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Phenotypic and molecular insights into Spinal Muscular Atrophy due to 

mutations in BICD2 
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Abstract  

Spinal muscular atrophy is a disorder of lower motor neurons, most commonly caused by 

recessive mutations in SMN1 on chromosome 5q.  Cases without SMN1 mutations are sub-

classified according to phenotype.  Spinal muscular atrophy, lower extremity-predominant, is 

characterised by lower limb muscle weakness and wasting, associated with reduced numbers 

of lumbar motor neurons and is caused by mutations in DYNC1H1, which encodes a 

microtubule motor protein in the dynein-dynactin pathway and one of its cargo adaptors, 

BICD2. We have now identified 32 patients with BICD2 mutations from nine different 

families, providing detailed insights into the clinical phenotype and natural history of BICD2 

-disease.  



BICD2 spinal muscular atrophy, lower extremity predominant most commonly presents with 

delayed motor milestones and ankle contractures.  Additional features at presentation include 

arthrogryposis and congenital dislocation of the hips. In all affected individuals, weakness 

and wasting is lower-limb predominant, and typically involves both proximal and distal 

muscle groups. There is no evidence of sensory nerve involvement. Upper motor neuron 

signs are a prominent feature in a subset of individuals, including one family with exclusively 

adult-onset upper motor neuron features, consistent with a diagnosis of hereditary spastic 

paraplegia. In all cohort members, lower motor neuron features were static or only slowly 

progressive, and the majority remained ambulant throughout life. 

Muscle MRI in six individuals showed a common pattern of muscle involvement with fat 

deposition in most thigh muscles, but sparing of the adductors and semitendinosus. Muscle 

pathology findings were highly variable and included pseudomyopathic features, neuropathic 

features, and minimal change. 

The six causative mutations, including one not previously reported, result in amino acid 

changes within all three coiled-coil domains of the BICD2 protein, and include a possible 

’hot spot’ mutation, p.Ser107Leu present in four families. We used the recently solved crystal 

structure of a highly conserved region of the Drosophila orthologue of BICD2 to further-

explore how the p.Glu774Gly substitution inhibits the binding of BICD2 to Rab6. 

Overall, the features of BICD2 spinal muscular atrophy, lower extremity predominant are 

consistent with a pathological process that preferentially affects lumbar lower motor neurons, 

with or without additional upper motor neuron involvement.  Defining the phenotypic 

features in this, the largest BICD2-disease cohort reported to date, will facilitate focused 

genetic testing and filtering of next generation sequencing-derived variants in cases with 

similar features.  
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Introduction 

Spinal muscular atrophy is characterised by non-length dependent loss or abnormal 

development of lower motor neurons. The most common form of spinal muscular atrophy is 

caused by recessive mutations in the SMN1 gene on chromosome 5q (Lefebvre et al., 1995).  

There are, however, a group of spinal muscular atrophies not caused by SMN1 mutations 

(referred to as non-5q spinal muscular atrophy) and these are classified according to the 

clinical phenotype (Mercuri et al., 2004, Reddel et al., 2008).  Spinal muscular atrophy, 

lower extremity predominant  also known as dominant congenital spinal muscular atrophy 

describes a group of affected individuals with non-5q spinal muscular atrophy who have both 

proximal and distal weakness and wasting of lower limb muscles, but relative sparing of the 

upper limbs (Mercuri et al., 2004, Reddel et al., 2008, Oates et al., 2012). Affected 

individuals present at birth or in the first five years of life with contractures of the ankles and 



knees and/or congenital hip dysplasia/dislocation.  Developmental motor milestones are 

delayed but eventually attained. Sensory symptoms and signs are typically absent. Affected 

individuals maintain the same degree of disability in later life suggesting a non-progressive 

disorder of motor neuron development.   

Mutations in DYNC1H1 were the first to be identified as a cause of spinal muscular atrophy, 

lower extremity predominant (OMIM: 158600) (Weedon et al., 2011, Harms et al., 2012, 

Tsurusaki et al., 2012, Fiorillo et al., 2014).  This gene encodes the force-generating subunit 

of the cytoplasmic dynein motor complex, which is responsible for the transport of a large 

number of cellular constituents towards the minus ends of microtubules (Roberts et al., 

2013).  More recently, mutations in the dynein adaptor protein BICD2 have been identified in 

a series of patients with spinal muscular atrophy, lower extremity predominant (OMIM: 

615290) (Neveling et al., 2013, Oates et al., 2013, Peeters et al., 2013, Synofzik et al., 2013). 

