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Table 7: Allele Frequencies of ABCB1 SNPs Investigated in This Study”

position and change wild type variant type
amino acid cDNA ethnic group no. of samples allele  frequency (%) allele frequency (%) ref
S400N 1199 G>A African 111 G 100.0 A 0.0 23
African-American 100 G 99.0 A 1.0 16
German 461 G 94.5 A 5.5 29
Caucasian 85 G 87.1 A 12.9 6
Caucasian 50 G 98.0 A 2.0 31
Caucasian 100 G 97.5 A 2.5 16
Mexican-American 10 G 100.0 A 0.0 16
Asian-American 30 G 100.0 A 0.0 16
Pacific Islander 7 G 100.0 A 0.0 16
R492C 1474 C>T African-American 23 C 100.0 T 0.0 7
Caucasian 37 C 98.6 T 14 7
R669C 2005 C>T African-American 100 C 99.0 T 1.0 16
Caucasian 100 C 100.0 T 0.0 16
Mexican- American 10 C 100.0 T 0.0 16
Asian-American 30 C 100.0 T 0.0 16
Pacific Islander 7 C 100.0 T 0.0 16
1849M 2547 A>G African-American 100 C 100.0 T 0.0 16
Caucasian 100 C 99.5 T 0.5 16
Mexican-American 10 C 100.0 T 0.0 16
Asian-American 30 C 100.0 T 0.0 16
Pacific Islander 7 C 100.0 T 0.0 16
A893P/S/T 2677 G > T/A/C  African (Beninese) 111 G 99.1 T 0.9 23
A 0.0
African-American 100 G 89.5 T 10.0 16
A 0.5
Caucasian 100 G 50.0 T 46.5 16
A 3.5
Caucasian 50 G 52.0 T 38.0 31
A 10.0
German 461 G 56.5 T 41.6 29
A 1.9
Mexican-American 10 G 60.0 T 40.0 16
A 0.0
Asian-American 30 G 333 T 45.0 16
A 21.7
Japanese 117 G 440 T 355 8
A 20.5
Japanese (placenta) 100 G 43.0 T 39.0 30
A 18.0
Japanese 48 G 36.5 T 417 30
A 21.8
Pacific Islander 7 G 28.6 T 35.7 16
A 35.7
ND ND G ND C ND NCBI dbSNP
(rs2032582)
M986V 2956 A>G Japanese (placenta) 100 A 99.5 G 0.5 30
Japanese 48 A 100.0 G 0.0 30
A999T 2995 G>A cell lines 36 G 944 A 5.6 28
P1051A 3151 C>G African-American 100 C 99.5 G 0.5 16
Caucasian 100 C 100.0 G 0.0 16
Mexican-American 10 C 100.0 G 0.0 16
Asian-American 30 C 160.0 G 0.0 16
Pacific Islander 7 C 100.0 G 0.0 16
G1063A 3188 G>A ND ND G ND A ND NCBI dbSNP
(rs2707944)

a4 ND, not determined.

structures. Markush TOPFRAG is the software that generates
the CFCs from chemical structure information.

The uniqueness of this approach derives from the fact that
ABCB1 ATPase activity is described as a linear combination
of CFCs and that the coefficient for each CFC reflects the
extent of the contribution of a specific chemical moiety to
the ATPase activity. As demonstrated in Table 5 and Figure
7, there is a large variation among the SNP variants in terms
of the CFCs contributing to the ATPase activity, suggesting
that nonsynonymous polymorphisms influence the substrate
specificity of ABCB1 (Table. 6). The point in the catalytic

cycle at which substrate binding takes place and details of
how ATP hydrolysis drives transport may be critical for
understanding the mechanism of substrate specificity (57).

Concluding Remarks The effect of SNPs on the transport
activity appears to depend on the substrates tested, and
therefore the functional analysis of SNPs by using ‘a wide
variety of substrates is of great interest. This concept was
verified by our recent study on the genetic polymorphisms
of human ABCG2 (52, 53). One amino acid substitution can
alter interactions between the active site of an ABC
transporter and substrate molecules. Therefore, it is critically
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important to quantitatively analyze and evaluate such structure-
related interactions. In this context, the new QSAR analysis
with CFCs will provide a powerful tool to quantify the impact
of genetic polymorphisms on the function of ABC transport-
ers. If the chemical structure of a test compound is available,
we are able to predict the effect of SNPs on the substrate
specificity of ABCB1 toward the compound by using our
QSAR analysis method. The validity of our QSAR analysis
method was proven in our recent studies where troglitazone
and gefitinib were predicted to be strong inhibitors for
ABCBI11 (54) and ABCG2 (55), respectively. It is also
possible to further expand this QSAR analysis with a larger
number of structurally unrelated compounds, if needed.
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Abstract We report on a sclerosing bone dysplasia,
associated with cutis laxa, enamel dysplasia, and mental
retardation. The patient was a 17-year-old Japanese boy of
normal height and muscular build. Cutis laxa with promi-
nent veins in the scalp and abdominal wall and delayed
eruption of permanent teeth attracted the attention of cli-
nicians in infancy and adolescence, respectively. The
clinical manifestations included a progeroid facial
appearance with prognathism, wrinkled skin, and inter-
digital webbing. The intelligence quotient was estimated at
60. Enamel dysplasia was histologically confirmed. Skel-
etal changes included calvarial hyperostosis, sclerosis of
the skull base, an enlarged, sclerotic .mandible, broad
clavicles and ribs, and diaphyseal undermodeling of the
tubular bones. Metaepiphyseal sclerosis or longitudinal
striation was found in the long bones. Metaphyseal
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equivalents of the axial skeleton showed dense osteoscle-
rosis. These clinical and radiological manifestations over-
lapped with those of Lenz—Majewski syndrome. Unlike the
classical phenotype of the disorder, however, he did not
show brachymesophalangy with proximal symphalangism
or growth failure. The present case may be considered to
fall in the mildest end in the phenotypic continuum of
Lenz—Majewski syndrome, suggesting that the clinical
spectrum of the disorder may be broader than currently
thought.

Keywords Cranial sclerosis - Cutis laxa -
Lenz-Majewski syndrome - Mental retardation - Progeria

Introduction

Lenz-Majewski syndrome (LMS) (OMIM 151050) is a
rare sclerosing bone dysplasia, first described by Braham
(1969) in 1969 and subsequently named Lenz-Majewski
hyperostotic dwarfism (Lenz and Majewski 1974; Robinow
et al. 1977). Only nine affected individuals have been re-
ported to date, and all were sporadic (Braham 1969;
Macpherson 1974; Kaye et al. 1974; Lenz and Majewski
1974; Robinow et al. 1977; Gorlin and Whitley 1983;
Chrzanowska et al. 1989; Nishimura et al. 1997; Saraiva
2000; Wattanasirichaigoon et al. 2004). The skeletal
changes include progressive hyperostosis of the craniofa-
cial bones with delayed closure of the fontanelles, dia-
physeal cortical thickening of -the tubular bones, and
brachymesophalangy with proximal symphalangism. In
addition, affected individuals show moderate to severe
mental retardation, severe growth failure, cutis laxa, en-
amel hypoplasia, choanal atresia, nasolacrimal duct
obstruction, and webbed fingers and toes. The prognosis is
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guarded. Most patients that have been reporteddied during
childhood (Braham 1969; Macpherson 1974; Kaye et al.
1974; Majewski 2000). We report here on a Japanese boy
whose manifestations can be considered to be a mild var-
iant of LMS. Our experience raises the suspicion that
the phenotypic range of LMS is broader than currently
believed.

