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ABSTRACT 

Objective 

Recently, the ASC-1 complex has been identified as a mechanistic link between ALS and spinal 

muscular atrophy (SMA), and three mutations of the ASC-1 gene TRIP4 have been associated with 

SMA or congenital myopathy. Our goal was to define ASC-1 neuromuscular function and the 

phenotypical spectrum associated with TRIP4 mutations. 

Methods

Clinical, molecular, histological and MRI studies in 5 families with 7 novel TRIP4 mutations. FACS 

and Western blot in patient-derived fibroblasts and muscles and in Trip4 knocked-down C2C12 cells. 
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Results 

All mutations caused ASC-1 protein depletion. The clinical phenotype was purely myopathic, ranging 

from lethal neonatal to mild ambulatory adult patients. It included early-onset axial and proximal 

weakness, scoliosis, rigid spine, dysmorphic facies, cutaneous involvement, respiratory failure and, in 

the older cases, dilated cardiomyopathy. Muscle biopsies showed multiminicores, nemaline rods, 

cytoplasmic bodies, caps, central nuclei, rimmed fibers and/or mild endomysial fibrosis. ASC-1 

depletion in C2C12 and in patient-derived fibroblasts and muscles caused accelerated proliferation, 

altered expression of cell cycle proteins and/or shortening of the G0/G1 cell cycle phase leading to cell 

size reduction. 

Interpretation

Our results expand the phenotypical and molecular spectrum of TRIP4-associated disease to include 

mild adult forms with or without cardiomyopathy, associate ASC-1 depletion with primary pure 

muscle involvement and establish TRIP4 as a causative gene for several congenital muscle diseases 

including nemaline, core, centronuclear or cytoplasmic-body myopathies. They also identify ASC-1 as 

a novel cell cycle regulator with a key role in cell proliferation, and underline transcriptional co-

regulation defects as a novel pathophysiological mechanism. 

INTRODUCTION

Congenital myopathies (CMs) are genetically and clinically heterogeneous inherited disorders. They 

usually present during the first years of life with delayed motor development, muscular weakness and 

hypotonia and have a stable or slowly progressive course. CMs are sometimes associated with cardiac 

and/or respiratory failure1–3 and have no specific treatment4. More than 20 genes have been associated 

with CMs5,6, most of them encoding proteins involved in (i) skeletal muscle calcium homeostasis7; (ii) 

excitation-contraction coupling8; (iii) membrane remodeling9,10 and (iv) myofibrillar force generation11 

or thin-thick filament assembly12 and interactions13. However, the genetic defect remains unknown in 

Page 35 of 67

John Wiley & Sons

Annals of Neurology



For Peer Review

up to 25% CM patients.  

In 2016, we described a form of congenital myopathy caused by recessive mutations in Thyroid 

Hormone Receptor Interactor 4 (TRIP4), encoding the transcriptional coactivator ASC-1 (Activating 

Signal Cointegrator–1), in a large consanguineous family. ASC-1 defines the ASC-1 transcriptional 

cointegrator complex, together with three other subunits (ASCC1, ASCC2 and ASCC3). We termed 

this novel condition ASC-1 Related Myopathy (ASC1-RM), thus identifying transcriptional 

coregulation as a novel CM pathomechanism14. Patients presented with severe neonatal hypotonia, 

potentially-lethal respiratory failure, muscle weakness with partial or no ambulation, scoliosis, joint 

hyperlaxity and skin abnormalities. Muscle biopsy revealed the so-far unreported association of 

multiminicores, caps and dystrophic lesions. 

The role of the ASC-1 complex in neuromuscular diseases was confirmed by the simultaneous 

description of recessive mutations in TRIP4 (three families sharing two mutations) or in ASCC1 (one 

family)15 in patients diagnosed with Spinal Muscular Atrophy (SMA) with arthrogryposis multiplex 

congenita, respiratory distress and congenital bone fractures. Thereafter, no other patient with TRIP4 

mutations has been described, but four additional families with ASCC1 recessive nonsense or 

frameshift mutations have been recently reported16,17. They showed a similar neonatal phenotype 

including arthrogryposis, bone fractures and respiratory failure, but muscle biopsies disclosed 

myopathic features and were not suggestive of motoneuron involvement17. 

Transcriptional co-regulators are emerging as key modulators of the functions of nuclear receptors and 

transcription factors18. The ASC-1 complex acts as a coactivator through direct binding to transcription 

factors like AP-1, NF-kappa-B and Serum Response Factor (SRF), involved in cell fate-controlling 

pathways19. ASC-1 is known to interact with basal transcription factors (TBP, TFIIA), transcription 

integrators (CBP, SRC-1) and nuclear receptors (TR, RXR, ER) in vitro through its highly conserved 

zinc finger domain20. Moreover, ASC-1 contains a conserved C-terminal ASCH domain with putative 

RNA-binding activity predicted in silico to coordinate pre-mRNA processing21,22. Interestingly, the 

ASC-1 complex has been recently implicated in Amyotrophic Lateral Sclerosis (ALS) pathogenesis, 
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being proposed as a common link between ALS and SMA23. We demonstrated that ASC-1 plays a 

pivotal role in muscle, its absence leading to defects in human myotube growth14. However, the 

precise ASC-1 function and the phenotypical spectrum associated with TRIP4 mutations (including 

motoneuron versus primary muscle involvement) remained largely unknown.

We report here the first series of patients with TRIP4 mutations, redefine the phenotypical and 

molecular spectrum of disease and establish the first phenotype-genotype correlations. We also clarify 

the disease pathophysiology by revealing an unsuspected function of ASC-1 as a cell cycle regulator. 

METHODS 

Patients and biological samples 

Patients were recruited through an international collaboration. We also reassessed evolution of the 

previously-reported ASC1-RM family14. Clinical data were systematically retrieved and analyzed 

retrospectively according to a standardized form. All patients were examined by at least one of the 

authors in specialized neuromuscular departments. 

Diagnostic muscle biopsies from four patients were processed for standard histological and 

immunochemical studies and fixed for electron microscopy. Primary fibroblasts from patients and age-

paired controls were obtained from skin biopsies or surgically-discarded tissues. Muscle tissue was 

obtained from diagnostic biopsies in two patients and from surgically-discarded tissue in controls. 

Informed consent was obtained from all patients or their guardians in agreement with local Ethic 

Committees and with the 1964 Helsinki declaration and its later amendments. 

Genotyping

TRIP4 mutations were identified on DNA from peripheral blood samples by exome sequencing or 

next-generation sequencing-based myopathy genes panel, Sanger-confirmed in patients and relatives 
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and reported according to Human Genome Variation Society recommendations 

(http://varnomen.hgvs.org). 

Exome Aggregation Consortium (ExAC, http://exac.broadinstitute.org/) and Genome Aggregation 

(gnomAD, http://gnomad.broadinstitute.org/) databases were interrogated to identify previously-

reported mutations and to determine the frequency of each mutation in the general population. 

Alamut® Visual (Interactive Biosoftware, North Seattle, WA) was used to predict the effect of the 

variants.

Cell Culture

All cells were grown at 37°C with 5% CO2. Cells were grown in Dulbecco Modified Eagle Media 

containing Glutamax (Gibco), fetal calf serum (FCS) 20% and penicillin-streptomycin (P/S) 1% 

(primary fibroblasts) or FCS 10% and P/S 1% (C2C12). 

