' Molecular Vision 2007; 13:102-&http://www.molvis.org/molvis/v13/al2/> ©2007 Molecular Vision
e Received 24 July 2006 | Accepted 26 December 2006 | Published 26 January 2007

Large genomic rearrangements within thePCDH 15 gene are a
significant cause of USH1F syndrome
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Purpose:Protocadherin-15RCDH15 is one of the five genes currently identified as being mutated in Usher 1 syndrome
and defines Usher syndrome type 1F (USH1F). WAeDH15was systematically analyzed for mutations in a cohort of
USHL1 patients, a number of deletions were found. Here we characterize these deletions as to extent, position, and breakpoints.
Methods: Microsatellite and single nucleotide polymorphism (SNP) analyses, used in a preliminary survey of an Usher
cohort of 31 patients, revealed large deletions in three patients. These deletions were further characterized by semiquantitati
PCR assays to narrow down the breakpoints.

Results: The analysis of the three large deletions revealed that all six breakpoints are different. The breakpoint junction
was identified in one patient and the four other breakpoints were mapped to 4 kb. There were no specific distinguishing
features of the isolated breakpoints.

Conclusions: A complete screen d?CDH15should include a search for large deletions. Failure to screen for gross
genomic rearrangements is likely to significantly lower the mutation detection rate. A likely explanation for the high rate
of such deletions is the unusual gene strucR@DH15gene spans nearly 1 Mb for a corresponding open reading frame
(ORF) of 7,021 bp. The intron sizesREDH15are up to 150 kb, and the first three exons of the gene cover 0.42 Mb. The
genomic structure of any gene should be taken into consideration when designing a mutation screening strategy.

Usher Syndrome type 1 (USH1) is the most severe forrauggesting a specific role for each protocadherin-15 isoform
of Usher syndrome [1] and is characterized by congenital pran the sensory hair bundle [11]. These alternatively spliced
found deafness, vestibular areflexia, and (generally) early omxons encoding the two novel cytoplasmic domains were also
set of retinitis pigmentosa (RP). Six loci have been mappedetected in human retina, indicating that the organization of
and five genes have been identified: myosin VeYQ74,  the human gene could be more complex than was initially
cadherin-23CDH23), protocadherin-193CDH15, harmonin  thought [11]. Together with other USH1 proteins
(USH1Q, and SANSUSH1Q [2,3]. MYO7Aappears to be protocadherin-15 ensures hair bundle morphogenesis [12] via
the most frequently involved, and mutations have been rets binding to harmonin [13,14] and myosin Vlla [15].
ported in 29-54 [4,5] percent of cases but there have been few Around 25 mutations have been documented, nearly all
systematic studies on a cohort of patients [6,7]. predicted to lead to premature termination of the proteins (6-

The USH1F locus was mapped about ten years ago ). Ouyang et al. [6] studiddlCDH15together with other
chromosome 10g21-22, and A€ DH15gene was cloned in USH1 genes in a cohort of patients and foB@DH15muta-
2001 [8]. Several USH1F transcripts have been identified itions in five patients but identified both causative mutations
humans, and the longest isoform (isoform A), consisting of in only one of them.
noncoding and 32 protein-coding exons, encodes a 1955 amino  We present in this study an exhaustive analysis of the de-
acid transmembrane protein that is predicted to contain lI&tions that were detected in three different families [7]. We
cadherin repeats, one transmembrane domain, and a cytoplakew that not only are all deletions different, they also ac-
mic domain containing two proline-rich regions [8-10]. Re-count for a significant proportion BICDH15mutations, prob-
cently, multiple alternative protocadherin-15 transcripts wera@bly because of the genomic structure of this gene. We sug-
characterized in the mouse inner ear. These transcripts defigest that deletion screening should be part of the molecular
four major isoform classes alternatively spliced, and two ofnalysis foPCDH15and any other genes that have such an
them encode new cytoplasmic domains, raising the number ahusual genomic structure.
exons to 39. Three of these isoforms have different spatiotem-
poral expression patterns in developing and mature hair cells, METHODS
Patients: The project was approved by the local ethics com-
Correspondence to: Anne-Francoise Roux, Laboratoire de Génétigiieittee. Consent to genetic testing was obtained from adult
Moléculaire du CHU de Montpellier, Institut Universitaire de Re- probands or parents of minors. Patients meeting the diagnos-
cherche Clinique, 641 Avenue du Doyen Gaston Giraud, F-3409c criteria for USH1 were previously described [7]. USH1
Montpellier cedex 5, France; Phone: +33 4 67 41 53 61; FAX: +33 §yas diagnosed on the basis of congenital profound sensorineu-
67 41 53 65; email: anne-francoise.roux@montp.inserm.fr ral deafness, vestibular dysfunction, and retinal degeneration.
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U153 and U297 were sporadic cases whereas two affect&l intervals, a junction fragment of 1.3 kb was obtained using
siblings were available for family U382. All patients under-the forward primer of the proximal amplicon with the reverse
went audiological examination and all presented with profoungrimer of the distal amplicon. Further internal primers (U297-
deafness. The age of walking was delayed and ranged frobokp-prox-F: 5'-TGA AGA AAC CAC TAA GAC TGA G-3'