Clinical report

The patient was a 17-year-old Japancsc boy born to non-
consanguineous healthy parents who were respectively 25
(mother) and 30 (father) years old at his birth. The family
history was unremarkable. He was vaginally delivered at
40 weeks of geslation after an uneventful pregnancy. Ap-
gar scores at 1 and 5 min were 8 and 10, respectively. Binh
weight was 2300 g (-2.25 SD), length was 45 cm (-1.9
SD), and head circumference was 32.5 cm (-0.7 SD). Cutis
laxa and promincnt veins in the scalp and abdominal wall
attracted medical attention in infancy, but a skin biopsy
was not contributory. Psychomotor devclopment was
mildly retarded, with the infant showing head control at
6 months, walking alone at 20 months, and spcaking
meaning words at 24 months. Deciduous tecth were re-
ported to have crupted at 2 years of age. The lack of
eruptions of some permancnt tecth in the upper jaw at
13 years of age was the basis for his referral to our hospital
for further evaluation. His four maxillary permanent teeth
of central and lateral incisors did not erupt. He had also a
follicular cyst around the anterior teeth, necessitating sur-

Fig. 2 Radiological findings at
17 years of age.

a. b Hyperostosis of the
calvaria, skull base and
mandible. ¢ Broad clavicles
(arrows) and ribs, and sclerosis
of metaphyseal equivalemis of
the spine. d Undermodeling of
the short tubular bones and
sclerosis of the carpal bones.

e Mectacpiphyseal sclerosis of
the distal humerus, proximal
ulna, and proximal radius.

f Sclerosis of the sacrum.
acetabulum, and proximal
femur. g Sclerotic striations in
the distal femur and proximal
tibia

L

Fig. 1 Clinical photographs at 17 years of age. a. b A progeroid
facial appearance with sparse hair. large auricles, and prognathism.
¢ Interdigital webbing

gical cxtirpation. Enamel dysplasia was histologically
confirmed. He showed a distinctive, progeroid facial
appearance with sparse hair, large auricles, maxillar
hypoplasia, high-arched palate, and prognathism (Fig. la.
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b). He had inter-digital webbing (Fig. 1c) and mild cubitus
valgus. The skin was wrinkled and loose, and prominent
veins were noted in the abdominal wall. He had mild
mental retardation with a total intelligence quotient of 60.
Radiological examination showed cranial hyperostosis,
particularly of the skull base, a sclerotic, thick mandible,
broad clavicles and ribs, and diaphyseal undermodeling of
the tubular bones. Diaphyseal hyperostosis was not evident,
while epimetaphyseal sclerosis or longitudinal sclerotic
striation was found in the long bones. Metaphyseal
equivalents of the axial skeleton showed dense sclerosis
(Fig. 2a-g). Bone scintigraphy showed an increased accu-
mulation of radiopharmaceuticals, corresponding with
sclerotic regions on the roentgenograms. During follow-up
to 17 years of age, he showed a stable clinical course. At
17 years of age, he had a muscular build, a height of
164.5 ¢cm (~1.0 SD) and a head circumference of 54 cm
(~1.3 SD) and weighed 56.2 kg (-0.54 SD). He underwent
a surgical correction for severe anterior occlusion with
prognathism. Mutation analyses for the transforming
growth factor-betal gene (TGFBI) and the LDL receptor-
related protein 5 gene (LRP5) yielded normal findings.

Discussion

We describe a boy with a disorder that is classifiable into a
group of sclerosing bone dysplasias. The disorder was
radiologically characterized by cranial hyperostosis,
metaepiphyseal sclerosis, and diaphyseal undermodeling.
In addition, it was uniquely associated with cutis laxa,
enamel dysplasia, and mental retardation. According to the
‘Nosology and Classification of Genetic Skeletal Disor-
ders: 2006 revision’ (Superti-Furga and Unger 2007),
sclerosing bone dysplasias are subclassified into three
groups: (1) neonatal osteosclerotic dysplasia group, (2)
increased bone density group (without modification of bone
shape), and (3) increased bone density group with meta-
physeal and/or diaphyseal involvement. A few disorders in
the third group, such as Camurati-Engelmann disease,
craniometaphyseal dysplasia, craniodiaphyseal dysplasia,
and endosteal hyperostosis, share some radiological
features with the present disorder. However, the unique
constellation of skeletal, skin, dental, and mental abnor-
malities in the present disorder excludes the possibility of
these disorders. In fact, molecular analyses for TGFBI (the
gene of Camurati—-Engelmann disease) and LRP5 (the gene
of endosteal hyperostosis, Worth type) were negative.

In the differential diagnosis, LMS deserves to be dis-
cussed. The disorder is characterized by craniodiaphyseal
hyperostosis and brachymesophalangy with proximal
symphalangism. It is complicated by mental retardation,
somatic growth failure, cutis laxa, enamel hypoplasia, and

webbed fingers and toes. The manifestations of previously
reported LMS patients, LMS-like patients, and the present
patient are summarized in Table 1. Most findings in LMS
were shared by the present disorder. However, the differ-
ences include the absence of somatic growth failure and
brachymesophalangy with proximal symphalangism in the
present patient. LMS patients typically exhibit diaphyseal
hyperostosis and metaepiphyseal radiolucency, while the
present patient had only diaphyseal undermodeling and
showed metaepiphyseal sclerosis. However, the degree of
diaphyseal hyperostosis is described to vary considerably
among LMS patients, and some patients with metaepi-
physeal sclerosis are reported in the literature (Chrza-
nowska et al. 1989; Spranger et al. 2002). Thus, it is
tempting to assume that the present disorder may fall at the
mildest end in the phenotypic continusm of LMS,
suggesting that the clinical spectrum of the disorder may be
broader than currently thought.
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REPORT

CHMP4B, a Novel Gene for Autosomal Dominant Cataracts Linked
to Chromosome 20q

Alan Shiels, Thomas M. Bennett, Harry L. S. Knopf, Koki Yamada, Koh-ichiro Yoshiura,
Norio Niikawa, Soomin Shim, and Phyllis I. Hanson

Cataracts are a clinically diverse and genetically heterogeneous disorder of the crystalline lens and a leading cause of
visual impairment. Here we report linkage of autosomal dominant “progressive childhood posterior subcapsular” cataracts
segregating in a white family to short tandem repeat (STR) markers D205847 (LOD score [Z] 5.50 at recombination fraction
[6] 0.0) and D20S195 (Z = 3.65 at8 = 0.0) on 20q, and identify a-refined disease interval (rs2057262-(3.8 Mb)-rs1291139)
by use of single-nucleotide polymorphism (SNP) markers. Mutation profiling of positional-candidate genes detected a
heterozygous transversion (c.386A—T) in exon 3 of the gene for chromatin modifying protein-4B (CHMP4B) that was
predicted to result in the nonconservative substitution of a valine residue for a phylogenetically conserved aspartic acid
residue at codon 129 (p.D129V). In addition, we have detected a heterozygous transition (c.481G—A) in exon 3 of CHMP4B
cosegregating with autosomal dominant posterior polar cataracts in a Japanese family that was predicted to result in the
missense substitution of lysine for a conserved glutamic acid residue at codon 161 (p.E161K). Transfection studies of
cultured cells revealed that a truncated form of recombinant D129V-CHMP4B had a different subcellular distribution
than wild type and an increased capacity to inhibit release of virus-like particles from the cell surface, consistent with
deleterious gain-of-function effects. These data provide the first evidence that CHMP4B, which encodes a key component
of the endosome sorting complex required for the transport-IIl (ESCRT-1II) system of mammalian cells, plays a vital role

in the maintenance of lens transparency.

