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Abstract

Rhombencephalosynapsis (RES) is a rare congenital brain malformation typically identified by
magnetic resonance imaging and characterized by fusion of the cerebellar hemispheres and dentate
nuclei and vermian agenesis or hypogenesis. Although RES is frequently found in conjunction
with other brain malformations and/or congenital anomalies, no specific molecular etiology has
been discovered to date and no animal models exist. We identified two half sisters with alobar or
semi-lobar holoprosencephaly (HPE) and partial RES, suggesting that genes linked to HPE may
also contribute to RES. A deletion of seven base pairs in exon one of the ZIC2 gene (c.
392_98del7) was identified in each of the two half sisters with HPE and partial RES. To identify
genetic causes of RES and to assess whether genes identified in HPE have a role in RES, we tested
11 additional individuals with RES by high resolution chromosome analysis, chromosomal
microarray analysis, and sequencing of four HPE genes. No mutations in ZIC2 or in other genes
that cause HPE were identified, suggesting that mutation of ZIC2 is a rare cause of, or contributor
to, rhombencephalosynapsis associated with HPE. In addition, an individual with a complex
rearrangement of chromosome 22¢13.3 and RES was identified, suggesting the presence of a
dosage-sensitive gene that may contribute to RES in this region.
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Introduction

Methods

Rhombencephalosynapsis (RES) is a rare congenital brain malformation characterized by
fusion of the cerebellar hemispheres and dentate nuclei and vermian agenesis or hypogenesis
[Cohen, 2006; Pasquier et al., 2009; Sener, 2000; Toelle et al., 2002]. A thorough
morphological study of 40 fetuses with RES ascertained by the presence of
ventriculomegaly (90%) or other brain malformations on prenatal ultrasound at > 22 weeks
gestation demonstrated that RES in this circumstance was always associated with other brain
abnormalities [Pasquier et al., 2009]. In addition to an abnormal ventricular system, the most
common associated abnormalities included: fusion of the inferior and/or superior colliculi
(55%), fusion of the thalami (13%), Purkinje cell heterotopias (20%), dysgenesis or agenesis
of the corpus callosum (36%), lobar holoprosencephaly (5%), neural tube defects (8%), and
VACTERL-H (vertebral anomalies, anal atresia, congenital heart defects, tracheo-
esophageal fistula, renal abnormalities, and limb anomalies together with hydrocephalus;
15%) [Pasquier et al., 2009]. Gomez-Lopez-Hernandez syndrome (OMIM# 601853) is
another sporadic clinical entity that also includes RES in addition to craniosynostosis,
ataxia, trigeminal anesthesia, scalp alopecia, midface hypoplasia, corneal opacities, low-set
ears, intellectual disability, and short stature; however, RES and alopecia may be the most
consistent features of the syndrome [Sukhudyan et al., 2010]. Although RES is found
frequently in conjunction with other congenital anomalies, no specific gene association or
underlying molecular etiology has been discovered and no specific animal models exist
[Pasquier et al., 2009; Toelle et al., 2002]. Based on observed chromosomal abnormalities,
potential candidate gene regions have been identified in single individuals with RES
harboring a 46,XX.ish der(10)t(2;10)(p25.3;926.3)(Tel 2p+, Tel 10g—) [Lespinasse et al.,
2004], an interstitial deletion of chromosome 2q [Truwit et al., 1991], a 1p microduplication
[Pasquier et al., 2009], and a 7g microdeletion [Pasquier et al., 2009].

We initially identified two half sisters with alobar or semi-lobar holoprosencephaly (HPE)
and partial RES who harbor a mutation in the ZIC2 gene (Fig 1), causing us to hypothesize
that genes linked to HPE may also cause RES. HPE is a multifactorial and genetically
heterogeneous brain malformation which in its most severe form is characterized by failure
of the developing forebrain to divide into separate cerebral hemispheres and ventricles
[Cohen, 2006]. Mutations in at least twelve distinct genes have been linked to HPE [Cohen,
2006; Solomon et al., 2010b]. To identify genetic causes of RES and to assess whether
genes identified in HPE have a role in RES, we identified and tested additional individuals
with RES by high resolution chromosome analysis, chromosomal microarray analysis, and
sequencing of four known HPE genes.

