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Abstract 25 

Interna7onal consor7a collabora7ng on the gene7cs of rare diseases have significantly 26 

boosted our understanding of inherited neurological disorders. Historical clinical classifica7on 27 

boundaries were drawn between disorders with seemingly different e7ologies, such as 28 

inherited peripheral neuropathies, spas7c paraplegias, and cerebellar ataxias. These clinically 29 

defined borders are being challenged by the iden7fica7on of muta7ons in genes displaying 30 

wide phenotypic spectra and by shared pathomechanis7c themes, which are valuable 31 

indica7ons for therapy development. We highlight common cellular altera7ons that underlie 32 
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this gene7c landscape, including altera7on of cytoskeleton, axonal transport, mitochondrial 33 

func7on and DNA repair response. Finally, we discuss venues for future research using the long 34 

axonopathies of the peripheral nervous system as a model to explore other neurogene7c 35 

disorders.  36 



 3 

Common grounds in rare neurological disorders 37 

Rare inherited neurological diseases exhibit a profound level of complexity, both on a clinical 38 

and on a gene7c level. These inherited disorders are currently classified based on their clinical 39 

presenta7on or gene7c e7ology. Yet, despite these classifica7ons it has been pointed out that 40 

underlying neurobiological processes are shared amongst these neurological disorders. (REF: 41 

Beaudin, 2022; REF Synofzik, REF: Timmerman 2013, REF: Synofzik & Schule 2017) As a case in 42 

point, this review addresses the pathomechanis7c themes underlying three seemingly dis7nct 43 

disorders, namely inherited peripheral neuropathies (IPN), hereditary spas7c paraplegias 44 

(HSP) and spinocerebellar ataxias (SCA) by using the viewing-point of their known disease-45 

genes (Figure 1). Furthermore, we explore the poten7al advantages of incorpora7ng these 46 

overarching pathomechanisms into gene7c research and the development of therapeu7c 47 

interven7ons. We stress that in addi7on to shared gene7c backdrop, pathomechanis7c 48 

processes are broadly shared between IPN, HSP and SCA, although certain pathomechanisms 49 

disease mechanisms can be more prominent in one of the three disorders. 50 

 51 

The IPN is recognized by varying degrees and combina7ons of mainly distal sensory and motor 52 

disturbances as well as autonomic symptoms. The HSP is defined by progressive lower limb 53 

spas7city and weakness leading to restraints in mobility and reduced quality of life. Finally, 54 

core phenotypical features of SCA are gait imbalance, upper limb discoordina7on, dysarthric 55 

speech and nystagmus. Although the neurodegenera7on leading to these disorders is localized 56 

at dis7nct anatomical regions – the peripheral nervous system, pyramidal tracts and 57 

cerebellum, respec7vely - clinical overlap syndromes are well-described as well as overlapping 58 

themes in their causa7ve genes and underlying pathomechanisms of disease. The axonopathy 59 

spectrum includes HSP and IPN, where in both cases the long neuronal axons are affected, in 60 

either the central or peripheral nervous system respec7vely [1]. Secondly, the combina7on of 61 

HSP and SCA is well established as two closely interlinked disorders of motor systems, coined 62 

as spas7c ataxias [2].  63 

 64 

It is worth men7oning that these group of disorders, namely IPN, HSP and SCA, are rare in the 65 

general popula7on and can be easily mistaken for other diseases. Many of their symptoms and 66 

signs can resemble those of more common acquired disorders. Also common disorders can 67 

occur in families and therefore could mislead clinicians to pursue gene7c tes7ng. Failure to 68 
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dis7nguish acquired from inherited disorders is a frequent cause of significant delay in 69 

diagnosis and even undesirable exposure of pa7ents to treatments. Diagnos7c algorithms can 70 

guide clinicians in complex cases. Nevertheless, a slowly progressive disease, a posi7ve family 71 

history and worsening of symptoms despite treatment are red flags that should shim the 72 

diagnos7c scope towards the realm of inherited disorders [3]. 73 

 74 

Gene4c discoveries defy disease boundaries  75 

The advent of Next-Genera7on-Sequencing (NGS) technologies has enabled the discovery of 76 

many gene-disease rela7onships over the past decades. More than 350 genes are currently 77 

established to cause either IPN, HSP or SCA, with many of them also described to cause 78 

overlapping phenotypes. Tradi7onally and un7l quite recently, diagnos7c tes7ng of pa7ents 79 

with a suspected rare inherited neurological disease would consist of screening hand-picked 80 

single genes based upon the phenotypical panern of the pa7ent, or alterna7vely, a mul7plex 81 