Hereditary forms of cataracts are usually diagnosed at
birth (congenital), .during infancy, or during childhood
and are clinically important as a cause of impaired form
vision development.’ In addition to being found in >50
genetic syndromes involving other ocular defects (e.g., mi-
crophthalmia [MIM 212550]) and systemic abnormalities
(e.g., galactokinase deficiency [MIM 230200]), cataracts
may be inherited as an isolated lens phenotype, most
frequently by autosomal dominant transmission.? So far,
genetic linkage studies of >60 families worldwide have
mapped at least 25 independent loci for clinically diverse
forms of nonsyndromic cataracts on 15 human chromo-
somes, involving some 17 lens-abundant genes.? The
majority of associated mutations have been identified in
10 crystallin genes (CRYAA [MIM 123580], CRYAB [MIM
123590], CRYBB1 [MIM 600929], CRYBB2 [MIM 123620],
CRYBB3 [MIM 123630], CRYBA1 [MIM 123610], CRYBA4
[MIM 123631], CRYGC [MIM 123680], CRYGD [MIM
123690], and CRYGS [MIM 123730]),>!'* which encode the
major “refractive” proteins of the lens. The remaining mu-
tations have been identified in seven functionally diverse
genes, including those coding for gap-junction connexin
proteins (GJA3 [MIM 121015], GJA8 [MIM 600897]),'*"
a heat-shock transcription factor (HSF4 [MIM 602438]),"*
an aquaporin water channel (MIP [MIM 154050])* a clau-
din-like cell-junction protein (LIM2 [MIM 154045}),'¢ and

intermediate-filament-like cytoskeletal proteins (BFSP1
[MIM 6033071, BFSP2 [MIM 603212])."7® In addition to
the known genes, at least 10 novel genes for autosomal
dominant or recessive forms of nonsyndromic cataracts
remain to be identified at loci on chromosomes 1 (CCV
[MIM 115665], CTPP1 [MIM 116600]), 2 (PCC [MIM
601286], CCNP [MIM 607304, MIM 115800]), 3 (CATC2
[MIM 610019]), 9 (CAAR [MIM 605749]), 15 (CCSSO
[MIM 605728]), 17 (CTAA2 [MIM 601202], CCA1 [MIM
115660]), 19 (CATCN1 [MIM 609376}), and 20 (CPP3
[MIM 605387]).'*-*2 Here we have fine-mapped a locus for
autosomal dominant cataracts on chromosome 20q and,
subsequently, have identified underlying missense muta-
tions in the gene for chromatin modifying protein-4B
(CHMP4B [MIM 610897)), also known as charged multi-
vesicular body protein-4B, which has not previously been
associated with human disease.

Linkage studies—We investigated a six-generation-white
family from the United States (family Sk) segregating au-
tosomal dominant progressive childhood posterior sub-
capsular cataracts (PCPSC) in the absence of other ocular
or systemic abnormalities (fig. 14). Ophthalmic records
indicated that the cataracts presented in both eyes as disc-
shaped posterior subcapsular opacities, progressing with
age to affect the nucleus and anterior subcapsular regions
of the lens (fig. 1B). The age at diagnosis varied from 4 to
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20 years, and the age at surgery ranged from 4 to 40 years.
Postsurgical corrected visual acuity varied from 20/20 to
20/200 in the better eye. Blood samples were obtained
from 27 family members, and leukocyte genomic DNA
was purified and quantified using standard techniques
(Qiagen). Ethical approval for this study was obtained
from the Washington University Human Research Protec-
tion Office, and written informed consent was provided
by all participants prior to enrollment, in accordance with
the tenets of the Declaration of Helsinki.

For linkage analysis, 15 affected individuals, 8 unaf-
fected individuals, and 4 spouses from family Sk were ge-
notyped using STR markers from the combined Généthon,
Marshfield, and deCODE genetic linkage maps (National
Center for Biotechnology Information [NCBI]), as de-
scribed elsewhere.®® Following exclusion of linkage to
known loci for autosomal dominant cataracts on chro-
mosomes 1-3, 10-13, 15-17, 19, 21, and 22 (table 1), we
obtained significant evidence of linkage (table 2) for mark-
ers D20S847 (Z = 5.50 and 8 = 0), D205195 (Z = 3.65 and
8 = 0), and D20S870 (Z = 3.11 and 6 = 0).

Haplotype analysis detected ‘seven recombinant indi-
viduals within the Sk pedigree (fig. 14). First, two affected
females, VI:4 and VI:6, were obligate recombinants, prox-
imally at D20S885 and distally at D20S855, respectively.
Second, three affected females (IV:1, IV:4, and V:3) and
one affected male (VI:1) were obligate recombinants dis-
tally at D20S834. Third, one affected female (V:3) and her
affected son (VI:1) were obligate recombinants proximally
at D20S837. However, with the exception of individual V:
5 (see below), no further recombinant individuals were
detected at four other intervening STR markers, suggest-
ing that the cataract locus lay in the physical interval,
D205837-(4.7 Mb)-D205834.

At the time of our study, individual V:5 was 17 years of
age and phenotypically unaffected; however, he inherited
the complete disease haplotype (fig. 14), suggesting that
he was either nonpenetrant or presymptomatic for cata-
racts. The two-point LOD scores shown in table 2 were
calculated with the assumption of unaffected status for
individual V:5 and 95% penetrance in family Sk; however,
even when 100% penetrance was assumed, we still re-
tained significant evidence of linkage proximally at
D20S195 (Z,.. =431 at 6., =0.04) and distally at
D20S847 (Z,,., = 5.08 at 6, = 0.04). Conversely, if in-
dividual V:5 developed cataracts later in life, perhaps ex-
tending the age-at-onset range in family Sk, and was in-
cluded with the assumption of preaffected status and

100% penetrance, we would obtain enhanced evidence.

for linkage (D20$195, Z = 5.12 at 0., = 0.0; D205847,
Z,..« = 6.97 at 6., = 0.0). However, regardless of whether
individual V:5 was included or excluded, we found no
evidence of linkage at other candidate genes or loci for
autosomal dominant cataracts (table 1).

