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Abstract

DYNC1H1 encodes the heavy chain of cytoplasmic dynein 1, a motor protein complex implicated
in retrograde axonal transport, neuronal migration, and other intracellular motility functions.
Mutations in DYNC1H1 have been described in autosomal dominant Charcot-Marie-Tooth type 2
and in families with distal spinal muscular atrophy (SMA) predominantly affecting the legs
(SMA-LED). Recently, defects of cytoplasmic dynein 1 were also associated with a form of
mental retardation and neuronal migration disorders. Here we describe two unrelated patients
presenting a combined phenotype of congenital motor neuron disease associated with focal areas
of cortical malformation. In each patient we identified a novel de novo mutation in DYNC1H1: c.
3581A>G (p.GIn1194Arg) in one case and ¢.9142G>A (p.Glu3048Lys) in the other. The
mutations lie in different domains of the dynein heavy chain, and are deleterious to protein
function as indicated by assays for Golgi recovery after nocodazole washout in patient fibroblasts.
Our results expand the set of pathological mutations in DYNC1H1, reinforce the role of
cytoplasmic dynein in disorders of neuronal migration and provide evidence for a syndrome
including spinal nerve degeneration and brain developmental problems.
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Dyneins are a family of ATP-driven motor proteins that move toward the minus ends of
microtubules [Vallee et al., 2012]. Cytoplasmic dynein 1 (hereafter “cytoplasmic dynein” or
“dynein”) transports diverse intracellular cargoes and generates forces involved in cell
division. In the nervous system it has been implicated in retrograde axonal transport and
neuronal migration. Cytoplasmic dynein consists of heavy, intermediate, light intermediate,
and light chains. The heavy chain contains a long N-terminal tail domain, responsible for
dimerization, binding of other subunits and recruitment of cellular cargoes. The C-terminal
region of the heavy chain contains the motor domain, arranged as a ring of six globular
AAA modules, which hydrolyze ATP to generate force along microtubules [Carter et al.,
2011]. Dynein can interact directly with cargo through its accessory subunits, or indirectly
through its accessory complexes, which each also regulates dynein motor activity. Two
major regulatory complexes are dynactin and NudE- or NudE-LIS1 which act via the dynein
intermediate chain [Vallee et al., 2012]. Mutations in NudE, NudEL, and LIS1 cause
alterations in mouse, rat, and human brain development, leading to microcephaly and
lissencephaly [Dobyns et al., 1993; Feng et al., 2000; Sasaki et al., 2000; Tsai et al., 2005;
Alkuraya, et al., 2011]. In contrast, mutations in dynactin result in various motor neuron
diseases including amyotrophic lateral sclerosis (ALS) and hereditary motor neuropathy
type VIIB (HMNVIIB) [Puls et al., 2003].

Loss-of-function mutations in DYNC1H1 (MIM# 600112) were initially recognized as a
cause of spontaneous murine phenotypes: Legs at odd angles (Loa), Cramping 1 (Cral)
[Hafezparast et al., 2003] and Sprawling (Swl) [Chen et al., 2007] mice. These mice display
progressive loss of locomotor ability and limb deformity, which in the case of Loa and Cral
mice is due to a deficiency in the number of spinal cord motor neurons [Hafezparast et al.,
2003]. Interestingly, the brains of Loa mice also show cortical disorganization and reduction
in the rate of radial migration of bipolar neurons [Ori-McKenney KM and Vallee RB, 2011].
These results provided evidence that mutations in dynein can alter cortical lamination and
result in a syndrome of combined peripheral neurodegeneration and brain developmental
defects.

Recently mutations in DYNC1H1 have been associated with three human phenotypes: an
axonal form of Charcot-Marie-Tooth (CMT-20) [Weedon et al., 2011], a type of distal
spinal muscular atrophy (distal SMA) predominantly affecting the lower extremities (SMA-
LED) [Harms et al., 2010, Harms et al., 2012, Tsurusaki et al., 2012] and hereditary mental
retardation with cortical neuronal migration defects [Vissers et al., 2010, Willemsen et al.,
2012].

While writing this report further 11 patients carrying mutations in DYNC1HZ1 mainly

presenting with severe brain abnormalities and focal or generalised epilepsy were also
described [Poirer et al., 2013]. In three patients, common signs of a possible peripheral
neuropathy were detected (but demonstrated with nerve conduction study in one case).