PCR with several disease-associated genes. Such gene-panels are however very 7me and 82 

resource-consuming when employed to screen for more than 100 genes and therefore no 83 

longer rou7nely used.  84 

 85 

With the increased affordability of NGS, whole-exome sequencing (WES)-based diagnos7c 86 

gene panels have been widely adopted in clinical prac7ce, surmoun7ng the rising number of 87 

genes to be tested due to locus heterogeneity [4]. However, to keep pace with the expanding 88 

gene7c knowledge in IPN, HSP and SCA, these panels require regular updates to ensure their 89 

accuracy. Of note, the increasing overlap between these gene-panels ques7ons the prac7cality 90 

and indicates a growing area of common ground between these disorders on a gene7c level 91 

(see Outstanding ques7ons). 92 

 93 

The discovery of pathomechanisms disease mechanisms has majorly been driven by “forward 94 

gene7cs”, in which the study of disease-causing associated muta7ons in Mendelian disease 95 

has pinpointed crucial cellular processes. More and more, it is becoming clear that different 96 

muta7ons and or genes converge on large pathomechanis7c themes. We discern six major 97 

pathomechanis7c processes currently known to be at play in IPN, HSP or SCA (Figure 2). 98 

Although such a classifica7on is prac7cal and insighrul, we do realize this division is always 99 

arbitrary to some extent.  100 

Met opmerkingen [MF6]: I think "decades" might be more 
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 101 

When evalua7ng the rela7onship between pathomechanis7c processes and the three disease 102 

categories, it should be noted that no single process is unique to a disease and vice versa. 103 

Different themes can be dis7nguished, such as e.g. transmembrane channels & receptors that 104 

are rarely affected in HSP but are most certainly an overlapping pathomechanis7c theme 105 

between IPN and SCA. Cytoskeletal and axonal transport proteins are more affected in IPN, 106 

which is not surprising given the length of motor and sensory neurons, although examples 107 

exist where muta7ons in these proteins lead to HSP and SCA. Below we will discuss prominent 108 

examples of different biological themes, highligh7ng major overarching pathomechanis7c 109 

processes and the overlap in underlying gene7c causes.  110 

 111 

Nuclear proteins, DNA, RNA, transcrip4on & transla4on 112 

Post-mito7c neurons are specifically sensi7ve to the quality control and homeostasis of the 113 

nucleus, transcrip7on, and transla7on machinery. It is therefore not surprising that genes 114 

involved in the integrity of the components of the central dogma of molecular biology 115 

(replica7on, transcrip7on, transla7on) are implicated in neurodegenera7ve disease.  116 

 117 

As a first step, integrity of DNA and the DNA damage response (DDR) has long been recognized 118 

as a common pathomechanism of disease in SCA and IPN. Ataxia telangiectasia, caused by 119 

recessive loss-of-func7on muta7ons in ATM, is a well-established example of a double-strand 120 

DNA repair disorder. Loss of func7onal ATM in DDR results in progressive cerebellar ataxia with 121 

oculomotor apraxia, telangiectasias, predisposi7on to neoplasms, immunodeficiency and 122 

peripheral neuropathy [5]. Furthermore, recessive APTX muta7ons cause cerebellar ataxia 123 

omen with peripheral neuropathy through aprataxin deficiency, resul7ng in a single-strand 124 

DNA repair disorder [6], [7]. Interes7ngly, both APTX and ATM related disorders can be 125 

suspected by screening for elevated levels of alpha-fetoprotein [8]. The RFC1 gene has been 126 

discovered to cause the combina7on of cerebellar ataxia, neuro(no)pathy and ves7bular 127 

areflexia or CANVAS syndrome [9]. Although disease pathomechanisms are currently 128 

unresolved, RFC1 encodes the Replica7on factor C protein, ini7ally iden7fied to be essen7al 129 

for DNA replica7on and repair [10]. 130 

 131 

Met opmerkingen [VT8]: Ik heb de herhaling hier 

vermeden.  
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On the RNA level, both POLR3A and POLR3B, subunits of the RNA polymerase III, can cause 132 

spas7c ataxia, with involvement of a demyelina7ng neuropathy in the case of POLR3B [11], 133 