A post mortem study of one individual with spinal muscular atrophy, lower extremity 

predominant, subsequently found to have a p.Ser107Leu mutation in BICD2, showed features 

suggestive of a developmental disorder of lumbar and to a lesser extent cervical motor 

neurons (Oates et al., 2012). BICD2 mutations have also been identified in one family with 

hereditary spastic paraplegia (Oates et al., 2013) 

The prototypic bicaudal (BICD) protein is from Drosophila and was identified as a result of a 

dominant mutation that causes mirror image duplications of posterior structures (bicaudal 

means ‘two tails’) because of defective transport of an mRNA that patterns the embryonic 

axis (Mohler and Wieschaus, 1986, Liu et al., 2013).  In mammals there are two BICD 

homologues (BICD1 and BICD2), as well as two BICD-related proteins (BICDR1 and 

BICDR2) (Terenzio and Schiavo, 2010). BICD and BICDR proteins link a variety of cellular 

cargos to the dynein motor complex, including vesicles and messenger RNAs (mRNAs) 

(Larsen et al., 2008, Dienstbier et al., 2009, Bianco et al., 2010, Li et al., 2010, Splinter et al., 



2010, Hu et al., 2013). BICD proteins are comprised of three putative coiled-coil (CC) 

domains (Fig. 1 (A)), which lead to the formation of a homodimer.  The N-terminal domain 

(consisting of CC1 and part of CC2) interacts with the dynein motor complex and its 

accessory complex dynactin (Hoogenraad et al., 2001, Splinter et al., 2012). The highly 

conserved CC3 domain mediates binding to cargos through direct interactions with cargo-

associated proteins. These cargo-associated proteins include the G protein Rab6 in its GTP 

bound form (Rab6-GTP) (in the case of Golgi-derived vesicles) (Matanis et al., 2002), 

Egalitarian (Egl) and fragile X mental retardation protein (Fmr1) (in the case of mRNA) 

(Dienstbier et al., 2009, Bianco et al., 2010) and Clathrin heavy chain (in the case of vesicles 

within the presynaptic termini of Drosophila neuromuscular junctions) (Li et al., 2010).  CC2 

of human BICD2 interacts with the heavy chain of kinesin-1 (both isoforms KIF5A and 

KIF5B) and may co-ordinate the activity of this plus end-directed microtubule motor with 

that of dynein (Grigoriev et al., 2007). Two recent studies provided compelling evidence for 

a model in which BICD2 promotes long distance movement of dynein by stimulating its 

association with the dynactin complex, thereby coupling cargo binding to activation of the 

motor (McKenney et al., 2014, Schlager et al., 2014).    

In this study we describe the clinical phenotype of 32 individuals from nine families with 

spinal muscular atrophy, lower extremity predominant due to mutations in BICD2. Affected 

individuals had one of six mutations, which span all three coiled-coil domains of the protein. 

These include a previously unreported mutation, p.Ala535Val, and a likely ’hot spot’ 

mutation, p.Ser107Leu. We also used the recently solved crystal structure from CC3 of the 

Drosophila BicD (Liu et al., 2013) to elucidate the effect of the p.Glu774Gly mutation on 

BICD2 cargo binding. 



Patients and Methods 

Patient identification 

Patients were recruited to this study from the inherited neuropathy and neurogenetics clinics 

at the National Hospital for Neurology and Neurosurgery and Great Ormond Street Hospital, 

London, The Children’s Hospital at Westmead, Sydney, Australia, The Division of 

Orthopaedics, Medical University of Vienna, Austria, The Departments of Neurology and 

Paediatrics, Medical University-Sofia, Bulgaria,  The Department of Neurology at the 

University of Rochester Medical Centre and the Department of Neurology at the Connecticut 

Children’s Medical Centre.  All families included in this study had mutations in BICD2 

identified using whole exome sequencing, with or without preceding linkage analysis to 

identify candidate regions of interest, as previously described (Wheeler et al., 2008, Li and 

Durbin, 2009, McKenna et al., 2010, McLaren et al., 2010, Zuchner et al., 2011, Gonzalez et 

al., 2013, Peeters et al., 2013).  All mutations identified were confirmed by Sanger 

sequencing and segregation analysis was performed using DNA from all available family 

members with the exception of Family 7 in whom DNA was only available from the proband. 

Clinical assessment 

Affected individuals were recruited into the study if they had a confirmed mutation in 

BICD2.  32 individuals from nine different families were recruited. Cohort members were 

seen in one of the participating specialist neuromuscular centres and assessed by a senior 

neurologist specialising in neuromuscular diseases (MMR, FM, KN, MAG, DH, IT, IL, RC). 

The clinical assessment consisted of a detailed medical history and a neurological 

examination in all cohort members, with neurophysiological studies performed in 23/32 

cohort members. 



MRI 

Muscle MRI was performed in six patients. Axial and coronal planes of the pelvis and lower 

limbs were obtained using conventional T1-weighted spin echo sequences. 

Histological analysis 

A muscle biopsy was performed in two cohort members from Family 6. Autopsy-derived 

muscle tissue was available from a third cohort member from Family 1. Muscle histology 

was assessed by standard histological and histochemical stains and immunohistochemistry for 

fast (Families 1 and 6) and slow myosin heavy chains (Family 6 only).  

Structural analysis 

The structure of the minimal Rab6-binding region of Drosophila melanogaster BicD (from 

PDB file 4BL6) was modified in the program Pymol (DeLano, 2008) by manually 

substituting residues that are specific for the human protein. The dimer of A and D chains 

was used for the structural analysis in this study. Structures of human GCC185 (PDB file 

3BBP; (Burguete et al., 2008)) and mouse RAB6IP1 (PDB file 3CWZ; (Recacha et al., 

2009)) were derived from structures of each protein in complex with Rab6-GTP. Images of 

structures were generated in Pymol. 