To further refine the disease interval, we genotyped fam-
ily Sk with biallelic SNP markers (NCBI) located within
the STR interval using conventional dye-terminator cycle-

sequencing chemistry (Applied Biosystems). Critical af-
fected individuals IV:1, 1V:4, and V:3 were also found to
be recombinant at SNP marker rs1291139 (A/T), which lies
~0.5 Mb centromeric to D20S834. Similarly, critical af-
fected individuals V:3, and VI:1 were also recombinant at
marker rs2057262 (A/C) located ~0.4 Mb telomeric to
D20s837 (fig. 1A). However, individual V:§ excepted, no
further recombination events wereé detected at intervening
SNP markers, indicating that the cataract locus lay in the
reduced (~0.9 Mb) physical interval, rs2057262-(3.8 Mb)-
rs1291139 (fig. 1C).

‘Mutation analysis.—The refined SNP interval contained
~80 positional-candidate genes, none of which were ob-
vious functional candidates for cataracts in family Sk
(NCBI Map Viewer). We prioritized genes for mutation
analysis of exons and intron boundaries (splice sites) on
the basis of three main criteria.

1. NCBI reference sequence status, with those genes des-
ignated “reviewed” or “provisional” selected over
those designated “model” or “pseudogene.”

2. Evidence of expression in (fetal) eye, from the

UniGene EST database. :

3. Number of exons or amplicons required for coverage

of the coding region, starting with smaller genes first.

Resequencing analysis of individuals IV:5, V:6, V:10, and
VI:6 from the Sk pedigree (fig. 1A) excluded the presence
of coding or splice-site mutations in eight genes (data
not shown), including EPB41L1 (MIM 602879), E2F1
(MIM 189971), ZNF341, PXMP4, ITGB4BP (MIM 602912),
APBA2BF, SCAND1 (MIM 610416), and DYNLRBI (MIM
607167). However, resequencing of a 5-exon gene sym-
bolized CHMP4B (GenelD: 128866) identified a hetero-
zygous c.386A~T transversion in exon 3 that was not pre-
sent in wild type (fig. 2B). This single-nucleotide change
did not result in the gain or loss of a convenient restriction
site; therefore, we designed allele-specific (A/T) PCR anal-
ysis to confirm that the mutant “T” allele cosegregated
with affected but not unaffected members of family Sk,
with the exception of individual V:5 (fig. 2C). Further-
more, when we tested the ¢.386A—T transversion as a bial-
lelic marker, with a notional allelic frequency of 1%, in a
two-point LOD score analysis of the cataract locus (table
2) we obtained further compelling evidence of linkage
(Z = 6.52 at 6 = 0). In addition, we confirmed that the
¢.386A—T transversion was not listed in the NCBI SNP
database (dbSNP), and we excluded it as a SNP in a panel
of 192 normal, unrelated individuals (i.e., 384 chromo-
somes), using the allele-specific PCR analysis described in
fig. 2C (data not shown). Although it is possible that an
undetected mutation lay elsewhere within the disease-
haplotype interval (3.8 Mb), our genotype data strongly
suggested that the c.386A—T transversion in exon 3 of
CHMP4B represented a causative mutation rather than a
benign SNP in linkage disequilibrium with the cataract
phenotype.

To verify that the c.386A—T transversion in CHMP4B
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was present at the RNA transcript level in family Sk, we
performed allele-specific RT-PCR analysis of peripheral
blood leukocytes (PBLs), which have been shown to ex-
press CHMP4B.** PCR primers (table 3) were designed to
amplify the entire coding region of CHMP4B (codons 1-
224) in the presence of a nested mutant (T allele) primer
to detect heterozygosity in three consenting relatives, in-
cluding individual V:5 (fig. 3A4). The affected father (IV:5)
and his son (V:5) were heterozygous for the wild-type (A
allele) and mutant (T allele) transcripts, whereas his un-
affected daughter (V:6) was homozygous for the wild-type
(A allele) transcript. To gain a more accurate comparison
of wild-type versus mutant CHMP4B transcript levels in
PBL RNA, we then performed quantitative (Q)RT-PCR with
SYBR Green-1 in real time (fig. 3B), using a sense anchor
primer paired with either a mutant (T allele) or wild-type
(A allele) primer (table 3). When standardized against tran-
script levels for the midabundance ribosomal protein-L19
(RPL19), the ratio of wild-type to mutant CHMP4B tran-
scripts was estimated to be 60(A):40(T), suggesting de-
creased expression and/or increased turnover of the
mutant transcript in affected individuals. Overall, the
transcript and genotype data are consistent for these in-
dividuals (fig. 1A and fig. 34) and support the view that
the clinically unaffected son (V:5) is either presymptom-
atic or nonpenetrant for the cataract phenotype. More-
over, the ability to amplify the intact coding region of
CHMP4B transcripts from affected individuals was con-
sistent with correct mRNA splicing, suggesting that the
¢.386A~T transversion, which is located near the begin-
ning of exon 3, did not activate a cryptic splice site.>
Finally, we also confirmed that the intact coding region
of CHMP4B transcripts could be amplified from human
and mouse post mortem lenses (fig. 3C), consistent with
a functional role for CHMP4B in lens biology.

CHMP4B is cytogenetically distinct from BFSP1 and an
interval on 20p (fig. 1C) that was linked recently with
autosomal dominant progressive congenital zonular nu-
clear cataract (PCZNC) segregating in a Chinese family.*
However, CHMP4B is located within a much larger region
spanning 20p12-20q12 that was previously linked with
autosomal dominant posterior polar cataract (CPP3 [MIM
605387]) segregating in a Japanese 'family.“ Like the cat-
aracts in family Sk, CPP3 was characterized by a juvenile
onset and progressive disc-shaped posterior subcapsular
opacities along with some cortical opacification.*” To in-
vestigate the possibility of allelism, we performed a similar

mutation screen of CHMP4B in the CPP3 family and iden-
tified a heterozygous ¢.481G—A transition in exon 3 that
was not present in wild type (fig. 44 and 4B) or in the
SNP database. This single-nuclectide change removed an
adjacent Mnl1 restriction enzyme-site, and restriction frag-_
ment length analysis confirmed that the heterozygous A
allele cosegregated with affected members of the CPP3
family but was not present in unaffected relatives or our
control panel (fig. 4C and data not shown). The identi-
fication of a second coding nucleotide change in a geo-
graphically and ethnically distinct family provided strong
supporting evidence for CHMP4B as the causative gene for
cataracts linked to 20q. In addition, the locus for lens
opacity-4 (Lop4)*® has been linked to a region of murine
chromosome 2 that is syntenic with human 20q11.2 rais-
ing the possibility of a mouse model for the cataracts de-
scribed here.

CHMP4B encodes a highly charged helical protein (~25
kDa) with N-terminal basic and C-terminal acidic halves
(fig. 5B). The c.386A—T transversion in exon 3 occurred
at the second base of codon 129 (GAT—-GTT), and is pre-
dicted to result in the missense substitution of aspartic
acid to valine (p.D129V) at the level of translation. Sim-
ilarly, the c.481G—A transition occurred at the first base
of codon 161 (GAG—AAG) of exon 3, and is predicted to
translate as a missense substitution of glutamic acid to
lysine (p.E161K). Cross-species alignment of the amino
acid sequences for CHMP4B present in the Entrez Pro-
tein database, performed by means of ClustalW, revealed
that p.D129 and p.E161 are phylogenetically conserved
from yeast to man (fig. 5C). Moreover, the predicted
p-D129V and p.E161K substitutions represented noncon-
servative amino acid changes, with the acidic side-group
(—CH,COOH) of aspartic acid replaced by the neutral, hy-
drophobic side-group (-CH-C,H,) of valine, and the
acidic side-group (- C,H,COOH) of glutamic acid replaced
by the basic side-group (—C,H;NH,) of lysine, respectively,
suggestive of functional consequences.

