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Abstract  

Congenital myopathies are a clinically and genetically heterogeneous group of rare 

neuromuscular disorders. Patients typically suffer from early-onset muscle 

dysfunction and weakness which can result in severe morbidity and early mortality. 

Identification of the genetic basis of disease enables an early and accurate diagnosis, 

which facilitates appropriate genetic counselling, family planning, and where 

available, treatments to improve patient outcomes and quality of life. Over 40 genes 

have been associated with congenital myopathies. However, the genetic basis for 

~50% of affected patients remains unresolved. It is expected that massively parallel 

sequencing and functional genomics can facilitate identification of novel variants and 

genes associated with congenital myopathy. In this study, whole exome sequencing 

data was analysed from a cohort of patients with genetically unsolved congenital 

myopathies. For two families, two genetic candidates were identified and further 

characterised using a range of functional assays.  

Firstly, in a Spanish patient with genetically unresolved nemaline myopathy, we 

identified biallelic compound heterozygous variants in the kelch-like family member 

40 gene (KLHL40). These include a single nucleotide variant (c.*152G>T) in the 3’ 

untranslated region (3’ UTR) in trans with a 10.9 kb deletion spanning exons 2-6 of 

KLHL40. RNA sequencing and western blotting of patient muscle biopsy respectively 

revealed significantly lower KLHL40 transcript and protein levels in the patient 

compared to controls. In silico tools SpliceAI and Introme predicted the c.*152G>T 

variant creates a donor splice site, which was confirmed by de novo alignment of 

patient RNA sequencing data. Our data suggests that the c.*152G>T variant likely 

results in 3’ UTR splice-mediated nonsense mediated decay, a mechanism that may be 

underrecognised in Mendelian disease.  

Secondly, in two Spanish siblings with severe rigid spine syndrome, we identified a 

homozygous missense variant (p.Ser447Pro) in the 3-hydroxy-3-methylglutaryl-

coenzyme A synthase gene (HMGCS1), encoding a key enzyme in the mevalonate 

pathway. Through international collaborations and matchmaking platforms, we 

subsequently identified two additional families with unsolved rigid spine syndrome 

and biallelic variants in HMGCS1. Whilst HMGCS1 has not been associated with 
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disease in human to date, myopathic manifestations have been associated with defects 

of the mevalonate pathway. We showed that HMGCS1 is expressed, and protein is 

abundant in skeletal muscle and muscle-derived cells compared to some tissues and 

cells. Hmgcs1 null mice are embryonic lethal, thus we hypothesise that HMGCS1 

variants identified in these patients likely result in partial loss-of-function. Using size 

exclusion chromatography, circular dichroism, and enzymatic assays respectively, I 

investigated whether the p.(Ser447Pro) variant disrupts the dimerisation, secondary 

structure, thermal stability, and enzyme activity of recombinantly produced wildtype 

and mutant HMGCS1. I show that HMGCS1S447P maintains its 3D structure, dimerized 

state and retains ~92% of the wildtype’s thermal stability. However, HMGCS1S447P 

activity appeared to be moderately dysregulated and retained ~56% of the wildtype’s 

activity when saturated with acetoacetyl-CoA. Whether this difference in HMGCS1 

function is sufficient to account for the phenotype observed in our patients remains 

unknown. It is possible that defects in other, currently unknown function/s of 

HMGCS1 may also contribute to disease seen in our patients. Ongoing analyses 

include recombinant investigations of the other HMGCS1 substitutions identified in 

additional families as well as phenotyping hmgcs1 null zebrafish models.  

Overall, this study highlights the utility of whole exome sequencing in combination 

with RNA sequencing, clinical data sharing and functional genomics when 

investigating genetic causes of congenital myopathies. This thesis encourages the 

investigation of 3’ UTR variants in known congenital myopathy genes and highlights 

the critical role played by the mevalonate pathway in skeletal muscle function and 

disease. 
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1.1 Introduction 

Congenital myopathies are a clinically, histologically, and genetically diverse group 

of early-onset neuromuscular disorders primarily affecting skeletal muscle1. Classical 

manifestations include early-onset muscle dysfunction, hypotonia and weakness with 

static or slowly progressive disease progression2. Affected individuals may require 

chronic care, including feeding and breathing support2. A majority of these disorders 

are incurable and can result in death during the first years of life2,3.  

Most congenital myopathies are monogenic in origin, arising from pathogenic 

monoallelic or biallelic variants in genes critical for normal muscle structure and 

function4,5. For the purposes of this thesis, we focus on the Mendelian congenital 

myopathies associated with autosomal dominant, autosomal recessive, and X-linked 

inheritance2. Over 40 genes have been implicated in Mendelian congenital 

myopathies6, many of which can cause multiple congenital myopathy subtypes and/or 

other neuromuscular disorders7. Knowledge of the underlying genetic cause enables 

an accurate diagnosis which can benefit families by facilitating appropriate genetic 

counselling, family planning, and preventing disease recurrence3,8,9. In addition, a 

genetic diagnosis can significantly improve patient outcomes by improved disease 

management and available therapies10,11.  

Applications of next generation sequencing (NGS), such as whole exome sequencing 

(WES) represent a non-invasive method for molecular disease diagnosis and gene 

discovery in clinical and research settings3,12. However, ~50% of affected patients who 

are screened by NGS do not receive a genetic diagnosis for their congenital 

myopathy13. We postulate their disorders may be caused by variants currently 

classified as of unknown clinical significance, or by novel congenital myopathy genes 

that are yet to be identified and validated5. 

In this study, we used a combined WES and functional genomics approach to 

investigate genetic causes of congenital myopathies in patients who remained without 

a genetic diagnosis following diagnostic screening of known neuromuscular disease 

genes. In this chapter, I provide a literature review of congenital myopathies, focussing 

on the subtypes observed in this study. In addition, I discuss the utility of NGS and 

functional genomics in congenital myopathy diagnosis and disease gene discovery.  
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1.2 Congenital myopathy subtypes  

Congenital myopathies are clinically diagnosed on the basis of structural features 

identified in skeletal muscle biopsy1. There are four classical congenital myopathy 

subtypes highlighted in the literature which account for a large proportion of 

congenital myopathies2. These include: 1) nemaline myopathy, 2) core myopathy, 3) 

centronuclear myopathy, and 4) congenital myopathy with fibre type disproportion2.  

1.2.1 Nemaline myopathy 

Nemaline myopathies (NEM) are diseases generally caused by dysfunction of the 

skeletal muscle thin filament2. Histologically, NEM are characterised by rod-like 

inclusions or bodies within the sarcoplasm of myofibres14. In rarer instances, they may 

be present within myonuclei2. The latter manifestation is termed intranuclear rod 

myopathy15. Nemaline bodies can be readily detected by electron microscopy of 

patient muscle biopsy and in some instances, they may be visible with light microscopy 

and Gomori trichome staining16. The localisation of the rods in some cases appears to 

correlate with the causative gene16. 

To date, 13 genes have been associated with NEM (Table 1.1)7. The majority of these 

genes encode proteins comprising the sarcomeric thin filament, as well as BTB-kelch 

proteins. Severity of NEM generally depends on the gene affected and ranges from 

mild and non-progressive manifestations to severe and fatal myopathy2. KLHL40 and 

LMOD3 in particular appear associated with severe nemaline myopathy with 

arthrogryposis, hypokinesia, bulbar and respiratory insufficiency and in most cases 

lead to neonatal death17-19. There are several subtypes of NEM which follow a 

numbered classification (NEM1-NEM11) corresponding to the implicated gene (Table 

1.1), though this classification has not yet been updated to include MYO18B and 

RYR3-related nemaline myopathies.  

Table 1.1 Genes associated with nemaline myopathies7 

Gene Protein Disease Inheritance OMIM# 

TPM3 Slow α-tropomyosin NEM1 AD, AR 609284 

NEB Nebulin NEM2 AR 256030 

ACTA1 Skeletal muscle α-actin NEM3 AD, AR 161800 
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TPM2 β-tropomyosin NEM4 AD 609285 

TNNT1 Slow troponin T NEM5 AR 605355 

KBTBD13 Kelch-repeat and BTB-[POZ]-

domain containing 13 

NEM6 AD 609273 

CFL2 Cofilin 2 NEM7 AR 610687 

KLHL40 Kelch-like family member 40 NEM8 AR 615340 

KLHL41 Kelch-like family member 41 NEM9 AR 607701 

LMOD3 Leiomodin 3 NEM10 AR 616112 

MYPN Myopallidin NEM11 AR 617336 

MYO18B20 Myosin XVIIIB - AR - 

RYR321 Ryanodine receptor 3 - AR - 

Abbreviations include: NEM, nemaline myopathy; AD, autosomal dominant; AR, 

autosomal recessive. 

1.2.2 Core myopathy 

Core myopathies are characterised by the presence of single or multiple, structured, or 

unstructured cores that can be accompanied by myofibrillar disorganisation1,22. Cores 

appear negative with oxidative enzyme staining and reflect areas that are devoid of 

mitochondria and glycogen22. The two classical and most common groups include 

central core disease (CCD) and multiminicore disease (MmD)1.  

Central core disease is classically characterised by large, well-defined cores within the 

centre of myofibres2. The predominant genetic cause of CCD are biallelic variants in 

RYR1 (Table 1.2), though this gene has also been implicated in MmD as well as in 

malignant hyperthermia and other non-core related myopathies23.  

Multiminicore disease is characterised by multiple, small, and often unstructured cores 

which can give muscle a “moth-eaten” appearance when analysed by oxidative 

enzyme staining1. The majority of classical MmD cases identified thus far are 

associated with biallelic variants in SELENON (also known as SEPN1), followed by 

biallelic variants in RYR14. As with RYR1, there is also considerable overlap between 

the SELENON-related myopathies, which include rigid spine muscular dystrophy 

(OMIM# 602771) and congenital fibre-type disproportion (OMIM# 255310)24-26.  
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Altogether, over 10 genes have been associated with core myopathy (Table 1.2)2,7. 

However, it is estimated that the genetic basis for ~50% of core myopathies remains 

to be identified1.  

Table 1.2 Genes associated with core myopathies 

Gene Protein Disease Inheritance OMIM# 

ACADS Acyl-CoA Dehydrogenase 

Short Chain 

MmD AR 201470 

ACTA1 Skeletal muscle α-actin Core-rod AD, AR 161800 

CACNA1S27 Calcium channel, voltage 

dependent, L type, alpha 

1S subunit 

Core-like AD 114208 

CFL2 Cofilin 2 MmD AR  610687 

FXR1 FMR1 Autosomal 

Homolog 1 

MmD AR 618823 

MEGF10 Multiple EGF-like 

domains 10 

MmD AR? 614399 

MYH2 Myosin, heavy chain 2 MmD AD, AR 605637 

MYH7 Myosin, heavy chain 7  CCD AD 160760 

RYR1 Ryanodine receptor 1 CCD, MmD AD, AR 117000 

SELENON Selenoprotein N MmD AR 606210 

TTN Titin CCD AR 611705 

Abbreviations include: CCD, central core disease;  MmD, multiminicore disease; AD, 

autosomal dominant; AR, autosomal recessive. 

1.2.3 Centronuclear myopathy 

Centronuclear myopathies are characterised by increased numbers of nuclei located 

internally or centrally within myofibres. At least seven genes are currently implicated 

in CNM (Table 1.3). However ~30% of patients with CNM remain without a genetic 

diagnosis suggesting that additional CNM genes are yet to be identified1. 

As with NEM, the classification for most CNM subtypes follows a numbered nosology 

(CNM1-CNM6) corresponding to the causal gene (Table 1.3). However, the 

classification does not include all CNM-related genes for example RYR1 and TTN, 

which are associated with other histopathological abnormalities such as cores and fibre 
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type disproportion28.  

Table 1.3 Genes associated with centronuclear myopathies 

Gene Protein Disease Inheritance OMIM# 

MTM1 myotubularin CNMX X-linked  310400 

300415 

DNM2 Dynamin 2 CNM1 AD 160150 

MTMR14 Myotubularin related protein 14 CNM1, 

modifier 

AD 160150 

BIN1 Bridging integrator 1 CNM2 AD, AR 601248 

CCDC78 Coiled coil domain containing 

protein 78 

CNM4 AD 614666 

SPEG Striated muscle preferentially 

expressed protein kinase  

CNM5 AR 615959 

ZAK Sterile alpha motif and leucine 

zipper containing kinase AZK 

CNM6 AR 617760 

RYR1 Ryanodine receptor 1 - AD, AR 255320 

TTN Titin - AR 611705 

Abbreviations include: CNM, centronuclear myopathy; AD, autosomal dominant; AR, 

autosomal recessive. 

1.2.4 Congenital myopathy with fibre type disproportion 

Congenital myopathies with fibre type disproportion (CFTD) are defined by the 

predominance of disproportionally smaller sized type 1 (slow) myofibres compared to 

type 2 (fast) myofibres29. At least 10 genes have been implicated in CFTD (Table 1.4)2. 

The expression of some of these genes for example, TPM3 which encodes a slow 

tropomyosin isoform, are selectively expressed in type I myofibres and are thus 

consistent with the fibre type pathology. However, some CFTD-associated genes 

appear expressed in both myofiber types, for example ACTA130. It remains largely 

unclear why or how such genes selectively affect type I myofibres despite being 

expressed in all myofiber types.  
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Table 1.4 Genes associated with congenital myopathy with fibre type 

disproportion 

Gene Protein Inheritance OMIM# 

ACTA1 Skeletal muscle alpha actin  AD, AR 255310 

CACNAS12 Dihydropyridine receptor AR - 

MYH7 Myosin, heavy chain 7 AD 160760 

RYR1 Ryanodine receptor I AR 117000 

SELENON Selenoprotein N AR 255310 

TPM2 Tropomyosin 2  AD 190990 

TPM3 Tropomyosin 3 AD, AR 255310 

ZAK Sterile alpha motif and leucine 

zipper containing kinase AZK 

AR 617760 

Abbreviations include: AD, autosomal dominant; AR, autosomal recessive. 

1.3 Clinical and genetic heterogeneity of congenital myopathies 

As apparent above, attaining an accurate congenital myopathy diagnosis according to 

traditional nosology is a major challenge given the heterogeneity of these disorders3. 

In some cases, histopathological assessments from muscle biopsies are also variable 

and inconsistent, and thus may not offer a representative or definitive diagnosis1. 

Accordingly, congenital myopathies have become increasingly classified and 

diagnosed according to the affected gene5. However, the heterogeneity of congenital 

myopathies can also exist at a gene level, whereby a single gene is associated with 

various congenital myopathy subtypes31 (Figure  1.1). In addition, several genes may 

be associated with the same phenotype32. To further complicate matters, this 

heterogeneity can extend across other neuromuscular disorders33. The heterogeneities 

of congenital myopathies are further discussed below. 

1.3.1 One gene, variable phenotypes 

Variants in a single gene for example RYR1 can be associated with diverse disease 

manifestations, onset, severity, progression, and prognosis2,34.  

At a monogenic level, the phenotypic variability has been suggested to be influenced 

by the variant type and location within a gene. For example, most RYR1 variants 

associated with CCD are localised towards the C-terminus of RYR1, whereas variants 



8 

implicated in MmD and CNM are dispersed throughout the gene34. It also appears that 

biallelic missense variants in RYR1 are more commonly associated with MmD, and 

that loss of function variants such as nonsense or frameshift variants in RYR1 are more 

frequently observed in CCD, as well as in cases of lethal fetal akinesia2,35.  

It has also been suggested that different substitutions throughout a protein may affect 

specific protein-protein interactions and consequently give rise to different 

phenotypes36,37. This is particularly implicated in genes encoding large structural 

proteins such as RYR138 and TTN36. 

Interestingly, a single variant can also be associated with variable manifestations even 

within a family (i.e., same variant, different presentation)39,40. This intrafamilial 

variability suggests there are other factors that influence disease manifestations40. In 

particular, genetic modifiers are becoming increasingly recognised as contributors to 

Mendelian disease variation and may partly explain the heterogeneity of congenital 

myopathies41-43. Variants in enhancer or suppressor genes have been discovered by 

NGS and shown to exacerbate or alleviate disease severity41,44,45. For example, variants 

in MTMR14 have been associated with neonatal onset of centronuclear myopathy 1, 

(CNM1; Table 1.3), a DNM2-related disorder that typically manifests later during 

childhood or adulthood46.  

1.3.2 Multiple genes, specific phenotype 

Alternatively, multiple genes can be associated with the same congenital myopathy 

phenotype (Figure  1.1)4. This partly results from changes in genes that encode proteins 

with a similar function or are involved in similar pathways2,47. For example, deficiency 

of KLHL40 and proteins of the sarcomere such as LMOD3 have been associated with 

similar nemaline myopathy presentations including distinctly-shaped nemaline 

bodies32. Although initially there was no known link between BTB-kelch proteins and 

sarcomeric thin filament proteins, KLHL40 was subsequently shown to stabilise 

LMOD3 and NEB and thereby explained their related disease phenotypes48. It is 

predicted, and proven, that additional congenital myopathy genes may be uncovered 

by investigating genes involved in the same pathway or that are known to interact with 

a known disease gene2,49,50. 



9 

 

Figure  1.1 Diagrammatic representation of 27 genes implicated in various 

congenital myopathies4. 

1.3.3 Genotypic and phenotypic overlap with other neuromuscular disorders 

Congenital myopathies can also show significant genotypic and phenotypic overlap 

with other neuromuscular disorders and can thus challenge classical neuromuscular 

disease nosology. Some overlapping disorders include muscular dystrophies, 

metabolic myopathies, and some neuropathies, 5,8,51-55. Due to the clinical variability, 

the concepts of many neuromuscular disorders have been challenged as “pure” disease 

entities but rather, a continuum dependent on the implicated gene and variants14.  

The blurring of disease entities is particularly being observed between congenital 

myopathies and congenital muscular dystrophies4. Congenital muscular dystrophies 

differ from congenital myopathies by their typically progressive and dystrophic 

manifestations and are often accompanied by elevated serum creatine kinase levels51. 

Similar to congenital myopathies however, they tend to manifest early in life and 

involve hypotonia, respiratory failure and feeding difficulties56. The phenotypic 

overlap can add to the difficulty in making a differential diagnosis for some patients, 

particularly when assessed on the basis of clinical manifestations alone57,58. In some 

cases, the overlap between these disorders is explained by the implicated gene56. For 

example, SELENON, initially associated with congenital muscular dystrophy26 is also 

implicated in several congenital myopathies including core myopathy and congenital 
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myopathy with fibre type disproportion25,56. Given the challenge to accurately 

diagnose SELENON-related disorders and other congenital myopathies using classical 

nosology4,56,57,59,60, a gene-centric classification for myopathies has been increasingly 

used to provide a clearer and unbiased diagnosis4. Other examples include 

actinopathies14 and titinopathies61. 

1.4 Next generation sequencing for molecular diagnostics and 

disease gene discovery 

The shift to a gene-centric naming of congenital myopathies largely stems from the 

increased applications of NGS, a high-throughput massively parallel sequencing 

technology that can comprehensively map genetic variation and identify underlying 

genetic causes of rare diseases5,12.  

1.4.1 NGS approaches 

The three common NGS approaches; targeted gene panel sequencing, whole exome 

sequencing (WES), and whole genome sequencing (WGS) have dramatically 

expanded the number of variants and genes implicated in neuromuscular diseases, 

including congenital myopathies62.  

1.4.1.1 Targeted gene panel sequencing 

Targeted gene panels involve selective screening for variants in known disease genes 

and are useful for identifying coding variants in congenital myopathy-associated 

genes63. Targeted panels are routinely used in diagnostic facilities such as PathWest 

(Perth, Australia)63 and commercial diagnostic sequencing providers. For example, the 

PathWest neurogenetic disease gene panels capture over 500 neuromuscular disease 

genes and is routinely updated to include novel neuromuscular disease genes63,64 .  

1.4.1.2 Whole exome sequencing 

WES involves screening the coding regions (i.e., 1-2%) of the genome, which are 

estimated to comprise 85% of pathogenic variants implicated in Mendelian disease65. 

WES has been applied both clinically and in research settings and has facilitated the 

discovery of numerous novel human disease genes13,62,66,67. Of note, the gene coverage 

captured by WES is generally lower than the targeted panel approach62. This may limit 

identification of some pathogenic changes such as copy number variants, and variants 
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in poorly covered coding regions such as regions with high GC content62,65,68.  

1.4.1.3 Whole genome sequencing 

WGS can detect variants throughout the genome that may be uncaptured by WES and 

targeted gene sequencing. These include deep intronic variants and structural variants 

such as copy number variants, short tandem repeat expansions and other complex 

genomic events, e.g. inversions, rearrangements69,70. Despite its utility, WGS is 

typically performed for WES-negative cases on a research basis and as a last resort 

due to its comparatively higher costs and relatively greater challenges associated with 

variant interpretation and prioritisation70-72. Regardless of the approach, NGS findings 

often require validation by approaches such as Sanger sequencing, particularly when 

in regions of low coverage62,65. 

1.4.1.4 Short read sequencing  

Standard NGS approaches are performed by short-read sequencing methods70. This 

involves amplification and sequencing of short, broken DNA fragments (150–300 bp) 

that are subsequently assembled by alignment to a reference genome. This method is 

prone to alignment errors, poor coverage and sequencing artifacts70. Consequently, this 

can limit the identification of variants in highly repetitive regions, high GC content 

regions, large, complex structural variants and tandem repeat expansions, and limit 

pseudogene discrimination, and allele phasing70,73. Consequently, patients with such 

variants may remain undiagnosed following standard NGS73.  

1.4.1.5 Long-read sequencing  

Long-read sequencing (LRS) technologies such as the Oxford Nanopore have recently 

emerged as promising diagnostic tools that can identify pathogenic variants that have 

not been discovered by short-read sequencing70. The main advantages of LRS stem 

from the real-time sequencing of long reads (>10 kb) from a single DNA molecule74. 

This not only reduces alignment and mapping errors but also overcomes the need for 

PCR amplification, which enables direct detection of epigenetic modifications such as 

methylation on native DNA74,75. Additionally, LRS can enable sequencing of whole 

transcripts without requirements for assembly74. Thus far, LRS has been primarily 

used to investigate rare disorders with previous knowledge of the suspected loci. For 

example, Mangin et al.76 recently demonstrated the use of long-read targeted 

sequencing in detecting mosaicism and complex repeat expansions in the myotonic 



12 

dystrophy protein kinase (DMPK) gene implicated in myotonic dystrophy. Despite its 

potential, LRS is in its infancy and is accompanied by several limitations including 

relatively higher costs, higher error rates and more labour-intensive library preparation 

compared to standard NGS73,77. Additionally, data handling and variant interpretation 

pipelines are less developed than standard NGS aproaches77.  

1.4.2 NGS variant analysis approaches  

1.4.2.1 Variant prioritisation platforms 

Due to the vast genetic data captured by NGS, identification of the genetic cause of 

disease is likened to searching for a “needle in a haystack”65,78. To reduce the 

considerable number of variants identified by NGS, computational and data sharing 

platforms for variant prioritisation have been developed79. Software frameworks such 

as seqr (https://seqr.broadinstitute.org/) are designed with user friendly interfaces for 

variant calling, annotation, filtering and interpretation80. These platforms integrate 

data from secondary databases including population genetic databases, gene 

expression databases and in silico variant pathogenicity prediction tools to aid in 

variant filtration, analysis, and prioritisation81.  