Results 

Patients with mutations in BICD2 show a common phenotype 

In this study we report detailed clinical data from 32 patients from nine families with 

mutations in BICD2 (Figs. 1 and 2).  The identification of mutations in BICD2 and limited 

clinical description of 30 of these patients have previously been reported in (Oates et al., 

2013) and (Peeters et al., 2013). More detailed clinical and autopsy data from Family 1 is 



available in a publication which precedes the identification of the BICD2 mutations (Oates et 

al., 2012). The features of two individuals from one family (Family 8) with a typical spinal 

muscular atrophy, lower extremity predominant phenotype, and a BICD2 mutation 

(p.Ala535Val) that has not been reported previously were also included in this study. In  31 

of the 32 cohort members, from 8 of the 9 families, features were first noted in utero, at birth, 

or in early childhood, and consisted of lower limb predominant non length dependent 

weakness, wasting, and contractures of variable severity, with reduced or absent lower limb 

deep tendon reflexes (i.e. a “typical” spinal muscular atrophy, lower extremity predominant 

phenotype). A detailed summary of the phenotypic features is provided in Table 1. 

Onset in cohort members with typical spinal muscular atrophy, lower extremity predominant 

features (rather than Hereditary Spastic Paraplegia) was in the first decade and was often at or 

before the age of 5 (23/31 cases).  Antenatal onset characterised by reduced fetal movements, 

and/or breech presentation at delivery appeared to predict a more severe congenital 

presentation. Less severely affected individuals presented with toe walking due to Achilles 

tendon contractures.  

In all affected individuals muscle weakness and wasting were most marked in the lower limbs 

(Fig. 3). Wasting often involved both proximal and distal leg muscles.  The degree of wasting 

did not always correlate with the severity of weakness. For example, the affected male shown 

in Fig. 3C, has very severe wasting of both the thigh and lower leg but had only mild (MRC 

grade 4+) weakness of ankle dorsiflexion.  

Most cohort members were able to walk independently, with a minority requiring ankle foot 

orthoses to maintain foot positioning during ambulation. Occasionally a wheelchair was 

required (4/32 cohort members).  



Contractures at birth or in the first decade of life were a common but not universal feature.  

Ankle (Achilles) contractures were the most common form of contracture and often required 

surgical correction, typically in the second decade of life  

Congenital dysplasia of the hip with or without associated hip dislocation was present in 6/ 

32 cohort members. Surgical correction was required in half of the cases and one third of 

patients required the use of a wheelchair.  

In all affected cases the phenotype was predominantly motor.  Altered sensation in the hands 

and feet was described in four individuals (one of whom had a concurrent diagnosis of 

diabetes). In all cases, sensory symptoms and signs were not accompanied by abnormal 

sensory nerve action potentials (Table 2). 

The presence of upper motor neuron features in this cohort can be used to divide patients with 

mutations in BICD2 into three phenotypic categories, (i) pure lower motor neuron 

involvement (Families 1, 2, 3, 8 and 9), (ii) both upper and lower motor neuron involvement 

(Families 4, 5 and 6) and (iii) pure upper motor neuron involvement (Family 7). In Family 7, 

there was adult-onset of lower limb wasting, weakness and contractures, with a purely upper 

motor neuron phenotype consistent with the diagnosis of hereditary spastic paraplegia, rather 

than spinal muscular atrophy, lower extremity predominant.  This individual did not, 

however, have an EMG examination, and it is conceivable that a lower motor neuron 

component may have been missed. 

Scoliosis and lumbar hyperlordosis were present in 14 of 32 individuals. Scoliosis was never 

severe enough to warrant surgical correction. Scapular winging was present in 13/31 cohort 

members with typical spinal muscular atrophy, lower extremity predominant features 

(including 10/11 affected members of Family 3), all of whom had proximal lower limb 

involvement, with or without additional distal involvement. 



No cohort members had a history of epilepsy in contrast to individuals with spinal muscular 

atrophy, lower extremity predominant due to mutations in DYNC1H1, where epilepsy may be 

a common additional feature (Vissers et al., 2010, Willemsen et al., 2012, Poirier et al., 2013, 

Fiorillo et al., 2014). In addition, none of the seven cohort members from families 3, 4, 6 and 

7 who underwent brain MRI nor the  one patient from family 1 at post mortem, had evidence 

of malformations of cortical development.  Three individuals from three separate families had 

learning difficulties; in one this occurred in the context of perinatal birth injury and brain 

MRI showed periventricular T2 high signal consistent with hypoxic ischaemic 

encephalopathy. Brain MRI was performed in one of the remaining two cohort members with 

learning difficulties and was normal. 

Neurophysiology 

In the majority of affected individuals, motor nerve studies were normal with abnormalities 

only detected on EMG examination (Table 2). A reduction in compound muscle action 

potential of the common peroneal nerve was observed in five of 20 patients examined.  Nerve 

conduction velocities were normal and sensory action potentials were either normal or 

borderline reduced. The EMG features were typical of chronic denervation and included a 

reduced interference pattern and the presence of large motor units with or without polyphasia. 

