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Autosomal recessively inherited mutations in W/NT1 were recently identified as a cause of
severe osteogenesis imperfecta (OI).l‘5 This finding does not address the critical role for
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Whntl in mid-hindbrain development that is well described in model organisms.78 Severe
intellectual and motor deficits were noted in 4 of 16 families in the initial reports, but few
details were provided. We reviewed developmental outcomes and brain-imaging studies for
one new and five previously reported individuals with WNT1-associated Ol. All six have
brain malformations, with prominent brainstem and cerebellar hypoplasia in five of these six
individuals.

Homozygous or compound heterozygous mutations in WA/T1 were recently described as a
novel cause for severe autosomal recessive Ol in 25 individuals from 16 families in a series
of six papers.l‘6 Brain-imaging studies in two individuals were reported to show unilateral
cerebellar hypoplasia, % and another was reported to have Chiari malformation type 1’
However, only limited data were presented regarding the brain and neurological phenotypes,
including only a single MRI image. This is an important issue to address, as the WNT
family of secreted signaling proteins play key roles in many developmental and homeostatic
processes.9 Indeed, prominent defects in early brain development were described in two
mouse lines with WntZ mutations long before W/N/T1 mutations were identified as a cause of
bone fragility in humans.”®

To examine the human brain phenotype associated with mutations in W71, we reviewed
all available brain-imaging studies from one new and 5 previously reported individuals
including one sibling pair,l‘5 which consisted of 5 brain MRI (figure 1) and one cranial CT
scan (see online supplementary figure S1). We found significant malformations in all 6
individuals (table 1). Hippocampal malformations were found in three affected individuals
for whom coronal MRI sequences were available (figure 1D,H,L). The midbrain especially
the tectum was small in 5 of 6 individuals, which we rated as moderate in two (figure 1E and
online supplementary figure S1) and severe in three (figure 1A,1,M) of five individuals.
Notably, few human disorders have been reported with specific hypoplasia of the midbrain.
Cerebellar vermis hypoplasia, always most severe in the uvula and pyramis lobules, was
rated as mild in one (figure 1E) and severe in three (figure 1A,1,M) of five individuals.

The cerebellar hemispheres were also small in the four individuals with vermis hypoplasia.
Unexpectedly, this was unilateral in three of four subjects with cerebellar hypoplasia,
involving the right hemisphere in 1 (see online supplementary figure S1) and the left
hemisphere in 2 (figure 1B,J) individuals. The last patient had complete (bilateral) cerebellar
agenesis (figure 1N,0). The only individual with normal size of the brainstem and
cerebellum had severe Chiari malformation type 1 (figure 1P-R). Thus, the brainstem and
cerebellar hypoplasia varied from normal to unilateral hypoplasia to complete absence.

For one severely involved patient, LR13-235a2 previously Family 2, proband II-6,5 our
interpretation differed from the published report. We found unilateral cerebellar hypoplasia
on the left (not right) and did not find schizencephaly. We agree with other changes reported,
finding hypoplasia of the anterior commissure, optic chiasm, hypothalamus, tectum, pons
and right cerebellar hemisphere, and absent vermis.

We also reviewed the developmental features for these six affected individuals (table 1).
Severe to profound intellectual disability (ID) was noted in five out of six of these
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individuals. The sixth patient (with Chiari malformation) was diagnosed with mild autism at
3 years, but by 7 years her Full Scale 1Q was 109. The head circumference was below the
mean (-1 to -3 SDs) in 5 of 5 individuals with data available; the smallest head size was
found in the severely affected individual with total cerebellar agenesis. Five individuals had
ocular problems including four with unilateral ptosis and another with an unspecified eye
movement disorder. Care for these patients was challenging due to their profound disabilities
and multiple fractures. Two patients died at 3.5 and 7 years due to a chest infectin and sepsis
followed by respiratory failure, respectively. Another patient has no useful neurological
function after sustaining a profound brain injury at 28 months following an episode of severe
hyperthermia (T 42.8 °C), respiratory failure, shock and multiorgan failure.