Transfection: siRNA and Plasmid DNA

C2C12 were transfected with Trip4-specific siRNAs or scrambled control siRNA (Origene) 18 hours 

after seeding according to the manufacturer’s instructions using Lipofectamine RNAimax 

(Invitrogen). The final concentration of siRNAs was 4 nM. Maximum down-regulation was achieved 

48h post transfection.

For rescue experiments, mammalian expression vectors (Promega) containing the ORF sequence of 

the human TRIP4 (pFN21AB7885) or CELF1 (pFN21AB0039) genes fused with a HaloTag were 

used. Cells were transfected with siRNAs as described above. A second transfection was performed to 

overexpress TRIP4 or CELF. Plasmids and Lipofectamine 2000 were mixed in Opti-MEM according 

to the manufacturer’s instructions (Invitrogen). 

Cell proliferation studies

After seeding at 40000cells/well, the number of primary fibroblasts per optical field was counted from 

24 to 96 hours on bright-field images. Proliferation of C2C12 cells was analyzed from 24 to 72 hours 

after transfection.
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Cell size measurements

C2C12 were imaged from 24 to 96h post-seeding on a Zeiss Axio Observer A1 inverted microscope. 

Length and width of cells were measured on bright-field images with Image J (National Institute of 

Health, Bethesda, MS, USA). 

Fluorescence Activated Cell Sorting (FACS) Analysis

C2C12 were harvested 48 hours after transfection and primary fibroblasts during exponential growth 

phase. Cells were fixed in 70% ethanol at -20°C overnight and then stained with 50µg/ml of 

propidium iodide, 0.1 or 1% triton and 100 or 50 µg/ml RNAse A for fibroblasts or C2C12 

respectively. Analysis was performed using Cyan-ADP analyser and FlowJo-software. 

Population doubling time and cell phase duration 

Doubling time was calculated using the website doubling-time.com/compute.php (Roth, A., 2006, 

Doubling time computing) and the formula 

The duration of each cell phase was obtained by multiplying each sample doubling time by the 

percentage of cells in each phase (FACS).

Western Blot

Cells were lysed with cold lysis buffer. Cell extracts (20 μg) were separated using 10% SDS-PAGE 

gel and transferred on nitrocellulose membranes (Bio-Rad Trans Turbo Transfer system) which were 

blocked and probed with the primary antibodies anti-ASC-1 (Abcam), anti-tubulin (Sigma), anti-p21 

(Santa-Cruz), anti-cyclin D3 (Santa-Cruz), anti-cyclin D1 (Santa-Cruz or Millipore), anti-pRb (BD 

Pharmingen), anti-MHCe (DSHB) or anti-halotag (Promega). Membranes were incubated with the 

secondary antibodies goat anti-rabbit HRP conjugate (Thermo Scientific) or goat anti-mouse HRP 
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conjugate (Thermo Scientific). Signals were detected with Enhanced chemiluminescence (ECL, Bio-

Rad) and quantified using Image J software.

Statistical analyses 

Results were expressed as mean ± standard deviation. All data were analyzed with the SPSS® 

Statistics version 22.0 (Armonk, NY: IBM Corp.). Differences were considered significant if p-value 

was <0.05. 

RESULTS

Clinical findings: Expanding the clinical spectrum

We identified six novel patients (two females and four males) from five families with TRIP4 

mutations (Table 1). Age at ascertainment ranged from 7 to 63 years. All pedigrees were compatible 

with autosomal recessive transmission. Consanguinity was confirmed in three families (A, C and E). 

Patient CIII.7 had two siblings deceased during the first year of life due to respiratory distress. Patient 

DII.2 had a brother diagnosed  with a congenital myopathy with type I fiber uniformity who died at 5 

years due to respiratory failure. These three affected siblings were not included due to lack of genetic 

confirmation. We also reassessed the three surviving patients from the originally reported family 

(family F14) after three years of additional follow-up.

Overall, the clinical phenotype in the novel patients was marked, like in the original family, by early 

onset proximal and axial weakness, respiratory failure with variable severity, scoliosis and skin 

involvement without prominent limb contractures. 

None of the patients presented with arthrogryposis or congenital contractures. There were no 

complications during pregnancy or labor, excepting reduced fetal movements in the most severe 

patient (CIII.7). First signs appeared before adulthood in all cases.
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Patient CIII.7 presented at birth with severe neonatal hypotonia, poor antigravity limb movements, 

dysmorphic features, feeding difficulties, perinatal asphyxia and respiratory distress (Fig. 1A). He 

never acquired cephalic control. Two patients (AIII.2 and DII.2) presented with neonatal hypotonia 

and delayed motor milestones. The two siblings from family B presented with delayed gait acquisition, 

waddling gait and fatigability. The mildest patient (EII.4) presented with difficulties for running and 

poor sports performance in adolescence. The last five patients acquired independent ambulation, 

although only one did so before the age of 18 months.

In all patients from the six families, muscle weakness and amyotrophy was predominantly axial and 

proximal (3-4/5, Medical Research Council scale), while distal limb strength was relatively well 

preserved. Only one patient had marked facial weakness. There was bilateral horizontal 

ophthalmoparesis in one patient and ophthalmoplegia in the most severe case. Ptosis was not observed.  

Muscle weakness was stable or slowly progressive. Excepting the three patients from the original 

family F, who never acquired independent ambulation, all the adult patients can walk outdoors without 

support at ages 23-63 years, walking distance being limited by fatigue or dyspnea. Three patients are 

able to climb stairs with aid. Patient AIII.2, currently 9 years old, is still improving her motor abilities 

and starting to run.  

All the patients who survived beyond childhood, except the mildest patient EII.4, had early-onset 

progressive scoliosis, associated with lateral trunk deviation and tilted pelvis in two cases (Fig. 1A). 

This includes the youngest patient of family F (FIII.1), reassessed after arthrodesis at age 12 years. 

Scoliosis was associated with spinal rigidity in a total of five cases. Thorax deformities (flat thorax 

and pectus excavatum) were present in five patients. Five also had dysmorphic craniofacial features 

with a similar flat face, along with a large and thick neck appearance.

Respiratory failure was present in 9 of the 10 patients since childhood. The most severe patient 

suffered neonatal respiratory distress requiring tracheostomy and assisted ventilation. He died at 8 

months due to respiratory failure, and so did patient FII.5 at 16 months. Five patients needed chronic 

ventilation (nocturnal non-invasive in three cases, through a tracheostomy in two), while in the 
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remaining two cases only respiratory physiotherapy was prescribed. The mildest patient, currently 

aged 63, has a FVC of 80%  but is treated with CPAP due to sleep apnea/hypopnea syndrome. 

No patient had congenital or childhood cardiomyopathy. However, patient EII.4 developed a severe 

dilated cardiomyopathy (DCM) in the fifth decade, requiring a preventive automated implantable 

cardioverter defibrillator. Follow-up of family F revealed DCM from the beginning of the third decade 

in patient FII.2. All the other patients have normal cardiac evaluations at ages 9-35 years. 