There were no signs of acute denervation such as fibrillations and positive sharp waves in any 

of the cohort members studied. In some affected individuals the EMG examination, although 

limited, was normal. 

Central motor conductions studies were performed in two individuals from Family 6 and one 

from Family 7, all of whom had upper motor neuron signs. Cortical magnetic motor evoked 

potentials to the lower limbs were prolonged in one individual from Family 7 and normal in 

one individual from Family 6. In the other individual from Family 6, cortical magnetic motor 



evoked potentials were normal but motor evoked potentials using spinal magnetic stimulation 

of the ventral roots were borderline prolonged. 

Muscle MRI 

MRI of the muscles at the level of the thigh and calf was performed in six individuals from 

four families. The severity of fat replacement of muscle varied in proportion to the clinical 

severity but conformed to a common pattern with selective involvement and sparing of 

individual muscles. A striking feature was the presence of small foci of normal muscle within 

fatty muscle tissue (Fig. 4). 

At the level of the thigh there was variable fatty replacement of the rectus femoris, vastus 

lateralis, vastus intermedius, semimembranosus, long head of biceps and sartorius with 

sparing and in some cases hypertrophy of the adductor and semitendinosus muscles. At the 

level of the calf there was fatty replacement of the tibialis anterior and gastrocnemius muscles 

with sparing of the peroneal muscles.  This is a very similar pattern to that seen in patients 

with spinal muscular atrophy, lower extremity predominant due to mutations in DYNC1H1 

(Fig. 4). 

Brain and Spine MRI 

MRI of the brain and spine was undertaken in four members of Families 5 and 6 (with typical 

spinal muscular atrophy, lower extremity predominant features) and in one member of 

Family 7 (with a diagnosis of hereditary spastic paraplegia). In all cases imaging was normal.  

Muscle Histology 

Muscle histopathology findings were variable in the three affected individuals for whom 

muscle was available (Fig. 5).  A quadriceps needle biopsy taken from individual II.2 of 

Family 6 at 39 years showed marked variation in fibre size (5-150 microns) with increased 



internal nuclei, increased connective tissue, whorled and split fibres and frequent mini-core 

like lesions with absent oxidative enzymes. Fibre typing with NADH-TR was indistinct and 

the majority of fibres expressed slow myosin. Fast myosin was present in a few small fibres 

(data not shown). Individual III.2 from the same family had a muscle biopsy at 3 years from 

an unspecified site and showed mild variability of fibre size with type I fibre uniformity 

across all fascicles (based on NADH staining). Both biopsies were interpreted to be 

myopathic. In the affected individual in whom denervation was the predominant feature at 

autopsy (IV.2 from Family 1), atrophic fibres were generally positive for fast myosin. Fast 

myosin negative fibres appeared to be numerous, and were predominant in many areas. For 

all assessed muscles, groups of fast myosin negative fibres were more common than groups 

of fast myosin positive fibres, and fast myosin negative fibres were typically normal in size, 

or hypertrophied. The overall picture was in keeping with chronic denervation with 

reinnervation. The diaphragm was histopathologically normal (data not shown). A description 

of the autopsy-based muscle and spinal cord histopathology has previously been published 

(Oates et al., 2012).  

Prognosis 

Disease progression was extremely slow or static, particularly once affected individuals 

reached adulthood.  This is in contrast to many other forms of spinal muscular atrophy 

(including 5q spinal muscular atrophy) and distal hereditary motor neuropathy which 

typically follow a progressive course (Rossor et al., 2012), but is akin to spinal muscular 

atrophy, lower extremity predominant due to mutations in DYNC1H1. While the lower motor 

neuron weakness was slowly or non-progressive, upper motor neuron signs when present 

became more prominent with increasing age. 



The p.Ser107Leu substitution may represent a mutation hot spot for BICD2 

The c.320C>T (p.Ser107Leu) mutation is in a CpG dinucleotide and most likely represents a 

methylcytosine-deamination mutation. Four of the nine families in this cohort have this 

mutation (Families 1,2,3,4). We have previously shown that Families 1 and 2 from Australia 

and Austria, respectively, share a 8-SNP haplotype with a background frequency in the 

European population of approximately 2% suggesting that the p.Ser107Leu mutation in these 

two families arose from a relatively recent founder mutation rather than arising de-novo in 

both families (Oates et al., 2013). Due to difficulties in establishing phase of relevant local 

SNP’s we were unable to determine whether Family 4 also shares a common haplotype. The 

absence of the p.Ser107Leu mutation in the first generation of Family 3 confirms that the 

mutation in this family has arisen independently from the mutation in other families. The 

p.Ser107Leu mutation may therefore represent a “hot spot” mutation. 