Functional expression studies.—Eleven CHMP genes have
been identified in the human genome and, on the basis
of phylogenetic analyses, have been divided into seven
subfamilies, some with multiple members.*** CHMP4B is
one of three human orthologs of yeast Snf7/Vps32 (su-
crose non-fermenting-7 or vacuolar protein sorting-32),
which functions in protein sorting and transport in the
endosome-lysosome pathway.”” In the current model,
CHMP48B is a core subunit of the endosomal-sorting com-

Figure 1.

Autosomal dominant PCPSC in a six-generation famity (Sk): A, Pedigree and haplotype analysis showing segregation of

eight STR markers and two SNP markers on 20q, listed in descending order from the centromere. Squares and circles denote males and
females, respectively. Filled symbols and bars denote affected status and haplotypes, respectively. Individual V:5 is marked with a
question mark (?) to denote unknown status. Pedigree and haplotype data were managed using Cyrillic 2.1 software (FamilyGenetix).
B, Slit-lamp image of lens from affected female V:12 (age 40 years) showing posterior subcapsular, nuclear, and anterior subcapsular
opacities. C, Ideogram of chromosome 20, comparing the cytogenetic location of SNP markers defining the PCPSC locus in this study
(red) with those of STR markers defining loci for CPP3 and PCZNC.**
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Table 1. Two-point LOD scores (Z) Showing Exclusion of
Linkage between the Autosomal Domihant Cataract Locus
and STR Markers near Candidate Genes or Loci on
Chromosomes Other Than 20

Marker Ve [/ Chromosome Gene/Locus
015243 -2.77 .10 1p36 Ccv, CpPP1

D15214 -2.93 .10

D152748 -2.14 .20 1p32 FOXE3[MIM 601094)
D15305 -2.01 .20 1q21 GJA8

D252333 -2.35 .20 2pi12 CCNP

025128 -3.19 .05 2q32-q36 CRYGC, CRYGD, CRYBA2
0252248 -2.75 .20

D351768 - .00 3p21.1-p21.3 CATC2

D353564 -2.34 .05

D351292 -1.76 .05 3q22.1 BFSP2

D353686 —-4.06 .10 3q27.2 CRYGS

D552014  -2.05 .05 5q33.1 SPARC [MIM 182120)
D651710 -2.37 .05 6q12 GLULD1

095303 -1.31 .05 9q21.31 CAAR

0951120 -1.28 .05

0105566 -2.94 .10  10q24-q25 PITX3[MIM 602669)
D1051697 -3.01 .10

D1154156 —2.63 .05 11p13 PAX6 [MIM 607108}
D1154192 -2.55 .10 11q23.1 CRYAB

D1151347 —3.28 .05

D125368 -194 .10 12¢13.3 MIP

D135175 -2.34 .05 13q11 GJA3

D1451047 —2.12 .05 14q24.3 CHX10[MIM 142993)
0155209 -3.14 .05 15q21-q22 CCSSo

D1551036 —2.41 .20

D165412  -2.51 .10  16p12.3 CRYM[MIM 123740]
D1653095 -2.99 .10 16q22.1 HSF4

D1751840 —2.45 .05 17p13 CTAA2

D175796 -2.13 .10

D175799 -1.79 .05 17q11.2 CRYBA1

D175798 -1.18 .05

D175785 -2.14 .10 17924 GALK1[MIM 604313]
0175802 -191 .05 17q24 CCA1

0175784 -2.67 .10

D195412  -2.41 .15 19q13 LMz

D20s112 2.58 .08 20pll.23 BFSP1

D205885 2711 .10 20p12-20q12 cPpP3

D205847 5.08 .04

D2151259 —2.718 .10 21q22.3 CRYAA

D2151885 -.81 .00

D2251154 —2.20 .15 22q11.23-q21.1  (RYBA4, CRYBB1-4

* A gene frequency of 0.0001 and a penetrance of 100% were assumed
for the disease locus.

plex required for transport-111 (ESCRT-111), which facilitates
the biogenesis of multivesicular bodies (MVBs).* The only
CHMP gene so far implicated in human disease is CHMP2B
(yeast ortholog Vps2/Did4 [MIM 609512]), which has
been reported to harbor mutations infrequently associated
with frontotemporal dementia (FTD [MIM 600795}) and
amyotropic lateral sclerosis (ALS [MIM 609512}).*'-*
CHMP4B is found diffusely throughout the cytoplasm
and/or in association with endosome-like compartments
when expressed in cultured mammalian cells.*** To de-
termine the effect of the p.D129V substitution on the sub-
cellular distribution of CHMP4B, we transfected African
green monkey kidney (COS-7) cells with expression*plas-
mids** encoding either wild-type or mutant forms of

CHMP4B tagged at the N-terminus with the FLAG epitope.
Immunofluorescence microscopy with FLAG antibody re-
vealed that full-length wild-type (FLAG-CHMP4B) and
mutant protein (FLAG-D129V-CHMP4B) were diffusely
distributed (fig. 64 and 6B). At higher expression levels,
both were associated with endosome-like compartments
(data not shown). Overall, there were no notable differ-
ences in the subcellular localization of wild type and
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Figure 2. Mutation analysis of CHMP4B in family Sk. A, Sequence
trace of the wild-type allele, showing translation of aspartic-acid
(D) at codon 129 (GAT). 8, Sequence trace of the mutant allele,
showing the heterozygous c¢.386A—T transversion (denoted as W
by the International Union of Pure and Applied Chemistry [IUPAC}
code) that is predicted to result in the missense substitution of
valine (GTT) for aspartate at codon 129 (p.D129V). Exons and
flanking intron regions were amplified with gene-specific primers
(M13-tailed) by use of the AmpliTaq PCR Master Mix in a GeneAmp
9700 thermal-cycler (Applied Biosystems). Resulting amplicons
were purified using the QIAquick gel-extraction kit (Qiagen) and
then direct sequenced in both directions with M13-primers and
the BigDye Terminator (v.3.1) cycle sequencing kit on a 3130x!
genetic analyzer running SeqScape mutation-profiling software
(Applied Biosystems). C, Allele-specific PCR analysis using the
three primers (table 3) indicated by arrows in the schematic di-
agram; exon 3 was amplified as above with the sense (anchor)
primer located in intron 2 (Ex3F), the anti-sense primer located
in intron 3 (Ex3R), and the nested mutant primer specific for the
T allele in codon 129 (T-alleleR). PCR products were visualized
(302 nm) on 2% agarose gels stained with ethidium bromide
(EtBr). Note that only affected members of family Sk are hetero-
zygous for the T allele (171 bp), with the exception of individual
V:5, who is believed to be presymptomatic or nonpenetrant for
cataracts.
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Table 2. Two-Point LOD Scores (Z) for Linkage between the Cataract Locus and
Markers on Chromosome 20q Listed in Physical Order (Mb) from the Short-Arm
Telomere (p-tel)

