





Chapter 11 



Usher Syndrome: Diagnostic Utility of the Asper Biotech’s Genotyping Microarray 
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11.1. Introduction

Usher Syndrome (USH), a combination of retinitis pigmentosa (RP) and sensorineural hearing impairment (SNHI), is an inherited autosomal recessive trait characterized by considerable genetic heterogeneity. Clinically and genetically USH is a heterogeneous disease which presents a spectrum of dual sensory impairment and involves at least eleven different genes, of which nine have been identified (Table 11.1). Traditionally, USH is classified into three types. USH type 1 is characterized by congenital profound hearing impairment (HI), with an early onset of RP and vestibular areflexia. The latter is often suspected from delayed ability of a child to walk independently. USH type 2 patients have more moderate HI, no vestibular problems and RP. USH type 3 is characterized by variable degree and onset of HI, variable presence of vestibular abnormalities and RP. Currently, USH1B (MYO7A), USH1C (USH1C), USH1D (CDH23), USH1E (unknown gene), USH1F (PCDH15), USH1G (USH1G), USH1H (unknown gene) underlie USH type 1. USH type 2 is characterized by moderate SNHI, with some degree of progression over decades, early onset of RP and no vestibular abnormalities.
For USH2, three genes/gene loci are known: USH2A (USH2A), USH2C (VLGR1) and USH2D (WHRN); and in many countries USH type 2 is the most prevalent one, with RP often diagnosed several years after the hearing impairment (HI). USH type 3 is characterized by more variable degree and progression of HI as well as possibly a mild form of RP and variable frequency of vestibular dysfunction. For USH type 3, one gene is known. However, there is an overlap between mutations in the underlying genes and the clinical presentation so that for example USH3 in advanced age may mimic USH1, and for example mutations in CDH23 may be presenting as non-syndromic HI. In order to facilitate genetic diagnosis of USH a genotyping microarray was developed based on the arrayed primer extension (APEX) method (Cremers et al., 2007; Asper Biotech Tartu, Estonia) as a diagnostic tool. 

Table 11.1. Overview of known Usher syndrome genes and loci

	USH type
	Locus
	Protein
	Gene
	Exons
	Proportion
(percent)
	Clinical
	APEX vs 5.0
	APEX vs 6.0

	1B
	11q13.5
	Myosin VIIa
	MYO7A
	49
	30-50
	DFNB2;DFNA11
	136
	179

	1C
	11p15.1
	Harmonin
	USH1C
	28
	7-12
	DFNB18
	9
	12

	1D
	10q22.1
	Cadherin 23
	CDH23
	69
	10-35
	DFNB12
	58
	91

	1E
	21q21
	Unknown
	Unknown
	-
	-
	-
	-
	-

	1F
	10q21.1
	Protocadherin 15
	PCDH15
	35
	11?
	DFNB23
	12
	26

	1G
	17q25.1
	SANS
	USH1G
	3
	7?
	-
	6
	7

	1H
	15q22
	Unknown
	Unknown
	-
	-
	-
	-
	-

	2A
	1q41
	Usherin
	USH2A
	72
	85
	arRP
	191
	265

	2C
	5q14.3
	VLGR1
	GRP98 (VLGR1)
	90
	?
	-
	6
	13

	2D
	9q32
	Whirlin
	WHRN
	12
	<1 
	DFNB31
	0
	4

	3A
	3q25.1
	Clarin-1
	USH3A
	4
	1-6
	-
	11
	15

	Total
	
	
	
	
	
	
	429
	612


Overview of known Usher syndrome genes and loci, number of coding exons, estimated proportion of all Usher cases in the corresponding clinical category of type 1, 2 or 3, and the number of mutations for each gene included in the version 5.0 and version 6.0 of the Asper Biotech genotyping microarray. The proportion (percent) of all USH type1/type 2 is according to Bolz et al., 2009. vs, version.


