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ABSTRACT 
Pre-mRNA splicing is a vital step in global and tissue-specific gene regulation and the 

source of proteomic diversity in eukaryotes. When misregulated, splicing can lead to 

detrimental disease states, and muscle and brain belong to the tissues that are most 

sensitive to such alterations. Consequently, many diseases caused by splicing 

misregulation are known, often affecting the neuromuscular system. Myotonic dystrophy 

type I (DM1) is described as a trans-splicing disease caused by an expansion of a CTG 

repeat in the DMPK gene. The transcription of this repeat-containing gene leads to hairpin 

structures in the DMPK-mRNA, which are recognized by various RNA-binding proteins, 

whose usual function is then inhibited. This results in multisystemic mis-splicing events 

in muscle and brain causing muscle weakness and wasting, myotonia, insulin resistance, 

sleepiness, cognitive decline, and a whole range of additional clinical symptoms. Among 

others, it has been shown that DM1 shows signs of segmental progeria, leading to 

premature aging symptoms in the muscular system. Yet, splicing alterations cannot 

explain all the symptoms observed in patients and more contributors have been identified 

and are still under investigation. Here, I explore new contributors to the pathogenesis of 

DM1 and further compare it with two other hereditary muscular dystrophies, Emery-

Dreifuss-Muscular-Dystrophy (EDMD) and Facioscapulohumeral Muscular Dystrophy 

type 1 (FSHD1). I can thereby show that these muscle diseases not only share similar 

symptoms but also mechanisms linked to the phenotype. Notably, splicing is not only 

broadly altered in DM1 but also in EDMD and FSHD1 with partially overlapping mis-

splicing events. Still, there are differences in splicing factor expression patterns between 

the three muscle diseases, which are also reflected in the type of events detected via 

bioinformatic tools. I thus question which splicing events in DM1 are disease-specific 

due to splicing factor sequestration and which are secondary to general muscular 

dystrophy alterations. Similarly, genes of the nuclear envelope are affected in all three 

diseases on the expression level, with sometimes similar, sometimes opposite trends. 

Importantly, the expression of these genes is correlated with disease severity which 

proposes them as potential biomarkers and candidates for differential diagnosis. In 

summary, this work demonstrates the benefits of comparative bioinformatic analyses of 

big data sets for causally unrelated but similar diseases, whose current view is thereby 

challenged.  
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1 INTRODUCTION 
 

1.1 Splicing: a source of diversity 
 
At the present day, a midsummer day in 2022, it is thoroughly evident to any life scientist 

that splicing is the removal of introns from the pre-mRNA to produce mature mRNA. 

Any comprehensive textbook will point to splicing as the main source of proteomic 

diversity in higher eukaryotes with hundreds of thousands of proteins arising from “only” 

25.000 genes. Take a color-by-number blueprint and, by changing the order of the 

numbers, create not one but many pictures, each telling a different story, finely tuned to 

time, space and purpose. Before we delve into the intricate details of this complex process, 

let’s look back upon the events leading to its’ discovery – for seldom can we learn more 

than by unravelling the mysteries of the past. 

 

60 years ago, scientists had elucidated how proteins are synthesized in bacteria: 

manufactured in massive macromolecular machineries, the ribosomes, with mRNAs 

determining the amino acid sequence (Palade 1955). Although this process seemed to 

apply in principle to animal cells, the nature and synthesis of the informational RNA 

remained unclear and extensive studies were undertaken to shed light on the matter 

(Scherrer et al. 1963). A very useful tool at the time was pulse-chase radioactive labelling, 

in which tritiated uridine is added to the culture medium of cells which then incorporate 

the labelled uridine into their RNA. After a period of time, the labelled culture medium 

is replaced with norm60 years ago, scientists had ascertained how proteins are 

synthesized in bacteria: manufactured in massive macromolecular machineries, the 

ribosomes, with mRNAs determining the amino acid sequence (Palade 1955). al medium, 

allowing the labelled RNA to be tracked over time. This revealed that the nuclear RNA 

was many kilobases in length – far longer than the cytoplasmic RNA - and was rapidly 

degraded, with only a small fraction being exported to the cytoplasm (Harris et al. 1962). 

Was the nuclear RNA a precursor of the actual mRNA? A preliminary version, that was 

modified before being exported to the cytoplasm? It certainly seemed so. The nuclear 

RNA had the same poly-A tail and 7-methylguanine 5’–5’ phosphotriester cap as the 

cytoplasmic mRNA used for protein synthesis (Darnell et al. 1971; Rottman et al. 1974). 

But whether it was really the same molecule, reduced to about a quarter of its length and 

then transported out of the nucleus – it was impossible to prove at the time (mid-1970s). 
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A crucial hint finally came from observations of pre-rRNA derived from a single 13.7 kb 

transcript resulting in 18S, 5.8S and 28S rRNA. Different products from a single 

transcript – generated by cleavage. It was therefore not too far a stretch to suggest that 

the same cleavage process occurred in mRNA. The proof finally came in 1977 with 

hybridisation experiments of purified adenovirus 2 (Ad2) mRNA with its’ DNA, 

described in the now famous paper by Berget et al. In 70% formamide, RNA-DNA 

hybrids have a melting temperature just above that of DNA-DNA hybrids, allowing the 

hybridisation of mRNA to DNA to be observed by electron microscopy (Figure 1, 

(Berget et al. 1977; Berk 2016)).  

This clearly showed that the processed mRNA transcript is complementary to certain - 

shorter - segments of the genome (now known as exons, in red) with larger segments 

spanning the in-betweens, which are non-complementary, forming DNA-loops (now 

called introns, in blue, regions A, B and C). The authors of the manuscript correctly 

connected the dots by pointing out that the mature mRNA is likely to be produced by 

splicing out the longer segments and joining of the shorter ones, while retaining both the 

poly-A tail and 5’ cap. This explained the greater length of nuclear transcripts and the 

rapid degradation of most of them. Shortly afterwards, the same hybridisation technique 

was used to show that several different Ad2 mRNA transcripts could be generated from 

the same original sequence by joining different segments - now known as alternative 

Figure 1: DNA-RNA hybridization of the Adenovirus 2 hexon gene. Hybridization can be observed via 
electron microscopy in 70% formamide. Original electron microscopy image from (Berget et al. 1977) and 
simplified scheme from (Berk 2016). Permission is granted by PNAS under https://www.pnas.org/pb-
assets/authors/authorlicense-1633461587717.pdf. 
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splicing. Advances in cloning allowed the same observations to be made the following 

year for non-viral genes such as chicken ovalbumin (Breathnach et al. 1977) or mouse β-

globin (Kinniburgh et al. 1978). 

Scientists quickly understood the implications of this discovery for the diversity 

and complexity of multicellular organisms, most of which have the exon-intron structure 

of genes. Different gene products can be made from a single locus, depending on the 

needs of the cell – but that is not all. Exons correspond to structural domains in the final 

protein with specific functions and foldings, as shown in 2004 (Liu et al. 2004) but 

suggested already in 1978 by Walter Gilbert (Gilbert 1978). Intriguingly, large intronic 

regions, especially if they contain repeats, allow DNA recombination and thus the 

shuffling of exons between genes, providing entire functional units for the generation of 

new proteins – and, if advantageous, evolutionary selection and fixation. A source of 

diversity without the need to duplicate a whole gene to vary the function. It was also 

Walter Gilbert who coined the terms intron (for intragenic region) and exon (for 

expressed region). 

 

1.2 Splicing complexes and process 
 

Biochemically, splicing is a combination of two successive transesterifications in which 

a hydroxyl (OH) group of one nucleotide "attacks" the phosphate group of another 

nucleotide. This reaction is called a “nucleophilic attack”. Rather than being “cleaved”, a 

particular nucleotide forms a new bond, releasing the previous one (Filipowicz et al. 

1983; Konarska et al. 1982; Konarska et al. 1985). The nucleotides at which 

transesterifications occur are located in introns, which are evolutionarily conserved and 

are called splice sites (SS). There are three conserved sites: the 5’ SS at the beginning of 

the intron with an AG, the 3’ SS at the end of an intron with a GU and finally the branch 

point adenosine (BPA) 15-50 base pairs upstream of the 3’ SS (Ruskin et al. 1985; Ruskin 

et al. 1984). Splicingis strictly dependent on the presence of these sequences, as evidenced 

by the complete inhibition of the entire process when mutated. Less conserved but 

necessary for correct splicing are enhancer and silencer regions, which are mostly bound 

by SR (serine and proline rich) proteins and either promote or repress splice site usage. 

These regions occur in exons (exonic splicing enhancer (ESE), exonic splicing silencer 

ESS) and introns (intronic splicing enhancer ISE, intronic splicing silencer ISS) 

(Blencowe 2000; Wu et al. 1993; Lavigueur et al. 1993).  
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In the first transesterification, the 2’OH group of the BPA attacks the phosphate 

of the 5’ SS guanine phosphate group, which then form a new bond leaving a free OH 

group at the 3’ end of the 5’ splice site. This structure looks like a lasso and is thus called 

lariat (Figure 2). The free hydroxy group of the 5’ exon then attacks the phosphodiester 

of the 3’ exon, finally releasing the intron and joining the two exons together (Will et al. 

2011). 

The transesterifications are mediated by the spliceosome, a huge machinery that 

contains five RNAs and about 150 RNA-binding proteins (RBPs). The sequential steps 

and re-formations of the spliceosome assembly, binding and catalytic conformations have 

been studied in detail (Hicks et al. 2005) and reviewed in (De Conti et al. 2013). Prior to 

the actual splicing reaction, the three conserved sequences are recognized by specific 

subcomplexes. In the case of introns between 200-250 nucleotides in length, the U1 small 

nuclear ribonucleoprotein (snRNP) complex binds the 5’SS through base paring of the 

U1 snRNA to the pre-mRNA. Shortly thereafter, the BPA is recognized by non-snRNPs 

such as SF1, which now form the early complex (complex E). U2 snRNA then binds to 

the BPA region and conformational changes bring the 5’SS, 3’SS and the BPA into close 

proximity. This process is ATP-dependent, unlike the formation of complex E, and the 

resulting complex is called the pre-spliceosome or complex A. The pre-assembled 

U4/U6.U5 tri-snRNP is then recruited (pre-catalytic complex B) and several 

conformational rearrangements lead to U1 and U4 snRNPs leaving the spliceosome after 

the catalysis has been prepared. The sites of the first nucleophilic attack, the BPA and the 

5’SS, are brought into the active center (Bact complex). DEAH-box RNA helicase Prp2 is 

Figure 2: Schematic overview of the splicing reaction. 
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then activated, which is referred to as the B* complex, and catalyzes the first 

transesterification, yielding the C complex which then mediates the second 

transesterification. The lariat intermediate is released and quickly degenerated, although 

it has been reported that released introns might act as regulatory non-coding RNA 

(ncRNA)(Rearick et al. 2011).  

If the intron length exceeds 250 nucleotides – which is often the case in mammals 

– the intron-defined spliceosome assembly described above switches to an exon-defined 

assembly in which the 3’SS and 5’SS of an exon are recognized first (Fox-Walsh et al. 

2005). The BPA downstream of the 5’SS is then bound and the exon definition complex 

switches to an intron definition complex. However, the mechanistic details of this switch 

remain unknown. Correct splicing is a challenge for several reasons. First, exons are much 

shorter than introns and are therefore masked by sheer mass. Second, splicing usually 

occurs in parallel with transcription elongation by RNA polymerase II, requiring 

excessive interplay between two tightly regulated mechanisms involving hundreds of 

proteins (Tennyson et al. 1995; Howe 2002). Third, splice site selection must be precise 

(a single nucleotide can cause a frame shift and thus nonsense-mediated decay) and 

specific to the respective tissue and developmental state, often with several options per 

exon, while some are skipped altogether – this is known as alternative splicing. 

 

1.3 Alternative splicing in muscle 
 
The process described above is called constitutive splicing – the removal of a single intron 

and the joining of two adjacent exons. Alternative splicing was first observed in 1977 

(Chow et al. 1977) and since then, several types of events have been proposed, which can 

also be combined into complex events. The most studied alternative splicing events are 

exon skipping (ES), intron retention (IR), alternative 3’ and 5’ SS (A3SS, A5SS) and 

mutually exclusive exons. Pan et al. estimated that more than 95% of all human genes 

undergo alternative splicing resulting in gene isoforms with different functions (Pan et al. 

2008). This allows adaptation to the specific needs of different tissues, as well as to 

developmental and environmental changes. While some genes have only a few annotated 

isoforms, others have several dozen, such as the giant protein dystrophin (DMD) with 

more than 40 annotated protein-coding isoforms. Figure 3 shows the most common types 

of AS.  
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Muscle is a highly ordered tissue consisting of post-mitotic, multinucleated 

myocytes which are able to contract and are thus the basis of all voluntary (and some 

involuntary) motion in animals. In these huge cells, also called myofibrils, we find the 

smallest contractile unit of muscles, the sarcomeres. Sarcomeric structure and 

components are highly conserved among species, between invertebrates and vertebrates, 

from fly to man (Fukushige et al. 2006; Jung et al. 2008; Buckingham 2017). Thus, 

studies in model organisms like Drosophila melanogaster (fruit fly) or Danio rerio 

(zebrafish) advanced our knowledge about muscle structure and development enormously. 

Sarcomeres consist of thin filaments of actin and tropomyosin-troponin complexes which 

are anchored in the Z-disc, and of thick myosinII-filaments anchored in the M-line (Squire 

1997). Through interaction, these long filaments can slide past each other and thus shorten 

the sarcomere in length, which is an ATP-dependent process (also sliding-filament 

theory) (Lorand 1953; Huxley et al. 1954). If this happens in all consecutive sarcomeres 

in a myofibril – and all myofibrils in a myofiber – and all myofibers in a muscle bundle 

– the entire muscle shortens, i.e. contracts. For this to work, a multitude of additional 

interactors, enzymes and anchor proteins like troponins (TNNT), tropomodulins (TMOD), 

tropomyosins (TPM) and titin (TTN), are necessary (Brenner et al. 1987). Their main 

exon1 intron13‘ 5‘

exon1 intron1constitutive

exon skipping

intron retention

alternative 3‘ SS

exon2 exon3 exon4intron2 intron3

exon2 exon3 exon4intron2 intron3 exon1 exon2 exon3 exon4

exon1 intron1 exon2 intron2 exon3 intron3 exon4 exon1 exon3 exon4

exon1 intron1 exon2 intron2 exon3 intron3 exon4 exon1 intron1 exon2 exon3 exon4

exon1 intron1 exon2 intron2 exon3 intron3 exon4 exon1 exon3 exon4

alternative 5‘ SS exon1 intron1 exon2 intron2 exon3 intron3 exon4

exon2

exon1 exon2 exon3 exon4

mutually exclusive exons exon1 intron1 exon2 intron2 exon3 intron3 exon4

exon1 exon3 exon4

exon1 exon2 exon4

pre-mRNA

Figure 3: Most frequent splicing modes and resulting mRNA transcripts 



 14 

function is to anchor actin and myosin to the Z-disc and M-line, as well as regulating their 

interaction which is Calcium dependent: tropomyosin blocks the interaction of myosin 

with actin but uncovers the binding site upon calcium release and interaction (Lehman et 

al. 1994).  

Muscle was one of the first tissues in which alternative splicing was demonstrated 

to be massively used and essential for proper function, development and maintenance. 

However, even after extensive screenings of different tissues, muscle is still among the 

ones with the highest proportion of differentially spliced genes, along with leukocytes, 

mammary glands, testes, brain and several cancers (Castle et al. 2008; Pan et al. 2008). 

In contrast, adrenal gland, fetal lung and adipose tissue display the fewest events. Further, 

the number of AS events is reflected in the amount of differential expression in each 

tissue. Much research has been focused on embryonic and postnatal heart development, 

revealing that most changes are driven transcriptionally and post-transcriptionally 

(Baralle et al. 2017). Many AS events have been identified that occur in highly regulated 

temporal patterns and are conserved across species (Staudt et al. 2012). These splicing 

events are regulated by several RNA-binding proteins (RBPs), including CUGBP and 

ETR3-like factors (CELFs) and the muscleblind-like (MBNLs) family proteins. CELF1 

and MBNL1 were shown to act antagonistically with CELF1 being highly expressed in 

the early stages and more than 10-fold downregulated during heart development, while 

MBNL1 is more than 4-fold upregulated. Impressively, restoring the embryonic protein 

levels of both proteins in adult mouse hearts results in embryonic splicing patterns of 

more than 50% of the developmentally regulated AS events (Kalsotra et al. 2008).  

One of the most prominent examples of the importance of splicing in muscle is 

the giant protein titin (TTN) whose gene contains a remarkable 364 exons and with this, 

the highest number of exons in all human genes. TTN spans from the M-line to the Z-

disc, which means both the I-band as well as the A-band region (Labeit et al. 1990). TTN 

exons corresponding to the I-band region undergo differential splicing resulting in a 

longer isoform (N2BA isoform) and a shorter one (N2B) (Labeit et al. 1995). The ratio 

of N2BA and N2B determines the length of the sarcomere and thus the passive tension 

of the muscle. Accordingly, N2BA can be found in higher proportions in neonates, while 

adults express primarily N2B, a result of increased muscle activity and physical forces 

exerted on adult muscle. Similarly, the ratio of N2B to N2BA in cardiomyocytes is higher 

than in skeletal muscle, since the passive tension needs to be manifolds higher to ensure 

efficient blood pressure (Loescher et al. 2021). 
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1.4 Alternative splicing in disease 
 
Given the fundamental role of splicing in gene expression and the enormous complexity 

of its regulatory system, it is not surprising that it has been implicated in a wide range of 

diseases, sometimes as a major player, sometimes as one of many dysregulated levels, as 

in cancer. An early study in 1992 estimated that approximately 15% of all genetic diseases 

are caused by mutations that result in splicing defects, but at that time only splice sites 

and BPA sequences were considered, while enhancer and silencer regions were neglected 

(Krawczak et al. 1992). Even today, 30 years later, the number of hereditary diseases 

caused by misregulated splicing can only be estimated, but it may be as high as 50% 

(Cartegni et al. 2002). Scientists distinguish between cis-acting and trans-acting splicing 

alterations. The former involve mutations in the DNA sequence required for splicing: 

5’SS, 3’SS, BPA as well as enhancer and silencer regions. The second refers to the 

dysregulation of splicing factors. Table 1 shows some of the best-studied splicing 

disorders, their genetic cause (the gene in which the mutation occurs) and the 

consequence for splicing. Here, I will focus on neurodegenerative and muscular diseases 

as these are the most relevant to my field of research, but many others are known (Scotti 

et al. 2016; Douglas et al. 2011; Li et al. 2021). 

Disease Gene Mechanism Consequence Ref. 
Cis 
Early-onset Parkinson 
Disease (PD) 
 

PINK1 5’SS mutation Cryptic SS usage à 
exon7 skipping 

(Samaranch 
et al. 2010) 

Frontotemporal dementia 
with parkinsonism 
chromosome 17 (FTDP-17) 
 

MAPT ESS mutation Increased exon 10 
inclusion 

(Iovino et 
al. 2014) 

Duchenne muscular 
dystrophy (DMD) 
 

DMD Exon deletions 
and skipping Frameshift à NMD (Muntoni et 

al. 2003) 

Becker muscular dystrophy 
(BMD) 
 

DMD ESS 
introduction Exon 31 skipping (Disset et 

al. 2006) 

Dilated cardiomyopathy 
(DCM) 
 

LMNA A3SS Exon 4 extension by 9 
nt 

(Otomo et 
al. 2005) 

Limb girdle muscular 
dystrophy type 1B 
(LGMD1B) 
 

LMNA 5’SS mutation Intron 9 retention à 
NMD 

(Muchir et 
al. 2000) 

Hutchinson–Gilford 
progeria syndrome (HGPS) LMNA A5SS Exon 11 reduction by 

150 nt à progerin 
(Eriksson 
et al. 2003) 
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Table 1: Cis- and trans-splicing diseases, causing genes and effect on splicing 

 

One of the best studied trans-splicing diseases is myotonic dystrophy (DM), caused by 

expansion of CTG/CCTG repeats and subsequent splicing factor sequestration to the 

mutated transcripts. In the following paragraph I will describe this muscle disease and its 

proposed pathomechanisms as well as two other, splicing-unrelated muscular dystrophies. 

 

1.5 Neuromuscular diseases 
 
The Friedrich-Baur-Institute, in which this doctoral thesis was conducted, is specialized 

in the clinical treatment and scientific investigation of all types of neuromuscular diseases. 

Hereditary neuromuscular disorders are generally defined by the malfunction of 

peripheral nerves, the neuromuscular endplate, or skeletal muscles with different sites of 

injury: neuronal cell bodies, Schwann cells, axons, neuromuscular junction or skeletal 

muscle. In the following I will outline three muscular dystrophies, DM1, Emery-Dreifuss-

muscular-dystrophy (EDMD) and facioscapulohumeral muscular dystrophy (FSHD); and 

summarize the current point of view on their pathomechanisms. In the discussion, I will 

compare these diseases by challenging some of the established opinions. 

 

1.5.1 Myotonic dystrophy (DM) 

Myotonic dystrophies (dystrophia myotonica; DM) are hereditary, muscular disorders 

which affect the muscles, central nervous system (CNS) and endocrine system marking 

them as multisystemic diseases (Minnerop et al. 2011; Dahlqvist et al. 2015). Two types 

of DM are described, and both are caused by a repeat expansion in the untranslated 

regions of two distinct genes, DMPK (dystrophia myotonica protein kinase, DM type 1) 

and CNBP (CCHC-type zinc finger nucleic acid binding protein, DM 2). With a 

Trans 

Myotonic Dystrophy (DM) DMPK 
CNBP 

CTG/CCTG 
repeat 
expansion 

Splicing factor 
sequestration, 
imbalance between 
MBNL and CELF 
protein families 

(Miller et 
al. 2000) 

Spinal muscular atrophy 
(SMA) SMN1 deletion Loss-of-function (Lorson et 

al. 1999) 

Amyotrophic lateral 
sclerosis (ALS) FUS Point mutation 

Altered interaction with 
splicing factors à mis-
splicing of targets 

(Sun et al. 
2015) 

Dilated cardiomyopathy 
(DCM) RBM20 Point mutation 

Altered interaction with 
splicing factors à TTN 
mis-splicing 

(Guo et al. 
2012) 
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prevalence of ~1:8000 -1:10000, DM1 is the most common late-onset muscular dystrophy 

(Liao et al. 2022), and a recent study identified an even higher prevalence 0 1:2100 of 

DM in newborns in the state New York (Johnson et al. 2021). Its’ congenital form 

(CDM1) is rarer and the most severe one with a high mortality rate in the neonatal state 

(Echenne et al. 2013). This type is only well established for DM1. The symptoms are 

wide-ranging and variably pronounced between patients (Wenninger et al. 2018). As the 

name suggests, one of the characteristic symptoms is myotonia, which is defined by 

prolonged relaxation after muscle contractions and mostly affects the skeletal muscles of 

the extremities, i.e. hands (grip myotonia) and lower legs. Muscle weakness and wasting, 

however, is the most prevalent symptom with more than 45% of patients suffering from 

it (De Antonio et al. 2016).  

In DM1, distal muscles are more affected than proximal muscles, while DM2 

patients experience muscle weakness more often in the proximal muscles (Wenninger et 

al. 2018). Further, insulin resistance, cardiac arrhythmia, cataracts, sleep-wake-cycle 

disturbances, and decreased intelligence and cognitive decline occur. Pathologically, 

dystrophic findings encompassing central nuclei, pyknotic nuclear clumps, angulated 

fibers, and slow fiber type atrophy with fast fiber type hypertrophy, are commonly 

observed (Figure 4).  

So how does a nucleotide repeat expansion cause a diverse symptomology like 

that on the mechanistic level? In fact, many repeat expansion diseases are described, 

among others Huntington’s disease and Fragile X syndrome, and they all have a highly 

Figure 4: DM1 pathology. Primarily, distal muscle groups are affected as shown on the left. H&E stain 
shows typical pathological changes, including internal nuclei (white arrows), small and angular fibers 
(yellow arrows) and splitting fibers (green arrow).  
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variable phenotype (Paulson 2018). The first possibility that comes to mind is a loss of 

function of the gene harboring the repeat expansion, due to reading frame shifts (non-

triplet repeat expansions) or altered transcriptions factor binding (repeat in regulatory 

regions). In the case of Fragile X syndrome for instance, a CGG-repeat expansion in the 

5’ UTR of the FMR1 gene leads to hypermethylation and subsequent silencing of the 

gene (McConkie-Rosell et al. 1993). This is, however, the minority of cases. More 

common is a toxic gain of function: in protein-coding sequences, a triplet repeat codes 

for a specific amino acid which can then be found in the protein ultimately altering its 

behavior. For example, CAG codes for glutamine and several polyglutamine diseases are 

known, among others Huntington’s disease or spinal and bulbar muscular atrophy. In other 

disease entities, however, as in DM1 and DM2, it is not the protein that displays the toxic 

gain of function, but the RNA.  

 

1.5.1.1 RNA toxicity 

As an important regulatory feature, RNA can form secondary structures which are then 

recognized by RNA-binding proteins and regulate RNA stability and decay, splicing, post-

transcriptional modifications and transport (Sanchez de Groot et al. 2019). Unsurprisingly, 

RNA repeats can self-assemble and thus form highly ordered hairpin structures. In DM1, the 

CUG stem-loop structures in the DMPK-mRNA is then bound by muscleblind-like protein 

family members (MBNL1-3), which act as splicing regulators and are consequently depleted 

from the nucleoplasm, unable to fulfill their usual function (Miller et al. 2000; Mankodi et al. 

2000). MBNL1 sequestration and resulting foci can be visually observed in 

immunofluorescence experiments in DM patient-derived muscle cell cultures (Figure 5). 

Interestingly, MBNL proteins were found to be expressed at low levels in developing 

embryonic muscle, but are highly elevated in adult muscle, suggesting that it regulates the 

expression of adult muscle-specific isoforms (Kalsotra et al. 2008). Consistently, it’s 

depletion in DM1 yields an increase of embryonic splice isoforms which are insufficient to 

meet the physiological requirements of adult muscle tissue (Lin et al. 2006). This is supported 

by the increased activity of CELF-family members in DM due to hyperphosphorylation, 

which are usually active in embryonic muscle and display reduced activity in adult muscle 

(Kalsotra et al. 2008). As mentioned under chapter 1.3, MBNL and CELF are thus thought to 

be antagonistic players in muscle development, a mechanism that is reversed in DM. 
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Many resulting mis-splicing events have been described in DM, among others the 

inclusion of exon 7a in the chloride channel CLCN1 leading to a frame shift and premature 

stop codon (Charlet et al. 2002). CLCN1 is necessary for reaching the resting membrane 

potential quickly after muscle excitation, and its mutation or mis-splicing yields myotonia, 

one of the signature symptoms of DM as described above. The inclusion of exon 17a in 

myomesin (MYOM1) results in the encoded protein being more elastic and occurs usually in 

embryonic muscle, but also in DM1 (Koebis et al. 2011). Other well studied mis-spliced 

genes in DM1 include BIN1, ATP2A1, CACNA1S, RYR1, LDB3 and INSR, all of which can 

be coupled to pathways contributing to DM1 pathology (Nakamori et al. 2013). The 

importance of splicing misregulation in the DM1 pathology is undoubted, however, no DM1 

model, neither MBNL knockout, CELF overexpression nor repeat expansion models, are 

sufficient to explain the whole range of symptoms and the variability between patients. 

Further, many of the described mis-splicing events are also observed in other neuromuscular 

diseases or during muscle regeneration (Bachinski et al. 2014; Orengo et al. 2011), potentially 

suggesting splicing as a general secondary effect of muscle disease. Thus, the search for 

alternative or additional explanations revealed more mechanisms contributing to the DM1 

etiology, which I want to outline briefly. 

 

1.5.1.2 DMPK haploinsufficiency 

It was shown that DMPK-mRNA accumulates in the nuclei of affected individuals, 

probably because the binding of MBNL proteins and foci formation prevents further 

Figure 5: RNA-toxicity in DM1. A) Simplified depiction of the CUG-repeat containing DMPK transcript, 
which forms hairpin structures and thereby sequesters MBNL1. B) Nuclei of control, DM1 and DM2 cells, 
in blue MBNL1 distribution. In controls, MBNL1 is distributed evenly throughout the nucleus, but forms 
bright foci in DM1 and DM2. C) Immunofluorescence images of MBNL1 staining in Controls, DM1 and 
DM2 myoblasts. Foci can be observed in DM1 and DM2 but not in Controls. Further, MBNL1 is highly 
expressed in the cytoplasm in controls, but not in DM1 and DM2. 

Control 
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processing and the transport to the cytoplasm (Novelli et al. 1993; Michel et al. 2015). 

Naturally, this leads to reduced DMPK protein levels which might contribute to the DM1 

phenotype. However, Dmpk-/- mouse models yield controversial results: some do not 

display a muscle phenotype while others have mild DM-like symptoms (Reddy et al. 

1996; Carrell et al. 2016). Intriguingly, a mouse model in which human DMPK with 

normal repeat length is overexpressed develops several DM1 key features like myotonia, 

myofiber type I atrophy and central nuclei (O'Cochlain et al. 2004). 