Distance

from p-tel I'atf =
Marker cM Mb .00 .05 .10 .20 .30 .40 Zpx  Ooax
D205885 39.9 1791 -7.79 2.51 2.72 235 1.60 4 272 .10
D205111  49.2 29.94 —2.82 1.14 117 91 .54 19 1,18 .08
D205837 50.7 30.73 -.81 4.15 3.98 3.18 2.14 1.01 4.15 .05
rs2057262 31.15 —4.03 -—.02 14 .16 .09 .03 17 .15
D20S195 50.2 31.29 3.65 4.17 3.88 296 1.90 .87 4.20 .03
CHMP4B 31.90 6.24 5.87 5.37 4.19 282 136 6.246 .00

(A>T)

D205909 50.7 33.92 1.89 1.88 172 1.25 73 .33 191 .02
D205896 50.2  34.16 2.88 2.60 2.30 1.68 1.05 46 288 .00
D20S870 50.7 34.16 3.11 293 2.63 194 123 .59 3.1 .00
D205847 50.2  34.32 5.50 5.18 4.72 3.60 233 1.05 550 .00
151291139 3495 -—1.85 .99 110 .96 .66 30 110 .11
D205834 50.7 35.43 —1.08 2.07 191 1.30 .65 .19 2.07 .05
D205607 54.9 38.23 —1.61 1.85 2.02 1.81 1.30 .66 2.03 .11
D205855 56.0 39.08 -.29 3.26 3.19 258 171 .77 327 .06

Note.—STR marker allele frequencies used for linkage analysis were those calculated by Géné-

thon/Marshfield/deCODE. A gene frequency of .0001 and a penetrance of 95% were assumed for

the disease locus.

* Z values were calculated using the MLINK subprogram from the LINKAGE (5.1) package of

programs.*

p.D129V mutant protein. In contrast, similar expression
studies of a splicing mutation in CHMPZB underlying FTD,
which resulted in truncation (36 amino acids) and mis-
coding (29 amino acids) at the C-terminus of the full-
length protein (residues 1-213), has been associated with
redistribution of CHMP2B and the formation of dys-
morphic organelles of the late endosomal pathway.*!

The p.D129V missense substitution was predicted to be
located centrally in CHMP4B and to result in the net loss
of a negatively charged residue (fig. 5B). Domain expres-
sion studies have revealed that the N-terminal half of
CHMP4A (MIM 610051), an isoform of CHMP4B, is re-
sponsible for self-association into polymers and binding
to membrane phospholipids.*® To better appreciate the ef-
fects of the p.D129V substitution, we compared the sub-
cellular localization of wild-type and mutant N-terminal
fragments of CHMP4B (residues 1-150) comparable to
those previously studied.***” As expected, the distribution
of the truncated wild-type fragment (FLAG-CHMP4B,_,;,)
differed from that of the full-length wild-type protein; the
former appeared to be in large polymers and sometimes
associated with vacuolar structures (fig. 6C), whereas the
latter was diffuse (fig. 6A). Similarly, the truncated mutant
fragment (FLAG-D129V-CHMP4B,_,,,) differed from the
full-length mutant protein; the former was concentrated
on a punctate perinuclear structure (fig. 6D), and the latter
was again diffuse (fig. 6B). Consistently, however, the trun-
cated mutant fragment (fig. 6D) displayed a different sub-
cellular distribution pattern from that of the truncated
wild-type fragment (fig. 6C).

In addition to MVB formation, CHMP4B is thought to
participate in the budding of a number of RNA viruses,

including human immunodeficiency virus type-1 (HIV-1),
from the surface of infected cells.** To further investigate
the effect of the p.D129V substitution on CHMP4B activ-
ity in a functional assay, we compared the effect of ex-
pressing wild-type and mutant protein on release of HIV-
1 virus-like-particles (VLPs). To monitor VLP production,
human embryonic kidney (HEK 293T) cells were cotrans-
fected with a plasmid encoding the HIV-1 Gag polyprotein
(Pr55) and a plasmid encoding wild-type or mutant
CHMP4B. HIV-1 Gag forms VLPs in the absence of other
viral proteins,*® and expression of Gag and CHMP4B

Table 3. PCR Primers for Mutation Screening and
Transcript Analysis of CHMP4B

Primer Location Strand Sequence (5—3')*
Ex1F Exon 1 Sense gtagtcagtggcgegttg

Ex1R Intron 1  Antisense  aggcgagtctgatgaaggtg

Ex2F Intron 1 Sense cactagaacctcaccctgtge

Ex2R Intron 2 Antisense  aaacaaactcaggtgctcgaa

Ex3F Intron 2 Sense tcacagggagtcattgcaggg
Ex3R Intron 3 Antisense  cccaccctggaaaggtgcag
Ex3R2 Intron 3 Antisense  agggacagcctcagggtatcattt
Ex4F Intron 3 Sense cacagggtctggaacctggaa
Ex4R Intron 4  Antisense  tgggcaagctcaggacacaga
Ex5F1 Intron 4  Sense aacatgttgaacgcaccagtc
Ex5R1 Exon 5 Antisense  AGGTCATTTCAACTGCAACCA
Ex5F2 Exon 5 Sense CGCTGACTCCACTGCTGAATCC
Ex5R2 Exon 5 Antisense  ctggaaagggtcagctcccg
StartF Exon 1 Sense caccATGTCGGTGTTCGGGAAGCT
EndR Exon 5 Antisense  CATGGATCCAGCCCAGTTCTCCAA
A-alleleR  Exon 3 Antisense  CAGCAATGTCCTGCATTAACTCAT
T-alleleR  Exon 3 Antisense  CAGCAATGTCCTGCATTAACTCAA

* Noncoding sequence is shown in lowercase, coding sequence
in uppercase.
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Figure 3. RT-PCR analysis of (HMP4B transcripts in peripheral
blood leukocytes (PBLs) and eye lens. A, Agarose-gel electropho-
resis showing nested amplification products of CHMP4B transcripts
in PBL RNA from family Sk, confirming that individuals IV:5 and
V:5 are heterozygous for the mutant T allele (413 bp), whereas
individual V:6 is homozygous for the wild-type A allele (676 bp).
PBL RNA was purified using the Versagene kit (Gentra), reverse
transcribed with the iScript cDNA synthesis kit (Bio-Rad), and PCR
amplified as above with three primers (Startf, nested T-alleleR,
and EndR) (table 3). B, Quantitative amplification of C(HMP48 tran-
scripts from PBL RNA with allele-specific primers (Startf + A-
alleleR, or StartF + T-alleleR) (table 3) showing the relative levels
of wild-type (A allele) and mutant (T allele) transcripts in indi-
viduals IV:5, V:5, and V:6 from family Sk. RT-PCR products were
amplified in a 10-fold dilution series (in triplicate) by use of the
iQ SYBR Green Supermix in an iCycler fitted with a MyiQ single-
color real-time PCR detection system (Bio-Rad). Allele-specific
CHMP4B transcripts were detected by melt-curve analysis and stan-
dardization against control RPL19 transcript, which was amplified
separately in a similar 10-fold dilution series of the same PBL RT-
PCR products by use of RPL19 forward (5'-catccgcaagcctgtgac-3)
and reverse (5'-gtgaccttctctggcattcg-3') primers. €, Agarose-gel
electrophoresis showing amplicons containing the entire coding
region (codons 1-224) of CHMP4B transcripts (676 bp) from human
(Hs) lens (~30 years old), mouse (Mm) lens (postnatal day 6),
and HEK 293 cells. Post mortem human lenses were obtained from
the Lions Eye Bank of Oregon, and RNA was extracted using TRIzol
reagent (Invitrogen). following euthanasia (CO, gas), mouse
lenses were dissected into RNAlater tissue preservative, and RNA
was extracted using the RNAqueous kit (Ambion). RNA was ex-
tracted from cultured HEK 293 cells as for mouse lenses. RT-PCR
of tens and HEK 293 RNA was performed as for PBL RNA above,
with use of StartF and EndR primers (table 3), and the resulting
amplicons were verified by sequencing.