18 months (U153) to 36 months (U297). Electroretinogramand U297-bkp-dist-R: 5'-GTA GCC ATT GCA GGC ACA G-
(ERG) and fundus examinations were altered in all cases wh&) enabled the sequencing of a 360 bp junction fragment.
diagnoses were made at 9 years old (U153 and U297). The Analysis of control DNA:Guthrie cards were obtained
ERG was already extinguished at 4 years old in both siblingsom the neonatal screening center GREPAM in Montpellier.
in family U382. All samples were anonymously referenced and neither phe-

Sequencing analysis BCDH15 PCR amplification and  notypic nor ethnic origin data were available. DNA was ex-
sequencing of theCDH15gene, corresponding to isoform A tracted using standard procedures. Atotal of 172 control DNAs
as described by Ahmed et al. [10] (NM_033056), has alreadyere amplified for the noncoding exon 1 and exon 2. We tested
been reported [7]. PCR parameters and primers have alrea8§ DNAs using primers U297-bkp-prox-F and U297-bkp-dist-
been published in the study from Roux et al. [7]. R.

Haplotypes: Haplotypes were constructed from a com-
bination of intragenic single nucleotide polymorphisms (SNPs) RESULTS
and seven microsatellite markers: D10S1124-D10S2522Haplotype analyses and evidence of the deletiéis:have
PCDH151VS3-(CA)-D10S2536-D10S546)-D10S1643- previously reported the screening for mutationsIMO7A
D10S1762. The location of the markers is reported in Figur€DH23 PCDH15, USH1CandSANSN a cohort of 31 USH1
1A. Sequences of the microsatellite primers are available damilies [7]. While conducting a preliminary linkage analysis
gdb with the exception of IVS3-(CA)-IVS3-F: 5'-GTA TGT using microsatellites surrounding each USH1 gene, we de-
ACA GTT AAT TGG TAG-3'; IVS3-R: 5-GAT GCA GGT tected apparent noninheritance of some markers or failure of
ATG GTT TCAG-3.. amplification among the USH1F panel (D10S1124;

Microsatellites were analyzed on an ABI 3100 Avant ge-D10S2522; IVS3-(CA); D10S2536; D10S546; D10S1643 and
netic analyzer (Applied Biosystems, Applera France, Francd)10S1762) in two families (U153, and U382) as shown on
whereas the SNPs were analyzed by direct sequencing.  Figure 1B. These results were confirmed by amplification in

