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Cerebellar hypoplasia, with quadrupedal locomotion,
caused by mutations in the very low-density
lipoprotein receptor gene
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The cerebellum is the primary motor coordination centre of the central nervous system. Lesions or
congenital defects of the cerebellum cause incoordination of the muscles resulting in irregular gait and
falling. Recently, we reported a large family with cerebellum hypoplasia and quadrupedal locomotion as a
recessive trait, which we mapped to chromosome 17p13. We identified one additional family with the
same condition and mapped the underlying gene to a 14-cM interval on chromosome 9ptel using a
genome-wide linkage approach. Sequencing of candidate genes identified a homozygous frameshift
mutation in the very low-density lipoprotein receptor (VLDLR) gene in all affected individuals. The
association of cerebellar hypoplasia with mutations in VLDLR has been reported previously in the Hutterite
population and in a family from Iran. However, quadrupedal locomotion was never observed indicating
that environmental factors play a major role in the pathogenesis of this form of locomotion.
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Introduction

The cerebellum is the control centre of the central nervous
system for muscle tone, balance, and the coordination of
movement. Numerous cerebellar malformations have been
described in humans, which share the prototypic feature of
impaired walking with a lack of coordination of gait and
limbs. Recently, we reported a large Turkish family with
five offsprings that have never learned to walk on two legs
due to a severe combined cerebellar and extrapyramidal
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movement disorder.? Instead, they have fully adapted to
quadrupedal palmigrade locomotion, a unique feature
highlighted in a BBC documentary (‘The Family that Walks
on All Fours’, 17 March 2006). This unique trait was
mapped to chromosome 17p13 and was named ‘Cerebel-
lum Hypoplasia, Mental Retardation and Quadrupedal
Locomotion syndrome’ (MIM 610185). We have now
studied a second Turkish family with the same clinical
condition present in three close relatives (Figure 1).

Materials and methods
Patient data

The index patient, a 38-year-old man, originates from a
very small village in the west part of Turkey. He has one
healthy brother. His sister died of an unknown reason at
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the age of 4 years. He was born after an uneventful
gestation and delivery. He began to walk on all fours after
the age of 2 years. He was never able to walk bipedally. On
the basis of clinical assessment, he was found to be severely
mentally retarded. The neurological examination revealed
a severe degree of cerebellar ataxia, intentional tremor,
dysarthria bilateral dysmetria, and dysdiadochokinesia. No
pyramidal signs were found. His body length was below the
third percentile, but head circumference was normal. The
sister and brother of his father showed the same type of
ataxia and the same gait phenotype as the proband. The
sister (aunt of the index patient) is able to walk bipedally
without assistance but prefers to use quadrupedal locomo-
tion. The index patient lives with his family. His aunt and
uncle live in another house by themselves, but the relatives
support them in their daily work of life. The degree of
their mental impairment is moderate to severe. They did
not attend school, and their verbal communication is
impaired. The lipid status of the affected individuals is not
known.
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Figure 1 Pedigree of family.
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A magnetic resonance analysis was obtained from the
index patient.

Molecular analysis

After obtaining written informed consent, we took blood
samples from available family members. DNA was ex-
tracted by standard protocols. A homozygosity for 17p13
was ruled out. A genome-wide scan using the 10K
Affymetrix SNP chip revealed a single locus for homo-
zygosity on chromosome 9p between 0.00 and 14 cM. This
interval includes an obvious candidate, very low-density
lipoprotein receptor (VLDLR), which is part of the reelin
(RELN) signalling pathway and is responsible for dysequili-
brium syndrome (DES) in the Hutterite population. Focus-
ing on VLDLR, we amplified the coding region of the
VLDLR, composed of 19 exons. Standard protocol PCRs
were carried out to amplify exons 1-19. PCR products were
analysed by 2% agarose gel electrophoresis. Purified PCR
products were sequenced in both directions by using PCR
primers as sequencing primers and the Applied Biosystems
Prism BigDye terminator cycle sequencing reaction kit. The
products were evaluated on an Applied Biosystems 3100
DNA sequencer.

Results

Magnetic resonance imaging (MRI) of the index patient
revealed hypoplasia of the cerebellum and vermis as well as
mild hypoplasia of the corpus callosum (Figure 2). Brain-
stem including midbrain and pons was of normal size.
These MRI findings are similar to our first family described
with cerebellar hypoplasia and quadrupedal locomotion.

