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Fig 10. Posttreatment photographs (9 years after the distraction osteogenesis).

cephalometric tracings before and after distraction, the
posterior nasal spine was moved significantly down-
ward, even though we carefully controlled the direction
of maxillofacial advancement using 2 protraction de-
vices placed at orbitale and the maxilla. Generally, it is
important to maintain the vertical height of the midface
during LeFort 1 distraction osteotomy as soon as possi-
ble, because downward movement of the maxillofacial
complex accelerates clockwise rotation of the mandible
and causes reduced overbite. In our patient, the mandi-
ble was slightly rotated downward; however, it contrib-
uted to improving his deep overbite.

At 3 years after initiating retention, the maxillary
incisors were lingually inclined, and the excessive over-
jet was corrected. Shetye et al*! suggested that the ret-
ropositioning of the maxillary incisal edges might be
explained by the changes in lip and tongue posture
and the increased lip pressure on the maxillary incisors
after the midface advancement. The mandibular plane
angle was slightly decreased during the 3 years of
retention.

In the cephalometric evaluation at 9 years after dis-
traction, no relapse of the maxillofacial advancement
was found, and both anteroposterior and vertical
growth of the maxillofacial complex were observed. 1t
might not be adequate to recognize this as real growth,
because we used a protraction headgear for 6 years af-
ter distraction for both retention and growth modifica-
tion. However, the 1-year follow-up cephalometric
study of Shetye et al*' also showed that the midface
has the capability of additional growth in a downward
direction, even though those authors had used no de-
vices for retention after LeFort 111 distraction with the
rigid external distractor system. Additionally, the ante-
roposterior length of the anterior cranial base in our pa-
tient was increased by approximately 5 mm, which was
in the normal range of Japanese male growth without
syndromes, and this might compensate for any relapse
after the maxillary advancement. Tt also suggests that
craniofacial growth had been available even though
the surgical procedure was performed at an early age.
McCarthy et al®® initially speculated that forward
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Fig 11. Posttreatment dental models.

Fig 12. Posttreatment radiographs.
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maxillary growth occurs in children with craniofacial CONCLUSIONS

dysostosis after LeFort 11 osteotomy. In addition, We reported the successful treatment of a patient
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tion of the midface and also suggested that Surgery system in the mixed dentition. After distraction, accept-
does mot negatively affect maxillary growth. able facial growth was observed, and no relapse of the
Furthermore, several reports indicated that relapse maxillary advancement was noted after 9 years. How-
rates  after distraction were lower than after ever, syndrome-specific growth and methodologically
conventlonalzzozztse(?ggmy because of good soft-tissue induced compensations should be considered when
adaptations.™"* Our results indicate long-term planning a LeFort 111 distraction osteogenesis in child-
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ABSTRACT Rubinstein-Taybi syndrome (RTS) is charac-
terized by developmental delay, postnatal growth retardation,
typical facial appearance, and broad thumbs and big toes. The
behavioral phenotype of children with RTS has been described
as friendly and having good social contacts; however, a short
attention span and hyperactivity are sometimes present. Little
attention has been paid to the behavioral aspects of adults with
RTS. We conducted an observational study focusing on behav-
ioral problems in adolescents and adults with RTS compared
with children with RTS. A total of 63 patients with RTS and
their caretakers answered self-administered questionnaires
regarding behavioral features including the Child Behavior
Checklist (CBCL). High total CBCL scores were observed, and
the mean score was beyond the clinical cut-off point. After
stratification into two groups according to age, the older group
(=14 years) displayed statistically significant higher scores
for Anxious/Depression (P=0.002) and Aggressive Behavior
(P =0.036) than the younger group (=13 years). In analyses of
single items, statistically significant differences between the
younger group and the older group were found for ‘Nervous,
high-strung, or tense’ (31.3% vs 67.7%, P=0.004) and ‘Too
fearful or anxious’ (37.5% vs 64.5%, P=0.032). Here, we
showed that the specific behavioral phenotypes of RTS change
during adolescence, with anxiety, mood instability, and aggres-
sive behavior emerging as patients age. A clear need exists to
follow-up patients with RTS to catch the eventual emergence of
psychiatric problems with age. If necessary, pharmacological
treatment should be considered.

Key Words: age-dependent change, behavioral problem, Child
Behavior Checklist, depression, Rubinstein-Taybi syndrome

INTRODUCTION

Rubinstein-Taybi syndrome (RTS; OMIM 180849) is characterized
by developmental delay, postnatal growth retardation, microceph-
aly, typical facial appearance, and broad thumbs and big toes
(Rubinstein and Taybi 1963). Chromosomal or molecular abnor-
malities are found in about 55% of cases (Hennekam 2006; Stef
et al. 2007). Its occurrence is generally sporadic, and the condition
can be caused by a micro-deletion of chromosome 16p13.3 or by a
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mutation in either the gene encoding the transcriptional coactivator
CREB-binding protein (CREBBP) on chromosome 16pl3 or the
EP300 gene on chromosome 22ql3 (Bartsch etal. 2010). The
diagnosis of RTS, however, remains primarily clinical.

In the original report by Rubinstein and Taybi (1963), the behav-
ioral phenotype of RTS was described as hyperactivity and emo-
tional lability. Later studies demonstrated that children with RTS
were generally friendly and more readily accepted social contacts;
however, RTS children sometimes have irritability and impulsivity
(Gotts and Liemohn 1977; Stevens et al. 1990). The first epidemio-
logical study to use a standardized psychometric tool, the Child
Behavior Checklist (CBCL), focused on the psychological aspects
of RTS. It showed that the most frequently reported behavioral
problems were ‘acts too young for age’, ‘can’t concentrate’, ‘poorly
coordinated, clumsy’, and ‘likes to be alone’ (Hennekam et al.
1992). A recent comparative study between children with RTS and
a control group concluded that a short attention span, stereotypical
behavior, and poor coordination were common behavioral features
in RTS (Galera et al. 2009).

There is emerging evidence that RTS may be associated with
specific behavioral problems; however, little attention has been paid
to the behavioral aspects of adults with RTS. Levitas and Reid (1998)
performed psychiatric evaluations of adults with RTS who had been
referred for behavioral problems. The resulting diagnoses were
clustered into mood disorders and obsessive-compulsive disorder
spectrum. Similarly, a case report described a 39-year-old woman
who presented with symptoms of severe hyperactivity, short atten-
tion span, mood instability, and aggressive outbursts in a cyclical
pattern (Hellings et al. 2002). Verhoeven et al. (2010) also reported
another adult patient with RTS who was admitted because of depres-
sive mood, impulsivity, and temper outbursts. Hennekam (2006)
reported that short attention span, stubbornness, lack of persistence,
and emotional lability became increasingly apparent during early
adulthood, leading to uncertain behavior and occasional aggressive-
ness. These reports in adult patients support a potential link between
RTS and mood instability/aggressive behavior. Whether a specific
age-dependent behavioral pattern of RTS exists remains to be deter-
mined using a standardized psychometric tool. Here, we report an
observational study focusing on behavioral problems in adolescents
and adults with RTS, compared with children with RTS.