Patient ascertainment

With approval of the Institutional Review Board for Baylor College of Medicine and
Affiliated Hospitals, we used Texas Children’s Hospital (TCH) neuroradiology records from
2000-2006 and retrospectively identified an additional 15 children with RES. Eleven of
these 15 patients were successfully located and were evaluated at the TCH Blue Bird Circle
Clinic for Pediatric Neurology and enrolled in the study. Informed consent for genetic
testing was obtained from parents, and when developmentally appropriate, assent was
obtained from the child. Blood specimens were sent to the Baylor College of Medicine
Medical Genetics Laboratories for chromosome analysis and chromosomal microarray
analysis (CMA,; versions 5 or 6) and to Gene Dx for the holoprosencephaly gene sequencing
panel (includes SHH, TGIF, ZIC2, and SIX3). Radiology records and medical charts were
also reviewed.
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Array comparative genomic hybridization

Results

Clinical chromosomal microarray analyses for all patients were performed with the use of
the V5 or V6 BAC-based array designed by Baylor Medical Genetics laboratories as
previously described [Lu et al., 2007]. Confirmatory FISH analyses were performed in the
phytohemagglutinin-stimulated peripheral blood lymphocytes of patient 3 using standard
procedures with the PAC and BAC clones RP3-402G11, RP5-925J7, RP11-66M5,
RP11-164E23, and GS-99K24 specific for chromosome 22q13.3. In order to delineate the
sizes and extents of the identified imbalances in patient 3, whole-genome high-resolution
oligonucleotide microarray comparative genomic analysis was performed with the
NimbleGen array 2.1M oligonucleotides (Roche NimbleGen Systems, Madison, WI, USA)
in accordance with the manufacturer’s instructions.

A deletion of seven base pairs in exon one of the ZIC2 gene (¢.392_98del7) that is predicted
to cause a frameshift at amino acid 131 (p.Pro131fsX84) was identified in each of the two
half sisters with HPE and partial RES (Fig 1). Interestingly, Patient 1 had macrocephaly and
scaphocephaly but Patient 2 had microcephaly; abnormal facial features were not
appreciated. Both children have globally severe intellectual disabilities and motor deficits.
Their shared mother did not carry the deletion in her peripheral blood. No additional
mutations were identified in the gene regions covered by the Gene Dx sequencing panel in
the other patients in our series.

G-banded chromosome analysis identified 46,Xinv(Y)(p11.3911.23) in a boy with RES and
encephalocele; CMA was not performed, and the father was not tested). G-banded
chromosome analysis also revealed a complex, apparently balanced rearrangement
45,XX,dic(10;22)(g26.3;913.3) in a girl with RES, diffusely thin corpus callosum with
hypoplasia of the posterior body and splenium, enlarged ventricles, hypotonia, global
developmental delay, and failure-to-thrive (Fig 2C; parents were not available for testing).
However, CMA V5 revealed a gain in copy number on the subtelomeric region of
chromosome 22 detected with two clones RP11-66M5 and RP5-925J7 and a loss in copy
number detected by the next adjacent three clones RP3-402G11, RP11-164E23, and
GS-99K24, and encompassing the SHANKS3 gene (Fig 2A). FISH analyses verified these
imbalances and showed a translocation of the long arms of chromosomes 10 and 22 (Fig 2D
and E).

Genome-wide oligonucleotide aCGH mapped the proximal duplication breakpoint between
46,511,147 and 46,512,467 and the distal duplication breakpoint between 48,780,779 and
48,782,683 (hg18). The proximal breakpoint of the terminal deletion was mapped between
48,835,877 and 48,837,261. In between these two CNVs, there is an ~53 kb segment of
normal copy-number, suggesting a large DNA palindromic structure in formation [Tanaka et
el. 2007] (Fig 2B). The other identified genome-wide changes represent known copy-
number polymorphisms.