DMPK is a serine- threonine-kinase whose cellular localization is yet unclear – it 

was described to localize at the plasma membrane, nuclear envelope as well as the 

cytoplasm (Harmon et al. 2008; Harmon et al. 2011; van der Ven et al. 1993). As a kinase, 

DMPK phosphorylates its substrates and regulates their activity. Suggested substrates 

include phospholamban, which functions as an inhibitor of a calcium pump in the 

sarcoplasmic reticulum of the heart SERCA2a (Kaliman et al. 2005), and 

phospholemman, a regulator of the Na+/K+-ATPase important for excitation-contraction 

(EC) coupling in cardiac and skeletal muscle (Mounsey et al. 2000). Phospholemman is 

mainly phosphorylated by the protein kinases A and C (PKA, PKC), it is thus conceivable 

that these kinases compensate for the reduction of DMPK protein (Palmer et al. 1991; 

Lindemann 1986). Additionally, the activity of PKC was shown to be increased in DM1 

and responsible for the hyperphosphorylation of CELF1 (Kuyumcu-Martinez et al. 2007). 

Whether DMPK has exclusive functions that cannot be compensated by other kinases and 

consequently, whether protein loss of DMPK contributes to DM1 is currently unknown. 

 

1.5.1.3 Chromatin changes 

Another hypothesis that was tested is based on the observation that CTG-repeat 

expansions can lead to chromatin changes: nucleosomes are packed tighter and thus 

reduce the expression of e.g. neighboring genes (Poeta et al. 2020; Wang et al. 1994). In 

case of DMPK, the transcription factor (TF) SIX5 is in close proximity and it’s expression 

is actually downregulated in DM1 patients (Thornton et al. 1997). Consistently, a 

potential contribution of SIX5 reduction is supported by a mouse knockout model which 

develops an increased risk of cataracts, a frequent symptom in DM1 (Klesert et al. 2000; 

Voermans et al. 2015). 

Further, DNA methylation patterns have been investigated. Hypermethylation, 

especially at CpG islands (cytosine and guanosine rich DNA regions), is generally 
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associated with gene silencing due to impaired binding of transcription factors and 

enhancers (Newell-Price et al. 2000). Moreover, methylation as posttranslational 

modification of histones has a similar effect: hypermethylation results in a denser 

chromatin structure and thus gene silencing, while hypomethylation leads to loose 

chromatin packaging and genes can be easier accessed and transcribed (Strahl et al. 2000). 

In DM1, hypermethylation of CpG islands nearby the CTG (up- and downstream) 

expansion have been described by several labs (López Castel et al. 2011; Steinbach et al. 

1998) and in CDM this hypermethylation concurred with binding sites for the 

transcription regulatory protein CTCF (Barbé et al. 2017). Although a methylation of the 

CTCF binding sites (and its consequences) is controversial, their existence at various sites 

in DMPK is still highly interesting (two of them shown in Figure 6). Notably, the CTCF 

binding site in the 3’ UTR which also harbors the CTG repeat expansion was only found 

in myoblasts and myotubes but not in non-musle cell lines (Buckley et al. 2016). 

 

CTCF is involved in the generation of topologically associating domains (TADs), self-

interacting chromatin regions shaping the regulatory landscape, i.e. genes depending on 

the same TFs and enhancers form domains to ensure robust gene expression (Dixon et al. 

2012; Phillips-Cremins et al. 2013; Sofueva et al. 2013; Zuin et al. 2014). The 

consequential 3D organization of the genome is specific to cell type, developmental state 

and environmental cues. Interestingly, the repeats associated to diseases but not repeats 

in general can be found at the boundaries of TADs, making it likely that their genetic 

instability might be a cause of the 3D localization (Sun et al. 2018). Sun et al. showed 

that the CTG repeat in the 3’ UTR of DMPK belongs to the TAD marking repeats and in 

FMR1, which causes Fragile X Syndrome, TAD boundaries are disrupted in patients with 

expanded repeats, probably due to hypermethylation of CTCF binding sites. Since 3D 

genome organization is highly cell type specific, this would also explain why some tissues 

(CTG)n

CTCFCTCF

CTCF binding sites

Figure 6: DMPK displays CTCF binding sites in the CTG repeat region in the 3' UTR, as well as in the 5’ 
UTR. The latter was shown to be muscle specific. 
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are more affected than others. If these boundaries can be affected by repeat expansion 

without hypermethylated CTCF binding sites is currently unknown. 

Therapeutic approaches in DM target either specific symptoms like Mexiletine 

improving myotonia by blocking sodium channels, or the effects of toxic-RNA using 

antisense oligonucleotides (ASOs). An interesting approach is the blocking of GSK3β by 

Tideglusib, which should reduce CELF1 activity. Tidegsulib was shown to mainly help 

with neurological symptoms like sleepiness and social distancing, but also with myotonia 

in some cases (Horrigan et al. 2020). ASOs were demonstrated to improve mis-splicing 

events, however the overall effect is often small and the delivery to site of action is still 

problematic (Pascual-Gilabert et al. 2021). 

 

1.5.2 Emery-Dreifuss-Muscular-Dystrophy (EDMD) 

1.5.2.1 Historical remarks and clinical presentation 

EDMD is a rare disorder with a prevalence of 1: 100.000 (Nelson 2000), and its 

systematic investigation is relatively young. It was first described in 1966 by Emery and 

Dreifuss as a neuromuscular disorder that causes early joint contractures, progressive 

muscle weakness and wasting and cardiac conduction defects (Meinke ; Emery et al. 

1966). But it was not until 30 years later that the genetic basis was identified – or at least, 

one of many: EMD, or emerin, was found to be mutated in EDMD patients (Bione et al. 

1994). In 1996, EMD was identified as a nuclear envelope (NE) gene, which came as a 

surprise at the time because most muscular dystrophies were thought to be caused by 

sarcolemmal proteins (Manilal et al. 1996). However, not all patients had mutations in 

EMD which led to the search of EDMD-related genetic changes. Not all of these have yet 

been identified, but all known are associated with the NE. Lamin A/C (LMNA) was the 

second to be discovered, but together, EMD and LMNA mutations constituted less than 

half of all mutations found in patients (Bonne et al. 1999). By now, FHL1 (Gueneau et al. 

2009), the nesprins SYNE1-2 (Zhang et al. 2007) and SUN1 (Meinke et al. 2014) have 

been linked to EDMD. Intriguingly, these EDMD-linked genes are ubiquitously 

expressed, and their products are required for proper gene expression in all cell types. In 

particular, lamin A  is necessary for chromatin organization in general and thus regulates 

thousands of genes (Broers et al. 2006; Verstraeten et al. 2007; Meinke et al. 2015). So 

how do mutations in these genes cause a tissue-restricted phenotype? Before describing 
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the hypotheses scientists came up with for this conundrum, I will summarize the clinical 

presentation of EDMD. 

As is typical of muscular dystrophies, EDMD is very variable and heterogeneous 

among patients and even within family members in terms of symptomology and genetics 

– so much so that Emery himself pleaded for the term “Emery-Dreifuss-syndrome” in 

1989 (Emery 1989). In line with this variability, EDMD can be classified as X-linked 

(EMD, FHL1), autosomal dominant (LMNA, SYNE1) and autosomal recessive (LMNA, 

SUN1) and mutations in additional genes can act as modifiers, either improving or 

worsening the phenotypic outcome (Meinke et al. 2020). For example, one family 

member may show signs of all three EDMD-like symptoms described (contractures, 

muscle weakness, and heart defects), while another has only heart defects (Bonne et al. 

2000). Contractures occur usually in the elbows, Achilles tendons and postcervical 

muscles and are among the first symptoms to appear in the first two decades of life. As a 

result, the neck and spine become rigid and the patient’s mobility is impaired. Progressive 

muscle weakness and wasting can be seen in the proximal upper and distal lower 

extremities, although this can vary between X-linked and autosomal dominant forms of 

EDMD (Bonne G 2004 ; Meinke). Muscle pathology can also vary between EMD and 

LMNA mutation patients. Both display varied fiber size, increased central nuclei and 

immature fibers, while little necrosis is observed (Figure 7). However, patients with 

mutations in EMD may have pronounced atrophy and predominance of the slow-fiber 

type and fast-fiber hypertrophy, while LMNA patients rather display atrophic fibers in 

both types, but other studies found no difference between emerinopathic and 

laminopathic EDMD regarding myopathic changes (Astejada et al. 2007) 

(https://neuromuscular.wustl.edu/pathol/edmdpath2.htm, 

https://neuromuscular.wustl.edu/pathol/cmdlamac.htm). Finally, cardiomyopathy is very 

common and usually occurs after muscle weakness but may be isolated from other 

symptoms and is then called dilated cardiomyopathy type 1A. Arrythmias and conduction 

defects may require a pacemaker or heart transplant. 

https://neuromuscular.wustl.edu/pathol/edmdpath2.htm
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1.5.2.2 The nuclear envelope 

Since EDMD is clearly understood as a disease of the nuclear envelope, it is necessary to 

explain NE structure and functions. The nucleus is surrounded by two lipid bilayer 

membranes and contains the genome of eukaryotic cells (Kite 1913), as well as a myriad 

of regulatory proteins and RNAs. Structurally, the NE consists of the inner lamina, the 

double membrane and many nuclear pore complexes, which are huge mega-dalton 

complexes spanning both membranes and allow transport of large molecules like proteins 

(Figure 8)(Watson 1955). The outer nuclear membrane (ONM) is contiguous with the 

endoplasmic reticulum (ER), while transmembrane proteins can interact with nuclear 

lamina, chromatin or cytoskeleton (Hetzer et al. 2005). The connection between the 

cytoskeleton and the nucleus has several important functions like nuclear positioning and 

migration, and especially mechanotransduction: the conversion of mechanical into 

chemical signals. The main player in mechanotransduction is the LINC complex (Linker 

of nucleoskeleton and cytoskeleton) consisting of an ONM KASH domain protein 

(SYNE1-4, KASH5 and LRMP) and an INM SUN domain protein (SUN1/2) which 

interact in the perinuclear space (PNS) (Starr et al. 2003; Wilhelmsen et al. 2006; Sosa et 

al. 2012). KASH domain proteins can interact with the cytoskeleton, e.g. nesprin 1 

(SYNE1) interacts with dynein and kinesin though the N-terminus of the KASH domain 

and with F-actin through a calponin homology domain (Wilhelmsen et al. 2005; Zhang 

et al. 2002). SUN proteins on the other hand interact with the nuclear lamina which has 

Figure 7: EDMD pathology. Proximal upper and distal lower muscle groups are affected as shown on the 
left. H&E stain shows typical pathological changes, including internal nuclei (white arrows) and small and 
angular fibers (yellow arrows). Red arrows show increases endomysial fibrosis. Muscle biopsy staining is 
provided by https://neuromuscular.wustl.edu. 
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vital functions in chromatin organization (Haque et al. 2006). Different LINC complexes 

can be formed with differential KASH domain lengths supporting various degrees of 

mechanical force (Alam et al. 2015). The lamina consists of different lamins type A and 

B. A type lamins derive from the same gene (LMNA) which gives rise to lamin A and 

lamin C through alternative splicing (Broers et al. 2006). In contrast, B type lamins are 

products of two distinct genes LMNB1 and LMNB2 (Höger et al. 1990). Lamins were 

found to anchor the chromatin to the nuclear envelope and while it was believed for a 

long time that they bind only the heterochromatin and are thus involved in gene silencing, 

this view has long been corrected as many genes are transcribed although located at the 

NE (Fawcett 1966; Guelen et al. 2008; Wu et al. 2017). However, the general trend of the 

heterochromatin being at the NE while the euchromatin is in the nuclear interior is true 

(van Steensel et al. 2017). Importantly, lamins interact with many INM transmembrane 

proteins (NETs) to achieve the anchorage of huge molecules as chromosomes, among 

others emerin and SUN1/2, but also LAP1 and a FHL1 isoform (Wilson et al. 2010).  

 

1.5.2.3 Mutation of NE proteins in EDMD 

As mentioned above, all proteins of the NE described in this section can cause EDMD if 

mutated. The question of how they receive tissue specificity has been addressed in the 

Schirmer lab by the identification of tissue specific NETs that might interact with 

ubiquitous NETs and lamins in very specific regions (Korfali et al. 2012). Notably, 

hundreds of disease-causing LMNA mutations have been identified and many of them are 

unexpectedly restricted to a certain tissue which gave rise to a whole field of research 

Figure 8: Schematic of the nuclear envelope. From (Meinke et al. 2015). Permission granted according to 
https://creativecommons.org/licenses/by-nc/4.0/. 



 26 

called laminopathies (Vigouroux et al. 2013). A mutation in LMNA at the amino acid 377 

or 453 causes a muscle phenotype, while a mutation in 482 has a phenotype in fat tissue. 

Proposedly, these mutations reduce the binding affinity of lamin A for muscle-specific or 

fat-specific NETs, respectively, but this has not been proven yet. Among the muscle-

specific NETs, PLPP7 and TMEM38A have been studied in detail and indeed both play 

an important role in muscle differentiation, and their overexpression in heterologous 

systems causes muscle specific genes being pulled towards or released from the NE 

(Robson et al. 2016; de Las Heras et al. 2017). Importantly, mutations in PLPP7 and 

TMEM38A have been found in EDMD patients by now (Meinke et al. 2020). As for the 

pathomechanism behind the observed phenotype, it is expected that muscle-specific gene 

expression and signaling through mechanotransduction at the NE is impaired, eventually 

affecting muscle strength, sarcomeric structure, contraction and metabolism. 

To date, there is no specific treatment for EDMD and similarly to DM1, 

alleviation of symptoms is the main focus. Stretching and muscle strengthening exercises 

help against joint contractures and slow down progressive muscle wasting. Since cardiac 

involvement is frequent, pacemakers are often necessary (Heller et al. 2020). 

 

1.5.3 Facioscapulohumeral muscular dystrophy (FSHD) 
 
The last muscle disease I want to summarize is FSHD. As depicted above, all muscular 

dystrophies are highly diverse among patients, making it painfully difficult to distinguish 

between primary and secondary effects. FSHD is again a highly variable muscular 

dystrophy. There is not only a high degree of inter-individual and intra-familial variability, 

but even between muscle groups with sometimes only the left or right ones being affected 

(left-right asymmetry) or even in the same muscle group with a certain muscle bundle 

being affected while one close to it being undistinguishable from healthy muscle (Dixit 

et al. 2007; Tawil et al. 2006; Schätzl et al. 2021). Consistently, the age of onset varies 

from early childhood to middle age with most patients showing first signs of the disease 

between 20 and 40 (Attarian et al. 2012). The first skeletal muscles that are involved are 

often face and shoulder muscles while the limb-girdle and leg muscles follow later (Tawil 

et al. 2006). While FSHD is seen as a relatively benign muscular dystrophy by some, as 

much as 20% of patients become wheelchair-bound above the age of 50 (Statland et al. 

2013; Tawil et al. 2006). On the other hand, up to 20% of patients are paucisymptomatic 

or asymptomatic. As for the prevalence, FSHD is the third most common muscular 
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dystrophy with 1:20.000 people affected, which is likely underestimated due to the high 

number of asymptomatic carriers (Sposìto et al. 2005; Lunt et al. 1991). Compared to 

other muscular dystrophies, tissues other than muscle are usually not affected and the life 

expectancy is not reduced (Hamel et al. 2018). As for the muscle histopathology, it has 

been found difficult to establish a specific picture. Nonetheless, in later disease stages a 

dystrophic pattern with muscle fibrosis, limited necrosis, variable fiber size (atrophy and 

hypertrophy) as well as central nucleation can be observed (Figure 9). 

 

1.5.3.1 Contraction and hypomethylation of the 4q35 subtelomeric region 

The genetic cause of FSHD has been found only 100 years after the first description of 

the disease in 1885 (Landouzy et al. 1885; Wijmenga et al. 1990). In the subtelomeric 

region of chromosome 4 exists a macro-satellite repeat consisting of D4Z4 units (3.2 kb 

long, location 4q35) which are in head-to-tail orientation (van Deutekom et al. 1993). 

These repeats are scattered throughout the genome but only in the telomeric region of 

chromosome 10 they are similarly ordered in tandems. Interestingly, the repeat array on 

chromosome 10 is insensitive to repeat number as there can be between 1 and 100 units, 

while on chromosome 4, there are 11 to 100. A reduction below 11 repeats is associated 

with type 1 FSHD (FSHD1), which is the predominant form with 95% of all FSHD 

patients suffering from it (Preston 1999). The DNA content of these regions is complex 

Figure 9: FSHD pathology. Facial, proximal upper and distal lower muscle groups are affected as shown on 
the left. H&E stain shows typical pathological changes: small and angular fibers (yellow arrows), fibrosis 
(red arrows) and central nuclei (white arrow).  
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and usually associated with heterochromatin, but there is also a small retrogene encoded, 

a homeobox transcription factor called DUX4 (Wijmenga et al. 1990; Wijmenga et al. 

1992). The remaining 5% of the FSHD cases (FSHD2) is caused by a hypomethylation 

of the 4q35 region, mediated through SMCHD1 or DNMT3B, which regulate chromatin 

architecture (Lemmers et al. 2015; van den Boogaard et al. 2016). 

Since the repeats on chromosomes 4 and 10 are strikingly similar but only 

contractions on the first cause FSHD, a still ongoing hunt after the mechanistic 

explanation began. Many theories have been proposed, among others that the repeat 

functions as a barrier between heterochromatin and euchromatin and its reduction leads 

to a spreading of heterochromatin to neighboring regions on chromosome 4 and 

subsequent silencing of genes encoded there (Tawil et al. 2014). Another hypothesis 

suggested that the function of transcriptional repressors that bind in the D4Z4 region is 

inhibited by the contraction leading to an upregulation of adjacent genes like FRG1 and 

FRG2 (Gabellini et al. 2002). Needless to say, these findings are contradictory and could 

not be verified by other research groups (Masny et al. 2010; Klooster et al. 2009), or as 

in the case of FRG2 are indeed frequently upregulated in most FSHD patients, while in 

others, the whole locus is deleted alongside the repeat array (Deak et al. 2007). Thus, an 

FRG2 upregulation is most likely a secondary effect that might contribute but is not 

necessary for FSHD pathology. 

 

1.5.3.2 Aberrant expression of DUX4 

A change in FSHD research came with the observation that the retrogene DUX4, that is 

present in every D4Z4 unit, is aberrantly expressed in FSHD patient muscle (Dixit et al. 

2007) although usually restricted to early developmental stages as well as testes and 

thymus (Snider et al. 2010). As mentioned above, DUX4 is a homeobox-containing 

transcription factor and its targets include further transcription factors like ZSCAN4 and 

LEUTX. The levels of DUX4 in patient cell lines and muscle specimens were always 

found to be very low, raising the question whether a gene with less than one copy per 

nucleus can cause FSHD. It is thus suggested that DUX4 expression comes in wave-like 

patterns and its downstream targets inhibit skeletal muscle regeneration, induce stress and 

immune responses and thereby apoptosis (Geng et al. 2012; Knopp et al. 2016; 

Bosnakovski et al. 2008). The overexpression of DUX4 in various cell lines revealed 

increased states of apoptosis, but also yielded a list of DUX4 target genes that were also 
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found to be elevated in FSHD patients, now referred to as DUX4 biomarkers – which are 

more reliably detected than DUX4 expression itself (Geng et al. 2012; Rickard et al. 2015; 

Yao et al. 2014). Notably, Gaillard et al. proposed long-distance interactions between the 

D4Z4 region on chromosome 4 and the nuclear envelope which could lead to vast 

expression changes – which are indeed observed in FSHD (Gaillard et al. 2019). Since 

the discovery of its involvement in FSHD, DUX4 is the prime target of therapeutic 

approaches. However, researchers are confronted with major difficulties: for high-

throughput drug screening, cell culture is the starting point – however, DUX4 is very 

lowly and variably expressed in control as well as FSHD myoblast or myotube cell 

cultures. Trying to repress a gene that is only low abundant in the first place is surely 

challenging. Still, transcriptional activators (i.e. SMARCA5 and BRD2) and repressors 

(SMCHD1 and PARP1) have been identified which are now subject of therapeutic 

approaches, namely small-molecule inhibitors of activators and overexpression of 

repressors (Himeda et al. 2018; Sharma et al. 2016; Goossens et al. 2019). Risks and 

benefits of such a therapy have to be carefully weighed though, as these transcription 

factors have more targets than only DUX4. On top of that, the actual contribution of 

DUX4 to the FSHD phenotype is yet to be clarified – the detection of this protein is so 

rare and moreover, animal models overexpressing DUX4 fail to reproduce the FSHD 

symptomology, that some scientists question DUX4 having the central role assigned to it, 

but rather acts as a mediator (Salsia et al. 2023; Banerji et al. 2021). 

 



 30 

2 RESULTS 
 
For detailed results found in each muscular dystrophy, please refer to the publications in 

the Appendix section. In the following, I use the RNAseq data from these publications 

for a deeper comparison of DM1, EDMD and FSHD which goes beyond what is described 

in the publications. I will focus on splicing regulation and alterations of the nuclear 

envelope and discuss the results in the next chapter. 

 
2.1 Splicing is affected in DM1, EDMD and FSHD 

Using a list of splicing factors divided in alternative splicing, core complex, A 

complex, B complex, Bact complex, C complex and P complex, I analyzed the expression 

of splicing factors in severely affected DM1 and FSHD patient muscle biopsies (Todorow 

et al. 2021; Todorow et al. 2022)(Schätzl et al. in submission), as well as differentiated 

EDMD myotubes, as quantified by RNAseq (de Las Heras et al. 2022)(Figure 10). 

Surprisingly, there are more splicing factors misregulated in EDMD (~170) and FSHD 

(~130) compared to DM1 (~80), although splicing changes are (to the best of our 

knowledge) a secondary effect there. Moreover, most splicing factors are downregulated 

in EDMD and FSHD, while there are similarly many factors up- as downregulated in 

DM1. Noteworthy, the downregulation is more severe in DM1 with log2FCs < -1, while 

the foldchanges in FSHD and EDMD range mostly between 0 and -1. When comparing 

all splicing factors misregulated in each dystrophy, they share 24, among others 

NOVA1/2, SF3A3, CELF1 and RBM20 (Venn Diagram Figure 10). Intriguingly, 

MBNL1 is upregulated in EDMD, and downregulated in FSHD, and although not 

significantly downregulated on the RNA-level in DM1, its protein displays a loss-of-

function in DM1 as described in the introduction (chapter 1.5.11).  
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Figure 10: Heatmaps of splicing factor gene expression (transcriptional level) in DM1, EDMD and FSHD. 
On the bottom left, the overlap between them is shown. 
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This raises the questions of whether 1) the transcriptomic changes are reflected at 

the proteomic level and 2) the general trends at the expression level match the types of 

mis-splicing events detected. To this end, the differential usage of local splicing 

variations (LSV) was quantified for each dystrophy compared to healthy controls (delta-

PSI: differential percent spliced in) and finally compared to each other. In DM1, MAJIQ 

detected 342 genes being mis-spliced, in EDMD and FSHD 552 and 462, respectively. 

The bar chart in Figure 11 shows the distribution of the most common alternative splicing 

events (exon skipping (ES), alternative exon (AE), intron retention (IR), alternative 3’ SS 

(A3SS) and alternative 5’ SS (A5SS)) in each disease. Strikingly, there are by far more 

alternative exons used in DM1 compared to EDMD and especially FSHD. In contrast, 

EDMD and FSHD display high amounts of exon skipping and even double or multiple 

exon skipping events (Schätzl et al.).  

 

 

I then compared the genes mis-spliced in each muscular dystrophy. 35 genes are 

commonly mis-spliced among them and ~180 are shared by at least two of them (Figure 

12 A), many of which encode for sarcomeric structure proteins like NEB, TNNTs, TTN 

and MYHs. Importantly, the genes that are unique to each dystrophy contribute to very 

Figure 11: Alternative splicing events distribution in DM1, EDMD and FSHD. Event type indicated on the 
right; ES: exon skipping, AE: alternative exon usage, IR: intron retention, Alt3: alternative 3’ SS, Alt5: 
alternative 5’ SS. 
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similar pathways that seem to play a role in muscle weakness and wasting, namely muscle 

development, contraction, structure, NMJ formation and protein synthesis (Figure 12 C).  

 

 

The pathways that are not shared, are mostly redundant terms, for instance 

“striated muscle cell differentiation” is not present in EDMD, but “muscle cell 

differentiation” is. Notably, there is a higher overlap of mis-spliced genes between FSHD 

and EDMD, in which similar splicing factors are affected and importantly, they also share 

the same pattern of downregulation. On the LSV level, 10 loci are alternatively spliced 

between all three dystrophies and a remarkable 129 between EDMD and FSHD – even 

though myotubes and mature muscle have different splicing profiles (Figure 12 B). 

Among the 10 shared LSVs is GFPT1, an NMJ architectural protein encoding gene, 

which is one of the best described mis-spliced genes in DM1 (Figure 13)(Nakamori et al. 

2013). GFPT1 exon 10 skipping is increased in all DM1, EDMD and FSHD (PSI-values 

indicated in numbers under bars). In BIN1, there is a preferential intron 14 retention in 

Figure 12: Comparison of mis-spliced genes and splicing events in DM1, EDMD and FSHD. A) Overlap of 
genes mis-spliced in the respective dystrophy. B) Overlap of specific splicing events (LSVs). C) Comparison 
of GO term enrichment analysis between dystrophies. Size of dots corresponds to number of genes, color 
corresponds to adjusted p-values. 
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DM1 but a double exon skipping in FSHD (Figure 13), while in MBNL1 there is a triple 

exon skipping (exons 4,5 and 6) in DM1, but a double exon skipping (exons 5 and 6) in 

FSHD. 

Figure 13: Splicing events in DM1, EDMD and FSHD. Exons are indicated as grey boxes, reference exon in 
yellow. Events are displayed as colored lines. Percentage of splice event usage are shown in the bars for 
control muscle biopsy and control myotubes, as well as DM1 and FSHD biopsies, and EDMD myotubes. PSI-
values are below the bars, color corresponds to the event in the same color. 
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 Regarding MBNL1, MAJIQ also identifies an exon 4 inclusion in DM1 (PSI-

value +0.21), while controls show a double exon skipping in about 20% of the cases. 

DM1 thus resembles control myotubes more than mature muscle (Figure 13, event 5), 

while EDMD myotubes are more similar to mature muscle. FSHD has no significant 

change at this LSV. Similarly, skipping of the muscle-specific exon DV23 (exon 152) in 

SYNE1 in DM1 resembles control myotubes, while EDMD myotubes have a higher 

inclusion of DV23 and thus shift towards adult muscle splicing (see also (Todorow et al. 

2022)).  

  MAJIQ further identifies LSVs shared with EDMD or FSHD that have not been 

investigated before, for instance the transcription factor LMO7 exon 12 inclusion. LMO7 

has important muscle-specific functions and interestingly, interacts with emerin at the NE 

(Holaska et al. 2006). Wang et al. found that exon 20 skipping in LMO7 was among the 

most dysregulated splice events in DM1 heart (Wang et al. 2019), highlighting an 

important function of this gene, but also that the exact splice event differs between tissues 

even in the same disease. ABCC9 is an ATP-dependent potassium channel in skeletal and 

cardiac tissue and thus plays important roles in innervation. In ABCC9, MAJIQ detects 

increased levels of exon 47 inclusion in DM1 (PSI-value +0.17), and exclusion in FSHD 

and EDMD (-0.34 and -0.22, respectively).  

 

2.2 The nuclear envelope is affected in DM1, EDMD and FSHD 
As shown in the publications (see Appendix), several nuclear envelope proteins are 

misregulated in DM1, EDMD and FSHD. Notably, the muscle-specific NETs TMEM38A 

and PLPP7 are down-regulated in all of them: in EDMD myotubes (log2FC= -0.9 and -

0.5) in DM1 (both -0.7) and FSHD muscle (-1.6 and -1.3, respectively, Figure 14). 

Further, varying numbers of target genes (Robson et al. 2016) of both TMEM38A and 

PLPP7 were found to be misregulated in all dystrophies. Similarly, KLHL31, which is 

also a muscle-specific NET and causes EDMD when mutated (Korfali et al. 2012), is 

downregulated in all three diseases. There are, however, also ubiquitously expressed 

NETs dysregulated and while some are similarly up- or downregulated in all three 

dystrophies, others seem to be disease specific or shared between only two dystrophies. 

This leads to an expression pattern of NETs as shown in Figure 14. The LINC complex 

(SYNE and SUN proteins) is distinctly misregulated in all three dystrophies: SYNE1 is 

only upregulated in DM1, SYNE2 is upregulated in EDMD but downregulated in DM1 
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and FSHD, while SYNE3 is upregulated in all three diseases with the highest upregulation 

in FSHD. SUN1 is only downregulated in FSHD and SUN2 only in DM1 and EDMD.  