Limb contractures, mild to moderate, were present in five patients, mainly affecting Achilles tendon 

and elbows. Prominent and generalized joint hyperlaxity was observed in five. Deep tendon reflexes 

were universally diminished or absent.

Extramuscular involvement included skin abnormalities (hyperelasticity, follicular hyperkeratosis, and 

xerosis with scratch lesions but without keloids, N=7) and body composition changes. Three of the 

novel patients were underweight (<4th percentile) and one was overweight with abundant adipose 

tissue in lower limbs, resembling the female patients from family F14. None of the novel patients had 

intellectual disability or signs of CNS abnormalities.  

CK level was normal or mildly elevated (<3xN) in all patients. Electromyography showed a 

myopathic pattern without denervation or abnormalities in nerve conduction studies (N=6) or 

repetitive stimulation (N=3). 

Muscle MRI of the lower limbs in two of the novel patients showed a predominant involvement of the 

posterior compartment of the thigh, notably of gluteus maximus and adductor longus muscles with 

relative preservation of gracilis, sartorius, and semitendinosus muscles (Fig. 1B). This pattern was 

comparable to that previously observed in family F14. 

Histopathological phenotype: cores, cytoplasmic bodies, nemaline, centronuclear, and cap 

lesions

One patient had a quadriceps biopsy in early childhood, reportedly normal, which was not available. 

Samples from the remaining four biopsied patients showed congenital myopathy lesions, including 
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fiber size variability, type 1 fiber predominance (and frequent hypotrophy) and internalized nuclei, 

along with other changes in the muscle fiber architecture (Table 2, Fig.2). Three patients had multi-

minicores, often associated with other forms of sarcomere disorganization (cap lesions, rods and 

cytoplasmic bodies, whorled fibers). The most severe patient showed fibers with centrally located 

nuclei interspersed with very small, rounded fibers without fascicular distribution, compatible with 

centronuclear/myotubular myopathy. 

Lobulated fibers and rimmed sarcolemma (intense oxidative rims beneath the sarcolemma, Fig. 2e) 

were -occasionally observed. None of the four biopsies disclosed fiber type grouping, angulated fibers 

or group atrophy suggestive of denervation.

Genetic studies: Novel TRIP4 mutations

Seven previously unreported mutations in the TRIP4 gene were identified (Fig. 3A-B). Transmission 

was autosomal recessive in all cases. Tested parents from three families were healthy heterozygous 

carriers. 

The mutations were distributed along the entire length of the gene. These included the first TRIP4 

missense variant, affecting a highly-conserved residue in the Zinc finger domain (c.534C>G, p. 

His178Gln). Two frameshift mutations predicted loss of the ASCH domain (c.1544_1547delACTG, 

p.Asp515Alafs*34 and homozygous deletion of exons 8 and 9, respectively) (Fig. 3C). 

Western blot was performed on primary skin fibroblast cultures (family B) or frozen muscle biopsies 

(family D and E) from four patients. Family B was compound heterozygous for a missense and a 

truncating mutation, which led to a reduced level of expression of the full-length protein (10-20% 

compared to control) (Fig. 3D). Frameshift mutations (family D) or large deletions affecting the C-

terminal part of the protein (family E) led to a total absence of full length ASC-1 and no detectable 

truncated form (Fig. 3E).

None of the patients had mutations in other known neuromuscular genes except for the oldest patient 

(EII.4), in which exome studies revealed a heterozygous variant of the titin gene (TTN) 
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(c.6379_6380del, p.Tyr2127Leufs*8), also identified in one of his asymptomatic older sisters whose 

echocardiography was normal. This variant, predicted to lead to a truncated protein, was absent from 

ExAC and was not associated with any other TTN change (including missense variants) in the patient. 

ASC-1 defects alter proliferation of patient fibroblasts and myogenic cells

When amplifying primary fibroblasts for Western blot, we observed a faster growth of patient cells 

compared to healthy controls. Thus, we quantified proliferation of skin fibroblasts from families B 

(BIII.1 and BIII.2) and F (FII.2) versus four fibroblast cultures from passage- and age-paired controls 

(Fig. 4). TRIP4-mutant fibroblasts showed a significantly higher proliferation rate with lower mean 

doubling time than controls, compatible with a shorter cell cycle length (Fig. 4C). This suggested that 

ASC-1 might be involved in the control of cell cycle progression. 

Consistently, FACS studies in non-synchronous cell cultures showed that, while most (>80%) control 

fibroblasts were in G0/G1 phase, there were significantly less patient cells in G0/G1 and more in S and 

G2 phases (Fig. 4D), indicating a significant increase of cycling cells in ASC-1 depleted cultures. 

Considering the cell cycle length, the G0/G1 phase was significantly shortened in patient fibroblasts 

compared to controls (Fig. 4E), suggesting cell cycle acceleration. 

To further clarify the role of ASC-1 in myogenic cells, we used our in vitro Trip4 knock-down 

(Trip4KD) C2C12 model, comparing cells transfected with a siRNA against Trip4 (siTrip4) to those 

transfected with a control siRNA (Scbl) or non-transfected (NT) (Fig. 5). siTrip4 cells showed a 

higher proliferation rate with a shorter doubling time compared to Scbl. Moreover, ASC-1 depleted 

cells were smaller. Consistently, FACS studies confirmed a decrease of cells in G0/G1 phase and a 

significantly reduced duration of the latter upon ASC-1 depletion. Thus, ASC-1 is involved in cell 

cycle regulation in both fibroblasts and myogenic cells, its depletion leading to cell cycle acceleration 

and reduced cell growth due to shortening of the G0/G1 phase.

ASC-1 depletion is associated with altered expression and phosphorylation of cell cycle exit 

regulators 
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Cell cycle arrest is an important step in myogenic differentiation, which involves transitioning from 

proliferative myoblasts to post-mitotic myotubes and muscle fibers. D-type cyclins are regulators of 

one key G1-phase checkpoint, determining cell cycle arrest or progression into S-phase. Quantification 

of cyclins D1, D3 and the cell cycle exit marker p21 in frozen muscle samples from three TRIP4-

mutant patients showed significant cyclin D1 decrease and cyclin D3 increase  compared to control 

(Fig. 6A). p21 was significantly reduced in the two older patients. Embryonic myosin heavy chain was 

undetectable, suggesting that the cyclin changes in patient muscles are unlikely to be non-specifically 

due to muscle fiber regeneration and probably are directly associated with ASC1-related cell cycle 

defects in post-mitotic muscles.

Analysis of cyclins D1, D3 and p21 expression during proliferation in Trip4KD C2C12 myoblasts 

confirmed cyclin changes, showing a significant increase in cyclin D1 and p21 (Fig. 6B) without 

significant changes in cyclin D3 (data not shown). Increased expression of cyclin D1 and p21 in 

Trip4KD was rescued by expression of human wild-type ASC-1 (hASC-1) (Fig. 6C and data not 

shown), confirming that this molecular phenotype is not due to off-target effects of Trip4 siRNA.