CMA also identified a paternally inherited microdeletion of 1p36.22 in a boy with RES,
HPE, macrocephaly, intellectual disability, and epilepsy that most likely represents a
familial copy number variant with no pathogenic significance since it was inherited from a
phenotypically normal father. Based on the array design, the size of the deletion can be
narrowed to between 154 kb and 199 kb with a maximum range between 11,753,084 and
11,951,933. The genes included in the deletion region are MTHFR, CLCN6, NPPA, NPPB,
KI1AA2013, and PLODL1.
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We reviewed the neuroimages of all of the patients who were ascertained because they have
RES and found that 76% of the patients have dysmorphic ventricles, and 54% of the patients
had hydrocephalus requiring a ventriculoperitoneal shunt. Six of 17 patients (35%) have an
absent, partially absent, or abnormally shaped corpus callosum. Neural tube defects were
prominent (24%) in this series, occurring in two children with spina bifida and in two
children with encephalocele. Of the 13 children who were examined, five of eight children
older than age five years (63%) have intellectual disabilities (one child has moderate and
four children have profound intellectual disabilities), and five of five children (100%) under
the age of three years have global developmental delays. Ophthalmological findings were
also common: two children have microphthalmia; one child has a small optic chiasm, absent
septum pellucidum, and prior diagnosis of septo-optic dysplasia; and eight children (47%)
have documented eye movement abnormalities (esotropia, exotropia, amblyopia, or
nystagmus). Additional neuroimaging and clinical findings are summarized in Table I. None
of the patients with RES of unknown etiology had family histories that appeared
contributory except for the pertinent positives that are listed in the column entitled “Physical
exam findings and clinical information”.

Discussion

RES may occur in apparent isolation or in combination with other brain malformations, with
neural tube defects, or with other congenital anomalies such as the VACTERL-H syndrome
[Pasquier et al., 2009; Schwahn et al., 2004; Sener, 2000; Toelle et al., 2002; Truwit et al.,
1991] or Gomez-Lopez-Hernandez syndrome [Sukhudyan et al., 2010]. RES has been
reported previously in association with Chiari Il malformations [Sener and Dzelzite 2003;
Wan et al., 2005]; however, it also has been suggested that a small posterior fossa and
compression of the cerebellar hemispheres can mimic the appearance of RES [Guntur
Ramkumar et al., 2010]. Therefore, we cannot dismiss the possibility that the RES
diagnosed in two individuals with Chiari Il malformations in this study is not a real
observation. There is likely an ascertainment bias towards the more severe and syndromic
forms of RES as these individuals are more likely to undergo brain MRI examination. A
prospective study of 3000 children undergoing brain MRI in Turkey found the frequency of
RES to be 0.13% in this population [Sener 2000]. Partial RES is apparently an even more
rare or under-ascertained malformation of the cerebellum [Demaerel et al., 2004; Wan et al.,
2005].

