in Taiwanese SMA mouse embryos, facilitating 78 

combined morphological and molecular analyses as well as the ability to model the impacts of 79 

therapeutic intervention. We uncovered widespread, systemic disruption of ribosome 80 

occupancy on several mRNAs throughout the CNS at embryonic day (E) 14.5. Network 81 

analysis of genes with alterations in ribosome occupancy disrupted at prenatal stages in the 82 

CNS revealed involvement in processes related to primary cilia. Subsequent morphological 83 

investigation of primary cilia in the CNS in vivo and in primary neuronal cultures in vitro 84 

confirmed the presence of a primary ciliopathy in SMA. Proteomic analysis at the same time 85 

point showed multiple signalling pathways downstream of primary cilia, such as Wnt, are 86 

affected in SMA, accompanied by perturbations in cell proliferation at key stages of prenatal 87 

brain development (E14.5). Finally, we demonstrate the SMN-dependence of this phenotype 88 

as well as its amenability to therapeutic intervention, by showing that it can be rescued by 89 

treatment with an SMN-restoring intervention (risdiplam) both in vitro and via prenatal 90 

transplacental delivery in vivo. 91 

 92 

 93 

 94 

 95 

  96 
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Results 97 

SMN depletion leads to alterations of ribosome occupancy in the CNS of SMA mouse 98 

embryos at E14.5 99 

Neurodevelopmental phenotypes are a major emerging symptom in patients with SMA, 100 

particularly in severe (type I) patients after receiving an SMN-restoring therapy (17-25). This 101 

suggests a potentially important role for SMN during early (including prenatal) development 102 

of the CNS. Studying these emerging developmental phenotypes at the cellular and molecular 103 

level is virtually impossible in human patients, resulting in the need to study them in disease-104 

relevant animal models (26). To establish whether prenatal brain development phenotypes can 105 

be reliably modelled using established mouse models of severe SMA, we initially performed 106 

western blot analyses on brain and spinal cord across the prenatal period in the ‘Taiwanese’ 107 

SMA mouse model and littermate controls. This confirmed expected, physiological levels of 108 

SMN in healthy littermate controls across the prenatal period and a clear reduction in SMA 109 

embryos (Supplementary Figure 1), similar to what has previously been reported in human 110 

patients (7). Thus, SMN protein is strongly expressed throughout the mouse CNS during 111 

prenatal development, confirming that this model is suitable for studying prenatal impacts of 112 

SMN depletion in the CNS relevant to SMA.  113 

 114 

As widespread molecular changes at the proteome level have previously been reported in SMA 115 

mouse embryos (26), we next wanted to explore the mechanisms through which SMN protein 116 

may influence prenatal development of the CNS. Importantly, SMN is a ribosome-associated 117 

protein that plays a critical role in translation and ribosome biology, where SMN-primed 118 

ribosomes associating with specific mRNAs have been directly linked to SMA pathogenesis 119 

(9, 10, 27). To explore more detailed, gene-specific processes of translation during embryonic 120 

development, we performed polysome and ribosome profiling in the CNS (incorporating both 121 
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brain and spinal cord) from E14.5 control and SMA Taiwanese mouse embryos (Figure 1A). 122 

Polysome profiling of cytoplasmic lysates (Figure 1B) and the estimation of the fraction of 123 

ribosomes in polysomes (FRP) from control brain and spinal cord (Figure 1C) provided a 124 

global estimation of the engagement of ribosomes on mRNAs. As a result, we observed 125 

statistically significant differences in translational efficiency in control brain compared to 126 

control spinal cord at this stage of development (Figure 1C). Notably, when compared the 127 

estimation of the FRP between genotypes, we find no significant alterations in either the brain 128 

or the spinal cord (Figure 1, D and E).  129 

 130 

As polysome profiles only represent an approximate estimation of translation levels, it was not 131 

surprising that these tissues did not show a significant difference at E14.5. To obtain a genome-132 

wide and more detailed measurement of possible alterations in ribosome engagement on 133 

mRNAs in embryonic brain and spinal cord, we therefore performed ribosome profiling (28). 134 

This technique allowed us to specifically isolate ribosome protected fragments and investigate 135 

the differentially translated mRNA, determining the position of the ribosomes at codon 136 

resolution. High-quality libraries, suitable for sequencing, were obtained from all animals and 137 

tissues, as illustrated by the distribution of ribosome-protected fragments (RPF) lengths 138 

(Supplementary Figure 2A) and the trinucleotide periodicity along the coding sequences 139 

(Supplementary Figure 2B).  140 

 141 

In addition to significant alterations in ribosome positioning at the beginning and end of coding 142 

sequence of mRNAs (Supplementary Figure 2B), differential analyses identified numerous 143 

transcripts with altered ribosome occupancy in both tissues (Figure 1, F and G). In brain, 116 144 

out of with 151 differentially expressed genes (DEGs) showed decreased ribosome occupancy 145 

(Figure 1F). Also in the spinal cord, out of 304 dysregulated genes 231 showed decreased 146 
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ribosome occupancy (Figure 1G). The overwhelming bias towards mRNAs with decreased 147 

ribosome occupancy is in line with previous observations from postnatal stages of disease and 148 

suggests that SMA pathogenesis is at least partially caused by a loss of function in translation 149 