Semiquantitative assaysTwo semiquantitative ap- neighboring regions. Microsatellite analysis was not informa-
proaches were used in parallel: the quantitative multiplex PCRve in patient U297 but a deletion was suggested after an ap-
of short fluorescent fragments (QMPSF) and semiquantitativearently homozygous p.Arg290X mutation, localized in exon
nonfluorescent multiplex PCR. QMPSF containing multiplex8, was identified. This novel mutation appeared to be carried
PCR of 3-9 amplicons were analyzed on an ABI310 (Appliedn different haplotypes as revealed by heterozygous intronic
Biosystems). We applied to the PCDH15 gene the stategy us8iPs in the 3' end of the gene (Figure 1B).
by Audrezet et al. for the CFTR gene [16]. Semiquantitative  The resulting haplotypes of the three pedigrees are pre-
nonfluorescent multiplex PCR products were separated undeented in Figure 1B together with SNPs analyses when infor-
nondenaturing conditions on a liquid chromatography systemmative. Sequencing of the entire coding regio®GDH15
(3500 Wave HS system coupled to an HSD systenrevealed that the patients were compound heterozygotes for
Transgenomic, Elancourt, France) then quantified by fluoreppremature truncating mutations p.Serl44LeufsX15
cent detection using a post column intercalation dye, based ¢01423_430dup) and p.Arg290X (c.868A>T) in trans to the
guidelines described by Dehainault et al. [17]. One advantadge/o deletions identified in U153 and U297. A third homozy-
of the semiquantitative nonfluorescent multiplex PCR anagous deletion was identified in family U382 with a known
lyzed on the 3500 Wave HS system is that the primers usédiilstory of consanguinity.
for routine sequencing can also be used to determine if a par- Narrowing of the breakpointsto narrow down the dele-
ticular exon has been deleted. tion breakpoints of the two compound heterozygous patients,

To narrow down the deletion breakpoints, we used PCRve used two semiquantitative PCR walking methods. The
walking methods that included laboratory-designed ampliconsarrowing of the deletion breakpoint in patient U382 was per-
localized in a first step every 50 kb both upstream and dowrfermed by simple PCR walking, looking at the amplification
stream of the identified deletions. The primers were choseor nonamplification of each amplicon.
according to the sequence of the bacterial artificial chromo- When each breakpoint was localized within an interval
some (BAC) clones (their accession number is given in Figbelow 4 kb, PCR was performed to identify the precise dele-
ure 1A). Once a breakpoint was localized between two adjdion breakpoints. One breakpoint was identified (U297; see
cent amplicons, further primers were designed for newrigure 2B). Unfortunately, several other attempts using dif-
amplicons until this initial 50 kb distance was reduced to derent long-range PCR Kkits failed to identify a junction frag-
maximum 4 kb interval. Each breakpoint interval thus charaoment in the other two patients, suggesting that the deletions
terized by PCR walking is positioned on the BAC clones (Figmay be more complex than anticipated.
ure 2A). PCR walking in patient U382 narrowed the deletion to a

Identification of the junction fragment in patient U297: proximal breakpoint localized within a 1.6 kb interval in the
Once proximal and distal amplicons were identified within 45' region of thé?CDH15gene and to a distal breakpoint lying
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in IVS1 within an 1.4 kb interval. The size of the deletion isD10S2536 and SNP. However this deletion was further char-
estimated as 190 kb (Figure 1 and Figure 2). None of the 1&terized as extending from a proximal breakpoint within IVS1,
control DNAs showed an absence of amplification of exon Iithin an interval of 3.5 kb, to a distal breakpoint within an
excluding a similar homozygous deletion in these controls. 0.8 kb interval of IVS5 (Figure 1 and Figure 2). The size of
The deletion in patient U153 was originally character-the deletion is about 341 kb. None of the 172 control DNAs
ized as spanning exons 3-5 by means of the intragenic mark&towed an absence of amplification of exon 2, excluding an
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D10S2522 D10S2536
1 8
_ ! l o
I ] 1
i
U153 '
~ 341 kb
U297
~ 684 kb
u3s2
~ 180 kb
B — —
ACO79271 AL356114
ACO051618 AC013737
B U297
D10s2522 A B DC
E2 ¢.55T>G T 6 T -
VS3 ¢.92-52T>G G T T -
IVS3-CA C A u1s3 B - L1.
01052536 B A B -
IVS4 ¢319-31C>T c T T -
E5 ins ins N N -
D105546 B B AC
D10S1643 A A B B
1. 2.
- F - C
D1052522 A C . E -
E2 ¢55T>G T - T -c
WS3 c92-52T>G G R -|- - A
IV$3-CA c - 6|4 ST
D1052536 B T C TC
V84 ¢.319-31C-T c c TH cT
E5 ins ins T C T C
D105546 B C T cH] TC
D1051643 A B c T cT
D10S1124 A C B A
D10S2522 - A B -
E1l - N N -
IVS3-CA B A u3s2 B B
D1052536 A B A A
D10S546 B A D: B B
ES c.9604>G G A A G
D10S1643 A B C A
1. L2,
1. 2. IL3. ]
01051124 A A C A A
D10s2522 - - A - _
E1 - - N - -
IVS3-CA BB A B B
D10S2536 A A B A A
D105546 B B A B B
E9 .960A>G G G A G G
D1051643 A A B A A