The identification of a ZIC2 mutation in two half siblings with HPE and partial RES
provides the first specific gene association with RES. Their shared mother does not carry the
mutation, implicating germline mosaicism as the cause of recurrence. Familial recurrence of
ZIC2 mutations due to presumed germline mosaicism has been reported previously, and
germline mosaicism is more commonly observed with mutation of ZIC2 compared to other
gene mutations that cause HPE [Solomon et al., 2010a]. Studies suggest that mutation of
ZIC2 is identified in 3-8% of individuals with HPE [Grinberg and Millen, 2005; Solomon et
al., 2010a], but association of ZIC2 mutation with RES has never been reported. However,
variable expressivity is well documented within families and among affected individuals
with ZIC2 mutations and HPE [Solomon et al., 2010a]. There are five ZIC genes (Zinc
fingers in cerebellum) in humans and mice, and all five genes are expressed in the
developing cerebellum [Grinberg and Millen, 2005]. Mice homozygous or heterozygous for
Zic2 mutation or homozygous for Zic2 knockdown (Zic2K9/Kd) develop holoprosencephaly,
agenesis of the corpus callosum, neural tube defects, subtle cerebellar hypoplasia,
dysmorphic ventricles, and skeletal abnormalities [Aruga et al., 2002; EIms et al., 2003;
Nagai et al., 2000]. Zic1 null animals develop overt cerebellar hypoplasia and malformed
folia with notable loss of granule cells in the anterior vermis [Aruga et al., 1998].
Interestingly, Zicl and Zic2 are prominently expressed in the mid-line of the developing
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cerebellum, and Zic1*/~Zic2*/Kd double heterozygous mice lack the primary fissure in the
cerebellar vermis, the posterior superior fissure in the cerebellar hemispheres, a lobule in the
anterior vermis, and have a truncation of the most posterior lobule [Aruga et al., 2002].
Although not specifically mentioned by the authors, these data suggest that the pronounced
deficits and abnormal cleavage patterns in the anterior cerebellum of Zic1*/~Zic2*/Kd
animals represent a form of partial RES. These data strongly support our observation that
mutation of ZIC2 contributes to RES or partial RES in humans, and suggest that patients
with RES should also be screened for alterations in ZIC1 in addition to ZIC2. Notably, a
single patient with mutation of ZIC2 was identified in a large series of patients with neural
tube defects, suggesting a minor role for ZIC2 in human neural tube defects [Klootwijk et
al., 2004]. Given the novel association of ZIC2 with RES, the theoretical concern exists that
in rare cases, the presence of isolated RES may be a form fruste of HPE and genetic
counseling should take this risk into consideration.

The identification of a second individual with RES, hypotonia, developmental delay, failure-
to-thrive, and abnormality of 10026.3 suggests that a causative or contributing gene or gene
regulatory region may exist in this region; however, we did not detect any genomic
imbalance in this region by aCGH. We did detect a complex rearrangement on chromosome
22 in this individual including microdeletion of the SHANK3 gene, suggesting that this child
has 22q13.3 deletion syndrome (Phelan-McDermid syndrome, OMIM # 606232), which is
consistent with her clinical presentation [Delahaye et al., 2009; Dhar et al., 2010; Phelan
2008; Wilson et al., 2003]. To date, RES has never been reported in the 22q13.3 deletion
syndrome. We hypothesize that there is a dosage-sensitive gene in the deleted region on
chromosome 22q which contributes to RES, however, we cannot dismiss the possibility that
disruption of a gene in a regulatory region at 10g26.3 or that another distinct genetic
alteration may have contributed to RES in this patient.

We also identified a subject with RES and HPE with a paternally-inherited microdeletion of
1p36.22. This deletion may represent a familial copy number variant with no pathogenic
significance since it was inherited from a phenotypically normal father; however, this is not
a CNV that is commonly observed in normal controls. Furthermore, the father has no known
neurological deficits, but he has not had neuroimaging tests performed. Therefore, we
cannot rule out incomplete penetrance or variable expressivity of phenotypes associated with
this CNV. This microdeletion includes the MTHFR, CLCN6, NPPA, NPPB, KIAA2013, and
PLOD1 genes. CLCNG6 encodes a chloride channel that is expressed in brain tissue, and
mutation of the gene is hypothesized to be a novel cause of neuronal ceroid lipofuscinosis;
nevertheless, a role in the development of the cerebellum has not been reported [Pressey et
al., 2010]. NPPA and NPPB encode atrial natriuretic polypeptide precursors; common
variants in these genes have a role in inter-individual variation in blood pressure [Newton-
Cheh et al., 2009]. PLOD1 encodes a collagen lysyl hydroxylase; recessive mutations in this
gene cause Ehlers-Danlos syndrome type VI [Dembure et al., 1984]. Interestingly, mice
homozygous for Mthfr gene deletion demonstrate cerebellar hypoplasia, depletion of
external granule cells and Purkinje cell heterotopias primarily in the anterior lobules, and
dysmorphic ventricles suggesting that MTHFR function is essential to normal cerebellar and
ventricular development [Chen et al., 2005]. We do not know the mutation status of the
proband’s remaining MTHFR allele, however, serum testing revealed a normal
homocysteine level suggesting adequate enzyme activity. Given these observations, the
association of RES with neural tube defects, and the well-documented association of
MTHFR gene mutations and abnormal folate metabolism with neural tube defects, we
propose that MTHFR haploinsufficiency is unlikely to be a sufficient cause of RES,
however, MTHFR loss of function might be a genetic modifier that contributes to RES.
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The genomic rearrangement 46,Xinv(Y)(p11.3q11.23) that was identified by G-banded
chromosome analysis in a boy with RES and encephalocele is likely non-contributory, and
therefore no further studies were performed.