(9, 10).  150 

 151 

Taken together, these findings reveal that SMN is required for normal protein translation 152 

throughout the brain and spinal cord during embryonic development, with disruption occurring 153 

in advance of the (postnatal) onset of overt neuromuscular symptoms in this mouse model. 154 

 155 

Alterations in ribosome occupancy for genes associated with primary cilia in SMA mouse 156 

embryos 157 

Given that depletion of SMN leads to hundreds of genes with prenatal changes in ribosome 158 

occupancy, we next wanted to specifically identify affected genes and pathways with the 159 

potential to account for developmental phenotypes observed in SMA. First, we used Ingenuity 160 

Pathway Analysis (IPA) software to identify functional clustering of the differentially 161 

expressed genes in the CNS of SMA mouse embryos, applying log2FC_thr=0.3 and 162 

pval_thr=0.05 as cut-off values (Table 1). These analyses identified a widespread disruption in 163 

several biological pathways already known to be involved in the postnatal pathogenesis of 164 

SMA, including cell cycle regulation (29, 30), cytoskeleton signalling  pathway (31-33) and 165 

p53 signalling (34, 35). This suggests that molecular defects in these SMA-linked pathways 166 

can be explained by concurrent translational defects, and also that they are already present 167 

prenatally. In addition to these well-characterised pathways, IPA identified changes in the 168 

translation of genes of a biologically-interesting pathway not previously associated with SMA: 169 

the cilium assembly pathway. Investigation of the individual genes ascribed to this canonical 170 
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pathway revealed changes in 20 genes involved in the structure and function of primary cilia, 171 

the majority of them being downregulated (Figure 2A).  172 

 173 

Primary cilia are non-motile sensory organelles extending from the cell membrane, containing 174 

a microtubule-based axoneme originating from the basal body (36). The cilia cytoplasm is 175 

isolated from the cell by a specialised structure, the transition zone, which acts as a ciliary gate 176 

filtering the passage of molecules into or out of the cilium (37). The molecules that pass the 177 

transition zone are carried along the axoneme by two intraflagellar transport complexes (IFT 178 

A and B) (38) (Figure 2B). Primary cilia have a critical role in coordinating key signalling 179 

pathways to ensure a correct embryonic development, tissue homeostasis and organ function 180 

(39). Dysfunction in these subcellular organelles leads to multisystemic disorders known as 181 

ciliopathies and several studies have demonstrated a crucial role for primary cilia in brain 182 

development and neurodevelopmental disease, often accompanied by cognitive impairment 183 

(40-44). Several dysregulated genes identified in our dataset have been extensively described 184 

in literature and associated with well-known ciliopathies. ARL6 and CEP290 are two of the 185 

most frequently mutated genes in Bardet-Biedl syndrome, a multisystem primary ciliopathy 186 

characterised by heterogenous clinical manifestations, including cognitive impairment and 187 

developmental delay (45). Moreover, CEP290 has also been linked to Joubert Syndrome, a 188 

primary ciliopathy presenting with a distinctive midbrain-hindbrain malformation, leading to 189 

motor and cognitive impairments that manifest in early life (46, 47). Notably, mutations in 190 

B9D1 gene are implicated in Meckel syndrome, a severe ciliopathy that is perinatally lethal 191 

due to polydactyly, kidney disease, liver fibrosis and central nervous system defects (48).  192 

 193 

Using a deeper IPA pathway enrichment of mRNAs with alteration in ribosome occupancy 194 

(see methods) we identified a strong correlation between the identified ciliary genes and two 195 



 10 

independent functional terms, specifically: ‘formation of cilia’ and ‘assembly of non-motile 196 

cilium’ (Figure 2C). Most importantly, this in silico analysis revealed a predicted inhibition of 197 

these two pathways, thereby indicating primary cilia dysfunction in the CNS of SMA mouse 198 

embryos.  199 

 200 

Primary cilia defects in the CNS of SMA mouse embryos. 201 

As defects in primary cilia have been associated with neurodevelopmental phenotypes similar 202 

to those reported as comorbidities in SMA patients (21-24, 40, 42, 49-55), we next wanted to 203 

establish whether the disruption in translation of genes associated with primary cilia in SMA 204 

mouse embryos leads to corresponding morphological changes in primary cilia in vivo. 205 

To identify and quantify the number (density) of primary cilia in the embryonic CNS we 206 

performed fluorescence immunohistochemistry using two well-established ciliary markers – 207 

ARL13B labelling the axoneme and gamma tubulin labelling the basal body - in control and 208 

SMA embryonic brain and spinal cord. Primary cilia were identifiable by the proximity of both 209 

a basal body and an axoneme. Qualitative observations in brain and spinal cord revealed the 210 

presence of primary cilia in both SMA and littermate controls and across different stages of 211 

organogenesis. Subsequent quantitative analyses showed a statistically significant decrease in 212 

the percentage of ciliated cells in SMA mouse hippocampus compared to control littermates at 213 

E14.5 (Figure 3A). To assess whether these SMA-related cilial defects persisted into later 214 

stages of embryonic brain development, we repeated the analysis in the hippocampus of E18.5 215 

mouse embryos. A similar, statistically significant decrease in cilia density was observed in 216 

SMA mice compared to littermate controls (Figure 3B), revealing a consistent reduction in the 217 

density of primary cilia in the hippocampus of SMA mouse embryos throughout brain 218 

organogenesis. We further investigated two postnatal timepoints of postnatal (P) day 2 and 219 