within cells and release of Gag into the media as VLPs was
detected by immunoblotting (fig. 6E). As expected on the
basis of previous results,*” expression of the truncated
wild-type fragment (FLAG-CHMP4B, _,.,) inhibited VLP re-
lease. Interestingly, the truncated mutant fragment (FLAG-
D129V-CHMP4B, _,,,) was a more potent inhibitor than
truncated wild type allowing release of only 53% + 7%
(average = SD) as much Gag in VLPs. Correspondingly,
the level of Gag expression in cells expressing the mutant

fragment was 1.4 + 0.3 times that of cells expressing the
wild-type fragment. In contrast, neither the wild type nor
the mutant forms of full-length CHMP4B significantly in-
hibited Gag production or VLP release (data not shown).

Precisely how the p.D129V substitution affects the func-
tion of CHMP4B is unclear. In this study, we found that
the p.D129V substitution changed the subcellular distri-
bution and effects of CHMP4B on VLP release when the
protein’s acidic C-terminus was removed. Previous studies
suggest that the acidic C-termini of CHMPs are regulatory
domains that interact specifically with their cognate N-
terminal basic domains in an auto-inhibitory manner.**
#*% Thus, it is possible that when CHMP4B is relieved
from auto-inhibition (mimicked here by truncation), the
p-D129V substitution is exposed resulting in deleterious
gain-of-function effects. On the basis of expression anal-
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Figure 4. Mutation analysis of CHMP48 in the CPP3 family. A,
Sequence trace of the wild-type allele showing translation of glu-
tamic-acid (E) at codon 161 (GAG). B, Sequence trace of the mutant
allele showing the heterozygous c.481G—A transition (denoted R
by the IUPAC code) that is predicted to result in the missense
substitution of lysine (AAG) for glutamate at codon 161 (p.E161K).
C, Restriction-fragment-length analysis showing loss of an Mnl1 .
site (3-GGAGN,) that cosegregates only with affected individuals

" from the Japanese family’* heterozygous for the ¢.4816—A trans-

version (103 bp). Exon 3 was amplified with PCR primers (table
3) shown in the schematic diagram and resuiting amplicons (326
bp) digested (at 37°C for 1 h) with Mnl1 (5 U; New England
Biolabs). Restriction fragments (>75 bp) were visualized on 2%
agarose-EtBr gels.
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Figure 5. Gene structure and protein domains of CHMP4B. A, Exon organization and mutation profile of CHMP4B. Intron sizes are
indicated (kb), and codons are numbered above each exon. B, Amino acid sequence of CHMP4B, showing the conserved SNF7 domain
(underlined) of this protein family (Conserved Domain Databse, pfam03357) containing at least four predicted helical domains (grey).
The proposed p.D129V and p.E161K substitutions are predicted to be located in the C-terminal acidic half of the protein, near the start
of adjacent helices within the SNF? domain. Charged amino acids (+, —) and the translation stop codon (*) are also indicated. C,
Amino acid sequence alignment of human CHMP4B and orthologs from other species, showing phylogenetic conservation of D129 and
E161. :

compartments have been observed in the newborn
mouse lens.*' Further characterization of endosomal path-

ysis of the N-terminal region of CHMP4A,* we speculate
that, once unmasked, the p.D129V substitution alters

the polymerization and/or membrane-binding properties
of CHMP4B; ‘however, other mechanisms cannot be
excluded. Further work will be required to understand
how the p.D129V change affects the behavior of intact
CHMP4B. Functional expression studies are also under-
way to determine how the p.E161K substitution affects
CHMP4B. Although little is known about the role of
CHMP proteins in lens development, endosome-like

ways in the lens should provide insight into the patho-
genetic mechanisms linking CHMP4B dysfunction with
cataractogenesis.

In conclusion, our data identify the first mutations
(p.D129V, p.E161K) in a novel gene (CHMP4B) for inher-
ited cataracts linked to 20q, and they suggest that gain-
of-function defects in an endosome-sorting complex
(ESCRT-III) subunit triggers loss of lens transparency.
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Figure 6. Transient expression of CHMP4B in cultured cells. A-D, Subcellular localization of CHMP4B proteins in C0S-7 cells, visualized
by immunostaining with FLAG antibody and epifluorescence microscopy. A, Full-length wild-type FLAG-CHMP4B. 8, Full-length mutant
FLAG-D129V-CHMP4B. €, Truncated wild-type FLAG-CHMP4B, . D, Truncated mutant FLAG-D129V-CHMP48B, _,... For full-length constructs,
the coding sequence (codons 1-224) of human CHMP4B was PCR amplified from Hela cDNA (Clontech) with forward (5'-gtagatctatgtcggtgt-
tcgggaagetgttcgg-3) and reverse (5'-cactcqaqttacatggatccageccagttetee-3') primers and then subcloned into the 8amHI and Xhol re-
striction sites in the poly-linker of pcDNA3.1-FLAG.*® The D129V substitution was generated using the QuickChange mutagenesis kit
(Stratagene). For truncated CHMP4B constructs, amplicons corresponding to codons 1-150 were amplified using the full-length constructs
as templates and were subcloned into pcDNA3.1-FLAG as above. Plasmid DNA was prepared using the QIAprep spin kit (Qiagen), and
inserts were verified by sequencing using the T7 primer. For transient expression, cells were cultured in Dulbecco’s modified Eagle's
medium (Gibco-BRL) containing 5% fetal bovine serum (Gibco-BRL), 5% supplemented calf serum (Hyclone Laboratories), and 2 mM
glutamine. Cells were transfected with expression plasmids by use of Lipofectamine 2000 reagent (Invitrogen). At 18-24 h after
transfection, C0S-7 cells grown on glass cover slips were fixed in 3.5% paraformaldehyde, permeabilized in 0.2% Triton X-100, and
immunostained with rabbit FLAG antibody (Sigma) followed by Alexa Fluor 488 goat anti-rabbit 1gG (Molecular Probes). Cell nuclei were
counterstained (blue) with DAPI (4',6-Diamidino-2-phenylindole [Molecular Probes}). £, Immunoblot analysis of VLPs produced by HEK
2937 cells cotransfected with plasmids encoding Gag (p24 antibody) and CHMP4B,_,., (FLAG antibody). Top blot shows Gag recovered
in VLPs, and middle blot shows Gag in cell lysates. Bottom blot shows that the levels of CHMP4B, ,,, were similar in cell lysates;
however, the D129V substitution increased the electrophoretic mobility of the mutant fragment on SDS (sodium dodecyl sulfate)
polyacrylamide gels compared with its wild-type counterpart. For VLPs, HEK 293T cells were transfected with 4 ug pCMV55 encoding
HIV Gag, alone or together with 1ug of the indicated CHMP4B construct. At 18-24 h after transfection, media containing VLPs was