Structural insights into how the p.Glu774Gly mutation in BICD2 disrupts Rab6 

binding  

The p.Glu774Gly mutation in CC3 of BICD2 has only been described in a sporadic case of 

spinal muscular atrophy, lower extremity predominant in whom segregation could not be 

confirmed in the parents (Peeters et al., 2013). Co-precipitation studies in tissue culture cells 

showed that this mutation results in strongly reduced association between BICD2 and Rab6a, 

compared to the level observed for wild-type BICD2 (Peeters et al., 2013). Consistent with 

these findings, p.Glu774Gly also strongly reduced the enrichment of BICD2 with Rab6a-

positive structures, as assessed by fluorescence microscopy of cultured cells. The strong 

reduction in cargo association caused by p.Glu774Gly and the fact that the clinical phenotype 

is so similar to the phenotype of other individuals with familial BICD2 mutations ((Peeters et 

al., 2013) and Table 1), provides strong evidence that this is the causative disease mutation in 



the affected individual. However, it was not clear how this mutation results in altered BICD2 

cargo binding.  

To further explore this issue we exploited the recently solved 2.2 angstrom crystal structure 

from a region of CC3 of the Drosophila BicD protein (amino acids 656 – 745; PDB code 

4BL6), which contains the minimal Rab6-GTP binding domain (Liu et al., 2013). This is the 

only high resolution BICD protein structure currently available. The minimal Rab6-GTP 

binding region is comprised of amino acids (aa) 702 – 743 of the Drosophila protein (Liu et 

al., 2013), which corresponds to aa 761 – 802 of human BICD2. These sequences are 71.4% 

identical and 90.5% similar (i.e. accounting for substitutions of amino acids with similar 

properties) between Drosophila BicD and human BICD2. The structure of the Drosophila 

protein can therefore be used to model with confidence the structure formed by the human 

sequence.  

Glu774 (Glu715 in the Drosophila  protein) occupies a surface exposed position on the 

coiled-coil dimer (a g position in the heptad repeat that is the building block of the coiled-coil 

structure (Lupas and Gruber, 2005)) Fig. 6A). This amino acid is positioned close to other 

evolutionarily conserved residues that were shown to be critical for binding of the Drosophila 

BicD to Rab6-GTP (Liu et al., 2013) (Figs. 6A and B). Thus, the sidechain of Glu774 could 

be involved in directly contacting Rab6-GTP. Consistent with this notion, comparison of the 

electrostatic surface potential of this region of BICD2 with that of Rab6-binding regions of 

two other proteins, the coiled-coil protein GCC185 (Burguete et al., 2008) and RAB6IP1 

(Recacha et al., 2009), reveals the presence in all three cases of glutamate sidechains, which 

are large and negatively charged, flanking a region with positively charged and hydrophobic 

(i.e. neutral) residues. This arrangement may be required to form a functional Rab6-binding 

site. In the case of GCC185 and RabIP1, for which crystal structures are available in complex 

with Rab6-GTP, glutamate residues mediate direct interactions with the Rab protein 



(Burguete et al., 2008, Recacha et al., 2009). A similar function of Glu774 in BICD2 could 

therefore account for reduced Rab6-GTP binding when this residue is mutated to glycine, 

which has a minimal sidechain.  

Discussion 

In this study we report the features of the largest single cohort of patients with mutations in 

BICD2, and identify a common phenotype that allows for focused genetic testing and 

interpretation of whole exome or genome data.   

Onset of clinical features in members of this cohort with spinal muscular atrophy, lower 

extremity predominant (rather than hereditary spastic paraplegia), and in most previously 

published cases (Neveling et al., 2013) has typically been within the first decade of life. In 

the most severely affected individuals, onset is in utero.  One exception to this rule is a 

recently described three generation spinal muscular atrophy, lower extremity predominant 

kindred (with typical clinical and MRI features), segregating for a BICD2 mutation that 

results in an amino acid change (p.Arg747Cys) within the third coiled-coil domain of BICD2. 

While the youngest member of this kindred developed symptoms in childhood, her mother 

and grandfather did not notice symptoms until their 30s and early 40s’ (Synofzik et al., 

2013).  The later age of onset is similar to that for members of Family 7 (with a p.Lys508Thr 

mutation and a purely upper motor neuron phenotype) and suggests that in a minority of 

affected individuals the disorder may present after childhood. 

In all members of this cohort the lower limbs were disproportionately affected and the degree 

of wasting was often out of proportion to the degree of weakness.  This is in keeping with the 

phenotype of patients with spinal muscular atrophy, lower extremity predominant due to 

missense mutations in the cytoplasmic dynein heavy chain, DYNC1H1 (Weedon et al., 2011, 

Harms et al., 2012, Tsurusaki et al., 2012, Fiorillo et al., 2014).  The marked degree of lower 



limb muscle involvement was also evident on muscle MRI, which shows a characteristic 

pattern of muscle fat replacement and selective hypertrophy similar to that seen in patients 

with DYNC1H1 mutations.   

Despite the lower extremity predominance, mild upper limb involvement such as scapular 

winging was present in a subset of cohort members. Scapular winging has also been reported 

in patients with spinal muscular atrophy, lower extremity predominant due to mutations in 

DYNC1H1 (Harms et al., 2012), and, when present, may be a useful additional diagnostic 

clue to this group of disorders .  