The Retinoblastoma Protein (pRb) interacts with cyclins and regulates both cell cycle and muscle-

specific gene expression through its target E2F. Thus, abnormalities of Rb, whose activity is 

modulated by Cyclin/CDK-mediated phosphorylation, might be an underlying mechanism in ASC1-

RM muscle phenotype. Indeed, we found an increase of the hyper-phosphorylated forms of Rb and the 

hyper-phosphorylated/total Rb ratio in Trip4KD C2C12 compared to controls (Fig. 6D). This, 

associated with cyclin D1 changes, could explain the rapid progression of Trip4KD cells from G1 to S 

phase and the myofibrillar abnormalities in patients’ muscles, suggesting that ASC-1 is critical for 

controlling both cell cycle progression and myofibrillogenesis during myogenesis.

DISCUSSION

ASC-1 related disease is emerging as a novel cause of congenital neuromuscular disorders, but its 

phenotypical spectrum and pathophysiology remained unclear. So far, three TRIP4 mutations have 
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been described in four families with a severe neonatal phenotype (one reported as a CM, the three 

others as SMA)14,15. We report here five additional families with seven novel TRIP4 mutations, 

expanding the phenotypical spectrum beyond lethal congenital forms to mild ambulatory adult 

patients. 

The clinical phenotype in these families is marked by early-onset axial and proximal weakness, 

progressive scoliosis sometimes associated with rigid spine, dysmorphic features, cutaneous 

involvement and respiratory failure. No clinical, electromyographic or histological sign of motor 

neuron involvement was present. The severity of respiratory involvement correlated with the degree of 

muscle weakness, unlike in other CMs with minicores (e.g SEPN1-Related Myopathy24,25). The skin 

phenotype includes skin hyperlaxity, xerosis and follicular hyperkeratosis. Remarkably, while the first 

patients identified never reached full ambulation, five of the novel patients are able to walk without 

support, being limited mainly by respiratory failure and fatigability. In the mildest case, the first 

referral signs were noticed in adolescence, and he remains able to climb stairs at 63 years. 

Interestingly, dilated cardiomyopathy was detected in two patients in the third and fifth decades. We 

previously showed that TRIP4 expression is relatively high in murine cardiac muscle14. Moreover, 

neonatal cardiac involvement (cardiomyopathy, atrial septal defect or patent ductus arteriosus) was 

reported in two SMA families with TRIP4 mutations15. We confirm here that cardiac disease can be 

part of the TRIP4-associated phenotype, and reveal that the absence of pediatric cardiac involvement 

does not preclude the subsequent development of cardiomyopathy. Therefore, cardiac function should 

be periodically screened in all TRIP4-mutated patients. 

Primary myocardial disease is not typical of CM, although it may appear in TTN-, MYH7- or ACTA1-

related myopathies1. One of our patients with DCM carries a heterozygous TTN truncating variant 

(TTNtv). Heterozygous TTNtvs are fairly common in the general population (up to 1%)26–28 and have 

never been demonstrated to cause congenital skeletal muscle disease by themselves. Indeed, 

congenital titinopathies are autosomal recessive myopathies associated with the combination of either 

two truncating or one truncating and one missense TTN changes29–31. The TTNtv in our patient is 
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carried by an older sister with normal neurological and cardiological examination, and his muscle MRI 

is comparable to that in the other ASC1-RM patients. Thus, his skeletal muscle phenotype is most 

likely explained by the large homozygous TRIP4 deletion leading to absence of ASC-1. This TTNtv 

has never been reported in DCM and does not affect the titin domains most commonly associated with 

cardiomyopathy28. However, a potential digenic contribution to his cardiac phenotype cannot be fully 

excluded at this point. In the other patient with adult-onset DCM, linkage and exomic studies excluded 

recessive pathogenic TTN changes14.

The spectrum of muscle architectural lesions in ASC1-RM is particularly large. Aside from the multi-

minicores, internalized nuclei, cap lesions and mild dystrophic lesions reported14, we observed 

nemaline and cytoplasmic bodies in novel patients. Our findings suggest TRIP4 as a novel culprit gene 

for nemaline myopathy, as well as for other forms of congenital muscle disease (including cap disease, 

core, centronuclear or cytoplasmic-body myopathies and congenital muscular dystrophy); therefore, 

we propose that it should be included in the corresponding diagnostic gene panels. Furthermore, we 

found in one biopsy rimmed fibers comparable to those associated with ASCC1 mutations17. This 

suggests that TRIP4 and ASCC1 are implicated in a common pathophysiological pathway which leads 

to multiple forms of myofibrillar disarray, and thus to an overlap of different histopathological CM 

lesions. 

Our phenotypical findings can be useful for differential diagnosis. The joint hyperlaxity, mild to 

moderate joint contractures, spinal rigidity and skin phenotype observed in some of our patients raise 

the question of differential diagnosis with collagen 6-related muscular dystrophies32, although TRIP4 

mutant patients had no hypertrophic scars. Moreover, minicore-like lesions may be occasionally found 

in patients with collagen VI-related myopathies32,33. Extraocular muscle involvement, previously 

unreported, may be part of the ASC1-RM spectrum but is typically absent in congenital titinopathies31. 

One of the patients with dilated cardiomyopathy had rigid spine and developed mild elbow 

contractures with age, features that overlap with Emery Dreifuss muscular dystrophy. However, the 

conduction defects and marked contractures typical of the latter were absent in ASC1-RM patients. In 

addition, muscle MRI in three ASC1-RM patients revealed a consistent pattern, with predominant 
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involvement of the adductor longus and posterior thigh compartment and relative preservation of the 

semitendinosus muscle, sometimes associated to increased subcutaneous adipose tissue14. This MRI 

pattern differed from the typical abnormalities associated with collagen 6 defects32,34 or with other 

CMs with minicores such as those related to SEPN135, RYR136 or TTN37, although its specificity 

requires confirmation by further studies. 

This work significantly increases the number of known TRIP4 mutations, confirms autosomal 

recessivity and defines the first genotype-phenotype correlations. The novel mutations include one 

large deletion and five frameshift changes predicting a reduction or absence of full-length ASC-1 

protein. ASC-1 depletion was confirmed experimentally in three families, including two patients 

compound heterozygous for the first identified TRIP4 missense mutation. Interestingly, ASC-1 was 

undetectable by Western blot both in our mildest patient and in the first severe cases reported14, 

suggesting other severity modulators. Aditionally, the patients reported as having severe SMA15 

carried TRIP4 nonsense mutations resulting in exon skipping and upregulation of a shorter isoform 

containing most ASC-1 functional domains. Although their muscle biopsies showed major reduction 

of myofiber size compatible with a primary muscle component, our findings suggest that the TRIP4 

mutations leading to ASC-1 protein depletion are associated with a primary striated muscle phenotype, 

while those leading to expression of a truncated protein might be associated with motoneuron disease. 

A better understanding of the molecular mechanisms of ASC-1 related disease should help to clarify 

this point.

On this note, we report a pathophysiological pathway associated with ASC-1 defects which 

contributes to clarify its so-far undefined role and the disease mechanism. Consistently with a muscle 

and skin phenotype, in the absence of ASC-1 proliferation is accelerated both in fibroblasts and 

myogenic cells. This increased proliferation is mainly due to a reduction of the G0/G1 phase and is 

associated with cell size reduction. Shortening of the G1 phase has been associated with cell size and 

growth reduction in mammalian cells38,39 and may contribute to explain the myotube growth defect in 

ASC-1 depleted patient- and C2C12 cells14.
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This cell cycle phenotype is associated with altered cyclin expression. In C2C12, we found that 

Trip4KD leads to an increase of cyclin D1 and p21, regulators of the G0/G1 phase, and of several 

downstream targets. Over-expression of D-type cyclins has been shown to shorten the G0/G1 phase40. 