Equally, selected CMT or distal SMA patients presented with cognitive impairment, though
this was not followed up by brain imaging [Weedon et al., 2011, Harms et al., 2012]. (see
Supp. Table S1)
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Assuming that the combination of neuropathy and brain malformation might be the hallmark
of a dynein defect, we tested for DYNC1H1 mutations in four patients presenting with both
distal SMA and abnormal cortical gyration and identified two novel missense mutations in
DYNC1H1: ¢.3581A>G (p.GIn1194Arg) and ¢.9142G>A (p.Glu3048Lys), from two
unrelated patients of Italian origin.

The first case is a 19-year-old male, born to healthy parents, and who presented at birth with
congenital foot deformity. EMG indicated signs of muscle denervation, and a muscle biopsy
at age five confirmed neurogenic damage. A brain MRI at age 14 revealed bilateral
widening of sylvian fissures with perisylvian abnormal gyration and polymicrogyria (PMG)-
like cortical malformation (Figure 1A-B). Mild cognitive impairment was detected,
especially in verbal skills with a verbal 1Q of 44 on the Wechsler Intelligence Scale for
Children-111 at age 15. At last neurological examination he showed pes cavus, lower limb
weakness and atrophy with waddling gait (Supp. Figure S1). Hyperlordosis and right curve
scoliosis were also present. An EEG showed non-specific abnormalities, and the patient
never manifested seizures. No sensory problems were reported and nerve conduction studies
were normal.

The second case is a 9-year-old male, born to healthy parents, and who displayed bilateral
foot deformity at birth and delayed motor milestones with floppiness. EMG and muscle
biopsy performed at 18 months detected neurogenic alterations of lower limb muscles.
Nerve studies displayed normal motor and sensory conductions. A brain MRI at age 4
revealed multiple areas of cortical gyration anomalies and PMG-like cortical malformations
involving the perisylvian/insular regions, the right occipital lobe and right posterior
cingulum (Figure 1C-D). Upon most recent neurological examination, the patient could
walk with bilateral support from orthoses. Muscle bulk was reduced in the legs, and mild
weakness was noted in the shoulder girdle muscles. Deep tendon reflexes were globally
absent. While standing the patient demonstrated hyperlordosis of the spine (Supp. Figure
S1). Mild cognitive impairment was present with attention defect.

A lower extremity muscle MRI was performed in both patients at 19 and 9 years old,
respectively. Proximal to the knee, the muscle scans displayed a pattern of diffuse atrophy
and fat replacement of the thigh muscles, however there was selective hypertrophy of the
adductor longus and semitendinosus muscles (Figure 1 H-I). Distal to the knee, the MRI
showed preferential involvement of the posterior compartment with severe fat replacement
of both gastrocnemii and relative preservation of anterior tibialis (Figure 1H-I). These
findings are largely consistent with previous reports of distal SMA of idiopathic genetic
origin [Mercuri et al., 2004], but also suggest a pattern of muscle damage distinctively
linked to defective dynein. In particular, the calf muscle involvement is apparently different
from that described in TRPV4 mutated distal SMA patients [Astrea et al., Neurology 2012].

Genetic analysis ruled out deletion of SVIN1, a common cause of SMA, and mutations in
HSPB1, HSPB8, BSCL2, SETX and TRPV4, all known genes implicated in distal SMA or
hereditary motor neuropathies [Rossor et al., 2012]. Adopting a “reverse” candidate gene
approach, we used skin fibroblast RNA as template and amplified the coding region of
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DYNC1H1 (NM_001376.4) by RT- PCR and identified two novel missense variants. Both
mutations were then confirmed on peripheral blood DNA using specific genomic primers.

In the remaining 2 cases no pathogenetic mutations of DYNC1H1 were identified. The
patients were female, ages 2.6 and 4, presenting severe muscular atrophy of neurogenic
origin with foot malformation and abnormalities of the central nervous system, including
cortical dysplasia. The older patient also had ocular malformation and involvement of upper
limbs, whereas the younger patient developed dysphagia and respiratory defect.

In patient 1 we identified a novel heterozygous variant ¢.3581A>G (p.GIn1194Arg) in exon
16. This de novo mutation was not detected in other family members, in 500 ethnically-
matched control chromosomes, nor in large SNP databases. ¢.3581A>G (p.GIn1194Arg)
replaces a highly conserved (Supp. Figure S1 C) hydrophobic glutamine with a hydrophilic
arginine at residue 1194, which is positioned in the small flexible “neck domain” (aa
1150-1300) that has been proposed to participate in interactions between the AAA ring of
the motor domain and the large “linker” domain connected to the dynein tail. As such the
neck domain may have a role in dynein step size or force production. [Roberts et al., 2012].
In silico predictions indicated that the mutation is deleterious (Condel score of 0.948;
Polyphen-2 score of 1) and disease causing (Mutation Taster, score of 0.999). Accordingly,
structural modeling of the tail region (Supp. Methods), suggested that p.Q1194R alters the
conformation of the region lowering the global stability of this domain (Figure 2A).