Whilst the motor phenotype associated with BICD2 mutations is similar to that seen in 

individuals with DYNC1H1 mutations, malformations of cortical development and epilepsy, 

that are sometimes present in individuals with DYNC1H1 mutations, were not a feature in our 

BICD2 cohort.  Overall these findings suggest that mutations in BICD2 predominantly affect 

dynein function in motor neurons and that the effect of mutant DYNC1H1 on cortical 

development and neuronal migration is largely independent of BICD2. This notion is 

compatible with the finding that the dynein motor uses multiple adaptors, including different 

BICD family members (Kardon and Vale, 2009, Terenzio and Schiavo, 2010) to associate 

with different cargos. 

Mutations in TRPV4  have also been identified in a large kindred with typical spinal muscular 

atrophy, lower extremity predominant features (Fleury and Hageman, 1985, Auer-Grumbach 

et al., 2010), and in a small number of additional individuals with “congenital distal spinal 

muscular atrophy” (Astrea et al., 2012).  TRPV4 encodes a transient receptor potential cation 

channel, and mutations in TRPV4 are associated with a variety of clinical phenotypes 

including scapuloperoneal spinal muscular atrophy, Charcot-Marie-Tooth disease Type 2C, 

distal hereditary motor neuropathy (Auer-Grumbach et al., 2010, Deng et al., 2010, Landoure 

et al., 2010), and a range of skeletal dysplasias (Nishimura et al., 2012). The clinical and 



MRI features of TRPV4- spinal muscular atrophy, lower extremity predominant are subtly 

different to DYNC1H1- and BICD2- spinal muscular atrophy, lower extremity predominant 

e.g. equinovarus rather than calcaneovalgus foot deformities (Fleury and Hageman, 1985), 

and lower limb MRI does not show sparing of the thigh adductors, and semtitendinosus, but 

instead shows sparing of biceps femoris (Astrea et al., 2012). These differences suggest a 

different pathophysiology for TRPV4 related spinal muscular atrophy, lower extremity 

predominant.  

Whilst the phenotype of early onset, lower extremity predominant wasting and weakness is 

common to most patients with mutations in BICD2, there was considerable heterogeneity in 

terms of the severity of the phenotype. The reason for the phenotypic heterogeneity is 

unknown but has important implications for genetic counselling. 

The variable muscle pathology findings highlight the difficulty in diagnosing long standing 

denervation in small biopsies, as it is not always easy to distinguish myopathic fibre type 

predominance from extensive fibre type grouping. A range of secondary architectural 

abnormalities including structural lesions such as mini-cores and cores and fibrofatty 

infiltration, so called ‘pseudomyopathic’ features, may accrue over time in chronically 

denervated muscle confounding the diagnosis as seen in the biopsy from individual II.2, 

Family 6. The preferential atrophy of type II (fast) fibres suggests that the pathogenesis of 

this disease may favour preservation of motor neurons innervating slow fibres; however, this 

pattern is also observed in other chronic neurogenic conditions including 5q spinal muscular 

atrophy. 

It is clear from our cohort that there is involvement of upper motor neurons in a proportion of 

patients with mutations in BICD2. Although two individuals with mutations in CC1 displayed 

upper motor neuron features, upper motor neuron involvement appears to be more common 

in families with mutations in CC2.  The mutations in CC2 are found in the region that can 



interact with kinesin-1 (Grigoriev et al., 2007) but outside the region that is sufficient to bind 

the dynein-dynactin complex (Splinter et al., 2012) (Fig. 1). It is therefore possible that 

altered interactions of BICD2 with kinesin-1 are associated with upper motor neuron defects. 

Compatible with this notion, mutations of the kinesin-1 protein KIF5A are associated with 

familial hereditary spastic paraplegia (Reid et al., 2002).  

At the time of writing, three mutations have been identified in CC3 of BICD2: p.Thr703Met, 

p.Arg747Cys and p.Glu774Gly (Neveling et al., 2013, Peeters et al., 2013, Synofzik et al., 

2013).  Only the latter two residues are contained within the region of Drosophila BicD that 

was crystallised for structure determination (Liu et al., 2013). Based on the Drosophila 

structure, Arg747 of BICD2 is predicted to be in a region of highly unusual coiled-coil 

structure that regulates dynein recruitment in response to cargo binding to more C-terminal 

sequences (Liu et al., 2013). However, the consequence of an Arg to Cys change at this 

position is unclear. In contrast, our current analysis of the location of Glu774 within the 

modelled structure of human BICD2 suggests that the sidechain could directly interact with 

Rab6-GTP. This would account for the reduced Rab6 binding observed in a previous study of 

the p. Glu774Gly mutation (Peeters et al., 2013). Recent evidence suggests that the same or 

overlapping features on BICD proteins that mediate Rab6-GTP binding can also mediate 

interactions with other cargo-associated proteins (Liu et al., 2013). Thus, Glu744Gly may 

compromise binding to proteins other than Rab6-GTP and this may contribute to the 

pathophysiology in the individual with this mutation. Indeed, no evidence was found for an 

involvement of Rab6 in the loss-of-function phenotype of Drosophila BicD at the 

neuromuscular junction (Li et al., 2010). This phenotype, which is characterised by selective 

paralysis of posterior segments at larval stages and reduced neurotransmission, appears 

instead to be associated with defects in recycling of clathrin-associated synaptic vesicles (Li 

et al., 2010). 