MATERIALS AND METHODS

Patients
Patients with RTS were recruited from the Rubinstein-Taybi Syn-
drome Family Support Group, Japan (Cosmos). This nationwide
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organization was formed in 1994 by and for families of individuals
with RTS and presently includes about 100 family members. Inclu-
sion in the present study required a confirmed diagnosis of RTS
made by clinical geneticists based on the presence of diagnosis
criteria, including abnormalities of the face, broad and angulated
thumbs and big toes, growth retardation, and mental retardation.
Molecular tests for the diagnosis of RTS were not required.

Study design

A postal questionnaire was sent in December 2010 to all individuals
on the mailing list of the Rubinstein-Taybi Syndrome Family
Support Group, Japan. The consent form and questionnaires were
sent with a return envelope to each participant. They were invited to
complete the self-administered questionnaires regarding the socio-
behavioral features of their children, including the Child Behavior
Checklist, and to return the forms to our hospital. The Ethics
Committee at Keio University approved the study protocol.

Child Behavior Checklist (CBCL)

The CBCL is composed of questions related to a total of 113 items
categorized into the following eight subscale items: (1) Withdrawn;
(1) Somatic Complaints; (III) Anxious/Depressed, (IV) Social
Problems; (V) Thought Problems; (V1) Attention Problems; (VII)
Delinquent Behavior; and (VIII) Aggressive Behavior. Internaliz-
ing (I+11+11I), Externalizing (VII+ VIII), and Total Problems
were also derived from these subscales. Caretakers answered each
question by selecting one of three answer choices. The raw scores
for 11 scales were calculated from the scores for the answers. Then,
the raw scores were converted into T-scores according to the profile
sheet based on a normal Japanese population (Achenbach 1991;
Itani et al. 2001). In this study, the T-scores of patients aged under
4 years and over 15 years were estimated according to the standard
profile of 4-11 years and 12-15 years, respectively. Previously, a
higher score was found to be associated with a greater likelihood
of problematic behavior for that scale (Achenbach 1991). A
T-score > 63 in Total Problems and T-score > 67 in each subscale
suggested that the patient should have some clinical problems.

Data analyses

The distributions of sex, age, presence or absence of genetic abnor-
malities, and CBCL scores were examined for all the subjects. The
patients were then stratified according to age into two groups.
Patients younger than the 50%tile (=13 years) were classified as
the younger group, and those who were older (=14 years) were
classified as the older group. We compared the T-scores for the 11
scales that were examined between the two groups (Mann-Whitney
U-test). We also compared the two groups for the single items. For
these single items and to assess clinically relevant problems, we
constructed dichotomous dependent variables by considering a
rating of 0 as ‘No’ versus a rating of 1 or 2 as “Yes’. To examine a
possible gene-behavior link, we finally compared the T-scores
between the two age groups only in subjects with genetic abnor-
malities associated with RTS. An alpha level of 0.05 (two-tailed)
was adopted as the criterion for statistical significance. Statistical
analyses were performed using SPSS version 17.0 (SPSS Inc,
Chicago, IL, USA).

RESULTS

Background of the subjects
A total of 63 patients (37 men and 26 women), aged 1-38 years
(median: 13 years) were studied. Molecular tests had been per-

formed in 20 of 63 patients (32%). Molecular abnormalities (i.e.
intragenic mutations or deletions in CREBBP or EP300 gene), had
been identified in nine of 20 patients (45%). The mean T-scores
were 63.5 for Total Problems, 57.2 for Internalizing, 56.1 for Exter-
nalizing, 58.1 for Withdrawn, 57.9 for Somatic Complaints, 56.6 for
Anxious/Depression, 67.3 for Social Problems, 62.1 for Thought
Problems, 67.1 for Attention Problems, 57.8 for Delinquent Behav-
ior, and 56.1 for Aggressive Behavior. The T-score for Total Prob-
lems was beyond the clinical cut-off point of 63. Questions that
were answered ‘Yes’ by more than 70% of patients included ‘Acts
too young for his/her age’ (97%), ‘Can’t concentrate, can’t pay
attention for long’ (92%), ‘Poorly coordinated or clumsy’ (87%),
and ‘Clings to adults or too dependent’ (71%).

CBCL scores after stratification according to age

Figure 1 shows mean CBCL scale scores among subjects with RTS
after stratification according to interquartile age (=7, 8-13, 14-22,
and =23 years). The mean 7otal Problem score in each group
was 62, 63, 65, and 64, respectively. The scores for the three
groups aged 8 years or older exceeded the cut-off value of 63
points. Two CBCL scales, Social Problems, and Attention Prob-
lems, were beyond the cut-off point of 67 in all the age groups. The
scores for Anxious/Depression and Aggressive Behavior tended to
increase with age (Fig. 1). After stratification into two groups
according to age, the older group (=14 years) displayed statisti-
cally significant higher scores of Anxious/Depression (P = 0.002)
and Aggressive Behavior (P =0.036) than the younger group.
(=13 years) (Table la). Among nine subjects with identified
genetic abnormalities, the older group tended to display higher
scores for Anxious/Depression (P =0.037) and Aggressive Behav-
ior (P =0.157) than the younger group (Table 1b). In analyses of
single items, statistically significant differences between the
younger group and the older group were found for ‘Nervous, high-
strung, or tense’ (31.3% vs 67.7%, P =0.004), ‘Can’t concentrate,
can’t pay attention for long’ (84.4% vs 100.0%, P =0.022), and
‘Too fearful or anxious’ (37.5% vs 64.5%, P =0.032) (Table 2).
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Fig.1 Temporal scores for the Child Behavior Checklist scales in subjects
with Rubinstein-Taybi syndrome. Line charts represent mean
scores for CBCL scales in each age group. T-score, standardized
score calculated from the raw score for each subject based on a
normal population. Black solid line, Total Problems; grey solid line,
Anxious/Depressed; dotted line: Aggressive Behaviors.
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Table 1 T-scores for Child Behavior Checklist (CBCL) compared between younger and older groups with Rubinstein-Taybi syndrome

CBCL T-scores, median

(interquartile range) Younger group N =32 Older group N =31 P-value
All subjects (63 subjects)

Total problems 63.0 (57.0-68.0) 64.0 (61.0-68.0) 0.268
Internalizing 57.0 (50.5-61.0) 61.0 (54.0-64.0) 0.072
Externalizing 54.0 (47.0-60.0) 57.0 (54.0-61.0) 0.069
Withdrawn 56.0 (53.0-63.0) 59.0 (50.0~63.0) 0.878
Somatic complaints 55.0 (50.0-67.0) 54.0 (54.0-64.0) 0.972
Anxious/depressed 52.0 (50.0-56.5) 60.0 (52.0-63.0) 0.002*
Social problems 65.0 (63.0-69.0) 68.0 (65.0-70.0) 0.150
Thought problems 62.5 (50.0-73.0) 56.0 (50.0-73.0) 0.829
Attention problems 69.0 (62.0-72.0) 67.0 (63.0-70.0) 0.756
Delinquent behavior 54.5 (52.0-65.0) 55.0 (50.0-63.0) 0.878
Aggressive behavior 52.5 (50.0-58.5) 57.0 (51.0-61.0) 0.036*
CBCL T-scores, median