[12]. The RNA polymerase III complex synthesizes abundant short non-coding RNAs, thereby 134 

regula7ng transcrip7on, RNA processing and protein transla7on. Although disease 135 

pathomechanisms remain unclear, insights have been gained through a mouse model that 136 

showed that mature oligodendrocytes likely fail to produce a myelin sheath of normal 137 

thickness [13]. Missense, nonsense, frameshim, and splice variants have all been iden7fied to 138 

cause a similar phenotype, and all likely lead to a loss-of-func7on. Recently, in another mouse 139 

model, a decrease in RNA polymerase III subunit expression was reported to lead to defects in 140 

oligodendrocyte development [14].  141 

 142 

The final step of the central dogma is transla7on from RNA to protein. Muta7ons in seven 143 

different amino-acyl-tRNA synthetases (ARSs), enzymes that anach the appropriate amino-144 

acid to its corresponding tRNA, cause varying forms of IPN. The exact pathomechanism of how 145 

muta7ons in these ubiquitously expressed and crucial genes cause the neuropathy has long 146 

been elusive, with different models showing that loss-of-func7on alone is not sufficient to 147 

explain the pathomechanism of disease [15], [16]. Recently, it was shown that GARS1-148 

associated muta7ons causing Charcot-Marie-Tooth’s disease (CMT) sequester tRNAGly, thereby 149 

deple7ng it for transla7on and causing ribosome dwelling at the Glycine codons. This effect 150 

could be counteracted in both Drosophila and mice by overexpression of tRNAGly, thereby 151 

opening the road to poten7al therapies [17], [18]. In parallel, recent work in Drosophila and 152 

human cell lines has shown that the postulated toxic gain-of-func7on of YARS1 might be due 153 

to a non-canonical role in ac7n bundling, which was shown to also be a func7on of GARS1, 154 

HARS1 and DARS1, possibly uncovering a common pathomechanism between the different 155 

ARSs [19]. 156 

  157 

Endoplasmic re4culum, golgi Golgi apparatus and intracellular quality control & 158 

recycling mechanisms  159 

Each protein must be translated, folded into a func7onal structure, and transported to its 160 

relevant subcellular loca7on. If protein transla7on, folding or transport fail, quality control or 161 

recycling mechanisms are triggered. Proteins are translated at ribosomes on the surface of the 162 

Endoplasmic Re7culum (ER). The ER also func7ons as protein transporta7on system and is 163 

Met opmerkingen [VT10]: idem 

Met opmerkingen [MF11]: I might be missing something 

but I'm not sure this sentence is clear; is the inten;on here 
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ac7ve in lipid synthesis. ER morphology regulators, like atlas7ns and re7culons, control 164 

membrane fusion and curvature of the ER, and muta7ons in these genes are known to cause 165 

neurological disorders, sugges7ng a cri7cal role of ER forma7on in neuronal ac7vity and 166 

func7on [20], [21]. Muta7ons in ATL1 causes HSP or HSAN, while ATL3 also causes HSAN [22]–167 

[24]. REEP1 and REEP2, also shape the ER and muta7ons in both of them cause HSP [25], [26]. 168 

 169 

The two major cellular degrada7on pathways are the ubiqui7n-proteasome system (UPS) and 170 

autophagy. There is significant crosstalk between the two, and they are implicated in rare 171 

neurological and mul7systemic disorders. Proteins that are to be degraded by the UPS pathway 172 

are tagged by poly-ubiqui7n chains through E3 ubiqui7n ligases, that recruit E2 ubiqui7n-173 

conjuga7ng enzymes and E1 ubiqui7n-ac7va7ng enzyme. Different E3s confer specificity to 174 

the ubiqui7n substrate proteins. Mul7ple genes that encode E3 ubiqui7n ligases are disease-175 

associated: muta7ons in RNF170 are associated with recessive HSP and IPN, muta7ons in 176 

RNF216 cause recessive SCA, and muta7ons in RNF220 cause hypomyelina7ng leukodystrophy 177 

with ataxia, deafness, liver dysfunc7on and cardiomyopathy [27]–[30]. Muta7ons in the 178 

LRSAM1 gene, a universally expressed RING-type E3 enzyme, cause CMT, yet pathomechanis7c 179 

insights remain scarce due to a lack of known ubiqui7na7on targets [31]. Other examples 180 

include TRIM2, STUB1, DCAF8, UBE3C, UCHL1 and UBAP1 [32]–[37].   181 

 182 

Autophagy, literally meaning ‘self-devouring’, degrades unnecessary or dysfunc7onal 183 

components through a lysosome-dependent mechanism. A mul7tude of genes are involved in 184 

the autophagic pathway. Although autophagy disorders vary in disease onset and severity, 185 

they omen share common features such as spas7c ataxia, intellectual disability, and distal 186 

neurogenic or myopathic weakness [38]. Well-known examples include bi-allelic loss-of-187 

func7on variants in genes that encode subunits of the adaptor protein complex 4 (AP4B1, 188 