D1081762

01051643

0,1Mb

cT €.705+93C>T

TC €.705+133T=C VST
cT €.706-8C>T

AT c.868A>T (Arg290X) EB
TG c.876+56T>G IVSB
ccC c.1918-165C>T V815
TT €.2220+47T>C vS18
ccC c.3717+35T=C VS27
cC €.3984-20C>T IvS30
T T Ed c4368+119T>C VS32

€. 705+93C>T
c.705+133T>C Ivs7

¢.706-8C>T

c.868A>T (Arg290X) E8
c.876+56T>6 VS8
c.1918-165C>T WS15
€.2220+47T>C V518
c.3717+35T=C vs27
€.3984-20C>T IVS30
c.4368+119T>C V532

>

TPOWEmE ' B

Figure 1. Pedigrees at the USH1F locAs.Genomic organization of tHRCDH15isoform A with numbering of the exons as described by
Ahmed et al. [10] NM_033056. The noncoding exon 1 is represented in grey. Positions of the BAC clones and the microdeatedliszana

indicated.B: Representation of the three pedigrees with haplotypes. (-) represents lack of amplification; N represents normalt In the firs

pedigree “Ins” stands for the ¢.423_430dup mutation (insertion of 7 bp). The different haplotypes are indicated by reittangizsis

fillings.
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homozygous deletion spanning at least this exon in these con- The six intervals surrounding the breakpoints were placed
trols. on the BAC clones (NCBI Accession humbers given in Fig-
The deletion in patient U297 was narrowed down byure 1A and Figure 2A) and analyzed through repeat masker
semiquantitative PCR then further characterized by amplifiirepeatmasker). Although short interspersed elements (SINE),
cation of a junction fragment (Figure 2B). The deletion spankng interspersed elements (LINE), and long terminal repeats
about 684 kb, includes exon 8, and is in trans to the p.Arg290){. TR) were found in all cases (Figure 2A), there is no evi-
mutation (Figure 1 and Figure 2). The proximal breakpointdence for direct repeats or duplicons as found in some other
lies within 2.4 kb of U382 breakpoint, but is not identical.cases of recurrent deletion or duplication. In patient U297 the
This junction fragment was not detected in 176 alleles (i.egnly obvious feature at the breakpoint is a repetition of GAA
88 control DNAS). (Figure 2B). This is in line with the findings in studies of de-
letions of the dystrophin gene in DMD [19] and duplications
DISCUSSION of PLP1in Pelizaeus-Merzbacher disease [20].
None of the deletions described in this paper have been found A detailed analysis of the gene structure provides a likely
in normal controls, and they would all result in nonfunctionalexplanation for the high rate of such deletions. The gene spans
protein. Recent data has shown that multiple isoforms exishearly 1 Mb for a corresponding ORF of 7,021 bp. The intron
No exon is present in all identified so far alternative transcriptsize ofPCDH15is up to 150 kb, and the first three exons of
[11]. However, no isoform has been observed to containinthe gene cover 0.42 Mb. The six breakpoint intervals lie in
deletions extending from exon 2 to exon 5 or 8. In addition, amtrons ranging from 22 to 140 kb in size localized in the first
Arg3X mutation in the second exon has been observed in twhird of the gene.
patients, providing evidence that the presence of the first few Because of the large size ®CDH15and, in particular,
exons is necessary [8,9]. Recently, an alternatively splicetthe low proportion which is coding, predominantly in the 5'
isoform (lacking exons 3-15) was found to circumvent the efend of the gene, it is not surprising that large deletions, with
fect of the mutant allele IVS14-2A>G in the homozygousdiffering breakpoints, form a significant proportion of
Pcdh®*@-5mice [18]. Such a mechanism is not likely to bePCDH15 mutations (30% in our cohort) which represents
involved here as the patients described in this study are afearly 10% of all USH1 patients [7]. The situation is reminis-

fected with typical USH1. cent of the high frequency of deletions within the dystrophin
A
. Proximal Distal
Size of