(interquartile range) Younger group N=5 Older group N=4 P-value
Subjects with genetic abnormalities (9 subjects)

Total problems 63.0 (61.0-66.0) 66.0 (63.0-69.5) 0.389
Internalizing 61.0 (56.0-61.0) 59.5 (56.5-63.0) 0.701
Externalizing 51.0 (48.0-57.0) 59.5 (54.5-62.0) 0.176
Withdrawn 53.0 (53.0-59.0) 62.0 (56.0-64.0) 0.385
Somatic complaints 67.0 (55.0-67.0) 57.0 (50.0-65.0) 0.211
Anxious/depressed 52.0 (52.0-58.0) 59.0 (58.0-61.5) 0.037*
Social problems 63.0 (63.0-70.0) 70.0 (68.0-71.5) 0.118
Thought problems 69.0 (56.0-70.0) 72.5 (60.0~76.5) 0.385
Attention problems 69.0 (67.0-69.0) 67.0 (65.0-74.0) 0.802
Delinquent behavior 65.0 (54.0-65.0) 55.0 (55.0-60.5) 0.800
Aggressive behavior 50.0 (50.0-54.0) 59.0 (53.5-61.0) 0.157

*P < 0.05 (Mann—Whitney U-test).

T-score, standardized score calculated from raw score of each subject based on a normal population.
Younger group, subjects aged <13 years; Older group, subjects aged >14 years.

DISCUSSION

Here, we showed that the specific behavioral phenotype of RTS
changes during adolescence, with anxiety, depression, and aggres-
sive behaviors emerging at that time. The present study represents
the first comprehensive assessment of age-dependent changes in
behavior using a standardized psychometric tool, the CBCL, and
reinforces the observations of previous case reports or case series
describing the emergence of nervousness, anxiety, stubbornness,
sullenness, and irritability during adolescence or adulthood (Levitas
and Reid 1998; Hellings et al. 2002; Verhoeven et al. 2010).

As demonstrated in studies of other congenital malformation
syndromes, including Costello syndrome and 22q11.2 deletion syn-
drome (Galera et al. 2006; Jansen et al. 2007), the CBCL has been
instrumental in delineating disease-specific behavioral patterns.
However, a limitation of this study is the use of the CBCL in adults,
because the T-score of the CBCL Japanese version was standard-
ized only between 4- and 15-year-old children but not at older ages
(Itani et al. 2001). More refined evaluations (e.g. standardized diag-
nostic interviews) are needed to confirm the diagnostic criteria of

© 2012 The Authors
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psychiatric diseases in the adolescent and adult patients. Further-
more, a close longitudinal follow-up of patients with RTS would
clarify whether behavioral problems, including mood instability or
temper tantrums, need subsequent psychiatric management (e.g.
drug treatment with mood stabilizers).

The reason why these psychiatric traits arise during adolescence
is unknown at present, although postnatal dysfunction of the
CREBBP/EP300 genes in patients with RTS has been postulated to
lead to neural alterations during adolescence (Alarcon et al. 2004;
Hennekam 2006). Cyclic adenosine monophosphate response
element binding protein (CREB) and its cofactor, CREBBP, regu-
lates the expression of many genes involved in the development of
the nervous system, learning, memory and cell survival (Viola et al.
2000; Hardingham et al. 2001; Lonze and Ginty 2002). The obser-
vations that the CREB protein expressions were significantly
decreased in patients with depression speak towards CREB and
CREBBP’s potential involvement in the pathophysiology of psy-
chiatric diseases (Yuan et al. 2010; Ren et al. 2011). These obser-
vations postulate that postnatal dysfunction of the CREBBP/EP300
genes in patients with RTS may play an important role in the
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Table2 Common behaviors compared between younger and older groups with Rubinstein-Taybi syndrome (N = 63)

Younger group Older group

CBCL single items, number (%) N=32 N =31 P-value
Nervous, high-strung, or tense 10 31.3% 21 67.7% 0.004**
Wets the bed 21 65.6% 9 29.0% 0.004**
Can’t concentrate, can’t pay attention for long 27 84.4% 31 100.0% 0.022%
Bowel movements outside toilet 18 56.3% 9 29.0% 0.029*
Doesn’t seem to feel guilty after misbehaving 18 56.3% 9 29.0% 0.029*
Too fearful or anxious 12 37.5% 20 64.5% 0.032*
Can’t sit still, restless, or hyperactive 20 62.5% 12 38.7% 0.059
Can’t get his/her mind off certain thoughts; obsessions 5 15.6% 11 35.5% 0.070
Stubborn, sullen, or irritable 11 34.4% 17 54.8% 0.102
Poorly coordinated or clumsy 26 81.3% 29 93.5% 0.143
Acts too young for his/her age 32 100.0% 29 93.5% 0.144

*P < 0.05 (Mann—Whitney U-test); **P < 0.01 (Mann—Whitney U-test).

Younger group, subjects aged <13 years; Older group, subjects aged >14 years.
pathophysiology of subsequent behavioral features in RTS and that ACKNOWLEDGMENTS

biological pathway mediated by CREB may well be an important
target when pharmacological intervention is to be explored. Several
different mouse models of RTS have been created in which CBP or
p300 function is genetically altered, and these mutant mice exhibit
deficits in synaptic plasticity and memory (Alarcon etal. 2004;
Korzus et al. 2004). In addition, these studies have suggested that
some of the cognitive deficits observed in individuals with RTS may
not simply be due to the reduction of CBP during development but
might also result from the continued requirement of specific enzy-
matic activities throughout life, as some deficits observed in CBP-
mutant mice can be ameliorated using inhibitors of enzymes that

. compensate for a reduction in the functioning of CBP as a CREB
co-activator, such as histone deacetylase inhibitors (HDACI)
(Alarcon et al. 2004; Korzus et al. 2004).

These animal findings may open the possibility of pharmacologi-
cal treatment using HDACI for the neurological deficits observed in
RTS patients, enabling normal CBP function to be reestablished and
alleviating some of their symptoms. In support of this hypothesis, a
previous report has described an adult patient with RTS who was
successfully treated with valproic acid: valproic acid is an antiepi-
leptic drug that acts as a clinically available HDACI and is already
established as a mood stabilizers to alleviate certain psychiatric
symptoms such as mood instability, irritability, and aggressiveness
even in the absence of seizures (Hellings et al. 2002; Abel and
Zukin 2008). If further case reports are accumulated in the future, it
may be worthwhile to test the effectiveness of HDACIs as disease-
modifying drugs, which are used to modify the natural course of the
disease, rather than curing the disease itself. These drugs might not
be a cure for RTS, but they can reduce the deteriorations in cogni-
tive deficits and subsequent psychiatric problems.