Furthermore, the high levels of p21 and cyclin D1 in the absence of ASC-1 suggest an increased 

formation of the cyclin D1 and CDK4/6-complex41. This complex phosphorylates proteins such as the 

tumor suppressor pRb42, known to control cell cycle. Hypophosphorylated pRb inhibits E2F 

transcription factors required for S phase entry43. Indeed, in Trip4KD cells we found a consistent 

tendency to the reduction of the hypophosphorylated forms of pRb in favour of hyperphosphorylation, 

which indicates loss of pRb-mediated inhibition of the G0/G1-S transition. Interestingly, pRb activity 

is also necessary for late muscle development, promoting myofibrillogenesis and muscle cell growth 

by activating transcription of myogenic and metabolic genes44. Defects in this pathway could 

contribute to explain the various myofibrillar defects in patients’ biopsies. Further experiments are 

required to corroborate pRb abnormalities and to clarify the latter point. 

Cyclin D3 is a critical regulator of the proliferation/differentiation balance of myogenic progenitors in 

skeletal muscle45,46. Under non-pathological conditions, this protein is not expressed in adult muscle 

fibers, as it is more important for the establishment than the maintenance of terminal myogenic 

differentiation47. Cyclin D3 increase in ASC-1 depleted patients’ muscles suggests a dysregulation of 

its expression that could be attributed to inappropriate activation by MyoD or to improper stabilization 

by pRb45,46. Cyclin D3 is also involved in adipogenesis through its interaction with the nuclear 

receptor PPAR48. This could be related to the subcutaneous adiposity observed in some patients. In 

addition, cyclin D1 represses PPAR and inhibits adipocyte differentiation49. Drastically reduced 

cyclin D1 in postnatal patient muscles might contribute to this adipose phenotype via PPAR de-

repression.

In conclusion, our work expands the clinical, histological and molecular spectrum of ASC1-RM and 

contributes to disentangle its pathophysiological mechanisms. We propose that TRIP4 mutations 

should be considered in any patient with histopathological CM lesions and a non-contractile 

myopathy, even in adult ambulant patients without clear neonatal signs, particularly if the phenotype 
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includes respiratory insufficiency, joint hyperlaxity, skin abnormalities or cardiomyopathy. Moreover, 

we reveal that ASC-1 plays a key role not only in late stages of myogenic differentiation and myotube 

growth14 but also as a novel cell-cycle regulator in several cell types, controlling cell proliferation via 

regulation of key cell-cycle proteins. This work confirms transcriptional co-regulation defects as an 

emerging mechanism in inherited neuromuscular disease. Based on the identification of common 

histopathological lesions in TRIP4- and ASCC1-mutant patients, we propose the term ‘ASC1-related 

myopathies’ to include pathologies associated with both genes and with potential defects of any other 

protein of the ASC-1 complex, whose relevance in muscle and/or motoneuron pathophysiology is 

likely to increase in the future. 
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FIGURE LEGENDS 

Fig. 1: ASC-1 Related Myopathy phenotypical spectrum. (A) Clinical findings in patients CIII.7 

(a), DII.2 (b-f) and EII.4 (g,h). (a) Congenital presentation with neonatal hypotonia (frog position), 

poor limb movements and respiratory distress requiring tracheostomy and assisted ventilation. He had 

skin lesions, dysmorphic facial features (i.e flat face; not shown) and tapering fingers. (b-f) Patient 

DII.2, still ambulant at age 35 years: note severe scoliosis with dorsal lordosis and unbalanced hips 

(b,d), thoracic deformities (pectus excavatum) and elbow contractures (b) contrasting with prominent 

joint hyperlaxity (f).  Dysmorphic features included large, thick neck and retrognathism and low-set 

ears (not shown). The skin phenotype was marked by follicular hyperkeratosis, xerosis with scratch 

lesions, prominent scars (but not keloid) and skin hyperelasticity (c,e). (g,h): The mildest patient 

(EII.4), still ambulant at 63 years, has proximal amyotrophy, pectus excavatum and dysmorphic facial 

features (flat face, thick neck, retrognathia). (B) Muscle imaging in two patients revealed predominant 

involvement of posterior thigh compartment with relative preservation of the semitendinosus muscle. 

(a-c): Lower limb MRI from a mild patient (BIII.1), still ambulant at age 19 years. Axial T1-weighted 

images showed mild muscle atrophy and fatty infiltration of glutei, iliopsoas and posterior thigh 

muscles with major involvement of adductor longus and relative preservation of gracillis, sartorius and 

semitendinosus muscles (arrows). Note marked increase in subcutaneous adipose tissue. (d-g): Muscle 

MRI from patient EII.4 (aged 56 years), showed the same pattern, including fatty infiltration of 

paravertebral muscles (d) and the posterior thigh compartment, notably gluteus maximus, adductor 

longus and semimembranosus (e,f). Note relative preservation of semitendinosus. Leg muscles showed 

diffuse involvement (g). 

Fig. 2: Spectrum of histopathological lesions. Skeletal muscle biopsies from patients CIII.7 (a), 

AIII.2 (b-d, g), EII.4 (f, h-j) and DII.2 (e, k). Muscle biopsy from the most severe patient (a) showed 

mildly increased endomysial connective tissue, a subpopulation of very small fibers and abundant 

fibers with apparently normal diameter and centrally located nuclei (arrowheads). In milder patients, 

dystrophic features were absent and the pattern was more typical of a congenital myopathy, including 

Page 56 of 67

John Wiley & Sons

Annals of Neurology



For Peer Review

FSV (b,c), internalized nuclei, often central, (c, black arrowheads), whorled fibers (c, white 

arrowheads) and type 1 fiber predominance (b). Intense oxidative rims beneath the sarcolemma, 

compatible with mitochondrial proliferation or mislocalization, were found in one patient in NADH-

TR (e) and also in SDH and COX stains (not shown). There were multiple areas lacking oxidative 

activity (pink arrows in d) and showing mitochondrial depletion and sarcomere disorganization on EM 

(minicores) (g, k). Modified Gomori trichrome revealed purple stained lesions (f) which corresponded 

to electron-dense nemaline rods (h, j) on EM. Subsarcolemmal myofibrillar disorganization along with 

cytoplasmic bodies and/or subsarcolemmal rods were also observed (i). Transversal frozen sections, 

HE (a,c), ATPase pH 9.4 (b), NADH-TR (d,e), modified Gomori trichrome (f); electron microscopy 

(EM) (g-k). Scale bars= 25 µm (a,b), 50 µm (c,d), 25 µm (e,f), 10 µm (g), 1 µm (h), 2 µm (i,k), 500 

nm (j).

Fig. 3: TRIP4 mutations in the novel families. (A) Pedigree of novel families. (B) Summary of the 

mutations identified. dbSNP: Single Nucleotide Polymorphism Database. ExAC: Exome Aggregation 

Consortium. (C) Schematic representation of the ASC-1 protein and localization of the patients’ 

mutations. (D-E) ASC-1 expression in patient samples. (D) Low expression of full-length ASC-1 

(arrow) in fibroblasts from patients BIII.1 and BIII.2. (E) Full-length ASC-1 (arrows) was 

undetectable in muscle biopsies from patient DII.2 and EII.4. ctl: control fibroblasts (D), skeletal 

muscle control (E).  