1.4.2.2 Variant population databases 

Analysis of allele frequencies in large-scale population datasets of natural genetic 

variation can help distinguish between variants that are common and polymorphic, or 

rare and deleterious in the population, this is particularly powerful in the context of 

rare and early-onset disease such as congenital myopathies80. The Genome 

Aggregation Database (gnomAD)82 is particularly useful for this purpose as it contains 

over 240 million small variants, structural variants and non-coding variants captured 

from 125,748 exomes and 15,708 whole genomes from healthy individuals83. For 

analysis of congenital myopathies and other rare disorders, variants with a minor allele 

frequency (MAF) ≤ 1% in the healthy population are principally prioritised for further 

investigation as they support a rare manifestation of disease84.  

Large-scale population data can provide useful information about gene intolerance to 

variation82,85. The proportion of observed missense and loss of function (LoF) variants 

in a gene compared to the statistically predicted number of variants can be used to 

determine gene constraint metrics. For example, observed-to-expected ratio (OE), Z 

scores, and probability of loss of function intolerance (pLI) are available on gnomAD 
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and can help evaluate the likelihood that variants in a candidate gene will cause 

disease82,85. However, this approach is not suitable for evaluating constraint of short 

genes, as the scores may be subject to length bias86,85. In addition, sequencing artefacts 

can lead to false annotations of variation and confound gene constraint values85,87. 

Therefore, such scores should be interpreted with reason. 

1.4.2.3 Data sharing 

Identifying multiple patients with matching phenotypes and variants in the same novel 

disease gene candidate provides strong evidence of gene causality88. This can be 

achieved by researching and sharing candidate genes and variants in human disease 

databases for example the Leiden Open Variation Database (LOVD)89 and the ClinVar 

database72,90. In addition, matches can be identified by personal communications and 

via disease gene matchmaking platforms5,78. Matchbox81, GeneMatcher91 and 

MatchMaker Exchange78 are examples of such platforms used to connect researchers 

worldwide to facilitate matching and support novel disease gene candidates78. In 

addition, data sharing can facilitate collaborations between groups with broader 

expertise and allow for implementation of functional investigations and model 

organism studies to achieve an accurate molecular and clinical diagnosis92. 

1.4.2.4 Variant segregation analysis  

The diagnostic efficiency of NGS can be significantly improved when NGS is 

performed for patients and their parents (i.e., trio sequencing) and other affected or 

unaffected family members93. This approach enables refining and filtering of variants 

that co-segregate with disease in the family. Trio analysis can be useful for identifying 

de novo and compound heterozygous pathogenic variants that are often overlooked 

when a proband is sequenced in isolation88,94. 

1.4.2.5 Gene expression databases 

Gene expression analyses can be useful for prioritising candidate genes not previously 

associated with myopathy84,87. Expression of candidate genes can be explored using 

available data in expression databases from various control human tissues. Examples 

of expression databases include GTEx (Genotype-Tissue Expression project)95 and 

FANTOM5 (Functional Annotation of the Mammalian genome consortium)96. 

Variants in genes that are enriched in disease-relevant tissue e.g. skeletal muscle can 

provide stronger justification for being associated with the disease under investigation, 
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e.g. congenital myopathy84,97. However, it is noteworthy that some ubiquitously 

expressed genes can also cause a muscle-specific pathology97-99. For example, 

SELENON is detected in all human tissues but is specifically associated with 

congenital myopathy and congenital muscular dystrophy100. Thus, prioritisation of 

candidate genes according to specific tissue enrichment should be approached with 

caution.   

1.4.2.6 In silico pathogenicity tools 

Various in silico tools are available for predicting variant pathogenicity. These include 

SIFT (Sorting Intolerant from Tolerant)101, PolyPhen-2 (Polymorphism 

Phenotyping)102, CADD (Combined Annotation Dependent Depletion)103, PROVEAN 

(Protein Variation Effect Analyzer)104 and MutationTaster105. Such tools predict 

pathogenicity by assessing distinct parameters, for example sequence conservation 

(e.g. SIFT), variant position in relation to structural and functional protein features 

(e.g. PolyPhen-2) as well as combined genomic features including epigenetic, 

evolutionary, and functional annotations (e.g. CADD). Nevertheless, most in silico 

tools require a priori knowledge of gene features and function to accurately predict 

pathogenicity12,106. Additionally, most current tools do not integrate data relating to 

gene constraint, tissue-enrichment or ethnicity and may thus lack complete “genotype 

awareness” or “phenotype awareness”12,84,107. As such, in silico prediction tools can 

be prone to type I and type II predictive errors and respectively report benign variants 

as pathogenic, and pathogenic variants as benign84,107. Assessment of multiple 

prediction tools is recommended to increase predictive accuracy, though conflicting 

results between tools can obscure such results12,72,108. Meta-predictor tools such as 

MetaSVM (meta-analytic support vector machine)109 provide a consensus variant 

pathogenicity prediction using machine learning by integrating results from multiple 

in silico tools. Such tools have been shown in some cases to improve prediction 

accuracy12.  

1.4.2.7 In silico modelling tools 

Various resources and computational tools are also available for visually exploring 

disease gene and protein candidates. In particular, the Protein Data Bank (PDB; 

www.rcsb.org)110 provides open access to experimentally derived data on the 3D 

structures and interactions of protein, DNA and RNA. The 3D structures can be readily 
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downloaded and further analysed by molecular dynamic programs such as the PyMOL 

molecular graphics system (Schrödinger) to explore the effects of substitutions on 

protein structure prior to performing functional work. In addition, various molecular 

dynamic programs are available that can simulate interactions and predict the effects 

of mutations on the free binding energy, conformation, and biochemical properties of 

candidate proteins. For example, Mohajer et al.111 recently used molecular simulations 

to predict the effects of ACTA1 substitutions implicated in CFTD. Their simulations 

suggested that changes in the hydrogen bonding capacity, hydrophobicity and 

conformation of mutant actin resulted in abnormalities in thin filament assembly111. 

Of note, candidate proteins without experimentally derived structural data are difficult 

to investigate by such tools112. This limitation is being addressed by development of 

novel machine learning approaches such as AlphaFold which can accurately predict 

protein structures using deep learning algorithms112.  

1.4.2.8 Variant classification guidelines 

To standardise the classification and reporting of variants prioritised from NGS, 

variant classification guidelines are available to assist with variant interpretation. The 

American College of Medical Genetics and Genomics and Association of Molecular 

Pathology (ACMG-AMP) guidelines classify variants according to five classes 

ranging from pathogenic to benign88. The classifications are dependent on factors 

including variant allele frequency in healthy and disease population databases, variant 

co-segregation, in silico predictions and functional evidence72. However, the ACMG-

AMP guidelines are not suitable for the interpretation of novel disease gene candidates 

identified by NGS. In their frameworks, genes not previously associated with disease 

are referred to as “genes of uncertain significance”88. It is tempting to predict that such 

frameworks can obstruct novel congenital myopathy genes from being further 

investigated and validated given their uncertain significance status. Thus, 

recommendations for the interpretation and reporting of genes of unknown 

significance are needed to increase the clinical utlility and diagnostic efficiency of 

NGS113,114.  

1.4.2.8.1 Variants of unknown significance  

Despite the utility of NGS and the development of variant prioritisation strategies, a 

considerable number of patients with congenital myopathies remain without a genetic 
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diagnosis following screening12,17,53,115-118. Particularly, the bottleneck appears to lie 

in the interpretation of variants identified by NGS and distinguishing pathogenic 

variants from variants that are benign or unrelated to the disease of interest12,113,119,120. 

NGS has identified a significant number of variants in known disease genes with 

uncertain functional effect or insufficient evidence to infer pathogenicity. Such 

variants cannot be classified as pathogenic or benign according to the ACMG-AMP 

variant classification guidelines and are thus classed as variants of unknown 

significance (VUS)121. Common VUS include missense variants in large genes such 

as RYR1, TTN and NEB122. VUS are predicted to account for ~40% of variants captured 

by NGS121 and the number is expected to rise with the increased quantity and 

complexity of genetic data captured5,88,120,121,123,124. The interpretation and reporting of 

VUS can be discordant between different investigators and sequencing providers and 

thus hinder an accurate genetic diagnosis125,126,127. Thus, improved frameworks and 

functional approaches are needed to reclassify VUS as likely benign or pathogenic in 

the context of disease121.  

1.5 Functional approaches to validating disease variants and genes 

Functional assays can provide strong support for variant pathogenicity and are often 

required when the mechanism of a variant is not well understood or previously 

characterised72,84. Numerous assays have been described in the literature that capture 

various disease mechanisms118,128. These broadly fall under investigations of gene 

expression, protein abundance, structure and/or function, as well as cell-based and 

model organism-based investigations.  

1.5.1 Functional approaches for gene expression analyses 

1.5.1.1 Variants affecting splicing  

Variants predicted to affect splicing can be investigated by reverse transcriptase PCR 

using cDNA studies from available patient tissue124,129. Where patient tissue is 

unavailable, in vitro assays such as minigene splicing assays can be performed130-132. 

Minigene assays are often performed in cells that are relatively easy to transfect and 

culture, for example human embryonic kidney 293 (HEK293) cells132. However, 

consideration must be taken into the cell type used given that splicing regulation can 

be cell-specific and may not reflect what is occurring in affected patient tissue131. 
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1.5.1.2 Variants in untranslated regions 

Variants in untranslated regions (UTRs) can have various implications on transcript 

expression, localisation and translation133. Pathomechanisms include aberrant 

splicing134, removal of RNA protein binding sites and polyadenylation sites133, as well 

as formation of unstable secondary structures133 and illegitimate microRNA sites134,135. 

Some of these mechanisms can be captured by in vitro expression assays and reporter 

assays135,136. For example, Dusl et al.135 used a dual-luciferase assay to show that a 3’ 

UTR variant in GFPT1 (the glutamine-fructose-6-phosphate transaminase 1 gene) in 

patients with unsolved congenital myasthenic syndrome created an illegitimate 

microRNA binding site for miR-206*. Additionally, they validated the 3’ UTR 

mechanism in patient-derived myoblasts by showing that administration of miR-206* 

inhibitors restored GFPT1 levels135. Given the crucial roles of UTRs in RNA 

metabolism, it is expected that UTR variants are underrecognised causes of disease in 

many patients133,135,137. While UTR variants are often detected by NGS of patients with 

neuromuscular disorders, they are often overlooked135. Performing functional assays 

such as those described by Dusl et al.135 to characterise recurrent UTR variants may 

clarify the unsolved disorders affecting some patients134,136. 

1.5.1.3 RNA-seq  

Complementary transcriptomic approaches such as RNA sequencing (RNA-seq) are 

emerging as valuable tools (where patient samples are available) for the identification, 

interpretation, and validation of genetic candidates that affect gene expression or cause 

aberrant splicing138. RNA-seq utilises NGS platforms to quantify transcript abundance 

in patient-derived cells or tissue and has been useful for investigating variants that are 

difficult to identify or interpret by NGS alone139-141. For example, using RNA-seq, 

Cummings et al.139 discovered a deep intronic splice variant in the COL6A1 (collagen 

type VI alpha 1 chain) gene which was undetected by targeted gene sequencing and 

WES. Notably, this variant was highly recurrent in patients with unsolved Ullrich 

congenital muscular dystrophy139. This suggests that many patients with unsolved 

disorders may similarly harbour hidden deep intronic variants that are identifiable by 

RNA-seq139. While RNA-seq is clinically applied for the diagnosis of myopathies with 

a priori knowledge about the pathomechanisms of disease, the utility of RNA-seq as 

a research-based method for identifying novel mechanisms remains in its infancy139.  
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1.5.2 Protein investigations  

1.5.2.1 Variants affecting protein abundance  

Western blotting is commonly used to investigate variants predicted to affect protein 

stability and abundance17. Western blotting can be performed using patient-derived 

tissue or from cell-based protein expression assays17,135,142. However, the dependency 

of this approach on validated antibodies (which can be difficult to obtain) can make it 

ineffective and time consuming143. Proteomic approaches such as quantitative mass 

spectrometry are emerging as high-throughput antibody-free techniques that may 

eventually replace western blotting. Quantitative mass spectrometry can accurately 

quantify numerous proteins simultaneously in cells and tissues of interest144 This 

method can be useful for investigating the muscle proteome and facilitate 

identification of novel congenital myopathy candidates145. However quantitative mass 

spectrometry data can be complicated by signal interference. In addition, the high 

running costs can make it relatively more impractical than western blotting143,146. 

1.5.2.2 Variants affecting protein structure, stability, and/or function 

Recombinant wildtype and mutant protein can be produced from bacterial and 

mammalian expression systems for a variety of structural and functional 

analyses98,147,148. Techniques such as circular dichroism, X-ray crystallography and 

nuclear magnetic resonance can be used to investigate whether substitutions affect 

protein structure and thermal stability147-150. Kinetic assays can be performed in vitro 

to investigate whether substitutions affect enzyme activity98. Additionally, yeast two 

hybrid assays and isothermal titration calorimetry can be used to investigate protein-

protein interactions48,147. However, one consideration to recombinant protein 

characterisation is how representative such proteins are to those in vivo. In particular, 

expression systems may lack the relevant post translational modification machinery 

that ensure proper protein folding, function and protein-protein interactions151. Of 

note, recombinant studies can be challenging for investigating large proteins such as 

TTN36. The entire protein sequence for such proteins may be difficult to clone and 

express in a single construct and thus may need to be “dissected” into several 

constructs of key functional domains for analysis36,124. 

1.5.3 Cell-based investigations  

Cell-based reporter assays are also available for investigating specific implications of 
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a variant or gene knockdown on cell function. Assays include measuring cell oxidative 

stress152, assessing membrane repair responses98, investigating protein stability and 

localisation64,153 and measuring abundance of metabolites for example retinoic acid128.  

1.5.4 Model organisms 

Cell and animal models have been essential for investigating the genetic mechanisms 

of congenital myopathies in vitro and in vivo142,154. Novel disease gene candidates can 

be knocked out by gene editing technologies such as CRISPR/Cas9 to confirm relevant 

genotype-phenotype associations155. While CRISPR/Cas9 editing of cells is 

commonly used to investigate functional effects of variants in rare diseases118,156, it 

remains a challenge to perform such investigations on skeletal muscle cells given their 

difficulty to transfect and survive gene editing155.  

Induced pluripotent stem cells (IPSCs) are emerging as useful in vitro disease models 

for rare disease investigation157. IPSCs can be reprogrammed from patient-derived 

cells and differentiated into relevant cell types157. The differentiated cells retain the 

patient’s genetic disorder and can thus be used as a relevant biological system to 

explore molecular pathomechanisms and potential treatments and therapies158,159. 

While there are few reports of IPSC models for congenital myopathies, Clayton et 

al.158 and Houweling et al.160 recently demonstrated the utility of reprogramming 

patient-derived cells into IPSCs for investigating pathomechanisms of ACTA1-related 

diseases158,160.  

Various animal models have been used for neuromuscular disease research, ranging 

from simple invertebrates such as yeast (e.g. C. elegans) to more advanced models 

such as fruit fly (D. melanogaster), zebrafish, (D. rerio), mouse (M. musculus) and 

dog (C. lupus)154,161. Zebrafish models have been particularly useful in investigating 

functions of novel congenital myopathy disease genes for example MYL113 and 

KLHL4017. The embryos of zebrafish are transparent and contain a relatively high 

proportion of skeletal muscle162. The embryos develop ex utero and can thus be closely 

studied throughout all stages of development154,162. Of note, the anatomical and 

biological differences between zebrafish and human may be argued as a limitation 

when interpretating the resulting phenotypes of a gene defect154. Mammalian models 

such as mouse can resemble human disease more accurately and have also been used 

to investigate causes and potential treatments for congenital myopathies98,161,163,164. 
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However, some genes are challenging to characterise in mammalian models given that 

knockdown of some genes leads to embryonic lethality due to placental defects and 

secondary malformations such as cardiovascular deficits162,163,165,166.  

1.5.5 Guidelines for functional approaches  

According to ACMG-AMP guidelines, functional approaches must be “well-

established” to qualify as evidence for variant pathogenicity88. Attributes to a well-

established assay include validity, reproducibility, and biological relevance of the 

assay. The type of assay performed depends on the known function of the gene, the 

proposed mode of inheritance and type of variant under investigation88,126. Some 

functional assays may not be suitable in capturing the mechanism of a variant and are 

thus less reliable predictors of variant pathogenicity. Another important consideration 

includes how closely an assay reflects the biological environment88. Generally, assays 

involving affected patient samples provide stronger evidence than in vitro studies, 

though they may not always be available for analysis13,17,88,167. Of note, while the 

ACMG-AMP guidelines provide a general framework to guide functional genomic 

investigations, they lack clarifications regarding assay thresholds and necessary 

controls required to prove an assay valid126. To assist with the evaluation, frameworks 

have been developed by panels including the Variant Curation Expert Panel (VCEP), 

which have a list of suggested functional assays per gene and variant type168. However, 

these frameworks are currently mostly suited for the specific diseases and genes listed 

and are not suitable for investigating novel disease genes. Evaluating the functional 

data for novel candidates may require expert judgement with knowledge of the assay 

method, gene ontology and disease mechanism under investigation168. 

1.5.6 Collaborative functional genomics  

Functional genomic collaborations can accelerate investigations of novel disease genes 

and development of therapies78,169,170. Global data sharing programs such as the 

Canadian Rare Diseases Models and Mechanisms (RDMM) Network facilitate global 

collaborations between gene discovery researchers and functional genomics and model 

organism research teams170. There is now also an Australian Functional Genomics 

Network (AFGN; https://www.functionalgenomics.org.au/), which facilitates 

collaborations between Australian rare disease investigators with clinical and model 

research teams.  
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The International Mouse Phenotyping Consortium (IMPC) is an ongoing global effort 

that generates and phenotypes knockout mouse lines in aims of elucidating the function 

of all mammalian protein-coding genes163. The resulting phenotype data is freely 

accessible on the IMPC website (https://www.mousephenotype.org/) and can assist 

with the prioritisation and validation of novel disease gene candidates identified by 

NGS163. Interestingly, the current data from these experiments suggest that ~23% of 

genes are associated with embryonic lethality163. Some of these genes have not yet 

been implicated in human disease yet and can thus be flagged during NGS analysis of 

patients with severe and early-onset disease163,171. 

1.6 Significance of a genetic diagnosis 

While most congenital myopathies are incurable, a genetic diagnosis can significantly 

improve patient outcomes particularly when identified early2,3,118. Identification of the 

underlying genetic cause of disease can provide closure for families, clarity to improve 

family planning, and prevent disease-recurrence through preconception, prenatal or 

carrier screening5. In some instances, a molecular diagnosis facilitates treatment, as is 

the case for some congenital myasthenic syndromes172. Moreover, knowledge of the 

precise molecular mechanism of muscular dysfunction can open new avenues for the 

development of tailored therapies and personalised treatments3,5,173.  

1.7 Conclusion 

The genetic revolution accompanying NGS is shifting the nosology of congenital 

myopathies and enabling earlier disease detection and accurate diagnosis53. However, 

a significant proportion of patients with congenital myopathy remain without a genetic 

diagnosis despite comprehensive genetic screening. The bottleneck in NGS 

diagnostics appears largely in the functional and clinical validation of novel variants 

and genes identified118. Validation of genetic candidates by functional genomics can 

improve the diagnostic efficiency of NGS113. A definitive diagnosis will offer crucial 

insights that can influence disease management and prognosis for families worldwide5.  

1.8 Research aims and thesis layout 

The purpose of this study was to identify and functionally investigate genetic 
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mechanisms of congenital myopathies in patients without a genetic diagnosis. The 

overarching aim of this project was to identify the genetic cause of disease in patients 

with congenital myopathies. This thesis is distilled into a general methods chapter 

(Chapter 2), two results chapters and a general discussion chapter. Chapter 3 describes 

the identification and investigation of biallelic KLHL40 variants in a patient with mild 

NEM8, including a novel 3’ UTR single nucleotide variant. Chapter 4 details the 

identification and characterisation of HMGCS1-related rigid spine syndrome. The 

thesis closes with a chapter comprising a general discussion and future directions. 
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2.1 Preface 

In this chapter, I describe the general approach used to identify and prioritise variants 

from whole exome sequencing (WES) data of patients within the congenital myopathy 

cohort. In addition, I describe some of the methods used for the functional 

investigation of the two identified candidate genes: KLHL40 and HMGCS1. A 

summary of the methodology is illustrated in Figure  2.1. 

 

Figure  2.1 Summary of the approach used for whole exome sequencing and 

functional analyses in this thesis. Abbreviations include WES: whole exome 

sequencing, RNA-seq: RNA sequencing, qPCR: quantitative PCR, RT-PCR: reverse 

transcriptase PCR, AUC: analytical ultracentrifugation. Asterisks indicate methods 

performed by collaborators. 
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2.2 Cohort details 

Patients and available family members were recruited through the rare disease gene 

discovery study approved by the UWA Human Research Ethics Committee 

(RA/4/20/1008). Informed consent was provided by patients and/or families. The 

cohort initially consisted of nine affected patients and available family members from 

Turkey, Spain, and Australia (n = 21). The patients were clinically diagnosed with a 

congenital myopathy based on manifestations and histopathological features observed 

in muscle biopsy (where assessed). For example, presence of nemaline bodies and 

intranuclear rods. The genetic basis of disease in each of these patients was unresolved 

despite most cases undergoing screening for known disease genes using diagnostic 

gene panels.  

2.3 Whole exome sequencing data analysis 

Whole exome sequencing was performed at the Broad Institute of Harvard and MIT 

(Boston, USA). WES data from affected patients and available family members were 

mapped, variant-called and transferred to the Broad institute seqr platform 

(https://seqr.broadinstitute.org/) for singleton or trio analysis.  

2.3.1 Variant filtration and prioritisation  

Whole exome sequencing data was analysed following recommended bioinformatic 

pipelines1-5. Single-nucleotide variants and copy number variants were filtered 

according to read depths and genotype qualities (>20) as well as variant frequencies in 

healthy population databases (minor allele frequency; MAF <0.01), mainly gnomAD 

(Genome Aggregation Database v2.1.1; https://gnomad.broadinstitute.org/)6. Where 

familial WES data was available, variants were filtered according to segregation and 

mode of inheritance using seqr inheritance filters. These include de novo/dominant 

filters as well as homozygous, compound heterozygous and X-linked recessive filters. 

Analyses were initially limited to variants in known congenital myopathy genes listed 

in the 2020 gene table of neuromuscular disorders (http://www.musclegenetable.fr/)7. 

Where filtration strategies yielded no promising results, stringency of seqr filters were 

reduced in an iterative process.   
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2.3.2 Analysis of variants using disease gene databases 

Candidate genes and variants were interrogated in online human disease databases 

including ClinVar8 (https://www.ncbi.nlm.nih.gov/clinvar/), LOVD9 (Leiden Open 

Variation Database; https://www.lovd.nl/), and OMIM10 (Online Mendelian 

Inheritance in Man; https://omim.org/).  

2.3.3 Variant interpretation and classification 

Variants in known myopathy genes with relevant genotype-phenotype manifestations 

were analysed in accordance with the 2015 American College of Medical Genetics and 

Genomics (ACMG) and Association of Molecular Pathology (AMP) guidelines11. 

Variants in genes not previously associated with disease were explored in the literature 

and further prioritised using bioinformatic approaches (Section 2.4) to assess the 

likelihood of causing a myopathic phenotype. 

2.4 Bioinformatic analyses 

A wholistic approach was taken for the prioritisation of disease gene candidates and 

variants, considering a number of parameters including population frequency, gene 

expression, gene constraint information and pathogenicity prediction tools. 