Figure 2 (a) Three affected individuals showing quadrupedal locomotion. (b) MRI of brain showing hypoplasia of the cerebellum.
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Figure 3

Sequencing of VLDLR revealed a homozygous frameshift
mutation (c.2339delT, p.lle779fsX3) in exon 17 of the
VLDLR gene in all three of the affected members of the
family (Figure 3). This mutation results in a premature stop
codon after two additional amino acids. VLDLR has 19
exons. Exon 17 codes for amino acids 781-806 and as such
contains part of the transmembrane helices (amino acids
797-819).

Discussion

Dysequilibrium syndrome is an autosomal recessive con-
dition characterised by non-progressive cerebellar ataxia,
moderate-to-profound mental retardation, delayed ambu-
lation, and a static clinical course. The designation
‘Dysequilibrium syndrome’ was given®* to a form of
cerebral palsy with autosomal recessive inheritance char-
acterised by a variety of congenital abnormalities, includ-
ing mental retardation in most cases, disturbed
equilibrium with severely retarded motor development,
muscular hypotonia, and perceptual abnormalities indica-
tive of widespread brain dysfunction. Nine years later,
Schurig et al® presented 11 new cases among the Dariusleut
Hutterites of Alberta. The patients presented with hypoto-
nia at birth, ataxia, as well as motor and mental retarda-
tion, which became apparent in the first year of life.
Consistent signs were unsteady, broadly based gait and
stance, exaggerated deep tendon reflexes mainly in the
lower limbs, and mild-to-moderate mental retardation. All
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(a) Exon stucture of VLDLR and localisation of mutation. (b) Electropherogram showing mutation.

affected showed late ambulation (after age 6 years), but
quadrupedal locomotion was never observed.® Com-
puterised axial tomography showed cerebellar atrophy.
Pallister and Opitz’ observed the same condition in the
Dariusleut Hutterites of Montana. Using an identity-by-
descent mapping approach, Boycott et al® localised the
gene for this syndrome to chromosome region 9p24 and
identified a 199-kb homozygous deletion encompassing
the entire VLDLR gene in all affected individuals.
Recently, a homozygous nonsense mutation
(c.1342C>T, R448X) in exon 10 of the VLDLR gene in an
Iranian Family with DES was reported. The affected
individuals could not walk independently as described by
Hutterites patients; however, quadrupedal locomotion has
not been observed.® Both reported mutations can be
expected to result in loss of the VLDLR protein. The
Hutterine mutation is a complete deletion of the gene and
as such does not result in a gene product. The Iranian
mutation results in a premature stop codon approximately
in the middle of the mRNA, truncating the indespensable
transmembrane domain (amino acids 797-819) and half of
the receptor domain from the N terminus of the protein. In
addition, this mutation is likely to result in nonsense-
mediated decay of the mRNA. Thus, the mutation can be
expected to cause a complete loss of function. The
mutation reported here results in a premature stop codon
in exon 17 at amino-acid position 779. Similar to the
Iranian mutation, this change is likely to result in
nonsense-mediated decay. Amino acid 779 is N-terminal



of the transmembrane domain. Accordingly, this mutation
also results in a truncated protein without transmembrane
domain, if translated. Thus, the overall effect of the three
reported mutations is likely to be similar, that is, a loss of
VLDLR protein.

The VLDLR belongs to the mammalian LDL receptor
(LDLR) gene family. The LDLR gene family comprises a
group of structurally related multifunctional cell-surface
receptors (VLDLR, apolipoprotein E receptor 2 (ApoER2),
the LDL receptor, LRP and Megalin) that mediates
endocytosis of extracellular ligands.” All members are
characterised by common structural features that include
(1) cysteine-rich repeats consisting of 40 amino-acid
residues in the ligand-binding domain or in the comple-
ment-type domain; (2) epidermal growth factor precursor-
type repeats; (3) module of 50 amino-acid residues with a
consensus tetrapeptide, YWTD; (4) a single transmembrane
domain; and (5) a cytoplasmic domain containing an
NPXY sequence required for clustering of the receptor into
coated pits.*°

VLDLR is part of the RELN signalling pathway, which
guides neuroblast migration in the cerebral cortex and
cerebellum. Migration of neuroblasts and neurons is an
essential process in the development of the nervous
system. RELN, an extracellular matrix protein secreted by
CAjalRetzius cells in the developing marginal zone of the
cortex and other laminated brain regions, is necessary for
an early, specific step in the migration of several hindbrain
nuclei.''~'3 It directs the organisation of cortical structures
of the brain by clustering its receptors, the VLDLR and the
ApoER2, causing the activation of src-family kinases (SRKs)
and the phosphorylation of the adapter molecule, the
Disabled-1Dab1.'* RELN may act as a stop signal,'® a
chemoattractant,'® and a detachment signal for migrating
neurons.'”'8