_harvested and clarified by passing through a 0.45 um filter. VLPs were pelleted by centrifugation (3 h) through a 20% sucrose cushion
at 26,000 rpm in SW41 Ti rotor (Beckman Coulter). VLPs and cell lysates were resuspended in sodium dodecyl sulfate (SDS) sample
buffer, were separated by SDS-polyacrylamide gel electrophoresis, and then were analyzed by immunoblotting using rabbit antibody
against p24, the capsid domain of HIV Gag, horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG, and the SuperSignal West
Pico chemiluminescence detection kit (Pierce). Immunoblot signals were quantified using the Odyssey Infrared Imaging System (Li-Cor
Bioscience).
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REPORT

Mutations in CD96, a Member of the Immunoglobulin
Superfamily, Cause a Form of the C (Opitz Trigonocephaly)

Syndrome

Tadashi Kaname, Kumiko Yanagi, Yasutsugu Chinen, Yoshio.Makita, Nobuhiko Okamoto,
Hiroki Maehara, Ichiro Owan, Fuminori Kanaya, Yoshiaki Kubota, Yuichi Oike,

Toshiyuki Yamamoto, Kenji Kurosawa, Yoshimitsu Fukushima, Axel Bohring, John M. Opitz,
Ko-ichiro Yoshiura, Norio Niikawa, and Kenji Naritomi

The C syndrome is characterized by trigonocephaly and associated anomalies, such as unusual facies, psychomotor
retardation, redundant skin, joint and limb abnormalities, and visceral anomalies. In an individual with the C syndrome
who harbors a balanced chromosomal translocation, t(3;18)(q13.13;q12.1), we discovered that the TACTILE gene for
CD96, a member of the immunoglobulin superfamily, was disrupted at the 3q13.3 breakpoint. In mutation analysis of
nine karyotypically normal patients given diagnoses of the C or C-like syndrome, we identified a missense mutation
(839C—T, T280M) in exon 6 of the CD96 gene in one patient with the C-like syndrome. The missense mutation was not
found among 420 unaffected Japanese individuals. Cells with mutated CD96 protein (T280M) lost adhesion and growth
activities in vitro. These findings indicate that CD96 mutations may cause a form of the C syndrome by interfering with

cell adhesion and growth.

The C (Opitz trigonocephaly) syndrome (MIM %211750)
is a malformation syndrome of unknown cause, and its
mode of inheritance has been suggested to be autosomal
recessive. The syndrome comprises trigonocephaly and
associated anomalies, such as unusual facies, wide alveo-
lar ridges, multiple buccal frenula, limb defects, visceral
anomalies, redundant skin, psychomotor retardation, and
hypotonia.'?

Recently, Bohring et al.>* suggested the delineation or
existence of a severe form of the C syndrome (the C-like
syndrome, or Bohring-Opitz syndrome [MIM 605039]).
More recently, Osaki et al.® reported on a newborn infant
who had many clinical features similar to those of the C-
like syndrome but did not have exophthalmoses, which
has been regarded as a hallmark of the C-like syndrome.
They suggested that the manifestations in this patient
are a further indication of overlap between the C-like syn-
drome and the C syndrome. Thus, it is controversial
whether there is (1) a gradient of spectrum in the C syn-
drome, from the mild form (C syndrome) to the severe
form (C-like syndrome), or (2) genetic heterogeneity
among the patients with the C syndrome.

In addition, various chromosomal abnormalities, es-
pecially those that include chromosome 3, have been re-

ported in patients originally described as having the C
syndrome.? These include 3p monosomy,® distal 3p tri-
somy,” 3q trisomy,® distal 3q trisomy with deletion of dis-
tal 3p,° and inversion in chromosome 3.'° Although these
cases might be removed from the C syndrome because
they involve chromosome abnormalities, it is possible that
there could be putative genes (or multiple loci) related to
trigonocephaly and, even further, to pathogenesis of the
C syndrome in chromosome 3.%'°

" We encountered a boy with the C syndrome and a de
novo balanced translocation, 46,XY,t(3;18)(q13.13;q12.1)."
By construction of a BAC/cosmid contig covering the
breakpoints, we found the CD96 (TACTILE) gene (Gen-
Bank accession number NM_198196) encoding a mem-
ber of the immunoglobulin superfamily'? at the 3q13.13
breakpoint (fig. 14). The CD96 gene consists of 15 exons

and spans ~120'kb in the genome. Precise structural anal-

ysis around the breakpoint showed that the gene was dis-
rupted by the translocation in exon 5, probably leading
to premature termination or loss of expression of CD96
protein. There is no gene or poly-A signal in a 500-kb
region telomeric to the breakpoint of chromosome 18,
according to the Ensembl Genome Browser Web site. FISH
analysis with use of a BAC clone, RP11-158B11, demon-
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Figure 1. (D96 mutations in the C or C-like syndrome and its expression. A, BAC and cosmid/plasmid map spanning the 3q13.3
breakpoint of a patient with a translocation, t(3;18)(q13.13;q12.1). The red vertical line and dashed red line indicate the breakpoint.
Blue bars for BACs or plasmids indicate clones covering the breakpoint (detected by FISH analysis). A red horizontal arrow indicates
the (D96 gene. A red vertical arrow indicates the breakpoint in the (D96 gene. B, FISH analysis of the patient harboring the translocation.
FISH signals for BAC RP11-159B11 are separated into two chromosomes, der(3) and der(18), whose signals are indicated by arrowheads.
An arrow indicates signals on a normal chromosome 3. C, RT-PCR for (096 expression in the B cells of an unaffected individual and
the patient with C syndrome. The left, middle, and right lanes depict a 100-bp ladder, an unaffected control, and the patient with C
syndrome with translocation, respectively. The lower panel indicates expression of GAPDH as the control. 0, Direct DNA-sequence analysis
of (D96 demonstrates a point mutation in a patient. £-H, Immunocytochemical analysis for (D96 localization in HT1080 cells with use
of rabbit anti-CD96 antibody and FITC-conjugated () or HRP-conjugated (G-H) goat anti-rabbit 1gG. £, Counterstained with 4',6-
diamidino-2-phenylindole (original magnification 400 x ). F-H, Counterstained with methyl green. £, Negative control. Original mag-
nification was 100 x (F and G) or 400 x (H). White arrows (£) and black arrows (H) indicate regions adherent to the plastic dish.