The missense mutation detected in patient 2 (also heterozygous), c. 9142G>A
(p.Glu3048Lys), lies in exon 47 of DYNC1H1 and replaces a highly conserved (Supp.
Figure S1 D) glutamic acid with lysine. This mutation was not found in the parents of the
patient nor in 200 control chromosomes and in silico predictions indicated that it is
deleterious (Condel score of 0.782; Polyphen-2 score of 0.998), and disease causing
(Mutation Taster score of 0.999). Unlike most of the previously described mutations in
DYNC1H1, ¢.9142G>A (p.Glu3048Lys) is located in the motor domain of the protein in the
unique helical insert (pre-Sensor 1) that extends from a-helix 3 (H3) and p-sheet 4 (34) of
the AAA4 module. The mutation is not expected to affect the overall structure of the AAA4
module, but might decrease the global stability of the domain since the mutation drastically
changes electrostatic surface potential of the entire module (Figure 2B). According to the
crystal structures of dynein [Kon et al., 2012, Carter et al. 2011], the pre-Sensor | region of
the AAA4 domain (as well as the H3/B4 inserts that lie in AAA2, AAA3 modules) is a
secondary binding site for the linker domain during the mechanochemical cycle of the
motor. In this context, the decrease of negative surface charge of the pre-Sensor I region
caused by the mutation might alter interactions with the linker domain and impair dynein
activity.

To further assess the pathological consequences of the ¢.3581A>G (p.GIn1194Arg) and c.
9142G>A (p.Glu3048Lys) mutations, we assayed for dynein function in the patients’
cultured skin fibroblasts. We did not detect any obvious defects in the typical perinuclear
distribution of lysosomes or the Golgi apparatus, as occurs under conditions of severe
dynein inhibition [Burkhardt et al., 1997]. Most lysosomes were immobile, making live
analysis of motor-mediated transport difficult. To test for more subtle changes in motor
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behavior, we examined Golgi reassembly following microtubule depolymerization by
nocodazole and subsequent drug washout, as performed with cultured fibroblasts from
homozygous Loa mice [Hafezparast et al. 2003] and dynactin mutant human fibroblasts
[Levy et al. 2006]. We observed clear delays in Golgi reassembly at 60 and 90 minutes
when compared to control fibroblasts. The effect was more severe in Patient 2 than in
Patient 1 (Figure 2C-E). We also tested ¢.3581A>G (p.GIn1194Arg) and ¢.9142G>A
(p.Glu3048Lys) mutant dynein from fibroblast cytosolic lysates for its biochemical
behavior. We observed apparently normal behavior, with the protein sedimenting as a
symmetric peak at ~20S, as judged by immunoblotting of sucrose gradient fractions (Supp.
Figure S2). Microtubule (MT) binding of the mutant dynein from the cytosolic lysates and
its release from microtubules by ATP also appeared normal (Supp. Figure S2).

Our study characterizes two novel DYNC1H1 variants and confirms that mutations in either
tail or motor portions of the protein can give rise to a similar clinical and cellular phenotype,
providing evidence for the importance of the two dynein heavy chain regions in normal
physiological function. Mutation ¢.3581A>G (p.GIn1194Arg) is the first within the newly
described dynein neck region, and offers the first test of its physiological significance.
Notably this locus is close to the mouse Cral mutation, which also has neurodegenerative
consequences, though effects on brain development have not been assessed [Hafezparast et
al 2003]. In addition, the neck domain may interact with the AAA4 ring of the motor
domain, which interestingly, is the region containing the other mutation investigated here, c.
9142G>A (p.Glu3048Lys). Thus both mutations conceivably affect a common motor-tail
interaction mechanism, which is further suggested by similar cellular and physiological
effects observed in the two patients from this study.