P10, representing pre- and late-symptomatic stage respectively in the mouse model, and found 220 
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that cilia density was not different between SMA mice and littermate controls (Supplementary 221 

Figure 3). Thus, primary cilia disruption appears to be a largely prenatal aspect of dysregulated 222 

brain development in SMA, correlating with the higher levels of SMN protein observed at 223 

prenatal stages in both mice and humans (7). 224 

 225 

In order to ascertain whether these cilial phenotypes extended into other regions of the CNS, 226 

the same quantification was performed on spinal cord sections from SMA and control embryos 227 

at E14.5 and E18.5 (Figure 3, C and D). Here, the analysis revealed a significant decrease in 228 

cilia density in the spinal cord of E14.5 SMA mouse embryos (Figure 3C), indicating that 229 

primary cilia phenotypes are conserved throughout the CNS at this crucial stage of prenatal 230 

development. However, reductions in primary cilia density did not persist to later prenatal 231 

timepoints (E18.5) in the spinal cord of SMA embryos (Figure 3D). The conserved 232 

manifestation of primary cilia defects at both earlier and later embryonic ages in the SMA 233 

hippocampus, but not in the spinal cord nor in the hippocampus postnatally, suggests that 234 

primary cilia in brain are particularly vulnerable to low SMN levels prenatally.  235 

 236 

Risdiplam treatment reveals SMN-dependent morphological defects in primary cilia in 237 

primary hippocampal cell culture 238 

Although we identified a significantly reduced density of primary cilia in the CNS of SMA 239 

mice, changes in cilia morphology are often reported to occur alongside density changes in 240 

many ciliopathies and neurodevelopmental disorders (41, 56). To address whether core 241 

morphological features of primary cilia were also altered in SMA we established an in vitro 242 

model system that was more suitable for quantitative morphometric analysis than brain slice 243 

preparations. This allowed us to robustly and consistently quantify cilium length, one of the 244 
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most crucial morphological parameters correlated with ciliary function, that is altered in many 245 

ciliopathies (57). 246 

 247 

We established primary neuronal cultures from the hippocampus of SMA and control mouse 248 

embryos (Figure 4A). After eight days in vitro primary cilia were labelled with ARL13B and 249 

gamma tubulin markers. Consistent with previous observations in vivo, an initial qualitative 250 

assessment of primary cilia in vitro revealed that hippocampal cells from both control and SMA 251 

embryos possessed a clear cilium structure defined by basal body and axoneme. However, 252 

many primary cilia in SMA preparations appeared to be shorter and more truncated than those 253 

from controls. Therefore, we performed quantitative axoneme length measurements, spanning 254 

from the basal body to the tip of the cilium. This analysis revealed a significantly reduced 255 

cilium length in SMA hippocampal cell culture compared to littermate controls (Figure 4, B 256 

and C; Supplementary Figure 4, A and B).  257 

 258 

In order to assess whether cilia defects were specific to particular cell types in our primary 259 

hippocampal cell culture system, we also performed experiments co-staining for NeuN 260 

(neurons) and glial fibrillary acidic protein (GFAP, astrocytes). As expected, the majority of 261 

cells in our cultures were neurons (Supplementary Figure 5A), although astrocytes were also 262 

present allowing us to compare these cell types. Quantification of ciliary length on both neurons 263 

and astrocytes revealed similar phenotypes, with shorter primary cilia axoneme in both cell 264 

types from SMA mice (Supplementary Figure 5, B and C). Thus, the SMA-linked primary cilia 265 

phenotype appears to affect multiple cell types/populations in the CNS. 266 

 267 

Reduced density of ciliated cells in vivo and shortened cilia can also occur due to the specific 268 

presence of basal body deficits (58). We therefore investigated the morphology of basal bodies 269 
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using immunofluorescence in vitro but found no difference in gross morphology parameters of 270 

area, diameter or perimeter (Supplementary Figure 4C). Thus, cilia defects observed in SMA 271 

are unlikely to be caused primarily by basal body deficits. 272 

 273 

Next, we wanted to establish whether defects observed in primary cilia in SMA are amenable 274 

to therapeutic intervention by restoring SMN levels. Risdiplam, an SMN2 splicing modifier, is 275 

one of three SMN-restoring therapies approved for use in human SMA patients, capable of 276 

increasing full-length SMN protein levels across a range of cells and tissues (59). After 277 

hippocampal dissection from SMA and control Taiwanese mouse embryos, primary neurons 278 

were plated and then treated with risdiplam for 72h from DIV5. At DIV8, total RNA of 279 

hippocampal neurons was collected to analyse SMN expression levels using real-time PCR 280 

(60). As expected, risdiplam treatment restored full-length SMN levels compared to vehicle-281 

treated SMA preparations (Figure 4, E and F).  282 

 283 

A total of 863 primary cilia labelled with ARL13B and gamma tubulin markers to visualise 284 

primary cilia and allow accurate length measurements were analysed from controls, 728 from 285 

SMA-vehicle (untreated), and 373 from SMA-risdiplam treated cells (Supplementary Figure 286 

4D and Table 2). Strikingly, risdiplam treatment rescued primary cilia defects in the SMA cells, 287 

restoring cilia length to be indistinguishable from those observed in healthy controls (Figure 4, 288 