Fig. 4: Accelerated proliferation and reduced G0/G1 phase of the cell cycle in patient fibroblasts. 

(A) Bright-field pictures of control (Ctl1) and patient (BIII.2) fibroblasts cultures from 24 to 96 hours 

after seeding (B) proliferation curves from four control (blue) and three patient fibroblasts cultures 

(red). (C) Differences between the proliferation curves from control and patient cells were significant 

(ANOVA 3DF, *p-value<0.001). Mean population doubling time of control and patient cells was 

calculated for cells in exponential proliferation between 48 and 72h. (D) FACS analysis of cell cycle 

progression in non-synchronous proliferative control (Ctl1) or patient (BIII.1; FII.2) fibroblasts. 

Histogram showing the mean percentage of cells per phase in the four controls and three patients 
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fibroblast samples (ANOVA 2DF, p-value <0.001; Tukey HSD *p-value 0.01 **p-value 0.002). (E) 

The duration of cell cycle phases G0/G1 (blue), S (yellow) and G2M (green) for each sample was 

determined as the percentage of cells in each phase multiplied by the doubling time corresponding to 

each sample. 

Fig. 5: Accelerated proliferation and G0/G1 phase reduction and reduced growth in Trip4KD 

myogenic cells. (A) Bright-field pictures of Trip4KD C2C12 (siTrip4) compared to not treated (NT) 

or scramble (Scbl) transfected controls from 24 to 72 hours post siRNA transfection. (B) Proliferation 

curves of siTrip4, Scbl and NT cells. Overall, the proliferation curve of siTrip4 cells was higher than 

that from Scbl-transfected controls (ANOVA, **p-value <0.001), maintaining values comparable to 

non-transfected cells. Values are the mean of four independent measurements for each time per 

condition. Mean population doubling time (hours) was calculated for cells in exponential proliferation 

between 24 and 48h after transfection: NT 16.6±1, Scbl 20.1±4.4, siTrip4 15.1±1.5. (C) SiTrip4 cells 

exhibited a smaller cell surface (μm2) compared to NT or Scbl cells after 24, 48 or 72h of culture 

(Kruskal-Wallis, *p-value< 0.05). A strong ASC-1 reduction (>80%) of ASC-1 in Trip4KD cells was 

observed 48h after transfection.  This was also observed within 48 hours with three independent 

siRNAs against Trip4 (data not shown). (D) FACS analysis of cell cycle in non-synchronous NT, Scbl 

and siTrip4 cells. Mean cell cycle distributions measured in three experiments showed a decrease in 

the percentage of cells in G0/G1 phase in siTrip4 condition compared to Scbl and NT (respectively 

51±3.3; 54.3±6.1; 60.1±4.7), an increase in S phase (respectively 36.4±2.3; 35.6±3.9; 29.1±3.7) and in 

G2M (respectively 10.8±1.3; 9.64±1.1; 9.74±2.3). The duration of the cell cycle phases (±SEM), 

G0/G1 (blue), S (yellow) and G2M (green), was determined as mentioned in Fig. 4 (ANOVA *p-value 

<0.05). A parallel increase in the number of cells in S phase in both Scbl and siTrip4 samples could be 

explained by the stress induced by transfection. 

Fig. 6: Altered expression of cell cycle proteins in patient muscles and in Trip4KD myogenic 

cells. (A) Western blot of lysates from control (ctl) and three patient frozen muscles revealed altered 

expression of cyclins D1 and D3 as well as p21 in patients DII.2 (left panel), EII.4 and FIII.1 (right 

panel, control expression normalized to 1, dashed line). Absence of embryonic myosin (MHCe) in 
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both patient DII.2 and control muscle samples excluded that this might be due to active muscle 

regeneration (including the presence of immature myofibers) in patients (lower panel, C2C12 used as 

a positive control). (B) Increased cyclin D1 and p21 expression in Trip4KD C2C12 with <20% ASC-1 

residual expression (data not shown) compared to non-transfected cells (NT) or cells transfected with 

siRNA control (Scbl) (left and right panel, normalized to Scbl transfected cells; Mann–Whitney U, *p-

value <0.05). (C) Rescue of the altered levels of cyclin D1 in Trip4KD C2C12 by wild-type human 

ASC-1. Western blot of protein extracts from Scbl (lanes 1 and 4), siTrip4 (lanes 2 and 5) or ctl 

C2C12 (lane 3) double-transfected with hASC-1 (lanes 3-5) 24h after endogenous ASC-1 silencing 

(upper panel). Quantification of the relative expression of cyclin D1 over tubulin (normalized for Scbl) 

in ctl, Scbl and siTrip4 cells in the presence or absence of hASC-1. A vector expressing hCelf1 was 

used as a non-specific control (lower panel). mASC-1= murine endogenous ASC-1; hASC-1 = human 

ectopic ASC-1; hCelf1 = human ectopic Celf1. (D) Western blot analysis of pRb phosphorylation state 

in NT, Scbl and siTrip4 cells revealed a fast migrating band corresponding to the hypo-phosphorylated 

form of Rb (pRb, 110 kDa) and slower migrating bands corresponding to hyper-phosphorylated forms 

of Rb (ppRb, 116kDa) (left panel). Red ponceau (redP) staining of the membrane showed similar 

loading in each condition. In all conditions, the hyper-phosphorylated forms of Rb were predominant 

compared to the hypo-phosphorylated form as expected for cycling cells. Although variability 

precluded reaching statistical significance, quantification of the ratio ppRb/total pRb for each 

condition (N=4) showed an increase by nearly 50% of hyper-phosphorylated forms in siTrip4 cells 

(right panel).
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Figure 1. ASC-1 Related Myopathy phenotypical spectrum. (A) Clinical findings in patients CIII.7 (a), DII.2 
(b-f) and EII.4 (g,h). (a) Congenital presentation with neonatal hypotonia (frog position), poor limb 

movements and respiratory distress requiring tracheostomy and assisted ventilation. He had skin lesions, 
dysmorphic facial features (i.e flat face; not shown) and tapering fingers. (b-f) Patient DII.2, still ambulant 
at age 35 years: note severe scoliosis with dorsal lordosis and unbalanced hips (b,d), thoracic deformities 

(pectus excavatum) and elbow contractures (b) contrasting with prominent joint hyperlaxity (f). 
 Dysmorphic features included large, thick neck and retrognathism and low-set ears (not shown). The skin 
phenotype was marked by follicular hyperkeratosis, xerosis with scratch lesions, prominent scars (but not 

keloid) and skin hyperelasticity (c,e). (g,h): The mildest patient (EII.4), still ambulant at 63 years, has 
proximal amyotrophy, pectus excavatum and dysmorphic facial features (flat face, thick neck, retrognathia). 
(B) Muscle imaging in two patients revealed predominant involvement of posterior thigh compartment with 
relative preservation of the semitendinosus muscle. (a-c): Lower limb MRI from a mild patient (BIII.1), still 
ambulant at age 19 years. Axial T1-weighted images showed mild muscle atrophy and fatty infiltration of 

glutei, iliopsoas and posterior thigh muscles with major involvement of adductor longus and relative 
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preservation of gracillis, sartorius and semitendinosus muscles (arrows). Note marked increase in 
subcutaneous adipose tissue. (d-g): Muscle MRI from patient EII.4 (aged 56 years), showed the same 
pattern, including fatty infiltration of paravertebral muscles (d) and the posterior thigh compartment, 
notably gluteus maximus, adductor longus and semimembranosus (e,f). Note relative preservation of 

semitendinosus. Leg muscles showed diffuse involvement (g). 