Potential teratogenic causes of RES have been reported, and our case series suggests that
congenital infection or gestational diabetes may also contribute to RES. Therefore, evidence
to date suggests that the causes of RES are likely heterogeneous with complex interactions
between predisposing genetic and environmental factors. The relative infrequent occurrence
of RES compared with HPE or neural tube defects (despite an association that was
confirmed by our study) may suggest lower expressivity of RES, potentially due to
compensatory or redundant developmental mechanisms and a need for “multiple hits” for
RES to occur. An important precedent for the multiple hit hypothesis exists with the
example of Dandy-Walker malformation (DWM), another mid-line congenital cerebellar
syndrome. Heterozygous loss of both ZIC1 and ZIC2 function in humans and mice is one
cause of DWM identified to date, and while cerebellar abnormalities are completely
penetrant in the mouse model, DWM is variably expressed [Grinberg et al., 2004]. Of note,
heterozygous deletion of both the ZIC2 and ZIC5 genes in the 13932 deletion critical region
also has been associated with DWM [Mademont-Soler et al., 2010].

In summary, we identified a mutation of the ZIC2 gene as a cause of or predisposing factor
to partial RES associated with HPE. When presented with a patient with RES, genetic
counseling should consider the possibility that the individual and the parents may be at
higher risk of having a child with HPE. The possibility that a gene within the deleted region
on chromosome 22g13.3 may contribute to RES warrants further studies. The phenotypes of
the patients with RES described herein add to the clinical knowledge of this relatively rare
brain malformation.
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Figure 1. Neuroimaging in patients with rhombencephalosynapsis

MRI images for Patient 1 (top row): axial T2 images demonstrating partial superior
rhombencephalosynapsis (left) and alobar holoprosencephaly (middle), and mid-line sagittal
T1 image demonstrating a dysmorphic, hypoplastic, and abnormally positioned cerebellar
vermis. MRI images for Patient 2 (bottom row): axial T1 images demonstrating partial
central rhombencephalosynapsis (left) and semi-lobar holoprosencephaly (middle), and
coronal T2 image again demonstrating rhombencephalosynapsis (right). White arrows point
to RES.
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Figure 2. Summary of the results in Patient 3

(A) Clinical aCGH plot showing a deletion and a duplication (denoted by arrows) on
chromosome 22g13.3. (B) Array CGH plot (NimbleGen 2.1 M) shows the deletion and
duplication in 22913.3. The arrow points to the ~53 kb interspersed segment of normal
copy-number. (C) G-banded partial karyotype of the patient showing derivative
chromosome 10;22 (arrow indicates the breakpoint region on the derivative chromosome).
(D and E) FISH verification of the rearrangement using BAC clones RP11-66M5
(duplicated on the dicentric chromosome; red; D) and RP3-402G11 (deleted on the dicentric
chromosome; red; E) and using the control probe RP11-89D12 (green; D and E)
demonstrated that the deletion and duplication arose at the translocation breakpoint.
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