2.4.1 Analysis of candidate gene expression from published data  

Expression of candidate disease genes was assessed using available data from 

expression databases such as GTEx12 (Genotype-Tissue Expression portal; 

https://gtexportal.org/), NCBI BioProject (PRJEB4337)13 and FANTOM514 

(Functional Annotation of the Mammalian genome consortium; 

https://fantom.gsc.riken.jp/5/). Given the patients had a myopathic phenotype, priority 

was given to disease gene candidates detected or enriched in skeletal muscle15.  

2.4.2 Analysis of gene intolerance to variation 

Gene constraint to loss of function (LoF) and missense variants was assessed using 

gnomAD constraint metrics scores, following standard interpretation guidelines16,17. 

Predicted loss of function intolerance (pLI) was taken as a predictor for gene constraint 

to LoF. Genes with pLI  ≥ 0.9 were considered to be likely intolerant and under 

selection against LoF variation6.  In addition, Z scores18 (deviation from expectation) 

were also considered as predictors of gene intolerance to missense and synonymous 
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variants. Z scores ranged from -5 to 10, with higher (more positive) scores suggesting 

greater gene intolerance to missense and synonymous variation16.  

To assess gene and protein sequence conservation, Swiss-Prot reference sequences 

from orthologues and available paralogues were obtained from UniProt 

(https://www.uniprot.org/)19. Multisequence alignments were performed using  Clustal 

Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/). 

2.4.3 Variant effect prediction tools 

Webtools for variant effect prediction included CADD (combined annotation 

dependent depletion; https://cadd.gs.washington.edu/)20,21, SIFT (Sorting Intolerant 

from Tolerant; http://sift.jcvi.org/), POLYPHEN-2 (Polymorphism Phenotyping;  

http://genetics.bwh.harvard.edu/pph2/)22 and MutationTaster  

(http://www.mutationtaster.org/). Variants were also submitted to Varsome 

(https://varsome.com/) which compiled and compared scores from other pathogenicity 

prediction tools.  

Splice region variants, non-coding variants and synonymous variants were 

investigated using SpliceAI23 (https://spliceailookup.broadinstitute.org/) and Human 

Splicing Finder24 (http://umd.be/Redirect.html) to predict any impacts on splicing. 

Variants in 5’ untranslated regions (5’ UTR) and 3’ untranslated regions (3’ UTR) 

were assessed using the RegRNA2.025 tool (http://regrna2.mbc.nctu.edu.tw/) and the 

splicing prediction tools. The Strvctvre26 (Structural Variant Classifier Trained on 

Variants Rare and Exonic) tool was used to predict pathogenicity of copy number 

variants.  

Concordance between multiple prediction tools was considered stronger evidence for 

pathogenicity. Given that the list of genes with rare coding variants returned for each 

family analysis was small (less than 30 in total for both AR and de novo dominant 

modes of inheritance), all candidate genes returned were manually curated. Thus, 

candidates with prediction scores below the thresholds recommended by the respective 

tools were also investigated and prioritised when other factors such as high gene 

constraint and enrichment in skeletal muscle suggested potential for pathogenecity15.  
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2.4.4 In silico protein analysis  

Candidate proteins were searched using Uniprot19 (https://uniprot.org), PDB (Protein 

Data Bank; www.rcsb.org)27, PDBe-KB (PDB in Europe Knowledge Base; 

https://www.ebi.ac.uk/pdbe/pdbe-kb) and the HOPE Web server28 

(http://www.cmbi.ru.nl/hope/). To predict whether variants localise near an interaction 

site, the ISPRED429 webtool (Interaction Site PREDictor version 4; 

http://ispred4.biocomp.unibo.it) was used. The iPTM30 (integrated post-translational 

modifications; https://research.bioinformatics.udel.edu/iptmnet/) tool was used to 

assess whether variant sites were subject to known post-translational modifications. 

2.5 PCR and Sanger confirmation of candidate variants  

Candidate single-nucleotide variants were validated by polymerase chain reaction 

(PCR), and bidirectional Sanger sequencing (AGRF Perth, Australia). Primers of 

standard length (18-25bp) and GC% content (40-60%) were designed manually using 

Benchling (https://benchling.com). Primer specificity was assessed using MFEprimer-

3.131 (https://mfeprimer3.igenetech.com/spec) and the UCSC in silico PCR tool 

(https://genome.ucsc.edu/cgi-bin/hgPcr).  

Reactions were performed in a final volume of 25 µL and contained a 1X GoTaq G2 

master mix (Promega, Madison, WI [#M7832]), 0.4 µM forward primer, 0.4 µM 

reverse primer and 10 ng DNA. For target regions with high GC-content, 5% v/v 

DMSO (Sigma-Aldrich) was added. Optimised conditions and primers for PCR 

reactions are described in the relevant chapters.  

Products were resolved on a 1.5% w/v agarose gel in 1X Tris-acetate-EDTA (TAE) 

buffer containing 0.5 µg/mL EtBr. Products were purified using a MinElute PCR 

purification kit (QIAGEN; #28004). DNA was quantified on a NanoDrop One 

spectrophotometer (Thermo Scientific) and bidirectionally sequenced at AGRF. 

Sequence reactions were prepared in a total volume of 12 µL and consisted of 10 pmol 

forward or reverse primer and the recommended amount of DNA as per AGRF 

guidelines.  

The FinchTV 1.4.0 software (http://www.geospiza.com) was used to check the quality 

of ABI sequence chromatograms and correct N-called lower quality bases. Sequences 

http://ispred4.biocomp.unibo.it/
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were aligned to the Ensembl reference sequences for KLHL40 (ENST00000287777) 

or HMGCS1 (ENST00000325110) using the MAFFT algorithm in benchling 

(https://benchling.com). 

2.6 Searching for additional individuals with matching aetiologies 

To search for matching individuals with overlapping phenotypes and variants in the 

same candidate gene, candidates were submitted to the MatchMaker Exchange 

platform using the matchbox32 tool in seqr. Additionally, candidates were discussed 

with global clinical networks to determine whether the candidate genes had been 

previously identified or reported in other families with similar disease features. 

2.7 Functional experimental methods 

2.7.1 Quantitative PCR 

Quantitative PCR was performed following a previously described method33 to 

examine expression of KLHL40 and HMGCS1 in human cells and tissue. Samples 

included a human embryonic kidney cell line (HEK293), a primary human fibroblast 

cell line and cultured skeletal muscle myoblasts and myotubes from three donors 

(Cook Myosite; differentiation method described in section 2.7.3). Tissue included 

cortex and cauda equina (Victorian Brain Bank), fetal skeletal muscle (Perinatal 

Pathology, KEMH) and healthy adult skeletal muscle from in vitro contracture testing 

(IVCT).  

RNA was extracted from cell pellets using a Qiagen Rneasy mini kit and from tissue 

using the Qiagen Rneasy Fibrous Tissue Mini Kit. Complementary DNA (cDNA) was 

synthesised using the SuperScript III First-Strand Synthesis System (Thermo Fisher 

Scientific, Waltham, MA).  

Quantitative PCR reactions were performed in 10 µL volumes containing a 2X Rotor-

Gene SYBR Green PCR master mix (Qiagen; 204076), 1 µL diluted cDNA and 0.8 

μM of forward and reverse primer (see Chapters 3 and 4 for primer sequences). A 

standard curve from serially diluted positive control cDNA was generated to validate 

efficiency of primers used for each gene. Cycling was performed on a Rotor-Gene Q 

real-time PCR cycler (Qiagen) using the following conditions: 95°C (5 min), 45 cycles 
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of 95°C (10 s) and 60°C (15 s), followed by melt curve analysis (60 – 95°C; +1°C per 

cycle). Data were normalised using the delta Ct method34, compared to the geometric 

mean from two reference genes (TBP and EEF2). 

2.7.2 Western blotting 

Lysate preparations were performed as previously described, with slight adjustments35. 

Tissue samples were cryo-sectioned at -20°C into 10 µM slices to aid mechanical 

homogenisation. Tissue and frozen cell pellets were suspended in lysis buffer 

containing 2% w/v SDS, 125 mM Tris (pH 6.8), and 1x PIC (Halt™ Protease Inhibitor 

Cocktail; Thermo Scientific). Suspensions were freeze thawed three times in dry ice 

before sonicating at 15 amps for 3 s twice, resting on wet ice in between. Lysates were 

centrifuged at 18,000 g for 3 min, and supernatants retained. Protein concentrations 

were determined using a BCA protein assay (Pierce; #23227). Protein extracts (5-40 

µg) and recombinant protein (5 ng) were prepared in loading buffer (10% w/v SDS, 

312.5 mM Tris, pH 6.8, 50% v/v glycerol, bromophenol blue saturated solution, 50 

mM DTT and 1x PIC). Samples were separated on a 4-12% w/v Bis-Tris NuPAGE 

Novex polyacrylamide gel at 150 V for 2 h. Proteins were transferred to polyvinylidene 

difluoride transfer membranes (Thermo Fisher Scientific) for 2 h at 300 mA and 

blocked with PBS + 0.1% v/v Tween-20 and 5% w/v skim milk. Membranes were 

probed with antibodies described in Chapters 3 and 4 and incubated overnight at 4°C. 

Membranes were washed thrice in wash buffer (PBS + 0.1% v/v Tween-20) for 1 h 

and incubated with a secondary goat anti-rabbit horseradish peroxidase antibody 

(Sigma; #A0545) for 1 h at room temperature. Membranes were rewashed twice as 

above and imaged by chemiluminescent detection (Pierce ECL Plus kit; #32132) using 

the Invitrogen iBright FL1000 imaging system (Thermo Fisher Scientific). 

Membranes were re-probed with an anti-GAPDH antibody (Sigma; #G8795; 

[1:10,000]) as a loading control. Relative protein abundance between samples was 

measured using ImageJ36.   

2.7.3 Differentiation of primary human skeletal muscle cells  

To measure gene expression and protein abundance of candidates in myoblasts and 

myotubes, primary human skeletal muscle cells (skMDCs; Cook MyoSite) were 

cultured from two healthy female donors (32F and 42F) and a healthy male donor 

(18M). Cells were reanimated in MyoTonic Basal Medium supplemented with 1X 
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Myotonic Growth Supplement (Cook MyoSite), 10% v/v fetal bovine serum (FBS) 

and 1% w/v penicillin/streptomycin (Gibco). At 60% confluency, myoblasts were 

plated into a 6-well plate (2.5 x 105 cells/well) coated with Matrigel and regrown to 

~90% confluency. Differentiation to myotubes was induced by changing the media to 

DMEM/F12 (HPMR) supplemented with 1X GlutaMAX supplement (Gibco), 1X N2 

supplement (Gibco), 1X ITS-X (Gibco), and 1% w/v penicillin/streptomycin (Gibco). 

Cells were maintained under standard conditions, with a media change every two days. 

Myoblasts and myotubes were harvested at timepoints 0, 2, 4, 6, 8 and 12.  

2.7.4 In vitro expression analyses  

Mammalian and bacterial expression vectors encoding the coding sequences for 

genetic candidates were purchased from Genscript (https://www.genscript.com/). 

These were used for in vitro expression analyses and recombinant protein 

investigations as described in Chapters 3 and 4.  

2.8 Statistical analyses and figures 

GraphPad Prism 9.0.1 (La Jolla, USA) was used for graphical and statistical analyses. 

Schematic figures were designed using BioRender (BioRender.com). 
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Chapter 3  

A KLHL40 3’ UTR splice-altering variant causes milder 
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3.1 Preface 

A manuscript arising from this chapter is in preparation for submission to Human 

Molecular Genetics, as an article titled A KLHL40 3’ UTR splice-altering variant 

causes milder NEM8. As such, this chapter has been formatted for Human Molecular 

Genetics.  

An authorship attribution statement is provided in Appendix I.  

This chapter also resulted in an abstract that was published in Neuromuscular 

Disorders as part of a poster presentation for World Muscle Society (Dofash et al., 

2021, DOI:10.1016/j.nmd.2021.07.059). A copy of this abstract can be found in 

Appendix II.  
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3.2 Abstract  

Nemaline myopathy 8 (NEM8) is typically a severe autosomal recessive disorder 

associated with variants in the kelch-like family member 40 gene (KLHL40). To date, 

only protein-altering pathogenic variants in KLHL40 have been implicated in NEM8. 

Common features include fetal akinesia/hypokinesia, fractures, contractures, 

dysphagia, respiratory failure, and neonatal death. Here, we describe a 26-year-old 

man with relatively mild NEM8. He presented with hypotonia and bilateral femur 

fractures at birth, later developing bilateral Achilles’ contractures, scoliosis, and elbow 

and knee contractures. He had walking difficulties throughout his childhood and 

became wheelchair bound from age 13 after prolonged immobilization. Muscle MRI 

at age 13 indicated prominent fat replacement in his pelvic girdle, posterior 

compartments of thighs, vastus intermedius and legs. Muscle biopsy revealed 

nemaline bodies and intranuclear rods. RNA sequencing and western blotting of 

patient skeletal muscle indicated significant reduction in KLHL40 mRNA and protein 

respectively. Using gene panel screening, exome sequencing and RNA sequencing, we 

identified compound heterozygous variants in KLHL40; a truncating 10.9 kb deletion 

in trans with a likely pathogenic variant (c.*152G>T) in the 3’ untranslated region 

(UTR). Computational tools SpliceAI and Introme predicted the c.*152G>T variant 

created a cryptic donor splice site. RNA-seq and in vitro analyses indicated that the 

c.*152G>T variant induces multiple splicing events, predominantly a 78 bp cryptic 

intron in the 3’ UTR. The introduction of 3’ UTR introns likely degrades KLHL40 

mRNA by nonsense mediated decay, a mechanism that may be underrecognised in 

Mendelian disease. We encourage consideration of this mechanism during disease 

gene screening. 

Keywords: 3’ UTR, nonsense mediated decay, RNA sequencing, KLHL40, nemaline 

myopathy 

Abbreviations: IGV = Integrative Genomics Viewer; NEM8 = nemaline myopathy 

8; RT-PCR = reverse transcriptase polymerase chain reaction  
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3.3 Introduction 

Nemaline myopathies (NEM) are a clinically and genetically heterogenous group of 

congenital myopathies typically characterised by the presence of nemaline bodies 

within muscle fibres1. Clinical symptoms include muscular hypotonia and weakness, 

often accompanied by respiratory insufficiency2. The age of onset, disease progression 

and severity are variable and largely depend on the underlying genetic cause2. To date, 

13 genes have been associated with NEM3.  

One common severe subtype of NEM is nemaline myopathy 8 (NEM8; OMIM# 

615348), an autosomal recessive disorder associated with biallelic variants in the 

kelch-like family member 40 gene (KLHL40)4. Almost all patients with NEM8 present 

with severe disease4,5. Characteristic features include fetal akinesia or hypokinesia, 

fractures, contractures, facial involvement, dysphagia, respiratory failure, and neonatal 

death (average age at death in a NEM8 cohort is 5 months of age)4. To date, only two 

patients have been reported with relatively mild NEM8, one of whom responded 

beneficially to acetylcholinesterase inhibitors6,7.  

KLHL40 is a member of the kelch-repeat-containing protein superfamily and is 

involved in a range of interactions that regulate skeletal muscle myogenesis and 

promote skeletal muscle maintenance8,9. KLHL40 is reported to bind the E2F1-DP1 

complex to regulate myogenesis9. In addition, KLHL40 binds NEB and LMOD3 to 

stabilise the thin filament8. To date, pathogenic variants that change the KLHL40 open 

reading frame have been implicated in NEM84,5. These include protein truncating 

variants including frameshift, essential splice site and nonsense variants4. Pathogenic 

missense variants have also been reported and are predicted to destabilise KLHL40 by 

disrupting intramolecular interactions4. KLHL40 deficiency consequently destabilises 

the thin filament and causes nemaline myopathy8. NEM8 patients typically show 

reduced or absent KLHL40 in skeletal muscle by western blotting4-6.  

In this study, we describe a Spanish patient with mild NEM8 who had diminished 

KLHL40 transcript and protein abundance. We report a novel 3’ UTR splice variant in 

KLHL40 which introduces an intron 152 bp downstream the termination codon and 

likely induces nonsense mediated decay. This mechanism may be underrecognised in 

Mendelian disease.  
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3.4 Patient and methods  

This project was approved by the University of Western Australia Human Research 

Ethics Committee (RA/4/20/1008) and the Curtin University Human Research Ethics 

Office (HRE2019-0566). Written informed consent was provided by the family. 

3.4.1 Patient details  

The patient was clinically diagnosed with nemaline myopathy on the basis of 

histopathological findings on skeletal muscle biopsy. Clinical assessments, MRI, 

muscle biopsy analysis and western blotting of patient muscle biopsy were performed 

by collaborators at the Biomedicine Institute of Sevilla and the Department of 

Neurology at Virgen del Rocío University Hospital in Sevilla, Spain. 

3.4.2 Methods for histology and electron microscopy  

Muscle biopsy was obtained from the quadriceps muscle, immediately frozen by 

standard methods, and processed following the standard procedures. Routine 

histochemical techniques were performed on 7 μM transverse sections of frozen 

muscle, including hematoxylin and eosin, modified Gomori trichrome, oil red O, 

periodic acid-Schiff, nicotinamide adenine dinucleotide-tetrazolium reductase 

(NADH-TR), succinate dehydrogenase (SDH), cytochrome C oxidase (COX), and 

adenosine triphosphatase (ATPase) pH 9.4, 4.6, and 4.3.  

For ultrastructural studies a small fragment of the muscle was fixed in 2.5% w/v 

glutaraldehyde solution, postfixed in 1% w/v osmium tetroxide, and embedded in 

epoxy resin. Semithin sections were stained with 1% toluidine blue. Ultrathin sections 

were mounted on copper grids and examined with a Zeiss Libra 120 transmission 

electron microscope (Carl Zeiss NTS GmbH, Oberkochen, Germany). 

3.4.3 Western blotting 

Frozen muscle samples were homogenized in RIPA buffer (20 mM Tris HCl pH 7.4, 

150 mM NaCl, 1 mM EDTA, 1% v/v IGEPAL, 0.1% w/v SDS) containing protease 

inhibitor cocktail (Roche). The lysates were centrifuged at 13,000 rpm at 4oC for 20 

min. The supernatant was collected. The protein lysates were separated on 10% w/v 

SDS-PAGE gels and transferred onto PDVF membranes (Millipore). Western blot 

analysis of equal-protein loading was performed with the following primary 

antibodies: rabbit polyclonal anti-KLHL40 (Sigma-Aldrich; #HPA024463; [1:500]) 
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and rabbit polyclonal anti-GAPDH (Sigma-Aldrich; [1:2000]). Immunoreactivity was 

detected with secondary antibodies conjugated to horseradish peroxidase (1:5000; 

Jackson Immuno Research) and developed with SuperSignal West Femto (Thermo 

Fisher Scientific) using an ImageQuant LAS 4000 MiniGold System (GE Healthcare 

Life Sciences).  

3.4.4 Genetic analyses 

3.4.4.1 Neuromuscular disease gene panel 

DNA from the proband was sequenced on the neuromuscular disease gene panel at 

PathWest using Illumina sequencing chemistry as previously described10,11. Base 

calling, mapping, and variant calling were performed as previously described10,11. 

3.4.4.2 Whole exome sequencing 

Illumina whole exome sequencing (WES) was performed at the Broad Institute of 

Harvard and MIT as previously described11. Exome data were analysed in seqr12 

(https://seqr.broadinstitute.org).  

3.4.4.3 Variant interpretation and confirmation  

Variants were analysed and interpreted following standard bioinformatic 

approaches13,14. Candidate single nucleotide variants were validated by bidirectional 

Sanger sequencing (Australian Genome Research Facility (AGRF), Perth)10. Sanger 

chromatograms were aligned to a reference sequence in benchling (benchling.com) 

using the MAFFT algorithm. 

3.4.4.4 In silico variant prediction analysis 

Introme15 (https://github.com/CCIACB/introme) and SpliceAI16 

(https://spliceailookup.broadinstitute.org/) were used to predict the effect of variants 

on splicing.  

3.4.4.5 RNA sequencing 

RNA extraction from patient skeletal muscle and RNA sequencing were performed at 

the Department of Diagnostic Genomics (PathWest, Perth) as previously described17. 

RNA-seq data were visualised with the Integrative Genomics Viewer (IGV)18. Data 

were also assembled and analysed using MINTIE19, a reference-free RNA-seq analysis 

pipeline that maps reads de novo to identify novel structural and splice variants20. 

Muscle RNA-seq FASTQ data from five additional patients were used as controls for 

MINTIE. 
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3.4.5 In vitro expression analyses 

3.4.5.1 Expression constructs  

Mammalian pcDNA3.1 expression constructs (pcDNA3.1) were synthesised by 

Genscript. These constructs contained the KLHL40 coding sequence 

(ENST00000287777) with the wild-type or mutant 3’ UTR encoding either of two 

variants: c.*152G>T or c.*151_*228del. 

3.4.5.2 Cell culture 

Human embryonic kidney cell lines (HEK293FT) were maintained in Dulbecco’s 

Modified Eagle Medium (DMEM; Gibco) supplemented with 10% v/v fetal bovine 

serum (FBS) and 1% w/v Penicillin/Streptomycin (Gibco). At 50-60% confluency, 

expression constructs were transfected following the Viafect kit protocol (Promega) at 

a 4:1 ratio (Viafect transfection reagent: DNA). Cultures were maintained at 37°C with 

5% CO2. A pmaxGFP vector was transfected alongside to estimate transfection 

efficiency. Cells were harvested at 72 h post-transfection and pellets snap frozen and 

stored at -80°C until required for RNA and protein extraction.  

3.4.5.3 RNA extraction and quantitative PCR 

Total RNA was extracted from HEK293FT pellets using the Rneasy mini kit protocol 

(Qiagen). Complementary DNA (cDNA) was synthesised from 1 µg RNA using the 

SuperScript III First-Strand Synthesis System (Thermo Fisher Scientific, Waltham, 

MA). To investigate relative transcript expression levels of wildtype KLHL40, 

KLHL40c.*152G>T and KLHL40c.*151_*228del, qPCR was performed as previously 

described21. Reactions were performed in 10 µL volumes containing a 2X Rotor-Gene 

SYBR Green PCR master mix (Qiagen; 204076), 1 µL diluted cDNA and 0.8 μM of 

the following forward and reverse primers: KLHL40_FD5_6 (5’ 

GGAGGTATAACGAGGAGGAGAA-3’, bridges the junction of exon 5 and exon 6), 

and KLHL40_RV6 (5’-CTGAGCTGGTCACATCTTAGTC-3’). Reactions were 

performed in technical quadruplicates for each biological replicate (n = 3) and Ct 

values were averaged. Expression was normalised using the delta Ct method22, 

comparing to the geometric mean of two reference genes (TBP and EEF2)21. Statistical 

significance was measured using a two-tailed unpaired t-test (n = 3) on GraphPad 

Prism 9.0.1 (La Jolla, USA). 
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3.4.5.4 Reverse transcriptase PCR 

RT-PCR was performed to confirm the occurrence of mis-splicing events in the 3’ 

UTR region. Reactions were performed in 25 µL volumes containing a 1X GoTaq G2 

master mix (Promega, Madison, WI [#M7832]), 0.4 µM forward primer 

(KLHL40_UTR_F; 5’-CCAGCTCAGGCAGACTGAAC-3’), 0.4 µM reverse primer 

(KLHL40_UTR_R; 5- GACACCAGATGGAGAGCAGAG-3’) and 7.5 ng cDNA. 