167x197mm (300 x 300 DPI) 
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Figure 2. Spectrum of histopathological lesions. Skeletal muscle biopsies from patients CIII.7 (a), AIII.2 (b-
d, g), EII.4 (f, h-j) and DII.2 (e, k). Muscle biopsy from the most severe patient (a) showed mildly increased 

endomysial connective tissue, a subpopulation of very small fibers and abundant fibers with apparently 
normal diameter and centrally located nuclei (arrowheads). In milder patients, dystrophic features were 

absent and the pattern was more typical of a congenital myopathy, including FSV (b,c), internalized nuclei, 
often central, (c, black arrowheads), whorled fibers (c, white arrowheads) and type 1 fiber predominance 

(b). Intense oxidative rims beneath the sarcolemma, compatible with mitochondrial proliferation or 
mislocalization, were found in one patient in NADH-TR (e) and also in SDH and COX stains (not shown). 

There were multiple areas lacking oxidative activity (pink arrows in d) and showing mitochondrial depletion 
and sarcomere disorganization on EM (minicores) (g, k). Modified Gomori trichrome revealed purple stained 
lesions (f) which corresponded to electron-dense nemaline rods (h, j) on EM. Subsarcolemmal myofibrillar 

disorganization along with cytoplasmic bodies and/or subsarcolemmal rods were also observed (i). 
Transversal frozen sections, HE (a,c), ATPase pH 9.4 (b), NADH-TR (d,e), modified Gomori trichrome (f); 

electron microscopy (EM) (g-k). Scale bars= 25 µm (a,b), 50 µm (c,d), 25 µm (e,f), 10 µm (g), 1 µm (h), 2 
µm (i,k), 500 nm (j). 

170x155mm (300 x 300 DPI) 
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Figure 3. TRIP4 mutations in the novel families. (A) Pedigree of novel families. (B) Summary of the 
mutations identified. dbSNP: Single Nucleotide Polymorphism Database. ExAC: Exome Aggregation 

Consortium. (C) Schematic representation of the ASC-1 protein and localization of the patients’ mutations. 
(D-E) ASC-1 expression in patient samples. (D) Low expression of full-length ASC-1 (arrow) in fibroblasts 
from patients BIII.1 and BIII.2. (E) Full-length ASC-1 (arrows) was undetectable in muscle biopsies from 

patient DII.2 and EII.4. ctl: control fibroblasts (D), skeletal muscle control (E).   
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Figure 4. Accelerated proliferation and reduced G0/G1 phase of the cell cycle in patient fibroblasts. (A) 
Bright-field pictures of control (Ctl1) and patient (BIII.2) fibroblasts cultures from 24 to 96 hours after 
seeding (B) proliferation curves from four control (blue) and three patient fibroblasts cultures (red). (C) 

Differences between the proliferation curves from control and patient cells were significant (ANOVA 3DF, *p-
value<0.001). Mean population doubling time of control and patient cells was calculated for cells in 
exponential proliferation between 48 and 72h. (D) FACS analysis of cell cycle progression in non-

synchronous proliferative control (Ctl1) or patient (BIII.1; FII.2) fibroblasts. Histogram showing the mean 
percentage of cells per phase in the four controls and three patients fibroblast samples (ANOVA 2DF, p-value 
<0.001; Tukey HSD *p-value 0.01 **p-value 0.002). (E) The duration of cell cycle phases G0/G1 (blue), S 

(yellow) and G2M (green) for each sample was determined as the percentage of cells in each phase 
multiplied by the doubling time corresponding to each sample. 
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Figure 5. Accelerated proliferation and G0/G1 phase reduction and reduced growth in Trip4KD myogenic 
cells. (A) Bright-field pictures of Trip4KD C2C12 (siTrip4) compared to not treated (NT) or scramble (Scbl) 

transfected controls from 24 to 72 hours post siRNA transfection. (B) Proliferation curves of siTrip4, Scbl and 
NT cells. Overall, the proliferation curve of siTrip4 cells was higher than that from Scbl-transfected controls 
(ANOVA, **p-value <0.001), maintaining values comparable to non-transfected cells. Values are the mean 
of four independent measurements for each time per condition. Mean population doubling time (hours) was 

calculated for cells in exponential proliferation between 24 and 48h after transfection: NT 16.6±1, Scbl 
20.1±4.4, siTrip4 15.1±1.5. (C) SiTrip4 cells exhibited a smaller cell surface (μm2) compared to NT or Scbl 
cells after 24, 48 or 72h of culture (Kruskal-Wallis, *p-value< 0.05). A strong ASC-1 reduction (>80%) of 
ASC-1 in Trip4KD cells was observed 48h after transfection.  This was also observed within 48 hours with 

three independent siRNAs against Trip4 (data not shown). (D) FACS analysis of cell cycle in non-
synchronous NT, Scbl and siTrip4 cells. Mean cell cycle distributions measured in three experiments showed 

a decrease in the percentage of cells in G0/G1 phase in siTrip4 condition compared to Scbl and NT 
(respectively 51±3.3; 54.3±6.1; 60.1±4.7), an increase in S phase (respectively 36.4±2.3; 35.6±3.9; 

29.1±3.7) and in G2M (respectively 10.8±1.3; 9.64±1.1; 9.74±2.3). The duration of the cell cycle phases 
(±SEM), G0/G1 (blue), S (yellow) and G2M (green), was determined as mentioned in Fig. 4 (ANOVA *p-

value <0.05). A parallel increase in the number of cells in S phase in both Scbl and siTrip4 samples could be 
explained by the stress induced by transfection. 
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Figure 6. Altered expression of cell cycle proteins in patient muscles and in Trip4KD myogenic cells. (A) 
Western blot of lysates from control (ctl) and three patient frozen muscles revealed altered expression of 

cyclins D1 and D3 as well as p21 in patients DII.2 (left panel), EII.4 and FIII.1 (right panel, control 
expression normalized to 1, dashed line). Absence of embryonic myosin (MHCe) in both patient DII.2 and 

control muscle samples excluded that this might be due to active muscle regeneration (including the 
presence of immature myofibers) in patients (lower panel, C2C12 used as a positive control). (B) Increased 

cyclin D1 and p21 expression in Trip4KD C2C12 with <20% ASC-1 residual expression (data not shown) 
compared to non-transfected cells (NT) or cells transfected with siRNA control (Scbl) (left and right panel, 
normalized to Scbl transfected cells; Mann–Whitney U, *p-value <0.05). (C) Rescue of the altered levels of 
cyclin D1 in Trip4KD C2C12 by wild-type human ASC-1. Western blot of protein extracts from Scbl (lanes 1 
and 4), siTrip4 (lanes 2 and 5) or ctl C2C12 (lane 3) double-transfected with hASC-1 (lanes 3-5) 24h after 

