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INTRODUCTION

Mowat et al. [1998] described six patients with severe intellectual
disability, a distinct facial appearance, microcephaly, short stature,
and Hirschsprung disease as a new syndrome. The authors also
suggested that the disease locus was located at 2q22-23, because
their only patient and a previously reported similar patient [Lurie
etal., 1994] had deletions at 2q21-23 and 2q22-23, respectively. The
determination of the chromosomal translocation breakpoint from
two patients harboring the 2q22 translocation led to the identifica-
tion of the zinc finger E-box binding homeobox 2 gene (ZEB2, also
known as ZFHX1B and SIPI) as the disease gene [Cacheux et al.,
2001; Wakamatsu et al., 2001]. Mowat-Wilson syndrome (MWS:
OMIM#235730) was established as a distinct and recognizable
syndrome; in particular, the characteristic facial appearance, which
includes frontal bossing, eyebrows with medially flaring, hyper-
telorism, telecanthus, a broad nasal bridge, prominent columella, a
prominent chin, and anomalies of ears, was associated with loss of
function mutations (e.g., nonsense mutations, frameshift muta-
tions, and deletions) in one allele of ZEB2 [Zweier et al., 2002;
Mowat et al., 2003]. Numerous reports (approximately 200) of
ZEB2 mutations in MWS [for clinical summaries or a review, see
Zweier etal., 2005; Dastot-Le Moal et al., 2007; Garavelli et al., 2009]
have been described. There is no obvious genotype—phenotype
correlation in the MWS patients showing loss of function ZEB2
mutations except for two patients with large deletions (>10 Mb) at
the 2q22-24 locus, who presented with quite severe conditions and
different original cases [Zweier et al., 2003; Ishihara et al., 2004].
MWS is caused by de novo mutations in one allele of ZEB2. The
parents of MWS patients are usually healthy, and genetic abnor-
malities including apparent somatic mosaicism have not been
reported. However, four families with MWS in siblings have
been reported to be likely caused by germ-line mosaicism
[McGaughran et al., 2005; Zweier et al., 2005; Cecconi et al.,
2008; Ohtsuka et al., 2008].

ZEB2 is a member of the family of the two-handed zinc finger/
homeodomain proteins containing an SMAD-binding domain
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(p.437-487), a homeodomain-like sequence (p.651-700), and
two separate clusters of zinc fingers: an N-terminal domain
(p-213-304) and a C-terminal domain (p.1001-1076) [Verschue-
ren et al., 1999]. ZEB2 also possesses domains that interact with the
nucleosome remodeling and histone deacetylation (NuRD) com-
plex (p.14-17, 20) [Verstappen et al., 2008] and the transcriptional
co-repressor C-terminal binding protein (p.757-863) [Postigo
etal., 2003]. Recently, several Zeb2 functions in neuronal develop-
ment and maturation have been identified by analyzing conditional
knockout mice. Firstly, Zeb2 regulates the production of signals
from post-mitotic cells back to the germinal zone to ensure the
sequential generation of appropriate numbers of different neurons
and glial cells throughout corticogenesis [Seuntjens et al., 2009].
Secondly, Zeb2 is essential for central nervous system myelination
through the modulation of two distinct regulatory pathways (i.e.,
BMP-Smad and Wnt-B-catenin pathways) [Weng et al., 2012].
Thirdly, Zeb2 promotes a fate switch between cortical and striatal
interneuron lineages through the repression of Nkx2-1 during
neuronal migration from the medial ganglionic eminence [McKin-
sey et al., 2013].

Here, we report on nonsense and frameshift ZEB2 mutations and
the clinical features of 40 newly identified MWS patients in Japan.
One patient carries the frameshift mutation of p.D1204Rfs*29 at the
C-terminal of ZEB2; the mutant ZEB2 shares 99% (1,203/1,214) of
its amino acids with the wild-type protein. We analyze the C-
terminal mutant of ZEB2 and discuss the pathogenesis of the
disease.

Written informed consent was obtained from all the participants of
this study. The experiments were conducted after approval by the
Institutional Review Board at the Institute for Developmental
Research, Aichi Human Service Center. The patients participating
in this study were labeled S-001-S-131, except for five patients (K-
01, K-02, O-01, P-1, P-2), whose ZEB2 analysis was separately
performed. S-073 (a-c) are sibling cases. The clinical and molecular
analysis of ZEB2 from S-001-S-042, S-073 (a-c), and P-1 and P-2
have been published elsewhere [Wakamatsu et al., 2001; Yamada
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et al., 2001; Ishihara et al., 2004; Sasongko et al., 2007; Ohtsuka
et al., 2008]. We performed the genetic analysis of the ZEB2 in
Japanese patients with a potential clinical diagnosis of MWS and
presented the confirmed MWS cases based on ZEB2 analysis at the
corresponding meetings of physicians in charge by supporting the
Research on Measures for Intractable Diseases sponsored by the
Ministry of Health Labor and Welfare in Japan. The prevalence of
MWS was determined by epidemiological survey of the patients
from the hospitals and medical centers for pediatric rehabilitation
at the Aichi and Kanagawa prefectures.

Genomic DNA was isolated from the peripheral blood of the
patients with a possible clinical diagnosis of MWS and the muta-
tions in ZEB2 were evaluated as previously described [Yamada
et al., 2001]. Briefly, nine PCR products encompassing all nine
coding exons (exons 2—-10) including intron/exon boundaries were
amplified and sequenced directly. To confirm the mutations
detected in one allele of the patients, the PCR products were
subcloned into pGEM-T Easy (Promega, Madison, WI) and se-
quenced. The nucleotide sequence of the DNA fragment was
determined using the GenomeLab™ GeXP Genetic Analysis Sys-
tem (Beckman Coulter, Fullerton, CA), with the GenomeLab™
Dye Terminator Cycle Sequencing with Quick Start Kit (Beckman
Coulter).

s

FEe

Construction of the Wild-Type and Mutant ZEB
Expression Vectors

Wild-type ZEB2 cDNA was amplified from the first-strand cDNA
prepared from HEK293 cells using the specific primer pair S1-Al
(S1, exon 1: 5'-cgctgaattcaatgaagcagecgatcatg-3'; Al, exon 10: 5'-
aatgctctagattattacatgecatc-3'). An EcoRI recognition site (gaattc) or
an Xbal recognition site (tctaga) was introduced into S1 or Al,
respectively. After confirming the nucleotide sequences, the EcoRl/
Xbal fragment of the wild-type ZEB2 cDNA was subcloned into the
EcoRI/Xbal site of a mammalian expression vector, p3xFLAG-CMV
(Sigma—Aldrich, St. Louis, MO) (pFLAG-ZEB2). To generate the
D1204R{s*29 mutant of ZEB2, the 3’ portion of the ZEB2 was
amplified with the primer pair S2-A2 (S2, exon 10: 5'-cgggcttacttg-
cagagcat-3; A2, exon 10: 5'-catgaacagcttaactctagagtgttttc-3') using
the genomic DNA prepared from the patient’s peripheral blood
cells. An Xbal recognition site was introduced into A2. A 189-bp
piece of the BamHI/Xbal fragment of pFLAG-ZEB2 was exchanged
with a 184-bp piece of BamHI/Xbal-digested PCR fragment
(pFLAG-ZEB2-D1204Rfs*29). Similarly, the ZEB2 expression vec-
tors (pFLAG-ZEB2-D1204X and pFLAG-ZEB2-M1210X) contain-
ing premature termination codons at the 3'-end were generated by
in vitro mutagenesis. The nucleotide sequences of all the con-
structed ZEB2 expression vectors were verified by sequencing.
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Each ZEB2 expression vector (4 ug; p3xFLAG-CMV, pFLAG-
ZEB2, pFLAG-ZEB2-D1204Rfs, pFLAG-ZEB2-D1204X, and