Touchdown PCR cycling conditions were: 5 min at 98°C; 15 cycles of 15 s at 98°C, 

10 s at 65°C-57.5°C (-0.5°C per cycle), and 15 s at 72°C; 30 cycles of 15 s at 98°C, 

10 s at 57°C, and 15 s at 72°C; and a final cycle of 5 min at 72°C. Products were 

resolved on 2% w/v agarose gel in 1X TAE at 95 V for 1 h. PCR products were gel 

excised and purified using the QIAquick gel and PCR purification kit. DNA was 

quantified on a NanoDrop One spectrophotometer (Thermo Scientific) and Sanger 

sequenced at AGRF (Perth, Australia). Sanger chromatograms were aligned to a 

reference sequence in benchling (benchling.com) using the MAFFT algorithm.  

3.4.5.5 Protein extraction and western blotting 

Frozen cell pellets were suspended in lysis buffer containing 2% w/v SDS, 125 mM 

Tris (pH 6.8), and 1x PIC (Halt™ Protease Inhibitor Cocktail; Thermo Scientific) and 

homogenised by sonication. Protein concentrations were determined by a BCA protein 

assay (Pierce; #23227). Lysates were prepared in loading buffer containing 10% w/v 

SDS, 312.5 mM Tris (pH 6.8), 50% v/v glycerol, bromophenol blue saturated solution, 

50 mM DTT and 1x PIC. Western blotting was performed as previously described4. 

Lysates (500 ng) were separated on 4-12% w/v Bis-Tris NuPAGE Novex 

polyacrylamide gels and transferred to polyvinylidene difluoride transfer membranes 

(Thermo Fisher Scientific). After 1 h blocking with PBS + 0.1% v/v Tween-20 and 

5% w/v skim milk, membranes were incubated with a Human Protein Atlas rabbit 

polyclonal KLHL40 (KBTBD5) antibody (Sigma-Aldrich; #HPA024463; [1:2500]) 

overnight at 4°C and a secondary goat anti-rabbit horseradish peroxidase antibody 

(Sigma; #A0545) at room temperature for 1 h. Membranes were imaged by 

chemiluminescent detection (Pierce ECL Plus kit; #32132) using the Invitrogen 

iBright FL1000 imaging system (Thermo Fisher Scientific). Membranes were also 

blotted with an anti-GAPDH antibody (Sigma; #G8795; [1:10,000]) as a loading 

control. Relative KLHL40 abundance was quantified using ImageJ23. 
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3.5 Results 

3.5.1 Clinical features and pathology  

The patient is a male born to non-consanguineous parents, with no relevant family 

history of disease. He was born hypotonic with bilateral femur fractures. He walked at 

the age of 30 months, but never jumped or ran. He lost independent ambulation at age 

13, after prolonged immobilization after Achilles tendon lengthening. From childhood 

he had scoliosis, a myopathic face and ogival palate, and weakness of bilateral 

orbicular oculi muscles. He was last examined at age 24, being able to stand with 

bilateral support. At last examination, he had weakness of proximal and distal muscles 

of upper and lower limbs and showed obvious atrophy of intrinsic hand muscles. Deep 

tendon reflexes were absent, with bilateral Achilles tendon contractures as well as 

elbow contractures and cervical and dorsal rigid spine.   

A muscle MRI showed widespread fat replacement of pelvic girdle muscles, thighs, 

and lower legs (Figure  3.1A-C). At the thigh level, the fat replacement was 

particularly severe involving posterior compartments as well as rectus anterioris.  

Light microscopy examination revealed moderate and patchy fat replacement, without 

relevant fibrosis, with mild variability in fibre size. Necrotic or regenerating fibres 

were not seen. Numerous eosinophilic birefringent structures, rod or round shaped 

were seen forming clusters in the centre of the sarcoplasm or subsarcolemmal regions 

(Figure  3.1D). There were internal nuclei. Some intranuclear rods were identified on 

the semithin sections (Figure  3.1F). Gomori trichrome confirmed the presence of 

abundant rods with irregular distribution in the sarcoplasm (not shown). 

Histoenzymatic techniques showed an irregular intermyofibrillar pattern, with 

presence of pseudo-lobulated fibres and some core-like areas devoid of oxidative 

activity harbouring the clusters of rods. ATPase stains showed 100% of the fibres were 

type 1 (Figure  3.1E).  

Electron microscopy confirmed the presence of numerous electron-dense rod-shaped 

structures corresponding to nemaline rods in most muscle fibres (Figure  3.1G). Rods 

were irregularly distributed throughout the fibre, clustered in centre, forming 

subsarcolemmal clusters in periphery. They often ran parallel to the long axis of the 

sarcomere and showed continuity with Z-disks. 
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Figure  3.1 Muscle pathology identified in the patient with a milder form of 

NEM8. (A-C) Magnetic resonance imaging shows extensive fatty replacement of 

muscles of pelvic girdle (A), thighs (B), with most prominent involvement of posterior 

compartment (B) and legs (C). (D-G) Muscle biopsy sections: haematoxylin and eosin 

stain showing clusters of nemaline rods (D), ATPase 4.3 stain demonstrating all fibres 

in the sample are type 1 (E), Semithin slide stained with toluidine blue showing an 

intranuclear rod (F, arrow), and Electron microscopy displaying electron-dense rod-

shaped structures that correspond to nemaline bodies (G). 

3.5.2 Genomic, transcriptomic and protein investigations 

Gene panel sequencing and WES identified a heterozygous 10.9 kb deletion in 

KLHL40 (hg19; chr3:42729537-42740458) in the patient (Figure  3.2A). This deletion 

spanned exons 2-6 of the six exons of KLHL40 (ENSG00000157119) and results in a 

complete loss of function allele. The deletion was absent in gnomAD (v2.1) and was 

only present in this patient in the 10,000 alleles in the Broad structural variant callset.  

Western blotting indicated very low abundance of KLHL40 in patient skeletal muscle 

compared to healthy controls (Figure  3.2B). Although deficiency of KLHL40 is 

sufficient for diagnosis of NEM8, a second variant in trans would be expected given 

the recessive nature of KLHL40-related nemaline myopathy4. Following re-analysis 

of WES data to include rare non-coding variants, a single nucleotide variant 

(c.*152G>T) was identified in the 3’ UTR of KLHL40 in trans with the deletion 

(Figure  3.2A). The variant appeared homozygous given the complete absence of the 
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3’ UTR in the other allele with the exon 2-6 deletion. The c.*152G>T variant was 

present in gnomAD (v3.1.2) at a frequency of 3.94 x10-5 (6/152204 alleles; no 

homozygotes). Five of six alleles were from the European (non-Finnish) population. 

The sixth allele was from the Latino/Admixed American population. The c.*152G>T 

variant was confirmed by bidirectional Sanger sequencing (Figure  3.2C). Parental 

DNA was not available. 

The SpliceAI tool16 predicted that the c.*152G>T variant creates a weak donor splice 

site which results in a 255 bp cryptic intron in the 3’ UTR of KLHL40. The prediction 

score (0.17) was below the Δ score cut-off (0.2) suggested in the SpliceAI 

publication16. The Introme tool15 also predicted the variant creates a weak donor splice 

site and a 255 bp intron with a score above the threshold (Introme score 0.76, threshold 

0.54). 

Analysis of patient RNA-seq data showed significantly lower levels of KLHL40 

transcripts compared to tissue-matched controls (Figure  3.2D). Patient RNA-seq 

coverage ranged between 1-38 reads (Figure  3.2D). Control RNA-seq coverage 

ranged between 5-927 reads (Figure  3.2D). The low coverage of KLHL40 appeared 

specific in the patient sample, as IGV analyses indicated comparable coverage of 

10,670 other genes to controls. Normal splicing of KLHL40 exons 1-6 was observed 

at low frequency (Figure  3.2D). While splicing of the predicted 255 bp cryptic intron 

was not detected by RNA-seq, a distinct drop in coverage of 78 bp was identified 

neighbouring the 3’ UTR variant site (Figure  3.2E,F) suggesting the formation of a 

78 bp cryptic intron which would result in a secondary variant in the 3’ UTR of 

KLHL40; c.*151_*228del. MINTIE alignment of the RNA-seq reads confirmed the 

78 bp deletion (hg19; chr3:42733635-42733714) and indicated the presence of a new 

exon junction with a variant allele frequency of 0.94. This implies that 94% of the 

reads contained the cryptic 78 bp deletion. Some RNA-seq reads also suggested the 

formation of other cryptic deletions, however these were not detected by MINTIE 

alignment. 
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Figure  3.2 Alterations of KLHL40 at the DNA, mRNA, and protein level of the 

patient. (A) Schematic representation of the KLHL40 gene with the 5’ and 3’ UTRs 

(light blue), 6 coding exons (cyan) and the compound heterozygous variants in the 

patient. Figure designed with BioRender.com. (B) Western blotting for KLHL40 (top 

panel) from patient (P) and control (Ctrl1-2) muscle biopsies. Western blotting for 
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GAPDH (bottom panel) as a loading control. (C) Sanger confirmation of the 

c.*152G>T variant in Patient P (bottom) compared to an unaffected control (top), the 

variant appears homozygous due to deletion of the other allele. (D-F) RNA-seq data 

of muscle RNA from patient P and controls C1-C3 aligning to KLHL40. (D) Sashimi 

plots for patient and controls. (E) Close up of Sashimi plots at the 3’ UTR region of 

KLHL40. (F) Patient RNA-seq reads spanning the 3’ UTR region with the c.*152G>T 

variant. Sequences viewed using the integrative Genomics Viewer (IGV).  

3.5.3 In vitro KLHL40 expression analyses 

To functionally demonstrate the effect of the c.*152G>T variant on KLHL40 

expression and abundance, we transiently expressed KLHL40 with either the wild-type 

(WT) or mutant (c.*152G>T) 3’ UTR in HEK293FT cells. We also generated a 78bp 

deletion mutant (c.*151_*228del) to mimic the cryptic intron identified by RNA-seq.  

qPCR analysis indicated significantly lower expression of the KLHL40c.*152G>T 

transcript (52 ± 3) relative to wildtype KLHL40WT (182 ± 47) and KLHL40c.*151_*228del 

(119 ± 37) confirming the association of KLHL40 c.*152G>T with reduced KLHL40 

mRNA levels (Figure  3.3A). The difference in expression between KLHL40WT and 

KLHL40c.*152G>T was statistically significant using a two-tailed unpaired t-test (P = 

0.0086). Interestingly, the relative expression of KLHL40c.*151_*228del was significantly 

higher than KLHL40c.*152G>T (P = 0.0351; Figure  3.3A) despite harbouring the 78 bp 

deletion in the 3’ UTR. The difference in expression between KLHL40WT and 

KLHL40c.*151_*228del was not significant. 

Western blotting data from in vitro expression studies similarly indicated that levels 

of KLHL40c.*152G>T were significantly lower than KLHL40c.*151_*228del  (21.7%,  P = 

0.0242) and KLHL40WT (15.3%, P = 0.0348) thus confirming an association of 

KLHL40 c.*152G>T with reduced KLHL40 abundance (Figure  3.3B,C). 

RT-PCR analysis of KLHL40c.*152G>T revealed three prominent products (Figure  

3.3D). The largest product (a) was of comparable size to KLHL40WT (551 bp) and 

corresponds to the un-spliced transcript with the single nucleotide variant. The second 

product (b) was of comparable size to KLHL40c.*151_*228del  (473 bp) and likely 

corresponds to a spliced transcript containing the 78 bp deletion (Figure  3.3D). 

Interestingly, the smallest product (c; ~300 bp) appears to correspond to the cryptic 
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transcript predicted by SpliceAI and Introme. Sequencing alignments indicated this 

product contained a 255 bp deletion spanning positions c.*151 to c.*405 

(Supplementary Fig 3.1). This suggests that in addition to the 78 bp intron, the 

c.*152G>T variant may also induce splicing of the 255 bp cryptic intron which results 

in a second deletion; c.*151_*405del.  

 

Figure  3.3 In vitro KLHL40 expression studies. (A) qPCR data from Hek293FT 

cDNA expressing pcDNA3.1 encoding KLHL40 wildtype (WT), c.*152G>T, and 

c.*151_*228del variant transcripts. Expression compared with endogenous KLHL40 

from untreated Hek293 cells (U/T). Reactions performed in biological triplicates (n = 

3). Expression normalised to EEF2 and TBP. Error bars indicate ± SD. (B) 

Representative western blot for KLHL40 (top panel) from HEK293FT cells expressing 

wildtype (WT) and mutant (c.*152G>T, and c.*151_*228del) KLHL40 protein. 

Western blotting for GAPDH (bottom panel) as a loading control. (C) Relative 

abundance of KLHL40 wildtype and mutant proteins quantified by ImageJ from 

KLHL40 western blots (n = 3). Relative abundance normalised to GAPDH. (D) RT-
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PCR and agarose gel electrophoresis of KLHL40 3’ UTR products. Significance for 

(A) and (C) was determined by a two-tailed unpaired t-test (*P < 0.05, **P < 0.01). 

3.6 Discussion 

We describe a patient with NEM8 with two novel variants in KLHL40, a 10.9 kb 

deletion spanning exons 2-6 and a single nucleotide variant (c.*152G>T) in the 3’ 

UTR. Together, these biallelic variants fit with the recessive inheritance pattern of 

NEM84. Notably, the patient’s clinical phenotype is milder than most NEM8 cases 

described in the literature4,5,24. He represents one of very few cases who survived into 

adolescence4 and remained ambulant, albeit with walking difficulties, until 13 years of 

age. The findings in his skeletal muscle biopsy, including nemaline rods supported his 

NEM8 diagnosis. It is noteworthy that intranuclear rods were also observed on biopsy, 

given this feature has not been previously reported in NEM8 cases. The patient’s 

skeletal muscle revealed significantly low levels of KLHL40 compared to controls, 

thus supporting KLHL40 as the underlying genetic cause of his disease. 

The exon 2-6 deletion is expected to generate a non-functional transcript and result in 

complete loss of KLHL40 from the affected allele. Given the biallelic nature of 

KLHL40-related disease4, we believe the c.*152G>T variant in KLHL40 is the second 

underlying cause of nemaline myopathy in the patient based on the following evidence. 

This variant was detected in trans with the pathogenic deletion and was predicted by 

SpliceAI and Introme to create a cryptic donor splice site in the 3’ UTR. This rare 

mechanism has been previously suggested by the literature to reduce transcript 

stability and abundance25,26. As predicted, RNA-seq and western blotting analyses of 

patient skeletal muscle as well as in vitro expression assays indicated a significant 

reduction in KLHL40 mRNA and protein, thus supporting the pathogenic effects of the 

c.*152G>T variant. Interestingly, this variant appeared to induce multiple splicing 

events in the 3’ UTR. The 78 bp cryptic intron was apparent in both RNA-seq and in 

vitro analyses (Figure  3.2F, Figure  3.3D) and appears to form a second deletion 

variant; c.*151_*228del that replaces the c.*152G>T variant (Figure  3.2F). In 

contrast, the 255 bp cryptic intron, which was predicted by SpliceAI and Introme, was 

captured in our in vitro studies (Figure  3.3D) but not detected by RNA-seq. We predict 

that the 255 bp deletion may prevent maturation of the resulting transcript, which 

would explain why it is undetected by RNA-seq. RT-PCR analyses of patient skeletal 
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muscle RNA may help confirm whether the transcript with the 255 bp deletion is 

present in the patient. 

We initially postulated that the deletion(s) in the 3’ UTR would reduce KLHL40 

stability by removing recognition sites for regulatory elements such as polyadenylation 

proteins27,28, or by introducing illegitimate microRNA sites29,30.  However, there were 

no remarkable annotations for this region in 3’ UTR databases. Moreover, our in vitro 

expression analyses suggested that the 78 bp deletion itself does not significantly affect 

expression of KLHL40 (Figure  3.3A-C). While mRNA and protein abundance 

following expression of KLHL40c.*152G>T were significantly lower than wildtype 

KLHL40 (P < 0.01, Figure  3.3A), mRNA and protein abundance following expression 

of KLHL40c.*151_*228del appeared comparable to the wildtype despite it containing the 

78 bp deletion. This suggested that the reduction in transcript levels was directly 

influenced by splicing of the c.*152G>T variant. We propose the pathomechanism of 

c.*152G>T may be attributed to a rare, underrecognised mechanism involving 

nonsense mediated decay stimulated by 3’ UTR intron splicing25,31.  

Nonsense mediated decay is an RNA surveillance mechanism implicated in various 

genetic disorders32. In most reports, nonsense mediated decay is triggered by variants 

that result in protein pretermination, including frameshift, nonsense, and splice 

variants. A rarer mechanism of nonsense mediated decay involves splicing in the 3’ 

UTR25. It has been suggested that intronic insertions into most human 3’ UTRs at a 

distance >50–55 bp downstream of the termination codon will stimulate nonsense 

mediated decay26. This mechanism was functionally demonstrated by introduction of 

a spliceable intron 62 bp into the 3’ UTR of wild-type β-Globin mRNA which reduced 

protein abundance to 24% of the wildtype33. Notably, while 3’ UTR-splice activated 

nonsense mediated decay has been demonstrated by in vitro studies33-35, to our 

knowledge, this mechanism has not been reported in Mendelian disease to date.  

The mechanism of 3’ UTR-splice activated nonsense mediated decay may explain the 

patient’s relatively milder disease presentation. Given the c.*152G>T cryptic donor 

splice site is weakly spliced, a proportion of transcripts are expected to evade aberrant 

splicing and proceed to translation of functional KLHL40. Indeed, some apparently 

normal RNA-seq reads were present as seen by IGV alignment (Figure  3.2F) and 
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MINTIE alignment. Additionally, our in vitro experiments detected some expression 

of KLHL40c.*152G>T mRNA and protein (Figure  3.3).  

Mechanistically, 3’ UTR splice-activated nonsense mediated decay involves 

deposition of RNA binding complexes, such as the human UPF protein complex and 

the exon junction complex (EJC) at the 3’ UTR31,34. Following translation termination, 

interactions between the 3’ UTR-bound protein complexes and the terminating 

ribosome signals activation of nonsense mediated decay25,32,36. Based on our data, we 

postulate that the cryptic introns introduced by the c.*152G>T variant may influence 

recruitment of such complexes to the 3’ UTR and thus trigger nonsense mediated 

decay (Figure  3.4)31. This is supported by the findings from our in vitro studies, 

whereby the KLHL40c.*151_*228del construct containing the 78 bp deletion without a 

splice site did not show a significant reduction in transcript expression. Further 

experiments including a nonsense mediated decay inhibitor in our in vitro KLHL40 

expression system may confirm whether this mechanism indeed drives the reduction 

in KLHL40 transcript and protein levels37.  

 

Figure  3.4 Schematic representation of the predicted 3’ UTR splice-activated 

nonsense mediated decay mechanism in KLHL40. Figure designed with 

BioRender.com. 

Despite the crucial roles of 3’ UTRs in mRNA metabolism and surveillance25,34,38, 3’ 

UTR variants identified during disease gene screening are often overlooked or 

reluctantly assessed29. This is partly due to the limited understanding of 3’ UTR 

pathomechanisms, as well as limited functional assays available to assess the clinical 
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significance of such variants29. There are a few reports on pathogenic 3’ UTR variants 

mediating aberrant splicing29,30. However, none explicitly describe splice-activated 

nonsense mediated decay as the driving mechanism. One example involves a 3’ UTR 

splice variant in the lipoma HMGIC fusion partner-like 5 gene (LHFPL5) associated 

with hearing impairment (OMIM# 610265). The variant: c.*16+1G>A is predicted to 

create a cryptic splice site leading to a longer 3′ UTR containing cryptic regulatory 

motifs that destabilise the LHFPL5 transcript29. Another example involves a c.607–

1G>A variant in the major intrinsic protein (MIP) gene, implicated in autosomal 

dominant congenital cataracts (OMIM# 615274)39. This variant activates a cryptic 

acceptor splice site in the 3’ UTR, which impacts sequences that encode the critical 

distal and terminal MIP domains39. Additionally, 3’ UTR (CTG)n expansions in the 

DM1 Protein Kinase (DMPK) gene are implicated in myotonic dystrophy (OMIM# 

160900). There are several speculations as to how the expansions reduce levels 

of DMPK mRNA and protein, one of which involves aberrant splicing28,40. It is 

tempting to suggest that the underlying mechanism of the latter example involves 3’ 

UTR splice-activated nonsense-mediated decay. Overall, such reports indicate that 

aberrant 3’ UTR-splicing may underlie causes of rare diseases that remain 

undiagnosed.  

Our data supports that the biallelic c.*152G>T variant and 10.9 kb deletion in KLHL40 

are the underlying causes of KLHL40 deficiency in the patient. This finding expands 

the genotypic and phenotypic spectrum of NEM8. Of note, the low frequency of the 

c.*152G>T variant in the healthy population suggests that this variant could become a 

recurrent cause of NEM8. Therefore, we encourage consideration of this variant during 

nemaline myopathy gene screening.  

3.7 Conclusions 

This study indicates a likely pathogenic novel splice variant in the 3’ UTR of KLHL40 

(c.*152G>T) in a patient with a milder presentation of NEM8. Using next generation 

sequencing, RNA-seq, and in vitro studies, we provide the first evidence of a 

pathogenic variant destabilising the KLHL40 mRNA by 3’ UTR splice-activated 

nonsense mediated decay. This may be an underrecognised mechanism of Mendelian 

disease. Our study highlights the utility of RNA-seq in 1) detecting transcript 

deficiency from patient muscle biopsy, and 2) identifying cryptic splice variants in 
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non-coding genomic regions that may evade detection by targeted gene panel and 

whole exome sequencing41. Inclusion of RNA-seq into the diagnostic toolkit for rare 

disorders can thus enable identification of pathogenic variants that may be 

substantially contributing to the cases remaining undiagnosed following genetic 

screening41. Our findings shed light into an often-overlooked pathway and encourage 

3’ UTR screening and complimentary RNA-seq in patients with unsolved disease30. 

As 3’ UTRs play a crucial role in mRNA metabolism and surveillance, we urge 

investigations of 3’ UTR variants in disease gene screening and suggest they underlie 

a proportion of unsolved genetic disorders. 
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3.9 Supplementary materials 

 

Supplementary Fig 3.1 Sanger sequencing of RT-PCR products from in vitro 

expression of KLHL40WT and KLHL40c.*152G>T. (A) Close up view and (B) expanded 

view of sequence chromatograms. Corresponding gel products (a-c) are shown in 

Figure  3.3D  
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Chapter 4  

Biallelic variants in HMGCS1 are a novel cause of rare rigid 

spine syndrome 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



83 

4.1 Preface 

A manuscript arising from this chapter is currently in preparation for submission to 

Brain, as an article titled Biallelic variants in HMGCS1 are a novel cause of rare rigid 

spine syndrome. As such, this chapter has been formatted for Brain. 

An authorship attribution statement is provided in Appendix I.  
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4.2 Abstract 

Rigid spine syndrome is a severe and rare inherited myopathy that resembles some 

congenital myopathies and muscular dystrophies. Key features include scoliosis, 

contractures of the neck and spine, hypotonia and respiratory failure. Onset typically 

occurs during the first decade of life and can be static or slowly progressive. Common 

genetic causes of rigid spine syndrome include biallelic variants in SELONON and 

RYR1. However, the genetic cause in some patients remains to be identified.  