 POPDC2 is expressed mainly in cardiac and skeletal muscle, but its function in 

heart has been described in more detail: it is an important modulator of cardiac 

pacemaking (Froese et al. 2012). Here, POPDC2 is transcriptionally upregulated only in 

DM1, but downregulated in FSHD and unchanged in EDMD. TOR1AIP1 is a 

transmembrane protein of the inner nuclear membrane and interacts with various proteins, 

among others with lamins, emerin and torsinA (Mackels et al. 2023). It thus takes part in 

multiple functions related to genome organization and gene expression. Here, it is 

significantly downregulated in DM1 and FSHD muscle, but upregulated in EDMD 

myotubes. Further, the lamin LMNA, which has been described in the introduction, is 

upregulated in FSHD patients, but not in DM1 and EDMD. 
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Figure 14: Expression pattern of nuclear envelope transmembrane proteins (NETs) in DM1, EDMD and 
FSHD. Number of replicates (n) and color code as indicated in the legend. SYNE and SUN proteins form the 
LINC complex which is involved in mechanotransduction (refer to Introduction 1.5.2.2). PLPP7, TMEM38A 
and KLHL31 are muscle specific, genome organizing NETs. POPDC2, TOR1AIP1 and LMNA are frequently 
mutated in EDMD and are genome organizing. Asterisks indicate significance. 
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3 DISCUSSION 
 
3.1 Advances and limitations in splicing analysis 
 
Big data and data science are the dictums of modern research. Advances in both 

methodology and computing power have unleashed a stream of massive data production 

that has changed science forever. Where we used to run specific experiments to answer 

specific questions, we now run general experiments that could answer a hundred 

questions – if only we had the expertise and time to ask them. For the publications and 

results in this thesis, I used a set of bioinformatic tools, that I want to evaluate regarding 

their power and easiness to use, before I will discuss the similarities and differences of 

the three neuromuscular disorders DM1, EDMD and FSHD. 

Over the last decade, the price of RNA-sequencing (RNAseq) has dropped every 

year, and has now completely overtaken its predecessor, the microarray. This is clearly 

due to the following advantages: 1) RNAseq is not limited to transcript-specific probes 

and is therefore able to detect novel transcripts, 2) its detection rate of differentially 

expressed genes is significantly higher and 3) it allows for the analysis of isoform 

expression next to expression changes, whereas microarrays are designed specifically for 

one or the other (Zhao et al. 2014). Furthermore, reliability and sensitivity have increased 

significantly with next-generation sequencing methods, such as those deployed by 

Illumina, which use amplification of transcripts similar to PCR. For the analysis of 

expression changes at the gene level, there are currently no better options than RNAseq 

with a high hit rate and low false discovery rate (there are limitations with bioinformatic 

analyses, e.g. dealing with variability between replicates, etc.). The best available 

bioinformatics tool for RNA expression analysis is DESeq2, which uses a robust 

normalization function (median of ratios), deals fairly well with variability and is easy-

to-use (R-based).  

For splicing analyses, short-read RNAseq is more challenging. For classical 

“Illumina-based” sequencing, extracted RNA is fragmented (~200-500 bp) and then 

amplified and tagged during library preparation. However, most genes are much longer 

than this, meaning that a gene is cut in several pieces. With known amplification cycles, 

the original abundance of each gene can be more or less correctly inferred, but the 

assignment of a gene fragment to a specific isoform is much more difficult. To account 

for this, the sequencing depth is increased many times over: from around 10 to 20 million 
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reads to around 60 million reads or more. Nevertheless, bioinformatic tools have 

struggled to detect and quantify differences in splice site usage with exon usage being the 

easiest to detect: reads spanning junction-junction boundaries are counted and ratios can 

be calculated. A variety of bioinformatic tools have been developed to analyze splicing 

variation and all of them have their strengths and weaknesses, while none is perfect. This 

makes the use of several splicing analysis tools necessary. A combination of three tools 

have proven to be most useful: DEXSeq, MAJIQ and isoformSwitchAnalyzeR (ISA).  

 

3.1.1 DEXSeq 
 
DEXSeq (Anders et al. 2012) was written by the same bioinformaticians who released 

DESeq2 (Love et al. 2014) and focuses on exon usage, for which it yields robust results, 

and although it is not as simple as DESeq2, the majority of the code is still R-based, which 

is often the only language that biologists are trained in (and can be used on Windows, 

Mac and Linux). Reads aligned with STAR (Linux based (Dobin et al. 2013)) can be used, 

but for the inbuilt counting function of DEXSeq (which is python-based), the reads need 

to be the same length, so they must be trimmed prior to alignment. Notably, DEXSeq 

does not use PSI-values (percent spliced in) and delta PSI-values (differential use of 

exons between two groups) for quantification but logarithmic foldchanges (logFC) like 

in expression analyses, which most biologists are more familiar with. Other splicing 

events like intron retention, alternative splice sites (SS), mutually exclusive exons etc. are 

not covered by DEXSeq and must be addressed by other tools. While the neglect of 

alternative splice sites is not a problem per se, ignoring intron retention is more worrying: 

a retained intron is naturally flanked by two exons – which accordingly appear as “used” 

exons, while the actually interesting event is the intron retention. As a result, DEXseq 

will always show more differentially used exons than methods that look at different 

splicing events, such as MAJIQ and rMATS. Another disadvantage of DEXSeq is its in-

built exon nomenclature, which is based on bins rather than annotated exons. Only its’ 

genomic coordinates reveal which exon is affected making third party tools such as 

Ensembl necessary. Finally, the use of logFCs compared to PSI-values may be 

advantageous for beginners but makes an interpretation difficult: A logFC of 2 for an 

exon in a disease condition vs. control condition gives no information of how often this 

exon is used in general.   
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3.1.2 MAJIQ 
 
Similar to DESeq2 and DEXSeq, MAJIQ processes BAM-files aligned with STAR 

(Vaquero-Garcia et al. 2016). rMATS (Shen et al. 2014) and MAJIQ are both event-based 

tools, but MAJIQs’ findings are more robust, and the true hit rate is higher. It can also 

calculate complex events with multiple event types, which is a result of its philosophy of 

looking at local splicing variations (LSVs), listing all the events detected in a particular 

region of a gene rather than focusing on event types. MAJIQ also comes with a 

visualization tool (voila) that displays splicing events in an easy-to-understand way, 

whereas rMATS relies on third-party tools. Another useful feature of MAJIQ is a built-

in primer design tool specifically for the verification of LSVs by PCR. Notably, both 

MAJIQ and rMATS are Python-based and run from Linux command line, making basic 

Linux and Python proficiency a must. The main disadvantage of MAJIQ compared to 

rMATS is the structure of the output files: the same event can occur several times with 

different reference exons/introns, making filtering and quantification tedious. 

Furthermore, the nomenclature in these output files is not explained anywhere, so it is 

necessary to study them for some time. Notably, an alignment with STAR needs an 

annotation file, so MAJIQ is not annotation independent. It can still detect novel events, 

which are of course still annotation dependent. 

 

3.1.3 ISA 
 
Unlike DEXSeq and MAJIQ, ISA (Vitting-Seerup et al. 2019) cannot use STAR-

generated BAM files, but requires alignment tools such as Kallisto and Salmon, which 

allow reconstruction and quantification of full-length transcripts from short-read RNA-

seq data. ISA itself is an R package, which integrates several useful online tools: CPC2 

for coding potential assessment (Kang et al. 2017), identification of protein domains 

using Pfam and disordered protein regions using IUPred2A, as well as the analysis of 

signal peptides through SignalP (Punta et al. 2011; Mészáros et al. 2018; Teufel et al. 

2022). It also integrates in-R tools like DEXSeq and SpliceR (Vitting-Seerup et al. 2014). 

In the end, not only isoform switches are predicted but also their consequences: does the 

resulting isoform encode a protein or does it introduce a premature stop codon (PTC) 

leading to nonsense-mediated decay (NMD)? Is there a loss of a specific domain or 

localization signal? However, as mentioned above, it is computationally difficult to assign 

small reads to full isoforms and the more exons and isoforms a gene has, the more difficult 
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it is. Therefore, ISA naturally has a low number of significant results. In addition, 

isoforms must be annotated to be detected, which limits the power of ISA. It is also time-

consuming to use the different online tools, that are not directly accessible from R, 

especially Pfam domain annotations, which can take many hours. 

 
3.2 Comparison of DM1, EDMD and FSHD symptomology 

In the results part, I examine two regulatory elements of tissue-specific gene expression: 

splicing and the nuclear envelope, and place them in the disease context of DM1, EDMD 

and FSHD. Before discussing these two aspects, I would like to recapitulate the 

phenotypic similarities between the diseases that define them all as muscular dystrophies: 

the degeneration and reorganization of skeletal muscle into fat and connective tissue, 

resulting in muscle weakness and wasting. Although the genetic causes are completely 

different and unrelated (apparently or actually), they start a cascade that leads to a very 

similar outcome. So what are the molecular pathways of muscular dystrophy? The 

synthesis of new proteins is reduced while aged proteins are lysed leading to smaller and 

weaker muscle fibers, a process which is referred to as muscle atrophy. Notably, the 

disuse of muscles leads to muscle atrophy as it can be observed in bed-ridden patients, 

but this non-dystrophic muscle has a functional regenerative potential and will recover 

when used again (Nunes et al. 2022), whereas dystrophic muscle is impaired in its 

regenerative potential. It is well known that fast-twitch fibers are more susceptible to 

atrophy than slow-twitch fibers because they have a much faster metabolism (Wang et al. 

2013). How can we explain the predominance of slow-fiber atrophy in DM1 and EMD-

mutation carrying EDMD patients? In contrast, FSHD patients tend to have fast fiber 

atrophy. The atrophy-induced “free space” is then occupied by either hypertrophied fibers 

and/or fat and connective tissue, the latter being a process commonly referred to as 

fibrosis. Fibrosis, which is also a hallmark of aging, is an excessive, unnecessary buildup 

of ECM tissue produced by fibroblasts and an activation of fibroadipogenic progenitors 

(FAPs), that inhibits muscle function and regeneration (Mahdy 2019). Activation of key 

signaling pathways such as Wnt, MAPK and TNF is thought to induce fibrosis and has 

indeed been described in most muscular dystrophies (de Las Heras et al. 2022; Todorow 

et al. 2021; Schätzl et al. 2021; De Paepe 2020; Guiraud et al. 2015). Although present in 

most muscular dystrophies, fibrosis is particularly dominant in FSHD compared to DM1 

and EDMD. Importantly, muscular dystrophy can involve not only fiber atrophy but also 

fiber necrosis, which further contributes to muscle wasting, and in the case of the 
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dystrophies discussed here, FSHD shows higher levels of necrosis, whereas it is rare in 

DM1 and EDMD.   

 Another important aspect to bear in mind is the high inter-patient variability of 

all three diseases, an intriguing but tricky similarity: they are closest in how far apart the 

individuals are. The conclusion that can be drawn from this is that the etiology of all three 

dystrophies is highly complex and probably modulated by various factors, internal and 

external ones such as genetics, epigenetics, metabolism, diet and exercise, to name just a 

few that come to mind. It is therefore difficult to reduce the pathomechanism behind 

muscular dystrophies to their genetic cause and indeed, there are still unresolved 

questions, including why some tissues are affected while others are spared, why muscular 

dystrophies are progressive and the age of onset is so variable, or why some muscle 

groups are more affected than others. What is clear, however, is that muscular dystrophy 

results from the same molecular pathways, whatever the genetic cause. As always, it is 

necessary to link cause and effect in an unbroken chain to elucidate each dystrophy.

3.3 Splicing in DM1, EDMD and FSHD 
 
Although DM1 is seen as the splicing disease among the muscular dystrophies, I could 

show that splicing is also affected in EDMD myotubes and FSHD muscle, with many 

splicing factors misregulated and many genes mis-spliced, which had not been shown or 

investigated in detail before. Interestingly, many mis-spliced genes and even specific 

events are shared by at least two diseases, like the NMJ architectural genes GFPT1 and 

MACF1, while others seem to be disease specific. Of note, myotubes and mature muscle 

are only partially comparable, and differences between EDMD and the other two diseases 

can be developmental stage dependent rather than disease driven. Further, genes that are 

unique to a disease are often involved in commonly misregulated molecular pathways, 

many of which contribute to the common dystrophic outcome as described above: protein 

synthesis and degradation, signaling, muscle development and contraction.  

The expression patterns of spliceosomal genes for each dystrophy are intriguing: 

DM1 displays up- and downregulation of splicing factors, while most splicing related 

genes are downregulated in EDMD and nearly all in FSHD (Figure 10). However, 

downregulation is more severe in DM1 compared to FSHD and EDMD. In this regard, I 

presume that a mild misregulation of many splicing factors still disrupts the necessary 

stoichiometry for correct splicing and inhibiting spliceosome assembly and splice site 
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detection. This would then lead to broader effects than a strong misregulation of one 

(alternative) splicing factor, but with milder isoform and splicing event shifts (smaller 

deltaPSI-values).  

MBNL1 is upregulated in EDMD, and downregulated in FSHD and DM1. The 

balance between MBNL1 and CELF1 is highly important in muscle development and 

MBNL1 is about 4-fold upregulated in adult muscle compared to embryonic or developing 

muscle. Accordingly, it was shown that MBNL1 loss-of-function and CELF1 gain-of-

function in DM1 leads to embryonic splice patterns. If MBNL1 upregulation on the 

transcript level in EDMD is reflected on the protein level, would we see a splicing pattern 

in EDMD myotubes that resembles mature muscle? I will revisit this topic soon, when 

looking at specific splice events. Another commonly downregulated splicing factor is 

RBM20, which regulates the splicing of TTN and causes dilated cardiomyopathy if 

mutated. RBM20 expression differs between muscle-types which is proposed to be 

causative for different splicing isoforms of TTN (Maimaiti et al. 2021). Importantly, TTN 

is heavily mis-spliced in all three muscular dystrophies. Another splicing factor highly 

upregulated in all three diseases is NOVA1, which is described as a neuron-specific 

splicing factor contributing to correct splicing of the neuronal isoform (Z+ isoform) of 

AGRN which is pivotal for NMJ formation. As our data shows, it is also expressed in 

skeletal muscle, its exact role however remains to be elucidated. 

Strikingly, there are by far more alternative exons used in DM1 compared to 

EDMD and especially FSHD (Figure 11). In contrast, EDMD and FSHD show an 

increase of exon skipping. Both observations fit to what we see on the splicing factor 

expression level: increased expression should lead to increased splice site usage (DM1), 

while decreased expression should result in incomplete spliceosome assembly and thus 

less splicing in general (EDMD and FSHD). I expect that the trends of up- and 

downregulation at the transcript level is at least partially reflected at the protein level and 

that the degree of activity of the splicing factors lead in the same direction. This 

hypothesis is supported by the fact that FSHD and EDMD have a higher overlap of both 

mis-spliced genes and splicing events than DM1 has with either of the two. 

In my comparative splicing analysis, I showed that DM1 shares 138 LSVs with 

EDMD and FSHD (Figure 12). Some of these events lead to the same splicing outcome 

in all dystrophies like GFPT1 and LMO7, while others differ in the outcome between 

DM1 and the other two. Assuming that splicing alteration is a secondary effect in EDMD 

and FSHD, the data suggests that shared events between DM1 and other non-myotonic 
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MDs are also secondary events in DM1 due to general dystrophic changes. Importantly, 

it was shown before, that many “DM1-specific” splice events are shared between DM1 

and Duchenne muscular dystrophy (DMD) (Bachinski et al. 2014), among others MBNL1, 

ATP2A1, TTN, TNNT2 and MEF2A/C. It will be necessary to find more of these shared 

events to enable distinction between primary and secondary mis-splicing in DM1. 

Notably, a mis-splicing event that is secondary in other muscular dystrophies could still 

be primary in DM1.  

Interestingly, many genes display splicing variations at the same locus in several 

dystrophies but while DM1 has a tendency of including exons and introns, both are rather 

spliced out in FSHD and EDMD, which fits the general expression of splicing factors, as 

pointed out above (for example see Figure 13, events ABCC9, MBNL1 and BIN1). Why 

are the same genes and loci affected, although different splicing factor expression patterns 

exist between DM1 and non-DM dystrophies? It is conceivable that additional 

mechanisms are involved, for example the expression levels of the gene or the 

accessibility of certain loci. A hint for this is the high number of sarcomeric proteins that 

are mis-spliced, like NEB and MYH isoforms: they are highly expressed and highly 

spliced, which increases the chance of being affected by differentially expressed splicing 

factors. In other words, a gene that is not expressed cannot be mis-spliced. Additionally, 

it has been shown that the speed of transcription through PolII has a great effect on splice 

site decision, increasing or decreasing the time frame for spliceosome assembly. I thus 

hypothesize that the splicing outcome depends on splicing factor misregulation, but the 

loci itself is regulated by third party mechanisms. If this is the case it is also not surprising 

that the resulting phenotype is so similar: in which way you diverge from the “healthy” 

isoform stochiometry, through inclusion or exclusion of alternative events, both lead to 

altered isoform levels and contribute to the misregulation of the same genes and thus 

pathways. In this regard, it is also interesting to check which events are present in DM1 

but not in other muscular dystrophies. CLCN1 exon 7a inclusion is one of the most studied 

mis-splicing events in DM1 and directly linked to myotonia – a symptom that is highly 

characteristic for myotonic dystrophy and absent in other MDs. Intriguingly, CLCN1 is 

not mis-spliced in EDMD or FSHD, nor in Duchenne muscular dystrophy as shown by 

(Bachinski et al. 2014) who, similar to my findings, reported a high overlap of mis-

splicing events in DM and non-DM diseases – except CLCN1 and a few other events. 

Further genes uniquely mis-spliced in DM1 in my data include MYOM1 and CACNA1S . 

The splicing of these genes seems to be specifically dysregulated in DM1, most likely 
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due to RBP-sequestration, but not due to general (secondary) splicing alterations found 

in non-DM. Further comparisons with other MDs are necessary to support this theory. 

I mentioned above that MBNL1 is transcriptionally upregulated in EDMD and 

proposed that this would lead to mature muscle-like splicing patterns. Splicing of MBNL1 

at exon 4 and SYNE1 exon DV23 clearly lead in this direction, showing that DM1 muscle 

splicing resembles that of myotubes, while EDMD myotube splicing changes towards 

mature muscle splicing. Embryonic splice patterns in DM1 adult muscle are well 

established. For EDMD, a pre-mature splicing pattern has never been described, but 

importantly, EDMD shows progeroid tendencies and mutations in LMNA can lead to 

Hutchinson-Gilford-Progeria-syndrome, which is characterized by premature aging 

(Eriksson et al. 2003; De Sandre-Giovannoli et al. 2003). To shed light on this matter it 

is necessary to investigate splicing in EDMD mature muscle and healthy aged muscle. 

If dystrophic, non-myotonic muscle (EDMD, FSHD, DMD) results in similar 

alternative splicing events as in DM1, how do we know that events we see – and target - 

in DM1 are due to toxic RNA (and thus primary) and not secondary due to muscle 

damage? How early is splicing affected in EDMD and FSHD, or in other words: is mis-

splicing the cause or result of atrophy/dystrophy? Or just an early contributor? If it is 

“just” a contributor but not sufficient to produce strong dystrophic effects (maybe as in 

DM2?), how can we explain the strong misregulation of signaling and transcription in 

DM1? Is there a shared cascade of events in muscular dystrophies that is set off at 

different spatial and temporal points but leads to the same downstream effects? With the 

here investigated material and methods, we cannot answer these questions at this point. 

 
3.4 The nuclear envelope is affected in DM1, EDMD and FSHD 
 
The NE is obviously altered in EDMD since genes of the NE are mutated. It is interesting 

however, that NETs other than the mutated one are misregulated in EDMD myotubes, for 

example TMEM38A, PLPP7 and KLHL31 were all downregulated in group 1 (gp1) and 

target genes of TMEM38A and PLPP7 were misregulated. This suggests a reciprocal 

regulation of NETs. Notably, the same muscle-specific NETs are also downregulated in 

DM1 (which we validated on the protein level) and FSHD and again, many of the target 

genes were found among the misregulated genes. As mentioned in the introduction, 

TMEM38A and PLPP7 are muscle-specific NETs with crucial functions in muscle gene 

expression and development. NETs interact with each other as well as chromatin regions 



 46 

and thereby regulate the expression of genes, and accordingly, tissue-specific NETs have 

been shown to regulate the expression of genes relevant for their tissue. For example, 

Robson et al. demonstrated the regulation of the pleiotrophin encoding gene PTN through 

PLPP7: PTN is repositioned to the NE during myogenesis and through PLPP7 

overexpression independent of myogenesis, while a PLPP7 knockdown inhibited the 

repostioning (Robson et al. 2016). PTN is an important gene of the NMJ, which is altered 

in DM1 and FSHD. It is thus likely, that a downregulation of PLPP7 and TMEM38A 

results in genome organization alterations, also influencing the expression of non-target 

genes.  

Non-muscle NETs like the LINC complex, but also lamins and lamin-associated 

proteins are misregulated in all three dystrophies, highlighting the importance of the NE 

in muscle identity and disease. As FSHD and EDMD seem to be secondary splicing 

diseases, DM1 and FSHD appear to be secondary envelopathies. SYNE1 has an especially 

interesting role: it is one of the main players in myonuclear positioning at the NMJ. The 

muscle-specific exon DV23 that is skipped in DM1 and healthy myotubes in 50% of the 

transcripts might encode for the SYNE1 isoform important for anchoring the nuclei, 

however, the function of this exon containing isoform is still unknown. It is also intriguing 

that components of the LINC complex are variably dysregulated between the three 

dystrophies, potentially resulting in the preferential formation of certain LINC complexes 

and thus, to distinct patterns of gene expression and mechano-signaling. For example, 

SYNE1 is upregulated and SUN2 downregulated in DM1, while SUN1 expression is 

unchanged. This would result in a higher abundance of the SYNE1/SUN1 containing 

LINC complex compared to control. Different LINC complexes probably have different 

functions, but these have never been investigated. 

Notably, for DM1 and FSHD, we used additional translational disease 

information about disease severity (dorsiflexion strength and MRI, respectively) and 

could show that the misregulation of NETs is correlated with severity (Schätzl et al. and 

(Todorow et al. 2022)). Together with their dystrophy-specific expression pattern, many 

of these NETs are predestined to serve as biomarkers for disease progression or even for 

differential diagnosis: SYNE1 upregulation for instance, would indicate DM1; TOR1AIP1 

is only upregulated in EDMD but downregulated in DM1 and FSHD, while LMNA is 

mostly upregulated in FSHD. Providing a set of biomarkers that is misregulated not in 

one but several muscular dystrophies could be helpful for clinicians treating various 

muscle disorders as tests could be standardized independent of the individual patient and 



 47 

diagnosis. It would be necessary to explore the expression of NETs in other dystrophies 

like Duchenne muscular dystrophy (DMD) and limb-girdle-muscular-dystrophy 

(LGMD). Given the high importance of the NE in muscle-specific gene regulation, it is 

neither surprising that it is affected in muscle diseases nor is it inconceivable that its 

misregulation contributes to the downstream effects on gene expression and signaling we 

observe. But as for splicing, it will be crucial to reveal the mechanistic cause and the 

timepoint it becomes affected for each disease.
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3.5 Final remarks and future directions 
 
This dissertation demonstrates that DM1, EDMD and FSHD do not share a set of 

symptoms by chance, but because some overlapping cellular pathways are affected. With 

completely different genetic causes, how do the same events occur? Gene expression, 

signaling, adhesion, ECM and fibrosis, proliferation, differentiation, muscle contraction, 

innervation, regeneration, splicing and genes of the nuclear envelope (we could add the 

last two to the list) – all these molecular pathways are affected in each of the three 

dystrophies. But where is the starting point for each? Is it the splicing in case of DM1 and 

the nuclear envelope in EDMD, gene expression through DUX4 in FSHD? Is a 

misregulation of every single pathway sufficient to induce an imbalance in all others? 

This would suggest a very strong interconnection and interdependence of all these 

pathways, comparable to a tightly woven net: no matter where you manipulate the net, 

you move it as a whole with regions closest (spatial and temporal) to the locus of 

manipulation showing the strongest movement. Or are we mistaken and the initial events 

leading to this cascade are much more similar between DM1, EDMD and FSHD than 

anticipated? DM1 and FSHD are caused by genetic alterations that are very well 

conceivable to mis-regulate the structure and integrity of the nuclear envelope (which 

indeed is altered) and the NE itself would be sufficient to start the above-mentioned 

cascade as we see in EDMD. On the other hand, is splicing misregulation sufficient to 

start the cascade? If yes, why is DM2 the much milder disease compared to DM1 although 

the repeats in the CNBP gene are much longer than in DMPK (and are verifiably bound 

by the same splicing factors)? Muscular dystrophies are highly complex and variable and 

through the combined force of many scientists, a great portion of all pieces of this jigsaw 

have been identified. But how these pieces fall into place, which piece connects the 

genetic cause (the only certain fact) with all other pieces, we still cannot say. For all I 

know, every piece in the jigsaw below (Figure 15) could be shuffled around, come up 

earlier or later in the cascade, influencing, rivaling and deflating each other, while 

additional pieces could join or replace others, probably individualized for each patient. 

Similar comparisons with DMD, ALS and especially DM2 will provide more insights. 
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Disease research is naturally conducted in the light of possible therapeutic 

approaches. The comparison of different but similar diseases has thus great potential: we 

might find a commonality between many dystrophies that can be treated with the same 

drugs. Each muscular dystrophy is a rare genetic disorder – but taken together, millions 

of people are suffering from them. For helping them, we need to think out-of-the-box, 

inclusive and innovative instead of focusing on only one aspect. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 15: What we know and do not know about muscular dystrophies. The genetic causes are described for DM1, 
EDMD and FSHD – but this is only the tip of the iceberg. Various pieces of this jigsaw have been identified but how are 
they connected, when do they fall into place and how exactly does the genetic variation lead to the downstream 
effects we observe? 
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I contributed to the following paper by conducting and interpreting the bioinformatic 

analysis of the RNAseq data, including visualizing the results and designing the final 

figures. I further participated in writing of the original draft as well as reviewing and 
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uniformily altered in EDMD patients yield loss of muscle-specific splice variants”. 
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My findings are shown in figures 4 and 5 and described in the respective sections of the 
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Novel insights in the FSHD pathology: meta-analysis reveals 
misregulation of the neuromuscular junction, nuclear envelope, and 

spliceosome 
 

Teresa Schätzl1, Vanessa Todorow2, Lars Kaiser1, Helga Weinschrott1, Benedikt Schoser2, 
Hans-Peter Deigner1, Peter Meinke2, Matthias Kohl1  
 

1 Institute of Precision Medicine, Furtwangen University, Germany 
2 Friedrich-Baur-Institute at the Department of Neurology, LMU University Hospital, 

Ludwig  Maximilians University, Munich, Germany 
 
Abstract 
 
Facioscapulohumeral muscular dystrophy (FSHD) is one of the most common autosomal 
dominant muscle disorders, yet no cure or amelioration exists. The clinical presentation 
is diverse, making it difficult to identify the actual driving pathomechanism among many 
downstream events. To unravel this complexity, we performed a meta-analysis of 13 
original omics datasets (in total 167 FSHD and 129 control samples). Our approach 
confirmed previous findings about the disease pathology and specified them further. We 
confirmed increased expression of former proposed DUX4 biomarkers, and furthermore 
impairment of the respiratory chain. Notably, the meta-analysis provides new insights 
about so far not reported pathways, including misregulation of neuromuscular junction 
protein encoding genes, downregulation of the spliceosome, and extensive alterations of 
nuclear envelope protein expression. Finally, we developed a publicly available shiny app, 
called “meta-FSHD” to provide a platform for researchers who want to search our 
analysis for genes of interest in the future. 
 
Keywords: Facioscapulohumeral muscular dystrophy (FSHD); Meta-analysis; 
Transcriptomics; Neuromuscular junction; Signal transduction; Nuclear envelope; 
Splicing 
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Introduction 
 
Facioscapulohumeral muscular dystrophy (FSHD) is an autosomal dominant inherited 

muscle disorder characterized by weakness and atrophy. It is one of the most common 

muscular dystrophies. According to the latest European epidemiological study (published 

in 2014), the prevalence of FSHD is 5-12 affected individuals per 100,000 population1. 

The pathomechanism of FSHD has not been fully elucidated yet, and no drug cures the 

disease or slows its progression. 

A milestone in FSHD research was the discovery of the abnormal activity of a 

gene called DUX4, which is thought to be involved in regulating the cleavage phase of 

embryonic development2, but is otherwise silenced throughout life, except for low-level 

expression in the thymus and testes3. In healthy individuals, it has been reported to be 

hypermethylated at its locus on chromosome 4q35, a macrosatellite consisting of 11 to 

100 or more D4Z4 repeats, each containing a DUX4 gene. In FSHD, this chromosomal 

segment is shortened to 10 or fewer repeats, with concomitant detection of 

hypomethylation allowing reading of the most distant DUX4 gene. In combination with 

the 4qA haplotype, which contains a polyadenylation signal, DUX4 can be expressed due 

to this contraction4. The encoded double homeobox protein 4 (DUX4) is a transcription 

factor that ultimately triggers signaling cascades by activating other transcription factors 

and hundreds of genes, resulting in cell death5. However, the exact mechanisms of the 

signaling pathways prevalent in FSHD are still unclear. Further decelerating research 

progression and insight, FSHD is characterized by extreme variability in phenotype, even 

compared with other muscular dystrophies. This variability can be observed between 

affected family members and in a frequent body asymmetry, with individual muscle 

groups having different degrees of damage6. Moreover, although several studies have 

reported an inverse correlation between the number of D4Z4 repeats and disease 

severity7,8, other studies examining few9 or comparatively many repeats10 have detected 

that D4Z4 allele size is not always related to clinical severity. In addition, the size of 

repeats in the upper range was reported to have lower methylation than predicted for a 

comparatively milder phenotype11. It suggests that unknown additional factors are 

involved, which may ultimately mitigate or exacerbate disease progression. This is further 

supported by the fact that pathological changes in muscle morphology and integrity 

generally start in the second decade of life4 with varying muscle groups affected only 



 116 

slightly or not at all, hinting at rescue or compensation mechanisms preventing DUX4 

expression and toxicity. 