In summary, we found cerebellar hypoplasia in five of six individuals that varied from mild
hypoplasia to complete agenesis of the cerebellum, with frequent asymmetry. The brainstem
and cerebellar hypoplasia fit well with the brain phenotypes reported for two mouse lines
with Whtl mutations.78 Both have severe developmental defects of the midbrain, pons and
cerebellum that vary from severe midbrain and pontine hypoplasia with complete cerebellar
agenesis to anterior hypoplasia of the same structures. The knockout mutants typically die at
birth, while the hypomorphic Wnt15%sW mice have ataxia, but often live to adulthood. Wnt1
is expressed in a rostral-caudal gradient beginning in the developing midbrain and spreading
to the cerebellum and pons. In the cerebellum, WhtZ is primarily expressed in progenitor
cells in the upper rhombic lip that contribute to glutamatergic neurons.™® The skeletal
phenotype was not examined in the WntZ mutants in the original reports, but spontaneous
fractures and severe osteopenia were recently reported in Wnt1sW/sw mice. ™t

The most unexpected feature is the asymmetry seen in several patients. Asymmetric
cerebellar hypoplasia with cerebellar clefts has been reported as an isolated anomaly
presumed to be caused by prenatal posterior fossa or cerebellar haemorrhage,1213 and
asymmetric hemispheric hypoplasia is sometimes seen with Dandy-Walker malformation.™
Interestingly, the complete cerebellar agenesis observed in one patient with mutations in
WNT1 resembles the brain phenotype seen in individuals with homozygous PTF1A
mutations.***® However, such striking asymmetry is rare among known genetic types of
cerebellar hypoplasia.

The previously reported WNTI mutations include truncation and missense mutations, but
the patients in our cohort include five homozygous truncations (usually in the last exon) and
one compound heterozygote with a truncation and a missense mutation (table 1).
Interestingly, affected individuals in two unrelated Hmong families were homozygous for
the same truncation, suggesting a possible founder mutation. In this small series, we
observed no clear genotype-phenotype correlation. In one family (LR12-457) with two
affected sisters, the younger sister had severe 1D and profound disabilities, while the older
sister, who declined brain imaging, was intellectually normal. These six patients may not be
representative of all individuals with WNT1-associated Ol, as all had clinical brain-imaging
studies performed to evaluate neurologic abnormalities. Thus there may be a bias of
ascertainment for more severely affected individuals since typically developing individuals
would not usually undergo brain imaging. While 6 of 25 patients in six papers focusing on
the Ol phenotype had reportedly normal development, we found severe ID in five of six
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individuals in whom brain imaging was performed, and mild autism in the sixth. We suspect
a relationship between severity of the ID and brainstem-cerebellar hypoplasia, but cannot
evaluate this statistically given the lack of brain scans in other reported patients. We also
could not correlate the severity of the Ol phenotype with the neurodevelopmental deficits or
cerebellar malformations, but suggest that this analysis take place as additional patients are
examined. From this limited dataset, we recommend that brain imaging be performed in any
individual with WNT1-associated Ol who also has developmental delay or any neurological
deficits. However, our data is not sufficient to support brain imaging in affected individuals
with normal neurologic status.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Brain MRI with WNT1 mutations
The images shown are T1-weighted mid-sagittal, T2-weighted axial images through the low

and high brainstem, and T2-weighted coronal images through the hippocampus. These
images show variable brainstem hypoplasia that is typically most severe in the midbrain
especially the tectum. Imaging patterns include a normal brainstem (P-R), normal (A, E) or
mildly small (1) pons and medulla with very small midbrain (A-C, 1-K with arrows in A and
1), and diffuse severe hypoplasia of the entire brainstem (M-O with arrow in M). The
cerebellar vermis varies from normal (P) to small (mild in E, moderate in A and I) to
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completely absent (asterisk in M). In E, the dashed line marks the observed lower limit of
the vermis and the solid line the expected lower limit of the vermis. The cerebellar
hemispheres may appear normal (F, Q) or small (right hemispheres in B, J). Here the left
cerebellar hemispheres are absent in two patients (asterisks in B, J), and the entire
cerebellum is missing in one (M-0). The hippocampi are small and malformed (arrows in
D, H, L). The gyral pattern and cortex appear normal. Images of a typically developing
individual are shown for reference (S-V).
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