In this study, we performed whole exome sequencing or whole genome sequencing of 

DNA from patients with severe rigid spine syndrome of unknown genetic aetiology.  

We identified biallelic variants in the 3-hydroxy-3-methylglutaryl-coenzyme A 

synthase gene (HMGCS1) in four patients with rigid spine syndrome from three 

unrelated families. These include four missense variants and a frameshift variant. 

Patients presented with a consistent phenotype involving spinal rigidity and scoliosis 

primarily affecting the cervical region, and respiratory insufficiency. Clinical course 

worsened with infection and febrile illnesses; two patients died from respiratory failure 

following infection. 

Western blotting for HMGCS1 of skeletal muscle biopsy of a patient homozygous for 

the p.(Ser447Pro) substitution suggests that the variant does not reduce HMGCS1 

abundance. Using recombinant human wildtype and mutant (HMGCS1S447P) protein, 

we performed size exclusion chromatography, circular dichroism, and enzymatic 

assays respectively to determine whether the p.(Ser447Pro) variant disrupts HMGCS1 

dimerisation, secondary structure, thermal stability, and enzyme activity. We show 

that HMGCS1S447P maintains its 3D structure and dimerized state and retains ~92% of 

the wildtype’s thermal stability. Enzymatic analyses indicated moderate dysregulation 

of enzyme activity, with HMGCS1S447P retaining ~56% of the wildtype activity when 

saturated with acetoacetyl-CoA. The clinical significance of this dysregulation 

remains uncertain.  

HMGCS1 encodes a key enzyme in the mevalonate pathway and has not previously 

been associated with human disease. It presents as a suitable disease gene candidate 

given that rigid spine manifestations have been reported in disorders of the mevalonate 
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pathway. Altogether, our analyses suggest that biallelic variants in HMGCS1 are 

pathogenic and act through a hypomorphic mechanism yet to be elucidated. Here, we 

report a novel cause of rigid spine syndrome which we have termed HMGCS1-

myopathy and suggest HMGCS1 should be screened in patients presenting with an 

unresolved rigid spine phenotype. 

Keywords: rigid spine syndrome; HMGCS1; mevalonate pathway; enzymopathy; 

neuromuscular disease.  

Abbreviations: AcAc-CoA = acetoacetyl coenzyme A; Ac-CoA = acetyl coenzyme 

A; AUC = analytical ultracentrifugation; CD = circular dichroism; HMG-CoA = 3-

hydroxy-3-methylglutaryl coenzyme A; Km = Michaelis constant; TPM = transcripts 

per million; Vmax = maximum velocity; WES = whole exome sequencing; WGS = 

whole genome sequencing  
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4.3  Introduction 

Inherited myopathies are a clinically and genetically heterogeneous group of 

debilitating disorders characterised by skeletal muscle dysfunction and weakness.1 

Traditional subgroups include congenital myopathies, muscular dystrophies, 

mitochondrial myopathies, and metabolic myopathies. However, the clinical overlap 

between these entities can make it difficult to attain an accurate diagnosis.1,2 

Rigid spine syndrome is a severe disorder described across the various myopathy 

subgroups.2-4 Key features include contractures of the limb and spinal joints, limitation 

of flexion of the neck and trunk, weakness of the cervical and dorsolumbar spine 

muscles and progressive scoliosis.2,3,5-9 Muscle pathology is variable and can include 

multiminicores, central cores, core-rods, rimmed vacuoles, and fibre-type 

predominance.3,4,10 The syndrome typically manifests during the first decade of life 

and can be slowly progressive or non-progressive and may be accompanied by 

elevated serum creatine kinase levels.11 Patients are susceptible to recurrent infections 

and respiratory insufficiency which may be fatal.3,5-9 Rigid spine syndrome can 

manifest as a primary disorder, for example SELONON-related myopathy12 or present 

as a secondary consequence of other primary congenital myopathies and muscular 

dystrophies.13 Diseases associated with rigid spine syndrome include rigid spine 

muscular dystrophy (OMIM# 602771), congenital myopathy with fibre-type 

disproportion (OMIM# 255310), central core disease (OMIM# 117000), and minicore 

myopathy with external ophthalmoplegia (OMIM# 255320). For the purposes of this 

manuscript, the term rigid spine syndrome will be used as an umbrella description for 

the rigid spine-associated disorders described above. 

The genetic mechanisms and pathways that underlie rigid spine syndrome are 

diverse.2,6,9,14,15 Biallelic variants in the gene (SELONON) encoding selenoprotein N 

are the most frequently reported cause of rigid spine manifestations.7,9,12 Other 

associated genes include RYR116, TOR1AIP16 TPM317, ACTA18 and more recently, 

GGPS1.10 However, the genetic cause of some patients remains unknown despite 

screening for known disease-associated genes.2,13 This suggests that additional genes 

are yet to be associated with rigid spine syndrome.  

In this study, we investigated genetic causes of rigid spine syndrome in patients 
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remaining without a genetic diagnosis using next generation sequencing and functional 

genomic approaches. In four patients from three unrelated families, we identified 

biallelic variants in HMGCS1, a gene of the mevalonate pathway encoding 3-hydroxy-

3-methylglutaryl-coenzyme A synthase. To our knowledge, HMGCS1 has not been 

previously associated with disease, though rigid spine manifestations have been 

associated with disorders of the mevalonate pathway.10,18 Here, we report biallelic 

variants in HMGCS1 as a novel cause of rigid spine syndrome which we have termed 

HMGCS1-myopathy. This report adds a new puzzle piece to the roles of the 

mevalonate pathway in skeletal muscle physiology and encourages screening of 

HMGCS1 in patients with unsolved rigid spine myopathy.  

4.4 Materials and methods  

4.4.1 Patients and ethics 

The study included four patients from three unrelated families from Spain, Japan, and 

the USA. Patients P1 and P2 (Family 1) were clinically and morphologically 

investigated at the Biomedicine institute in Sevilla, Spain. Written informed consent 

was provided by the families and approved by the University of Western Australia 

Human Research Ethics Committee (2019/RA/4/20/1008) and the Curtin University 

Human Research Ethics Office (HRE2019-0566).  

Patient P3 (Family 2) was identified by personal communication with collaborators 

from the National Institute of Neuroscience and National Center of Neurology and 

Psychiatry in Tokyo, Japan. Patient P4 (Family 3) was identified via the Broad 

Institute’s matchbox by collaborators from the Center for Mendelian Genomics (Broad 

Institute of Harvard and MIT, Massachusetts, USA). All patients were clinically 

diagnosed with a rigid spine syndrome of unknown genetic aetiology.  

4.4.2 Genetic studies 

4.4.2.1 Whole exome sequencing and variant validation 

For Family 1, Illumina whole exome sequencing was performed for the affected 

siblings and unaffected parents at the Center for Mendelian Genomics (Broad Institute 

of Harvard and MIT, Boston, USA) as previously described.19 Data were mapped, 

variant called and analysed using seqr (https://seqr.broadinstitute.org/).20 Variant 

interpretation and prioritisation were performed following standard bioinformatic 
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approaches.21-25 This included confining the data to rare variants (allele frequency < 

0.01; gnomAD) that segregated with disease in the family. Variants were confirmed 

by PCR and bi-directional Sanger sequencing (AGRF Perth, Australia).  

4.4.3 Modelling of the HMGCS1 substitutions  

The HMGCS1 substitutions were mapped to the HMGCS1 gene (ENSG00000112972) 

and protein structure (PDB: 2P8U).26 The crystal structure for HMGCS1 was accessed 

from the Protein Data Bank (PDB; www.rcsb.org)27 and analysed using the PyMOL 

Molecular Graphics System, Version 2.4.1 (Schrödinger). Annotations including 

residues of the HMGCS1 active sites, the CoA binding sites, and the salt bridge were 

obtained from the UniProt database (Q01581) and the ICn3D (I-see-in-3D) molecular 

structure viewer.28 For conservation analysis, HMGCS1 amino acid sequences were 

obtained from UniProt and aligned by Clustal omega alignment 

(https://www.ebi.ac.uk/Tools/msa/clustalo/).  

4.4.4 HMGCS1 expression, HMGCS1 protein abundance and localisation 

4.4.4.1 Gene expression databases  

RNA-seq data for HMGCS1 (ENST00000325110) was obtained from the Genotype-

Tissue Expression (GTEx) portal (https://gtexportal.org/) and the NCBI (BioProject 

PRJEB4337). Additionally, CAGE (Cap Analysis Gene Expression) data was obtained 

from the Functional Annotation of the Mammalian genome consortium (FANTOM5; 

https://fantom.gsc.riken.jp/5/).29  

4.4.4.2 Quantitative PCR  

RNA extraction, cDNA synthesis and quantitative real-time PCR (qPCR) were 

performed following previously described methods.30,31 Samples for HMGCS1 

expression analysis included: healthy adult skeletal muscle samples from in vitro 

contracture testing (IVCT), cultured skeletal muscle myoblasts and myotubes from a 

healthy male donor (18M) and two healthy female donors (32F and 42F, Cook 

Myosite), cauda equina and cortex (Victorian Brain Bank), human embryonic kidney 

cell line (HEK293FT), fibroblast cell lines, and fetal skeletal muscle tissue samples 

(Perinatal Pathology, KEMH). In brief, 10 µL reactions were performed using 2X 

Rotor-Gene SYBR Green PCR master mix (Qiagen; 204076) and contained 1 µL 

diluted cDNA and 0.8 μM of forward and reverse primers (Supplementary Table 4.1). 

A standard curve from positive control cDNA was generated to validate primer 
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efficiency. Cycling was performed on a Rotor-Gene Q real-time PCR cycler (Qiagen) 

following the described conditions: 95°C (5 min), 45 cycles of 95°C (10 s) and 60°C 

(15 s), and subsequent melt curve analysis (60- 95°C; +1°C per cycle). Data were 

normalised using the delta Ct method32 by comparing to the geometric mean of two 

reference genes (TBP and EEF2).31  

4.4.4.3 Western blotting 

Protein extraction and western blotting was performed as previously described.30 

Frozen cell pellets and mechanically shredded tissue were suspended in lysis buffer 

containing 2% w/v SDS, 125 mM Tris (pH 6.8), and 1x PIC (Halt™ Protease Inhibitor 

Cocktail; Thermo Scientific) and homogenised by sonication. Protein concentrations 

were determined by a BCA protein assay (Pierce; #23227). Samples were prepared in 

loading buffer (10% w/v SDS, 312.5 mM Tris (pH 6.8), 50% v/v glycerol, 

bromophenol blue saturated solution, 50 mM DTT and 1x PIC). Extracts (12 µg) and 

recombinant HMGCS1 (5 ng) were separated on 4-12% w/v Bis-Tris NuPAGE Novex 

polyacrylamide gels and transferred to polyvinylidene difluoride transfer membranes 

(Thermo Fisher Scientific). Membranes were blocked with PBS + 0.1% v/v Tween-20 

and 5% w/v skim milk for 1 h and probed with an anti-HMGCS1 rabbit polyclonal 

antibody (MyBioSource; #MBS2026097; 1:800 incubated overnight at 4°C) and, 

subsequently, a secondary goat anti-rabbit horseradish peroxidase antibody (Sigma; 

#A0545) for 1 h. Membranes were imaged by chemiluminescent detection (Pierce 

ECL Plus kit; #32132) using the Invitrogen iBright FL1000 imaging system (Thermo 

Fisher Scientific). An anti-GAPDH antibody (Sigma; #G8795; 1:10,000) was used as 

a loading control. Relative HMGCS1 abundance was calculated using ImageJ.33 

4.4.4.4 Quantification of HMGCS1 in primary human myoblasts and myotubes by 

Mass spectrometry  

Quantitative mass spectrometry was performed as previously described34 to quantify 

HMGCS1 peptides in cultured skeletal muscle myoblasts and myotubes (day 2 and 

day 8 of differentiation) from 18M, 32F and 42F donors (Cook Myosite).35 

4.4.4.5 Analysis of HMGCS1 localisation in skeletal muscle 

Immunofluorescence was performed as previously described.31 Skeletal muscle cross 

sections of 10 µM thickness were fixed in 2% w/v paraformaldehyde for 10 min and 

blocked in 10% v/v fetal calf serum and 10% v/v bovine serum albumin (10 mg/ml) in 
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phosphate buffered saline for 1 h at room temperature. Sections were incubated with a 

HMGCS1 rabbit polyclonal antibody (diluted 1:10, MyBioSource [MBS2026097]), 

coimmunostained with a mouse monoclonal myosin heavy chain (fast) antibody 

(Novocastra [NCL-MHCF], diluted 1:20) overnight at 4°C. Recombinant wild type 

HMGCS1 (produced as per methods below) was used as a blocking peptide control to 

assess background signal. Recombinant HMGCS1 was denatured at 95°C for 20 min 

with occasional vortexing. Control skeletal muscle sections were incubated with 0.096 

µg/uL of recombinant peptides (corresponding to 3x the concentration of HMGCS1 

rabbit polyclonal antibody) overnight at 4°C. All sections were subsequently incubated 

with a secondary anti-rabbit IgG (diluted 1:500; AlexaFluor 555, Life Technologies) 

and a donkey anti-mouse antibody (diluted 1:500; AlexaFluor 488, Life Technologies) 

for 1 h. Sections were imaged with a fluorescence microscope (model IX-71, 

Olympus) and processed using the Olympus cellSens software.  

4.4.5 Recombinant protein production and functional analyses 

4.4.5.1 Recombinant protein expression  

Bacterial pET-30a(+) expression constructs were synthesised by Genscript 

(https://www.genscript.com/). These encoded the coding DNA sequences for human 

HMGCS1 (ENST00000325110) wildtype (HMGCS1WT), HMGCS1 p,Ser447Pro 

(HMGCS1S447P), or ACAT2 (ENST00000367048). The constructs were codon-

optimised for E. coli expression and encoded a six-histidine tag at the N-terminus. 

Wild-type and mutant constructs were confirmed by Sanger sequencing (AGRF, Perth, 

Australia). Constructs were transformed into BL21-DE3 E. coli following a standard 

heat-shock method.36 Cultures were grown at 37°C in Luria-Bertani (LB) broth 

containing 35 μg/mL kanamycin. Expression was induced with 0.1 mM Isopropyl β-

d-1-thiogalactopyranoside (IPTG) with overnight growth at 16°C. Protein extraction 

and purification was performed as previously described.37 Cultures were lysed by 

sonication in 50 mM Tris (pH 8.0), 250 mM sodium chloride, 10% v/v glycerol and 

0.1% v/v Triton X-100. The soluble fraction containing recombinant protein was 

incubated overnight at 4°C with resins (profinity IMAC, #156-0123) charged with 0.2 

M Nickel (II) sulfate hexahydrate (Sigma). Proteins were eluted by washing in buffer 

containing 50 mM Tris (pH 8.0), 150 mM NaCl, and 5% v/v glycerol and increasing 

concentrations of imidazole (0 to 300 mM). Eluants were concentrated to 1 M in buffer 

containing 50 mM Tris (pH 8.14), 150 mM NaCl and 5% v/v glycerol by centrifuging 
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at 3,000 g, 4°C using 30 kDa Amicon ultra centrifugal filter units (Sigma).  

4.4.5.2 Structural and functional analyses 

4.4.5.2.1 Size exclusion chromatography 

Size exclusion chromatography was performed as previously described.37 Protein 

concentrates were loaded onto a XK16/60 Superdex 200 column or 10/300 GL 

Superdex 200 column (GE Healthcare Life Sciences) for purification and dimerisation 

analysis. Columns were equilibrated in 150 mM NaCl, 50 mM Tris (pH 8.14), 5% v/v 

glycerol. Fractions were collected and tested for protein of the right size by SDS-

PAGE. Bands were excised for validation of protein identity and purity by mass 

spectrophotometry (Proteomics International, Perth). The concentration of 

recombinant protein was determined by NanoDrop 2000 V1.5 (Thermo Scientific) at 

280 nm. The exclusion coefficient and molecular weight of protein were calculated 

using the Expasy ProtParam webtool38 (https://web.expasy.org/protparam/). The 

extinction coefficient and molecular weight (excluding His-tags) respectively for 

HMGCS1 were 65.39 mM-1cm-1 and 57.29 kDa, and for ACAT2 were 28.46 mM-1cm-

1 and 43.03 kDa, respectively.  

4.4.5.2.2 Circular dichroism  

Circular dichroism (CD) analyses were performed as previously described.37 

HMGCS1WT and HMGCS1S447P were buffer-exchanged to 10 mM sodium phosphate 

(pH 8.0) using 30 kDa Amicon filters. In technical replicates, proteins were diluted to 

0.1 mg/mL for CD wavelength spectra analysis and 0.5 mg/ml for melt curve analysis. 

Proteins (200 μL) were loaded into a 0.1 cm quartz cuvette and analysed by a Jasco J-

810 CD spectrometer with a 1 nm bandwidth. To correct for background signals, the 

spectrophotometer was blanked in 10 mM phosphate buffer. For CD spectra analysis, 

samples were measured at 25°C (195-260 nm) at a rate of 1 nm/s. Spectral data were 

collected using the JASCO Spectra manager software (V1). For melt curve analyses, 

upon equilibration of the instrument to 25°C, samples were measured from 25-95°C 

(220 nm) at a rate of +1°C/min. Data were collected using the JASCO Spectra manager 

(V2). HMGCS1WT and HMGCS1S447P melt curves were plotted to a sigmoidal four 

parameter logistic regression fit to determine the IC50 value (point of inflection).37 

The IC50 was taken as a measure of protein melting temperature (Tm; temperature at 

which 50% of protein is denatured).37 
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4.4.5.2.3 Enzyme assays 

HMGCS1 catalyses the condensation reaction between acetyl coenzyme A (Ac-CoA) 

and acetoacetyl coenzyme A (AcAc-CoA) to form 3-hydroxy-3-methylglutaryl 

coenzyme A (HMG-CoA).39 To investigate whether the p.Ser447Pro substitution 

alters HMGCS1 activity, we adapted an assay described by Lowe and Tubbs (1985)39 

using recombinant human wildtype and mutant HMGCS1. The standard assay system 

contained 100 mM Tris/HCI, pH 8, 40 mM MgCl2 in a total volume of 200 μl. Variable 

acetyl-CoA and acetoacetyl-CoA concentrations were used, ranging between 0-200 

μM. Reactions were performed in a UV-star 96 well microplate (Greiner) at 25°C and 

initiated with 1 μg of enzyme. The amount of AcAc-CoA consumed per reaction was 

determined in relation to a standard curve. Data were fitted to a Michaelis-Menten 

curve on GraphPad Prism 9.0.1 (La Jolla, USA).  

To determine the Ac-CoA-associated catalytic parameters of HMGCS1WT and 

HMGCS1S447P, we performed assays at various concentrations of Ac-CoA (0-200 μM) 

at a fixed concentration of AcAc-CoA (25 μM). To investigate the effect of AcAc-

CoA on catalytic activity, HMGCS1WT and HMGCS1S447P activity were measured at 

increasing concentrations of AcAc-CoA (0-300 μM) and at a fixed concentration of 

Ac-CoA (25 μM). The resultant data were fit to Michaelis-Menten plots to determine 

catalytic parameters including maximum velocity (Vmax) and Michaelis constant (Km).  

4.4.5.2.4 Analytical ultracentrifugation 

Analytical ultracentrifugation (AUC) was performed to investigate whether 

HMGCS1WT or HMGCS1S447P complexed with ACAT2 in vitro. Protein production, 

purification and quantification were performed following methods described above.37 

AUC was performed at La Trobe University (Victoria, Australia) following methods 

previously described.40-42 Further details are provided in the Supplementary material.  

4.5 Data availability  

The data and constructs generated by this study are available upon request. 
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4.6 Results  

4.6.1 Clinical descriptions of the rigid spine syndrome cohort 

Four patients from three families were clinically examined at centres in Spain, Japan, 

and the USA. All individuals were reported with features resembling rigid spine 

syndrome. Features included spinal rigidity affecting the cervical (4/4) and 

dorsolumbar (3/4) regions, scoliosis (4/4) and restrictive pulmonary function (4/4). In 

addition, some patients were reported with proximal limb weakness (2/4), scapular 

winging (2/4) and bulbar weakness (1/4). Creatine kinase levels were elevated in all 

cases and ranged between 190-7890 IU/L (normal ~70-170 IU/L43). The age of onset 

for all patients was two years of age. Muscle pathology findings included 

multiminicore-like structures and occasional central nuclei (patient P1, Figure  4.1) 

and rimmed vacuoles (patient P3). The disease severity for patients P2 (Family 1) and 

P3 (Family 2) worsened episodically during intercurrent disease and was associated 

with increased muscular weakness and/or respiratory difficulty. Patients P2 and P3 

succumbed at 15 years of age and 36 years of age, respectively. Patients P1 (Family 

1) and P4 (Family 3) were alive when last seen at 27 years of age and 45 years of age, 

respectively. A detailed clinical history for Family 1 can be found in the 

Supplementary material.  

 

Figure  4.1 Muscle pathology of HMGCS1-myopathy. Staining of muscle sections 

from patient P1 reveal (A) occasional central nuclei by haematoxylin and eosin 

staining, and (B) multiminicore features by succinate dehydrogenase staining. 
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4.6.2 Genetic and in silico analyses of HMGCS1 variants 

In all families, screening of genes associated with rigid spine syndrome and congenital 

myopathy genes listed in the neuromuscular disease gene table44 identified no obvious 

candidate variant/s. A total of five biallelic HMGCS1 variants were subsequently 

identified by next generation sequencing in four affected individuals from three 

unrelated families. These included four missense variants and a frameshift variant.  

In Family 1, whole exome sequencing analysis revealed a homozygous missense 

variant c.1339T>C, p.(Ser447Pro) in HMGCS1 (ENSG00000112972) of the two 

affected siblings (P1, P2). The variant was absent in gnomAD data (v2.1.1) and 

heterozygous in the unaffected parents. Segregation was confirmed by PCR and 

Sanger sequencing (Figure  4.2B). The S447 residue was conserved in multiple species 

including the HMGCS2 paralogue (Figure  4.2C). The p.S447P substitution was 

predicted to be tolerated by multiple in silico prediction tools (Supplementary Table 

4.2).  

Additional rigid spine syndrome cases with HMGCS1 variants were ascertained via 

international collaborations and gene-matching platforms, including The Broad 

Institute’s matchbox. In Family 2, genetic screening for the isolated proband (P3) 

revealed compound heterozygous variants in HMGCS1: c.86A>T, p.(Gln29Leu) and 

c.344_345del, p.(Ser115Trpfs*12). Both variants were absent from gnomAD, and the 

Q29 residue was conserved across vertebrate and invertebrate species (Figure  4.2C). 

The Q29L substitution was predicted to be deleterious by Provean but was tolerated 

by SIFT and PolyPhen (Supplementary Table 4.2). 

In Family 3, trio whole genome sequencing for the isolated proband (P4) revealed 

compound heterozygous variants in HMGCS1: c.209T>C, p.(Met70Thr) and 

c.803G>C, p.(Cys268Ser). The c.209T>C, p.(Met70Thr) was absent from gnomAD 

and predicted to be deleterious by most in silico tools (Supplementary Table 4.2). 