D and G). Thus, SMN restoration in vitro was sufficient to reverse SMA-associated primary 289 

cilia defects, confirming a critical role for SMN in regulating primary cilia during development. 290 

 291 

Disruption to downstream signalling pathways regulated by primary cilia in SMA 292 

Having established that prenatal primary cilia phenotypes occur both in vivo and in vitro in 293 

SMA, we next investigated whether signalling pathways downstream of primary cilia were 294 
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similarly affected. We therefore performed a new, targeted in silico analysis of a recently 295 

published proteomic dataset comparing the CNS proteome in control and SMA mouse embryos 296 

at E14.5 (26, 41). IPA software analysis revealed perturbations in several signalling pathways 297 

directly linked to primary cilia (Table 3 and Supplementary Figure 6), including Wnt (Figure 298 

5A) and Sonic Hedgehog (SHH) (Supplementary Figure 6). Downregulation of Wnt and SHH 299 

pathways are both known to negatively impact cell proliferation (61, 62) . Consistent with this, 300 

we observed reduced cell proliferation, as indicated by Ki67 staining, in the hippocampus of 301 

SMA mice compared to littermate controls at E14.5 (Figure 5, B and C). Taken together, these 302 

findings demonstrate significant dysregulation of signalling pathways downstream of primary 303 

cilia, accompanied by a marked reduction in cell proliferation.  304 

 305 

In utero transplacental SMN replacement therapy increases SMN protein levels in the 306 

CNS of SMA mouse embryos and rescues primary cilia phenotypes 307 

Finally, given the prenatal nature of the primary ciliopathy phenotypes detailed above, we 308 

wanted to establish whether prenatal delivery of existing SMN-restoring therapeutics could 309 

intervene and correct developmental perturbations. In order to explore this, we first developed 310 

and validated an in utero transplacental therapeutic intervention using risdiplam to investigate 311 

whether SMN protein levels could be restored in SMA Taiwanese mouse embryos following 312 

treatment of the pregnant dam, with consequential impacts on the prenatal primary cilia 313 

phenotypes.  314 

 315 

In an initial series of pilot experiments, one pregnant dam was treated with risdiplam (5mg/kg) 316 

given by oral gavage (PO) for five consecutive days, starting at E10.5. The dose used in this 317 

study was adopted from those previously established by Poirier at al., 2018 (63). Embryos were 318 

then collected at E15.5 and organs were microdissected to allow quantification of SMN protein 319 
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levels. This treatment regime was sufficient to generate a 1.9-fold increase in SMN levels in 320 

the brain of SMA embryos compared to SMA embryos that did not undergo any therapeutic 321 

intervention (Figure 6, A and B, Supplementary Figure 7A). Treatment was well tolerated by 322 

the pregnant dam, as well as the embryos, with no adverse events or phenotypes noted. 323 

 324 

Given the success of the pilot transplacental experiments, we proceeded to perform a full set 325 

of experiments allowing comparative quantitative analyses of primary ciliopathy defects in 326 

E14.5 SMA mouse embryos. For these experiments, pregnant dams received risdiplam for five 327 

consecutive days via oral delivery, starting from gestational day E9.5. After daily 328 

pharmacological administration, embryos were collected at E14.5 and the brain tissue prepared 329 

for immunoblot for SMN protein quantification and immunohistochemistry for primary cilia 330 

investigation (Figure 6C). Western blot analyses confirmed the prior result from pilot 331 

experiments undertaken at E15.5, revealing a significant increase in levels of SMN protein in 332 

the brain of treated SMA embryos compared to untreated embryos (Figure 6, D and E, 333 

Supplementary Figure 7B). Strikingly, quantitative analysis of primary cilia density showed a 334 

significant increase in primary cilia number in the hippocampus of SMA embryos treated in 335 

utero with risdiplam compared to SMA untreated embryos, restoring them to levels observed 336 

in non-SMA littermate controls (Figure 6, F and G). In addition, risdiplam treatment 337 

significantly increased levels of LRP5, one of the key Wnt signalling molecules found to be 338 

dysregulated in SMA embryos (Supplementary Figure 8). Thus, prenatal transplacental 339 

delivery of SMN-restoring therapeutics was sufficient to rescue primary ciliopathy phenotypes 340 

in SMA mice in vivo.  341 

  342 
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Discussion 343 

Defining the earliest changes underlying disease pathogenesis is of critical importance for 344 

uncovering the fundamental biological mechanisms driving SMA, as well as for identifying 345 

novel potential molecular targets for therapeutic intervention. Here, we demonstrate that 346 

prenatal development of the CNS is affected in SMA, identifying primary cilia as contributors 347 

to SMA pathogenesis. Ribosome profiling of E14.5 brain and spinal cord revealed profound 348 

molecular defects at the translational level in the CNS of SMA mouse embryos. Importantly, 349 

pathway enrichment analysis identified genes involved in the formation and function of 350 

primary cilia. Subsequent use of both in vivo and in vitro models confirmed fundamental 351 

primary cilia phenotypes in SMA. Pathway analyses of proteomic datasets revealed parallel 352 

impacts on signalling pathways downstream of primary cilia in SMA. Importantly, these 353 

defects were shown to be SMN-dependent and were rescued following therapeutic intervention 354 

with risdiplam, including via prenatal transplacental delivery of SMN-restoring therapeutics in 355 

vivo. 356 

 357 

Primary cilia are microtubule-based structures protruding from the surface of almost all 358 

eukaryotic cells. As sensory organelles, primary cilia are characterised by a specialised 359 

structure in which each component is essential for the correct functioning of the cilium (41). 360 