AP4M1, AP4E1, AP4S1) that cause complex forms of HSP in children [39]. The adaptor protein 189 

complex incorporates transmembrane proteins into vesicles and recruits the necessary 190 

proteins for vesicle budding and transport [40].  191 

 192 

Lastly, heat shock proteins are produced in response to stressful condi7ons, such as heat, cold, 193 

UV light, wound healing, etc. Many heat shock proteins are molecular chaperones that ensure 194 

the correct folding of newly synthesized proteins or aid in the refolding of proteins damaged 195 
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by the stress condi7ons. Heat shock protein-related disorders include IPN, SCA and HSP. For 196 

example, muta7ons in DNAJC5 cause ceroid lipofuscinosis [42], a complex form of SCA with 197 

epilepsy and cogni7ve decline, while muta7ons in HSPB1 and HSPB8 cause IPN with or without 198 

myopathic involvement [43]. Importantly, HDAC6 was found to be upregulated in mutant 199 

HSPB1 mice. Small molecule HDAC6 inhibitors were shown to par7ally rescue the phenotype 200 

in these mutant mice, amer which the inhibi7on of HDAC6 as a therapeu7c target was 201 

extended to other neuropathies (REFs).  202 

 203 

Lipid metabolism, cell membrane and myelin sheath 204 

Lipids are fundamental organic molecules that play crucial roles in neuronal cell popula7ons: 205 

they serve as building blocks for structural components and organelles, and they can func7on 206 

as signaling molecules or be employed as energy substrates. Depending on the specific 207 

disrupted metabolic pathway, inherited lipid metabolism disorders show dis7nct clinical 208 

manifesta7ons [46].  209 

 210 

Myelin sheaths, a highly lipid-rich material, insulate neurons and ensure efficient propaga7on 211 

of ac7on poten7als. Inherited disorders of myelin are limited in gene7c heterogeneity but 212 

represent major propor7ons of disease subtypes, such as PMP22 and MPZ in CMT and to a 213 

lesser extent PLP1 in X-linked HSP or Pelizaeus-Merzbacher disease. Interes7ngly, acquired 214 

myelin disorders such as sub-acute combined degenera7on due to vitamin B12 deficiency can 215 

show overlap in the underlying pathomechanismdisease mechanism, and are therefore 216 

valuable targets for shared therapeu7c development [47]. 217 

 218 

The PLP1-related diseases range from a life-threatening early onset leukodystrophy (conatal 219 

form of Pelizaeus-Merzbacher disease) towards a less severe childhood onset complex form 220 

of HSP, with a variable degree of intellectual disability and axonal peripheral neuropathy. The 221 

PLP1 encodes proteolipid protein 1 which cons7tutes the major myelin protein in the central 222 

nervous system [48]. Most pa7ents are affected by PLP1 duplica7on muta7ons, and 223 

therapeu7c development is directed towards reduc7on of expression levels [49]. Several 224 

commonali7es can be observed between PLP1- and PMP22-related condi7ons. The PMP22 225 

gene encodes peripheral myelin protein 22 which is mainly expressed in Schwann cells where 226 

it contributes to myelin integrity and compac7on. CMT1A, a demyelina7ng peripheral 227 
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neuropathy with varying inter- and intrafamilial severity, is caused by duplica7on of PMP22 228 

[50]. Therefore, PLP1 and PMP22 can be considered as two ends of inherited myelin related 229 

disorders, with overlap in pathothe mechanism of disease and therefore likely also in 230 

therapeu7c approaches to be developed.  231 

 232 

Biallelic muta7ons in PNPLA6 represent the pleiotropic effects of altera7ons in 233 

glycerophospholipid metabolism which is a major lipid pathway. In Drosophila, disease-234 

associated muta7ons result in a disrup7on of lipid levels due to a dysregula7on in 235 

phospholipase ac7vity [51]. The complex human phenotype consists of varying combina7ons 236 

of CNS and PNS involvement, choriore7nal dystrophy, hypogonadotropic hypogonadism and 237 

other hormonal disturbances and dystrophic changes such as hair anomalies. Interes7ngly, 238 

other genes implicated in glycerophospholipid metabolism such as PLA2G6, PCYT1A, PCYT2, 239 

EPT1 show similar overlapping core features [46], [52]. 240 

 241 

Finally, biallelic variants in CNTNAP1, encoding Contac7n-associated protein 1, are reported to 242 

cause hypomyelina7on of both CNS and PNS and commonly lead to infan7le death. While this 243 

spans the whole CNS-PNS spectrum of myelin disorders it also bridges towards acquired 244 

demyelina7ng disorders, namely an7-contac7n-1 (CNTN1) an7body-associated nodopathy 245 