Interestingly, M70 was not conserved among orthologues (Figure  4.2C). The second 

variant, c.803G>C, p.(Cys268Ser) was present in 4 of 251,086 alleles in gnomAD 

(allele frequency 1.59x10-5) although only in the heterozygous state. This variant was 

predicted by most tools to be deleterious (Supplementary Table 4.2). Conservation 

analysis indicated that C268 is highly conserved (Figure  4.2C).  
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The c.209T>C, p.(Met70Thr) variant was also identified via gene matching in an 

additional apparently unrelated proband with severe rigid spine syndrome. This variant 

was heterozygous in the patient and inherited from the unaffected father. Whole 

genome sequencing and RNA sequencing of patient fibroblasts did not identify a 

second likely pathogenic HMGCS1 variant in trans for this patient. Thus, it remains 

inconclusive to whether HMGCS1 is the underlying genetic cause of rigid spine 

syndrome for this patient.  

Three of the five variants (p.Q29L, p.M70T and p.Ser115Trpfs*12) occur in exon 3 of 

HMGCS1 (Figure  4.2A). The two remaining variants (p.C268S and p.S447P) occur 

in exons 6 and 10, respectively (Figure  4.2A). The C268S substitution is adjacent to 

a coenzyme A (CoA) binding residue, K269 (Figure  4.2A; Figure  4.3A, C). Positions 

of the remaining substitutions were distant from residues of the CoA active sites (E95, 

C129, H264), binding sites (S221, K269, K273) and residues of the dimer salt bridge 

(D119, E121, R194, D208, K239, K461 and H462). Substitutions p.M70T, p.S447P 

and p.Q29L appear to cluster towards the surface of HMGCS1 (Figure  4.3). 

Interestingly, substitutions p.Q29L (Family 2) and p.S447P (Family 1) were <5 Å apart 

in 3D space (Figure  4.3). 
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Figure  4.2 HMGCS1 variants in the rigid spine syndrome cohort. (A) Schematic 

representations of the HMGCS1 gene (top) and protein (bottom). The gDNA structure 

of HMGCS1 includes non-coding exons (empty boxes) and coding exons (filled 

boxes). The red dots and the triangle respectively represent positions of the missense 

([c.86A>T; p.Q29L], [c.209T>C; p.M70T], [c.803G>C; p.C268S], [c.1339T>C; 

p.S447P]) and truncating (c.344_345del; p.Ser115Wfs*12) variants identified in 

patients with rigid spine myopathy. Letters A, B, and s in the HMGCS1 protein 

representation (bottom) respectively represent residues of the active site (E95, C129, 

H264), coenzyme A binding site (N167, S221, K269, K273) and salt bridge (D119, 
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E121, R194, D208, K239, K461 and H462). Orange lines correspond to representative 

pathogenic HMGCS2 variants annotated according to HMGCS1 residue positions. 

Diagram not to scale. (B) Pedigree and Sanger confirmation of the c.1339T>C variant 

in Family 1. (C) Conservation of the four missense variant positions in various species 

and in HMGCS2; the mitochondrial paralogue. 

 

Figure  4.3 Protein modelling of the HMGCS1 missense variants. (A-C) Cartoon 

representations of the HMGCS1 protein monomer and annotated variant positions 
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represented as red liquorish. (B) Representation of the HMGCS1 homodimer with 

chain A (ribbon) and chain B (cartoon). (C) Close-up of substitutions at position Q29, 

M70 and S447. Minimum distance between S447 and Q29 is ~4.3 Å. Models were 

visualised with PyMOL.  

4.6.3 HMGCS1 is abundant in various tissues, including developing and adult 

skeletal muscle 

RNA-seq expression data from the NCBI BioProject (PRJEB4337)45 and the 

Genotype-Tissue Expression (GTEx) portal46 indicated that HMGCS1 is enriched in 

brain and liver and is expressed at relatively lower levels in various other tissues, 

including skeletal muscle. Similarly, qPCR analyses indicated enriched expression of 

HMGCS1 in human cortex, and relatively lower expression in cells and tissues, 

including myotubes and adult skeletal muscle (Figure  4.4A). Of the myogenic samples 

analysed in the FANTOM5 database, HMGCS1 expression appeared highest in 

skeletal muscle satellite cells (235-462 transcripts per million: TPM) relative to fetal-

derived skeletal muscle cells (3-326 TPM), myotubes (0-240 TPM), and myoblasts 

(31-50 TPM). HMGCS1 expression in cerebral cortex astrocytes ranged between 189-

477 TPM.  

Western blotting for HMGCS1 in various human tissues and cells revealed a band at 

~57 kDa, which matched the product size detected when using recombinant HMGCS1 

protein (Figure  4.4B-E). We show that HMGCS1 is enriched in cortex, consistent with 

the transcriptomic data and the proteomic data from the Human Protein Atlas47 (Figure  

4.4B). In addition, HMGCS1 was detected in adult human skeletal muscle, unlike the 

proteomic data from the Human Protein Atlas.47 HMGCS1 was also detected in human 

myoblasts and myotubes from days 0 to 12 of differentiation Figure  4.4E, F) but was 

poorly detected in human fetal skeletal muscle (Figure  4.4B). HMGCS1 was present 

at similar levels in mouse EDL (extensor digitorum longus) and soleus muscles (Figure  

4.4D), suggesting HMGCS1 is similarly abundant in type I and II myofibres.  

HMGCS1 was similarly abundant in skeletal muscle of P1 (Family 1) and control 

skeletal muscle biopsies (Figure  4.4C). Thus, the p.(Ser447Pro) substitution does not 

appear to reduce protein stability or abundance.  
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Figure  4.4 HMGCS1 is expressed in various tissue including patient skeletal 

muscle. (A) Quantitative real-time PCR analysis using cDNA from healthy human cell 

lines and tissues. Expression data from human embryonic kidney cells (HEK293FT) 

and fibroblasts (n = 3 technical), myoblasts, myotubes at days D2, D4, D6, D8 of 

differentiation, cortex, skeletal muscle controls from in vitro contractile testing (IVCT) 

and fetal muscle (n = 3 biological). Expression normalised to EEF2 and TBP geometric 

means using the delta Ct method. Data presented as mean ± SEM. (B-E) Western 

blotting for HMGCS1 and GAPDH in (B) control human tissue and cell lines, (C) 

patient (P1) and IVCT skeletal muscle, (D) EDL and soleus of mouse, and (E) primary 

human (Cook Myosite) myoblasts and myotubes from days D0, D2, D4, D6, D8 of 

differentiation. (C) Western blotting for recombinant wild-type HMGCS1 (left) used 

as a control for antibody specificity. Western blots for GAPDH (B-E) and the gel-

stained myosin heavy chain (MHC; C-E) are shown as loading controls. (F) Graphical 

presentation of HMGCS1 peptides detected by quantitative mass spectrometry from 

myoblasts (MB) and myotubes at days 2 (D2) and 8 (D8) of differentiation.  

4.6.4 HMGCS1 immunofluorescence in skeletal muscle 

Immunostaining with the validated rabbit polyclonal antibody used for western 

blotting (MyBioSource [MBS2026097]) revealed HMGCS1 to be present within 

myofibres, with a stronger signal in type II myofibres (Figure  4.5). These signals were 
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lost when the antibody was preincubated with excess recombinant HMGCS1, 

suggesting they were specific. There was also strong reactivity and punctate signals 

within blood vessels and in the periphery of myofibres. However, these signals were 

not altered by preincubation with recombinant protein, suggesting some non-specific 

staining. The possibility of non-specific staining by immunofluorescence using the 

HMGCS1 antibody renders the interpretation of these data inconclusive.  

 

Figure  4.5 HMGCS1 appears to be type II fibre specific. (A,B) Cross sections of 

adult human skeletal muscle controls from in vitro contractile testing (IVCT) stained 

with a HMGCS1 rabbit polyclonal antibody (red; MBS2026097), a MHCf mouse 

monoclonal antibody (green; NCL-MHCf) and Hoechst (blue). Absorption controls 

contain the HMGCS1 antibody incubated with denatured recombinant HMGCS1WT 

(WT) to assess antibody specificity. (C) No antibody primary controls consist of 
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sections incubated with blocking solution. Images taken with a 40X (A,C) and 20X 

(B) objective. 

4.6.5 The p.S447P substitution does not affect HMGCS1 conformation  

To explore the pathobiology associated with HMGCS1 substitutions, a range of assays 

were performed using recombinant WT and p.Ser447Pro human HMGCS1 proteins. 

Studies of the other three substitutions are ongoing. HMGCS1 has been shown to exist 

as a dimer in nature.26,48 We initially predicted that the steric hindrance introduced by 

the p.S447P substitution may affect the secondary and tertiary structures of HMGCS1 

and thus destabilise the dimerisation interphase. However, size exclusion 

chromatography indicated that recombinant wildtype (HMGCS1WT) and mutant 

(HMGCS1S447P) proteins eluted at equivalent points corresponding to the expected 

molecular weight for dimerised HMGCS1 (~160 kDa; Figure  4.6A). There were no 

indications of monomeric HMGCS1 which suggested that the p.S447P substitution 

does not interfere with HMGCS1 dimerisation (Figure  4.6A). CD spectra analyses 

identified no significant differences in the secondary structures of HMGCS1WT and 

HMGCS1S447P (Figure  4.6C). 

4.6.6 The p.(Ser447Pro) substitution may partially reduce HMGCS1 

thermostability  

CD melt curve analyses indicated a potential decrease in the melting temperature (Tm; 

temperature at which 50% of protein is denatured) of HMGCS1S447P (Figure  4.6D) 

compared with WT. The Tm’s were determined by interpolating the IC50 value (point 

of inflection) from a sigmoidal logistic regression four parameter fit (n = 3).37 The 

average Tm of HMGCS1S447P was ~3.62°C lower than the Tm of HMGCS1WT (Figure  

4.6D; Table 4.2) and was statistically significant (two-tailed unpaired t-test; P = 

0.0244) despite the variability within the data (Figure  4.6D). Whether such a partial 

difference is biologically significant warrants further investigation.  

Table 4.1 Circular dichroism melt curve data 

HMGCS1 WT  S447P % Difference 

(S447P/WT) 

Tm (IC50); °C 47.01 43.39 92.3 

95% CI (IC50); °C 45.57 to 48.45 41.92 to 44.87  

R squared 0.7412 0.7066  
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4.6.7 HMGCS1S447P enzyme activity is moderately dysregulated 

The apparent Km and Vmax of recombinant HMGCS1WT and HMGCS1S447P for Ac-

CoA and AcAc-CoA were determined by fitting reactions to Michaelis-Menten curves 

(Ac-CoA R2 >0.89 and AcAc-CoA R2>0.84, respectively; Table 4.2). For wildtype 

HMGCS1WT, the Km for Ac-CoA (Km
Ac-CoA) was determined as 5.4 μM (95% CI 3.4 - 

8.3 μM, Table 4.2). This was lower than the Km
Ac-CoA reported by Rokosz et al.49 for 

recombinant human HMGCS1 (29 ± 7 uM). The Km for AcAc-CoA (Km
AcAc-CoA) was 

undetermined by Rokosz et al.49  due to complications of substrate inhibition.48,49 

While our data indicated similar substrate complications at AcAc-CoA concentrations 

<25 uM (Supplementary Fig 4.2), reactions performed at >12.5 uM AcAc-CoA 

conformed with Michaelis-Menten kinetics, thus enabling the determination of an 

apparent Km
AcAc-CoA of 43.2 μM (95% CI 29.65 - 62.67 μM; Table 4.2). Given the 

discrepancies between our results and the literature, we restricted the analysis to 

interpretation of the relative values of apparent Km and Vmax of HMGCS1S447P and 

HMGCS1WT.  

Kinetic analyses indicated that HMGCS1S447P is relatively more active than 

HMGCS1WT when saturated with Ac-CoA (Figure  4.6E). The Vmax for HMGCS1S447P 

(n = 3) was ~1.4-fold (i.e., 140%) higher than the Vmax of HMGCS1WT (Figure  4.6E; 

Table 4.2). Alongside the increase in Vmax, the apparent Km
Ac-CoA for HMGCS1S447P 

increased by ~3-fold of HMGCS1WT (Table 4.2), suggesting the S447 substitution 

reduces HMGCS1S447P affinity for Ac-CoA. Contrastingly, when saturated with AcAc-

CoA, HMGCS1S447P appeared relatively less active than HMGCS1WT. The Vmax for 

HMGCS1S447P (n>3) was ~56% that of HMGCS1WT and the apparent Km
AcAc-CoA of 

HMGCS1S447P was ~17-fold lower than that for HMGCS1WT (Table 4.2). Given these 

parameters were deduced from data >12.5 µM, we were unable to calculate a complete 

confidence interval for the Km
AcAc-CoA for HMGCS1S447P. Therefore, the values should 

be interpreted with caution. Nevertheless, a reduced Km
AcAc-CoA suggests that the 

p.S447P substitution increases HMGCS1S447P affinity for AcAc-CoA. These 

observations suggest a shift occurs in the substrate affinity of HMGCS1S447P which 

may cause HMGCS1S447P to retain moderate activity but behave differently to the 

wildtype at different substrate concentrations. Knowledge of the physiological 

substrate concentrations is required to determine how differently HMGCS1S447P may 

behave in the patients.  
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Figure  4.6 Structural and functional comparisons of wildtype and mutant 

HMGCS1. A) Size exclusion chromatogram of HMGCS1WT and HMGCS1S447P 

eluting at ~12 ml corresponding to the dimer state. Proteins eluted by a 10/300 GL 

Superdex 200 column (GE Healthcare). (B) Modelling of HMGCS1 dimer (PDB: 

2P8U). Chain A (left) represented as a Cartoon. Chain B (right) represented as a 

Ribbon. Ac-CoA substrate represented as rainbow spheres. Dimerisation interphase 

indicated by red dashed line. Residues Q29, M70, C268S and S447 represented as red 

liquorish. (C). Average circular dichroism (CD) spectra of HMGCS1WT and 

HMGCS1S447P [0.1 mg/mL]; 25°C, pH 8.14 (n = 3). (D) Average CD melt curves of 

HMGCS1WT and HMGCS1S447P measured at 220 nm, [0.5 mg/mL] pH 8.14. Melting 

temperatures (Tm) were determined by interpolation of a sigmoidal logistic regression 

four parameter fit (n = 3). The point of inflection was taken as the Tm. Significance 
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was measured using a two-tailed unpaired t-test, n = 3). The asterisk indicates 

statistical significance (*P < 0.05). 

Table 4.2 Apparent kinetic parameters for HMGCS1WT and HMGCS1S447P 

HMGCS1 WT  S447P Fold Difference 

(S447P/WT) 

Ac-CoA (0-200 µM),  
25 µM AcAc-CoA  

   

Vmax (µMs-1) [95% CI] 0.01497 [0.01359 - 0.01645] 0.02118 [0.01926 - 0.02334] 1.41 

Km
Ac-CoA (µM) [95% CI] 5.433     [3.403 - 8.286] 16.72     [11.91 - 23.40] 3.08 

R squared 0.89 0.94  

 
  

 

AcAc-CoA (12.5-300 µM), 
200 µM Ac-CoA 

   

Vmax (µMs-1) [95% CI] 0.04516 [0.04070 - 0.05075] 0.02510 [0.02331 - 0.02699] 0.56 

Km
AcAc-CoA (uM) [95% CI] 43.22     [29.65 - 62.67] 2.565     [??? - 6.212] 0.06 

R squared 0.89 0.84  

 

4.7 Discussion  

We report the identification of five biallelic variants in the HMGCS1 gene in three 

unrelated families with severe rigid spine syndrome. Although the cohort thus far 

includes four patients, the distinct clinical descriptions shared by the patients, 

including scoliosis, respiratory insufficiency, disease onset, severity, and worsening of 

disease with infections is suggestive of a single disease entity which we define here as 

HMGCS1-related myopathy.  

HMGCS1 encodes a cytosolic HMG-CoA synthase; a key enzyme of the mevalonate 

pathway which catalyses the condensation reaction between AcAc-CoA and Ac-CoA 

to form HMG-CoA.26 The mevalonate pathway branches into several critical pathways  

including the sterol biosynthetic pathway, the isoprenoid pathway and ubiquinone 

pathway, which are essential for regulating cell proliferation, maturation, and 

maintenance.50 Genes of these pathways, including HMGCS1 are conserved in 

eukaryotes, archaea and some bacteria.26,50-52 According to the International Mouse 

Phenotyping Consortium, knockdown of most genes of the mevalonate and subsequent 

pathways are associated with complete preweaning lethality (Figure 4.7).53 

Knockdown of Hmgcs1 in mouse was associated with prenatal lethality 

(https://www.mousephenotype.org/data/genes/MGI:107592), no homozygous pups 

were observed at E9.5 and it is thought that this arises due to placental defects 

(personal communication, JAX labs staff). Placental defects are frequently observed 
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in mouse gene-knockout studies associated with embryonic lethality.54 Consistent with 

its prenatal lethal phenotype, HMGCS1 is highly intolerant to loss of function variants, 

with only four heterozygous variants reported out of 141,546 samples in gnomAD 

(probability of loss of function intolerance; pLI=1).55 Additionally, part from one 

homozygous missense variant in one individual (p.(Ser227Thr)), all missense variants 

reported in gnomAD are heterozygous suggesting that biallelic variants may be 

unfavourable and deleterious (missense constraint score Z=3.04).55  

 

Figure 4.7 Diagrammatic summary of the mevalonate pathway. Representative 

enzymes of the mevalonate pathway implicated in monogenic neuromuscular 

disorders (blue). HMGCS1, the candidate for rigid spine syndrome is indicated by an 

asterisk. Enzymes associated with drug-induced and autoimmune-induced myopathy 

(red). Mouse symbols represent genes associated with preweaning lethality when 

knocked down in mice. Muscle symbol represents genes associated with myopathic 

manifestations. Brain symbol represents genes associated with neurological 

manifestations. IDI2 (pink) is a skeletal muscle specific isopentenyl diphosphate 

isomerase isoform not yet associated with disease. Diagram produced by 

BioRender.com. 
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While HMGCS1 has not yet been associated with Mendelian disease, biallelic variants 

in the mitochondrial paralogue; HMGCS2 (3-hydroxy-3-methylglutaryl-CoA synthase 

2), are associated with childhood-onset HMG-CoA synthase deficiency (OMIM# 

605911) characterised by episodic metabolic distress, febrile crisis, hepatomegaly, and 

respiratory distress.56-58 At least 37 variants have been reported in 43 affected patients 

to date.58,59 HMGCS1 and HMGCS2 share ~67% sequence similarity and the 

substituted residues in HMGCS1 (Q29, C268 and S447) are conserved in HMGCS2 

(Q66, C305 and S484, respectively) suggesting they may be of structural or functional 

importance. Thus far, there appears to be no overlap between the reported HMGCS2 

pathogenic substitutions59 and the HMGCS1 substitutions (Figure  4.2A). Notably, 

according to gnomAD constraint scores, HMGCS1 (pLI=1; Z=3.04) is substantially 

more intolerant to loss of function and missense variation compared to HMGCS2 

(pLI=0; Z=-0.19), thus supporting that biallelic variation in HMGCS1 can be 

deleterious. While HMGCS2 is restricted to mammals52, studies of a homozygous 

missense variant in hmgcs1 (p.H189Q) of zebrafish identified by an ENU (N-ethyl-N-

nitrosourea) mutagenesis screen60 has been associated with multiple congenital 

anomalies affecting myelination60, craniofacial development61, and erythropoiesis.62 

This reside is highly conserved across species (p.H200 in human) but not conserved in 

human HMGCS2. Although a muscle-related phenotype has not been associated with 

this particular variant, Hernandez et al.62 suggest that HMGCS1 may be associated 

with variable congenital phenotypes given its critical roles in cholesterol synthesis 

across various body systems.61,62  

Thus far, we have characterised one of the four HMGCS1 substitutions, p.S447P, by 

recombinant protein investigations. As this residue is positioned in a loop stabilised by 

significant H-bond interactions, we initially predicted that the substitution to proline 

may be sufficient to increase the flexibility of the loop, destabilise secondary 

structures, and indirectly affect dimerisation. However, unlike initial speculations 

from protein modelling, our CD structural analyses and size exclusion chromatography 

indicated that HMGCS1S447P retains its 3D structure and dimerisation tendency. This 

is consistent with the superficial position of the p.S447P substitution and its distance 

from the HMGCS1 dimerisation interphase (Figure  4.6B). Whilst HMGCS1 surface 

substitutions have not been previously characterised, studies of other recombinant 

HMGCS1 mutants (p.C129A; H. sapiens49 and p.A110G; E. faecalis48) with 
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substitutions close to the active site have also indicated no major difference in 

HMGCS1 structure or conformation. However, subtle albeit significant changes were 

detected by X-ray crystallography.48 We thus speculate that the structural effect of the 

S447P substitution (if any) may be partial and local, and therefore beyond the detection 

capacity of CD. This hypothesis could be evaluated by X-ray crystallography.48 

Our CD melt curve analyses indicated that the p.S447P substitution may partially 

reduce the melting temperature (Tm) of HMGCS1S447P (P < 0.05; Figure  4.6D). A 

reduction in Tm from 47°C to 43°C could suggest that HMGCS1S447P is partially less 

stable than HMGCS1WT, though this would need to be ascertained using a biologically 

relevant temperature-based assay. It is noteworthy that several inborn disorders of the 

mevalonate pathway have been associated with partial impairment in temperature 

sensitivity and/or stability when assessed between 30°C and 50°C.63,64 This includes 

cases of hyper-IgD syndrome (OMIM# 260920) associated with biallelic variants in 

MVK (mevalonate kinase). Of note, MVK (pLI=0.17; Z-score=0.94)55 is less 

constrained to variation than HMGCS1 (pLI=1; Z=3.04)55 and knockdown of Mvk in 

mouse also leads to embryonic lethality.53 Thermal inactivation experiments in patient-

derived fibroblasts with a common substitution in MVK (p.V377I) have been 

associated with reduced MVK activity by 1.3-fold at 37°C and 50°C.63 At 30°C, the 

mutant p.V377I protein was as stable as the wildtype.63 In addition, MVK activity in 

patient peripheral blood mononuclear cells were reduced by 2- to 8-fold during febrile 

attacks.63 It has been suggested that partial changes in enzyme activity due to 

temperature sensitivity can have far-reaching pathogenic consequences.63 The partial 

reduction in MVK activity upon minor elevations in physiological temperature can 

trigger a chain of events as MVK activity becomes rate-limiting. This can lead to a 

temporary deficiency of isoprenoid products and subsequently trigger inflammation 

and fever.63  

Some variants in NSDHL (NAD(P) Dependent Steroid Dehydrogenase-Like) have also 

been associated with hypomorphic temperature sensitivity that lead to CK-syndrome 

(OMIM# 300831).64,65 Expression studies in yeast indicated that at 30°C, the structure 

and function of mutant NSDHL were comparable with wildtype NSDHL. However, at 

37°C, mutant NSDHL proteins lost the ability to correctly fold and were susceptible 

to protein degradation.64 Of note, NSDHL also appears relatively less constrained to 
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loss of function variation than HMGCS1 according to gnomAD (pLI=0.96; Z-

score=0.87).55 Loss of function variants in Nsdhl are also associated with placental 

defects and embryonic lethality in hemizygous male mice.66 It is tempting to postulate 

that HMGCS1S447P may also be susceptible to partial temperature-sensitive effects in 

our patients. Indeed, it would be consistent with the worsening of phenotypes 

associated with episodic febrile attacks. Further, given the severe prenatal lethality in 

Hmgcs1 null mouse pups, it is unlikely that variants identified in our patients would 

result in dramatic reduction in HMGCS1 function. One might expect that more 

deleterious variants would be incompatible with life in humans and would also result 

in prenatal lethality. 