In summary, we found that the specific behavioral phenotype of
RTS changes during adolescence in an age-dependent manner.
Anxiety, mood instability, and aggressive behavior tended to
emerge as individuals with RTS aged. There is a clear need to
follow up patients with RTS to catch the eventual emergence of
psychiatric problems with age. If necessary, patients with RTS
should be referred to a psychiatrist and pharmacological treatment
should be considered.
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TG THE EDITOR:

Rubinstein—Taybi syndrome (RTS) is characterized by broad
thumbs and toes, downward slanted palpebral fissures, a prominent
nose with the nasal septum extending below the alae nasi, a
hypoplastic maxilla with a narrow plate, thick eyebrows, long
eyelashes, a short stature, and moderate intellectual disability
[Hennekam, 2006]; its incidence is estimated to be 1 in 100,000.
Most cases are sporadic, and about half of all cases have a
heterozygous mutation in the CREBBP gene; rare cases have a
heterozygous EP300 mutation. Both genes encode histone acetyl-
transferases (HAT), which are transcriptional co-activators that
play critical roles in epigenetic regulation through histone
acetylation [Roelfsema and Peters, 2007]. Among the more than
600 cases of RTS reported to date, at least 11 sets of monozygotic
twins [Pfeifer, 1968; Gorlin et al., 1976; Schinzel et al., 1979;
Kajii et al., 1981; Baraitser and Preece, 1983; Widd, 1983; Ghanem
and Dawod, 1990; Hennekam et al., 1990; Robinson et al., 1993;
Preis and Majewski, 1995] have been documented.

Here, we present monozygotic twins concordant for the RTS
phenotype. The monozygosity and RTS diagnosis were both con-
firmed using molecular methods. Interestingly, the twins were
concordant for facial and limb features but were discordant for
body size and the presence of congenital glaucoma. The discordance
in the former characteristic (i.e., the body size) was ascribed to a
twin-to-twin transfusion between the twins, whereas the discor-
dance in the latter characteristic (i.e., the glaucoma) could not be
explained.

The male twins were born to a 24-year-old Japanese G1P1-2
woman with no previous medical problems. Consanguinity or a
family history of mental retardation was not present. The placen-
tation was diamniotic and monochorionic. The pregnancy was
remarkable for the disproportionate growth of the twins. An
ultrasonographic diagnosis of twin-to-twin transfusion syndrome
was made, and the vascular connection on the placenta between the
twins was successfully disconnected using laser ablation.

The twins were delivered at 30 weeks of gestation. At birth, the
weight of Twin A was 1,174 g and his length was 36 cm whereas
the birth weight of Twin B was 960 g and his length was 34.5 cm.
The postnatal courses of the twins were similar. Developmental

© 2011 Wiley-Liss, Inc.
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delays were apparent: the twins were able to hold their heads up at
10 months, to sit alone at around 18 months, to walk alone at
3—1/2 years, and to speak meaningful words at 7 years.

At the age of 16 months, the twins were referred to our
genetic department because of developmental delays. Dysmorphic
features (Fig. 1), which were all concordant between the twins,
included broad thumbs and toe, downward slanting pleural
fissures, a hypoplastic maxilla, a prominent nose with the nasal
septum extending below the alae nasi, heavy eyebrows and long
eyelashes, salmon patches, undescended testes, patent ductus
arterious and a hearing impairment. However, only Twin A had
bilateral congenital glaucoma and lens dislocations. A genotyping
analysis using nine microsatellite markers (ALAS2, DXS1236,
D78527, D75630, D9S1779, D9S15, D10S595, D10S2454, and
D17581705) confirmed the monozygosity of the twins. Chromo-
some analyses revealed normal karyotypes. Molecular screening
of the CREBBP gene using denaturing high-performance liquid
chromatography (DHPLC) was negative [Udaka et al., 2005].

Array comparative genomic hybridization using the Agilent
180K format CGH array designed by the International Standards
for Cytogenomic Arrays Consortium (backbone resolution of 35 or
25kb and 500 targeted regions including telomeres, centromeres,
microdeletion/duplication regions, and X-linked mental retarda-
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tion genes) revealed aloss in the copy number for the 16p13.3 region
(Fig. 2). The size of the deletion was 210kb, extending from
3,810,524 t0 4,0233,361 on 16p13.3 (hg18; NCBI Build 36.1). Genes
within the deleted region included the 5’ half of the CREBBP locus
and its adjacent ADCV9locus. We further compared the genomic

DNA of Twin A and Twin B using the array, but no copy number
differences were detected.

Here, we document a case of monozygotic twins concordant for
the RTS phenotype. To our knowledge, this twin pair represents the
first twins whose monozygosity and RTS diagnosis have been
confirmed using molecular methods. The monozygosity and diag-
nosis of several twin pairs with genetically determined multiple
congenital anomaly syndromes have been reported including those
with. Smith—Magenis syndrome [Kosaki et al., 2007], Crouzon
syndrome, Alagille syndrome, Sotos syndrome, and 22q11.2 dele-
tion syndrome. RTS can now be added to this list.

The twins had concordant facial and limb features but were
discordant for the presence of congenital glaucoma. Three potential
mechanisms are capable of explaining this discordance: first, the
glaucoma phenotype may not be causally related to the deletion of
the RTS locus and may have appeared by chance as a polygenetic
trait [Libby et al., 2005]. However, the occasional documentation of
glaucoma in other RTS cases [Hennekam, 2006] suggests that the
glaucoma phenotype is likely to be associated with the RTS deletion.
Second, only Twin A might have experienced a “second hit” in a
genomic region(s) other than chromosome 16p. Indeed, array CGH
genomic studies of monozygotic twin genomes have revealed
occasional differences in copy numbers [Bruder et al., 2008].
However, we did not detect such differences in the presently
reported twins (data not shown). Thirdly, the discordance in the

_severities of the twin pairs could be ascribed to chance-like varia-

tions in the pathogenetic actions of the mutated gene. Intriguingly,
epigenetic regulation plays a critical role in the stochastic nature of
embryonic development, and CREBBP, the causative gene in the
presently reported twins, represents an epigenetic regulator of
embryogenesis [Robinson et al., 1993]. Indeed, a previously re-
ported difference in the neurodevelopment of twins with RTS may
support such a notion [Pfeifer, 1968; Buchinger and Stroder, 1973;
Preis and Majewski, 1995].
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Budding uninhibited by benzimidazole-related 1 (BUBR1) is a central molecule of the spindle assembly
checkpoint. Germline mutations in the budding uninhibited by benzimidazoles 1 homolog beta gene encod-
ing BUBR1 cause premature chromatid separation (mosaic variegated aneuploidy) [PCS (MVA)] syndrome,
which is characterized by constitutional aneuploidy and a high risk of childhood cancer. Patients with the
syndrome often develop Dandy—-Walker complex and polycystic kidneys; implying a critical role of BUBR1
in morphogenesis. However, little is known about the function of BUBR1 other than mitotic control. Here,
we report that BUBR1 is essential for the primary cilium formation, and that the PCS (MVA) syndrome is
thus a novel ciliopathy. Morpholino knockdown of bubr? in medaka fish also caused ciliary dysfunction
characterized by defects in cerebellar development and perturbed left—right asymmetry of the embryo.
Biochemical analyses demonstrated that BUBR1 is required for ubiquitin-mediated proteasomal degradation
of cell division cycle protein 20 in the GO phase and maintains anaphase-promoting complex/cyclosome-
CDC20 homolog 1 activity that regulates the optimal level of dishevelled for ciliogenesis.