pFLAG-ZEB2-M1210X) was cotransfected with 50 ng of pCMV-
B-gal (an Escherichia coli B-galactosidase expression vector) into
HEK293 cells in six-well dishes using the Lipofectamine 2000
reagent (Invitrogen, Carlsbad, CA). After a 24-h transfection, the
cells from each well were harvested and replated in two wells of six-
well dishes. After a 48-h transfection, the cells from one of the two
wells were washed with PBS, solubilized with a lysis buffer con-
taining 20 mM Tris~HCI (pH 7.5) and Protease Inhibitor Cocktail
(1:1,000 dilution), and sonicated using SOMIFIER 250 (BRAN-
SON, Danbury, CT). The FLAG tagged ZEB2 mRNA levels relative
to mRNA of B-actin (ACTB) were analyzed by the multiplex PCR
method [Ishihara et al., 2004]. Total RNA was extracted from
HEK293 cells transfected with each of the ZEB2-expressing vectors
using TRIzol Reagent (Invitrogen) and first-strand cDNAs were
synthesized by reverse transcription of 4.5 g of total RNA using
First-Strand ¢cDNA Synthesis Kit (GE Healthcare, Tokyo, Japan).
Primer pairs were designed to amplify a 178-bp fragment (90-bp of
FLAG and 88-bp of ZEB2) of FLAG tagged ZEB2 cDNA: S3 (sense
primer for the FLAG sequence), 5'-aaccatggactacaaagacca-3’ and
A3 (antisense primer for exons 1 and 2 of ZEB2), 5'-cattgtcatagtt-
caccacgt-3’, and a 149-bp fragment of ACTB: $4, 5'-gacaggatgcaga-
aggagat-3’ and A4, 5'-ctgcttgctgatecacatct-3'. Aliquots (equivalent
t0 0.1 pgof total RNA) of first-strand cDNA were amplified by PCR
in a total volume of 20 ul, each containing 0.3 wM of the both
primer pairs (S3-A3 and S4-A4), and 20 cycles were performed.
PCR products were separated on 1.5% low melting point agarose gel
electrophoresis. Western blotting was performed using an anti-
FLAG M2 antibody (1:6,000 dilution; Sigma—Aldrich) following
the same method as described elsewhere [Yamada et al., 2013].
Proteins were analyzed using ImageQuant LAS 4000 mini (GE
Healthcare). The efficiency of the DNA transfection was verified by
measuring the E. coli B-galactosidase activity using O-nitrophenyl-
{3-p-galactopyranoside (ONPG) as the substrate.

The Prevalence of MWS

The epidemiological survey demonstrated that the prevalence of
MWS at the Aichi and Kanagawa prefectures is 1:74,000 and
1:110,000, respectively. Thus, similar to the results of a previous
report [Evans et al., 2012], the prevalence of MWS in Japan is
approximately 1:90,000.

Identification of Nonsense and Frameghift
Mutations In ZEB2

We have identified nonsense mutations in 13 new patients (Table I).
The mutation p.R695X, which was previously reported in eight
patients [Ishihara et al., 2004; Sasongko et al., 2007], was found in
four new patients. In this study, the mutations p.R343X and p.R921X
were newly detected in two patients, respectively. We have already
presented a patient with p.R343X mutation [Ishihara et al., 2004],
while p.R921X was previously reported in European patients [Zwe-~
ier et al., 2005; Garavelli et al., 2009]. Five new mutations (i.e.,
p.Q271X, p.C312X, p.E609X, p.S800X, and p.S872X) have been
identified in this study. In total, 13 kinds of nonsense mutations were
found in 29 patients including three sibling cases (Table I). A total of
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33 frameshift mutations from Japanese patients caused by small
deletions, duplications, insertions, or other phenomena are sum-
marized in Table II. In this study, 26 frameshift mutations were
newly identified in 27 patients, and all the mutations were scattered
between P55 and D1204. Only c.1417delA resulting in p. R473Hfs* 14
was detected in two different patients. The mutations c.(852_855)
del2-bp, c.(1421_1426)dupA, and c.2254dupA have been reported
in European patients [Cacheux et al., 2001; Zweier et al,, 2005;
Garavelli et al., 2009]. Among the reported cases, the ¢.(3608_3614)
del5-bp resulting in p.D1204Rfs*29 mutation is the closest to the
C-terminal end.

Clinical Features in MWS Patients Associated
With Nonsense and Frameshift Mutations

The clinical features of newly identified and previously reported
Japanese patients with MWS harboring nonsense and frameshift
mutations are summarized in Table III. All the patients showed
severe to moderate intellectual disability and a characteristic facial
appearance. It is noted that the sex ratio and most of the clinical
features of these cases are quite similar to those in previous reports
[Garavelli et al., 2009]. A detailed comparison of the results of this
study with those from an earlier report showed that male/female
ratio was 1.33 and 1.25, seizure frequencies were 78% and 74%,
abnormalities of the corpus callosum were seen in 44% vs. 46%, and
congenital heart disease was seen 54% and 54%, respectively. Five
patients (S-066, S-098, S-103, S-127, and S-128) could speak a few
words, and five patients (5-066, S-068, S-098, S-127, and S-128)
could point at objects (e.g., food) kept out of reach. Characteristic
facial appearance of seven patients is shown in Figure 1.

s

instability of the ZEB2-D1204Rfs™29 Protein

The ZEB2-D1204Rfs*29 allele in S-121 encodes the longest 1,203
amino acid stretch from wild-type ZEB2 and an insertion of an
additional 28 amino acids caused by a frameshift mutation at the C-
terminus (total 1,231 amino acids). The molecular mass of FLAG-
tagged wild-type ZEB2 and ZEB2-D1204Rfs*29 were calculated to
be 139.7 and 141.9 kDa, respectively. To characterize the mutant
ZEB2, we examined the mRNA levels of the transiently expressed
wild-type and mutant ZEB2 by multiplex PCR, but no marked
differences were observed (Fig. 2B). Next, we performed Western
blotting in the cells. The results demonstrated that the ZEB2 protein
level in cells harboring the p.D1204Rfs*29 mutation is remarkably
decreased compared to that of the wild-type-expressing cells. In
contrast, the ZEB2 protein levels in cells harboring the p.D1204X or
p.M1210X mutants were not decreased. Moreover, the expression
of ZEB2-D1204Rfs*29 was approximately 20% that of the wild-type
(Fig. 2B) and the difference in the molecular mass of ZEB2-
D1204Rfs*29 and wild-type ZEB2 was found to be more than
10kDa (Fig. 2C). This is larger than the calculated MW difference
of the two proteins, which is 2.2 kDa.