Although the p.S447P substitution is distant from the HMGCS1 catalytic sites, we 

predicted the substitution may have some effect on HMGCS1 activity, given that 

HMGCS2 substitutions distant from the catalytic sites have been associated with 

reduced activity.67 Consistently, our Michaelis-Menten analyses revealed moderate 

differences in the substrate affinities and behaviour of HMGCS1S447P and HMGCS1WT 

under different substrate concentrations (Figure  4.6; Table 4.2). Although modest 

impairment in enzyme activity may be debated to be clinically insignificant, a 

superficial substitution in HMGCS2 p.R505Q (p.R468 in HMGCS1) has been 

associated with disease despite retaining 70% of normal HMGCS2 activity.67 This 

suggests that partial impairment in HMGCS1 activity may similarly elicit disease.67 A 

hypomorphic partial loss in HMGCS1 activity would be a plausible pathomechanism 

given that the patients’ disorders manifested during childhood and were slowly 

progressive. Moreover, complete dysfunction of HMGCS1 is expected to be unviable 

given that homozygous deletion of Hmgcs1 is embryonic lethal. Nonetheless, the 

consequence of partial impairments in HMGCS activity associated with surface 

variants remains unclear.67 One consequence of hypomorphic activity may involve 

abnormal accumulation and processing of metabolites. This can subsequently trigger 

dysregulation in the activity of other enzymes of the mevalonate pathway, a 

mechanism that has been postulated in other hypomorphic disorders of the mevalonate 

pathway.51,63,64 

Given the superficial position of the p.S447 residue (Figure  4.3), we also speculated 

that p.S447 may be involved in HMGCS1-protein interactions that are impaired by the 



109 

substitution to proline. Although there are limited reports of HMGCS1-protein 

interactions in human, HMGCS of archaea has been shown to form a 

thermodynamically stable multienzyme complex with ACAT2.68 We attempted to 

demonstrate that HMGCS1 and ACAT2 similarly complex in human as hypothesised 

(Supplementary Fig 4.3A)68, however, analyses of the recombinant proteins by 

analytical ultracentrifugation yielded inconclusive results. This may be due to our 

reaction mixture solely comprising HMGCS1 and ACAT2 without any substrates, 

cofactors or scaffold proteins that may be needed to keep the enzymes biologically 

active and allow interaction in vitro.68 Alternatively, we speculate that HMGCS1 may 

interact with other novel binding partners50 such as muscle-specific proteins, which 

would clarify the myopathic features of this disorder. A yeast two-hybrid assay 

involving a skeletal muscle cDNA library could be used in future to investigate 

HMGCS1-protein interactions in a more biologically suitable context.69  

Collectively, the apparent intolerance of HMGCS1 to variation judged by the gnomAD 

constraint data, alongside the phenotypic data from the JAX labs and our functional 

data suggest a hypomorphic mechanism of disease associated with the HMGCS1 

variants identified, rather than substantial or complete loss of function. This is 

consistent with the mechanisms of several downstream genetic defects of the 

mevalonate pathway.64 Apart from hypomorphic temperature-sensitive changes in 

NSDHL and MVK, pathogenic substitutions in GGPS1 have similarly been reported 

to have no significant impact on GGPS1 conformation and only mildly impaired 

enzyme activity in vitro and in patient-derived fibroblasts.10 In addition, hypomorphic 

mechanisms of DHR7 (Δ7-sterol reductase) and EBP (mopamil-binding protein) have 

been reported and are associated with slower progression of disease.70,71 Collectively, 

these examples support that modest changes in HMGCS1 stability or function may be 

pathogenic. 

Phenotypically, HMGCS1 appears a suitable candidate gene for rigid spine syndrome, 

given the features in our patients strongly resemble those reported across various 

acquired and inborn errors of the mevalonate pathway (Figure 4.7).10,18 Features 

include myopathy, muscular dystrophy, scoliosis, joint contractures, hypotonia, 

elevated serum creatine kinase, recurrent infections, febrile episodes, and respiratory 

insufficiency.10,64,65,72-78 Of the acquired disorders, the most recognised cause of 
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myopathy includes statin inhibition of HMGCR (HMG-CoA reductase), the enzyme 

immediately downstream of HMGCS1 (Figure 4.7).18 It is estimated that 5-10% of 

statin users experience statin-induced myopathy, which is associated with elevated 

CK, myalgia and rhabdomyolysis.79 Additionally, anti-HMGCR myopathy, an 

autoimmune disorder that inhibits HMGCR has been associated with features 

resembling muscular dystrophy with some aspects of the phenotype overlapping with 

the phenotype observed in our HMGCS1 cohort.73,75,80,81 Further downstream, 

inhibition of FDPS (farnesyl diphosphate synthase) by bisphosphonate medications 

has been associated with profound muscle weakness with fever and flu-like side effects 

in some patients.82,83 Of the inborn errors of the mevalonate pathway, GGPS1-related 

muscular dystrophy appears to most closely resemble HMGCS1-myopathy both 

clinically and morphologically.10 Overall, the recurrent neuromuscular and rigid-spine 

phenotypes implicated in the mevalonate pathway (Figure 4.7) support HMGCS1 as 

an underlying genetic cause for our patients disorder.10 

We have demonstrated that HMGCS1 is expressed and detected in myoblasts, 

myotubes and skeletal muscle, supporting the myopathic phenotype of the patients 

(Figure  4.4). Although enrichment of HMGCS1 in the brain may suggest a 

neurological phenotype, other genes of the mevalonate pathway including HMGCR 

and GGPS1 are also more abundant in brain tissue compared to skeletal muscle.29,45-47 

However, both HMGCR and GGPS1 have been predominantly associated with a 

myopathic phenotype in patients and animal models.10,73,74,84-88 By Western blotting, 

Hmgcs1 was similarly detected in mouse EDL and soleus muscle, suggesting no 

obvious fibre-type predominance of Hmgcs1 protein abundance. We also examined 

protein localisation by performing immunofluorescence on human skeletal muscle 

biopsies. However, the possibility of nonspecific staining observed with the antibody 

by immunofluorescence challenged our interpretation of these results (Figure  4.5). 

There was some indication that HMGCS1 may be more enriched in type II myofibres, 

when co-stained with antibodies against type II MHC, however the interpretation 

remains inconclusive. Interestingly, type II fibre type specificity has been reported in 

HMGCR studies in rat.84 This may suggest an important role of the mevalonate 

pathway in type II myofibres. Validation of the fibre type specificity of HMGCS1 and 

downstream enzymes may elucidate some of the unclear myopathic mechanisms of 

the mevalonate pathway.  
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To date, it remains poorly understood why disruptions to the mevalonate pathway are 

associated with a myopathic phenotype.89 One possible explanation may be attributed 

to dysregulation of genes and isoenzymes exclusively expressed in the mevalonate 

pathway of skeletal muscle.90,91 For example, IDI2 (isopentenyl diphosphate isomerase 

2; Figure 4.7) is a skeletal muscle-specific isozyme of IDI1 which appears to be 

regulated by HMGCR abundance and activity.91 In one study, HMGCR statin 

inhibition was associated with significant reduction of Idi2 mRNA levels in mouse 

skeletal muscle, whereas Idi1 levels remained unaffected.91 This suggests that muscle-

specific regulatory changes may differentially affect downstream pathways in skeletal 

muscle compared to other tissue.91   

The mevalonate pathway diverges into various pathways critical for cell proliferation, 

maturation, and maintenance (Figure 4.7).50 These include the cholesterol biosynthesis 

pathway, the isoprenoid pathway, and the ubiquinone pathway. There are various 

speculations regarding which of these pathways results in the myopathic phenotype. 

Some research suggests that inhibition of the cholesterol biosynthetic pathway reduces 

cholesterol abundance in the sarcolemma and leads to a dystrophic phenotype.18 Other 

research suggests that inhibition of isoprenoid synthesis may affect SELENON 

expression by reducing isopentylation of selenocysteine-tRNA, thus leading to 

increased oxidative stress in skeletal muscle.18,92,93 Notably, SELENON defects are one 

of the most common causes of rigid spine syndrome.9 The clinical resemblance 

between patients with SELENON-related myopathies and HMGCS1-associated 

myopathy may suggest that these disorders have a shared molecular pathway or 

mechanism. Another theory involves disruptions in protein prenylation or 

geranylgeranylation in the GGPP pathway.18 Disruptions to this pathway by statins 

have been associated with impaired mitochondrial function and impairment of Ca2+ 

homeostasis in skeletal muscle, which would also be consistent with the multiminicore 

pathology observed in skeletal muscle from some patients.94 It remains unclear if the 

myopathic phenotype results from defects in one or multiple of the downstream 

mevalonate pathways. Nonetheless, the plethora of myopathic cases arising due to 

defects within this pathway supports the association of HMGCS1 dysfunction as a 

cause of rigid spine syndrome. 
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4.8 Future Directions 

Future directions to this study include investigating the effects of the remaining 

substitutions (p.Q29L, p.M70T and p.C268S) on the stability, structure, and catalytic 

activity of HMGCS1. In addition, hmgcs1 null zebrafish will be generated for 

phenotypic investigations, with a particular focus on skeletal muscle. A rescue 

experiment will be also performed to determine whether injection of the hmgcs1 

mutants identified in this study can rescue the phenotypes of hmgcs1 null fish.  

4.9  Conclusion 

We report a novel autosomal recessive rigid spine syndrome we have termed 

HMGCS1-myopathy. We speculate that HMGCS1 variants act by a hypomorphic 

mechanism, however the precise cause of the myopathic phenotype in the patients 

remains to be elucidated. Identification of additional HMGCS1-myopathy cases may 

help clarify the pathomechanisms of myopathies reported in disorders of the 

mevalonate pathway. This report expands the genetic causes of rigid spine syndrome 

and highlights mevalonate pathway as an essential pathway for muscle function. We 

encourage screening of HMGCS1 in patients with unsolved rigid spine syndrome. 
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4.13 Supplementary material  

4.13.1 Clinical history of Family 1 

The proband (P1, Family 1) was a 10-year-old Spanish boy born to suspected 

consanguineous parents (Figure  4.2B). Appearing healthy at birth, he developed 

weakness, progressive hypotonia, scapular winging, scoliosis, and spinal rigidity 

particularly in the cervical region during the first decade. His muscle biopsy showed 

multiminicore-like structures without fibrosis, atrophy, necrosis, or predominance of 

type 1 fibres. He experienced recurrent respiratory infections and the severity of his 

disorder worsened with infection. His sister (P2) was also affected. She succumbed at 

15 years of age after developing an infection followed by rapid decline in muscle 

strength and respiratory failure. The disorder was presumed to be recessive given the 

appearance of the disease trait in both siblings and the possibility of the parents being 

consanguineous.  

Supplementary Table 4.1 Primer sequences for expression analysis of HMGCS1 

normalised to EEF2 and TBP. 

Gene Forward primer sequence (5’-3’)  Reverse primer sequence (5’-3’) Amplicon 
size 

HMGCS1 TTCCCTTGCATCTGTTCTAGC TTTTATCAAGAGCAGACCCCG 149 

EEF2 CCTTGTGGAGATCCAGTGTCC CTCGTTGACGGGCAGATAGG 142 

TBP TTGTACCGCAGCTGCAAAAT 

 

CGTGGTTCGTGGCTCTCTTA 149 

 

Supplementary Table 4.2 Summary of the biallelic variants identified in the 

autosomal recessive HMGCS1 cohort. 

Family Nationality C Variant 
(NM_001098272.2) 

gnomAD  CADD PolyPhen-
2 

Provean SIFT 

1 Spanish Y A,B. c.1339T>C, 
p.(Ser447Pro)[Hom] 
  

Absent  23.3 Benign  Neutral Tolerated 

2 Japanese N A. c.86A>T, 
p.(Gln29Leu) 
B. c.344_345del, 
p.(Ser115Trpfs*12) 

A. Absent 
B. Absent 

A. 23.1 A. Benign A. 
Deleterious 

A. 
Tolerated 

3 American? N A. c.803G>C, 
p.(Cys268Ser) 
 

A. 
1.59x10-5 

A. 27.7 A. probably 
damaging 

A. 
Deleterious 

A. 
Tolerated 

   B. c.209T>C, 
p.(Met70Thr) 

B. Absent B. 23.9 B. Benign B. 
Deleterious 

B. 
Damaging 

         

4 American?  N A. c.209T>C, 
p.(Met70Thr) 
B. ? 

A. Absent  A. 23.9 A. Benign  A. 
Deleterious 

A. 
Damaging  

CConsanguineous  

AFirst allele.  
BSecond allele. 
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4.13.2 Recombinant protein purification assessment  

 

Supplementary Fig 4.1 Evaluation of recombinant HMGCS1 and ACAT2 purity 

and oligomerisation tendencies. (A-C) Size exclusion chromatograms of 

recombinant (A) HMGCS1WT (B) HMGCS1S447P and (C) ACAT2 using a XK16/600 

Superdex 200 column. Peaks (P1-3) represent aggregates and oligomers of different 

sizes. Predicted HMGCS1WT and HMGCS1S447P dimers P3 (A) and P2 (B), 

respectively eluted ~ 61 mL. Predicted ACAT2 dimer (P2) eluted ~58 mL. (D) SDS-

PAGE evaluation of fractions corresponding to dimerised protein. SDS-PAGE 

confirmed that HMGCS1 (~57kDa) and ACAT2 (~43 kDa) were of the expected size 

and of satisfactory purity. 
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4.13.3 Enzymatic assays 

 

Supplementary Fig 4.2 Enzymatic reactions for HMGCS1WT and HMGCS1S447P. 

Initial velocities (Vo) plotted against different concentrations of AcAc-CoA. Substrate 

inhibition for both enzymes seen ~12.5-100 µM AcAc-CoA. 

4.13.4 Analytical ultracentrifugation  

4.13.4.1 Methodology 

Given the positioning of S447 on the outer surface of HMGCS1, we hypothesised that 

the p.S447P substitution may impair protein interactions. HMGCS1 has been 

suggested to interact with ACAT2 (acetoacetyl Coenzyme A thiolase) in the dimerised 

states to form a ~400 kDa multienzyme complex in humans, as judged from structural 

comparisons of known HMGCS-ACAT2 interactions in archaea.68 Superpositioning 

of human HMGCS1 (PDB 2P8U) and ACAT2 (1WL4) dimers to the M. 

thermolithotrophicus multienzyme complex (6ET9) in pyMOL indicated that the 

p.S447P substitution may be located near the binding interface with ACAT2 and thus 

possibly affect assembly of this hypothetical complex (Supplementary Fig 4.3A).  

We attempted to investigate whether recombinant human HMGCS1WT or 

HMGCS1S447P complexed with ACAT2 in vitro using analytical ultracentrifugation 

(AUC). Protein production, purification and quantification were performed following 

previous methods.37 Protein were eluted in a different size exclusion equilibration 

buffer containing 10% v/v glycerol, 20 mM Tris, pH 7.6, as described by Vögeli et 

al.68 DTT was omitted given its interference with the AUC readings. Sedimentation 

velocity experiments were performed at 20°C as previously described42, in a Beckman 

Coulter XL A analytical ultracentrifuge with a 4-hole and 8-hole An50-Ti rotor.40,41 
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380 µL of protein were loaded in double sector quartz cells at 1 mg/mL alongside 400 

µL of the size exclusion equilibration buffer as a reference. Centrifugation was 

performed at 40,000 rpm. As previously described95,96, the absorbance was fit as a 

function of radial position to the Lamm equation to determine the continuous 

sedimentation (c(s)) and continuous mass (c(M)) distribution. The c(s) and c(M) plots 

were determined for HMGCS1WT, HMGCS1S447P and ACAT2 when centrifuged 

individually, as well as when HMGCS1WT or HMGCS1S447P were complexed with 

ACAT2 at 1:1 ratio. 

4.13.4.2 Results 

Continuous mass distribution analyses at 1 mg/mL indicated that both HMGCS1WT 

and HMGCS1S447P had a molar mass of ~57 kDa, corresponding to the monomeric 

form. This was contrary to our size exclusion chromatography results and studies in 

the literature48,49,68. c(M) analyses of ACAT2 indicated two species of ~86 kDa and 

~172 kDa corresponding to the ACAT2 homodimer and homotetramer respectively.  

Analyses of the c(M) distributions for HMGCS1WT and ACAT2 in combination did 

not indicate strong evidence of interactions between the species (Supplementary Fig 

4.3B-G). Of note, there was a broadening of a peak corresponding to ~190-200 kDa 

(Supplementary Fig 4.3C), which may be indicative of multi-oligomeric species 

existing in an equilibrium. Similarly, analyses of HMGCS1S447P and ACAT2 in 

combination revealed a broader peak ~200-300 kDa (Supplementary Fig 4.3E) 

suggesting the presence of a multi-oligomeric species existing within an equilibrium. 

However, it is difficult to conclude whether this corresponds to an interaction between 

the two different proteins, or solely between ACAT2 oligomers. Moreover, given the 

HMGCS1 proteins were analysed in the monomerised state, these results may be 

biologically invalid. Nevertheless, it is interesting that the broader peaks 

corresponding to HMGCS1WT+ACAT2 (~190-200 kDa) and HMGCS1S447P+ACAT2 

(~200-300 KDa) appear to sediment differently (Supplementary Fig 4.3F,G).  
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Supplementary Fig 4.3 Analytical ultracentrifuge sedimentation velocity 

analyses. (A) Hypothetical model of the human HMGCS1:ACAT2 multienzyme 

complex containing two HMGCS1 dimers; cyan (2P8U), two ACAT2 dimers; green 

(1WL4) and four Ac-CoA substrates (rainbow). Closeup of S447 and local interactions 

shown on the right. (B-G) The molar mass distribution c(M) is plotted as a function of 

molar mass (Da) for recombinant wildtype HMGCS1 (purple), mutant HMGCS1S447P 

(blue) and recombinant ACAT2 (green) when analysed separately and when 

HMGCS1-ACAT2 proteins are combined (orange). 
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5.1 Summary of findings 

This thesis aimed to investigate genetic causes of Mendelian congenital myopathies in 

patients with unresolved genetic aetiology. The approach involved two overall steps. 

Initially, whole exome sequencing (WES) analysis was performed on a cohort of eight 

families clinically diagnosed with congenital myopathy. Subsequently, functional 

genomics was performed to further explore and validate selected candidate pathogenic 

variants in two of these families.  

Two key candidate variants were prioritised by WES analysis and were the focus of 

this thesis: a likely pathogenic variant (c.*152G>T) in a known congenital myopathy 

gene (KLHL40) that was inherited in trans with a KLHL40 multi-exon deletion, and a 

homozygous missense variant (c.1339T>C, p.(Ser447Pro)) in HMGCS1, a novel gene 

candidate for rigid spine syndrome.  

5.2 Factors facilitating novel disease gene and variant discovery in 

this thesis 

5.2.1 Comprehensive gene panel pre-screening  

Prior to conducting WES, the majority of families recruited in this study underwent 

comprehensive gene panel testing. This strategy aimed to rapidly identify a diagnosis 

for patients with disorders associated with known disease genes, and prioritise panel-

negative families for further investigation1. The families who remained panel-negative 

were assumed to have disorders associated with novel disease variants or genes and 

were subsequently recruited for WES analysis. This helped enrich the resulting cohort 

for the discovery of novel disease variants and genes1.  

5.2.2 Availability of familial WES 

The availability of familial genetic data can be crucial for the identification and 

prioritisation of novel variants and disease gene candidates2. In Chapter 4, I showed 

how WES analysis of four family members (i.e., quad analysis) facilitated the 

identification and support of HMGCS1 as a candidate disease gene. Given the 

suspected recessive nature of disease in this family, the availability of WES data from 

both affected siblings and the unaffected parents enabled filtration for rare coding and 

essential splice variants (<0.01 allele frequency) that co-segregated with disease3. This 
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facilitated the capturing of the private HMGCS1 c.1339T>C variant, the only candidate 

remaining in the filtered WES data. Of note, while evidence of variant co-segregation 

is inadequate to confirm a diagnosis alone2, it provided an encouraging starting point 

for further characterisation of this candidate. Overall, this study supports that analysis 

of familial WES can expedite the identification and prioritisation of novel disease gene 

candidates and help reduce the diagnostic odyssey for patients and families4.  

5.2.3 Availability of patient clinical data and muscle biopsy for deep 

phenotyping  

Another factor facilitating the prioritisation of KLHL40 and HMGCS1 as causative 

disease genes was detailed clinical information and deep phenotyping via muscle 

pathology and muscle MRI results5. As demonstrated in Chapter 3, having a priori 

knowledge of the clinical diagnosis of nemaline myopathy enabled a targeted analysis 

of non-coding variants in known nemaline myopathy genes (Chapter 1, Table 1.1). 

This facilitated the identification of the 3’ UTR variant in KLHL406. Deep phenotyping 

was also informative for the analysis of the rigid spine syndrome cohort in Chapter 4 

and helped attribute HMGCS1 as a novel genetic cause for their disorder2. Particularly, 

the distinct phenotype shared by all probands with biallelic HMGCS1 variants, 

including spinal rigidity, scoliosis, respiratory insufficiency, and age of onset 

increased support for the HMGCS1 variants as the cause for their disease. Overall, both 

studies in this thesis reflect the importance of comprehensive phenotyping during 

genetic investigations of congenital myopathies7.  

5.2.4 Data sharing and collaboration 

The identification of additional individuals with matching phenotypes and variants in 

the same gene provides strong support for disease causality2,5,8,9. In Chapter 4, sharing 

of the HMGCS1 data and clinical phenotypes of the siblings with global clinical 

networks and matchmaker exchange8 enabled the identification of two additional 

unrelated patients with genetically unresolved rigid spine myopathy and biallelic 

variants in HMGCS1. A potential fifth patient was also identified by data sharing, with 

a monoallelic variant and the same rigid spine phenotype. Research is ongoing to 

identify a potential second variant in HMGCS1 in this individual. Overall, this chapter 

highlights the potential of data sharing in accelerating matchmaking and contributing 

to improved variant interpretation and validation of novel disease genes4. 
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Additionally, in Chapter 3, sharing of the KLHL40 c.*152G>T variant with 3’ UTR 

experts and bioinformaticians was crucial for elucidating the mechanism of disease in 

the patient with nemaline myopathy. The implications of the c.*152G>T variant on 

splicing were identified by bioinformatic collaborators using recently-developed tools 

Introme10 and MINTIE11. In addition, discovery of the splice-activating nonsense 

mediated decay mechanism was facilitated by discussions with a 3’ UTR expert 

(Traude Beilharz, personal communication). This highlights the benefits of 

collaborations and data sharing during genetic investigations of rare diseases12. 

5.2.5 Insights from animal models 

A valuable approach to evaluating the pathogenicity of candidate genes is the analysis 

of available animal model data6. In Chapter 4, access to phenotypic data from previous 

HMGCS1 animal studies enabled further characterisation and confirmation of 

HMGCS1 intolerance to variation. According to the International Mouse Phenotyping 

Consortium13, homozygous Hmgcs1 knockout mice showed complete preweaning 

lethality, suggesting HMGCS1 is critical for life13,14. Further, data from the Zebrafish 

Information Network indicated mutant zebrafish with a homozygous point mutation in 

hmgcs1 had a plethora of congenital disorders15-18. Although a muscle phenotype was 

not reported from these studies, it is known that animal models can show phenotypic 

variability and fail to recapitulate the specific phenotype observed in affected 

humans15,19,20. Nonetheless, the availability of animal experimental data contributed to 

the evaluation of the pathogenesis of HMGCS1 as a novel disease gene21.  