Given the unknown factors of FSHD pathology, advances in transcriptomics 

technologies over the past decades harbor great potential in elucidating molecular 

mechanisms and pathogenic signalling pathways using bioinformatics approaches and 

statistical methods. In this context, to better understand the complexity of FSHD, we 

performed a meta-analysis (PROSPERO ID: CRD4202233048912) to verify existing 

knowledge and to identify additional characteristics that could advance FSHD research. 

 

Results 
 
Our search identified a total of 11 studies, summarized in 13 datasets, that met the 

predefined criteria based on data from databases, related publications, and information 

obtained during our literature search through email contact with the corresponding 

authors (Figure 1A, detailed description of the individual phases of the meta-analysis: 

Supplementary Information S1, S2, S3 and Supplementary Table S1; the PRISMA 2020 

Checklist13, and Checklist for Conducting Meta-Analysis of Microarray Datasets14: 

Supplementary Information S4). The stages of unified preprocessing and statistical 

analysis (Figure 1B) culminated in the summary results of a random effects model15, 

which were confirmed in all subsequent areas by a secondary analysis approach, the vote 

counting14 (Online Methods and Supplementary Information S12). The random effects 

meta-analysis yielded 1935 significant results (adj. p < 0.05). These results are 

decreasingly sorted by SMDH ("standardized mean difference with heteroscedastic 

population variances in the two groups")16 as shown in the heatmap in Figure 1C, which 

is linked to data summarized in Supplementary Table S2. The results are verified by 

sensitivity analyses (Supplementary Information S5 and S6), enrichment analyses 

(random effects model and vote-counting approach; Supplementary Tables S3 and S5-S6), 

clustering of Gene Ontology (GO) terms using the Bioconductor package 

simplifyEnrichment (Supplementary Information S7-S9), and the results of the meta-

FSHD app we developed (Online Methods). 
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Meta-FSHD app 

We have developed a publicly available shiny app called meta-FSHD to provide a tool 

for researchers to quickly and easily get the estimated meta-analytic effect for any gene 

of potential interest (Figure 1D).  The app considers all genes measured in at least 3 

datasets, corresponding to 26858 unique ENSEMBL-IDs, 21080 unique ENTREZ-IDs, 

and 22791 unique gene names. It gives detailed parameters regarding significance, effect 

size, confidence interval (CI), and degree of heterogeneity. Using meta-FSHD, all results 

of the meta-analysis on significant genes can be confirmed and are traceable easily and 

quickly for any person (Online Methods). 

 

Confirmation of previous knowledge of FSHD pathology 

Several studies have already demonstrated that the clinical picture of FSHD is associated 

with the highly toxic expression of the DUX4 transcription factor17-19. Since the gene is 

expressed both sporadically and in only a few myonuclei (1 in 200 - 1000 cells), detection 

is difficult5, which is why DUX4 target genes are investigated20. In the meta-analysis, 

DUX4 biomarker genes are the most upregulated (Figure 2A; Supplementary Table S2). 

The highest expression is found in H3Y1 (STD log2-FC (95% CI) = +2.89); while histone 

variant H3 was previously linked to DUX421, it was later stated that DUX4 induces H3Y 

and H3X and mark DUX4 target genes for expression22. Besides, as shown by our GO 

clusters (Supplementary Information S7), there are enriched Biological Process (BP) 

sections of up- and downregulated genes related to development, differentiation, and 

morphogenesis. DUX4 generally has been described as a disruptor of muscle myogenesis 

that, when present at high levels, leads to apoptosis and, when present at lower levels, 

inhibits myogenesis23. In this context, the BP GO clusters and the gene list 

(Supplementary Table S2) further show strong inflammasome activation and upregulation 

of apoptotic processes (Figure 2B). 

In addition, the meta-analysis shows that metabolic genes are misregulated in 

FSHD (Figure 2C and BP clusters in Supplementary Information S7). Several studies 

have already pointed to mitochondrial abnormalities in FSHD24,25. A recent study was 

able to identify mitochondria as a source of excessive reactive oxygen species (ROS) due 

to impairment of mitochondrial oxidative phosphorylation (OXPHOS), particularly in 

complex I, as an early event of DUX4-induced toxicity26. This is of great interest because 

in proliferating healthy myoblasts, approximately 30% of the ATP consumed by the cells 

is generated by OXPHOS. In contrast, in terminally differentiated myotubes, 



 118 

mitochondrial respiration is the major source of ATP (approximately 60%)27. The 

impairment of the respiratory chain was described to lead to an immediate decrease in 

metabolic activity followed by a gradual increase in mitochondrial membrane potential 

(ΔΨm). The general consequences observed were apoptosis by mitochondrial ROS and 

impairment of mitochondrial health by lipid peroxidation26. Furthermore, it was reported 

that impaired metabolic adaptation would lead to misdirected increase in hypoxia 

signaling26,28. About these findings, we noticed a significant upregulation of Hypoxia 

Inducible Factor 1 subunit α (HIF1α) in 10 of the 13 datasets (STD log2-FC (95% CI) = 

+0.619). The meta-analysis also shows the downregulation of respiratory chain genes. In 

complex IV, COX2 (which is among the approximately 5% of the most downregulated 

genes; STD log2-FC (95% CI) = -0.759) and COX3 (STD log2-FC (95% CI) = -0.622), 

two of the three mitochondrial DNA-derived genes involved in cytochrome c oxidase 

activity29, were strongly downregulated. In complex I the downregulation refers to ND4L 

(STD log2-FC (95% CI) = -0.625), ND5 (STD log2-FC (95% CI) = -0.736) and ND1 

(STD log2-FC (95% CI) = -1.07). The latter constitute three of the seven subunits of 

NADH dehydrogenase that originate in mitochondrial DNA and catalyze the electron 

transfer of NADH through the respiratory chain29. ND1 is among the 10 most 

downregulated genes of all 1935 significant genes (Figure 2C; Supplementary Table S2). 

The GO terms in the enrichment analysis highlight the relevance of the findings on 

dysfunctional OXPHOS in FSHD. Of the first 25 downregulated Cellular Component 

(CC) categories with comparatively smallest p-values, 10 refer to the mitochondrial 

respirasome, either complex I, IV, or both (Supplementary Table S3). 

Another area that emerges from the meta-analysis is the impact of the nuclear 

lamina (NL) on FSHD pathology, as already reported in several studies30,31. This is highly 

interesting in terms of genome regulation, especially regarding why skeletal muscle is 

almost exclusively affected in FSHD. Our list of significant genes (Supplementary Table 

S2) supports the findings on long-distance interactions between D4Z4, the NL, and the 

telomere31, showing altered expression of FAT1 (STD log2-FC (95% CI) = +0.576) and 

SORBS2 (STD log2-FC (95% CI) = +0.583). Interestingly, FAT1, reported previously to 

be lower in FSHD muscles compared to control muscles32, is downregulated in the DUX4 

model but upregulated in almost all patient datasets. As a general trend, we find genes 

associated with the NL expressed in opposite directions when comparing the DUX4 

model with the patient datasets. This not only refers to long-distance interactions but also 

to genes directly involved in the scaffold of the NL, like LMNA (STD log2-FC (95% CI) 
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= +0.698), which has already been associated with several muscle diseases33. The 

differential expression of NL-associated genes in the DUX4 model and the patient 

datasets suggests mechanisms independent of DUX4, as previously shown concerning 

FAT132. These findings show altered genome organization, evident from our enrichment 

analysis results regarding the first entry of upregulated BP pathways “supramolecular 

fiber organization” (GO:0097435; p-value: 8.592309e-09; Supplementary Information 

S7). It encompasses a total of 102 genes (including FAT1 and SORBS2), which are 

differently regulated between FSHD and controls in the meta-analysis. 

 

 

New insights into FSHD 

 

Using the simplifyEnrichment package for GO clustering34, we became aware of genes 

within the CC category (in both up- and downregulated pathways) that are involved in 

pre- and postsynaptic processes, membranes and transitions, and neuronal processes of 

nerve projection (Supplementary Information S8). Interestingly, these neuronal aspects 

have not been described in FSHD, yet. To test the relevance of these findings, we 

examined our enrichment analysis results (Supplementary Table S3) and detected that 

upregulated signaling pathways with small p-values refer to processes within the 

extracellular matrix (ECM; Figure 3D). Since muscle fibers are located within the ECM 

in a three-dimensional scaffold composed of various collagens, glycoproteins, 

proteoglycans, and elastin, the ECM is vital for muscle contraction, integrity, and 

elasticity35. Notably, overgrowth of the ECM, also referred to as fibrosis, is well described 

in FSHD and results in the hardening of the interconnective tissue, which leads to 

impaired muscle contraction and stiffness36. Consistently, our data also show many genes 

upregulated at the deepest and smallest component of the ECM, the basal lamina (BL), 

which is adjacent to the sarcolemma of the myofibers (such as type IV collagen genes, 

which are reported to dominate the BL (upregulation of COL4A1 and COL4A2), specific 

laminins (LAMA2, LAMB1, LAMA5-AS1), several integrins and elastin37. Due to this 

general upregulation of ECM-related genes, we were surprised to find one very specific 

set of collagens downregulated, which is reported to form a functional trimer at the NMJ 

(Figure 3D). Intriguingly, the BL differs in morphology depending on whether it is 

synaptic or extra-synaptic. The synaptic BL is composed mainly of type IV collagen α3-, 

-α4-, and -α5-chains (Figure 3A), which, together with certain laminins (laminin β2, α4 



 120 

and -α5) serve transmission of signals and mechanical forces that perform muscle 

innervation37,38,39. Notably, all three synaptic type IV collagen isoforms, α3- (COL4A3), 

α4- (COL4A4), and -α5 (COL4A5), are strongly downregulated in FSHD patients 

compared with controls throughout all datasets (Supplementary Table S2). COL4A3 is 

even the most downregulated gene across the entire meta-analysis (STD log2-FC (95% 

CI) = -1.52 (-2.38 to -0.659), Figure 3C). We thus hypothesised that NMJ architecture 

may be altered in FSHD patients probably affecting muscle innervation and searched for 

other factors that have been associated with impaired signal transduction at the NMJ. We 

discovered more than 60 genes that are misregulated on the transcriptional level 

(including AGRN, MACF1, DOK7, WNT4, DVL1, etc.; Figure 3B). The data show altered 

processes regarding ion channels and ion pumps, NMJ maintenance and formation, 

acetylcholine (ACh) receptor clustering, and vesicle transfer (Supplementary Information 

S11). 

 

Nuclear envelope (NE) protein-encoding genes are misregulated in FSHD 

The role of nuclear lamina-associated genes (Supplementary Table S2), the alteration of 

supramolecular fiber organization (upregulation; Supplementary Information S7), and 

downregulation of signaling pathways associated with the nuclear body and nuclear 

speckles (Supplementary Information S8) led us to examine the results of the meta-

analysis in more detail. In this context, the meta-analysis demonstrated the variability of 

the FSHD phenotype, not only between patients but also between different muscle types, 

left and right muscles, or even different loci in the same muscle (Supplementary 

Information S1); some FSHD samples show gene signatures like controls depending on 

the extraction of muscle tissue40 (Supplementary Information S13). Hence, providing 

additional information about the degree to which the investigated muscle is affected is 

necessary to differentiate between actual contributors to the phenotype and noise41. 

Additionally, RNA sequencing (RNA-Seq) has a significantly higher detection rate of 

differentially expressed genes (DEG) than microarrays and also allows the analysis of 

splicing42,43. Therefore, we used the RNA-Seq dataset generated by Wang et al. (2019)20 

using muscle biopsies of 36 FSHD patients for a deeper analysis of pathways we found 

altered in the meta-analysis. For the said study, Wang et al. correlated the expression of 

four DUX4-regulated biomarker genes with MRI data of the lower extremities and 
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histopathological changes. Based on this, they divided the patients into four groups, with 

group 1 being similar to the controls and group 4 displaying the strongest pathology20. 

While the number of DEGs was already high when analyzing all samples together 

(1879), we found even more genes to be significantly misregulated when comparing the 

groups to the controls separately, with group 4 having the highest amount (8400). The 

reason for this could be the reduced variability within the groups, but also the increased 

disease pathology. Since there are so many DEGs in severely affected individuals, we 

wondered whether alterations in genome organization induce these changes. Several 

nuclear envelope transmembrane proteins (NETs), including muscle-specific ones, have 

been proven to be involved in genome organization and gene expression regulation44. 

Notably, a NET has been described previously to be misregulated in FSHD45, and long-

distance interactions between the D4Z4 locus and the nuclear envelope have been 

reported31. Further, there are muscular dystrophies with similar symptoms to FSHD, that 

are linked with genes of the nuclear envelope: striated muscle laminopathies (e.g. Emery-

Dreifuss-Muscular-Dystrophy (EDMD) and Limb-Girdle-Muscular-Dystrophy 1B 

(LGMD1B)) are caused by mutations in EMD, LMNA or SYNE1, among others. We thus 

first screened the data for a list of 386 NE associated genes that are known to be expressed 

and relevant in muscle46,47. Figure 4A shows the expression of these genes in strongly 

affected individuals (group 4) compared to controls. This revealed that many NE protein-

encoding genes were significantly differentially expressed. Noteworthy, the majority is 

downregulated (152 down vs. 83 up with log2FC > 0.5 and < -0.5), while the majority of 

all DEGs in group 4 is upregulated (2032 down vs. 6368 up). Many of these genes play a 

role in positioning specific genes to the NE and thereby repressing their expression48,49. 

Thus, it is conceivable that downregulation of these NE genes might contribute to the 

upregulation of many DEGs found in FSHD. Importantly, we found genes associated with 

EDMD altered in FSHD patients, including LMNA (2-fold upregulated) and EMD (1.5-

fold down Figure 4A, red). We then checked whether the expression of these genes 

correlates positively with disease severity and indeed saw a clear correlation for many of 

them, some of which we present in Figure 4B. Mutations in LMNA, FHL1, PLPP7 and 

TMEM38A have been linked to EDMD48,50,51. Notably, PLPP7 and TMEM38A were 

shown to be important for muscle regeneration as their knockdown leads to inefficient 

differentiation in C2C12 myoblasts. Since they are both significantly downregulated in 

FSHD (TMEM38A in all groups, PLPP7 in groups 3 and 4), they might contribute to 
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muscle weakness and wasting through impaired muscle regeneration. Therefore, we 

conjectured that an actual contribution of TMEM38A and PLPP7 to the FSHD phenotype 

would lead to expression changes of genes regulated by them. Employing a list of target 

genes of these two NETs generated in C2C12 mouse myoblasts52, we found 610 genes 

misregulated in FSHD that are potentially regulated by TMEM38A and PLPP7 (Figure 

4C). When analyzing these 610 genes for a GO term analysis among others metabolism, 

signaling, and differentiation are enriched in FSHD (Figure 4D). It is noteworthy that 

TMEM38A and PLPP7 are only two of several genome organizing NETs being 

misregulated. 

 

Components of the splicing machinery are downregulated in FSHD and result in the 

mis-splicing of muscle genes 

Looking at the results of the random effects analysis, "spliceosomal complex" is among 

the top 15 results for downregulated CC clusters (Supplemental Table S3), whereas 

downregulated "mRNA splicing, via spliceosome" affects almost all datasets with 

significant results in the vote-counting approach (Supplemental Table S6).  

We previously found components of alternative splicing upregulated, while 

constitutive splicing was downregulated in two distinct muscular dystrophies, myotonic 

dystrophy type I (DM1) and EDMD53,54. Since we observed more and more similarities 

between muscular dystrophies on the molecular level, we analyzed the dataset generated 

by Wang et al. (2019) 20 about the expression of splicing components using a gene set 

enrichment analysis (GSEA) for splicing associated terms. While splicing factors are 

misregulated in all samples, groups 2 and 3 (Supplementary Information S14 and S15) 

are divided into upregulation of alternative splicing and downregulation of constitutive 

splicing. As in DM1 and EDMD, there is a general downregulation of alternative and 

constitutive splicing in group 4 (Figure 5A). This suggests a major disruption of the 

splicing machinery in strongly affected FSHD patients. We expect fewer spliceosomes to 

assemble at splice sites, leading to many (constitutive and alternative) splice sites being 

unused. To investigate if this holds true, we next looked into splicing variations, primarily 

in group 4, using Modeling Alternative Junction Inclusion Quantification (MAJIQ)55 to 

identify differentially used splicing events. We set the default of 10% (percent spliced in, 

psi/ Ψ-value ≥ 0.1) and False Discovery Rate (FDR) of 10% for local splicing variations 

(LSVs) to be significantly different. We found 730 events differentially used between 
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control and FSHD (Supplementary Table S7). Consistent with a general downregulation 

of splicing components in group 4, we found many exon skipping events in FSHD 

patients (Figure 5B). However, we were startled to detect a similarly large number of 

introns retained in controls but spliced out in FSHD patients. As a downregulation of 

many splicing factors could lead to fewer spliceosomes assembling to functional units, 

we expected, instead of an increased amount of intron skipping, less splicing in general. 

We thus checked these intron exclusion events separately. We found that only around 

25% of these events are intron splice events, but rather an exon skipping events opposed 

to intron retention in controls. MAJIQ correctly identifies these events as introns retained 

in controls with a Ψ-value ≥ 0.1. 

To investigate the potential effect on the muscle phenotype, we next looked into 

the genes mis-spliced in FSHD. A GO term enrichment analysis revealed that these genes 

are highly relevant for muscle-specific signaling, development, and enervation (neuron 

projection morphogenesis; Figure 5C). The heatmap in Figure 5D shows a selection of 

genes differentially spliced in FSHD, many of which are involved in pathways we found 

misregulated in our meta-analysis, e.g. in muscle structure, mitochondria and metabolism, 

signaling, and splicing. Interestingly, microtubule-associated factor 1 (MACF1), which 

is a top hit in the meta-analysis (Supplementary Tables S2 and S4) and regulates 

myonuclear positioning at the NMJ56, shows a preference for skipping of exon 116 in 

FSHD (Ψ-value 0.325). MAJIQ further detects an exon skipping event in ATP1B3 (Ψ-

value 0.359), which encodes a subunit of the Na+/K+-ATPase and is involved in the 

electrical excitability of muscle and nerves. We further identified several splicing factors 

alternatively spliced. Interestingly, MBNL1, a main contributor to myotonic dystrophy, 

shows the same double exon skipping event of exons 5 and 6 as in DM1. There are intron 

exclusion events in β-tubulin TUBB6 and FHL1, of which the latter is a component of the 

nuclear envelope and differentially expressed in FSHD, as described above. TUBB6 was 

proposed to act in muscle regeneration and be upregulated in dystrophy muscle57. We 

also show two examples of intron retention events in controls instead of exon skipping in 

FSHD patients in two highly important sarcomeric genes, skeletal muscle troponin 3 

(TNNT3) and tropomyosin 1 (TPM1). 

 

Discussion 
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This meta-analysis confirms DUX4 as a main driver of FSHD pathology, as shown by the 

upregulation of DUX4 biomarker genes. However, many genes behave seemingly 

independently of DUX4 expression. Since disease severity is sometimes comparatively 

mild or severe regardless of the number of D4Z4 repeats, these genes may be disease 

modulators under a DUX4-independent mechanism, as suggested by other research 

groups highlighting the need for new biomarkers to track disease progression and stratify 

patients58. Based on the meta-analysis results, we hypothesize that gene expression 

alterations affecting the NMJ, NE, and spliceosome are significant factors in FSHD 

disease progression. 

 We identified downregulation of genes essential for the NMJ architecture. A 

consequence is very likely impairment of muscle innervation in FSHD. This might be the 

key to a highly interesting area of research that addresses specific strength in FSHD, as 

intrinsic force production capacity was found to be decreased in patients with both mild 

and severe FSHD, regardless of disease severity and even before the onset of fat 

infiltration or lower limb weakness 59. While possible reasons for these observations have 

been associated with early myopathic changes and non-muscular factors such as fatigue 

or musculoskeletal pain, our results showing that impairment of muscle innervation may 

play an essential role in FSHD pathology. 

 Moreover, researchers have suggested that the epigenetic landscape is the missing 

link between the FSHD phenotype and underlying genetic parameters60. Interestingly, the 

significant effect of DNA methylation on 3D genome structure has been described 

previously61, which may also apply to FSHD pathology according to the meta-analysis 

results. The altered expression of NE proteins likely contributes to the high amount of 

differentially expressed genes in FSHD. NE proteins are involved in genome organization 

and subsequent gene expression control44. Therefore, the consequence of the 

misregulation of NE proteins would be a secondary effect on many other genes. While 

this is difficult to filter out in multifactorial disease, there is clear evidence of this being 

true as genes that have been shown under the control of the muscle-specific NETs PLPP7 

and TMEM38a (in mouse myotubes52) are also misregulated in FSHD, where the 

expression of PLPP7 and TMEM38A appears to be correlated to disease severity. Similar 

effects have been observed in DM153. Thus, it may reflect a more general 

pathomechanism in muscular dystrophies. However, due to the correlation with disease 
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severity, the expression of NE genes may be predictive, which should be further 

investigated.  

As an additional contributing factor, we identified altered expression of genes 

encoding spliceosome proteins and, subsequently, a different splicing profile affecting a 

bulk of genes with essential roles in muscle. In the most severely affected patients, we 

hypothesize that there are fewer functional spliceosomes: it seems they assemble only at 

every second or third splice site compared to controls, as we also observe many double 

exon skipping events. 

Another, although already described factor, are mitochondrial impairments in 

FSHD26. Given the confirmation of these defects by this meta-study, studies specifically 

testing mitochondria-targeted agents, NAD+ precursors, or OXPHOS modulators to slow 

disease progression should be endorsed. 

Although we lack the biopsy material to validate all these aspects of the FSHD 

pathology, we could identify secondary effects on general gene expression and splicing, 

most likely caused by the NE and spliceosome alterations. Thus, we rate them and the 

NMJ alterations, as potential candidates involved in the FSHD phenotype and strongly 

endorse a deeper investigation. 
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Figure 1. A) PRISMA 2020 flow diagram for new systematic reviews [65]. LCL = 

Lymphoblastoid Cell Line; CML = Chronic Myeloid Leukemia Cell Line; RD = 

Rhabdomyosarcoma. B) Transcriptome data analysis workflow. The meta-analysis 

consists of both microarray (blue) and RNA-Seq (green) datasets; it contains 5 

Affymetrix (as.CEL files), 1 Illumina microarray (as bead summary data), 4 RNA-Seq 

(quantified via Salmon), and 1 RNA-Seq dataset for which fastq data could not be 

obtained for privacy reasons, but externally generated raw data (EGAD00001008337 [66], 

shown in italics). Different pre-processing methods were chosen depending on the 

technology; In case of 1 Affymetrix dataset (see Supplementary Material S2) batch effects 

were corrected using ComBat, an empirical Bayes approach [67] implemented in 
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Bioconductor package sva (v3.44.0) [68]. Limma voom/trend was used for pre-

processing the RNA-Seq datasets (see Supplementary Material S1). The vote-counting 

approach [16] (white box) was done separately to validate the results of the random effects 

model [15] (red box), which was calculated using means, standard deviations (SDs) and 

sample sizes by using the package metafor (v1.4-0) [69] (see detailed information in 

Supplementary Material S1). The data also provided the basis for a sub-analysis, which 

is described in “Genes of the nuclear envelope are mis-regulated in FSHD” C) Random 

effects model results. The heatmap contains 1935 significant results (adj. p-value < 0.05), 

the exact expression of which is shown in Supplementary Material S7. One RNA-Seq 

dataset contains data from an artificial DUX4 model and was therefore excluded from the 

overall calculation, but was contrasted for comparison since DUX4-induced gene 

expression has been reported to be the major molecular signature of FSHD skeletal 

muscle [70]. The heatmap shows a clear separation between up- and down-regulated 

genes. D) Meta-FSHD app. The gene ACOX1 was chosen as an example for clarity, since 

it appears significantly upregulated (red) or downregulated (blue) in addition to normal 

expression (black), depending on the individual datasets. In case of ACOX1, the diamond 

crosses the vertical line of no effect. Thus, the expression of ACOX1 (STD log2-FC (95% 

CI) = +0.0697 (-0.475 to 0.614)) is not significantly different between FSHD samples 

and controls in the meta-analysis, with significant Cochran’s Q test (degrees of freedom 

= df = 11, p < 0.001) and substantial heterogeneity (I2 = 74.9%) between studies (bottom 

left; see Supplementary Material S5). 
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Figure 2. A) DUX4 biomarker genes are the most upregulated genes. DUX4 

biomarker genes, as e.g. listed at Wang et al. (2019) [24] are the most upregulated genes 

in the entire meta-analysis (see Supplementary Material S7). B) Results on apoptosis, 

fibrosis, immune response and regeneration. The meta-analysis data show strong 

upregulation of genes associated with inflammasome, fibrosis and apoptotic processes; 

genes linked to regeneration are also upregulated. C) OXPHOS genes are among the 

most downregulated genes. Looking at the gene list of significantly differently 

expressed genes between patients and controls (see Supplementary Material S7), genes 

involved in metabolism are dysregulated. While genes involved in ROS and glycolytic 

processes are generally upregulated, OXPHOS genes at complex I and IV are 

downregulated. This refers to genes regulated by the mitochondrial genome (COX2 and 

COX3 in complex IV [34] and ND1, ND4L and ND5 in complex I [35]), but also to other 

genes, such as NDUFA4, associated with both complex I and complex IV [71][72].  
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Figure 3. A) Synaptic BL-specific isoforms of type IV collagen genes and their 

possible influence on signal transduction at the NMJ. The six collagen IV genes 

(COL4A1-COL4A6), located head to head in pairs on three different chromosomes, 

generate six different α-chains. Only three groups of triple helical molecules have been 

detected in vivo. These are α1:α1:α2, α3:α4:α5, and α5:α5:α6. Almost all basement 

membranes contain the subtype with the chain composition of α1:α1:α2. In this regard, 

COLA4A1 and COL4A2 are both upregulated in our meta-analysis. COL4A6 was not 

significantly differentially expressed. Interestingly, the α3:α4:α5 subtype is localized in 

the basement membrane of the neuromuscular synapse (i.a.) [73] raising the hypothesis 

of an impaired signal transduction in FSHD. B) Random effects model results for NMJ 

genes. Our meta-analysis shows that, in addition to the synaptic BL-associated genes 

COL4A3, COL4A4 and COL4A5, many other genes, which have previously been 
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associated with the NMJ, are differentially expressed between FSHD patients and 

controls (such as AGRN, DVL1, MACF1 etc.; see Supplementary Material SX). 

Interestingly, most of the upregulated genes in the DUX4 model are expressed in the 

opposite manner, indicating either a mechanism independent of DUX4 or a compensatory 

mechanism. As for the downregulated genes, the direction of expression is relatively 

similar, possibly indicating a direct consequence or concomitant effects. C) Meta-FSHD 

app forest plot of COL4A3. COL4A3 is the most downregulated significantly 

differentially expressed gene in the entire meta-analysis with STD log2-FC (95% CI) = -

1.52 (-2.38 to -0.659). D) Top 5 Enrichment analyses results on CC pathways. While 

ECM genes are upregulated, downregulated pathways (consistent with information on 

downregulation of type IV collagen isoforms α3, α4, and α5; see Supplementary Material 

S7) indicate problems at the NMJ. 

 

Figure 4: Genes encoding nuclear envelope proteins are misregulated in FSHD and 

contribute to the phenotype. A) Expression of nuclear envelop associated genes. 

Expression changes of nuclear envelope genes in strongly affected FSHD patients (group 
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4) compared to controls. No change in grey, change in blue (log2FC > 0.5), and muscle 

disease-related genes in red. The majority of nuclear envelope-associated genes is 

downregulated. B) Correlation of NETs and disease severity. Expression of four 

disease-related nuclear envelope-associated genes in the five groups (patients vs. 

controls) sorted after disease severity (controls in green, group 1 light green, group 2 

orange, group 3 dark orange, group 4 red). Significance was measured using a t-test with 

controls as the reference group and is indicated by asterisks. FHL1, TMEM38A, and 

PLPP7 expression are inversely correlated to disease severity, while LMNA expression 

increases with severity. C) Genes regulated by TMEM38A and PLPP7. Differentially 

expressed genes in FSHD (group 4) were compared with genes regulated by TMEM38A 

and PLPP7, with 610 genes potentially under their control. D) GO term enrichment 

analysis of NET regulated genes. These 610 genes fall in GO terms relevant to the 

FSHD pathology. 
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Figure 5: Spliceosome components are downregulated in strongly affected FSHD 

patients (group 4) A) Expression of splicing associated genes. Splicing factors and 

splicing regulators are downregulated in FSHD. B) Alternative splicing (AS) events in 
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FSHD patients. This leads to increased Exon skipping (ES) events in FSHD. In controls, 

many intron retentions (IR) events are found that are not present in FSHD patients. 