11.1.1. Patient Material and Methods

In our database for Usher syndrome we have 114 patients. For various reasons, 12 patients were studied only by sequencing of the first 21 exons of the USH2A gene without detection of USH2A mutations, but not studied by the genotyping microarray subsequently. One hundred and two patients were studied by microarray version 5.0 (for 429 mutations in 8 USH genes) and 31 patients were also investigated by version 6.0 (for 612 mutations in 9 USH genes). It must be kept in mind that in an earlier research project (Dreyer et al., 2001, Dreyer 2004; Dreyer et al., 2008) an intensive investigation had been performed and was aimed at clinically characterized USH2 patients. The patients investigated during the present study therefore include fewer USH2 cases than expected otherwise. The patients include all age groups and were mostly ascertained from Denmark, Norway, and Sweden. Tables 11.2 a, 11.2 b and 11.2 c compiling the identified mutations indicate ethnic origin of the patients. Two families are described in details in order to illustrate the co-occurrence of additional clinical abnormalities (Family 1, Figure 11.1) and the variable clinical presentation of CDH23 mutations (Family 2, Figure 11.2), where one branch presented with non-syndromic HI (DFNB12) and the other branch with Usher syndrome 1D.


Figure 11.1. Pedigree of a Pakistani family segregating Usher syndrome type 1D and Kartagener syndrome.The frequent Pakistani CDH23 splice-site mutation, c.6050-9G>A (IVS45-9G>A), was identified in homozygous state as the cause of Usher syndrome in the proband, who also had Kartagener syndrome. Additional family members, from whom no DNA was available, had Usher syndrome or Kartagener syndrome, but the two recessive conditions did not co-segregate in these patients. Black shading on the right part of symbol indicates individuals with Usher syndrome. The proband is indicated by an arrow. 

11.1.1.1. Patient Material

Family 1
The family is of Pakistani origin and living in Denmark. The family pedigree is shown in Figure 11.1. The parents are first cousins, and four paternal cousins (Figure 11.1, individuals III:11, III:12, III:13 and III:14) have Usher syndrome, and the son (IV:3) of one maternal cousin also has Usher syndrome and has been treated with cochlear implant in Norway where he lives. A brother of the mother has Kartagener syndrome (III:4). The proband, IV:5, is seven years old, and CDH23 mutations were identified in her DNA. She also has Kartagener syndrome with dextrocardia and ciliary dysfunction and is undergoing regular prophylactic treatment with antibiotics. She walked alone at age 17-18 months of age. She has sensorineural hearing impairment with 70-90 dB hearing loss (HL) bilaterally, and benefits from hearing aids. Ophthalmological examination at the age of five years has not revealed any retinal pigmentation. Electroretinography (ERG) has not been performed, based on the certain diagnosis in her older sister and the molecular genetic results. She does experience considerable visual problems in dark surroundings and regarding peripheral visual fields. Her eleven years old elder sister (IV:4), was diagnosed with hearing impairment at the age of seven years, and has sensorineural HI with 60-90 dB hearing loss bilaterally, and benefits from hearing aids. Eye examination at the age of eight years showed retinal degenerative abnormalities, compatible with Usher syndrome. ERG has not been performed. She walked alone at the age of fifteen months. She does not have Kartagener syndrome. The thirteen years old elder sister (IV:6) has Kartagener syndrome but does not show hearing or visual impairments. She walked alone at the age of nine months. 
The genotyping microarray revealed in the proband (IV:5) and her sister, (IV:4) homozygosity for a CDH23 mutation localized in intron 45: c.6050-9G>A (IVS45-9G>A), and heterozygosity was identified in both parents. This splicing mutation is quite frequently diagnosed in Pakistani Usher syndrome patients (Astuto et al., 2002). Subsequent sequencing confirmed the mutation. The more remote relatives were not available for mutation analysis. The genetic type of Kartagener syndrome has not been characterized. 