DISCUSSION
To date, more and more pediatricians, pediatric neurologists,
pediatric surgeons, human geneticists, and genetic counselors in
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Male/female

Intellectual disability

Microcephaly

Seizures

Hypoplasia or agenesis of the corpus callosum
Congenital heart disease

Hirschsprung disease

Constipation

Urogenital/renal anomalies

Nonsense mutations, Table | [A] Frameshift mutations, Table 1I [B]
This study Total This study Total
(n=13) (n=129) (n=27) (n=34)
9/4 19/10 12/15 17/17
All All All All
8/13 (62%) 18/29 (62%) 14/27 (52%) 21/34 (62%)
10/13 (77%) 24/29 (83%) 19/27 (70%) 25/34 (74%)
9/13 (69%) 11/29 (38%) 13/27 (48%) 17/34 (50%)
?/13 (54%) 14/29 (48% ] 12727 (63%) 20/34 (59%)
3/13 (23%) 11/29 (38% 11727 (41%) 13/34 (38%)
?7/13 (54%) 10/29 [35%] 11/27 (41%) 13/34 (38%)
3/13 (23%) 10/29 (35%) 8/27 (30%) 9/34 (26%)

[A] +[B]
(n=863)
36/27
All
39/63 (62%)
49/63 (78%)
28/63 (44%)
34/63 (54%)
24/63 (38%)
23/63 (37%)
19/63 (30%)

FIG. 1. Facial appearance of MWS patients. A: $-97 (12-year-2-month-old female]. B: $-98 [4-yeér-10 month-old male). C: §-100 (?-year-2-
month-old female]. D: S-110 (1-year-8-month-old male). E: 5-8 [3B-gear-old male). F: $-94 (10-year-5-month-old male). G: S-111 (1-year-10-
month-old female). The patients have egebrows with medially flaring and sparse in the lateral, large and deep-set eyes, telecanthus, broad
nasal bridge, depressed nasal bridge, prominent and triangular chin, and uplifted ear lobes. Smllmg face (A, B, E, F), thin chestnut hair [B-D,
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FIG. 2. Expresslon of wnld tgpe and mutant ZEB2 proteins in HEK293 cells. A: A schematic mustratlon of FLAG-tagged ZEBZ mutants B First
[topmost] panel. Multiplex PCR analgsw of the FLAG tagged ZEB2 mRNA levels relative to ACTB in HEK293 cells transfected with each of the
. ZEB2-expressing vectors. Arrow and arrowhead indicated the PCR products of ACTB and FLAG tagged ZEB2, respectwelg Second and third
“panels: Western blot analgsw of HEK283 cells transfected with each of the ZEB2-expressing vectors using antibodies specific for FLAG and o
tubulin. Fourth panel relative E coli B- galactosxdase (B- gal] activities in each transfected group of HEK293 cells. The vertical bars indicate:
the standard error of the mean for three experiments. Lane 1, pFLAG vector; lane 2, wild-type pFLAG-ZEBZ lane 3, pFLAG -ZEB2- DiZMRfs*ZQ

lane 4, pFLAG -ZEB2- D1204X lane 5, pFLAG -ZEB2-M1210X.

Japan recognize MWS based on the characteristic facial appearance
and moderate or severe intellectual disability, similar to that seen in
Down syndrome. There is no obvious genotype-phenotype corre-
lation in the MWS patients except for large deletions (>10 Mb) at
the 2q22-24 locus [Zweier et al., 2003; Ishihara et al., 2004]; yet we
speculate that clinical features of MWS may become rather unclear
when we include the deletion types harboring wide clinical symp-
toms. Thus, we have focused on the clinical features of MWS caused
by nonsense and frameshift mutations in ZEB2 in this study. We
have identified 13 nonsense and 27 frameshift ZEB2 mutations in 40
newly identified MWS patients. Thus, the overall number of
nonsense and frameshift mutations of the so far identified Japanese
MWS patients are 29 and 34, respectively, including those from
previous studies [ Yamada et al., 2001; Ishihara et al., 2004; Sasongko
et al,, 2007; Ohtsuka et al., 2008]. All the patients have the
characteristic facial appearance, and moderate or severe intellectual
disability. Compared to previous reports of the clinical summary of
MWS including deletion cases [Dastot-Le Moal et al., 2007], the
frequencies of patients showing seizures, abnormalities of corpus
callosum, or congenital heart disease are quite similar; however, the
frequencies of microcephaly (62% vs. 80%), Hirschsprung disease
(38% vs. 54%), and urogenital/renal anomalies (30% vs. 52%) are
lower than those previously reported (Table III) [Garavelli et al.,
2009]. We observed that microcephaly is evident at a later age in
some patients. For example: (1) $-090, occipitofrontal circumfer-
ence (OFC): —1.0 standard deviation (SD) (at birth) and —~2.5 SD

(3yearsold), (2) S-106, OFC: 0SD (atbirth) and —2 SD (9 years old)
with failure to thrive. Thus, microcephaly may not be characteristic
of the younger patients (~6 years old) in this study. Further case
studies are necessary to investigate whether nonsense and frame-
shift mutations in ZEB2 are responsible for the relatively lower
number of Hirschsprung disease and urogenital/renal anomalies in
this study. In addition, the urethral stones (S-062), spleen hypo-
plasia (8-112), chordee without hypospadias (S-120), duplicated
renal pelvis (S-110 and P-1), and spinal bifida (K-02) identified in
this study are rare in MWS. Further case studies are also necessary to
establish whether these are symptoms associated with MWS. We
found that two patients (S-101 and S-128) have self-injuries, in
accordance with a recent study showing that MWS was associated
with significant levels of behavioral and emotional problems [Evans
et al., 2012].

In this study, using transient transfection, we demonstrated
that the ZEB2-D1204Rfs*29 protein has a larger mass, but its
protein level was remarkably decreased without a remarkable
change in the mRNA level when compared to that of the wild-
type ZEB2. Thus, MWS was caused by the ZEB2 protein instability
in S-121. The D1204Rfs*29 mutation generates a new terminal
codon. Consequently, the 11 C-terminal amino acid sequence
(DHEEDNMEDGM) encoded by wild-type ZEB2 was replaced by a
28-amino acid sequence (RGRQYGRWHVNYCILSEHFFEPVVLLPA)
by the frameshift mutation. Comparing the two C-terminal pep-
tides, 6 (underlined) out of 11 amino acids were negatively charged
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amino acids, while 15 (double underlined) out of 28 amino acids
were hydrophobic amino acids. This remarkably different amino
acid composition suggests that conformation of the C-termini of the
two ZEB2 proteins would differ. Secondary structure analysis of the
C-terminus of the wild-type and D1204Rfs*29 proteins using “Jpred
consensus method for protein secondary structure prediction serv-
er” indicated a dramatically increased potential for alpha helix
formation with strong hydrophobicity in the C-terminal peptide
of ZEB2-D1204Rfs*29 [Cole et al,, 2008]. This could affect the post-
translational modifications of mutant ZEB2, including processing,
phosphorylation, or glycosylation as well as protein stability, which
could explain the Western blot findings. A different C-terminal
frameshift mutation in ZEB2 has been reported in MWS where the
€.3567-3568insCC frameshift mutation (causing a 2-bp insertion)
producesalonger ZEB2 (p.M1190Pfs*50) than ZEB2-D1204Rfs*29;
however, the characterization of the mutant ZEB2 has not been
performed. The finding that nonsense mutations (1204X and
1210X) at the C-terminus of ZEB2 do not affect the protein stability
suggests that these mutations may not cause typical MWS. To
confirm these hypotheses, C-terminal analysis of the mutant
ZEB2, case studies of MWS with C-terminus mutations, or single
nucleotide polymorphism analyses of normal populations are
necessary.