However, ~75% of these intron exclusion events in FSHD have actually skipped exons, 

which naturally include adjacent introns. Around 25% of introns are spliced out although 

retained in controls, while there are also intron retention events in FSHD that are not 

present in controls (pie chart). The amount of alternative splice site usage (3’ Alt3, 5’ 

Alt5) is slightly reduced in FSHD patients. C) GO terms enriched in differentially 

spliced genes. All genes with differentially used splicing events were used for a GO term 

enrichment analysis, showing that these genes contribute to the known FSHD phenotype. 

D) Genes differentially spliced in FSHD. Heatmap of selected genes with alternative 

splice site usage, colour indicates Ψ-values (percent spliced in), and all events have at 

least an absolute DΨ-value of ï0.1ï between controls and FSHD patients. E) Exon 

skipping (ES) and intron retention (IR) events in selected genes. ES and IR events are 

differentially used in FSHD patients. Reference exons are indicated in yellow and colored 

lines show the possible local splicing variations (LSVs). Bars show proportional usage of 

event usage in controls (left) and FSHD (right), while violin plots display Ψ-values of the 

respective LSV (middle). 

 
Methods (online) 
 
Meta-Analysis 

The key advantage of our meta-analysis and the foundation of its statistical power is using 

the original omics data from the included studies instead of summarized data. All datasets, 

which were generated with different approaches and at different time points, could thus 

be standardized in terms of data retrieval from databases and uniform analysis procedures 

to provide optimal conditions for directly comparing significantly differentially expressed 

genes and molecular signalling pathways between FSHD patients and controls. 

The meta-analysis follows the Preferred Reporting Items for Systematic Reviews 

and Meta-Analyses (PRISMA) Statement65 and the guidelines described by Ramasamy 

et al. (2008)14. Timing and decision-making within the meta-analysis was divided into 

the work areas of literature search, inclusion and exclusion criteria, data extraction, 

quality assessment, data preprocessing, statistical analysis, and data synthesis 

(Supplementary Information S1, S2, S3 and Supplementary Table S1). In May 2022, the 

meta-analysis was registered in the International Prospective Register of Systematic 
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Reviews (PROSPERO; ID: CRD4202233048912). After the meta-analysis, all codes for 

preprocessing and reproducible analysis were published on GitHub 

(https://github.com/FSHDresearch/Meta-Analysis-of-FSHD) to make them traceable and 

available for further experiments. As shown in Figure 1A, our search identified a total of 

11 studies that met the predefined criteria based on data from the databases 62,66-75, related 

publications and information obtained during our literature search through email contact 

with the corresponding authors (detailed description in Supplementary Information S1 

and Supplementary Table S1).  

The meta-analysis encompasses data from five Affymetrix GeneChips76, one 

Illumina BeadArray77 and five Illumina RNA-Seq studies78. For statistical analysis, the 

Benjamini-Hochberg correction was used to adjust for multiple testing79 and adjusted 

(adj.) p-values of < 0.05 were considered significant80. In total, the meta-analysis 

comprises data from 296 samples, including 167 FSHD samples and 129 controls 

(Supplementary Information S3). 13 datasets were generated from the 11 studies, as one 

dataset included both cell lines and biopsies (GSE5678772). One dataset included two 

families (two sisters each as patient and control), which resulted in family-related batch 

effects in our statistical analysis due to strong genetic similarity in the families 

(GSE12346873). The individual steps of pre-processing and statistical analysis are shown 

in Figure 1B. A random effects model was selected to identify significantly differentially 

expressed genes between patients and controls15. In this context, we used SMDH 

("standardized mean difference with heteroscedastic population variances in the two 

groups") as an effect measure, as suggested by Bonett (2009)16. The model was chosen 

because, besides the biological heterogeneity between study participants, a relevant 

degree of technical heterogeneity could be assumed due to the use of different 

technologies (microarray vs. RNA-Seq; Supplementary Information S5 and 

corresponding sensitivity analyses in Supplementary Information S6). The DUX4 model 

found in our literature search was not included in the overall calculation due to its 

artificial nature, but was contrasted for comparison since DUX4-induced gene expression 

has been reported to be the major molecular signature in FSHD skeletal muscle63. Without 

the DUX4 dataset, we identified a total of 53113 unique Ensembl IDs (Ensembl database 

version 108 from December 2022). We decided to use only unique IDs measured in at 

least three datasets to get reliable results from the meta-analyses, which gave us 26858 

unique IDs. We filtered our data to increase the power of the analysis81,82, whereupon 

https://github.com/FSHDresearch/Meta-Analysis-of-FSHD
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13274 unique IDs remained. Using the random effects model, a p-value was assigned to 

each individual unique Ensemble ID. In this way, 13274 associated meta-analyses were 

theoretically performed for each dataset within the 288 samples (without DUX4 model 

samples), ultimately leading to 1935 significant results (adj. p-value < 0.05). These results 

are decreasingly sorted by SMDH, as shown in the heatmap in Figure 1C, which is linked 

to data depicted in Supplementary Table S2.  

To roughly divide the functional terms related to the genes into clusters, we used 

the Bioconductor simplifyEnrichment package to cluster and visualize the functional 

enrichment results34. In this context, genes were divided into the three Gene Ontology 

(GO) domains Cellular Component (CC), Molecular Function (MF), and Biological 

Process (BP), each distinguishing between up- and down-regulated genes 

(Supplementary Information S7-S9). These clusters were used in combination with the 

gene list of our heatmap shown in Figure 1C (Supplementary Table S2), corresponding 

enrichment analyses with Bioconductor packages83 (Supplementary Table S3) and the 

forest plots obtained with our shiny app meta-FSHD (Figure 1D) to analyse the results 

of our meta-analysis in terms of existing expertise and potential new findings in the 

context of FSHD.  

 
 
Meta-FSHD App 

The goal of meta-FSHD is to support future research in FSHD. For its implementation, 

we used the R packages shiny84 and shinythemes85 in combination with the R packages 

metafor86, grid87, forestploter88 and ggplot289. The entire R code as well as the data for 

the app are publicly available on GitHub (https://github.com/stamats/metaFSHD). The 

app can easily be used by anyone without installing R and RStudio at the website hosted 

by Posit Software, PBC (https://stamats.shinyapps.io/metafshd). The corresponding 

background data for each study, including all samples, are provided in Supplementary 

Information S3. 

In total, meta-FSHD considers all genes measured in at least 3 datasets, 

corresponding to 26858 unique ENSEMBLE-IDs, 21080 unique ENTREZ-IDs and 

22791 unique gene names. In this regard, the user can choose between Gene Name, 

ENSEMBL-ID, and ENTREZ-ID to enter the corresponding gene of interest. This has the 

decisive advantage that, in addition to well-described genes, novel transcripts, e.g. 

https://github.com/stamats/metaFSHD


 136 

previously described only by their ENSEMBL-ID, can be investigated. (For DUX4 and 

biomarker gene searches, additional information in Supplementary Information S10). 

Once the gene of interest is entered, a forest plot appears, encompassing all 13 

datasets. Although the DUX4 model is not considered in the random effects calculation, 

it is presented in addition to the patient datasets for comparison purposes (Meta-Analysis). 

There is an additional option to save each forest plot in PDF format. The datasets are 

further divided into microarray and RNA-Seq datasets for clarity. The statistical 

calculation is based on the standardized log2 fold change (STD log2-FC) between FSHD 

and controls due to the different scales for microarrays and sequencing data, where STD 

log2-FC corresponds to SMDH (standardized mean difference with heteroscedastic 

variances)16. The mean (SD) on the log2-scale per group (FSHD or control) is given next 

to the name of each study, followed by a graphical representation incorporating the 

studies’ impact (size of squares proportional to weight (inverse of standard error) of the 

single dataset within the meta-analysis) with the 95% confidence intervals (CI; horizontal 

lines) and the corresponding numbers on the right. If a gene is significantly upregulated 

in FSHD compared to control samples, the app displays it in red; if it is significantly 

downregulated, it is shown in blue. If a gene is insignificant, the CI-line crosses the 

vertical line of no effect (STD log2-FC=0). The overall result of the meta-analysis is 

represented by the diamond (at the bottom). Furthermore, additional parameters such as 

the Cochran’s Q test for heterogeneity90 and I2, a measure of heterogeneity classified in 

Supplementary Information S5.  

 

 

Sub-analysis of an MRI-informed RNA-Seq dataset 

 

Raw data from Wang et al. (2019)20 was mapped to the human genome assembly GRCh38 

(hg38) and sorted by coordinate using STAR 2.7.9a91 for analysis in DESeq292 and 

MAJIQ55. 

A gene count matrix was generated using featureCounts93 and standard DESeq2 

workflow was followed, inbuilt lfcShrink function was used with apeglm94. Patients were 

grouped according to the author's assessment: biomarker expression (LEUTX, KHDCL1, 

TRIM43 and PRAMEF2), which correlated with pathology (section stainings and MRI). 

Thus, five groups were formed: controls and FSHD groups 1, 2, 3, and 4, with the latter 
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having the strongest phenotype and biomarker expression. All DESeq2 results are found 

in in Supplementary Table S8. 

A comprehensive list of 386 genes that are associated with the nuclear envelope 

(either transmembrane proteins or interacting with them on the nucleoplasmic or 

cytoplasmic side) and preferentially expressed in muscle46,47 (Supplementary Table S9) 

was used to screen for nuclear envelope genes misregulated in FSHD. This was done for 

either group 4 or all groups and differences were evaluated by calculating p-values with 

ggpmisc95. Genes regulated by TMEM38A and PLPP7 were extracted from Robson et al. 

(2016)52, and the venn diagram was generated with ggVennDiagram96. GO term 

enrichment analysis (for NET regulated genes and mis-spliced genes) was conducted 

using gprofiler297 and visualized with enrichplot98. Next to classic GO term analysis, gene 

set enrichment analysis (GSEA) was used for finding splicing-related pathways and their 

genes with the Bioconductor package fgsea99, which was then visualized using GOplot100. 

Splicing analysis was done with MAJIQ in python (v3.9) for group 4 compared to 

controls and visualized using Voila (https://majiq.biociphers.org/). All other plots were 

generated with ggplot289. 
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Running title: Scaf6/CHERP regulates splicing in muscle and neurons 

 

Abstract 

Tissue-specific patterns of alternative splicing confer muscle fibers with distinct 

morphological and contractile properties. Mis-regulation of splicing alters the balance of 

gene isoform expression, impacting steps in muscle development from myoblast division 

and differentiation to sarcomere assembly and contractile function. Altered isoform 

expression dynamics further contribute to muscle aging, atrophy and disease. RNA 

binding proteins regulate RNA processing, but the majority of these proteins have never 

been studied in muscle. Here we identify spliceosome associated factor Scaf6/CHERP to 

play an essential and conserved role in muscle development. Whole animal Scaf6 mutant 

flies display myofibril defects and are flightless due to detachment and atrophy of the 

flight muscles. mRNA-seq data demonstrate that Scaf6 regulates alternative splicing and 

suppresses cryptic splicing, and we show that these molecular defects lead to the loss of 

select sarcomere proteins, notably Tm1, Sallimus, Unc-89, Zasp-52 and Zasp-66. The 

altered balance in sarcomere protein expression induces aberrant myosin contractility and 

myofiber loss. Interestingly, Scaf6 is required cell-intrinsically for splicing in both muscle 

and neurons, and neuronal-specific loss of Scaf6 results in behavioral defects and 

decreased motor neuron axon branching. We further demonstrate that Scaf6 has a 

conserved function in regulating myoblast proliferation, and knockdown of the vertebrate 

homologue CHERP in mouse C2C12 cells results in decreased proliferation and 

premature differentiation. From pull-down mass-spectrometry experiments in mouse and 

human muscle cells, we demonstrate that CHERP is tightly associated with the Sf3b1 

complex, which is a core unit of the U2 spliceosomal complex. We also find that CHERP 

is misexpressed in myotonic dystrophy patient cells and a cancer cachexia model. Our 

results thus establish a novel, disease-relevant function for Scaf6/CHERP in myogenesis 

in both flies and vertebrates, and provide insight into how the physiological roles of 

splicing factors are defined by temporal and tissue-specific requirements. 

 

Introduction 

A wide diversity in muscle form and function is observed throughout the animal kingdom. 

The functional and morphological divergence among different muscle types arises during 
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development (Spletter and Schnorrer, 2014). The molecular basis of developmental 

heterogeneity among distinct muscle groups lies in differences in both transcription and 

alternative splicing. Alternative splicing is a regulatory mechanism that generates more 

than one mRNA from a single gene (Kim et al., 2014). Alternative mRNAs can differ for 

example in their coding sequences, level of translation or subcellular localization. 

Resulting protein isoforms can have varied physiological functions and stability (Nilsen 

and Graveley, 2010), for example driving cell differentiation or leading to the acquisition 

of tissue identity and muscle-type specific properties (Wang et al., 2008). Studies suggest 

that 90-95% of genes in the human body undergo some form of alternative splicing (Pan 

et al., 2008), and muscle in particular has high levels of alternative splicing.  Misregulation 

of alternative splicing leads to muscle and heart diseases such as myotonic dystrophy and 

dilated cardiomyopathy, and is associated with loss of muscle mass and the normal ageing 

process. It is thus critical that muscle cells regulate alternative splicing patterns in a 

spatially and temporally restricted manner (Nikonova et al., 2020). Therefore, further 

insight into RNA processing might provide a path towards the development of therapeutic 

approaches for muscle disorders.  

Splicing is carried out by an extensively regulated RNA-protein complex called 

the spliceosome (Wahl et al., 2009). In association with a number of regulatory RNA 

binding proteins, this enzyme complex processes pre-mRNA transcripts to produce 

different mRNA isoforms. RNA-binding proteins (RBPs) are the trans-acting factors that 

recognise and bind to distinct sequences across the transcriptome (Baralle and Giudice, 

2017). Multiple RBPs regulate alternative splicing cooperatively or competitively by 

either promoting or inhibiting the recognition of splice sites leading to varied splice 

products (Fu and Ares, 2014). However, our current understanding is informed by only 

4% of total RBPs (Nikonova et al., 2019), leaving fundamental questions open about the 

regulatory mechanism of alternative splicing as well as physiological and functional 

relevance of splice isoforms. Further work is therefore required for the identification of 

detailed molecular mechanisms governing splice site selection and the functional impact 

of splice events on cell fate decisions.  

Scaf6 is the fly homolog of Calcium Homeostasis Endoplasmic Reticulum Protein 

(CHERP), a conserved SR-like protein with a basic domain structure consisting of a 

SWAP, RS, RPR and G-patch domain (Laplante et al., 2000). The primary characterized 
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role of CHERP in vertebrate cells is to regulate cell proliferation and viability, and recent 

studies in vertebrate Hek293T and cancer cell lines demonstrated that CHERP is a nuclear 

protein involved in the regulation of alternative splicing (Crisci et al., 2015; Sasaki-Osugi 

et al., 2013). As a splicing factor, CHERP is associated with the U2 complex of the 

spliceosome and co-localizes with SC35 in nuclear speckles (De Maio et al., 2018; Saitoh 

et al., 2004). Together with splicing factors like SF1, Rbm17 and U2SURP, CHERP is 

responsible for suppressing cryptic splicing and regulating alternative splice events (De 

Maio et al., 2018; Tan et al., 2016; Crisci et al., 2015). CHERP has also been shown to 

interact with Apoptosis-linked Gene 2 (ALG-2) to regulate alternative splicing of IP3R1 

pre-mRNA (Sasaki-Osugi et al., 2013).  

The animal kingdom, including species as diverse as flies and humans, possesses 

numerous distinct muscles that exhibit a wide range of morphological and contractile 

properties (Hill and Olsen, 2012). One major myth in the field of developmental biology 

is how this diversity arises, particularly regarding which cytoskeletal adaptations underlie 

the broad range of contractile abilities, which is composed of sarcomere as the basic unit. 

Comprising over one hundred proteins, sarcomeres link end-to-end to form long 

myofibrils that span the length of a muscle (Nakka et al., 2018). Even slight changes of 

modifications or isoforms in the structure and proportions of these sarcomeric proteins, 

via changes in gene expression, alternative splicing, or regulatory dynamics of messenger 

RNA (mRNA), can rise a huge impact on the property of muscle contraction, and thereby 

serve as a mechanism for fine-tuning contractile properties (Armstrong & Phelps, 1984; 

Bottinelli & Reggiani, 2000; Bottinelli, 2001; Schiaffino & Reggiani, 2011; Schiaffino et 

al, 2020). Therefore, comprehending the normal dynamics of RNA regulation during 

muscle development is critical for understanding both normal muscle physiology and 

disease. 

RNA regulation involves multi-steps, such as alternative splicing and post-

transcriptional modification. Within the DNA genome, protein-coding regions are 

interspersed with non-coding sequences called introns, which need to be removed for the 

production of functional mRNA. This process is known as RNA splicing. Splice sites at 

the boundaries of exons, typically marked by conserved nucleotide sequences GU and 

AG, are essential for splicing. However, alternative splice sites such as GT-AG, GC-AG 

or AT-AC can also be used within introns (Brackenridge, Wilkie, and Screaton 2003; 

Burge et al. 1999; Pollard et al. 2002; Quan and Forte 1990; Ruskin and Green 1985; 
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Sheth et al. 2006; Szafranski et al. 2007; Twigg et al. 1998; Will and Lührmann 2011). 

The intron also contains a branch point sequence located 18-40 nucleotides upstream of 

the 3' splice site (Ruskin and Green 1985), which is necessary for spliceosomal 

recognition. In higher eukaryotes, a polypyrimidine tract (PPT) can be found downstream 

of the branch point. The splicing process consists of two transesterification reactions 

(Moore, Query, and Sharp 1993). In the first step, the 2'OH group at the branch point 

attacks the 5' splice site, resulting in the formation of a lariat structure. In the second step, 

the free 3'-OH upstream exon attacks the 3' splice site, joining the two exons and 

removing the intron as the final step of RNA splicing to become mature mRNA (Ooi et 

al. 2001). 

To achieve of RNA splicing, it requires the integration of a large number of multi-

subunit spliceosome complex and RNA binding proteins (RBPs) to achieve proper RNA 

regulation. RBPs play a vital role in regulating alternative splicing by generating splicing 

profiles in different cell types, and in controlling translation levels by binding to 3'-UTR 

elements and associating with other factors (Hentze et al. 2018; Ho et al. 2021). This 

makes RBPs crucial for eukaryotic genome information during development, as they are 

responsible for establishing, refining, and maintaining specific properties of tissues and 

fiber types, especially in the muscle system (Lunde BM et al. 2007; Kao et al. 2021; Shi 

and Grifone 2021). Disruptions in alternative splicing and protein isoform expression 

patterns are commonly observed in aging and diseases such as cancer and 

cardiomyopathy (Van Pelt 2019). Loss of RBP function can lead to severe neuromuscular 

disorders such as myotonic dystrophy (Klinck et al. 2014; André et al. 2018), amyotrophic 

lateral sclerosis (Wood et al. 2021), and spinal motor atrophy. However, despite of the 

fcat that a substantial amount of RBPs have been identified expressed in muscle across 

species, only around 4% of RBPs are well-studied (Nikonova et al. 2019). We still only 

have limited knowledge to understand how RBPs function in muscle development. 

Therefore, a detailed understanding of RBP function is crucial. 

CHERP (Calcium Homeostasis Endoplasmic Reticulum Protein), also known as 

SCAF6 (SR-related CTD-associated factor 6) in Drosophila, is an RNA-binding protein 

that has been shown to play a role in alternative splicing regulation. CHERP is a highly 

evolutionarily conserved protein that encodes SWAP/SURP, CID and G-patch domain 

(Lin-Moshier et al. 2013) across the species. The SWAP/SURP domain is a NH2 terminal 

domain (Kuwasako et al. 2006), which is reported to interact with splicesome factors such 

as SF1. Proteins containing SWAP/SURP domains are predicted to regulate pre-mRNA 
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splicing, for example like splicing proteins such as members of the Prp21 family that 

interact with the U2 snRNP (Spikes et al. 1994). The CID domain is involved in pre-

mRNA processing and contains a region shown to interact with the RNA polymerase II 

(RNA Pol II) C-terminal domain (Meinhart and Cramer 2004; Noble et al. 2005). 

Orignially, CHERP was thought to be an Endoplastmic reticulum (ER) membrane 

protein that regulates intracellular Ca2+ release (Ryan et al. 2011). However, subsequent 

studies showed that CHERP is localized in the nucleus and interacts with spliceosomal 

machinery and PolII to regulate mRNA alternative splicing, particularly of calcium 

regulatory machinery in a Ca2+-dependent manner (Lin-Moshier et al. 2013). CHERP is 

identified as one of accessory components of the U2 complex in both vertebrates and flies, 

and forms a subcomplex with RBM17/SPF45 and U2SURP/SR140 (De Maio et al. 2018). 

These proteins demonstrate reciprocal regulation of complex and expression stability, 

where loss of any of the three proteins leads to down-regulation of the other two. 

Knockdown of CHERP induces defects in alternative splicing, notably increased rates of 

cryptic splicing, which affects the cell proliferation program through alternative splicing. 

The role of CHERP in splicing was further confirmed in a study in Hela cells, which 

showed that these three components form a tightly-associated complex in both a physical 

and functional perspectives (Cvitkovic and Jurica 2013; Yamanaka et al. 2022). Depletion 

of CHERP leads to intron retention in target mRNA and accumulated poly(A) RNAs in 

U2OS nucleus (Yamanaka et al. 2022), which results in splicing dynamic changes and 

delays in the M phase progression. Thus, current studies support the functional role of 

Scaf6/CHERP in primary/direct mRNA-splicing, mRNA metabolism regulation 

associated with U2 spliceosome, and potential indirect regulation of intracellular Ca2+ 

homeostasis. In addition, important insights into CHERP’s function in regulating cell 

proliferation have been identified in various cancer cell models (Zhang et al. 2017, 

Takayama et al. 2017; Wang et al. 2019)). However, the understanding of CHERP in vivo 

animal systems is still limited. 

Given the high degree of conservation in CHERP between flies and vertebrates, 

the Drosophila ortholog is also presumed to play a role in splicing. Indeed, high 

throughput studies indicate that SCAF6 is also an accessory component of the U2 

complex in flies and binds to the tail of PolII (Splicesome Database, 

http://spliceosomedb.ucsc.edu/proteins/12989). Based on experimental protein 

interactions available in the String database, SCAF6 interacts with U2-associated protein 

SR140 (CG9346), Sf3b2 (CG3605), and Sf3b3 (CG13900). To date, there is a single 
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study hinting at Scaf6 function in vivo. In fly embryos, an EMS-screen identified a 

mutation of scaf6 that disrupts the trafficking of gurken mRNA leading to mislocation, 

as well as impairs the transposon piRNA silencing (Hayashi et al. 2014). This suggests 

that Scaf6 might play additional roles in RNA regulation, although could reflect an 

indirect function through the regulation of a yet-unidentified intermediate target. Thus, 

the potential functional and regulatory role of SCAF6 in an in vivo muscle system remains 

unknown. 

In this paper, we investigate the functional and molecular mechanism of SCAF6 

in vivo Drosophila system and CHERP in mammalian cell line system. We demonstrate 

that SCAF6 plays a critical role during fly muscle development (IFM). When we scope 

into the molecular regulatory level, the disruption of SCAF6 causes severe misregulation 

of mRNA targets, including fundamental sarcomeric genes, and leads to intron-retention, 

indicating its importance of recognition of the splice site. In addition, we also found the 

potential role of myoblast proliferation regulation of SCAF6 during development, which 

indicates the conservational function between the muscle system and the cancer models.  

Here we identify a novel, physiological function for Scaf6/CHERP in the 

development of muscle and neurons. Scaf6 mutant flies are flightless phenotype, as well 

as a multitude of other behavioral deficits. IFM myofibers detach early in development 

and have problems in climbing due to defects in muscle growth and development (Figure 

1A,B). Scaf6 mutants show muscle and neuronal specific defects, and mRNA-Seq of 

flight muscle reveals defects in alternative splicing including intron retention and 

increased use of cryptic splice sites. These splicing defects, for example in key structural 

components of the sarcomere such as Zasp66 or Zasp52 (Figure 1C-G), lead to near 

complete loss of sarcomere proteins and likely underlie the observed defects in muscle 

and sarcomere development.  

Results 

We identified scaf6 as one of hundreds of RNA-binding proteins that is expressed 

in mRNA-Seq data from Drosophila muscle (Kao et al., 2021), but which has not been 

previously characterized in vivo or in muscle. scaf6 encodes a conserved RS-domain 

protein with  SWAP/U2-Surp, CID and G-patch domains (Fig. 1 A, Fig. S1 A), which 

suggest a splicing-associated function. Although scaf6 is expressed ubiquitously, scaf6 

mRNA expression significantly decreases across indirect flight muscle (IFM) 
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development, with the highest expression levels coinciding with early steps in myogenesis 

including myoblast migration, fusion and myofibrillogenesis (Fig. 1 B, Fig. S1 A, B). 

scaf6 encodes three mRNA isoforms, and the full-length isoform scaf6-RA is 

predominantly expressed in IFM, leg and brain (Fig. 1 A, Fig. S1 I). Increased expression 

of scaf6-RC in brain and scaf6-RE in developing IFM likely reflect spatial and temporal 

regulatory dynamics (Fig. S1 I). We confirmed that Scaf6-PA protein is expressed and 

nuclear localized in IFM and neurons using an endogenous, C-terminal FLAG tag line 

(Fig. S1 C-E). This nuclear localization is maintained even with expression of UAS-Myc-

Scaf6-RA with either the muscle-specific driver Mef2-Gal4 or the neuronal-specific 

driver Elav-Gal4 (Fig. 1 C-D, Fig. S1 F-H). The expression dynamics and subcellular 

localization of Scaf6 are thus consistent with a function in pupal myogenesis, which we 

test below. 

 

Scaf6 is necessary for muscle development 

To evaluate a possible function for Scaf6 in myogenesis, we first characterized 

two mutant alleles, scaf612M9 and scaf6M2M1. scaf612M9 is an EMS allele that introduces a 

stop codon at position 560, resulting in early truncation of the Scaf6-PA protein before 

the G-patch domain (Hayashi et al., 2014). This allele contains a linked background 

mutation (Hayashi et al., 2014) and is pupal lethal when homozygous as well as over 

Df(3L)ED4674, a deficiency which covers the scaf6 locus (Fig. S1 M). We therefore 

generated a new CRISPR deletion allele, scaf6M2M1, that results in a frame-shift in the N-

terminal region of the protein just after the SWAP domain (Fig. 1 A). Although this 

scaf6M2M1 allele is late pupal lethal when homozygous or combined with Df(3L)ED4674, 

transheterozygous scaf6M2M1/12M9 mutants (referred to as scaf6-/-) are pharate lethal (Fig. 

S1 M) and produce adult escapers that survive 1-2 days, allowing us to assay adult 

phenotypes. On the RNA level, expression of the full-length scaf6-RA isoform is 

significantly decreased (Fig. S1 J, K, L). We additionally generated a short-hairpin RNAi 

(scaf6-IR) line that results in a significant decrease in scaf6-RA expression (Fig. 1 A, Fig. 

S1 K, L). These data indicate that our various genetic tools produce strong Scaf6 

hypomorph conditions, either through a decrease in scaf6-RA expression or through 

production of a protein lacking the C-terminal G-patch domain. 

 Pupal and pharate lethality, such as we observed in scaf6 mutant flies, can be 

caused by defects in muscle structure or function; thus, we next tested if Scaf6 regulates 

adult muscle development. To assay muscle function, we performed a flight test and found 
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that surviving adult scaf6-/- flies are flightless, as are flies with muscle-specific scaf6-IR 

driven by Mef2-Gal4 (Fig. 1 I). When we examined the IFMs in thorax hemisections from 

1 d adult flies, we observed a strong detachment defect in scaf6-/- as compared to w1118 

control myofibers (Fig. 1 E, F, J). Myofibril structure in scaf6-/- IFM was severely 

disrupted, and is characterized by dense actin accumulations, a loss of sarcomere structure, 

and frayed myofibrils (Fig. 1 F). scaf6-IR IFM showed similar defects including myofiber 

detachment, myofibril tearing and fraying, and indistinct sarcomeres (Fig. 1 G, H, J, Fig. 

S1 Q). This data shows that Scaf6 is necessary for IFM development or maintenance, and 

demonstrates that the observed phenotype is specifically caused by loss of Scaf6. 

To determine when these defects arise during muscle development, we evaluated 

IFM morphology at 48, 72 and 88 hours (h) after puparium formation (APF). In scaf6-/- 

flies, IFM myofibers are already detached at 48 h APF (Fig. 1 F). Although sarcomere 

architecture is still present at 48 h APF, scaf6-/- sarcomeres are significantly shorter than 

wildtype (Fig. 1 K) and myofibrils are significantly thicker, display tearing and splitting, 

and contain prominent actin bodies at the Z-discs (zebra bodies) (Fig. 1 E, F, L). 

Sarcomere and myofibril structure progressively degenerate, leading to a loss of 

sarcomere architecture by 90 h APF (Fig. 1 E, F). We observed a similar phenotype in all 

mutant combinations we were able to examine, including scaf6M2M1/Df(3L)ED4674, 

scaf612M9/Df(3L)ED4674, and scaf6M2M1/M2M1(Fig. S1 N, O, P), as well as in scaf6-IR IFM (Fig. 

