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4 had only mutated RT-PCR fragment, while the mother had both
wild type and mutated fragments. Sequencing of the mutant
fragment revealed a 63-bp insertion between exons 7 and 8. The
inserted sequence was identical to 5’ terminal of intron 7 (data not
shown), indicating cryptic splice donor site utilization at 63-bp
downstream of the native exon/intron junction. This mutation is
predicted to add extra 21 amino acids without termination codon
after Glu528 (p.E528_V529ins21).

ldentification of a 7.2-kb Microdeletion

We hypothesized that a seemingly normal allele of Patient 4 would
not express intact LRP5 mRNA due to yet unidentified mutation,
because only mutated RT-PCR fragment was amplified. The father
of Patient 4 had significantly low BMD but had no LRP5 mutation
in the coding regions, implying that the cryptic mutation was
transmitted from the father. Candidates for such mutation include
a regulatory mutation (e.g., deletion of enhancer element) and a
submicroscopic structural mutation (e.g., exon-level deletion/
duplication) accompanied by destabilization of mRNA. To explore
these types of mutation, we conducted custom-designed oligo-
nucleotide tiling aCGH analyses targeted to a 600-kb genomic
region harboring LRP5. As a result, we discovered a novel 7.2-kb
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FIG. 3. Identification of a 7.2-kb deletion encompassing exons 22 and 23 of LRP5. A: Left panel shows an agarose gel electrophoregram of RT-PCR
fragments spanning exons 6—8. Patient 4 and the mother were shown to have mutated PCR fragment (694 bp}, which was larger than wild-type one
(631 bp). Note that Patient 4 had only mutated fragment. Right panel shows schematic diagram of the RT-PCR fragments. Sequencing of the
fragments revealed that the mutant had 63-bp insertion between exons ? and 8. The inserted sequence was identical to 5’ terminal of intron ?. B:
Oligonucleotide tiling aCGH results for Patient 4 (red dots) and his father (blue dots). Each dot represents moving average (symmetric 50-nearest
neighbors) ratio of log>(Cy5/Cy3). To reduce background signal, data were analyzed by subtracting the average of control individuals (n =2). Ared
arrowhead indicates the deleted region. C: A schematic view of chromosome 11q13.2 (physical position, 67.96—67.98 Mb; NCBI Build 36.1, hg18].
This region contains exons 19—23 of LRP5, and a total of 18 Alu repeats [red, AluY; orange, AluS; yellow, AluJ; brown, degenerated A/u). Deletion
breakpoints were determined by PCR and sequencing with a deleted region-specific primer pair.

microdeletion encompassing exons 22 and 23 (Fig. 3B; designated
g.Ex22_Ex23del in this report). Sequence analysis of the centro-
meric and telomeric boundaries revealed that the breakpoints were
present in the AluS and AluJ regions, respectively, showing 83%
homology [chrl1: g.(67967534_67967551)_(67974756_67974774-
67974774)del] (NCBI Build 36.1, hgl8) (Fig. 3C). This Alu—Alu
recombination indicates an unequal crossing-over in the father or
an ancestor. This deletion was absent in the mother, sister, and 100
control individuals.

DISCUSSION

We have reported on four OPS patients with biallelic LRP5 muta-
tions. Various types of mutations were observed, including four
missense mutations (p.L145F, p.T244M, p.P382L, and p.T552M),
one nonsense mutation (p.R1534X), one splice site mutation
(c.15844+1G>A), and one multi-exon deletion (g.Ex22_Ex23del).
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The p.L145F has been described in a Japanese patient with
autosomal-dominant FEVR with osteopenia [Qin et al., 2005] but
has not been observed among OPS patients. To our knowledge,
p.L145F is the first mutation that causes both OPS and FEVR. The
mother of Patient 2 was heterozygous for p.L145F and had low
BMD, but had no ocular phenotype (Table I). It is not surprising,
because the majority of family members of OPS patients
(monoallelic LRP5 mutation carriers) did not have ocular pheno-
type in the previous large-scale study [Ai et al., 2005]. Low pene-
trance of the ocular phenotype in monoalleic mutation carriers
would explain those observations. Phenotype of FEVR is generally
variable [Warden et al., 2007], although no data taking individual
genotypes into account have been available so far.

Two novel missense mutations, namely p.P382L and p.T552M,
are located in the second YWTD-EGF-like domain. Although we
did not conduct in vitro functional analyses to verifyloss of function
of them, we believe that these mutations are pathological, because
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(1) the second YWTD-EGF-like domain is the most common site
of inactivating LRP5 mutations [Ai et al., 2005; Qin et al., 2005);
(2) Pro382 and Thr552 are highly conserved residues; and
(3) structures of the side chains are altered considerably. As for
p.P382L, detection in two unrelated OPS patients is additional
evidence.

The most remarkable finding of the present study is identifica-
tion of a 7.2-kb microdeletion. This mutation was undetectable by
standard PCR-based mutation screening but could be detected by
oligonucleotide tilingaCGH analyses. To our knowledge, thisis one
of the smallest deletions identified by aCGH-based analyses. The
deletion encompasses exons 22 and 23 of LRP5 and would impair
mRNA expression, because exon 23 (the last exon) has polyade-
nylation signal that is required for mRNA stabilization. In OPS
patients, detecting only one mutation is not uncommon [Af et al.,
2005]. Exon-level deletion/duplication mediated by Al—Alu re-
combination, which was observed by us and by Chung et al. [2009],
would be a source of cryptic mutations in a subset of patients.
Extensive screening for submicroscopic structural mutations will
be required to draw conclusions. Several methods are available. As
Chung et al. pointed, multiplex ligation-dependent probe amplifi-
cation (MLPA) is one possibility. However, although MLPA can
find exon-level dosage changes reliably, it cannot detect mutations
occurring in noncoding regions (e.g., promoter and enhancer) as
well as balanced structural mutations (e.g.,, inversion). As for
detection of mutations located in noncoding regions, oligonucleo-
tide tiling aCGH seems to be an attractive alternative. Previous
commercially available aCGH-based approaches, including bacte-
rial artificial chromosome aCGH and genome-wide oligonucleo-
tide aCGH, have relatively low resolution (typically >100kb), and
thus are unsuitable for detecting exon-level structural changes
{Zhang et al., 2008]. This limitation can now be overcome by
custom-designed oligonucleotide tiling aCGH, which has near-
kilobase resolution. A major future challenge would be detection of
balanced structural mutations (e.g., exon-level inversion), which
are undetectable by MLPA or oligonucleotide tiling aCGH. RNA
analyses, such as RT-PCR, might detect a part of such mutations,
however, those analyses cannot detect mutations that abolish
mRNA expression (e.g, mutation accompanied by nonsense-
mediated mRNA decay). As target of genome analyses (MLPA and
oligonucleotide tiling aCGH) and RNA analyses differs, these
methods would work complimentarily in detecting cryptic
structural mutations. Therefore, detection power will be
maximized if they are applied in combination as we successfully
experienced.

To conclude, we described four OPS patients who had various
types of LRP5 mutations. Our observations provide not only in-
sights into structure~function relationship of LRP5, but also ex-
emplify a novel approach for detecting cryptic structural mutations
using oligonucleotide tiling aCGH,
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