In summary we have analysed the phenotypic features in the largest BICD2 cohort to be 

described and have confirmed that mutations in BICD2 typically cause early-onset non-

length dependent lower limb predominant weakness, wasting and contractures, with a 

relatively static clinical course.    

Overall, the features are consistent with BICD2-disease being a “developmental” form of 

spinal muscular atrophy – caused by a pathological process that preferentially affects the 

primary development and/or early survival of a specific subpopulation of lower motor 

neurons.  The clinical similarity between BICD2- and DYNC1H1- spinal muscular atrophy, 

lower extremity predominant has highlighted dynein-dynactin trafficking as a key cellular 

pathway in motor neuron patterning, primary development, and survival, and a potential 

therapeutic target for motor neuron disorders in general.  
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Figure 1. (A) The mutations described in this paper and their positions relative to the three 

coiled-coil domains (CC) of the BICD2 protein. Dynein and KIF5 (kinesin-1) binding regions 

were defined, respectively, by (Splinter et al., 2012) and (Grigoriev et al., 2007). The 

minimal Rab6-GTP binding region is based on analysis of the highly conserved Drosophila 

BicD protein (Liu et al., 2013). The importance of this region for Rab6 binding is also 

supported by truncation analysis of human BICD2 (Bergbrede et al., 2009). (B) Table 

summarising the BICD2 mutations and families described in this paper.  

 

Figure 2. The pedigrees of all nine families with mutations in BICD2 described in this paper.  

 

Figure 3. Clinical features of individuals with mutations in BICD2. A, B , C and D show 

images of the three affected generations of Family 6 (I.2, II.2, II.3, III.2). E is an image of the 

two younger affected members of Family 1 and their affected mother (III.2, IV.5, IV.6). In 

both families lower limb muscle wasting of varying severity, with normal muscle bulk 

elsewhere is evident. Image D also shows the calcaneovalgus foot positioning assumed by 

many affected individuals when weight bearing and ambulating. F (IV.5 from Family 1), G 

and H (II.1 from Family 4) demonstrates the marked wasting of both the upper and lower leg 

that is typically seen in more severely affected individuals. F and I show the pes planus and 

pes cavus foot deformities that are commonly seen in this disorder. J (III.1 from Family 3) 

shows the marked scapular winging that was present in 10 of the 11 affected members of this 

family, and in three affected individuals from other families. 

  



Figure 4. Lower limb muscle MRI findings in individuals with BICD2- & DYNC1H1-spinal 

muscular atrophy, lower extremity predominant. T1 weighted coronal and axial muscle MR 

images of the lower limb in individuals with spinal muscular atrophy, lower extremity 

predominant due to mutations in BICD2 (A to G, J, to M), with lower limb images from an 

individual with DYNC1H1-spinal muscular atrophy, lower extremity predominant 

(p.Arg598Cys mutation) (H, N) and an unaffected (normal) individual (I and O) shown for 

comparison. Images A to I are of the upper leg, including axial upper thigh images (B-I). 

Images J to O are of the lower leg, including axial lower calf images (K-O). The MRI panels 

correspond to the following cohort members; A, B, J, K = Family 1, III.2 (at age  32 years) ,  

C=Family 2 III.1  (at age 50 years),  D=Family 5, II.3 (at age 8 years), E and L = Family 6, 

II.3 (at age 52 years), F=Family 6, III.2 (at age 10 years) , G and M = Family 8 III.2 (at age 

45 years), H and N = DYNC1H1-spinal muscular atrophy, lower extremity predominant case 

(at age 20 years), I and O = normal individual (at age 33 years). MRI of the upper leg shows a 

common pattern of muscle involvement in individuals with mutations in BICD2 and 

DYNC1H1 with variable fat replacement of the muscles of the anterolateral thigh but relative 

sparing with or without relative hypertrophy of the semitendinosus muscle (white asterisk, 

image B), the medially placed adductor muscles (adductor longus, brevis and magnus; white 

arrows in B), and gracilis (‘g’ in image B). In milder cases , vastus lateralis and vastus 

intermedius (lower case yellow v in image G)  are less involved than in more severe cases 

(e.g. D), however rectus femoris (yellow arrow in G)  and long head of biceps femoris ( ‘b’ in 

image G) remain markedly involved. A striking feature is the presence of small foci of 

normal muscle within denervated muscle (red arrow in image F). 

MRI of the lower leg also shows a common pattern of muscle involvement in both BICD2 

and DYNC1H1 cases. The posterior compartment muscles (‘p’, image K), including the 

gastrocnemius and soleus are typically involved, with sparing with or without relative 



hypertrophy of the muscles of the lateral compartment (extensor digitorum longus and 

hallucus, peroneus longus and brevis – double asterisk, image K). Tibialis anterior is also 

markedly involved (arrow, image K), even in mildly affected individuals (image M) Relative 

sparing of gastrocnemius is sometimes seen in more mildly affected individuals (yellow ‘g’ 

in Image M – shown more severely involved with yellow ‘g' in image J).  