1 G, H, Fig. S1 Q). Leg muscle was structurally intact, indicating that fibrillar IFMs are 

more strongly affected than tubular muscles (Fig. S1 O, P, Q). Taken together, these data 

show that the Scaf6 phenotype is pronounced in fibrillar muscles and arises at an early 

stage of muscle development. 

 

Gene expression is altered at early stages of myogenesis in scaf6-/- IFM 

To identify the molecular defects that contribute to the behavioral and cellular 

phenotypes we observed in scaf6-/- animals, we performed mRNA-Seq on dissected IFM 

at 30 h and 72 h APF. Using DESeq2 to quantify differential expression (DE) between 

scaf6-/- and w1118 IFM, we observed significant changes in gene expression at both 

timepoints (Fig. S2 A, B, Supplemental Table X). We noted that more genes are 

differentially expressed at 30 h than at 72 h APF (Fig. 2 A), and although gene expression 

changes are moderately correlated between the two timepoints (Pearson’s correlation 

coefficient = 0.47) (Fig. 2 B), there is little overlap between significantly DE genes 

(adjusted p-value ≤ 0.05) at 30 h and 72 h (Fig. 2 C). To understand which biological 
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processes are affected by changes in gene expression, we performed gene ontology (GO) 

term enrichments. At 30 h APF, significantly upregulated genes are enriched for terms 

such as “signal transduction,” “myoblast fusion,” “muscle structure development” and 

“axon guidance,” and significantly downregulated genes are notably enriched in 

mitochondrial-related GO terms (Fig. 2 E). At 72 h APF, significantly upregulated genes 

are enriched for terms such as “actin-mediated cell contraction,” “stabilization of 

membrane potential” and “regulation of cell shape” (Fig. 2 E, Supplemental Table X). In 

a complementary approach, we examined categories of genes important for muscle 

function, and found that while mitochondrial-related genes are significantly 

downregulated at 30 h but not 72 h APF, synapse genes are preferentially upregulated at 

both timepoints, and genes that have an RNAi phenotype in muscle display a bimodal 

regulatory distribution (Fig. S2 C). We wondered if this pattern might indicate a delay in 

early myogenesis, so we then examined how genes that are temporally regulated during 

IFM development are affected in scaf6-/- muscle. Genes that are normally upregulated 

from 24-30 h APF, for example Act88F, fln and TpnC4, are downregulated in scaf6-/- IFM 

at 30 h APF (Fig. 2 D). By contrast, myoblast fusion-associated genes such as lmd, mbc 

and sns, which are normally downregulated from 24-30 h APF, are upregulated in scaf6-

/- samples at 30 h APF (Fig. 2 D). We did not observe this trend in 72 h scaf6-/- IFM, nor 

with genes that are temporally regulated from 30-72 h APF (Fig. S2 D). We also did not 

detect strong impairment in the temporal switch in gene expression from 30-72 h in scaf6-

/- IFM (Pearson’s correlation coefficient = 0.92) (Fig. S2 E). We interpret these findings 

to reflect a delay in IFM development at 30 h APF, possibly due to myoblast-related 

defects which we characterize below, that is resolved by 72 h APF. Taken together, our 

gene-expression level analysis points to several developmental mechanisms that 

contribute to the scaf6-/- phenotype, including defects in myoblast fusion, cytoskeletal 

organization, contractility and neuronal development. 

 

Scaf6 regulates exon use and alternative splicing of muscle genes 

Scaf6 as well as its vertebrate homologue CHERP are reported to be accessory 

components of the U2 spliceosome complex, thus we next evaluated if defects in 

alternative splicing are present in scaf6-/- IFM. We used DEXSeq to identify significant 

differences in exon use in our mRNA-Seq data, which reflects changes in alternative 

splicing (Anders et al., 2012a). We identified significantly DE exons (p-value ≤ 0.05) at 

both 30 h and 72 h APF (Fig. 2 F, Fig. S2 G, H, Supplemental Table X). At both timepoints, 



 154 

genes with significantly DE exons are enriched for cytoskeletal terms such as 

“cytoskeletal organization” and “actomyosin structure organization” (Fig. 2 E). At 72 h 

APF, genes with DE exons are also enriched for terms such as “calcium ion transport,” 

“sarcomere organization,” “muscle contraction,” “synapse organization,” and 

“neuromuscular junction development” (Fig. 2 G). Strikingly, although few sarcomere 

proteins (SPs) are misregulated on the gene level (Fig. 2 B, Fig. S2 A, B, C), a large 

number of SPs have DE exons (Fig. 2 G, Fig. S2 G, H, I). We noted that many more exons 

are misregulated at 72 h than at 30 h APF (Fig. 2 F, Fig. S2 I), the opposite trend to what 

we observed with our gene level analysis (Fig. 2 A, Fig. S2 C), and changes in exon use 

at the two timepoints are weakly but positively correlated (Pearson’s coefficient = 0.32) 

(Fig. 2 G). Interestingly, there is little overlap between significantly DE genes as detected 

by DESeq2 and genes with significantly DE exons at either 30 h or 72 h APF (Fig. S2 F), 

and there is little overlap in the DE exons between 30 h and 72 h APF (Fig. 2 C), indicating 

that genes that are misspliced are largely distinct at early and late stages of muscle 

development. This data demonstrates that loss of Scaf6 leads to splicing defects, notably 

in cytoskeletal, mitochondrial and synaptic genes. Further, while early stages of the scaf6-

/- phenotype during muscle differentiation are characterized by changes in gene expression, 

later phases during muscle growth and maturation are characterized predominantly by 

splicing defects and changes in isoform expression.  

We next evaluated the presence of novel splicing events in our mRNA-Seq data. 

We used fortuna to identify novel alternative splice (AS) events and a separate approach 

to identify intron retention (IR) events, as our analysis with DEXSeq was limited to 

annotated exons. We observed a dramatic increase in novel AS events as well as IR events 

in scaf6-/- IFM at both 30 h and 72 h APF (Fig. 2 H, Fig. S2 J, K). If we consider all 

detected events unique to either scaf6-/- or w1118 samples, 73-75% of scaf6 and 87-88% of 

wild-type novel events are supported by only 1 or 2 reads (Fig. S2 J), likely reflecting 

noise in the splicing process. For further analysis we therefore considered only novel 

events with 5 or more supporting reads. The increase in novel AS events in scaf6-/- samples 

is consistent across individual categories of genes important for muscle development and 

function, including mitochondrial, sarcomere and synaptic genes, as well genes with an 

RNAi phenotype in muscle (Fig. S2 L). Genes containing novel AS and IR events at 30 h 

APF are enriched for GO terms such as “cytoskeleton organization” and “muscle structure 

development,” and at both 30 h and 72 h genes with novel events are enriched for “axon 

guidance,” “regulation of mRNA processing,” “signal transduction,” and “synapse part” 



 155 

(Fig. 2 G). The novel events identified by fortuna in scaf6-/- but not in w1118 IFM, in total 

4105 events at 30 h APF and 3814 events at 72 h APF, were predominantly exon skip 

(ES) events (72-78%), but also included use of alternative acceptors (AA, 6-8%), 

alternative donors (AD, 4-5%), and intron in exon events (IE, 3-5%) (Fig. 2 I). Taken 

together, our analysis demonstrates that loss of Scaf6 leads to alternative splicing defects 

accompanied by an increase in intron retention and novel AS events at both 30 h and 72h 

APF, notably in cytoskeletal, mitochondrial and synaptic genes. 

To verify the novel AS events and changes in exon use in our mRNA-Seq data, 

we performed RT-PCR on IFMs dissected at 72 h APF from w1118 or scaf6-/- flies. We 

were able to confirm three types of aberrant events, including intron retentions, novel 

junction use, and altered use of alternative exons. For example, in the z-disc protein 

Zasp66, we confirmed a switch in splicing towards inclusion of alternative cassette exon 

10, as well as use of an alternative acceptor for exon 10 and an intron retention event (Fig. 

2 J). In the M-line protein Unc-89, also known as obscurin, we confirmed increased use 

of exon 22 in IFM (Fig. 2 M). Interestingly, exon 10 in Zasp66 and exon 22 in Unc-89, 

which are aberrantly spliced in scaf6-/- IFM, are normally used more often in brain samples 

from wildtype flies, suggesting that loss of scaf6 increases the use of splice events 

typically suppressed in flight muscle. In Tropomyosin 1 (Tm1), we confirmed increased 

used of an alternative termination as well as intron retention events (Fig. 2 K). Finally, in 

the titin-like protein sallimus (sls), we confirmed use of a cryptic exon between exons 17 

and 18 (Fig. 2 L). The intron retention event in Zasp66 as well as the cryptic exon in sls 

were observed prominently in IFM but only weakly in brain, indicating that splicing may 

be differentially affected in the two tissues. Additionally, we noted that in all cases, we 

could detect aberrant events together with the expected splice event. This suggests a lack 

of fidelity in the splicing process, but may also reflect a decreased stability of aberrantly 

spliced transcripts. Our RT-PCR data thus validate our mRNA-Seq analysis and confirm 

multiple aberrant splicing events in scaf6-/- IFM. 

 

Sarcomere protein expression is altered after loss of Scaf6 

Since changes in splicing and mRNA expression levels do not always correlate 

with altered protein expression (Liu et al., 2016; Salovska et al., 2020), we performed 

whole proteome mass spectrometry to evaluate if the widespread splicing defects in scaf6-

/- IFM impact protein expression. We compared dissected IFM from scaf6-/- mutant and 

wildtype w1118 flies at 72 h APF, when mutant myofibers are detached, but myofibril 
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structure is still intact. We identified significant changes in expression of a large number 

of proteins (1,110 proteins, FDR < 0.05), and notably evidence for up- and 

downregulation of different sets of proteins (Fig. 3 A, Fig. S3 A). Sarcomere and 

mitochondrial proteins were significantly enriched in the downregulated proteins, as 

reflected by gene ontology (GO) terms such as “contractile fiber part,” “respiratory chain 

complex,” “tricarboxylic acid cycle,” and “mitochondrion organization” (Fig. 3 A, B). 

Upregulated proteins were significantly enriched in terms related to splicing and RNA 

regulation, including “U2 snRNP,” “spliceosomal complex,” and “RNA splicing” (Fig. 3 

B). Fold change values between the mRNA-Seq and mass spectrometry data were 

positively correlated (Fig. S3 B), and the Pearson’s correlation coefficient of R2 = 0.36 

(Spearman R2 = 0.44) is consistent with previous estimates from various model systems 

(Becker et al., 2018; Brion et al., 2020; Koussounadis et al., 2015; Liu et al., 2016). Of 

the significantly differentially expressed proteins, while only 28 (2.5%) were significantly 

regulated on the gene level, 383 (34.5%) had significantly differentially regulated exons 

or contained novel intron retention or splicing events (Fig. S3 A, B). We conclude that 

loss of Scaf6 results in defects in mRNA splicing that lead to significant shifts in protein 

expression of affected transcripts.  

 To independently verify these protein-level expression changes, we employed a 

panel of GFP-tagged reporters expressed under native regulatory elements (Orfanos and 

Sparrow, 2013; Sarov et al., 2016; Spletter et al., 2015). We assayed GFP expression as 

well as protein localization in scaf6-IR IFM. Act88F, which is not significantly 

misregulated at the RNA-level in scaf6-/- flies, does not show a change in GFP expression 

in scaf6-IR IFM (Fig. 3 D, Fig. S3 D-D’’). By contrast, Mhc, Zasp66, Zasp52, Unc-89, 

Sls and Strn-Mlck, all of which are downregulated in the mass spec data and display 

changes in exon use, show a significant decrease in GFP expression (Fig. 3 C, D, Fig. S3 

C-C’’, E-G’’). Additionally, the weeP26-GFP reporter line, which is an endogenous tag 

in a specific isoform of Mhc, is mislocalized (Fig. S3 F-F’’), indicating that a previously 

characterized developmental switch in Mhc isoform expression (Orfanos and Sparrow, 

2013) is impaired in scaf6-IR IFM. These data confirm our mass spectrometry results and 

show that the expression level of multiple structural proteins is downregulated in IFM 

after loss of Scaf6. 

 To further validate that GO term enrichments observed in the mass spectrometry 

and mRNA-Seq data accurately reflect biological processes disrupted in mutant muscle, 

we tested if there was a mitochondrial defect, as suggested by the misregulation of 
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mitochondrial-associated genes and proteins (Fig. 2 X, Fig. 3 B). We used a Mito-GFP 

reporter to visualize mitochondria in developing IFM from scaf6-IR flies. At 48 h APF, 

when scaf6-IR myofibers are beginning to detach but sarcomere structure is still intact, 

the mitochondrial load in control and knockdown IFM is similar, and an extensive 

mitochondrial network ramifies throughout the sarcoplasm (Fig. S3 H, K, O). By 72 h 

APF, there are stark differences evident in the mitochondrial network. Although the area 

covered by mitochondria is similar (Fig. S3 O), the mitochondria are no longer evenly 

distributed and single mitochondrion are much larger than in control IFM (Fig. S3 I, L, N, 

O). By 1 d adult, IFMs contain significantly fewer mitochondria, and those that are still 

present are abnormally large and spindly (Fig. S3 J, M, N, O). This progressive disruption 

and loss of mitochondria mirrors the increasing severity of myofiber and myofibril 

phenotypes, confirming an impact on mitochondria after loss of Scaf6 and validating this 

finding from the proteomics. 

 

scaf6-/- mutant myofibers detach due to aberrant contractility 

Motivated by our verification of splicing and expression changes in structural genes at the 

RNA and protein levels, we investigated how misregulation of sarcomere proteins 

contributes to the phenotypes we observed in scaf6-/- IFMs. To identify which sarcomere 

proteins are most strongly affected, we looked for genes that contain intron retention 

events, have significant changes in exon use, and are significantly downregulated in our 

proteomics data. There are 13 structural genes that meet these criteria: Tropomyosin 1 

(Tm1), upheld (up, TnT), wings up A (wupA, TnI), Stretchin-Mlck (Strn-Mlck), Muscle 

LIM protein at 60A (Mlp60A), Z band alternatively spliced PDZ-motif protein 66 

(Zasp66), Zasp52, sallimus (sls, Titin), bent (bt, Projectin), Ryanodine receptor (RyR), 

Limpet (Lmpt), Unc-89 and Mhc (Fig. 3 E). This list is striking, as it contains Z-disc 

components critical to assembly and maintenance of sarcomere structure (Mlp60A, 

Zasp66, Zasp52, Sls, bt) as well as important regulators of muscle contractility including 

RyR, Strn-Mlck, Mhc and the tropomyosin complex (Tm1, up, wupA) (Fig. 3 E). Notably, 

all structural proteins with reported muscle hypercontraction phenotypes in Drosophila 

(Tm1, TnT, TnI, Strn-Mlck, RyR, Strn-Mlck, Mhc) are misregulated in scaf6-/- flies, so 

we focused on aberrant actomyosin contractility as a possible developmental mechanism 

leading to the detachment of IFM myofibers.   

 We used two approaches to test if the detachment of scaf6-/- IFM myofibers is a 

result of hypercontraction, which results from misregulation of actomyosin interactions. 
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We first evaluated the myofiber phenotype of scaf6-/- IFM in the background of the Mhc10 

allele, a mutation which results in loss of the IFM-specific hinge domain and dramatically 

altered actomyosin dynamics (Collier et al., 1990). While the majority of myofibers are 

detached in 1 d adult scaf6-/- IFMs (Fig. 3 F), the detachment phenotype is significantly 

rescued in Mhc10, scaf6-/- IFMs (Fig. 3 G, H). This demonstrates that myofiber detachment 

is dependent on myosin-mediated contractility. As scaf6-/- IFMs are already detached by 

48 h APF (Fig. 1 F), we next used a live-imaging assay to monitor spontaneous myofiber 

contractions, or twitching, during early pupal stages. Myofibrils assemble in developing 

pupae around 30 h APF, and twitching frequency and multi-twitch dynamics peak around 

48 h APF (Spletter et al., 2018a). When we monitored twitching in scaf6-/- and scaf6-IR 

flies shortly after myofibril assembly at 36 h APF, we found that IFMs twitched 

significantly more often than in controls (Fig. 3 K). However, by 48 h APF, IFMs in scaf6-

/- and scaf6-IR flies twitched significantly less often than in control flies (Fig. 3 I, I’, J, J’, 

L). We also noted that the total number of scaf6-/- pupae where we can observe twitch 

events is less than in wildtype w1118 flies (Fig. 3 K, L). This data demonstrates that 

dysregulation of muscle function is already evident before fiber detachment. We therefore 

conclude that mis-splicing and decreased expression of sarcomere proteins in scaf6 

mutants results in aberrant myosin contractility leading to hypercontraction and 

detachment of the IFM myofibers. 

 

Behavior defects in scaf6-/- flies reflect tissue-specific functions in muscle and 

neurons 

The enrichments for neuronal related terms and splicing defects in synapse-related genes 

in our mRNA-Seq data (Fig. 2, Fig. S2) suggest that in addition to its role in muscle, Scaf6 

might have a physiological function in the nervous system. To test this possibility, we 

decided to evaluate Scaf6 cellular and behavioral phenotypes in a tissue-specific manner. 

We first selected a panel of behavioral assays to test muscle and neuronal function, 

including larval crawling, flight ability, climbing ability, grooming efficiency, the righting 

reflex, eclosion competence and adult survival (Fig. 4 A, Fig. S4). scaf6-/- mutant flies 

display severe impediments in most of these assays. scaf6-/- flies are flightless (Fig. 1 I, 

Fig. 4 A), have a reduced ability to climb 5 cm in 5 seconds (Fig. S4 F), cannot effectively 

groom themselves when sprinkled with dust (Fig. S4 J, K), are slow to right themselves 

when they land on their back (Fig. S4 I), and show high rates of pharate and young adult 

lethality (Fig. 4 A, Fig. S4 C, D). These defects are restricted to the late pupal and adult 
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stages, as scaf6-/- flies pupate normally and crawl as well as wildtype larvae (Fig. S4 A, 

B). These data establish a baseline of mobility and coordination in whole animal mutant 

flies, that allowed us to next evaluate tissue-specific requirements of Scaf6. 

To determine which of these behaviors required Scaf6 function in muscle or in 

neurons, we employed tissue-specific RNAi knockdown via the Gal4-UAS system. Mef2-

Gal4 is a muscle-specific driver, while Elav-Gal4 drives selectively in neurons. Mef2-

Gal4 driven scaf6-IR flies were flightless (Fig. 1 I, Fig. 4 A), and had a minor but 

significant climbing impairment (Fig. 4 A, Fig. S4 F), but performed as well as control 

flies in all other behavioral assays (Fig. 4 A, Fig. S4 C, F, I, K). Elav-Gal4 driven scaf6-

IR flies were weak fliers (Fig. 4 A, Fig. S4 E), and displayed significantly impaired 

climbing, grooming and righting ability (Fig. 4 A, Fig. S4 F, I, K). Strikingly, when we 

knocked-down scaf6 in both muscle and neurons by combining the Mef2-Gal4 and Elav-

Gal4 drivers, we replicated the mutant phenotype, including pharate and young adult 

lethality as well as the full constellation and severity of behavioral defects Fig. 4 A, Fig. 

S4 C, E, F, I, K). We did not observe defects in flight or climbing ability when scaf6-IR 

was driven by the glial-specific Repo-Gal4 or the fat body-specific ppl-Gal4, supporting 

the tissue-specificity of the observed phenotypes (Fig. S4 G, H). This data demonstrates 

that the lethality and severity of phenotypes observed in scaf6-/- mutant flies depends on 

Scaf6 function in both muscles and neurons, where flight ability is strongly influenced by 

a muscle-specific component and climbing, grooming and the righting reflex have a 

stronger neuronal-specific component. 

 

Scaf6 is required cell-intrinsically in IFM and motor neurons 

 To collect further evidence of a tissue-specific requirement for Scaf6, we next 

evaluated the cellular phenotype in tissue-specific knockdown conditions. In scaf6-/- 

mutant flies at 72 h APF, in addition to severe IFM myofibril and sarcomere defects (Fig. 

1 F, Fig. 4 D), we observed a dramatic reduction in the number of higher order motor 

neuron axon branches (Fig. 4 B, C, K, L). In Mef2-Gal4 driven scaf6-IR flies, although 

myofibril and sarcomere structure are compromised (Fig. 1 H, Fig. 4 G), motor neuron 

axons branch normally (Fig. 4 E, F, L). By contrast, in Elav-Gal4 driven scaf6-IR flies, 

myofibril and sarcomere structure are intact (Fig. 4 J), but IFM motor neuron axons show 

a significant reduction in higher order branches (Fig. 4 H, I, L). This data indicates that 

Scaf6 is required intrinsically in motor neurons for axon branching, and intrinsically in 

muscle for maintenance of myofibril and sarcomere structure. 
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 To further support this conclusion, we performed tissue-specific rescue in the 

scaf6-/- background. We started by testing rescue flies in our panel of behavioral assays 

(Fig. 4 M).  Mef2-Gal4 driven UAS-myc-scaf6 is not sufficient to rescue eclosion, flight, 

climbing, righting or grooming behaviors, and performance of these flies does not differ 

significantly from Mef2-Gal4, Elav-Gal4 and UAS-myc-scaf6 controls in the scaf6-/- 

background (Fig. 4 M, Fig. S4 C, F, I, K). However, since the rescue of flight behavior 

relies on a near-perfect balance of temporal and spatial protein expression, we also 

evaluated the cellular phenotype in Mef2-Gal4 rescue flies. Notably, in 1 d adult flies we 

observed a partial rescue of muscle phenotypes. IFM myofibers were still attached, as 

compared to scaf6-/- flies where 100% of fibers are detached at this stage (Fig. 1 J, Fig. 4 

N, O). Further, although defects in myofibril structure were still evident, we observed a 

significant improvement in myofibril integrity and sarcomere structure (Fig. 4 N’, O’). 

This shows that muscle-specific expression can indeed rescue myofiber and myofibril 

defects. Additionally, Elav-Gal4 driven UAS-myc-scaf6 was able to significantly rescue 

climbing, righting and grooming ability (Fig. 4 M, Fig. S4 F, I, K). Neuronal-specific 

rescue also improved adult survival, although it did not significantly rescue eclosion 

competence (Fig. 4 M, Fig. S4 C). These data demonstrate cell-intrinsic function for Scaf6 

in muscle and neurons, and further illustrate how wildtype behaviors depend on Scaf6 

activity in both tissues.  

 

CHERP plays a role in myoblast proliferation and differentiation, but not 

apoptosis 

Since protein structure and domains are conserved between fly Scaf6 and vertebrate 

CHERP, we investigated CHERP regarding its’ function in vertebrate muscle cell lines. 

We first performed a knockdown in mouse C2C12 cells and tested proliferation and 

apoptosis rates, the two main functions of CHERP known from previous studies in 

HEK293T and cancer cell lines (Lin-Moshier et al. 2013, De Maio et al. 2018, Wang et 

al. 2019, Martin et al. 2021).  Proliferation rates, assessed in Ki67 stainings (Figure 7 A1, 

B1,C1 and E), decreased by nearly 50% in CHERP knockdown cells, which points 

towards a positive regulation of proliferation through CHERP. This is consistent with 

previous reports, making CHERP a proto-oncogene potentially involved in various cancer 

types (Wang et al. 2019, Martin et al. 2021). In line with lower proliferation rates, the 

overall number of viable cells after 24 hours was reduced by approximately 40% as shown 

in Figure 7D. In contrast, we did not observe increased rates of apoptosis as reported in 
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(Wang et al. 2019), shown in Figures 7 A2, B2, C2 and F. We thus conclude that the lower 

number of viable cells is a result of reduced proliferation rather than increased apoptosis 

or a combination of both, underlining a tissue-specific function of CHERP in muscle 

compared to other cell types. To gain information about genes regulated by CHERP, either 

their expression level or splicing state, we performed RNAseq in untreated, no-target and 

siCHERP C2C12 samples in replicates. In total, 1373 genes were differentially expressed 

between untreated and CHERP knockdown cells with 408 being down- and 965 being up-

regulated (log2FC > 1 & < -1 and p-value < 0.05, Figure 7 F). The top hits among the 

downregulated genes are the prolactins Prl2c2 and Prl2c3 which function as growth 

factors during embryonic development and positively regulate proliferation. We find 

many sarcomeric proteins up-regulated in CHERP knockdown cells, among others 

Troponin (Tnnt1, Tnnt3 and Tnnc1), Titin (Ttn), Obscurin (Obscn), Nebulin (Neb) and 

myosin heavy chain 8 (Myh8). Further, the transcription factor Myogenin (Myog) is the 

most significant upregulated gene with a p-value of 2.2 e-254 and a log2 fold change of 

3.7. Myog is a master regulator of myogenesis with numerous target genes and required 

for proper myoblast differentiation. We tested the expression change of Myog on the 

protein level using immunofluorescenc and indeed confirmed the up-regulation of Myog 

in CHERP knockdown cells observed in our RNAseq data (Figure 7H, I, J, K). At the 

same time, Tbx2 is also highly up-regulated in siCHERP cells. The protein encoded by 

this gene is a transcriptional repressor negatively regulating cell cycle exit and has to be 

down-regulated upon differentiation (Zhu et al. 2014). This seemed to be contrary to the 

general notion that proliferation is impaired in siCHERP cells. It was shown that Tbx2 

represses p21 (Cdkn1a), a protein that inhibits cell cycle progression – however, in our 

data set p21 levels are elevated by log2FC = 0.8. We thus hypothesize that high Tbx2 

RNA levels are either 1) not reflected on the protein level, 2) elevated due to a 

compensation mechanism or 3) Tbx2 plays a more complex role than anticipated, not 

repressing cell cycle exit exclusively. We thus checked Tbx2 expression in another dataset 

we generated (data not shown), a time course of differentiating human myoblasts which 

revealed elevated Tbx2 RNA expression at Day 1 and 2 of differentiation by log2FC = 

1.7, when myoblasts usually start exiting the cell cycle. Although human and mouse 

myoblast differentiation is not congruent, muscle development is highly conserved among 

species.  

We wondered if the trend of proliferation being down- and differentiation being 

upregulated proves to be true also on a broader level, so we looked for enriched GO-terms 
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among the differentially expressed genes running the analysis separately for up- and 

downregulated genes. Strikingly, the top hits in downregulated genes are cell cycle related 

with whole networks being affected, e.g. the transcription factor Foxm1 and it’s targets, 

the cyclin dependent kinase Cdk1 and cyclin B1 Ccnb1 (Figure 7G). In contrast, cell cycle 

related terms are not enriched in upregulated genes, while muscle differentiation and 

contraction are highly enriched, as well as sarcomere organization. We further screened 

our data using a list of Myog target genes to find out whether the upregulation of Myog 

actually has an effect on their expression and found many of these genes to be upregulated 

(Figure 7L, M). 

For proper myoblast differentiation in cell culture, two main environmental cues 

are required: physical contact between the cells and low serum conditions. This leads to 

cell cycle withdrawal and transcriptional activation of the differentiation program. Cell 

cycle exit is an effect of stress pathways induced by starvation (low serum), which are 

mediated by MAPK and p53 pathways, which – under certain circumstances – also induce 

apoptosis, a pathway that was previously associated with CHERP. Indeed, we find several 

MAP kinases and interacting proteins mis-regulated in siCHERP cells. It is thus 

conceivable that CHERP regulates cell cycle progression and apoptosis, and thus also 

differentiation, through regulation of the MAPK pathway, however, further experiments 

are necessary to investigate this theory. We further hypothesize that CHERP knockdown 

induced cell cycle exit is sufficient to partially activate the differentiation program as 

shown by the upregulation of myogenic factors as Myog, Mef2a and sarcomere proteins. 

However, at this point we cannot exclude the possibility that CHERP regulates 

differentiation by direct targeting of relevant genes.  

 

CHERP targets muscle specific genes through interaction with the U2 spliceosome 

To test exon usage in CHERP knockdown cells, we performed a DEXSeq analysis and 

found 1664 exons in 1219 genes used differentially (log2FC > |1|, p-value ≤ 0.05). The 

majority of exons (~ 70%) had positive log2 fold changes, i.e. are included, suggesting a 

major role for CHERP in masking splice sites. Again, there are sarcomeric proteins like 

Tropomyosin (Tpm), Nebulin (Neb) and Troponin (Tnnt) among the mis-regulated genes 

(Figure 8A). Only 8.5% of the DE genes identified with DESeq2 are also alternatively 

spliced in DEXSeq and thus potentially regulated through alternative exon usage. We then 

checked AS events using MAJIQ, which identifies intron retention and alternative splice 

sites in addition to exon usage. Here we find 986 genes alternatively spliced with 1436 
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AS events (exon skipping, alternative 3’ and 5’ splice sites, intron retention), increasing 

the proportion of DE genes potentially regulated by splicing to 11%. When checking all 

AS events detected in control and siCHERP, we find more total events in the latter while 

only 30% overlap, consistent with our findings in drosophila muscle (Figure 8B). In 

MAJIQ, 60% of the alternatively used exons are included and 40% excluded, reflecting 

the same trend as DEXSeq. While alternative splice sites are evenly in- and excluded in 

CHERP knockdown cells, there is a significantly higher amount of retained introns 

(Figure 8C). We then performed a GO term enrichment analysis on our DEXSeq dataset, 

revealing metabolism related genes being strongly enriched. Further, genes regulating 

gene expression and signaling are differentially spliced, which could explain the high 

amount of DE genes that are not regulated through splicing (Figure 8D). These results 

strongly indicate that CHERP regulates muscle-specific genes and pathways through 

alternative splicing. We then wondered if the mechanism of splicing and splice site 

recognition is also muscle-specific, i.e. different from non-muscle tissue. We thus 

performed immunoprecipitation (IP) of CHERP in mouse myoblasts and myotubes, 2 

primary human muscle cell lines as well as in HEK293T cells, followed by mass 

spectrometry to find interactors. The pulled proteins were very similar between the 

samples with the biggest difference between two different antibodies (sc-100650 in 

HEK293T and myoblasts, ab15951 in myotubes). Notably, a pulldown of CHERP using 

the polyclonal Abcam antibody ab15951 was highly specific in mouse and human 

myotubes, but failed to pull down CHERP in non-muscle cells and myoblasts, suggesting 

a differing protein conformation in myotubes compared to proliferating cells. 13 proteins 

were found in every IP - one of them is CHERP – the remaining 12 can be considered as 

potential direct interactors compared to the other enriched proteins (Figure 8E). 