[53], [54].  246 

 247 

Transmembrane channels, receptors and intercellular contact  248 

Transmembrane channels and transporters can have a variety of different func7ons, but they 249 

share the overall role of transpor7ng cargoes or compounds from one cellular compartment 250 

to another. Like transmembrane channels, membrane receptors are embedded within the 251 

plasma membrane. They ac7vate specific processes through the binding of extracellular 252 

molecules. Impaired channels, transporters and receptors are associated with a mul7tude of 253 

neurological diseases including epilepsy, hemiplegic migraine, periodic palsies, ataxia, 254 

peripheral neuropathy, and other condi7ons, collec7vely referred to as ‘channelopathies’ 255 

[55]–[57].  256 

 257 

The potassium channels KCNA1, KCNA2, KCNC3 and KCND3 all give rise to some form of SCA 258 

when mutated [58]–[62]. Muta7ons can be either dominant nega7ve or lead to 259 

haploinsufficiency. Loss-of-func7on and missense variants in KCNA1 underlie Episodic Ataxia 1 260 

Met opmerkingen [MF14]: The logic of the argumenta;on 

here wasn't great, given the earlier punctua;on and the 

organiza;on of the sentences. If the statement is about the 

pleiotropic effects, and this is followed by a colon, one is 

expec;ng the rest of the sentence to describe pleiotropic 

effects; but this is actually discussed only in a later sentence. 

It's also beYer to place 'drosophila' early in the sentence, 

otherwise the emphasis is on drosophila, instead of the on 

the content (in a way, the previous phrasing could imply that 

the findings are relevant only for drosophila). Please see 

whether the suggested changes seem fine. 
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(EA1). KCNA1 encodes the Kv1.1 voltage-gated potassium (Kv) channel, which dampens 261 

neuronal excitability. Studies have been performed to iden7fy channel openers, which can 262 

reduce the excess neural excitability in disease state. A  recent study, for example, evaluated 263 

botanical medicines used by Na7ve Americans, including extracts from common nenle and 264 

Pacific ninebark root to treat locomotor ataxia. The authors describe that extracts from these 265 

plants are able to rescue ataxia-linked mutant potassium channel ac7vity [63]. Similarly to 266 

muta7ons in potassium channels, muta7ons in low-voltage gated calcium channels such as 267 

CACNA1G, CACNA2D and CACNA1A lead to SCA, likely due to altera7ons in neuronal excitability 268 

[58], [64]. Muta7ons in the sodium channel SCN2A also lead to episodic ataxia [65]. Other 269 

sodium channels, like SCN9A, SCN10A and SCN11A are linked to forms of IPN [57], [66]. Due 270 

to the channels’ intrinsic capaci7es to respond to changes in the (intra)cellular space or to 271 

cause such changes, most of the aforemen7oned disorders exhibit one or both of the more 272 

specific features associated with channelopathies. These features can include episodic and 273 

some7mes paroxysmal events, such as cerebellar ataxia, diplopia or migraine, and posi7ve 274 

neurogenic symptoms such as neuropathic pain and hyperesthesia. Recogni7on of these 275 

symptoms can not only provide guidance in interpre7ng genomic variants but also valuable 276 

feedback in es7ma7ng therapy effec7veness.  Drug trials targe7ng these calcium, potassium, 277 

and sodium channels  offer proof-of-concept in several of these channelopathies.(REF: Paola 278 

Imbrici, 2016, review paper: Therapeu7c Approaches to Gene7c Ion Channelopathies and 279 

Perspec7ves in Drug Discovery) 280 

 281 

Gap junc7ons are channel-forming structures contac7ng plasma membranes of neighboring 282 

cells, thereby allowing communica7on between different cell types [67]. Muta7ons in GJB1, 283 

encoding the gap junc7on protein connexin-32, lead to an X-linked form of demyelina7ng IPN 284 

by reducing the amount of connexin-32 available at the cell surface, both in human cell models 285 

as in mice models [68]. Similar to the symptoms seen in individuals with channelopathies, 286 

muta7ons in GJB1 are reported to some7mes cause episodic weakness or transient 287 

encephalopathy with or without evidence of white maner disease. Muta7ons in connexin-31, 288 

encoded by GJB3, are causa7ve of dominant demyelina7ng IPN with hearing loss [69]. On the 289 

other hand, recessive missense or loss-of-func7on muta7ons in GJC2 (Connexin 47) cause 290 