Among those, the transition zone (TZ) plays a crucial role in controlling the entry and exit of 361 

cargo proteins essential for cilia assembly and signalling (37). Here, we found that several 362 

genes that encode TZ components, such as Arl6, B9d1 and Cep290, have decreased ribosome 363 

occupancy in the CNS of SMA mouse embryos. Alongside the TZ, Intraflagellar Transport 364 

(IFT) proteins are also essential for the correct assembly and maintenance of cilia as they 365 

mediate the bidirectional transport of structural and signalling molecules along the 366 

microtubular axoneme (64). Ift140 and Ift25 genes encode for two crucial components of the 367 
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IFT system that were also dysregulated in the CNS of SMA mouse embryos. Importantly, 368 

IFT25 facilitates anterograde transport to the ciliary tip of SMO and GLI, two proteins essential 369 

for the activation of Sonic hedgehog signalling pathways, a key modulator of embryonic 370 

development and tissue homeostasis (43, 65, 66). Thus, SMN depletion appears to impact on 371 

the translation of a wide range of primary cilia genes likely to result in significant 372 

developmental perturbations in these key structures. Further studies exploring the precise 373 

molecular regulation of cilia formation and function in the context of SMA are therefore 374 

warranted. 375 

Notably, in our in vitro experiments we observed the presence of cilia phenotypes in both 376 

neuronal cells and astrocytes. Further work will be required to establish a full cell-type specific 377 

analysis of cilia phenotypes across the CNS in SMA, but the current data suggest that 378 

dysregulation is likely to be widespread. 379 

 380 

One particularly interesting observation from the current study was that the magnitude of 381 

primary cilia varied across CNS regions and developmental timepoints: there was a reduction 382 

in the density of ciliated cells in the hippocampus at embryonic days E14.5 and E18.5, but not 383 

postnatally and prenatal reduction occurred only at E14.5 in the spinal cord. This is likely best 384 

explained by differing developmental timelines of these structures. The spinal cord undergoes 385 

region patterning and cell identity establishment as early as E9.5 in mice, with the transition 386 

from neural progenitor cells to postmitotic neurons largely complete embryonically (67). In 387 

contrast, in the hippocampus, although region specification signals appear by E10.5, its 388 

maturation extends to postnatal ages in mice (68, 69).  389 

 390 
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Acting as signalling hubs, primary cilia have a crucial role during embryogenesis, detecting 391 

and transducing extracellular signals that coordinate fundamental biological processes, 392 

including cell cycle progression and cell proliferation (41). For this reason, primary cilia 393 

dysfunction leads to a spectrum of severe prenatal and developmental diseases, known as 394 

ciliopathies. The clinical manifestations of ciliopathies are multisystemic and include brain 395 

malformations, cognitive impairment, cardiac defects, renal malformations, liver disease and 396 

musculoskeletal abnormalities, as described in well-characterised ciliopathies such as Joubert, 397 

Meckel-Gruber and Bardet Biedl Syndromes (46-49, 70-73). Furthermore, primary cilia 398 

defects have already been associated with other neurodegenerative and neuromuscular 399 

disorders, including amyotrophic lateral sclerosis (40, 74-76). Thus, the prenatal primary cilia 400 

defects reported here would be predicted to contribute directly to neurodevelopmental 401 

symptoms being reported in SMA patients. 402 

 403 

From a clinical viewpoint, our work is potentially relevant for better understanding of cognitive 404 

impairments in SMA patients treated with currently available therapies. Numerous recent 405 

patient-based studies have reported deficits in attention, memory and language, as well as 406 

autism-like symptoms such as difficulties in social communication and interaction, in SMA 407 

patients with and without SMN-restoring therapies (17, 19-25). The hippocampus is known to 408 

play a key role in memory and cognition in humans (77), with previous studies showing that 409 

depletion of primary cilia leads to hippocampal-dependent learning and memory deficits in 410 

mice (50, 54). Moreover, MRI studies have revealed hippocampal dysgenesis and volume loss 411 

in Bardet Biedl Syndrome patients, highlighting the impact of primary cilia in cognition (49, 412 

78). Taken alongside the current findings of defects in this brain region during embryonic 413 

development in SMA mice, monitoring of developmental processes in key brain regions such 414 

as the hippocampus is likely to be required for SMA patients. This highlights the need for 415 
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routine assessment of neurocognitive abilities in SMA patients (including those receiving 416 

SMN-restoring treatments) as well as the importance of consistent neonatal, or perhaps even 417 

prenatal, screening for SMA. Such monitoring of SMA patients and their clinical 418 

manifestations will also be key for the understanding the heterogeneity of phenotypes that 419 

exists amongst patients. For example, cognitive impairment and intellectual disability have 420 

been observed less frequently in patients with milder forms of SMA (type II and III) (79, 80), 421 

in contrast to paediatric patients living with the most severe form of SMA (type I) (17, 18, 21).  422 