Consistent with previous reports about the function of CHERP, these 12 proteins are all 

part of the U2 spliceosomal complex. 6 belong to the U2 core complex, mostly the Sf3b 

subcomplex which is responsible for the branch point adenosine (BPA) recognition. 

Besides CHERP, there are 3 further U2 accessory proteins: Rbm17 and U2surp, which 

form a subcomplex with CHERP, and Dhx15. Rbm5, Rbm10 and Sugp1 are recruited to 

the 3’ SS at A complex formation (Figure 8F). This makes a role in 3’ SS recognition or 

stabilizing 3’ SS binding likely, especially when considering that intron retention is one 

of the dominant AS events in CHERP knockdown cells. We conclude from these results, 

that the mechanism of splicing through CHERP is rather general than tissue-specific. 
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Since our findings of Scaf6/CHERP function in muscle suggest a vital role, we wondered 

if it contributes to muscle diseases. Cachexia is defined as muscle loss and wasting 

accompanying severe diseases like cancer and AIDS. Here, we find CHERP mRNA 

upregulated indicating a potential contribution to the cachexia phenotype (Figure 8G). 

Similarly, CHERP is also transcriptionally upregulated in myotonic dystrophy type 1 

(DM1) as validated by qPCR (Figure 8H). DM1 is one of the best studied splicing diseases 

with two splicing factors, MBNL1 and CELF1, being mis-regulated leading to mis-

splicing of muscle-specific genes. However, these two factors alone do not explain all 

aspects of the DM1 symptomology making other factors playing a role likely. We then 

checked CHERP expression on the protein level in myoblast cells derived from two 

different DM1 patients and, surprisingly, found it strongly downregulated by more than 

80%, in contrast to mRNA expression (Figure 8I). This suggests a negative feedback loop 

assuring CHERP levels below a certain threshold. This is reasonable considering that 

CHERP positively regulates cell cycle and proliferation which leads to increased cell 

growth if not tightly regulated. Consistently, CHERP was suggested to be a proto-

oncogene before. Using a publicly available RNAseq dataset generated in DM1 muscle 

biopsies (Wang et al. 2019, GSE86356), we performed a GO-term enrichment analysis 

under the same conditions as for our CHERP knockdown experiment and compared the 

results. Notably, the enriched terms of siCHERP treated cells nearly completely overlap 

with the ones in DM1 with only 18 terms not enriched in DM1 (Figure 8J). Among the 

overlapping terms are signaling, differentiation and muscle contraction. We thus think 

that a contribution of CHERP to the DM1 phenotype is conceivable and should be 

investigated in future experiments. 

 

Materials and Methods 

Fly stocks and husbandry  

Fly work was performed with approval in Germany according to §15 GenTSV 

(license number 55.1-8791-14.1099). Fly stocks were maintained at room temperature 

using standard culture conditions. Experimental crosses were maintained at 27 °C, unless 

otherwise noted. Fly food was prepared in a water-jacketed cooker by combining 16 L 

water, 150 g soy flour, 1,300 g corn flour, 300 g yeast, 130 g agar, 1,300 g molasses, and 

650 g malt extract. After cooling, food was supplemented with 415 mL 10% Nipagin and 

295 mL acid mix containing 3% phosphoric acid and 21% propionic acid. Food was 
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aliquoted with a peristaltic pump, allowed to set at room temperature (RT) and stored at 

4 °C until use. 

w1118 (BDSC:3605) was used as the wild-type control background. scaf612M9 is a 

point mutation generated by EMS mutagenesis resulting in a CAG > TAG transition at 

aaXXX and has been characterized previously (Hayashi et al., 2014). scaf6M2M1 is a 

CRISPR allele resulting in a single base deletion at Tyr100 causing a frame shift and early 

stop. It is an indel generated by Cas9 targeting with sgRNA 

TTTGTAGTTGTAATCCTCCAG, according to the protocol published in (Ni, Perrimon 

et al, Nat Methods, 2011, PMID 21460824). Other stocks used include UAS-mito-HA-

GFP (BDSC:8443), Him-nuc-eGFP (Soler and Taylor, 2009), rhea-C-YPet (Lemke et al., 

2019), and UAS-reaper; UAS-hid (kind gift of Dr. Ulrike Gaul). GFP trap lines included 

weeP26-GFP (Clyne et al., 2003), Zasp66-GFP (BDSC:6824) and Zasp52-GFP 

(BDSC:6838) (Buszczak et al., 2007; Morin et al., 2001).  GFP-tagged fosmid reporter 

lines included Mhc-GFP (fTRG500), Act88F-GFP (fTRG10028), sls-GFP (fTRG477), 

unc-89-GFP (fTRG1046), and Strn-Mlck-IsoR-GFP (Strn4) (Sarov et al., 2016; Spletter 

et al., 2015). Gal4 driver lines used include: Mef2-Gal4 ((Ranganayakulu et al., 1996), 

BDSC:27390), expressed continuously in all muscle; Act88F-Gal4 (Bryantsev et al., 

2012), expressed from about 24 h APF and largely restricted to IFM; Salm-Gal4 

(Schönbauer et al., 2011), expressed in IFM from 8 h APF; 1151-Gal4  (Roy and Vijay 

Raghavan, 1997) and Him-Gal4 (Spletter et al., 2018a), expressed in myoblasts; Elav-

Gal4, expressed in neurons; repo-Gal4, expressed in glial cells; and ppl-Gal4 

(BDSC:58768) outcrossed to wildtype (BDSC:2202), expressed in fat body. 

 

Behavioral assays 

Eclosion and survival. To assay pupal eclosion, at least 50 staged pupae from each 

genotype were collected onto wetted filter paper in 30 mm Petri dishes and incubated at 

27°C. The eclosion rate was calculated as the number of successfully eclosed adults 

divided by the total number of pupae. To monitor adult survival, newly eclosed adult male 

flies were collected and kept on standard fly food at 27°C. The number of surviving flies 

was monitored daily for 5 days. At least 5 groups of 50 flies were assayed for each 

genotype. 

Larval crawling assay. 3rd instar larvae were collected, and 4 larvae at a time were 

placed into Petri dishes (90 mm x 15 mm) filled with a 1% agarose gel. Petri dishes were 

illuminated from above, and larvae were allowed to move freely for 30 seconds and 
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recorded using a Dcx USB compact camera using the provided uc480 software (ThorLabs, 

#DCC1645C). All experiments were performed at 25°C, and 42-72 larvae per genotype 

were tested. Video files were analyzed using the ImageJ plugin Trackmate to track 

individual larva and calculate mobility rates as described previously (Tinevez et al., 2017). 

Adult behavior assays. For all adult behavior assays, 1 d adult male flies were 

collected on CO2 and recovered at least 24 hours before testing. Flight ability: Flight test 

assays were performed as described previously (Schnorrer et al., 2010). Flies were 

introduced at the top of a 1-meter-long cylinder divided into five zones. Flies that land in 

the top two zones are considered to have normal flight ability, those landing in the middle 

two zones are weak fliers, and flies falling to the bottom are flightless. At least 50 flies 

were assayed for each genotype. Climbing ability: Climbing was assayed using a 

modified rapid iterative negative geotaxis (RING) assay, as described previously (Nichols 

et al., 2012). Flies were flipped in groups of 10 into a 50 ml Falcon tube (Greiner bio-one, 

#E211233C) with a line marking the 5 cm mark. Flies were knocked to the bottom, and 

the number of flies able to climb 5 cm in 3 or 5 seconds was recorded. Each vial was 

tested three times, with a 1-minute recovery period between tests. Climbing ability was 

calculated as the ratio of successful climbers to the total number of tested flies. At least 

50 flies and 5 independent test groups were measured per genotype. Righting reflex: 3-

5 male flies were transferred to a 50 ml transparent cylinder (Nerbeplus, #11-881-0051). 

Flies were knocked to the bottom to stimulate the righting reflex, and recorded with a   

USB compact camera at a frame rate of 30 frames per second. The righting reflex was 

determined based on the number of frames until a fly that landed on its wings was 

standing on its legs. At least 50 flies were measured per genotype. Grooming assay: The 

grooming assay was adapted from (Barradale et al., 2017). Each well of a 24-well plate 

(Greiner Bio-one, Cellstar, #E20053R8) was pre-loaded with 0.05 mg of brilliant yellow 

dye (Sigma-Aldrich, #MKCB2318V). A single, ice-anesthetized fly was placed in each 

well of the plate, and the plate was vortexed for 30 seconds on high to spread the dye 

homogeneously over each fly. 12 flies were sacrificed immediately (t = 0), while the other 

12 flies were incubated at 27°C for 30 min (t = 30) to allow flies to groom and remove 

the dye. Flies were sacrificed in 1 ml of 100% ethanol and incubated for 5 hours to 

completely dissolve the dye. A 5-fold dilution of the ethanol solution was measured at an 

absorbance of 397 nm in an Infinite M1000 Pro plate reader (Tecan). Grooming ability 

was calculated as the normalized ratio of 1 - absorbance (individualt = 30 / averaget = 0). At 

least 30 flies were tested per genotype. 
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Cell culture 

Human embryonic kidney 293 Trex (HEK293T) cells were a gift of A. Ladurner. 

Cell lines were cultured at 37 °C and 5% CO2. HEK293T and C2C12 mouse myoblast 

cells were grown in high glucose Dulbecco’s modified Eagle medium (DMEM) 

supplemented with 10% FBS, 100 U/mL penicillin-streptomycin and 2.2 mM Glutamine. 

Cells were trypsinized (EDTA-Trypsin, Sigma) and passaged 1:10 every two days. 

Automated cell counting was performed with a Vi-Cell XR (Beckman Coulter).  

C2C12 cells were differentiated to myotubes over a 5-to-7-day time course in high 

glucose DMEM supplemented with 2% horse serum, 1 µM Insulin, 100 U/mL penicillin-

streptomycin and 2.2 mM Glutamine, with fresh media provided every other day. As 

C2C12 differentiation efficiency is around 40-60% (Parker et al., 2016), highly enriched 

myotube samples (90-95% pure) were obtained by partial trypsinization and differential 

centrifugation. Culture dishes were rinsed and treated with 4 mL of 1x Trypsin (~ two 

minutes), and monitored under a microscope until myotubes had detached, but 

undifferentiated myoblasts remained attached. Myotube cells were then pelleted by 

centrifugation at 150 rpm for 1 minute, and supernatant containing co-trypsinized 

myoblasts was removed. 

Primary human myoblasts were obtained from the Muscle Tissue Culture 

Collection (MTCC) at the Friedrich-Baur-Institute (Department of Neurology, Ludwig-

Maximilians-Universität München, Munich, Germany). All control and patient materials 

were obtained with written informed consent of the donor. Ethical approval for this study 

was obtained from the ethical review committee at the Ludwig-Maximilians-Universität 

München, Munich, Germany (reference 45-14). Primary myoblast lines were grown in 

Skeletal Muscle Cell Basal Medium Kit including Supplement with FBS (PELOBiotech, 

Cellovations, PB-BH-272-0090). Cells were passaged daily at a ratio of 1:2 or 1:3 to 

maintain a confluency of 30-80%. Myoblast identity was monitored by immunostaining 

against Desmin and Ki67. Differentiation was induced after 3-4 passages at 100% 

confluency in Skeletal Muscle Cell Growth medium (PELOBiotech, Cellovations, PB-

MH272-0000) supplemented with 5% horse serum, 30 U/mL penicillin-streptomycin and 

1x GlutaMAX (Gibco, 35050-061). When differentiation was complete (6-7 days), 90-

95% pure myotube samples were isolated using partial trypsinization and differential 

centrifugation as described above. 

 

CHERP knockdown 
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CHERP knockdown was performed with an ON-TARGETplus SMARTpool 

containing four different siRNAs targeting mouse CHERP (Dharmacon, L-058389-01-

0005). An ON-TARGETplus Non-targeting Control Pool (Dharmacon, D-001810-10-05) 

was used as a negative control. C2C12 cells were seeded 30,000 cells per well in a 24-

well plate. After 24 hours, cells were transfected with DharmaFECT 1 (Dharmacon, T-

2001-07A) plus siRNA to a concentration of 25, 40 or 50 nM per well, following the 

manufacturers protocol. Based on Western blot and RT-qPCR, knockdown was as 

effective at 25 nM as at higher 40 and 50 nM siRNA concentrations. After 72 hours, cells 

were processed for subsequent experiments. For RNA isolation, cells were washed, lysed 

in TRIzol and stored at -80 °C. For protein assays, cells were trypsinized, washed 3 times 

in 1x PBS and resuspended in 100 µL RIPA lysis buffer (1% NP40, 0.1% SDS, 50mM 

Tris-HCl, pH 7.4, 150 mM NaCl, 0.5% sodium deoxycholate, 1 mM EDTA, 1 mM PMSF, 

1x cOmpleteTM Protease-Inhibitor-Cocktail (Sigma-Aldrich, #11836170001)). Lysates 

were centrifuged for 40 minutes at 15,000 rpm at 4 °C, and supernatants stored at -20 °C. 

Protein concentration was measured using the Bradford Assay, and 100 µg of total protein 

was used for Western blotting. 

 

Immunohistochemistry and microscopy 

Drosophila wing disc, leg disc and brain were dissected in 1X PBS with Biology-

grade #5 forceps (Fine Science Tools). Samples were fixed in 4 % PFA in 0.5 % PBS-T 

(1X PBS + Triton X-100) for 30 minutes. Hemi-thorax sections to visualize IFM 

morphology were performed as described previously (Weitkunat and Schnorrer, 2014). 

After washing in 1X PBS-T, all samples were blocked for 1 hour with 5% NGS (Jackson 

ImmunoResearch #105315) in 0.5% PBS-T. Samples were then incubated at 4°C 

overnight on a rocking shaker with primary antibody in 0.5% PBS-T. Primary antibodies 

included rat anti-Elav (1:50, DSHB), mouse anti-Myc (1:500, Abcam #GR171077-8), 

rabbit anti-H2AZ (1:2000, (Schauer et al., 2013)), rabbit anti-phospho-histone H3 (1:200, 

Cell Signaling #9701s), rabbit anti-cleaved Drosophila Dcp-1 (1:200, Cell signaling 

#9578s), mouse anti-FLAG (1:200, clone M2, Sigma Aldrich, #F1804), goat anti-HRP 

conjugated with Alexa 647 (1:100, Jackson ImmunoResearch #134899), GFP-Booster 

Atto488 (Chromotek, #gba488-100). Samples were washed for 1 hour at room 

temperature and then incubated in 0.5% PBS-T with secondary antibody at 4°C overnight. 

Secondary antibodies, all obtained from Invitrogen Molecular Probes, included Alexa488 

goat anti-mouse (1:500), Alexa488 goat anti-rabbit (1:500), Alexa546 goat anti-rabbit 
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(1:500), Alexa647 goat anti-rat (1:200), and rhodamine phalloidin (1:500). Samples were 

washed with 1X PBS for 30 min and mounted in Vectashield containing DAPI 

(#ZH1021). Images were acquired with a Leica TCS SP8X WLL upright confocal 

microscopy running Leica LAS X software at the Core Facility Bioimaging of the LMU 

Biomedical Center.  

For cell culture lines, cells were grown on coverslips and fixed and permeabilized 

in ice cold methanol. Coverslips were washed with 1X TBS. C2C12 cells were blocked 

in 3% NGS in TBS-T (0.3% Triton-X100 in 1x TBS) for 1 hr at RT, while human cells 

were blocked in 0.1% cold water fish gelatine solution diluted in deionized water (Sigma-

Aldrich, #9000-70-8). Samples were incubated with primary antibodies in blocking 

solution overnight at 4 °C. Primary antibodies included: rabbit anti-CHERP (1:500, 

Abcam ab15951), mouse anti-Desmin CloneD33 (1:25, Dako), rabbit anti-KI67 (1:100, 

Thermofisher), mouse anti-Lamin-A 4A7 (1:50, Glenn Morris). Samples were washed in 

TBS-T, and incubated at least 1 hour at RT in blocking solution with secondary antibodies 

from Invitrogen Molecular Probes including: Alexa488 goat anti-rabbit (1:500), 

rhodamine phalloidin (1:500), Alexa594 goat anti-rabbit (1:500). Coverslips were washed 

and mounted in Vectashield containing DAPI. Images were acquired on a Leica TCS 

SP8X WLL upright confocal or on an Olympus FluoView 1200. 

 

 

Spontaneous twitching assay 

Spontaneous contractions during IFM development were monitored as described 

previously (Lemke and Schnorrer, 2018; Spletter et al., 2018a). Rhea-C-YPet, a 

fluorescent tagged Talin construct that localizes to myofiber tips (Lemke et al., 2019), 

was crossed into a wild-type, scaf6-/- or scaf6-IR background. A small window was 

removed from the pupal case using forceps, and pupae were mounted in 50% glycerol in 

slotted slides. Live-image movies were recorded every 0.65s for 10 min using a 20X water 

objective on a Leica SP8X WLL upright confocal microscope. Twitches were manually 

scored in Image J and tabulated in Excel. Data were normalized per 5 min interval and 

plotted in GraphPad Prism.  

 

Induction of osmotic stress and apoptosis 

To induce acute osmotic stress in w1118 IFM, after removal of head, wings and 

abdomen in 1X PBS, thoraxes were incubated for 30 min. at room temperature on a 
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rocking shaker in either 250 mM NaCl (Roth, #3957.5) or 500 mM sucrose (Roth, 

#4661.3) in 1X PBS. Control samples were incubated in 1X PBS. Samples were then 

fixed, stained and prepared for imaging as described above. To induce apoptosis in w1118 

myoblasts, 3rd instar larval wing discs were dissected in 1X PBS and incubated for 6 hours 

at room temperature on a rocking shaker in 10 nM Actinomyocin D (Sigma-Aldrich, 

#A1410) in 1X PBS. Samples were then fixed, stained and prepared for imaging as 

described above. 

 

Image analysis 

Confocal image analysis was performed in Image J. Muscle detachment was 

scored manually from 10x z-projection images of whole thorax. Sarcomere length and 

myofibril width were measured based on rhodamine-phalloidin staining with the 

MyofibrilJ plugin (Spletter et al., 2018b). Motor neuron axon complexity was scored 

manually from HRP-647 staining in z-projections of IFM images that measured 88 µm x 

88 µm x 40 µm with a step-size of 2 µm. Myoblast numbers were quantification using 

Cell-Count-OpenCV designed by Annie Yim (https://github.com/anniepyim/Cell-Count-

OpenCV). This script employs Python OpenCV to count cell numbers in.lif files. Plotting 

and statistical tests of significance were performed in GraphPad Prism. 

 

 

RNA isolation and RT-qPCR 

IFM, brain and leg tissues were dissected from pupa at 72 h APF in cold 1X PBS 

as described previously (Kao et al., 2019). After centrifugation and buffer removal, 

tissues were homogenized in TRIzol (Ambion, #16655301) with a microcentrifuge tube 

pestle. For cell lines, cells were washed in 1x TBS, and then lysed in 1-2 mL TRIzol. 

Samples were stored at -80 ºC in TRIzol. RNA was isolated following the manufacturer’s 

instructions. RNA concentration was measured using a Qubit 2.0 Fluorometer (Invitrogen) 

and RNA integrity evaluated on a Bioanalyzer (Agilent Technologies). cDNA was 

synthesized from equal starting concentrations of total RNA with the SuperScript III kit 

(Invitrogen, #18989) following the manufacturer’s protocol, after pre-treatment of total 

RNA samples with DNaseI (New England Biolabs, #M0303). For RT-PCR, cDNA 

template was amplified for 35-40 cycles using One-Taq Quick-Load DNA polymerase 

(New England BioLabs. M0509L), and the resulting PCR products were visualized on a 

1-2% agarose gel with a 100 bp DNA ladder (New England BioLabs, N3231L) or a 1kb 

https://github.com/anniepyim/Cell-Count-OpenCV
https://github.com/anniepyim/Cell-Count-OpenCV
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Plus DNA ladder (New England BioLabs, N3200L). For RT-qPCR, cDNA template was 

amplified for 40 cycles using PowerTrack SYBR Green Master Mix (Thermo Fisher 

Scientific, #01094810) on a QuantStudioTM 3 Real-Time PCR system (Thermo Fisher 

Scientific). Relative expression was quantified using the -2DDCT method using 

normalization to expression of RNA polymerase II subunit C. All primers are provided in 

Supplementary Table XXX.  

 

CHERP immunoprecipitation 

CHERP was immunoprecipitated from HEK293T cells (one 10 cm plate), mouse 

myoblast C2C12 cells (one 15 cm plate), differentiated C2C12 myotubes (two 10 cm 

plates), and primary human myotubes (two 10 cm plates). After reaching confluency, 

cells were trypsinized, washed in fresh medium followed by chilled 1x PBS and 

resuspended in 1 mL NP40 lysis buffer (1% NP40, 50 mM Tris-HCl, 150 mM NaCl) 

containing 1x cOmpleteTM Protease-Inhibitor-Cocktail (Sigma-Aldrich, #11836170001), 

1 mM PMSF and 0.025 U/µL Benzonase Nuclease (Sigma-Aldrich, #E1014). After a 30-

minute incubation on ice, cells were homogenized 20 strokes with a dounce homogenizer. 

Lysates were centrifuged for 40 minutes at 15,000 rpm at 4 °C. Protein concentration was 

measured by Bradford Assay (Bio-Rad, #5000006), with final concentrations ranging 

from 12-18 mg/mL. 4 µg of mouse anti-CHERP (HEK293T, C2C12 myoblasts; 

SantaCruz, sc-100650) or rabbit anti-CHERP (C2C12 myotubes, human primary 

myotubes; Abcam, ab15951) was added to each lysate and incubated at 4 °C overnight 

on a rotator. Samples were incubated with 1 mg DynabeadsTM Protein G magnetic beads 

(ThermoFisher, #10003D) for one hour at 4°C, then the beads were washed in 0.02% 

PBS-T (1x PBS, pH 7.4, 0.02% Tween, x mM NaCl) for 3x 10 min + 3x 5 min. Final salt 

concentrations in the wash buffer for each sample are as follows: HEK293T, 134 mM 

NaCl; C2C12 myoblasts, 250 or 500 mM; C2C12 myotubes, 250 mM; human primary 

myotubes, 250 mM). Proteins bound to the beads were eluted with 2x Laemmli buffer for 

Western Blot or Silver staining, or processed for mass spectrometry. 

 

Western Blotting and Silver Staining 

Samples were denatured by incubation in 2x Laemmli buffer for 10 minutes at 

RT, and boiled at 95 °C for 5 minutes. Magnetic beads were removed if necessary, and 

denatured proteins were separated together with a PageRulerTM Prestained Protein Ladder 
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(ThermoFisher, #26616) on a 10% SDS polyacrylamide stacking gel at 200 V for 45 

minutes. Proteins were blotted onto a nitrocellulose membrane for one hour at 100 V. The 

membrane was blocked in 5% non-fat milk solution in 0.5% Tween-TBS buffer (TBS-T) 

for at least one hour at RT or overnight at 4 °C. The membrane was incubated with rabbit 

anti-CHERP (1:1000, Abcam, ab15951) for at least 1 hour at RT or overnight at 4°C. The 

membrane was washed 3x 10 min. in TBS-T, and incubated for one hour at RT with HRP-

conjugated goat anti-rabbit secondary antibody (1:10,000, Bio-Rad). Membranes were 

washed 3x 10 minutes, incubated with Pierce ECL Western Blotting Substrate (Thermo 

Scientific, #32106) and exposed to X-ray films (Fuji medical X-ray, Super RX-N). Films 

were digitized and semi-quantitative analysis was performed in Image J.  

For silver staining, the gel was fixed for one hour in fixation buffer (50% MeOH, 

12% glacial acetic acid, 2% formaldehyde), washed 2x 10 minutes in 50% EtOH, 

incubated for 1 minute in 0.02% (w/v) sodium thiosulfate pentahydrate (Na2S2O3 x 5 

H2O), rinsed with water, incubated with 0.2% (w/v) silver nitrate (AgNO3) in 3% 

formaldehyde and rinsed with water. The silver stain was developed for ~ 3 minutes in 

6% (w/v) sodium carbonate, containing 2 mL 0.02% sodium thiosulfate pentahydrate and 

50 µL formaldehyde. 

 

 

 

mRNA transcriptome sequencing  

Tissue dissection and sample preparation from Drosophila was performed as 

described previously (Kao et al., 2019; Spletter et al., 2018a). IFMs from at least 100 flies 

per replicate were dissected from control w1118 and mutant scaf6-/- flies at 30 h and 72 h 

APF. Legs and brains were dissected at 72 h APF from at least 100 and 200 flies per 

replicate, respectively. Total RNA was isolated using TRIzol from two biological 

replicates per genotype. Library preparation and sequencing were performed by Genewiz 

(South Plainfield, NJ, USA) and LC Sciences (Houston, TX, USA). Poly-A-selected and 

stranded libraries were sequenced as 100 bp Illumina paired-end reads with a depth >60 

million reads per library.  

 

Mass-spectrometry 

IFMs from control w1118 and mutant scaf6-/- flies were dissected in cold 1X PBS 

at 72 h APF. Samples were spun-down and snap frozen on dry ice after removing buffer. 
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IFMs from 40 flies were pooled for each biological replicate, with in total 4 replicates per 

genotype. After thawing on ice, samples were processed using the PreOmics iST Sample 

Preparation Kit (Preomics, #0000.0061) following the manufacturers instructions. 

Prepared peptides were submitted to the Protein Analysis Unit (ZfP) at the LMU 

Biomedical Center, and label-free analysis was performed on an LTQ Orbitrap XL with 

Ultimate 3000 (Thermo Fischer Scientific). Peptides and protein groups were identified 

using MaxQuant (Cox et al., 2014) and data processing and differential expression 

analysis were performed in Perseus (Tyanova and Cox, 2018). To retain biologically 

relevant protein groups with “true negative” missing intensities between mutant and 

control samples (ie missing not at random, MNAR), we filtered the data by requiring at 

least three replicates in either group to contain a value, and we imputed missing values 

by replacement with a constant value (lowest observed intensity – 1). Differential 

expression was tested by t-test with FDR = 0.05. Results were exported and further 

analysis performed in R. 

For CHERP immunoprecipitation mass spectrometry, samples in 4 biological 

replicates were prepared by on-bead tryptic digestion. Beads were washed three times 

with 100 µL NH4HCO3 (50 mM), and proteins were eluted by adding 100 µL trypsin 

solution (10 ng/µL trypsin, 1M urea, 50 mM NH4HCO3) and incubated at a rotation rate 

of 1,400 rpm for 30 min. at 25 °C. The supernatant together with two 40 µL NH4HCO3 

washes was transferred to a low-bind tube (Eppendorf). DTT was added to a final 

concentration of 1 mM and samples were incubated overnight at 25 °C at a rotation rate 

of 500 rpm. Samples were treated with 3 µL of 130 mM iodoacetamide (IAA) and 

incubated for 30 min. at 25 °C protected from light. Alkylation was quenched with 1M 

DTT and trifluoroacetic acid (TFA) for 10 min. at 25 °C. Samples were desalted using 

SDB-RPS StageTips (3M Empore PN 2241), eluted with 60 µL freshly prepared elution 

buffer (80% CAN, 25% NH4OH), and dried in a SpeedVac for 1 hour at 45°C and 2000 

rpm. Samples were resuspended in 15 µL MS loading buffer (2% ACN, 0.3% TFA), 

resuspended by water bath sonication for 5 minutes, and analyzed at the Protein Analysis 

Unit (ZfP) at the LMU Biomedical Center on a short gradient using a Thermofisher 

QExactive mass spectrometer. Proteins were identified using MaxQuant (Cox et al., 2014) 

and normalized intensity values (iBAQs) were analyzed using the Bioconductor 

Differential Expression analysis of Proteomics data package (DEP) (Zhang et al., 2018). 