Pelizaeus-Merzbacher-Like Disease or a late-onset complex form of HSP [70]. 291 

 292 
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Axonal transport and cytoskeletal proteins  293 

Axons contain 7ghtly regulated cytoskeletal proteins, such as ac7n, microtubuli and 294 

neurofilaments along with motor proteins. These cytoskeletal proteins, that maintain the 295 

cellular structure and ensure transport of transcripts, proteins and organelles within the 296 

neuron. 297 

 298 

The α-II-spectrin, encoded by SPTAN1, plays a major role in the spectrin-ac7n axonal 299 

cytoskeleton through heterotetrameriza7on with one of the β-spectrins (SPTBN1, SPTBN2, 300 

SPTBN4, SPTBN5) and interlinks ac7n rings, giving rise to the membrane-associated periodic 301 

skeleton (MPS). The MPS also displays a key scaffolding func7on, ensuring correct localiza7on 302 

of ankyrins. Interes7ngly, muta7ons in all but one (SPTBN5) of the β-spectrins are reported to 303 

result in disorders similar to those caused by SPTAN1 muta7ons, namely: developmental and 304 

epilep7c encephalopathy (DEE), intellectual disability (ID), HSP, SCA and IPN [71]–[73].  305 

 306 

Biallelic muta7ons in AGTPBP1 cause childhood-onset cerebellar ataxia and progressive motor 307 

neuron(o)pathy and are therefore relevant in the differen7al diagnosis in non-5Q associated 308 

forms of spinal muscular atrophy. AGTPBP1, previously known as CCP1, encodes ATP/GTP-309 

Binding Protein 1 which mediates tubulin posnransla7onal modifica7ons through its 310 

deglutamylase ac7vity. This disease associa7on greatly impacted the field by highligh7ng the 311 

significance of dysregula7on in the microtubule cytoskeleton [75].  312 

 313 

KIF1A, encoding kinesin family member 1A, contributes to the anterograde axonal trafficking 314 

of cellular cargo. To date, 16 members of the kinesin superfamily have been iden7fied as 315 

associated with neurological disorders. Herein, KIF1A and KIF5A show both extremes of the 316 

axonopathy spectrum (HSP-HMN), while KIF1C is associated with spas7c ataxia with signs of 317 

PNS involvement. These so-called kinesinopathies underscore the importance of intact axonal 318 

transport in motor neurons [76]. The two other superfamilies of motor proteins, dyneins and 319 

myosins, show similar associa7ons (REF: Berth, 2023: Disrup7on of axonal transport in 320 

neurodegenera7on) 321 

 322 

Met opmerkingen [VT20]: Zin is onduidelijk en te lang, 

daarom best 2 zinnen.  
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and protein-related statements: the content of the sentence 

is about the protein, but the sentence is built around the 

gene as the core noun. Please revise. 
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Metabolism and mitochondria 323 

Inherited metabolic and mitochondrial disorders are known for their wide display of 324 

neurological and complex syndromes. Several of these disorders show overlap in their 325 

pathomechanisms, emphasizing the crosstalk between metabolism and mitochondria. The 326 

peripheral nervous system, pyramidal tracts and cerebellum are frequently involved in these 327 

neurometabolic and mitochondrial disorders[77], [78].  328 

 329 

MT-ATP6 encodes ATP6, a core subunit of ATP synthase, responsible for the genera7on of ATP 330 

as a final step in the oxida7ve phosphoryla7on pathway. It is one of the 13 proteins encoded 331 

by the mitochondrial DNA and is associated with a spectrum of diseases ranging from early-332 

onset mul7systemic neurodegenera7on to adult-onset axonal form of CMT. Muta7ons in MT-333 

ATP6 affect the ATP synthase ac7vity and cause full dependence on glycolysis [79], [80].  334 

Mitochondrial proteases ensure that mitochondria can adapt to different metabolic demands 335 

and stress by reshaping the proteome. Func7onal m-AAA protease can be formed by homo-336 

oligomers the AFG3-like protein 2 subunits or by hetero-oligomeriza7on of paraplegin and 337 

AFG3-like protein 2.  Muta7ons in AFG3L2 and SPG7, respec7vely encoding AFG3-like protein 338 

2 and paraplegin, result in overlapping phenotypes when mutated, typically a combina7on of 339 

cerebellar ataxia and spas7city. Some pa7ents show cogni7ve impairment, opthalmoparesis, 340 

ptosis and extrapyramidal symptoms. Loss-of-func7on leads to mitochondrial fragmenta7on 341 

and deficiencies in the axonal transport of mitochondria. Interes7ngly, non-mendelian 342 

inheritance is suggested in SPG7-associated disorders with AFG3L2 as its main interactor [81]–343 