From a clinical prospective the current work is also the first to report the association of
cortical malformation with effects on spinal nerves and to provide a distinctive pattern of
brain and muscle pathologies as visualized by MRI. In particular, the PMG-like cortical
malformation identified in the patients is clinically mild and is distinct from classic PMG
comprising cobblestone-like features, such as over-migration of neurons through gaps in the
leptomeninges. The latter should be more correctly classified as a cobblestone-like
malformation, according to current nomenclature [Barkovich et al. 2012]. Conversely, the
distal involvement of motor neurons is the predominate and most disabling feature, and the
patients could be either classified as distal SMA or more specifically as SMA-LED, if the
prevalent lower limb weakness is taken into account. Importantly, the combined features of
cortical malformation and spinal motor neuron defect in our cases recall the dual
involvement of the peripheral and central nervous systems in mice with mutated DYNC1H1
and delineate a similar human pathology, representing a possible continuum of clinical
presentation.
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Figure 1.
Brain MRI examinations of Patient 1 (A-B) and Patient 2 (C-D), with corresponding

normal control images (E-G) and muscle MRI examination of Patient 1 (H) and Patient 2 (1)
at thigh and calf level

Axial A) and right parasagittal B) 3D SPGR T1-weighted images show abnormal gyration
and delicate PMG-like cortical malformation involving the insulae (white arrowheads) and
Heschle gyri (white arrows) with abnormal vertical orientation of the posterior part of
sylvian fissure (black arrow). C) Axial 3D TFE T1-weighted image reveals bilateral
perisylvian PMG-like cortical malformation involving the insulae (white arrowheads) and
Heschle gyri (white arrows). Note an additional area of abnormal cortical gyration with
infolding (black arrows) in the right occipital lobe. D) Coronal 3D TFE T1-weighted image
depicts another area of abnormal cortical gyration with infolding (black arrow) in the right
posterior cingulum slightly deforming the right lateral ventricle.

In muscle MRIs of lower limbs patients present diffuse atrophy and fat replacement of the
thigh muscles which appear more prominent in Patient 2 (1), who accordingly displays the
most severe phenotype. A selective similar sparing with compensatory hypertrophy of the
adductor longus (al) and semitendinosus (st) muscles is evident to a similar extent in both
cases. At leg level, MRI showed severe fat replacement of medial gastrocnemii (mg) with
relative preservation of anterior tibialis (ta).
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Figure 2.
A-B Protein modeling

A) Cartoon representation of secondary structure elements of the tail/linker region of
cytoplasmic dynein 1 heavy chain 1 protein. The model exhibits the typical three helix fold
of the spectrin repeat-domain (pfam00435) with the. GIn1194 residue (highlighted in red)
located in the a-helix B. The box is shows a magnification of the region of interest with the
predicted consequences of the replacement of Arginine for Glutamine at residue 1194. The
effect of mutation on protein structure and stability, as predicted by Rosetta Backrub server
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and FoldX, is that it determines a change in the conformation of the a-helix B and decreases
the global stability of the domain (AAG: 4.66 + 0.18 kcal/mol).

B) Cartoon (left) and electrostatic surface (right) representations of wild-type (upper) and c.
9142G>A (p.Glu3048Lys) (lower) AAA4-a/p submodule of human DYNC1H1 (residues
2870-3096). The AAA4-a/B domain exhibits the Rossmann-type fold with the Glu3048
residue located in the pre-Sensor | region (colored in red), the characteristic insert that
extends from a-helix 3 and p-sheet 4 of the AAA4 module. The ¢.9142G>A (p.Glu3048Lys)
mutation slightly decreases the global stability of the domain (AAG: 1.06+0.08 kcal/mol) but
severely alters the electrostatic surface of the pre-Sensor | region of AAA4 domain.
Electrostatic surface potentials were colored according to charge with blue denoting positive
charge (+5 kT/e-) and red, negative charge (-5 kT/e-).

C-E Nocodazole washout experiments with cultured skin fibroblasts from patients 1 and 2
(yellow and green bars respectively) or a control individual (cyan bars) lacking the dynein
mutations. Results are shown as percentage of cells from each cell line with bracketed
numbers representing the number of cells examined. C) For all cell lines, at the time of
nocodazole exposure, nearly 100% of cells had a fully disrupted Golgi. D) At 30 minutes
after nocodazole washout, a higher percentage of cells from patients 1 and 2, as compared to
control cells, showed a fully disrupted Golgi. E) At 90 minutes after nocodazole washout,
the percentage of cells with a fully disrupted Golgi was higher in patient cells compared to
control cells. This was particularly evident in patient 2, where the number of cells retaining a
fully disrupted Golgi was nearly 50% of the total. Results are taken from at least 3
Independent experiments. Error bars=standard deviation; n= number of cells. Unpaired t-
test: *, p<0.05 **, p<0.001.

F. Representative images of cultured skin fibroblasts with intact (upper panel), partially
disrupted (middle panel) and fully disrupted (lower panel) Golgi are shown. Golgi is stained
in red. Scale bars=5um.
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