5.2.6 Accessibility of large-scale multi-omic data for novel disease gene 

evaluation 

Other factors facilitating evaluation of disease gene candidates in this study included 

analysis of available online resources including large-scale normal population genetic 

databases, transcriptomic databases and proteomic databases6.  

The gnomAD population genetic database was particularly useful in Chapter 4 for the 

evaluation of HMGCS1 intolerance to missense and loss of function variation22. The 

lack of homozygous HMGCS1 missense variants and relatively high constraint scores 

supported that biallelic missense variants in this gene can be deleterious. Of note, 

current gene constraint parameters in gnomAD are solely suited to assessing gene 

intolerance to synonymous, missense and loss of function variants22. However, gene 
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constraint predictions for variants in non-coding regions such as promoters, enhancers 

and UTRs have not yet been reported in gnomAD. It has been demonstrated that 

analysis of non-coding variation from large-scale population data can reveal genes 

susceptible to pathogenic non-coding variation and help define particular non-coding 

regions of high constraint23. Therefore, it may be expected that inclusion of constraint 

scores for non-coding variants in gnomAD may aid in the identification of pathogenic 

variants such as the KLHL40 3’ UTR variant described in Chapter 3.  

Transcriptomic and proteomic data from freely accessible datasets such as GTEx24, 

FANTOM525, NCBI and the human protein atlas26 were also useful resources in 

exploring candidate gene dysfunction in the context of muscle disease. In my analyses 

of HMGCS1, I did not set a threshold for gene expression in skeletal muscle. The 

rationale was that an increasing numbers of novel disease genes, including GGPS1 

(another enzyme involved in the same pathway as HMGCS1) are detected, but are not 

necessarily enriched in skeletal muscle despite causing a muscle phenotype27. 

Therefore, the detection (but not enrichment) of HMGCS1 in skeletal muscle 

nevertheless supported the hypothesis that HMGCS1 may be required for muscle 

function28,29. Overall, as a number of congenital myopathy genes are identified with 

ubiquitous expression, this study supports that gene candidates should not be solely 

prioritised based on gene enrichment in the tissue of interest.  

A combined analysis of the available resources, including those described above can 

enhance NGS variant interpretation and understanding of genotype-phenotype 

associations23,26,30,31. Using data mining, gene clustering, and network analyses, Neto 

et al.31 devised a list of proposed novel genes that were predicted, and some now 

demonstrated to be associated with myopathy31-33. Remarkably, from their predictions, 

Neto et al.31 listed HMGCS1 as a potential novel candidate disease gene that may be 

implicated in congenital muscular dystrophy and/or congenital myopathy. Together 

these data highlight the power of integrated and multi-scale analyses in accelerating 

the discovery of novel disease genes.  

5.3 Complementary diagnostic tools and functional genomics 

In this thesis, a significant component of the work involved functionally characterising 

the key candidates identified from WES. As will be discussed below, Chapters 3 and 
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4 particularly highlight RNA-seq, western blotting, quantitative mass spectrometry 

and in vitro assays as powerful approaches that can clarify the pathogenicity of genes 

and variants of unknown significance2. 

5.3.1 RNA-seq 

In Chapter 3, RNA-seq is highlighted as a powerful complementary tool for the 

identification of novel pathogenic variants and mechanisms in regulatory regions of 

known disease genes34. During analyses of the 3’ UTR variant in KLHL40, the 

detection of RNA-seq reads supporting splicing at the variant site suggested the 

c.*152G>T variant may be pathogenic and reduce transcript stability. Moreover, the 

pronounced reduction of KLHL40 RNA-seq coverage in the patient sample further 

supported the diagnosis of a KLHL40-related myopathy. Of note, while RNA-seq data 

can identify aberrant splicing, it is suggested that this evidence alone may be 

insufficient in informing clinical significance35,36. Thus, additional data, for example 

at the protein level or in vitro assays may be required to provide further evidence of 

variant pathogenecity36,37.  

5.3.2 Western blotting 

In both chapters, western blotting is highlighted as a useful approach in confirming the 

effect of candidate variants on protein abundance (where validated antibodies are 

available). Western blotting for KLHL40 in patient muscle biopsy confirmed that 

KLHL40 deficiency was the likely cause of the patient’s nemaline myopathy. In 

contrast, the detection of HMGCS1 by western blotting of patient skeletal muscle 

indicated that the studied genetic substitution likely does not affect protein stability or 

abundance, as was supported by my structural studies on recombinant protein. Given 

that Hmgcs1 knockdown in mice is lethal, this suggested that variants in the patients 

would need to retain sufficient function to prevent embryonic lethality. Thus, in this 

instance, western blotting was useful for investigating the molecular aetiology of 

HMGCS1, suggesting that HMGCS1 substitutions likely have more subtle functional 

effects. Despite the utility of western blotting, several disadvantages accompany this 

approach38, as will be discussed in Section 5.5.3.  

5.3.3 Quantitative mass spectrometry 

In Chapter 4, quantitative mass spectrometry was a useful approach for validating the 

HMGCS1 antibody and supporting the western blotting data relating to HMGCS1 
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abundance in myoblasts and myotubes. The consistent detection of HMGCS1 in 

myoblasts and myotubes by both approaches suggested that HMGCS1 may be required 

for skeletal muscle function and myogenesis29. Aside from validation of antibodies, 

quantitative mass spectrometry can offer other advantages39 including A) unbiased 

analysis of protein abundance in e.g. patient tissue compared to controls40, B) 

simultaneous quantitation of multiple proteins enabling proteomic investigations39 and 

C) distinguished detection of protein isoforms and paralogues41,42. Additionally, this 

technique may be useful for investigating novel candidate proteins that do not have a 

suitable or validated antibody43. Although there are limited reports of quantitative mass 

spectrometry in the context of congenital myopathy research, it is expected that there 

will be a shift to this method as it becomes cheaper and more accessible39. Overall, 

Chapter 4 highlights quantitative mass spectrometry as a useful complementary 

approach for investigating the muscle proteome and elucidating pathomechanisms of 

skeletal muscle diseases42,44.  

5.3.4 In vitro assays 

In vitro expression assays can also aid in clarifying the roles of genes and variants of 

unknown significance in disease2,45. For example, in Chapter 3, in vitro assays 

(adapted from Dusl et al.45) proved useful to clarify the impacts of the c.*152G>T 

variant on splicing and KLHL40 expression. These assays showed that it is specifically 

3’ UTR splicing that leads to KLHL40 deficiency via induction of nonsense mediated 

decay46. While in most cases patient-derived cells or tissue are sufficient to confirm 

variant pathogenicity, this study highlights how in vitro analyses provide a controlled 

system that can unravel pathomechanisms specific to a variant of interest that may 

otherwise be more complicated to deduce from patient tissue or cells alone36.  

5.4 Limitations and challenges of NGS analysis  

5.4.1 Uncapturable variants  

In this thesis, WES analysis identified candidate disease variants in three of eight 

families (data not shown for remaining candidates). This is a typical yield for NGS 

investigations in congenital myopathy cohorts (<60%)47, which are generally higher 

than other neuromuscular disorders1,47. There are several reasons that may have limited 

the identification of candidate variants in the remaining families. One bottleneck 

includes the identification too many preliminary candidates to follow up for functional 
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characterisation under the available resources and duration of the study48. A second 

limitation may relate to the limitations of WES in capturing pathogenic variants in 

regions that are “dark” by sequencing49. The selective capturing of variation in coding 

regions may have precluded identification of some non-coding variants such as deep 

intronic variants50. In such cases, WGS may be an informative future approach for 

analysis50.  In addition, given that NGS methods rely on short-read sequencing 

technologies, this may have precluded detection of pathogenic variants that are 

difficult to sequence and map with short-read NGS, such as regions that are not unique 

(e.g. pseudogenes), repetitive regions (including STRs), and complex structural 

variation34,51,52. It is expected that long-read sequencing may help uncover such 

variation51, as discussed in Chapter 1.  

5.4.2 Variants with conflicting in silico pathogenicity predictions 

While in silico analyses are generally valuable tools for evaluating variant 

pathogenicity6, in some cases, these tools can provide conflicting and inaccurate 

pathogenicity predictions53,54. In both Chapters 3 and 4, most tools suggested the 

KLHL40 and HMGCS1 variants would be tolerated, despite the variants showing 

apparent functional differences in the in vitro assays. The false negative predictions in 

these two cases may be because in silico tools are generally tailored for evaluating 

loss-of-function variants and missense variants in well-annotated regions55. 

Consequently, pathogenic variants in unannotated regions may be misjudged55-57. This 

may explain why for example, the KLHL40 c.*152G>T donor splice gain variant in 

the 3’ UTR was associated with low SpliceAI predictions. It is expected that as more 

functional splice variants are identified in such poorly understood regions, the 

algorithms for in silico tools can be better tailored for more accurate variant 

predictions. Interestingly, the algorithms for Introme10, a relatively new splice 

prediction tool enabled strong detection of the KLHL40 3’ UTR variant as a donor 

splice site. Therefore, Introme may be a useful tool for predicting the effect of other 

single nucleotide 3’ UTR variants on splicing10. Overall, these analyses suggest that in 

silico outputs should be interpreted with context of the variant’s location and assessed 

alongside multiple suitable in silico pathogenicity prediction tools6. 

The molecular aetiology of variants should also be considered during the interpretation 

of in silico variant pathogenicity predictions2. In Chapter 4, both structure-based in 
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silico and circular dichroism analyses suggested the p.S447P substitution in HMGCS1 

does not affect protein structure. Of note, such results may not necessarily refute the 

pathogenicity of the p.S447P substitution. Rather, this could suggest that the 

substitution acts by an alternative pathomechanism, for example involving protein-

protein interactions58 or post translational modifications, e.g. sumoylation14, which are 

functions that have been described in HMGCS of other species14,58.  

5.5 Limitations and challenges of functional genomics  

There are vital factors to consider in the implementation and interpretation of 

functional genomics assays. As described in Chapter 1, the ACMG-AMP and VCEP  

guidelines emphasise the importance of assessing assay validity, reproducibility, and 

biological relevance2,36. In addition, the clinical (diagnostic) significance of the assays 

must be evaluated to confirm variant pathogenicity59. While current guidelines provide 

attributes for “well-established” functional assays, the methods for how to assess these 

attributes are not well described36. Moreover, such guidelines are not suitable for 

investigations of novel disease genes and proteins with poorly understood aetiologies2. 

The limited guidelines for functionally evaluating the novel candidates in this thesis 

resulted in some limitations and challenges as will be elaborated below.  

5.5.1 Evaluating the biological relevance of a HEK293FT expression system 

for in vitro KLHL40 analyses.  

In Chapter 3, the in vitro assays for KLHL40 involved use of a HEK293FT expression 

system. Given the patient had a muscle disease, a major consideration was whether the 

use of HEK293FT as a system was biologically reflective and capable of capturing the 

molecular pathomechanism occurring in muscle. For example, defective muscle-

specific trans-acting binding proteins and microRNA interactions, if they were 

involved in the pathogenesis of the c.*152G>T variant45,60. The choice for a 

HEK293FT expression system was based on two factors: 1) the c.*152G>T variant 

was predicted to affect splicing and HEK293FT cells have been previously 

successfully used in minigene assays to investigate splice variants in myopathy-

associated genes61,62, and 2) skeletal muscle cell lines are notorious for their poor 

transfection efficiencies63. Thus, HEK293FT cells were used for the study given they 

were more likely to provide robust results.  



139 

5.5.2 Evaluating the clinical significance of the in vitro HMGCS1 assays 

One major challenge in the functional characterisation of recombinant HMGCS1 was 

evaluating the clinical significance of the data. Partial differences were seen in the 

thermostability and activity of HMGCS1WT and HMGCS1S447P. While statistically 

significant, it was difficult to determine whether such changes were biologically and 

clinically relevant and thus pathogenic. In particular, the assays were adapted from 

nonclinical experiments which involved expression of recombinant His-tagged 

HMGCS1 in a bacterial system64,65. Given that eukaryotic HMGCS1 is reported to 

undergo multifaceted post-translational modifications14, consideration should be given 

as to whether the structure, activity and interactions of HMGCS1WT and HMGCS1S447P 

are biologically representative64,66. It is noteworthy however, that clinical studies of 

HMGCS2 mutants were also performed using bacterial expression systems67. 

Nevertheless, further studies for example using a mammalian expression system may 

be used to confirm the findings observed in the HMGCS1 assays using bacterially-

expressed proteins36,59.   

According to VCEP guidelines and most enzymatic studies in the literature, the 

majority of enzymatic defects described in rare diseases are typically associated with 

markedly reduced or diminished activity36. Using the VCEP guidelines for 

interpretation, the differences between HMGCS1WT and HMGCS1S447P activity were 

below the typical pathogenic threshold (activity retained <50%)36 suggesting that the 

effects of the S447P substitution on HMGCS1 activity are insignificant. However, it 

is apparent that several enzymes including HMGCS2 and GGPS1, which sit in the 

same enzymatic pathway, have had pathogenic substitutions identified that only 

partially disrupt enzymatic activity but yet still lead to disease27,67. For example, as 

discussed in Chapter 4, a p.R505Q substitution in HMGCS2 was shown to retain 70% 

of activity in a patient presenting with HMGCS2 deficiency67. This substitution was 

previously described in a compound heterozygous state in another patient with 

HMGCS2 deficiency, thus supporting it is pathogenic despite causing partial reduction 

on enzymatic function. Such examples suggest that current guidelines may not fit for 

all enzymes and may thus lead to inaccurate interpretation of functional data36. As 

previously discussed, prenatal lethality is associated with mice that are null for most 

genes of the mevalonate pathway13. Given how critical such genes appear to be for 

life, it would therefore be expected that the effects of pathogenic variants identified in 
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living patients would be partial and not complete loss of enzymatic in order to sustain 

life. Therefore, improvements to the guidelines and interpretation of enzymatic assays 

are needed36.  

5.5.3 Technical difficulties associated with assays  

Several technical difficulties were encountered during the functional analyses of 

HMGCS1. In particular, these relate to the reproducibility and validation of the 

enzymatic assays. Variability in HMGCS1 activity was apparent at various substrate 

concentrations, most notably at 100 µM of either substrate (Chapter 4, Figure  4.6). 

Variability was also apparent between runs performed on different days. This reduced 

the overall fit of the Michaelis-Menten plots and thus affected the accuracy of the Km 

and Vmax derived for wildtype and mutant HMGCS1. In addition, the apparent Km 

determined for HMGCS1WT in the analyses (5.433 µM) was markedly different to the 

previous report by Rokosz et al.64 (29 ± 7 µM). Such variation may be due to 

differences in the experimental design and approach, as has been suggested in studies 

of other recombinant enzymes such as PAH (phenylalanine hydroxylase), implicated 

in PKU (Phenylketonuria)36. In particular, enzymatic analyses of milder PAH variants 

were associated with variable results. In some instances, activity of several variants 

were ≥50% of the wild type, which exceeds the VCEP threshold and incorrectly 

“disproves” variant pathogenicity36. As such, further guidance is required for 

standardising in vitro enzyme assay approaches and determining how to resolve 

variable and inconsistent results36. 

Another technical challenge was obtaining a valid HMGCS1 antibody for western 

blotting and immunofluorescence. Three different HMGCS1 antibodies had to be 

tested to establish a suitable and specific antibody for western blotting (based on 

detection of recombinant HMGCS1 protein and mass spectrometry analysis). 

However, even the validated  antibody showed potentially nonspecific binding in 

skeletal muscle sections by immunofluorescence. While some signal was lost when 

the antibody was preincubated with HMGCS1 protein, some signals remained present 

which raises the possibility of non-specific staining and complicates conclusions made 

about HMGCS1 localisation. The inconsistencies and recognised issues of antibody 

non-specificity  highlights the importance of antibody validation despite the expense, 

time and efforts required38. 
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5.6 The remaining families  

Though beyond the scope of this thesis, the future research pathway for the patients in 

the congenital myopathy cohort that remained without a definitive candidate following 

NGS analysis needs to be considered. The major issues preventing identification and 

further analysis of candidates in these families are briefly addressed below.  

All the remaining families were analysed by trio WES which enabled filtering for 

variants that segregated with disease. However, numerous candidate variants were still 

identified in each family following stringent filtering. Many of these were VUS in 

known muscle disease genes such as RYR1 and TTN. Such genes naturally harbour 

many polymorphisms given their large size and thus can make variant interpretation 

challenging68. The VUS identified in this study thus had insufficient evidence to 

warrant further pursuit69.  

In addition, patients from highly consanguineous families had multiple candidate 

homozygous variants. This made it difficult to ascertain a single likely causative 

genetic candidate without additional information about variant segregation in the 

extended family. While trio WES analysis in consanguineous populations has enabled 

discovery of numerous novel disease genes and variants such as de novo and recessive 

disorders4,7, some researchers argue that the diagnostic efficiency in families with very 

high degrees of consanguinity may be hindered due to the higher degree of 

homozygousity70. Nevertheless, it appears that WES findings in inbred populations are 

generally higher than outbred populations4,7.  

It is suspected that novel disease genes may be an underlying cause of disease for the 

remaining families. However, these genes may remain bottlenecked in NGS pipelines 

under the current variant and gene classification guidelines. Moreover, the abundance 

of GUS, as well as limitations in time and resources may have precluded further 

analysis of these candidates48. From the lessons learned in this thesis and in the 

literature, improving WES analysis for the remaining families may require 

accessibility to DNA from extended family members where relevant, additional patient 

clinical history and patient-derived samples where possible34. Techniques including 

RNA-seq and proteomics may be performed to complement WES data, followed by 

WGS if no variants are uncovered. However, such complementary approaches may 
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not be possible due to issues with consent, invasive biopsy procedures and in some 

cases, unavailability of samples due to death of family members or patients34,71.  

5.7 Significance of thesis 

This thesis contributes two novel pieces of knowledge to the genetics of congenital 

myopathies and provides insight into molecular pathways that are uncommonly 

explored27. Reporting of these candidates should facilitate a genetic diagnosis for other 

affected families worldwide. 

I describe the identification of a novel 3’ UTR splice variant with a nonsense mediated 

decay mechanism that appears to be underrepresented in the literature72. Discovery of 

the splice activating nonsense mediated decay mechanism may provide future insights 

into potential gene therapies such as antisense oligonucleotide (ASO) therapy, which 

has been used to restore defective splicing in disease contexts73. ASO therapy is also 

promising given some reports demonstrate that ASO binding to 3’ UTRs can stabilise 

mRNA74,75. 

Additionally, I describe the discovery of  HMGCS1 as a novel disease gene candidate 

for rigid spine syndrome. These findings expand the number of genes implicated in 

this disorder and highlight the mevalonate pathway as being crucial for muscle 

function27. Reporting of HMGCS1 as a disease gene may lead to further studies that 

clarify links between the mevalonate pathway and neuromuscular disease, which to 

date are poorly understood76,77. Moreover, future studies of this pathway may also 

provide additional insight into the muscle-damaging side effects of statins77.  

5.8 Future directions 

I speculate that hidden pathogenic 3’ UTR variants may be implicated in patients with 

rare genetically unsolved diseases. Thus, analysis of 3’ UTR variants in cohorts of 

patients with unsolved genetic disorders may identify the cause of disease for many 

patients. Disease gene databases such as ClinVar may also provide a reservoir of 3’ 

UTR VUS that may cause 3’ UTR-related nonsense mediated decay. The use of in 

vitro expression systems such as the one utilised in this study may aid in 

characterisation and validation of additional pathogenic 3’ UTR splice variants 
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identified. Finally, research involving targeted gene therapy for 3’ UTR splice variants 

is warranted.  

As the molecular aetiology for HMGCS1-myopthy remains undetermined, future 

research includes phenotyping zebrafish hmgcs1 knockout models and performing 

rescue assays with a focus on muscular phenotypes78-80. Ongoing research also 

includes in vitro characterisation of the other HMGCS1 substitutions reported in this 

study, which will add further confidence to the observations for the HMGCS1 

p.Ser447Pro substitution. Additionally, testing HMGCS1 in unsolved rigid spine 

syndrome cohorts may provide a diagnosis for more families and further elucidate the 

mechanisms of HMGCS1 disease. 

Given the crucial roles of the mevalonate pathway, it might be expected that by nature, 

additional inborn disorders will be associated with this pathway13,55. Therefore, genes 

of the mevalonate pathway should be considered during NGS analysis of patients with 

unresolved myopathic phenotypes.  

The families remaining without a genetic diagnosis warrant further investigations. 

Approaches including whole genome sequencing, long read sequencing and RNA-seq 

analyses can be performed to search for the missing genetics of these families47. 

Identification of novel disease genes or variants will provide further insights into 

pathological mechanisms of myopathies and can define novel therapeutic targets31. 

5.9 Thesis conclusion 

A precise genetic diagnosis is the crux in rare diseases such as congenital 

myopathies69. However, identifying and confirming a genetic diagnosis can be 

challenging48. In this thesis, I show that combined NGS and functional genomics 

methods can facilitate the investigation and evaluation of novel genetic causes of 

congenital myopathies in both known disease genes and novel disease candidates. The 

shift from a pure genetic approach to the implementation of well-established functional 

genomic and multi-omics approaches are expected to increase the diagnostic yield for 

NGS47,81. Moreover, data sharing, and increased collaborations will be fundamental to 

reducing the diagnostic odyssey, clarifying disease mechanisms, and developing 

treatments for congenital myopathies5,47,55,82. 
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3’UTR variant in KLHL40 causes nemaline myopathy 
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Nemaline myopathy 8 (NEM8) is typically a severe autosomal recessive disorder 

associated with variants in the kelch-like family member 40 gene (KLHL40). To date, 

patients with NEM8 have only been identified with coding pathogenic variants and 

almost all have presented with severe disease. Common features include fetal 

akinesia/hypokinesia, fractures, contractures, dysphagia, respiratory failure, and 

neonatal death (average age at death 5 months). Here, we describe a 26-year-old man 

with milder NEM8. He presented with hypotonia and bilateral femur fractures at birth, 

later developing bilateral Achilles’ contractures and scoliosis, as well as elbow and 

knee contractures. He had walking difficulties throughout his childhood and never ran 

or jumped. He was wheelchair bound from age 15 after prolonged immobilization. 

Muscle MRI at age 13 indicated prominent fat replacement in his pelvic girdle, 

posterior compartments of thighs, vastus intermedius and legs. Muscle biopsy showed 

nemaline bodies and intranuclear rods. RNA sequencing and western blotting revealed 

striking reduction in KLHL40 expression and abundance in patient skeletal muscle. 

Using a combination of NGS panel testing and exome sequencing, we identified a 

likely pathogenic variant (c.∗152G>T) in the 3’ untranslated region (UTR) of 

KLHL40 in trans with a truncating 10.9 kb deletion. In silico tools SpliceAI and 

Introme predicted that the c.∗152G>T variant creates a donor splice site. Confirming 

this, MINTIE alignment of patient muscle RNA-seq data indicated a cryptic intron is 

https://doi.org/10.1016/j.nmd.2021.07.059
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spliced from the variant site. Our data demonstrates that c.∗152G>T splicing induces 

a 78 bp deletion (c.∗151_∗228del) in the 3’UTR, likely reducing mRNA stability. 

Investigations are ongoing to determine whether regulatory element sites are excised 

or if illegitimate miRNA sites are introduced. We describe for the first time a 3’UTR 

splice-mediated mechanism of NEM8 and encourage consideration of 3’UTRs during 

screening of patients. 
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