Disruption of RELN in homozygous reeler mice results in
failed migration of the Purkinje cells, cortical layer
disruption, cerebellar hypoplasia, and ataxia.'® Human
homozygous RELN mutations are associated with an
autosomal recessive lissencephaly with severe cerebellar
hypoplasia. Clinically, patients have developmental
delay, hypotonia, severe ataxia, and seizures, whereas brain
MRI demonstrates diffuse pachygyria, hippocampal
dysplasia, and a profoundly hypoplastic cerebellum and
brainstem, with a nearly complete absence of cerebellar
folia.°

Vldlr knockout mice appear grossly and neurologically
normal and have a normal life span.>'’ However, the
phenotype of the VIdlr defect manifests itself mainly in
the cerebellum. In the Vidlr—/— cerebellum, Purkinje cells
are ectopically located, apparently due to their inability to
properly respond to the RELN signal that emanates from
the granule cells in the external granular layer. In the
cortex, Vldlr and mDab1 are selectively expressed in the
migrating neurons that are about to make contact with
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RELN in the marginal zone, consistent with a role of Vldlr
as a receptor for a migratory stop signal. In the Vldlr-
deficient cortex, neurons are strictly radially aligned, and
although they apparently have reached their normal
assigned layer, they have failed to distribute within that
layer.??

Although dysequilibrium patients typically learn to walk
very late (between the age of 5 and 21 years) or else never
walk at all, the individuals of the family presented here
differ from the DES patients by adopting complete
quadrupedal locomotion. As in the case of the quadrupedal
individuals we reported previously, they step with their
hands and feet in both diagonal and lateral sequence gaits.
The hands are placed down, with the weight taken on the
wrists and lower ulnar area of the palm. They walk with
fully stretched knee and elbow joints. Only one patient can
walk bipedally without assistance; however, she mostly
prefers walking on all fours. Quadrupedal locomotion in
these individuals appears to be an adaptation for dealing
with their ataxia. But such an adaptation is unusual, as
human skeletons have evolved over four million years for
walking on two legs.

This is the first report of a VLDLR mutation associated
with human quadrupedal locomotion and cerebellum
hypoplasia. The switch from quadrupedal locomotion to
bipedalism is a fundamental adaptation in human evolu-
tion that sets hominins apart from all other primates.
Clearly, many morphological changes were necessary for
this complex transition, involving adaptive changes in the
skeletal and the central nervous system. However, little is
known about the genes and the genetic evolution that
ultimately resulted in the full adaptation of human
ancestors to bipedalism. The family presented here shows
us that although the morphological adaptive changes for
bipedalism in the skeletal and central nervous systems
have been established, efficient quadrupedal locomotion is
still possible in humans. The absence of quadrupedal
locomotion in the Hutterite and Iranian patients with
DES indicates that similar gene defects, that is inactivation
of the VLDLR gene product, result in similar morphological
outcome, that is cerebellar hypoplasia, but different
ways of compensation. Although the Hutterite and Iranian
patients did not learn to walk before the age of 6 years or
never, the affected individuals described here and in our
earlier report continued to crawl and adapted a childhood
bear walk for rapid and efficient movement. It may
well be that this form of movement was not considered
appropriate in the Hutterite community and was
therefore suppressed, although why it was tolerated in
these two Turkish families remains unknown. We conclude
that although the precondition for quadrupedal locomotion
is cerebellar hypoplasia and subsequent ataxia, the
emergence of this trait as a behavioral phenotype depends
on special environmental influences during child
development.
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Note added in proof

While this manuscript was in press, a family with an
identical mutation and phenotype was published by
Ozcelik et al (Ozcelik et al Proc Natl Acad Sci USA 2008;
105: 4232-4236), together with a second family with a
mutation in VLDLR that also shows quadrupedal gait. The
authors discount evidence from a second more recent
study reporting mutations in VLDLR in a family with
mental retardation but no quadrupedal gait from Iran
(Moheb et al Eur ] Hum Genet 2008; 16: 270-273). In
contrast to us, they conclude that environmental influ-
ences are highly unlikely to contribute to the development
of quadrupedalism in the affected individuals.
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