INTRODUCTION proteolysis (3). It was also reported that BUBRI binds to
CDC20 to inhibit APC/CP“® activity in G2 phase prior to
Budding uninhibited by benzimidazole-related 1 (BUBR1)isa mitotic onset (4,5). Therefore, BUBR1 functions as a pseudo-
central component of the spindle assembly checkpoint and substrate inhibitor of APC/CP“* in G2 to early M Dphase to
checkpoint signalling. It has been shown that in early M prevent unscheduled degradation of specific APC/CPC?° sub-
phase, BUBRI binds to cell division cycle protein 20 strates.
(CDC20), a co-activator of the anaphase-promoting APC/C activity is controlled during the cell cycle through
complex/cyclosome (APC/C), and inactivates the APC/ the binding of CDC20 or another co-activator, CDC20
CCPE2% yntil all chromosomes have made proper attachments homolog 1 (CDH1). CDC20 is expressed during S, G2 and
to the mitotic spindle (1,2). When all the kinetochores estab- M phases, but only associates with the APC/C during the M
lish bigolar attachment, BUBR1 becomes a substrate of phase when several core subunits of the APC/C are phos-
APC/C®PC?® and is degraded through ubiquitin-mediated phorylated by cyclin-dependent kinasel (CDK1)/cyclin B.

*To whom correspondence should be addressed. Tel: +81 822575809; Fax: +81 822567101; Email: shinya@hiroshima-u.ac.jp
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The activated APC/C P initiates the metaphase—anaphase
transition through ubiquitin-mediated degradation of securin
and cyclin B (6). In the anaphase, CDC20 is released from
the APC/C since the core subunits of APC/C are dephosphory-
lated through the inhibition of CDKl/cyclin B activity, and
APC/CPC? is no longer active by the end of mitosis. In con-
trast to CDC20, CDHI1 is phosphorylated by CDK1/cyclin B
during the M phase, and the CDH1 phosphorylation prevents
it from binding the core APC/C subunits. Therefore, APC/
CPHI 5 inactive in early M phase and becomes active from
late M to G1 phases once APC/CP“?® has inhibited CDK1/
cyclin B activity (6). The activated APC/C“PH! then targets
several substrates, including CDC20 and CDHI itself, to
maintain the G1 and GO phases.

Constitutional mutations in the budding uninhibited by ben-
zimidazoles 1 homolog beta (BUB1B) gene encoding BUBR1
cause a rare human disorder—the premature chromatid separ-
ation syndrome [PCS (MIM 176430)], also known as the
mosaic variegated aneuploidy (MVA) syndrome (MIM
257300). The PCS (MVA) syndrome is characterized by
PCS in >50% metaphase cells, a variety of mosaic aneuploi-
dies (gain or loss of whole chromosomes), severe intrauterine
growth and mental retardation, and a high risk of childhood
cancers (7,8). Both biallelic (7) and monoallelic (§) mutations
of BUBIB have been found in individuals with the syndrome
that resulted in low overall BUBR1 abundance. The clinical
findings in the patients included the Dandy—Walker complex
(9/16 patients), postcerebellar cyst (1/16), hypoplasia of the
cerebellar vermis (1/16), lissencephaly (1/16), polycystic,
often bilateral, nephroblastoma (7/16), polycystic kidney (2/
16) and infantile obesity (2/11). These clinical features
imply a critical role of BUBRI in morphogenesis. However,
little is known about the function of BUBRI other than
mitotic control. Using cell lines from the patients with the syn-
drome, we demonstrate that BUBRI is essential for the for-
mation of primary cilium; a microtubule-based organelle on
the surface of most vertebrate cells in GO phase, and that the
PCS (MVA) syndrome is a novel ciliopathy. The primary
cilium is regulated by APC/C*P™! activity through ubiquitin-
mediated proteolysis of dishevelled (DVL) (9). Therefore, we
studied the APC/C activity in GO phase in the cells from the
patients. We demonstrate that BUBRI1 has a novel role for
the maintenance of the APC/CPH! activity in GO phase that
regulates the optimal level of DVL for ciliogenesis through
proteasomal degradation of CDC20.

RESULTS

PCS (MVA) syndrome, a human condition of BUBR1
insufficiency, is a novel ciliopathy

Patients with the PCS (MVA) syndrome show Dandy—Walker
complex, postcerebellar cyst, hypoplasia of the cerebellar
vermis, lissencephaly, polycystic, often bilateral, nephroblas-
toma, polycystic kidney and infantile obesity (Fig. 1A). Since
some of the clinical features were suggestive of impaired cilia
formation (10—12), we speculated that the PCS (MVA) syn-
drome has ciliary dysfunction. Therefore, immortalized skin
fibroblasts (PCS1 and MY1) from two unrelated patients with
the PCS (MVA) syndrome were synchronized with serum

Human Molecular Genetics, 2011, Vol. 20, No. 10 2059

starvation at GO phase, and analysed for ciliogenesis
(Fig. 1B and C). As much as 30% of cells from a normal individ-
ual (SM) were ciliated, but only 4% of MY1 cells and 1% of
PCSI1 cells were ciliated. PCS1 cells transferred with a whole
chromosome 15 containing the BUBIB locus (hereafter called
PCS1-Ch.15 cells) (8,13) showed restored -ciliogenesis.
Primary skin fibroblast cells from the two patients (PCSIsk
and MY1sk) (8,13) also showed reduced ciliogenesis, as did
Madin—Darby canine kidney (MDCK) cells transfected with a
short-interfering RNA (siRNA) targeting BUBIB (Supplemen-
tary Material, Fig. S1A and C). These results indicate that
cells with BUBRI insufficiency have impaired ciliogenesis,
and that the PCS (MVA) is a novel ciliopathy.

Apical docking of basal body is impaired in the PCS
(MVA) syndrome

In many cells in GO phase, centrosomes migrate to the cell
surface and are anchored to the membrane (apical docking),
and primary cilia are assembled from the basal bodies (12).
Immunostaining experiments revealed that in PCS1-Ch.15
cells BUBRI is localized in the basal body, and that in
PCS]1 cells the signal for BUBR1 on the centrosome was dra-
matically reduced (14) (Fig. 1D). We then examined the apical
docking of centrosomes under a confocal microscopy to learn
how reduced levels of BUBRI! affect ciliogenesis. Centro-
somes in cultured revertant PCS1-Ch.15 cells were localized
to the apical surface, but those in PCS1 cells failed to dock
apically and localized randomly (Fig. 2A—C). Transmission
electron microscopy supported that the centrosomes in PCS1
cells failed to localize apically and remained in the cytoplasm
(Fig. 2D). These results indicate that BUBRI is required for
apical docking of basal bodies.