We are grateful to the patients and their families for agreeing
to participate in this study. Epidemiological survey was conducted
by S.M. and KXK. This study was supported by the Takeda
Science Foundation and a Health Labor Sciences Research Grant
(to N.W.).
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Autosomal recessive cystinuria caused by
genome-wide paternal uniparental isodisomy
in a patient with Beckwith—Wiedemann

syndrome

Ohtsuka Y, Higashimoto K, Sasaki K, Jozaki K, Yoshinaga H, Okamoto N,
Takama Y, Kubota A, Nakayama M, Yatsuki H, Nishioka K, Joh K, Mukai
T, Yoshiura K-i, Soejima H. Autosomal recessive cystinuria caused by
genome-wide paternal uniparental isodisomy in a patient with
Beckwith—Wiedemann syndrome.

Clin Genet 2014. © John Wiley & Sons A/S. Published by John Wiley &
Sons Ltd, 2014

Approximately 20% of Beckwith—Wiedemann syndrome (BWS) cases are
caused by mosaic paternal uniparental disomy of chromosome 11 (pUPD11).
Although pUPD11 is usually limited to the short arm of chromosome 11, a
small minority of BWS cases show genome-wide mosaic pUPD (GWpUPD).
These patients show variable clinical features depending on mosaic ratio,
imprinting status of other chromosomes, and paternally inherited recessive
mutations. To date, there have been no reports of a mosaic GWpUPD patient
with an autosomal recessive disease caused by a paternally inherited
recessive mutation. Here, we describe a patient concurrently showing the
clinical features of BWS and autosomal recessive cystinuria. Genetic
analyses revealed that the patient has mosaic GWpUPD and an inherited
paternal homozygous mutation in SLC7A9. This is the first report indicating
that a paternally inherited recessive mutation can cause an autosomal
recessive disease in cases of GWpUPD mosaicism. Investigation into
recessive mutations and the dysregulation of imprinting domains is critical in
understanding precise clinical conditions of patients with mosaic GWpUPD.
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Beckwith—Wiedemann syndrome (BWS) (OMIM
#130650) is an imprinting disorder characterized by
peculiar prenatal and postnatal macrosomia, macroglos-
sia, and abdominal wall defects. There are various
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genetic and epigenetic abnormalities that can cause
BWS, although paternal uniparental disomy of 11p15
(pUPD11) accounts for around 20% of cases (1, 2).
The minimum pUPD size is approximately 2.7 Mb from
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the telomere of 11p, including both imprinting control
regions, HI9DMR and KvDMR1 (3). pUPD11 causes
hypermethylation of H/9DMR and hypomethylation of
KvDMRI1, which leads to overexpression of IGF2 and
reduced expression of H19 and CDKNIC. In its most
wide-reaching variety, pUPD acts on the whole genome,
and is denoted as genome-wide pUPD (GWpUPD).
Non-mosaic GWpUPD results in the formation of a
hydatidiform mole, while individuals with GWpUPD
mosaicism are born alive (2). GWpUPD patients usually
show clinical features of BWS and other variable features
thought to depend on the mosaic ratio, the imprinting
status of other chromosomes such as chromosomes 6,
14, 15, and 20 (pUPDs of these chromosomes cause
other imprinting disorders), and paternally inherited
recessive mutations (4). However, to date, there have
been no reports of a mosaic GWpUPD patient with
an autosomal recessive disease caused by a paternally
inherited recessive mutation.

Cystinuria (OMIM #220100) is an autosomal recessive
disorder characterized by impaired epithelial cell trans-
port of cystine and dibasic amino acids (lysine, ornithine,
and arginine) in the proximal renal tubule and gastroin-
testinal tract. The impaired renal reabsorption and the
low solubility of cystine cause the formation of calculi
in the urinary tract (5). Causative genes for cystinuria
include SLC3A1 and SLC7A9. These genes encode pro-
teins that comprise the tBAT/b%*+ AT heterodimer, which
mediates the exchange of extracellular cationic amino
acids and cystine for intracellular neutral amino acids (6).

We investigated a patient with clinical features of
both BWS and cystinuria. Genetic analyses revealed that
the patient harbored mosaic GWpUPD and inherited
a homozygous mutation of SLC7A9 paternally. This is
the first reported case of a patient with these features
exhibited concurrently.

Materials and methods
Patient report

The female infant with a karyotype of 46,XX was the
first-born baby to non-consanguineous, healthy, Japanese
parents after 34 weeks and 6 days of gestation. Her birth
weight was 4254 g [+6.8 SD (standard deviation)], and
she exhibited omphalocele, macroglossia, and nevus
flammeus on her forehead. These conditions satisfy the
diagnostic criteria for BWS as described by Weksberg
etal. (7). After birth, she also manifested persistent
hyperinsulinemic hypoglycemia and an extremely high
level of serum alpha-fetoprotein (300,000 ng/ml). She
was diagnosed with diffuse nesidioblastosis in the pan-
creatic body, and a partial pancreatectomy was per-
formed twice, at 2 months and at 8 years of age (8). In
addition, at puberty she had bilateral breast fibroadeno-
mas and an ovarian adenofibroma, as recently reported
(9). She did not develop any mental or motor delay.
Atrophy of the left kidney and enlargement of the
right kidney were detected at birth, and urinary stones
in the bladder and medullary calcinosis in both kid-
neys were detected at 10 months of age (Fig. 1). The
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Fig. 1. Sonography of urolithiasis. Ultrasound images of the patient
at one year of age shows a 1cm stone in the bladder and medullary
calcinosis in both kidneys. Atrophy of the left kidney was diagnosed at
birth.

urinary amino acid analysis revealed high concentrations
of cystine (551 pmol/l), lysine (5175 pmol/l), and argi-
nine (3837 pmol/l), and cystine crystals were visible in
a urine sample. Therefore, she was also diagnosed with
cystinuria. Her parents had no history of urolithiasis;
however, cystine and lysine in the father’s urine were
moderately elevated (296 pmol/l and 850 pmol/l, respec-
tively).

This study was approved by the Ethics Committee for
Human Genome and Gene Analyses of the Faculty of
Medicine, Saga University.

DNA isolation

Genomic DNA was extracted from the peripheral blood
of the patient and her parents, the patient’s pancreas, and
urine using commercially available DNA extraction kits.

SNP array analysis

Single nucleotide polymorphism (SNP) array analy-
sis was performed with Genome-Wide Human SNP
Array 5.0 (Affymetrix, Santa Clara, CA) according to
the manufacturer’s protocol. The genotype was ana-
lyzed using GENOTYPING CONSOLE (GTC) 4.1 soft-
ware (Affymetrix). Copy number, allele ratio, and trio
SNP analyses were performed using PARTEK GENOMICS
SUITE version 6.6 beta (Partek Inc., St. Louis, MO).
A reference generated from 89 Japanese samples was
used. The genomic positions of the SNPs corresponded
to GRCh37/hgl9.