[83]. 344 

 345 

Neurometabolic disorders can present as pure or complex mul7systemic disorders, and their 346 

pathology reflects either toxic accumula7on or a deficiency of metabolites. The discovery of 347 

biallelic SORD muta7ons causing a frequent type of hereditary motor neuropathy is a per7nent 348 

example. SORD encodes for sorbitol dehydrogenase which converts sorbitol into fructose and 349 

is well-known in the pathomechanism of diabe7c neuropathy. Due to SORD muta7ons, toxic 350 

sorbitol levels accumulate, causing the CMT phenotype [84]. A clinical trial is currently ongoing 351 

to inves7gate compounds that reduce sorbitol levels (NCT05397665)I. A second example are 352 

recessive muta7ons in MMACHC which cause the combina7on of cerebellar ataxia and 353 

peripheral neuropathy due to a disturbed cobalamine metabolism (REF: Jordan P Lerner-Ellis, 354 

Met opmerkingen [VT24]: Ver;kaal Streepje ??? à 

referen;e 
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nature 2006; DOI: 10.1038/ng1683. Acquired deficiencies of cobalamine can also lead to 355 

similar clinical presenta7ons including subacute combined degenera7on of the spinal cord and 356 

cerebellar ataxia [85]. 357 

Finally, recessive muta7ons in SUCLA2 result in both mitochondrial and metabolic dysfunc7on 358 

through succinyl-CoA accumula7on and increased lysine succinyla7on of proteins (REF: 86 359 

herhalen). Pa7ents show a severe syndromic presenta7on of IPN and encephalomyopathy, and 360 

can show typical signs of mitochondrial dysfunc7on, such as ptosis and ophtalmoplegia [86]. 361 

 362 

Shared pathomechanisms in rare neurological disorders 363 

The iden7fica7on of novel muta7ons in rare neurological and neuromuscular diseases is in 364 

most cases a star7ng point for detailed studies of the causa7ve gene and its protein func7on. 365 

Such studies have uncovered many vital biological pathways that directly or indirectly affect 366 

neurons. The strong focus of both clinicians and researchers on specific diseases has great 367 

scien7fic benefit although concentra7ng on a specific disease group or biological pathway 368 

does pose the risk of obscuring the broader pathomechanis7c picture. Using three groups of 369 

disorders (HSP, IPN and SCA) we illustrate that these dis7nct clinical en77es show extensive 370 

overlap on a gene7c and pathomechanis7c level, that one could describe as locus and 371 

pathomechanis7c pleiotropy. No pathomechanis7c theme is unique to a single disease group, 372 

and many examples exist that would extend this paradigm even well beyond the three groups 373 

described above.  The convergence of pathodisease mechanisms across diseases ques7ons the 374 

research applicability of disease classifica7ons that are mainly based on clinical features. A 375 

classifica7on system with more emphasis on disease mechanisms could help shorten the 7me 376 

to final diagnosis and facilitate the design of pathomechanism-focused therapies. These 377 

therapies have the poten7al to be applicable for more pa7ents than the target popula7on of 378 

single gene-, allele- or variant-based therapies (Figure 3) 379 

 380 

Gene4c diagnoses require pathomechanis4c insight  381 

Whereas in the past gene7c diagnoses would be made by screening hand-picked genes based 382 

on recognizable clinical panerns, nowadays a large fishing net can be cast employing next-383 

genera7on diagnos7c methodologies. Although no ‘one-off’ diagnos7c test is readily available 384 

to screen for all types of variants such as single-nucleo7de variants, small inser7ons and 385 
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suppor;ng reference(s) at this point. There is a specific 

argument here, so from the reader perspec;ve there is 
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Met opmerkingen [MF26]: Please provide a suppor;ng 
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dit plots in de figuur 3 staat en in de highlights.  

 



 14 

dele7ons, large structural variants, copy number variants (CNV) and repeat expansions, it is 386 

likely that in the near-future this will become the case with whole-genome sequencing 387 

technologies relying on long-read sequencing methodologies. Specific technologies each have 388 

their own limita7ons, yet the challenge of variant interpreta7on is shared among all and has 389 

become the current bonleneck. To avoid cumbersome and costly excursions in interpre7ng 390 

sequencing data, many currently apply a ‘compromise’ approach by using WES-based gene 391 

panels, including CNV analyses, in combina7on with specific repeat expansion analyses. This 392 

requires the referring clinician to have a well-established set of clinical panerns to go amer the 393 