We required significant genes to be enriched in all four replicates (p = 0.05), and used a 

cut-off of p = 0.001 for inter-cell line comparison. 
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Bioinformatics  

mRNA-Seq data from Drosophila IFM, leg and brain from w1118 and scaf6-/- were 

generated as part of this work and are available from GEO under accession numbers 

GSE194199 and XXXX. Reads were remapped with STAR to BDGP6.22, indexed with 

SAMtools and reads summed with featureCounts. Analysis and visualization were 

performed in R. Differential gene expression and exon use were analyzed with DEseq2 

(Love et al., 2014) and DEXseq (Anders et al., 2012b), respectively. Thresholds are listed 

in figure legends, but standardly were defined as p-value ≤ 0.05 and abs (log2 fold change) 

≥ 1.2. GO term analysis was performed with Metascape (Zhou et al., 2019) or GOrilla 

(Eden et al., 2009). Packages are listed in Supplemental Table YYY. Membership lists 

for GO term categories “x” and “y” were downloaded from Flybase and are listed in 

Supplemental Table Y. Gene categories “sarcomere proteins” and “mitochondrial 

proteins” are from (Nikonova et al., 2022; Spletter et al., 2018a).  

mRNA-Seq data from mouse C2C12 myoblasts (control, non-target and CHERP-

siRNA treated) were generated as part of this work and are available from GEO with 

accession number XXXXXX. Data was mapped using STAR 2.7.9a to the mouse genome 

assembly (GRCm39), and features counted using FeatureCounts. One of the non-Target 

replicates (non-target replicate 1) deviated significantly from other samples based on 

dispersion estimation and principal component analysis (PCA), and was excluded from 

further analysis. Further analysis was performed in R version 4.1 and Python 2.7. 

Differential gene expression was evaluated with DEseq2 (Love et al., 2014), differential 

exon use with DEXseq (Anders et al., 2012b), and differential splicing with rMATS (Shen 

et al., 2014). DE genes were thresholded as padj ≤ 0.05 and abs (log2 fold change) ≥ 1. 

GO term enrichment was performed with Intermine (Smith et al., 2012). A list of MyoG 

and MyoD targets was obtained from Harmonizome (Rouillard et al., 2016). 

 

Data availability 

Raw data used to generate plots are available in the accompanying source data files for 

each figure. All mRNA-Seq data used in this manuscript are publicly available from GEO 

under accession numbers GSE63707, GSE107247, GSE143430, GSE194199, 

GSE184001, and XXXXX. Mass spectrometry data are publicly available from XXXX. 
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Figure legends 

Figure 1. Scaf6 is necessary for development of the indirect flight muscles. 

A) Scheme of the scaf6 genomic locus at 3L: 17042574-17036859, which encodes a 

conserved RS-protein with SWAP/U2-Surp (blue), CID (pink) and G-patch (light orange) 

domains. Available genetic tools include the scaf6M2M1 and scaf612M9 alleles (red arrows), 

an RNAi construct (dark orange), an endogenous C-terminal FLAG-tag (cyan), and a 

UAS-scaf6-RA line with an N-terminal myc-tag (magenta). B) Plot of scaf6 mRNA 

expression level in IFM from mRNA-Seq data at eight timepoints (myoblasts, myo; hours 

after puparium formation, APF; day, d). Normalized counts and significance values from 

DESeq2 (not significant, ns; *= p < 0.05; ** = p < 0.01; *** = p < 0.001). C-D) UAS-

myc-Scaf6 (green) localizes to the nucleus when driven by Mef2-Gal4 in IFM (C; 

phalloidin stained actin, magenta; DAPI, blue) and elav-Gal4 in the ventral nerve cord 

(VNC) (D; Elav, magenta). Scale bars = 10 µm. E-H) Confocal time-course of IFM 

development in control (E, G), mutant scaf6M2M1/12M9 (scaf6-/-, F), and RNAi (scaf6-IR, 

H) flies at 48 h, 72 h, 88 h APF and 1 d adult. Upper panel: Z-projections of myofibers 

in thorax hemi-sections, scale bar = 100 mm. Lower panel: single plane images of 

sarcomere structure, scale bar = 5mm. I) Plot of flight ability in 1 d adults, quantified as 

the percent of flies (n > 50) that fly normally (white), are weak fliers (cyan) or flightless 

(blue). Genotypes as labeled. J) Quantification of myofiber integrity from 1 d adults; all 

myofibers attached (white), all detached (mauve), 1-5 detached (pink). K-L) 

Quantification from thorax hemi-sections in E-H of sarcomere length (K) and myofibril 

width (L) from control (white bars) and scaf6 mutant or knockdown flies (red bars). 

Boxplots are shown with Tukey whiskers, with outlier datapoints marked as dots. 

Significance determined by ANOVA and post-hoc Tukey (not significant, ns; *** = p < 

0.001). 
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Figure 2. scaf6-/- IFMs display temporal-dependent defects in gene expression and 

alternative splicing. 

A) Plot of the number of significantly DE genes (adjusted p-value (p-adj) ≤ 0.05) 

evaluated with DESeq2 in scaf6-/- versus w1118 IFM at 30 h and 72 h APF (upregulated, 

yellow; downregulated, purple). B) Scatter plot of the correlation in gene expression 

changes between 30 h and 72 h APF in scaf6-/- versus w1118 IFM. Only genes with a p-adj 

≤ 0.05 at either 30 h or 72 h APF are shown. Grey shading marks log2 (fold change, FC) 

≥ |1.2| and p-adj ≤ 0.05.  Sarcomere genes, red dots; Pearson’s correlation, blue line. C) 

Percent bar chart of the overlap between 30 h and 72 h APF in all expressed genes 

(normalized counts > 100), all DESeq2 DE genes (p-adj ≤ 0.05) and all genes with 

DEXSeq DE exons (p-value ≤ 0.05) (unique to 30 h, yellow; both 30 h and 72 h, green; 

unique to 72 h, blue). D) Violin and accompanying boxplot of the scaf6-/- versus w1118 

IFM log2FC values at 30 h APF for all genes that are normally significantly upregulated 

(orange) or downregulated (purple) in wildtype muscle between 24 h and 30 h APF. E) 

Heatmap of enrichment p-value for select cellular component (CC) and biological process 

(BP) GO terms. Enrichments were calculated for significantly differentially expressed 

genes and exons, as well as for novel alternative splice (AS) and intron retention (IR) 

events, in scaf6-/- IFM at 30 h and 72 h APF. F) Plot of the total number of significantly 

DE exons (p-value (p-val) ≤ 0.05) identified with DEXSeq in scaf6-/- versus w1118 IFM at 

30 h and 72 h APF (upregulated, yellow; downregulated, purple). G) Scatter plot of the 

correlation in change in exon use between 30 h and 72 h APF in scaf6-/- versus w1118 IFM. 

All exons with a p-val ≤ 0.05 at either 30 h or 72 h APF are shown. Grey shading marks 

log2 (FC) ≥ |1.2| and p-val ≤ 0.05. Sarcomere gene exons, red dots; Pearson’s correlation, 

blue line. H) Plot of the number of novel AS events detected by fortuna and IR events 
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identified with a novel script that are observed uniquely in w1118 (white) or scaf6-/- (red) 

IFM at 72 h APF. I) Plot of novel AS event type for events detected selectively in scaf6-

/- IFM at 30 h or 72 h APF (alternative acceptor (AA), purple; alternative donor (AD), 

light purple; alternative pair (AP), blue; exon skip (ES), turquoise; intron in exon (IE), 

green; intron retention (IR), light green; other (XX), yellow). J-M) RT-PCR verification 

of splicing changes in Zasp66 (J), Tm1 (K), sls (L) and Unc-89 (M). Top: Schematic of 

select splice isoforms and mRNA-Seq read-count tracks for w1118 (black) and scaf6-/- (red) 

IFM at 72 h APF. Primer locations are marked by black arrows and expected RT-PCR 

product length in base pairs (bp) is labeled to the right. Exons (Ex) are numbered 

according to FB2022_01. Bottom: Representative RT-PCR gel image. Colored triangles 

are coordinated with schematic above to denote bands corresponding to annotated 

isoforms preferentially expressed in IFM (dark blue) or other tissues (orange), as well as 

novel isoforms resulting from alternate junction use (green) and IR events (pink).  

 

Figure 3. Protein expression defects in scaf6-/- IFM result in aberrant contractility 

and myofiber detachment. 

A) Volcano plot of protein group differential expression from LC-MS analysis of scaf6-/- 

versus control w1118 IFM. Significance calculated in Perseus with FDR = 0.05 (significant, 

blue; non-significant, grey). Sarcomere proteins are identified in red. B) Plot of select GO 

terms from the Cellular Component (CC) and Biological Process (BP) ontologies that are 

significantly enriched in the downregulated (Difference < 0) or upregulated (Difference 

> 0) protein sets. C) Single-plane confocal images of GFP-tagged reporters for sarcomere 

proteins Zasp66, Sls and Unc-89 in 1 d adult IFM. Control (top, Mef2-Gal4, reporter x 

w1118) and scaf6 knockdown (bottom, Mef2-Gal4, reporter > scaf6-IR) samples were 

imaged with the same settings and pseudo-colored to reflect signal intensity. Scale bar = 
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5 µm. D) Quantification of fold change in fluorescence signal intensity for all tested GFP-

tagged reporters in scaf6-IR versus control IFM. Significance determined by ANOVA 

and post-hoc Tukey (not significant, ns; *** = p < 0.001). E) Venn diagram (left) of the 

overlap in sarcomere proteins that are differentially expressed (magenta), have changes 

in exon use (blue) and have intron retention events (green). A matrix shows select GO 

term associations of the 10 overlapped genes (right), as well as which genes have reported 

hypercontraction phenotypes. F-G) Confocal z-projections of IFM myofiber structure in 

1 d adult scaf6-/- (F) and double mutant Mhc10; scaf6-/- (G) flies. Scale bar = 100 µm. H) 

Quantification from F and G of the percent of flies with all myofibers attached (white) or 

detached (mauve), or only some myofibers detached (pink). Significance determined by 

Chi-squared test (χ2=10.39, df=2, p-value=0.0055). I-J) Still images from live confocal 

recording of spontaneous contraction (twitch) events in 48 h APF IFM from control w1118 

(I, I’) and mutant scaf6-/- (J, J’) flies. Resting position (t=0) is pseudo-colored green, while 

the extended twitch position (t=0.64 seconds) is pseudo-colored magenta, such that a lack 

of movement will appear white in the overlay image (I’, J’). Dashed lines labes the tip of 

the myofiber. Scale bar = 50 µm. K-L) Quantification of twitch events at 36 h APF (K) 

and 48 h APF (L). Upper bar represents the number of pupae with (white) or without (red) 

an IFM twitch event (N = total number of pupae). Lower panel shows the average 

frequency of twitches in single myofiber in 5 minutes (single twitch instance, purple; 

multi-twitch instance, green). Significance determined by ANOVA and post-hoc Tukey 

(not significant, ns; * = p < 0.05; *** = p < 0.001). 

 

Figure 4. Scaf6 is required cell intrinsically for motor neuron axon branching and 

maintenance of sarcomere structure. 
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A) Heatmap of performance ability for behaviors including grooming, righting reflex, 

climbing, flight and eclosion, as well as adult survival, in mutant and tissue-specific RNAi 

knockdown conditions. Genotypes as listed. Additional behavior data available in Fig. 

S4. B-J) Confocal images of IFM motor neuron (MN) axon branches (HRP, grey) and 

sarcomere structure (phalloidin labeled actin, grey) in control (B, E, H), mutant (C, D), 

and tissue-specific scaf6-IR (F, G, I, J) flies at 72 h APF. Muscle-specific Mef2-Gal4 > 

scaf6-IR results in loss of sarcomere structure without affecting axon branching (E, F, G), 

while neuronal-specific Elav-Gal4 > scaf6-IR results in loss of axon branches without 

affecting sarcomere structure (H, I, J). Scale bars = 10 mm (C, I), 5 mm (D, J). K) 

Schematic of MN higher-order axon branching (secondary, black; tertiary, blue; 

quaternary, red).  L) Quantification of MN axon branches at 72 h APF in mutant and 

tissue-specific knockdown conditions. Genotypes as labeled. Significance from Student’s 

T-test (not significant, ns; ** = p < 0.01; *** = p < 0.001). M) Heatmap of behavioral 

performance ability and survival in control and tissue-specific rescue conditions. N-P) 

Confocal projections of IFM myofiber structure (N, O, P) and single-plane images of 

myofibril structure (N’, O’, P’) in 1 d adult hemi-thoraxes from scaf6-/- (N, N’) and 

muscle (O, O’) or neuronal (P, P’) specific rescue. Note the attached myofibers and 

periodic sarcomere pattern in the muscle-specific (Mef2-Gal4 > UAS-Myc-Scaf6; scaf6-

/-) but not the neuronal specific (Elav-Gal4 > UAS-Myc-Scaf6; scaf6-/-) rescue. Scale bars 

= 100 mm (P), 5 mm (P’). 
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Figure 5. RNA sequencing reveals differences in gene expression and alternative 

splice site usage in Scaf6-/- IFM, leg and brain 

A) Heatmap of genes expressed in IFM, leg and brain in w1118 and Scaf6-/- flies. Genes 

are clustered after z-scores. B) PCA analysis of differential usage of 3’ splice sites 

(acceptor) in w1118 and Scaf6-/- IFM, leg and brain. Wildtype and mutant samples clearly 

group together on PC1 and PC2, constituting as much as 70% of variance as shown in the 

PCA scree plot. C) PCA analysis of differential usage of 5’ splice sites (donor) in w1118 

and Scaf6-/- IFM, leg and brain. Wildtype and mutant samples group together on PC1 and 

PC2, constituting as much as 65% of variance as shown in the PCA scree plot. 

 

Figure 6. Scaf6 regulates myoblast proliferation in vivo 

A) Quantification percentage of myofibers number in temporal conditional knockdown 

of scaf6 with different Gal4 driver. B) Turkey box plot and whiskers of DESeq2 log2FC 

changes data for scaf6-/- versus WT IFM at 72h APF in selective GO term category. C1-

E1) Images of myoblast visualization with GFP staining in 3rd instar larval wing disc in 

control (C1), knockdown of scaf6 (D1) or overexpression of scaf6 (E1). C2-E2) Images 

of myoblast marker (PH3) staining in 3rd instar larval wing disc in control (C2), 

knockdown of scaf6 (D2) or overexpression of scaf6 (E2). C3-E3) Images of merged 

channel with DAPI (blue), myoblast (green), and mitosis marker (magenta) in 3rd instar 

larval wing disc in control (C3), knockdown of scaf6 (D3) or overexpression of scaf6 

(E3). Scale bar represents 50mm. C4-E4) X-Z projection of C3-E3. F) Quantification of 

myoblast number in 3rd instar larval wing disc in control, knockdown of scaf6 or 

overexpression of scaf6 in muscle. Student’s T test comparison p-value<0.01**, p-value 

<0.001***. G) Quantification of PH3 positive cells within myoblast pool in 3rd instar 

larval wing disc in control, knockdown of scaf6 or overexpression of scaf6 in muscle. 
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Student’s T test comparison p-value<0.05*. H1-J1) Images of apoptosis marker (Dcp1) 

staining in 3rd instar larval wing disc in control (C2), knockdown of scaf6 (D2) or 

overexpression of scaf6 (E2). H2-J2) Images of merged channel with DAPI (blue), 

myoblast (green), and apoptosis marker (magenta) in 3rd instar larval wing disc in control 

(C3), knockdown of scaf6 (D3) or overexpression of scaf6 (E3). Scale bar represents 

50mm. K) Quantification of apoptosis positive cells within in 3rd instar larval wing disc 

in control, knockdown of scaf6 or overexpression of scaf6 in muscle. Student’s T test 

comparison n.s.= no significance. 

 

Figure 7. CHERP regulates proliferation and differentiation in mouse C2C12 

myoblasts 

A-D) Untreated and no-target siRNA treated C2C12 myoblasts are proliferative while 

CHERP knockdown cells proliferate less (A upper panel Ki67 in magenta, quantified in 

C). Accordingly, cell numbers are reduced by ~40% after 24 hours knockdown compared 

to control and no-target siRNA treated cells as shown in B. In contrast, CHERP 

knockdown does not lead to impaired double-strand break repair as assessed through 

TUNEL staining (A lower panel and quantified in D). E) Volcano plot of differentially 

expressed genes in CHERP knockdown vs. control C2C12 myoblasts (blue: p-value < 

0.05 and log2FC > |1|). The expression of sarcomeric protein encoding genes is 

upregulated in CHERP knockdown cells as marked in red. The differentiation marker 

Myog is the most significantly upregulated gene. F) GO enrichment analysis of 

differentially expressed genes in CHERP knockdown cells, divided in up- and 

downregulated terms. G-H) Immunofluorescent staining and quantification of Myog 

upregulation in CHERP knockdown cells compared to untreated and no-target siRNA 

treated C2C12 cells. I) Chord plot and heatmap of proliferation and differentiation 

associated genes. Genes related to proliferation are downregulated, while genes related 
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to differentiation are upregulated in CHERP knockdown myoblasts. J) Violinplot of 

upregulated pathways: differentiation, Myog targets, muscle contraction and sarcomere 

organization. 

 

Figure 8. CHERP regulates muscle specific genes through target-specific splicing 

but not through differential protein-protein interaction 

A) Volcanoplot of genes differentially spliced in CHERP knockdown C2C12 myoblasts 

as analysed using DEXSeq (blue: p-value < 0.05 and log2FC > |1|, red: sarcomeric 

proteins). B-C) MAJIQ identifies splicing events in untreated and CHERP knockdown 

cells. Overlap of all detected splicing events between untreated and CHERP knockdown 

C2C12 (B). Distribution of alternative splice events (psi-value > |0.1|) in control and 

CHERP knockdown cells. IR = intron retention, EI = exon inclusion, Alt3 = alternative 

3’ splice site, Alt5 = alternative 5’ splice site (C). D) GO term enrichment analysis of 

genes alternatively spliced in CHERP knockdown condition. E) Immunoprecipitation 

followed by mass spec (IP-MS) of CHERP in non-muscle cells (HEK293T), mouse 

C2C12 myoblasts (mMB) and myotubes (mMT) and human primary myotubes from two 

healthy individuals (hMT1, hMT2). F) CHERP interacts with components of the U2 

spliceosomal machinery in muscle and non-muscle cells alike. Namely, with 3 U2 

accessory proteins (in blue), 3 proteins recruited at A complex (in yellow) and 6 U2 

complex core proteins (in green). G-J) CHERP is misregulated in disease. In colorectal 

cancer and myotonic dystrophy type I (DM1), CHERP is transcriptionally upregulated as 

tested via microarray and qPCR, respectively (G and H). CHERP upregulation on the 

RNA level in DM1 does not lead to an upregulation on the protein level in DM1 (Western 

Blot), but to a downregulation, suggesting a negative feedback loop (I). CHERP is 

involved in pathways that are also affected in DM1 (J). 
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SUPPLEMENTARY INFORMATION 

 

Figure S1. Scaf6 is expressed in Drosophila muscle and neurons. 

A) Top: Scheme of scaf6 mRNA isoforms. Note that RA is the only full-length isoform. 

Black arrows denote locations of RT-PCR primers. Bottom: mRNA-seq counts over the 

scaf6 locus at 30 h APF (light blue) and 72 h APF (dark blue). B) Normalized counts of 

scaf6 expression in mRNA-Seq data from IFM, brain, leg and ovary samples. 

Significance values from pairwise DESeq2 analysis (not significant, ns; *** = padj < 

0.001). C-E) Scaf6-RA-FLAG (greyscale, C, D, E; green, C’, D’, E’) is nuclear localized 

(white arrows) in single-plane confocal images of IFM (C-D; DAPI, blue; phalloidin-

stained F-actin, magenta) or ventral nerve cord (VNC) (E, anti-Elav, magenta) from 1 d 

adult flies. Scale bars=5mm. Note that the background staining of T-tubules in IFM with 

anti-FLAG is also present in control w1118 flies, while the nuclear signal is only observed 

in the Scaf6-RA-FLAG genotype. F-H) Overexpressed Scaf6-PA (greyscale, F, G, H; 

green, F’, G’, H’) is nuclear localized in brain (Elav-Gal4 > UAS-Myc-Scaf6) (F-G) and 

in leg muscle (Mef2-Gal4 > UAS-Myc-Scaf6) (H). Scale bars = 50 mm (F’) and 5 mm 

(G’, H’). I) RT-PCR verification of scaf6 isoform expression in dissected IFM (top), brain 

(middle) and leg (bottom) at 48 and 72 h APF and in 1-day old adults. Bands 

corresponding to specific scaf6 isoforms as labeled based on expected size labeled on the 

left (bp = DNA ladder). J) log2 Fold Change values reflecting differential expression (DE) 

of scaf6 between control w1118 and mutant scaf6-/- flies in mRNA-Seq data from 30 h APF 

IFM and 72 h APF IFM, leg and brain samples. Significance is from DESeq2 (not 

significant, ns; *** = padj < 0.001). K-L) RT-qPCR verification of scaf6 mRNA 

expression levels in IFM and brain. Significance was calculated by ANOVA with post-

hoc Tukey test (not significant, ns; * = p < 0.05; *** = p < 0.001). M) Heatmap 

summarizing lethality timepoint (early adult or pharate, light yellow; late pupal, gold; 

early pupal, orange; pre-pupal, red) for flies from all combinatorial crosses between 

scaf612M9, scaf6M2M1 and the Df(3L)ED4674 deficiency line covering the scaf6 locus. N-

Q) Confocal z-projection images of IFM myofibers (top, scale bar = 100 mm) and single-

plane images of fibrillar IFM (middle) and tubular leg (bottom) muscle sarcomere 

structure (scale bars = 5 mm) in scaf612M9/Df(3L)ED4674 (N), scaf6M2M1/Df(3L)ED4674 (O) and 

scaf6 M2M1/ M2M1 (P) at 90 h APF, and in UAS-Dicer2, Mef2-Gal4 > scaf6-IR 1 d adult flies 

(Q).  
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Figure S2. Temporal dynamics of gene expression and alternative splicing in scaf6-

/- IFMs.  

A-B) Volcano plots from DESeq2 analysis of differential gene expression in mRNA-Seq 

data from scaf6-/- versus w1118 IFM at 30 h APF (A) and 72 h APF (B). Genes with a log2 

(FC) ≥ |1.2| and p-adj ≤ 0.05 (grey boxes) are colored blue. Sarcomere genes are labeled 

in red. C) Boxplot of change in gene expression for mitochondrial genes, genes with an 

RNAi phenotype in muscle (muscle pheno), genes encoding sarcomere proteins (SPs) or 

genes annotated with the GO term “synapse.” scaf6-/- versus w1118 log2 (FC) values are 

shown for significantly DE genes (p-adj ≤ 0.05) at 30 h (yellow) and 72 h (blue) APF. 

Red line marks boxplot median. D) Violin plot with boxplot overlay of scaf6-/- versus 

w1118 IFM log2FC values at 30 h APF (left) or 72 h APF (right) for all genes that are 

normally significantly upregulated (orange) or downregulated (purple) in wildtype 

muscle between 24 h and 30 h APF or between 30 h and 72 h APF. E) Dot plot of log2(FC) 

values comparing 72 h versus 30 h APF IFM in w1118 (black) or scaf6-/- (orange). Genes 

with a significant temporal change in expression in w1118 are shown in ascending order 

along the X-axis. The majority of temporally regulated genes show similar changes in 

expression in scaf6-/- IFM. F) Percent bar plot of the overlap in DE genes and genes with 

DE exons in scaf6-/- versus w1118 IFM at 30 h and 72 h APF (only gene level, yellow; only 

exon level, purple; both gene and exon level, teal). G-H) Volcano plots from DEXSeq 

analysis of differential exon use in mRNA-Seq data from scaf6-/- versus w1118 IFM at 30 

h APF (G) and 72 h APF (H). Exons with a log2 (FC) ≥ |1.2| and p-val ≤ 0.05 (grey boxes) 

are colored blue. Sarcomere gene exons are labeled in red. I) Boxplot of change in exon 

use for mitochondrial, muscle phenotype, sarcomere protein and synapse genes. scaf6-/- 

versus w1118 log2 (FC) values are shown for significantly DE exons (p-val ≤ 0.05) at 30 h 

(yellow) and 72 h (blue) APF. Red line marks boxplot median. J) Plot of the number of 

reads supporting observed novel alternative splice (AS) events as detected by fortuna. 

More reads are detected in scaf6-/- samples at 30 h (orange) and 72 h (red) APF than in 

w1118 samples (blue, light blue). K) Plot of the number of novel AS events detected by 

fortuna and IR events identified with a novel script that are observed uniquely in w1118 

(white) or scaf6-/- (red) IFM at 30 h APF. L) Plot of the number of novel AS events from 

fortuna observed in mitochondrial, muscle phenotype, sarcomere protein and synapse 

genes in w1118 (blue) or scaf6-/- (red) at 30 h APF (circle) and 72 h APF (triangle). 

Figure S3. Loss of Scaf6 causes downregulation of sarcomere protein expression and 

mitochondrial defects. 



 186 

A) Venn diagram of the overlap between all genes with a significant change in exon use 

(blue, DEXSeq, p-value ≤ 0.05), that contain novel splice events (purple), that are 

significantly regulated on the gene level (red, DESeq2, p-adjusted ≤ 0.05), or that are 

significantly regulated at the protein level (yellow, LC-MS, FDR = 0.05). B) Correlation 

dot plot for all significantly differentially expressed proteins (LC-MS, FDR = 0.05) 

compared to and their corresponding fold change in mRNA expression (mRNA-Seq, 

DESeq2) between scaf6-/- and control w1118 IFM at 72 h APF. mRNAs with significant 

log2(fold change) values (purple, DESeq2, p-adjusted ≤ 0.05) and genes with novel splice 

events or differential exon use (gold, DEXSeq, p-value ≤ 0.05) are highlighted. The 

regression line (red) plus 95% confidence interval (light blue) are illustrated, 

corresponding to a Pearson’s correlation coefficient of 0.3640722 (Spearman = 

0.4417035). C-G) Expression of GFP-tagged reporter genes under endogenous enhancer 

control for Mhc (C, C’, C’’, F, F’, F’’), Act88F (D, D’, D’’), Strn-Mlck-Isoform R (E, E’, 

E’’) and Zasp52 (G, G’, G’’) in control (Mef2-Gal4, reporter x w1118) and scaf6 

knockdown (Mef2-Gal4, reporter > scaf6-IR) IFM from 1 day adult flies. Single-plane 

confocal images of control (C, D, E, F, G) and scaf6 knockdown (C’, D', E’, F’, G’) 

samples were imaged with the same settings and pseudo-colored to reflect signal intensity. 

Scale bar = 5 µm. Representative line scan of GFP reporter intensity in arbitrary 

fluorescence units (a.u.) shows localization of reporters across a single sarcomere from 

z-disc to z-disc in control (black line) and scaf6-IR (red line) (C’’, D’’, E’’, F’’, G’’). H-

M) Single plane confocal images of Mito-GFP reporter expression in IFMs of control 

(Mef2-Gal4 x w1118, H, I, J) and knockdown (Mef2-Gal4>scaf6-IR, K, L, M) flies at 48 h 

APF, 72 h APF, and 1 d adult. Dashed lines in merged channel images (H’, I’, J’, K’, L’, 

M’) outline a single mitochondrion (Mito-GFP, green; phalloidin-stained actin, magenta). 

Scale bar = 5 µm. N-O) Quantification of single mitochondrion size (N) measured in 

square microns (µm2) and mitochondrial load (O) measured as the percent GFP positive 

area in control (white) and scaf6 knockdown (red) IFM. Significance from Student’s T-

test (not significant, ns; *** = p < 0.001). 

 

Figure S4. Scaf6 function in muscle and neurons is required for multiple behaviors. 

A) Analysis of larval crawling ability. 3rd instar larvae (left, yellow dots) were tracked for 

30 seconds using Trackmate (right). B) Quantification of crawling speed (mobility in 

millimeters per second) from (A) for controls (white boxes) and scaf6-/- (red box). 



 187 

Significance determined by ANOVA and post-hoc Tukey (not significant, ns). C) 

Quantification of pupal eclosion ability in controls (white), mutant (red), tissue-specific 

knockdown (orange) and tissue-specific rescue (yellow) conditions. Plot shows percent 

of eclosed pupae (N = 61 - 468 per genotype). Significance from ANOVA with post-hoc 

Tukey test (not significant, ns; * = p < 0.05; ** = p < 0.01; *** = p < 0.001). D) A 

representative image of pharate lethality in scaf6-/-. Pupal development is complete, but 

flies are too weak to fully eclose. E) Quantification of flight ability, recorded as the 

percentage of flies that display normal flight (white), are weak fliers (cyan) or are 

flightless (blue). Genotypes as labeled. F) Quantification of climbing ability, presented 

as the percent of flies able to climb 5 centimeters in 5 seconds. Genotypes, labeling and 

significance as in (C). G-H) Assay of flight ability (G) and climbing ability (H) for 

controls and tissue-specific knockdown of scaf6 in glia (Repo-Gal4) and fat body (ppl-

Gal4). Climbing scored as in (F); significance from Student’s T-test (not significant, ns). 

I) Quantification of the time in seconds necessary for a fly to right itself after landing on 

its back. Genotypes, labeling and significance as in (C). J) Representative images of fly 

grooming, showing how well a wildtype (w1118) and scaf6-/- mutant fly are able to remove 

a dusting of brilliant yellow dye in 30 minutes. K) Quantification of grooming ability, 

calculated as the ratio of absorbance at 397nm after 30 minutes grooming to absorbance 

measured directly after dusting (t = 30 / t = 0). Genotypes, labeling and significance as in 

(C). 
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