 423 

There is now unquestionable preclinical and clinical evidence demonstrating that earlier 424 

(ideally pre-symptomatic) intervention in SMA patients provides better therapeutic outcomes 425 

and enhances quality of life for patients and their families. To date, several studies have 426 

performed in utero SMN replacement using antisense oligonucleotides, viral vectors or small 427 

molecules in preclinical mouse models (81-84), demonstrating benefits on neuromuscular 428 

aspects of the disease (16). The findings of the current study reinforce the need for early 429 

treatment, suggesting that prenatal changes occurring during CNS development need to be 430 

targeted in order to address neurodevelopmental comorbidities in SMA whilst also providing 431 

important proof-of-principal that transplacental in utero SMN replacement can reverse 432 

neurodevelopmental SMA phenotypes. Importantly, these preclinical findings have recently 433 

been shown to have significant potential for translation into the patient context as a result of a 434 

publication detailing the first case of prenatal therapy in humans, where risdiplam was 435 

administered orally to a mother during gestation, demonstrating the efficacy of transplacental 436 

drug delivery and potential early intervention benefits (85). Strikingly, the dosing regimen used 437 

for prenatal transplacental treatment in the current study revealed a substantial impact on 438 

primary cilia even after a short duration of treatment (a maximum of five days out of a total 439 

gestation period lasting ~ twenty-one days in mice). Taken together, these findings suggest that 440 
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relatively short prenatal treatment with SMN-restoring therapeutics during critical time-periods 441 

of brain development is likely to be sufficient to ameliorate neurodevelopmental aspects of 442 

SMA.  443 

 444 

 445 

  446 
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Methods  447 

Sex as a biological variable 448 

Our study examined both genders that were determined by PCR amplification of X 449 

chromosome genes with divergent Y chromosome gametologs (86). Although both genders 450 

were used throughout the entire study, sex was not considered as a biological variable. 451 

 452 

Statistics 453 

All results are expressed as mean and SEM from at least five independent samples per group. 454 

For each embryo, three consecutive brain sections were analysed and averaged together. 455 

Differences between the two genotype groups (CTRL and SMA) were analysed by a one- or 456 

two-tailed unpaired parametric t-test. Differences among three groups (CTRL, SMA vehicle, 457 

SMA risdiplam Treated) were analysed by ordinary one-way ANOVA using Tukey’s 458 

correction for multiple comparisons. All statistical analyses were performed using GraphPad 459 

Prism 10. A P value less than 0.05 was considered significant.  460 

 461 

Study approval 462 

All animals were bred and handled following the UK Animals (Scientific Procedures) Act, 463 

1986. Procedures were approved by the internal ethics committee at the University of 464 

Edinburgh and following UK Home Office regulations (PPL number: PP1567597). 465 

 466 

Data and materials availability 467 

All data values for all graphs, and values behind any reported means in the manuscript or 468 

supplement are reported and accessible in the supporting data values XLS file. Raw proteomic 469 

data used in Figure 5 is available via https://doi.org/10.7488/ds/2776. Ribosome profiling data 470 

have been deposited in the Gene Expression Omnibus (GEO; accession code GSE295681). 471 
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Dysregulated gene list from ribosome profiling are uploaded as a source data file, entitled 472 

“Ribosome_profiling_DEG_SMA_E14.5”. Detailed methods can be found in supplementary 473 

files.  474 

Any other information not already included in the manuscript but used in the analysis is 475 

available to any researcher for purposes of reproducing or extending the analysis upon 476 

contacting the corresponding author. 477 

 478 

 479 

  480 
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Figure 1. SMN depletion leads to widespread disruption in translation throughout the 778 

CNS of SMA mouse embryos. (A) Schematic overview of experimental design to facilitate 779 

polysome and ribosome profiling of E14.5 brain and spinal cord from control and SMA mouse 780 

embryos. (B) Polysomal profiles of E14.5 brain and spinal cord from control mouse embryos. 781 

(C) Fraction of ribosomes in polysomes expressed in percentage of E14.5 brain and spinal cord 782 

from control mouse embryos. (D) Polysomal profiles of E14.5 brain from control and SMA 783 

mouse embryos. (E) Fraction of ribosomes in polysomes expressed in percentage of E14.5 784 

brain and spinal cord from control and SMA mouse embryos. (F-G) Volcano plots showing 785 

the variations in ribosome occupancy of genes identified in brain (F) and spinal cord (G) of 786 

E14.5 controls and SMA mouse embryos. In brain, dark red dots represent DEGs with 787 

decreased ribosome occupancy, while pink dots with increased ribosome occupancy. In spinal 788 

cord, blue dots represent DEGs with decreased ribosome occupancy, while light-blue dots with 789 

increased ribosome occupancy. Significantly differential genes were defined by the following 790 

cut-off values: log2FC_thr=0.5 and pval_thr=0.05. DEG: differentially expressed genes. N = 3 791 

embryos each for control and SMA. 792 
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Figure 2. Translational defects in primary cilia genes in the CNS of SMA mouse embryos. 797 