 

Figure 5. Muscle pathology in BICD2-spinal muscular atrophy, lower extremity predominant. 

Muscle pathology findings in BICD2-spinal muscular atrophy, lower extremity predominant 

are highly variable, and may show minimal change, pseudomyopathic features, and/or typical 

neuropathic features including fibre type grouping with or without atrophy. (A) shows 

pseudomyopathic changes with extreme fibre size variation, fibre splitting ( black star), 

slightly increased connective tissue, and internal nuclei ( black arrow) in an obliquely 

orientated quadriceps needle biopsy performed at 39 years of age from an affected member of 

Family 6 (II.2) (Haematoxylin and Eosin (H&E).  (B) NADH-TR oxidative enzyme staining 

of  the same muscle biopsy shows disturbed internal architecture including whorled fibres (B, 

white star) and frequent core- like lesions of variable size ( white arrow). (C, D) Images of a 

muscle biopsy from another affected individual from Family 6 (III.2), taken at 3 years of age 

from an unspecified muscle during corrective hip surgery showing little abnormality except 

variation in the number of fibres per fascicle (C H&E), and marked predominance/uniformity 

of type I fibres with staining for NADH-TR(D). (E &F) Post mortem sections of vastus 

lateralis from Family 1 member IV.2, aged 14 months, stained with H&E (E) and the serial 

area immunolabelled for fast myosin (F) showing increased interstitial fat , increased 

perimysial and endomysial connective tissue (E), and grouped atrophy of predominantly fast 

myosin-positive fibres (F). Hypertrophic fibres typically did not stain for fast myosin, 

suggesting they expressed slow myosin, but hybrid fibres were not assessed. Less severely 



involved lower limb muscles, such as the peroneus (Family 1 member IV.2) show areas of 

fibre-type grouping of normal-sized fibres (GH&E, F Fast myosin)). 

  



 

Figure 6. Structural analysis of the position of Glu774 in BICD2. (A) Representation of the 

structure of the minimal Rab6-binding region of BICD2 (aa  761 – 802), modelled on the 

crystal structure from CC3 of the highly conserved Drosophila BicD (PDB 4BL6). Sidechain 

group position of Glu774 in each polypeptide chain of the BICD2 coiled coil is shown 

(yellow arrows) with respect to those of residues that are known to be critical for Rab6-GTP 

binding to CC3 of the Drosophila protein (Liu et al., 2013). The orientation of the structure is 

selected to show the surface exposed position of Glu774. Note that there are two identical 

binding sites for Rab6-GTP on opposing faces of the coiled-coil dimer (Liu et al., 2013). 

Each binding site is likely to be comprised of sidechains from both polypeptide chains, which 

is the case for the interaction of the GCC185 coiled coil with Rab6-GTP (Burguete et al., 

2008). All sidechains shown are identical in the Drosophila proteins except Ile786, which is a 

Val in the fruit fly BicD. Ile and Val both have hydrophobic, aliphatic side groups and their 

properties are therefore very similar. (B) Electrostatic surface potential of structures of the 

minimal Rab6-binding regions of BICD2, GCC185 and Rab6IP, with putative Rab6-binding 

sites face-on. All three structures contain regions of negative charge (red) flanking regions 

that are hydrophobic (white) or positively charged (blue). GCC185 and Rab6IP contain 

negatively charged Glu residues that can directly contact Rab6-GTP (Burguete et al., 2008, 

Recacha et al., 2009).  Glu774 of BICD2 (labelled with a yellow arrow) may serve a similar 

function in binding to cargo associated proteins, thus explaining reduced Rab6 binding for 

p.Glu774Gly. Note that the region of the GCC185 coiled-coil that directly contacts Rab6-

GTP is comprised of at least 16 aa on each chain (Burguete et al., 2008), equivalent to the 

distance between Glu774 and Leu790 of BICD2. In each structure a subset of residues are 

labelled for orientation purposes (the choice of white and black lettering is purely to increase 



visibility against the background colour). The single letter aa code is used in the figure 

panels. 

 

Table 1. Clinical characteristics of individuals with BICD2 mutations: M = male, F = female, 

- = absent, + = mild, ++ = moderate, +++ = severe. TCV = Talipes Calcaneovalgus, CV = 

non-congenital calcaneovalgus foot deformities, ATT=Achilles tendon tightening, NIV = 

Non-invasive ventilation, UK= Unknown, CDH = congenital dysplasia +/- additional 

dislocation of the hips, UL=Upper limbs, LL=Lower limbs, prox = proximal, AFO = Ankle 

Foot Orthotics, OSA = Obstructive sleep apnoea, LD = Learning Difficulties. 

 

Table 2. A summary of the neurophysiology of patients with mutations in BICD2. *sub 

maximal stimulation, N=normal, - = not done, Amp = amplitude (μV), CV=conduction 

velocity (m/s), LL = Lower limbs, + = chronic denervation and re-innervation (reduced 

interference pattern, large polyphasic motor units), ++ = large amplitude non-polyphasic 

motor units action potentials, ^limited study 

 