Mutation analyses of SLC3A7 and SLC7AS genes

All coding exons and flanking intronic regions of
SLC3AI and SLC7A9 genes were amplified by poly-
merase chain reaction (PCR) and directly sequenced.
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Fig. 2. Results of single nucleotide polymorphism (SNP) array analysis and mutation analysis of a cystinuria causative gene, SLC7A9. (a, b) Results
of patient SNP array analysis. Genotyping (a) showed homozygous (AA or BB) results for almost all SNPs throughout all chromosomes, and absence
of aberrant copy number variation (b); this evidence supports the notion of mosaicism for genome-wide paternal uniparental disomy (GWpUPD) of
isodisomic androgenetic cells and normal biparental cells. (¢) Results of mutation analysis of a cystinuria causative gene, SLC7A9. Sanger sequencing
revealed a single-base deletion in exon 10 in both the father and the patient. Polymerase chain reaction (PCR)-cloning-sequencing revealed four wild-type
clones and nine mutant clones in the father, indicating heterozygosity for the mutation. PCR direct sequencing showed that the patient seemed to be
homozygous for the mutation because of a high mosaic ratio for GWpUPD. The mother did not have the mutation. (d) Patient’s family pedigree.
The SLC7A9 mutation found in the patient was paternally inherited. In the patient, cells with GWpUPD were homozygous for the mutation, whereas
biparental cells were heterozygous, containing both the mutation and the maternally inherited wild-type allele.

The PCR product of SLC7A9 exon 10 in the father was
cloned into a pT7Blue T-Vector (Novagen, San Diego,
CA), and individual clones were sequenced. Primers for
the mutation analyses are listed in Table S1, Supporting
Information.

Results

To identify the potential cause of the BWS, we first
performed methylation-sensitive Southern blots of two
imprinting control regions at 11pl5, HI9DMR, and
KvDMR1. The methylation index (MI) was 99% at
HI9DMR and 2% at KvDMR1 (Fig. S1). Because
HI9DMR is methylated on the paternal allele and
KvDMR1 is methylated on the maternal allele, pUPD
of the region with a high mosaic ratio was strongly sug-
gested.

‘We then performed microarray analysis of the patient,
father, and mother SNP trios using SNP Array 5.0. The
results showed two normal copies in the patient and

her parents; however, the patient’s genotype contained
homozygous (AA or BB) results for almost all SNPs
throughout all chromosomes (Fig. 2a,b). The genotyp-
ing of the trios indicated that the informative SNPs in
the patient had been transmitted via paternal uniparental
inheritance (data of chromosomes 2 and 19 are shown in
Fig. S2). To calculate the mosaic ratio, we quantitatively
analyzed microsatellite markers across all chromosomes
except chromosome Y. In the patient, the average mosaic
ratio of all informative markers was 91% in the peripheral
blood and 83% in the pancreas (Table S2). These results
indicated GWpUPD mosaicism of isodisomic androge-
netic cells and normal biparental cells. Because mosaic
GWpUPD necessarily includes 11p15.4-p15.5, we con-
cluded that the causative abnormality for the BWS phe-
notype was pUPD11. ‘

Finally, because the patient was diagnosed with auto-
somal recessive cystinuria, we performed mutation
analyses of the supposed causative genes for cystin-
uria, SLC3AI at 2p21 and SLC7A9 at 19q13.1. The
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Table 1. Literature review of live-born patients with genome-wide paternal UPD?

Gogiel Inbar-Feigenberg Yamazawa Romanelli Reed Giurgea Bryke and Hoban
Johnson etal et al. etal. etal. etal. etal Garber etal
Our patient et al. (13) Kalish et al. (12) (15) (14) (4) (16) Wilson et al. (17) (18) (19) (20) 21)
Patient Patient Patient Patient Patient
#1 #2 #3 #1 #2
34weeks 30weeks 31weeks 30weeks 24 weeks 29weeks  30weeks
Gestational age 6days 6days 5days 6days 1days 37 weeks 33 weeks 34 weeks 36 weeks 6days 4days 35 weeks 42 weeks
Birth weight (g) 4254 2460 3850 2270 3730 3750 1110 2260
Weight percentile >97th >97th 85th 95th 50th >90th 75th >97th >97th >90th 25-50th
Macroglossia + + + + +
Abdominal wall + + + + + + + + + +
defect
Visceromegaly +. + + + + + + + + +
Hemihyperplasia + + + + + + + + + + +
Hypoglycemia + + + + + + + + + + + +
| Cutaneous + + + + + + +
o abnormality
ﬁ Cardiac abnormality + + + + + +
Neurological + + + + + + +
] abnormality
Tumor development + + + + + + + + + + + + + +
Failure to thrive + + + + +
Placental abnormality + + + + + + + +
Other abnormality + + + + + + + + + +
Features estimated UPD11 UPD11  UPD11, 14  UPD UPD11 UPD11,14  UPD11, 15,20 UPD11, 14, UPD11, 156 UPD11 UPD11 UPD11  UPDS, 14, 15, UPD11
paternal UPD 15 20
Other findings Cystinuria  Hyperkalemia, Peripheral  Respiratory Cerebral seizure,  Strabismus, Asphyxia Renal stone Respiratory Fetal
(homozy-  abdominal pulmonic distress, non-obliterating renal dysplasia, insufficiency, distress
gous swelling, stenosis, cliteromegaly, thrombosis of respiratory inflammatory
mutation of deceased smallbowel deceased the inferior vena distress, small condition,
SLC7A9) obstructions cava, multiple  choroid plexus granulocyte
fractures, bleed, low level hyperplasia, arthritis,
tachypnea of 25-hydroxy stenosis of arteries,
vitamin D hemiplegic stroke,
hypertension

UPD, uniparental disomy.

aCutaneous abnormality: hemangioma, cutaneous capillary vascular malformation or pigmentation. Neurological abnormality: developmental and motor delay, hypotonia, convulsion or autism. Other abnormality: ear lobe anomaly, hypertelorism,

abnormal facies, bell-shaped thorax, or others.
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SNP array showed two normal copies of both regions
(Fig. S2). Sanger sequencing revealed a single-base
deletion in exon 10 of SLC7A9, which led to a pre-
viously reported frameshift mutation (c.1017delA,
p-V340£sX21, RefSeq: NM_001126335) (10), whereas
no mutation was found in SLC3AI (Fig. 2¢). The father
was a heterozygous carrier of the mutation showing
moderately elevated cystine and lysine in his urine
without urolithiasis, while the mother was homozygous
for the wild-type allele (Fig. 2¢). The patient seemed
to be homozygous for the mutation because of the high
mosaic ratio of GWpUPD (Fig. 2c¢,d). In silico pre-
diction programs such as MutationTaster (http:/www.
mutationtaster.org/) and SIFT-indels (http:/sift.bii.a-
star.edu.sg/www/SIFT_indels2.html)  predicted the
SLC7A9 mutation as ‘DISEASE CAUSING’ and
‘DAMAGING’, respectively. The mutation could not be
found after a comprehensive database search covering
dbSNP  (http://www.ncbi.nlm.nih.gov/projects/SNP/),
1000 Genomes (http://www.1000genomes.org/), Clin-
Var (http://www.ncbi.nlm.nih.gov/clinvar/), the Human
Genome Variation Database (http://www.genome.med.
kyoto-u.ac.jp/SnpDB/index.html), and the FExome
Variant Server (http://evs.gs. washington.eduw/EVS/).
Furthermore, we identified the SLC7A9 mutation in
DNA from the patient’s urine (Fig. S3b).

On the basis of these findings we concluded that the
patient was homozygous for the SLC7A9 mutation in
GWpUPD cells and heterozygous in biparental cells.
Because a high ratio of mosaicism was found in the
patient’s urine (average mosaic rate: 76%) (Fig. S3a), we
speculated that the high ratio of mosaicism also occurred
in the patient’s kidneys, which resulted in the observed
cystinuria.