BUBRI in G0 phase is required for APC/C®* .mediated
proteosomal degradation of DVL

Optimal levels of DVL, a core regulator protein in Wnt signal-
ling, have been shown to be indispensable for apical docking
of basal bodies, and both accumulation and attenuation of
DVL lead to defective ciliogenesis (9,15,16). We, therefore,
examined the levels of DVL1, DVL2 and DVL3 in PCS
(MVA) syndrome cells. Since DVL2 is dominantly expressed
in PCS1 cells as described below, DVL2 was compared with
that of the revertant PCS1-Ch.15 cells. DVL2 was increased
in both nuclear and cytoplasmic fractions (Fig. 3A). Primary
skin fibroblast cells from these patients (PCS1sk and MY 1sk)
and BUBIB siRNA-transfected MDCK cells all showed
increased DVL2 levels (Supplementary Material, Fig. SIB
and D). Consistent with the high levels of DVL2, its downstream
target, active (3-catenin, was increased in a nuclear fraction and
increased Wnt signalling was observed in PCS (MVA) syn-
drome cells (Fig. 3A and Supplementary Material, Fig. S2A—
C). Next, we examined whether DVL2 or active B-catenin is
involved in ciliary dysfunction in PCS1 cells. Induced
expression of DVL2 in PCS1-Ch.15 cells suppressed ciliogen-
esis (Supplementary Material, Fig. S3C). In addition, knock-
down of both DVL2 and DVL3 in PCS1 cells resulted in
partial recovery of ciliogenesis (Fig. 4). On the other hand, treat-
ment with Wnt/B-catenin signalling inhibitors, FH535 or
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Figure 1. Human PCS (MVA) syndrome is a novel ciliopathy. (A) Normal individual. Patients 2, 7A, and 7B (8). MY cells used in this study were derived from
patient 2 (8). Patients 7A and 7B are the siblings carrying a heterozygous single-base deletion 1833delT, the same mutation as the one found in patient 1 (PCS1),
and a conserved haplotype around BUBIB that links to a modest decrease in their transcripts (8). Mid-sagittal views of head MRI showing Dandy—-Walker
complex with hypoplasia of the cerebellar vermis (arrowheads) and enlarged posterior fossae (asterisks). Abdominal CT images of multicystic nephroblastoma
(arrows) and a cystic kidney (arrowhead). (B and C) Analysis of serum starvation-induced ciliogenesis in immortalized fibroblast cells from two patients (PCS1
and MY1) and a normal individual (SM). Both PCS1 and MY cells showed decreased ciliated cells. Microcell-mediated transfer of a human chromosome 15
(containing the BUBIB locus) restored the reduced ciliogenesis in PCS1 cells (PCS1-Ch.15 cells). Bar: 40 um. (D) Immunofluorescence analyses of BUBR1 and
acetylated tubulin in PCS1-Ch.15 cells and PCS1 cells in GO phase. BUBRI is localized to the basal body in PCS1-Ch.15 cell, whereas signal for BUBR1 on the
basal body was severely reduced in PCS1 cells. Bar: 20 pm.
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Figure 2. Basal bodies fail to dock at the apical membrane in the PCS (MVA) syndrome. (A) Surface view of a three-dimensional confocal microscopic image
(upper panel), and cross-section view (lower panel) at an indicated yellow line showing basal bodies (red, Pericentrin), cellular B-tubulin network (green) and
nuclei (blue, DAPI). A white-dotted line shows basal position of a cell. PCS1-Ch.15 cells showed localization of the basal bodies to the apical surface of the cells.
In contrast, PCS1 cells show randomized localization of the basal bodies. Bar: 40 pm. (B) The differences in the apical position of basal bodies were statistically
significant (***P < 0.01). For each cell line, >100 cells were scored. (C) The mean distance of basal bodies from the apical membrane in PCS1 cells was longer
than that of PCSI-Ch.15 cells (***P << 0.01). For each cell line, 50 cells were examined. (D) Transverse sections of PCS1 cells observed with transmission
electron microscopy. A PCS1-Ch.15 cell showed normal outgrowth of a ciliary axoneme from a basal body (arrow) docked at the apical membrane (left). In
PCS1 cells, centrosomes (arrow) failed to localize apically and remained in the cytoplasm (middle and right). Arrowheads in the middle image show microvilli
at the apical membrane. Close inspection of the square region in the middle panel indicated that the PCS1 cell has no typical structure of basal body (right). Bar:
500 nm (left and right image), 1.5 um (middle image).

inhibitor of Wnt response-1 (IWR-1), in PCS1 cells did not of DVL, but not B-catenin, is associated with the failure of cilio-
restore ciliogenesis, although Wnt activity was suppressed to  genesis in PCS (MVA) syndrome cells.

the level of PCS1-Ch.15 cells (Supplementary Material, To clarify whether the DVL2 synthesis is enhanced or the
Fig. S2D and E). These results indicate that an excess amount DVL2 degradation is decreased in PCS1 cells, the DVL2
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Figure 3. BUBRI determines the stability of the DVL protein, an APC/CPM! substrate, through its polyubiquitination. (A) Western blot analysis of Wnt signal-
ling components in PCS1 cells. Whole cell lysates were separated to a cytoplasmic and a nuclear fraction. Replication protein A (RPA), a nuclear protein, served
as a positive control for the nuclear fractionation. Dishevelled2 (DVL2) was increased in both a nuclear and cytoplasmic fraction from PCS!1 cells. Active
B-catenin (dephosphorylated form of B-catenin) was also increased in a nuclear fraction of PCSI cells. The levels of DVL2 and active B-catenin were normalized
to those of GAPDH and total B-catenin, respectively. (B) Immunoprecipitation and western blot analyses of DVL2 in PCS1 and PCS1-Ch.15 cells. Endogenous
DVL2 was immunoprecipitated (IP) using an anti DVL2 polyclonal antibody and analysed for the ubiquitination state by western blotting with anti-FK1 mono-
clonal antibody. GAPDH served as a loading control. DVL2 was ubiquitinated in PCS1-Ch.15 cells, but the level of DVL2 ubiquitination was reduced in PCS1
cells. DVL2 interacted with CDHI, but not with CDC20 or BUBRI in both PCS1 and PCS1-Ch.15 cells. These results suggest that APC/CSP™! but not APC/
CCPC20 mediates the ubiquitination of DVL2 in a BUBRI-dependent manner, (C) Serum-starved HEK293T cells were transfected with an hemagglutinin (HA)-
DVL2 vector and a 3xFLAG-CDC20 (or CDH1) vector as indicated, and DVL2 levels were analysed by immunoblotting and Wnt signalling activity was ana-
lysed using a TCF/LEF-1-dependent luciferase reporter construct (Topflash). Transfection of the HA-DVL2 vector induced a high level of HA-DVL2 expression
and Topflash activation. 3XFLAG-CDHI expression, but not CDC20 expression, significantly suppressed HA-DVL2 expression and Topflash activation. (D)
CDC20 inhibits APC/CP™! activity in GO phase. Serum-starved HEK293T cells were transfected with the HA-DVL2, 3xFLAG-CDHI and 3xFLAG-CDC20
vector as indicated, and analysed. 3XFLAG-CDC20 expression dramatically induced HA-DVL2 expression and Topfiash activation. The statistical significance
of the difference was examined by r-test. **P < 0.05 and ***P < 0.01.