(A) Bar chart showing the dysregulated genes associated to the “cilium assembly” canonical 798 

pathway identified by IPA. Light purple bars represent downregulated DEGs; dark purple bars 799 

represent upregulated DEGs. (B) Schematic of a primary cilium highlighting the main 800 

structural components: Intraflagellar Transport Proteins (IFT) complex A and B, transition 801 

zone and fibres, basal body and cell membrane. (C) Functional enrichment analysis network 802 

of cilium assembly DEGs. Downregulated molecules in light purple; upregulated molecules in 803 

dark purple. Different shapes indicate molecules with distinct biological functions. Dotted 804 

black arrows show the enrichment of individual molecules to the functional terms “Formation 805 

of cilia” and “Assembly of non-motile cilium”. Blue arrows indicate a predicted inhibition state 806 

on the specific functional term. Both functional terms are highlighted in blue, indicating an 807 

overall inhibition. Statistical significance was defined using the following cut-off values: 808 

log2FC_thr=0.3 and pval_thr=0.05. *p-value ≤ 0.05, **p-value ≤ 0.01, ***p-value ≤ 0.001. 809 
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Figure 3. Reduced density of primary cilia in the SMA mouse embryonic hippocampus 813 

and spinal cord. (A) Primary cilia density quantification using ciliary markers ARL13B 814 

(axoneme, in green) and γ-TUBULIN (γ-TUB, basal body, in magenta) in the hippocampus of 815 

E14.5 and (B) E18.5 Taiwanese mouse embryos reveals reduced primary cilia number in SMA 816 

compared to littermate controls. Coronal paraffin sections, 10 μm thickness, scale bar 10 μm, 817 

zoom 2 μm. N= 12 embryos for control and 13 for SMA at E14.5; 5 for control and 6 for SMA 818 

at E18.5. (C) Primary cilia density quantification in the spinal cord of E14.5 identifies reduced 819 

primary cilia number in SMA compared to littermate controls. (D) No difference between 820 

genotypes observed in primary cilia density in E18.5 spinal cord. Sagittal paraffin sections, 10 821 

μm thickness, scale bar 10 μm, zoom 2 μm. N= 8 embryos for control and 7 for SMA at E14.5 822 

and E18.5. **p-value ≤ 0.01, *p-value ≤ 0.05, unpaired t-test, scatter dot plot, mean with SEM. 823 

One datapoint corresponds to the average values from three sections per embryo.  824 
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Figure 4. Reduced primary cilia length in SMA is restored following risdiplam treatment 828 

in primary hippocampal neurons. (A) Schematic showing experimental design for primary 829 

hippocampal cell culture experiments. (B-D) Representative confocal images showing primary 830 

cilia length in hippocampal cell culture from (B) control, (C) SMA vehicle-treated and (D) 831 

SMA risdiplam-treated preparations. Primary cilia were labelled with the ciliary markers 832 

ARL13B (axoneme, in green) and γ-TUBULIN (basal body, in magenta). (E) Full-length and 833 

(F) delta 7-SMN levels were quantified using real-time PCR. Bar charts show full length SMN 834 

was increased, corresponding with decreased delta 7-SMN, in SMA hippocampal neurons 835 

treated with risdiplam., scatter dot plot, mean with SEM. One datapoint corresponds to one 836 

embryo. N= 4 embryos for each group. FC: fold change (G) Primary cilia length measurement 837 

and quantification in hippocampal cell culture from control, SMA vehicle-treated and SMA 838 

risdiplam-treated preparations. N= 22 embryos for control, 19 for SMA vehicle-treated and 12 839 

for SMA Risdiplam-treated. One datapoint corresponds to one embryo. Scale bar lower 840 

magnification representative images (I) 5 μm. Scale bar micrographs (II, III, IV) 2 μm. **p-841 

value < 0.01, ***p-value < 0.001, ****p-value < 0.0001, one-way ANOVA, scatter dot plot, 842 

mean with SEM.  843 
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Figure 5. Widespread dysregulation of proteins in the Wnt signalling pathway and 846 

decreased cell proliferation in SMA embryos. 847 

(A) Schematic overview of the Wnt signalling pathway. Molecules highlighted in green are 848 

downregulated, in pink are upregulated, and in purple are predicted to be inhibited in SMA 849 

embryos. Purple arrows indicate inhibition; pink arrows lead to activation; yellow arrows show 850 

a discrepancy between the activation state of one or more molecules; grey arrows represent an 851 

effect not predicted by IPA. (B) Representative coronal paraffin sections from littermate 852 

control mouse embryos at E14.5 to demonstrate whole brain topography in the mouse embryo. 853 

The relative position of the hippocampus is indicated by the white square. Cells positively 854 

labelled by the proliferative marker Ki67 are shown in green. Scale bar 1 mm. Zoomed-in 855 

images highlight cell proliferation in the hippocampus of control and SMA mouse embryos at 856 

E14.5 shown using Ki67 labelling. Region of interest corresponding to the dentate gyrus is 857 

indicated by the white squares (39x39 μm). Scale bar 10 μm. Total and proliferative cells are 858 

labelled by DAPI in blue and Ki67 in green, respectively. (C) Quantification of cell 859 

proliferation in the hippocampus of control and SMA Taiwanese mouse embryos reveals a 860 

significant decrease in SMA mice at E14.5. Each datapoint corresponds to the average values 861 

from three sections per embryo (N=9 for control and 8 for SMA). *p-value ≤ 0.05, unpaired t-862 

test, scatter dot plot, mean with SEM. 863 
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Figure 6. Reduced density of primary cilia in the SMA mouse embryonic hippocampus is 868 

restored following in utero risdiplam treatment. (A) Immunoblot of SMN levels in brain 869 

tissues from control, SMA and risdiplam-treated SMA embryos (5 mg/kg to the dam) at E15.5. 870 