Discussion

In this study, we describe a patient concurrently afflicted
with BWS and autosomal recessive cystinuria. Genetic
analyses revealed that the patient, who possesses mosaic
GWpUPD, is also homozygous for a SLC7A9 mutation
in GWpUPD cells, while her normal biparental cells
are heterozygous. The mutation was inherited from the
patient’s father, who carried the mutation.
Approximately 20% of patients with BWS show
mosaicism for pUPD11 (1). This segmental pUPD is
considered to result from mitotic recombination at an
early embryonic stage (11). A small number of reports
exist that detail GWpUPD patients with BWS phe-
notypes (1). Fifteen patients with live-born mosaic
GWpUPD, including our patient, have been described
so far in 11 reports (Table 1) (4, 12-21). Although
previous assumptions were of low GWpUPD incidence
in pUPDI11 patients, a recent report suggested that
GWpUPD might actually be more frequent than expected
because two GWpUPD patients were found out of 11
pUPDI11 patients (22). All these patients showed only
one paternal haplotype (isodisomy) and no evidence of
any chromosomal crossing-over. This strongly suggests
that a mechanism of mosaic GWpUPD involves nor-
mal fertilization followed by failure of maternal DNA

replication and paternal genome endoreplication (12,
23, 24). These patients frequently show hyperinsuline-
mic hypoglycemia (12/15), often accompanied by nesid-
ioblastosis, for which partial or near-total pancreatec-
tomy may be required. The incidence of tumor develop-
ment is much higher in GWpUPD patients (14/15) than
in segmental pUPDI11 (approximately 25%) (Table 1)
(25). Several types of benign and malignant tumors
develop metachronously and ectopically (12). Because
segmental pUPD11 itself is a risk factor for tumor devel-
opment, there may be additional factors in GWpUPD
patients, such as as-yet poorly characterized imprinted
regions and undiscovered recessive loci associated with
cell growth or survival (12). The possibility of GWpUPD
should be tested in patients with pUPD11 as a general, in
particular to guard against their increased tumor risk.

Although other chromosomes, especially chromo-
somes 6, 14, 15, and 20, are also pUPD in GWpUPD
patients, associated clinical features were seen less
frequently with them, suggesting (epi)dominance of
pUPDI1 (Table 1). Yamazawa etal. suggested sev-
eral determination factors for clinical features of mosaic
GWpUPD, including the mosaic ratios in various tissues,
dysregulation of imprinted domains, and unmasking of
paternally inherited recessive mutations (4).

We found that our patient was homozygous for a
one-base deletion mutation of SLC7A9, which is a
causative gene for cystinuria. A GWpUPD patient has
been previously reported to have renal calcium stones.
However, the cause of the renal stones remains unknown
(16). SLC7A9 encodes bV AT, which is a light subunit
of the rBAT/b%*AT amino acid transporter expressed in
the renal proximal tubule (5, 6). The mutation has been
reported to decrease cystine transg)on activity drastically
compared with wild-type rBAT/bY+AT in vitro (10). The
loss of function of this transporter system leads to the
formation of cystine stones in patients.

In conclusion, we report for the first time a patient con-
currently affected by both BWS and autosomal recessive
cystinuria. The genotype of this patient clearly indicates
that a paternally inherited recessive mutation can cause
a recessive disease in patients with mosaic GWpUPD.
To understand the clinical conditions of patients with
mosaic GWpUPD better, further investigation of dysreg-
ulation of imprinted domains and recessive mutations is
necessary. To this end, whole exome sequencing would
be useful in identifying paternally inherited recessive
mutations.

Supporting Information

Additional supporting information may be found in the online
version of this article at the publisher’s web-site.
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De novo SOX11 mutations cause Coffin-Siris
syndrome
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Coffin-Siris syndrome (CSS) is a congenital disorder characterized by growth deficiency,
intellectual disability, microcephaly, characteristic facial features and hypoplastic nails of the
fifth fingers and/or toes. We previously identified mutations in five genes encoding subunits
of the BAF complex, in 55% of CSS patients. Here we perform whole-exome sequencing in
additional CSS patients, identifying de novo SOXTT mutations in two patients with a mild CSS
phenotype. soxTla/b knockdown in zebrafish causes brain abnormalities, potentially explaining
the brain phenotype of CSS. SOX11is the downstream transcriptional factor of the PAX6-BAF
complex, highlighting the importance of the BAF complex and SOXT11 transcriptional network
in brain development.
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offin-Siris syndrome (CSS; MIM#135900) is a congenital
disorder characterized by growth deficiency, intellectual

. disability, microcephaly, characteristic facial features and
hypoplastic nails of the fifth fingers and/or toes (Supplementary
Fig. 1). Five subunit genes (SMARCBI, SMARCA4, SMARCE],
ARIDIA and ARIDIB) of the BAF complex (also known in yeast
as the SWI/SNF complex!) are mutated in 55-70% of CSS
patients®™, Mutations in SMARCAZ2, another BAF complex gene,
were reported in the Nicolaides-Baraitser syndrome, which is
similar to, but distinct from CSS’. Furthermore, de novo PHE6
mutations were found in two CSS patients®, although no direct
interaction has been reported between the BAF complex and
PHF6, which interacts with the nucleosome remodelling and
deacetylation complex®. As 30-45% of CSS patients were
genetically undiagnosed in three large cohort studies?>=®, further
genetic investigation is required to fully address the genetic
picture of CSS.

Here we apply whole-exome sequencing (WES) to 92 CSS
patients, and identify two de novo SOXII mutations in two
unrelated patients. soxI! knockdown experiments in zebrafish
result in a smaller head and significant mortality, which were
partially rescued by human wild-type SOXI11 messenger RNA
(mRNA), but not by mutant mRNA.

Results

WES of CSS patients. We identified two de novo SOX11 muta-
tions in two unrelated patients, ¢.347A>G (p.Tyrl16Cys) (in
patient 1) and ¢.178T > C (p.Ser60Pro) (in patient 2) (deposited
to LOVD, http://www.LOVD.nl/SOX11), among 92 CSS patients
(including our previous cohorts®®) analysed by trio-based WES.
In the two patients, >10 reads covered 94-92% of coding
sequences and only SOXII mutations remained as candidate
variants in both of them based on the de novo model with scores
of damaging or disease causing by SIFT, PolyPhen2 and Mutation
Taster (Supplementary Table 1). The two heterozygous mutations
localize to the high-mobility group (HMG) domain. Neither
mutation was registered in the databases examined (1,000
Genomes, Exome Sequencing project (ESP) 6500, and in-house
databases containing 575 control exomes) (Supplementary
Table 1). We identified a further 22 SOXII variants within
these three databases, but all of them reside outside the HMG
domain and, based on prediction programs, are less likely to be
pathogenic (Supplementary Table 1; Supplementary Fig. 2). The
amino acids altered in SOX11 are evolutionarily conserved from
zebrafish to human (Fig. 1). The mutations do not alter nuclear
localization of SOX11 protein (Supplementary Fig. 3). De novo
mutations were confirmed in the two families by Sanger
sequencing along with biological parentage. No mutations in
any of the other BAF complex genes, PHF6, or other potential

c.178T>C ¢.347A>G
(p.S60P) (p.Y116C)
\ ¥

1 48 118 441 aa
v v
H.sapiens ...AFMVWSKIERR...ADYPDYKYRPR...
P.troglodytes ...AFMVWSKIERR...ADYPDYKYRPR...
M.mulatta ...AFMVWSKIERR...ADYPDYKYRPR...
M.musculus ...AFMVWSKIERR...ADYPDYKYRPR...
R.norvegicus ...AFMVWSKIERR...ADYPDYKYRPR...
G.gallus ...AFMVWSKIERR...ADYPDYKYRPR...
D.rerio (sox11a) ...AFMVWSKIERR...ADYPDYKYRPX...
D.rerio (sox11b) ...AFMVWSKIERR...ADYPDYKYRPX...