protein was analysed by western blotting in serum-starved cells
after treatment with the protein synthesis inhibitor cyclohexi-
mide (Chx) or proteasome inhibitor MG132. The level of
DVL2 in PCS1-Ch.15 cells was substantially decreased after
Chx treatment and increased after MGI132 treatment
(Supplementary Material, Fig. S3A). These results indicated
that DVL2 is continuously synthesized and degraded in the

cells. In contrast, Chx treatment did not decrease the DVL2
level in PCS1 cells, suggesting that the DVL2 synthesis is not
increased in PCS1 cells. Additionally, MG132 did not increase
the DVL2 level in PCSI cells, suggesting that proteasome-
dependent DVL2 degradation is defective in PCS1 cells. There-
fore, we examined the ubiquitination state of DVL2 in PCS1
cells, PCS1-Ch.15 cells and cultured human embryonic
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Figure 4. Knockdown of DVL partially restores ciliogenesis in PCS (MVA)
syndrome cells. (A) Knockdown of DVL2/DVL3 reduces the expression
level of DVLs in PCS1 cells. Western blot analysis of DVLs, CDH1 and
CDC20 in PCS1-Ch.15 cells and PCSI cells after transfection of a siRNA tar-
geting the conserved sequence between DVL2 and DVL3. GAPDH served as a
loading control. (B) Knockdown of DVL2/DVL3 rescued partially ciliogenesis
in PCS1 cells. PCS1 cells transfected with control siRNA or DVL2/DVL3
siRNA are shown. Primary cilia were stained with an anti-acetylated tubulin
antibody (green), centrosomes were stained with an anti-Pericentrin antibody
(red) and DNA was stained with DAPI (blue). Bar: 40 pm. (C) The differences
in ciliogenesis were statistically significant (**P < 0.05; ***P < 0.01).

Human Molecular Genetics, 2011, Vol. 20, No. 10 2063

kidney (HEK293T) cells. DVL2 was polyubiquitinated in
PCS1-Ch.15 cells and normal HEK293T cells, while the ubiqui-
tination level was decreased in PCS1 cells and BUBIB knock-
downed HEK293T cells (Fig. 3B and Supplementary Material,
Fig. S3B). DVLs contain a destruction box (D-box: RXXL) that
is recognized by APC/C (9), and an L435S mutation in the
D-box inhibited ubiquitination of DVL2 (Supplementary
Material, Fig. S3B), suggesting that APC/C ubiquitinates
DVL2 in normal cells. Since APC/C activity is controlled
through the binding of two co-activators, CDC20 and CDH1
(2), we examined which co-activator is involved in the APC/
C-mediated DVL2 proteolysis. Induced expression of CDH1
in HEK293T cells reduced the DVL2 level and suppressed
Wnt signalling, while overexpression of CDC20 did not
(Fig. 3C), indicating that CDH1, but not CDC20, promotes the
APC/C-mediated DVL2 proteolysis. The reduction in the
DVL2 level (and Wnt activity) by CDH1 was inhibited by a
gradual increase in CDC20 (Fig. 3D), indicating that CDC20
antagonizes the APC/CPH! activity. These results demon-
strated that DVL is degraded through the APC/CPH!-mediated
proteolysis in GO phase, and BUBRI1 is required for the APC/
CPH activity.

BUBRI1 maintains APC/CPH? activity for ciliogenesis
through proteasomal degradation of CDC20

To address the mechanism for the regulation of APC/C®PH!

activity by BUBRI, the expressions of CDC20 and CDHI1
during the cell cycle were examined. In PCS1-Ch.15 cells,
CDC20 was detected in S, G2 and M phases but not in GO
phase, as previously reported in normal cells (1,2). In contrast,
in PCS1 cells, CDC20 was highly expressed in GO phase
(Fig. 5A). The proteasome inhibitor MG132 blocked the
degradation of CDC20 (and DVL2) in serum-starved
PCS1-Ch.15 cells, whereas PCS1 cells showed high levels
of CDC20 (and DVL2) even in the absence of MG132 (Sup-
plementary Material, Fig. S4A), suggesting that in GO phase
CDC20 is ubiquitinated in normal cells in a BUBRI-
dependent manner. We, therefore, examined the ubiquitination
state of CDC20 exogenously expressed in serum-starved
normal (HEK293T) cells. CDC20 was polyubiquitinated in
serum-starved HEK293T cells, and the ubiquitination level
was decreased after BUBR1 depletion (Fig. 5B). CDC20 inter-
acts with CDC27 (APC3), a core subunit of the APC/C, in a
BUBRI-dependent manner (Supplementary  Material,
Fig. S4B). The region comprising residues 490—560 and the
D-box motif in BUBRI is, respectively, required for the
binding with CDC20 and CDC27 (APC3) in serum-starved
HEK?293T cells (Supplementary Material, Fig. S5). These bio-
chemical results suggest that BUBR1-APC/C complex med-
iates polyubiquitination of CDC20 in quiescent normal cells.
As mentioned above, CDC20 antagonized the APC/CCPH!
activity in GO phase. Consistent with this, knockdown of
CDC20 in PCSI1 cells resulted in a reduction in DVL2
(Fig. 5C) and partial recovery of ciliogenesis (Fig. 5D and
E). These results indicate that a_high amount of CDC20 in
PCS1 cells impairs the APC/C“PH!.mediated DVL2 ubiquiti-
nation for ciliogenesis. PCS1 cells also showed high levels of
CDH]1 in GO phase (Fig. 5A). Although BUBRI in GO phase
did not bind to CDH1 directly, the interaction of CDHI with
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Figure 5. BUBR-dependent CDC20 proteasomal degradation in GO phase is required for ciliogenesis. (A) Levels of APC/C components during the cell cycle
were analysed by western blotting. High levels of CDC20 and CDH1 were observed in PCS1 cells in the GO phase. (B) BUBRI is required for CDC20 ubiqui-
tination in GO phase. 3xFLAG-CDC20 and BUBIB siRNA (or control siRNA) were co-transfected into HEK293T cells. After serum starvation for 24 h, whole
cell lysates were immunoprecipitated (IP) with anti-FLAG antibody, and the polyubiquitination state of CDC20 was evaluated by immunoblotting with anti-FK1
monoclonal antibody. BUBIB knockdown reduces the level of CDC20 ubiquitination. APC/CP™!, not APC/CEP?, is responsible for ubiquitin-mediated degra-
dation of DVL2 in GO phase. (C) Knockdown of CDC20 reduces the expression level of DVL2 in PCS] cells. Western blot analysis of DVLs in PCS1 cells after
transfection of CDC20 siRNA and PCS1-Ch.15 cells. GAPDH served as a loading control. The expression levels of DVL2 were decreased after transfection of
CDC20 siRNA. (D) Knockdown of CDC20 partially restored ciliogenesis in PCS1 cells. PCS1 cells transfected with control siRNA or CDC20 siRNA are shown.
Primary cilia were stained with an anti-acetylated tubulin antibody (green), centrosomes were stained with an anti-Pericentrin antibody (red) and DNA was
stained with DAPI (blue). Bar: 40 pm. (E) The differences in ciliogenesis were statistically significant (**P < 0.05; ***P < 0.01).