Patient deletion Clone Position of the Clone Position of the

(kp) ~ accession interval Repeats accession interval Repeats

number breakpoint number breakpoint

U3g2  ~190 AC079271 46254-47860 THE1B (LTR) AC051618 7629-9015 LTRE7

MER7C (MER2)
L1ME1 (LINE)
L1MA10 (LINE)

MLT1B (LTR)
U153 ~341 AL356114 43695-47203 Tigger1 ACO013737 187804-188543 L3 (LINE)
LIPA4 (LINE) AluSp (SINE)
MIR (SINE) L3b (LINE)
LIPABA (LINE) LIME 2 (LINE)
MIRb (SINE)
uz97 ~684 ACO079271 45492-45495  THE1B (LTR) ACO013737 114841-114844
B
AC079271 ARGACGCGTCTTACATGGARGCAGGCAGAAGAATEICTGCAGCARAAC PECCCTPPATAR
JunctionU297 AAGACGCGTCTTACATGGAAGCAGGCAGAAGAAACTTTCAATAATTTATGAATATATATG
AC013737 GECCATATTCCCAAACTANAMAA T PECCATGAAACTTTCAATAATTTATGAATATATATG

Figure 2. Schematic localization of the deletion breakpoints oRP@2H15gene and their analysisA: Localization of the six deletion
breakpoints on the bacterial artificial chromosome (BAC) cloBe$he breakpoint junction fragment identified in patient U297 is aligned
with the wild-type sequences spanning the 5' and 3' breakpoints. The deleted sequences are crossed out.
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gene found in patients with Duchenne Muscular Dystrophy.
The dystrophin gene coding region of 11 kb is encoded over
2.4 Mb of genomic DNA. Around 60% of mutations are large
deletions [21], and many occur within the two large introns 7
and 44 [22]. 3
This observation has several implications. First, although
an initial linkage analysis approach was incorporated to target
which gene was the best candidate for mutation screening, it
may also identify apparent noninheritance of markers. Sec-
ond, these results show that restricting the molecular analysis
of PCDH15in USH1F to sequencing is not sufficient, and

©2007 Molecular Vision

M, French Usher Syndrome Collaboration. Survey of the fre-
quency of USH1 gene mutations in a cohort of Usher patients
shows the importance of cadherin 23 and protocadherin 15 genes
and establishes a detection rate of above 90%. J Med Genet
2006; 43:763-8.

Alagramam KN, Yuan H, Kuehn MH, Murcia CL, Wayne S,
Srisailpathy CR, Lowry RB, Knaus R, Van Laer L, Bernier FP,
Schwartz S, Lee C, Morton CC, Mullins RF, Ramesh A, Van
Camp G, Hageman GS, Woychik RP, Smith RJ, Hagemen GS.
Mutations in the novel protocadherin PCDH15 cause Usher syn-
drome type 1F. Hum Mol Genet 2001; 10:1709-18. Erratum in:
Hum Mol Genet 2001 Oct 15;10(22):2603.

testing for large genomic rearrangements is recommended.aAhmed ZM, Riazuddin S, Bernstein SL, Ahmed Z, Khan S, Griffith

previous study has described only ¢&t@DH15mutation in
patients [6]. It is possible that either a large genomic deletion
or a mutation lying in the additional exons [11] accounts for
the second pathogenic mutation in these patients. Detection

AJ, Morell RJ, Friedman TB, Riazuddin S, Wilcox ER. Muta-
tions of the protocadherin gene PCDH15 cause Usher syndrome
type 1F. Am J Hum Genet 2001; 69:25-34.
Ahmed ZM, Riazuddin S, Ahmad J, Bernstein SL, Guo Y, Sabar
MF, Sieving P, Riazuddin S, Griffith AJ, Friedman TB,

of large genomic rearrangements is becoming easier and more Belyantseva IA, Wilcox ER. PCDH15 is expressed in the neu-

routine with the development of methods such as multiplex
ligation-dependent probe amplification (MLPA) and multiplex
amplifiable probe hybridization (MAPH) [23] and should be
considered, particularly for genes with an extended genomit-
structure. Third, large genomic rearrangement analysis can-
not be routinely achieved by PCR of junction fragments as
each deletion appears to be different and is likely to be inef-
fective across breakpoints involving complex rearrangements.

PCR may still be customized by semiquantitative PCR, or othap.

methods, such as MLPA, may be developed.
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