Lanes were run on the same gel but were noncontinuous (see Supplementary Figure 5A). (B) 871 

Quantification of relative SMN levels from (A). N=3 embryos for control and SMA, N=4 872 

embryos for risdiplam-treated SMA. (C) Schematic showing experimental design for short 873 

duration, in utero SMN replacement therapy via oral administration to the pregnant dam at 874 

5mg/kg dose. (D) Immunoblot of SMN levels from brain tissues from control, SMA and 875 

risdiplam-treated SMA embryos at E14.5. (E) Quantification of relative SMN levels from (D). 876 

N=3 embryos for control and SMA, N=6 embryos for risdiplam-treated SMA. (F) 877 

Representative confocal micrographs showing primary cilia in the hippocampus of E14.5 from 878 

control, SMA untreated and SMA risdiplam-treated embryos. Primary cilia were labelled with 879 

the ciliary markers ARL13B (green) and γ-TUBULIN (magenta). Scale bar 10 μm, zoom 2 880 

μm. (G) Quantification bar chart of (F). Scatter dot plot with mean with SEM. One datapoint 881 

corresponds to one embryo. N= 12 embryos for control, 13 for SMA untreated and 6 for SMA 882 

risdiplam-treated. Data for control and untreated SMA are replotted from Figure 4A. Coronal 883 

paraffin sections, 10 μm thickness. *p-value ≤ 0.05, **p-value ≤ 0.01, ****p-value ≤ 0.0001, 884 

one-way ANOVA  885 
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Table 1. Canonical pathways identified by IPA in the CNS of E14.5 SMA mouse 888 

embryos compared to controls 889 

 890 

Ingenuity Canonical Pathways -log(p-value) z-score 

Cell Cycle Checkpoints 21.4 -6.223 

Nuclear Cytoskeleton Signaling Pathway 13.9 -3.333 

SUMOylation of DNA damage response 

and repair proteins 
12 -4.472 

Metabolism of non-coding RNA 10.4 -4 

Major pathway of rRNA processing 

in the nucleolus and cytosol 
6.18 -0.426 

Kinesins 5.95 -1.155 

Cilium Assembly 4.45 -1.789 

p53 Signaling 4.43 0 

Sirtuin Signaling Pathway 4.43 -1.414 

Glucose metabolism 3.98 -3.317 

 891 

 892 

 893 

  894 
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Table 2. Descriptive summary of primary cilia length analysis performed in hippocampal 895 

cell culture. 896 

 897 

The table illustrates the total number of individual cilia analysed for each group (controls, SMA 898 

untreated/vehicle, and SMA treated with risdiplam) and the respective minimum, maximum, 899 

range and mean of cilium length, expressed in micrometres (μm). Standard deviation (SD) was 900 

calculated for each individual datapoint withing each experimental group. 901 

  902 

 

Genotype/ 

Treatment 

 

N of Cilia 

Analysed 

 

Minimum 

Length 

(μm) 

 

Maximum 

Length 

(μm) 

 

Range 

Cilium 

Length 

(μm) 

 

Mean 

Cilium 

Length 

(μm) 

 

Cilium 

Length 

SD 

 

CTRL 

 

863 

 

1.11 

 

13.84 

 

12.73 

 

3.53 

 

1.39 

 

SMA- 

Vehicle 

 

728 

 

0.71 

 

8.91 

 

8.2 

 

3.03 

 

1.34 

 

SMA-

Risdiplam 

 

373 

 

1.23 

 

12.40 

 

11.17 

 

4.01 

 

1.65 
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Table 3. Top ten dysregulated proteins in the CNS of E14.5 Taiwanese mouse embryos 903 

associated with signalling pathways known to be regulated by primary cilia as identified 904 

by IPA 905 

 906 

Sonic Hedgehog WNT mTOR TGF-β 

Protein FC Protein FC Protein FC Protein FC 

DYRK1B -1.331 AKT2 -2.82 AKT2 -2.82 HNF4A -2.933 

CCNB1 1.146 LRP5 -2.226 HMOX1 -1.387 TRAF6 -1.308 

PRKACB -1.096 TGFBR3 -1.315 RPS6KA5 -1.26 RRAS -1.207 

PRKAG2 -1.079 CD44 -1.305 RRAS -1.207 HOXC9 -1.181 

CDK1 1.078 GJA1 1.231 PPP2R5B -1.194 NKX2-5 -1.173 

GSK3B 1.078 PPP2R5B -1.194 ULK1 -1.131 SOS2 -1.128 

PRKAR1A 1.066 TCF4 -1.136 RPS26 1.127 SKI 1.124 

DYRK1A 1.064 CDH3 -1.124 STK11 -1.119 ZFYVE9 -1.117 

PRKAG1 1.061 SOX5 -1.103 RHOBTB1 -1.117 RAP2B -1.114 

PRKACA -1.058 WNT5A 1.099 RAP2B -1.114 ZNF423 -1.112 

 907 

The table details protein symbols and their respective fold change for individual proteins 908 

associated with Sonic Hedgehog, Wnt, mTOR or TGF-beta signaling pathways. 909 