Figure 1 | SOXT1 mutations and functional characterization. SOX11
mutations in CSS patients. Two missense mutations in the HMG domain
(blue box) occur at evolutionarily conserved amino acids.
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candidate genes were found in the two families. Therefore, the
two mutations identified are highly likely to be pathogenic.
Moreover, SOX11 was sequenced by WES (n=23) or Sanger
method (n=67) in a further 90 CSS patients, with no mutations
found. Fifty-four patients had a mutation in one of the five
BAF complex subunit genes (58.7%) (SMARCA4, SMARCBI,
SMARCEIL, ARIDIA and ARIDIB mutations found in 9, 8, 1, 5
and 31 patients, respectively).

Clinical features of patients with SOX11 mutations. The two
patients showed dysmorphic facial features, microcephaly, growth
deficiency, hypoplastic fifth toe nails and mild intellectual dis-
ability® (Supplementary Fig. 1; Supplementary Table 2). The
observed clinical features in both patients are classified to a mild
end of CSS as patient 1 spoke early for CSS and patient 2 has
relatively high intelligence quotient. Although the two patients do
not look similar in facial appearance (patient 1 has midface
hypoplasia, while patient 2 does not; in addition there is an ethnic
difference, as patients were either Japanese or Indian), they do
share features in common, namely, hypertrichosis, arched
eyebrows, low-set ears, auricular back-rotationand full cheeks
(Supplementary Fig. 1).

Patient 1 (Japanese) was born at 38 weeks of gestation
following an uneventful pregnancy. Her birth weight was 2,340 ¢
(=19 sd.), length 45cm (—2.2 sd) and occipitofrontal
circumference (OFC) 30.5cm (— 1.8 s.d.). She was hypotonic,
had feeding difficulties (especially during the neonatal period)
and delayed development. She was able to support her head at
5 months of age, sit at 11 months and walk independently at
1 year 11 months. She started to speak meaningful words at 1 year
7 months. At 3 years, her developmental quotient was estimated
using the Kyoto scale of psychological development to be 57.
Abdominal echography showed her left kidney was slightly small
in size. She has distinctive facial features characterized by midface
hypoplasia, short palpebral fissures, hypertelorism, upturned
palpebral fissures, long eyelashes, a low nasal root, shortened nose
with upturned nostrils, short philtrum, open mouth, full lips and
low-set ears. Hypoplastic distal phalanges with nail hypoplasia
(especially of the fifth digits) were also noted. Additional findings
included hypertrichosis and long eyelashes with abundant hair on
the scalp. At 4 years 8 months, she was short with a height of
92.1cm (—2.9 s.d.) and evaluated for possible growth hormone
deficiency with stimulation tests, which showed normal results.
At 10 years, she measured 119cm (— 2.8 s.d.), weighed 20.1kg
(—1.85.d.) and had an OFC of 47.3 cm ( — 3.3 s5.d.). She attends a
special education class for poor performance, but can walk to
school by herself (takes approximately half an hour) and is able to
communicate verbally, to some extent, with her classmates.
Clinical features are summarized in Supplementary Table 2.

Patient 2 (Indian) is a 16-year-old female, and was referred to
the genetics outpatient department for evaluation of short stature.
She was born at term following a normal pregnancy, but with low
birth weight (1.75kg, — 4s.d.). Developmental milestones were
attained normally, but her parents always felt that she lagged
behind other children. She was a slow learner with poor scholastic
performance and an intelligence quotient of 70-80. She attended
a normal class, but struggled to pass class examinations every
year. She has a proportionately short stature but not a coarse face.
Her chin was small and supraorbital ridges hypoplastic with no
ptosis. Her nose was long and alae nasi hypoplastic with
overhanging columella. Her hair was thick and rough with some
thinning on her scalp. She had increased hair on her back. Her
fourth and fifth toes were short and all her finger nails were
hypoplastic with thin and tapered fingers. Her fourth and fifth
toes on both feet, and also the third toe on her right foot, were

N${5:4011] DOI: 10.1038/ncomms5011 | www.nature.com/naturecommunications

© 2014 Macmillan Publishers Limited. All rights reserved.

— 251 —



CATIONS | DOR 101038/ neommsBOT

ARTICLE

markedly hypoplastic. Clinodactyly was noted on the third, fourth
and fifth toes on her right foot, and the third and fourth toes on
her left foot. A skeletal survey did not show any radiographic
bone abnormalities. Her bone age was 13-14 years and
follicle-stimulating hormone was 1.571U17! (normal range:
<5IUI7Y). Ultrasonographic examination at 16 years (before
menarche), showed a hypoplastic uterus and malrotation of both
kidneys. No secondary sexual characteristics were recognized
until she had menarche at 17 years. Now at age of 17 years,
she is still short with a height of 141 cm (— 5 s.d.), weigh 31.3kg
(—3 s.d) and OFC 50.5cm (—4.5 s.d.). Clinical features are
summarized in Supplementary Table 2.

Structural effects of SOX11 mutations. To determine the impact
of the disease-causing mutations on human SOX11 structure and
function, we mapped the mutation positions onto the crystal
structure of mouse Sox4?, that is analogous to human SOX11, and
calculated free energy changes on the mutations using FoldX
software!®!!, The mutations lie in the highly conserved HMG
domain, responsible for sequence-specific DNA binding
(Fig. 2a)°. Ser60 is located in a helix of the HMG domain
(Fig. 2a), therefore the S60P mutation may affect overall folding
of the HMG domain and impair DNA binding of SOX11. FoldX
calculations supported this prediction and the free energy change
on the mutation was high enough to destabilize protein folding
(>10kcal mol ~ 1) (Fig. 2b)12. Conversely, Tyrll6 forms a
hydrophobic core with the side chains of DNA-recognition
loops (Fig. 2a). The Y116C mutation has low free energy change
(<1kcalmol ™!y (Fig. 2b), and is unlikely to significantly affect
folding of the HMG domain, but instead may alter conformation
of the DNA-recognition loop, which is important for DNA
binding.

SOX11 mutations affect downstream transcription. Both
mutations are located within the HMG domain, which is required
for SOX11 transcriptional regulation of GDF5 (ref. 13). Luciferase
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assays using the GDF5 promoter in HeLa and ATDCS5 cells,
showed both mutant proteins had decreased transcriptional
activities compared with wild type (WT) (Fig. 3).

SOX11 expression. SOXI1 transcription levels were examined
using multiple human complementary DNA (cDNA) panels.
SOX11 was exclusively expressed in brain (foetus and adult) and
heart (adult) tissues, supporting a role for SOX11 mutations in the
brain features of CSS observed in the two patients
(Supplementary Fig, 4; Supplementary Table 2).