correct diagnos7c path and order specific gene7c analyses. 394 

 395 

It is likely that soon different sorts of gene7c tes7ng, including long-read whole genome 396 

sequencing will become more cost-effec7ve, leading to a situa7on where possibly one 397 

technology suffices to screen for all types of variants. Variant-interpreta7on will then take on 398 

an even-larger role, likely supported by ar7ficial-intelligence driven algorithms to support 399 

decision-making and priori7zing variants. This is hoped to enable an unbiased view on the 400 

gene7c variants underlying a certain disease. In the context of this approach, interpre7ng 401 

variants and their consequences in a pathomechanism-disease mechanis7c or biology-402 

centered way of thinking will become crucial. 403 

 404 

Concluding remarks & future perspec4ves 405 

It can be argued that the pace of gene7c discovery in rare inherited neurological disorders 406 

surpassed the rate of advances in pathomechanis7c understanding, increasing the gap 407 

between these two domains of knowledge. Star7ng from the elucida7on of gene7c varia7ons 408 

that cause HSP, SCA and IPN, crucial and shared biological pathways have been revealed via 409 

extensive in vitro and in vivo research. In this review, we have shown through prominent 410 

examples that both disease and pathomechanis7c boundaries are to a certain extent arbitrary 411 

and great poten7al lies in approaching these diseases through a pathomechanis7c-centered 412 

lens. Whole-genome sequencing coupled to interpreta7on of all variants in the ‘Mendeliome’, 413 

can ensure an unbiased view. Variant interpreta7on, however, presents a significant challenge 414 

in view of the wide array of gene7c variants that emerge in this approach. Pathomechanis7c 415 

understanding and corresponding disease classifica7on bears the poten7al to aid in variant 416 
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interpreta7on and lead to cost-effec7ve therapy development by involving larger pa7ent 417 

groups.  418 
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Figure legends 703 

Figure 1: Anatomical- and cell biological-oriented based representa>on per disease category 704 

in inherited neurological disorders. In pa7ents suffering from spinocerebellar ataxia (SCA), 705 

hereditary spas7c paraplegia (HSP) or inherited peripheral neuropathy (IPN), the 7ssues being 706 

affected (lem) include: the cerebellum (red), the pyramidal tract (purple) and the peripheral 707 

nervous system (yellow). As discussed in the main text, six main pathomechanis7c themes 708 

(middle) represent the intrinsic common ground of these three categories of disorders, with 709 

each affec7ng specific compartments of neurons (right). These disease pathomechanis7c 710 

themes are partly shared across disorders, notwithstanding the disorders’ marked differences 711 

in clinical presenta7on. 712 

 713 

Figure 2: Pathomechanis>c themes underlying inherited peripheral neuropathies, hereditary 714 

spas>c paraplegia and spinocerebellar ataxia. Top panels: lem panel, the central dogma in 715 

molecular biology with transcrip7on, transla7on, and protein synthesis, as well as the DNA 716 

damage response; right panel, metabolism in the mitochondria in the form of the Krebs cycle. 717 

Second upper panel: the endoplasmic re7culum (ER) and the golgiGolgi apparatus, with 718 

forma7on and morphology of the ER as main affected pathomechanis7c disease mechanis7c 719 

theme in some rare neurological diseasesdisorders. Third row panels: lem panel, 720 

transmembrane channels and gap junc7ons; right panel, myelin sheath surrounding neuronal 721 

cells and lipid metabolism. Lower panel: structural proteins including components of 722 

microtubules, the spectrin-ac7n cytoskeleton and axonal transport proteins. 723 

 724 

Figure 3: Pathomechanisms bridge genotype-phenotype associa>ons. 725 

Top panel: Research focusing on associa7ons between genotype and phenotype resulted in 726 

the recogni7on of locus heterogeneity (doned circle 1) in which mul7ple loci can result in a 727 

similar phenotype and locus pleiotropy (doned circle 2) in which a single locus can result in 728 

seemingly different phenotypes. Bonom panel: A focus on shared pathomechanisms can help 729 

clarify intrinsic connec7ons between seemingly different disorders. This approach unveils how 730 

mul7ple genes can converge upon a single biological pathway, and conversely, how a singular 731 

crucial pathway can be implicated in the development of two or more dis7nct phenotypes. 732 

The laner phenomenon could be coined as "pathomechanism pleiotropy” related to “locus 733 

pleiotropy” (doned circle 3). Enhanced focus on pathomechanisms and uni7ng cohorts of 734 
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pa7ents with different neurogene7c disorders could increase effec7veness of diagnosis, 735 

scien7fic discovery and therapy design.  736 