APC/C was impaired significantly after BUBRI depletion in
HEK293T cells (Supplementary Material, Fig. S4B). Since
CDHI is autonomously degraded by APC/CP™ during GO
phase (17), the high levels of CDH1 might be the consequence
of the decreased APC/CCPH! activity in PCS1 cells. Based on
these results, we propose a model that in GO phase BUBR1
binds to CDC20 (Su(})plementary Material, Fig. S4B) (18) to
inhibit APC/C®P? " and instead activates APC/CCPH!
thereby allowing DVL proteasomal degradation to establish
its optimal level for ciliogenesis (Fig. 6).

Medaka bubrl insufficiency causes ciliary dysfunction
characterized by defects in cerebellum formation and
perturbed left—right axis

To learn whether the functional role of BUBR1 for ciliogen-
esis is conserved in vertebrates, we induced BUBR1 insuffi-
ciency in medaka fish (Oryzias latipes) (19). bubrl (medaka
homolog of BUBIB) expression is ubiquitous under normal
conditions (Fig. 7A). Knockdown of bubri with two distinct
antisense morpholino oligonucleotides (knockdown efficacy
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Figure 6. A model of the molecular function of BUBRI in ciliogenesis.
BUBRI-dependent CDC20 degradation in GO phase cells plays a role in the
maintenance of APC/CEPH! activity during primary cilia formation. In PCS
(MVA) syndrome cells, insufficiency of BUBRI results in CDC20 accumu-
lation to inhibit APC/CPH! activity in GO phase. Excess amounts of DVLs,
the targets of APC/CEP™!, interfere apical docking of centrosomes to cause
impaired ciliogenesis.

and specificity are shown in Fig. 7D and Supplementary
Material, Figs. 6 and 7) perturbed the formation of the cer-
ebellum (Fig. 7B), as observed in patients with the PCS
(MVA) syndrome. bubrl morphants also showed perturbed
left—right asymmetry of visceral organs including the
liver, spleen, gut and cardiac looping (Fig. 7C and D and
Supplementary Material, Fig. S7), although no patients
with the syndrome with perturbed left—right asymmetry
have been reported. Randomized expression of left—right
asymmetry genes was observed, including the nodal ligand
southpaw (spaw) and its downstream genes lefty and pitx2
in the lateral plate mesoderm, which comprise the readout
of cilium-generated fluid flow in Kupffer’s vesicle, a teleost-
specific organ equivalent to a mouse node (Supplementary
Material, Fig. S8). The number of cilia in Kupffer’s
vesicle was significantly reduced (Fig. 7E and F), resulting
in defective fluid flow (Fig. 7E and G and Supplementary
Material, Movies S1 and S2). These results demonstrate a
conserved role of BUBRI for the primary cilium formation,
but also suggest phenotypic heterogeneity between human
and medaka fish.

Human Molecular Genetics, 2011, Vol. 20, No. 10 2065

DISCUSSION

In mammalian cells, failure of spindle microtubule—kineto-
chore attachments in M phase activates BUBRI1 to bind to
CDC20 and inhibit APC/C*P“?, leading to inhibition of
chromosome separation (1,2,18,20). Although the inhibition
of CDC20 by BUBRI for spindle assembly checkpoint in M
phase has been well established (1-35), the role of BUBRI
in GO phase was unclear. We found that BUBR1 binds to
CDC20 and the core APC/C subunits and forms a complex
in GO phase, and that siRNA-knockdown of BUBRI in
HEK293T cells impairs poly-ubiquitination of CDC20.
These results demonstrate that in GO phase BUBRI inhibits
APC/CEPC activity through the proteasomal degradation of
CDC20. Accumulation of CDC20 was observed in the PCS
(MVA) syndrome cells, but was not likely to be the mitotic
leakage, because in late M phase active APC/CP?° causes
its own inhibition and switches to APC/CSPH! activity inde-
pendently of spindle assembly checkpoint (21). It was recently
reported that BUBRI binds to CDC20 to inhibit APC/CPCZ0
in interphase, thereby allowing accumulation of cyclin B in G2
phase prior to mitotic onset 84,5). Thus, BUBR1 may function
as an inhibitor of APC/C®P“? not only in early M phase but
also in multiple phases of the cell cycle.

Conditional knockdown of 4PC2, a core subunit of APC/C, in
GO-quiescent hepatocytes in mice caused dedifferentiation and
unscheduled proliferation of these cells, which may be attribu-
ted to the lack of APC/CP™! activity (22). APC/CPH! activity
regulates axonal growth in postmitotic neurons (23). In the
context of cilia formation, APC/CPH! activity is indispensable
for apical docking of basal body through the quantitative regu-
lation of DVL by APC/CPH! in Xenopus embryos (9).
CDC14 phosphatases in vertebrates, CDC/44 and CDCI4B,
both counteract CDH1 phosphorylation to activate APC/
CCPHL aetivity during late M phase (24). Loss of CDCI4B in
zebrafish embryos caused ciliary dysfunction characterized by
hydrocephaly, kidney cysts and left—right asKmmetry defects
(25). These findings suggested that APC/CPP! activity in GO
phase is essential for cell differentiation and cell morphology
(26). In spite of the functional significance of APC/CPH! the
maintenance mechanism in GO phase was unclear. We showed
that the accumulation of CDC20 in GO phase interferes with
the APC/CPH!.mediated proteolysis of DVL for ciliogenesis,
and that BUBRI is required for the maintenance of the APC/
CCPHL aetivity in GO phase.

The ‘APC/CPH!_DVL proteolysis’ axis in GO phase is
fundamental for ciliogenesis. Our data demonstrated that
BUBRI in GO phase maintains the APC/CPH! activity to
establish the ‘BUBR1-APC/CPH!'_DVL proteolysis’ axis
for ciliogenesis. It was reported that inversin (NPHP2), an
underlying protein for the ciliopathy in both human and
mouse, binds to DVL and promotes the ubiquitination of
DVL by APC/CPH! (15). Loss of inversin leads to increased
amounts of DVL and ciliary dysfunction similarly to the PCS
(MVA) syndrome. Therefore, the PCS (MVA) syndrome and
inversin-mutated ciliopathy (nephronophthisis) may have a
common pathological pathway, and BUBRI may act epistati-
calgr upstream of both inversin and DVL to maintain APC/
CChHl activity for ciliogenesis, because inversin is also a
direct substrate of APC/CPH! (15).
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