In mice, targeted SoxII disruption with a B-galactosidase
marker gene results in 23% birth weight reduction and lethality
after the first postnatal week in homozygotes, due to hypoplastic
lungs and ventricular septation defects. In addition, skeletal
malformations (including phalanges) and abdominal defects are
observed!. Physical and functional abnormalities in hetero-
zygotes have not been described. However, in heterozygous mice,
-galactosidase expression revealed early ubiquitous expression
throughout the embryo with ufregulation in the central nervous
system (CNS) and limb buds!4.

sox11 knockdown experiments in zebrafish. We further inves-
tigated soxI1 function in zebrafish. The zebrafish genome con-
tains two orthologs of human SOX11, soxlla and sox11b, which
are expressed in all cells until gastrulation and later become
restricted to the developing CNS!>16, We knocked down
zebrafish soxIla and soxIIb (both single-exon genes) using
translation-blocking  morpholino  oligonucleotides ~ (MOs)
(sox11a-MO, sox11b-MO and soxl11a/b-MO), as previously
described'”  (Supplementary Fig. 5a). Off-target effects of
morpholino injections were excluded by repeated exgeriments,
co-iry’ecting with £p53 MO or injecting into tp53°¥ /74! mutant
fish!®1° soxIla- and sox11b-MO knockdown caused similar
phenotypes, including smaller heads and body curvature
(Supplementary Fig. 5b). Low-dose soxlla- (1.6ng), soxIllb-
(1.6 ng) and soxIla/b- (1.6 ng) MO-injected embryos resulted in

Y126
(Y116)

DNA-recognition
loops

Figure 2 | Structural effects of SOX11 mutations. (a) Crystal structure of the mouse Sox4 HMG domain bound to DNA. Helices and loops are
shown as green ribbons and threads, respectively. DNA is shown as grey sticks. Amino-acid residues at mutation sites are shown coloured red in the space-
filling model. In the middle and right images, some of the amino-acid residues involved in the hydrophobic core surrounding mutation points are
shown coloured green in the space-filling model. Amino-acid numbering is indicated for mouse Sox4 with that for human SOX11 in parentheses. Hydrogen
bonds are shown as black dotted lines. Molecular structures were drawn using PyMOL (http://www.pymol.org). (b) Free energy changes on the

indicated mutations calculated by FoldX software.
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Figure 3 | SOX11 mutations affecting GDF5 promoter activity. Luciferase reporter assays measured transcriptional activity of the GDF5 promoter

(— 448/ +319) (UCSC genome browser hgl19: chr20: 34025709-34026457) in Hela (left) and ATDCS5 (right) cells. Hela or ATDC5 cells were
co-transfected with WT or mutant (S60P and Y116C) SOX11 expression vector and reporter constructs containing either GDF5 promoter or empty vector
(pGL3-basic). Relative luciferase activities compared with empty vector are presented as mean * s.d. for two independent experiments, with each
experiment performed in triplicate (upper). Immunoblot analysis of transfected Hela and ATDC5 cell extracts showing wild-type (WT) or mutant (S60P
and Y116C) SOX11 proteins (lower). Compared with WT, both SOX11 mutants reduced GDF5 transcriptional activities in Hela and ATDC5 cells.

significant mortality (sox11a-MO, ~49.3%; sox11b-MO,
~19.3%; sox11a/b-MO, ~53.0%), compared with control-MO
embryos (~7.3%) (Fig. 4a). Co-injection of WT human SOXI1I
mRNA (hSOXI1I-WT mRNA) with soxl1la/b-MO improved
morphant survival at 48h post fertilization (hpf) (25.5%
lethality versus 49.3% lethality with soxI11a/b-MO alone)
(P<0.01) (Fig. 4a; Supplementary Fig. 5c). The affected
phenotype of soxIla/b double morphants was partially rescued
by hSOX11-WT mRNA overexpression (4.5% normal for soxIla/
b-MO alone versus 36.5% for co-injection with hSOXI11-WT
mRNA and sox11a/b-MO, P<0.01) (Fig. 4a). In contrast, co-
injection of either mutant hSOX1I mRNA (hSOX11-S60P and
-Y116C mRNA) with sox1I1a/b-MO showed no significant rescue
effects on lethal and affected phenotypes (Fig. 4a). There were
significantly more normal phenotypes following hSOX1I-WT
mRNA and soxI1a/b-MO co-injection, than with hSOXII-
mutant mRNA co-injections (P<0.05). Head sizes in randomly
selected embryos (n>10) of soxIla and soxIla/b morphants at
48 hpf were significantly decreased (P<0.05 in both), but not
significantly changed in soxI1b morphant. Overexpression of
hSOX11-WT mRNA restores soxIla/b double-morphant head
size (in randomly selected embryos, n>10), suggesting specific
sox11 suppression by morpholino injection (Fig. 4b). Although
the head size of hSOXII-mutant mRNA and soxIla/b-MO-
injected embryos was slightly decreased, no significant difference
was recognized between overexpression of hSOXII-WT
or hSOX1Il-mutant mRNA and soxIla/b-MO co-injection
(Fig. 4b).Staining with acridine orange and terminal deoxy-
nucleotidyl TdT-mediated dUTP nick end labelling (TUNEL),
found significant apoptotic increases exclusively in microcephalic
embryos (Fig. 4c; Supplementary Fig. 6). Brain cell death was
prevented by co-injection with hSOX11-WT mRNA, but not by
mutant hSOXI1I mRNAs (Fig. 4c). We also used HuC/D
(a marker for early postmitotic and mature neurons) and
acetylated tubulin (an axonal marker) immunostaining at 48 hpf
to analyse neuronal cells in more detail (Supplementary Fig. 7).
Decreased HuC/D-positive neurons, especially in the
telencephalon and diencephalon, were observed in soxll

4

morphants (Supplementary Fig. 7a). The phenotype in soxlla/
b-MO-injected embryos was efficiently rescued by hSOX11-WT
mRNA (Supplementary Fig. 7a). Reduction of HuC/D-positive
neurons was unaltered by mutant hSOXII mRNA over-
expression and sox11a/b-MO injection (Supplementary Fig. 7a).
Anti-acetylated tubulin staining also showed severely reduced
axonal numbers in the forebrain, midbrain and hindbrain of
sox11 morphants, compared with control-MO-injected embryos
(Supplementary Fig. 7b). soxI1a/b morphants showed phenotypic
rescue when co-injected with hSOXI11-WT mRNA, compared
with mutant hSOX11 mRNAs (Supplementary Fig. 7b).

Discussion

We have identified SOXI1 mutations in CSS. This is the first
report of human mutations in SOXC (SOX4, SOXIIl and
S0X12)%°. SOX11/s0x11 is required for neurogenesm, and loss
of function in early embryos is sufficient to impair normal CNS
development. Haploinsufficiency of other SOX genes (SOX2
SOX9 and SOX10) is known to cause human diseases®™23. It is
interesting that mutations of SOX11 and other BAF subunit genes
are mutually exclusive in CSS.

Sox1l was recently shown to form a transcriptional cross-
regulatory network downstream of the Pax6-BAF complex. The
network drlves neurogenesis and converts postnatal glia into
neurons®%. Brgl (Smarcad) binds to the SoxII promoter, and
interactlon with Pax6 is sufficient to induce Sox11 expression in
neurosphere-derived cells in a Brgl-dependent manner??.
Therefore, the Pax6-BAF complex activates a cross-regulatory
transcriptional network, maintaining high expression of genes
involved in neuronal differentiation and execution of cell lineage
decisions?%. SOX11 mutations appear to be a rare cause of CSS as
only 2 out of 92 patients (2.2%) showed SOX11 abnormality and
to be limited to the mild end of CSS phenotype. Abnormality of
the upstream BAF complex tends to show a more severe
phenotype compared with that of a downstream SOXII
mutation, which may indicate rather specific effects of SOX11
mutations on the CSS phenotype.
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