endogenous ASC-1 silencing (upper panel). Quantification of the relative expression of cyclin D1 over tubulin 
(normalized for Scbl) in ctl, Scbl and siTrip4 cells in the presence or absence of hASC-1. A vector expressing 

hCelf1 was used as a non-specific control (lower panel). mASC-1= murine endogenous ASC-1; hASC-1 = 
human ectopic ASC-1; hCelf1 = human ectopic Celf1. (D) Western blot analysis of pRb phosphorylation state 
in NT, Scbl and siTrip4 cells revealed a fast migrating band corresponding to the hypo-phosphorylated form 

of Rb (pRb, 110 kDa) and slower migrating bands corresponding to hyper-phosphorylated forms of Rb 
(ppRb, 116kDa) (left panel). Red ponceau (redP) staining of the membrane showed similar loading in each 

condition. In all conditions, the hyper-phosphorylated forms of Rb were predominant compared to the hypo-
phosphorylated form as expected for cycling cells. Although variability precluded reaching statistical 

significance, quantification of the ratio ppRb/total pRb for each condition (N=4) showed an increase by 
nearly 50% of hyper-phosphorylated forms in siTrip4 cells (right panel). 
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Family 
Patient
Gender

Family A
III.2
F

Family B
III.1, M
III.2, F

Family C#

III.7
M

Family D
II.2
M

Family E
II.4
M

Family F                      
(Davignon et al, 
2016)
1F, 3M

TRIP4 
Pathogenic 
variant 

c.141_142delAT
(p.Tyr48fs*3) 
homozygous

c.534C>G 
(p. His178Gln) + 
c.1544_1547del
ACTG 
(p.Asp515fs*34)

c.1065delC
(p.Ile356fs*6) 
homozygous

c.55_56insCT 
(p.Gln19fs*47) 
+ c.1197delA 
(p.Ser399fs*12)

Homozygous 
deletion of 
exons 8 and 9 

c.890G>A 
(p.Trp297*) 
homozygous

First signs Hypotonia, 
DMM

DMM (gait 
acquisition) in 
both siblings
Waddling gait 
and fatigability 
in III.2

NH, respiratory 
distress, feeding 
difficulties

NH, DMM Difficulty 
running, poor 
sports 
performance 
(adolescence)

NH, 
Respiratory 
distress (n=3), 
feeding 
difficulties 
(n=3)

Best motor 
performance

Present age (9y): 
waddling gait,  
climb stairs, 
bipodal jump, 
starts to run

Present age 
(22y,III.1) and  
16y (III.2): 
waddling gait, 
climb stairs 

NA Present age 
(35y): 
independent 
ambulation 
(short distances)

Adulthood: 
independent 
ambulation, 
climb stairs

Supported 
indoors 
ambulation in 
mildest 
patient until 
11y

Evolution of 
motor 
performance

Improving Stable NA Stable Stable WCB before 
adulthood

Scoliosis Yes (early 
childhood)

Yes (early 
childhood)

No Yes (early 
childhood) + 
Arthrodesis at 
16y

No Progressive 
scoliosis and  
arthrodesis  in 
3 

Rigid spine No Yes in III.2 No Yes Yes Yes (n=2)

Respiratory 
involvement

Respiratory 
infections since 
7m. Nocturnal 
non-invasive 
ventilation since 
age 3y

Restrictive RF 
since childhood.  
Latest FVC 60% 
(III.1, 22y) and 
52% (III.2, 18y). 
No assisted 
ventilation.

From birth. 
Neonatal 
respiratory 
distress needing 
tracheostomy 
and ventilation. 
Died from RF at 
8m

Restrictive RF. 
Nocturnal non-
invasive 
ventilation since 
18y. Latest 
FVC 35% (35y)

Latest FVC 
80% (63y). 
Obstructive 
sleep apnea 
syndrome 
treated by 
CPAP

From birth 
(n=3) and 
from 2y(n=1). 
Ventilation in 
the 1st year of 
life in 3 and 
from 11y in 
the mildest

Cardiac 
involvement

No No No No DCM (LVEF 
25%) in the 
5th  decade

DCM in the 
3rd decade 
(n=1)

Joint 
contractures

Yes (Achilles) No No Yes (elbows, 
achilles). Joint 
hyperlaxity LL

Yes (elbow, 
mild)

Yes (n=2); 
Hyperlaxity 
(n=4) 

Skin 
involvement

No No Yes 
(hyperelasticity)

Yes 
(hyperelasticity, 
FH)

Yes (xerosis, 
FH)

Yes (hyper-
elasticity, 
xerosis, FH)

Dysmorphic 
features

Flat face, 
retrognathia 

No Flat face, 
prominent 
venous 
markings, 
tapering fingers

Elongated face, 
low-set ears, 
retrognathia. 
Flat thorax, 
pectus 
excavatum.  

Flat face, 
retrognathia. 
Flat thorax, 
pectus 
excavatum.  

Flat face 
(n=2), flat 
thorax (n=3), 
funnel thorax 
(n=1), pectus 
excavatum 
(n=2), valgus 
feet (n=2), 
high arched 
palate (n=1)

Other 
features

Underweight 
(<P3)
Learning and 
writing 
difficulties

Right-eye 
keratoconus 
(III.1)

Underweight 
(<P4) (III.2)

Severe 
ophthalmo-
plegia

Underweight 
(<P3). Myopia

Mild 
ophthalmo-
paresis. 
Myopia

LL 
lipodystrophy 
(n=2), 
learning 
difficulties 
(n=2), 
language 
delay(n=1), 
testicular 
ectopia and 
delayed 
puberty (n=1)

Table 1. Summarized clinical findings. F: female; M: male; m: months; y: years; UK: unknown; NA: non 
applicable; NH: neonatal hypotonia; DMM: Delayed motor milestones; RF: respiratory failure; WCB: 
wheelchair-bound; CPAP: Continuous Positive Airway Pressure; DCM: Dilated cardiomyopathy; LVEF: 
Left ventricular ejection fraction; FH: follicular hyperkeratosis; LL: lower limbs; #Proband BOS1248-1 in 
The Manton Center for Orphan Disease Research database. 
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Patient Age at 
biopsy Muscle sampled Major findings

AIII.2 4 years Quadriceps
IN, FSV, type1 fiber predominance (95%) and hypotrophy, 

minimal endomysial fibrosis, whorled fibers, minicores

BIII.1 9 years Quadriceps Reported as normal

CIII.7 2 months Quadriceps
IN, FSV, type1 fiber predominance and hypotrophy,

endomysial fibrosis

DII.2 27 years Biceps brachii
IN, FSV, type 1 fiber predominance (99%),

minicores, rimmed sarcolemma

EII.4 56 years
2 Quadriceps 

biopsies

IN, FSV, type 1 fiber predominance, lobulated fibers;

minicores in one biopsy; rods, cytoplasmic bodies

and caps in a second biopsy

Table 2. Main histological findings in skeletal muscle biopsies from five patients. IN: 
internalized nuclei. FSV: abnormally increased fiber size variation. 
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