Figure 11.2. Pedigree of an Iraqi (Kurdish) family segregating Usher syndrome type 1D. A novel CDH23 splice-site mutation c.4489-2A>C (IVS35-2A>C) was identified in homozygous state in the proband. Note the non-syndromic deafness in one affected family member (V:2) and Usher syndrome in the other two individuals (V:1 and V:5). Black shading on the right part of symbol indicates individuals with Usher syndrome. The proband is indicated by an arrow. 

Family 2
The pedigree of an Iraqi family of Kurdish origin living in Denmark/Norway is shown in Figure 11.2. The proband (Figure 11.2, individual V:5) is a six year old boy, born to parents who are first cousins. He was born premature in week 30, with a body weight of 1600 g, had neonatal jaundice and had received treatment with UV light. From the age of four months suspicion of profound hearing impairment was suspected and confirmed at the age of twelve months by Otoacoustic emission (OAE) and Auditory brainstem response (BRA) tests. Cochlear Implant treatment was provided at the age of two and three years, respectively. At the age of four years an eye examination and ERG were fully compatible with Usher syndrome. Molecular genetic investigations at the age of three years and by means of the genotyping microarray did not reveal any mutations among the 429 mutations in eight Usher genes investigated. GJB2 sequencing identified a polymorphism, p.V27I in some family members but it did not segregate with the HI. Sequencing of the USH3A gene was normal. Subsequent microsatellite analysis of all available family members (parents, the sister of the father, her husband and their three children of whom one had Usher syndrome and the other had profound congenital hearing impairment) pointed to CDH23 and sequencing of 90 percent of the coding exons revealed homozygosity for a novel splice mutation in intron 35: c.4489-2A>C (IVS35-2A>C). Homozygosity was also present in the two siblings (Figure 11.2, individuals V:1 and V:2) with discordant phenotype and in our proband (Figure 11.2, individual V:5), and heterozygosity was found in all four parents. The lack of RP in individual V:2 was supported by a normal ERG at the age of two and three years. This family illustrates the limitations of the microarray for novel mutations and the high level of molecular resources which may be needed to obtain a genetic diagnosis. This family, furthermore, illustrates the variable presentation for CDH23 mutations, from non-syndromic congenital deafness, to dual impairment and Usher syndrome.

11.1.1.2. Methods
DNA was extracted from peripheral blood samples using standard methods. The DNA samples were sent to Asper Biotech (Tartu, Estonia) for analysis using the Usher arrayed primer extension (APEX) microarray. Description of the requirements for samples, microarrays and methodology can be found elsewhere (Cremers et al., 2007; www.asperbio.com). The method mainly detects known nucleotide substitutions. 
In short, a panel of 5’-modified sequence specific oligonucleotides are spotted on a microarray. In general, these oligonucleotides are designed with their 3’ end immediately adjacent to the mutation site. PCR-amplified and fragmented DNA of the patient is annealed to oligonucleotides on the slide, followed by sequence-specific extension of the 3’ ends of primers with dye-labelled nucleotide analogues (ddNTPs) by DNA polymerase (Cremers et al., 2007). In essence, the APEX reaction is a sequencing reaction on a solid support (Cremers et al., 2007). Thus, each APEX reaction consists of fragmented and pooled denatured PCR products covering the panel of mutations, Thermo Sequenase DNA polymerase, 1 x reaction buffer and the four fluorescently labelled ddNTPs. The reaction mixture is applied to the Usher microarray slide for 15 min at 58°C. The reaction is stopped by washing at 95°C and the slide is analysed (Cremers et al., 2007). Each mutation site is analysed in duplicate from both the sense and antisense strand and the method allows for distinction between homozygosity and heterozygosity. A patient can carry two mutations that both are present on the array, one mutation or none of the mutations present on the array.
When a mutation was identified by using Asper Biotech microarray technology, the mutation was subsequently verified by using PCR amplification and sequencing of the corresponding exon. Furthermore, the exon was sequenced in available DNA from additional subject from the corresponding family. PCR-amplified samples were sequenced using the Big Dye Terminator Kit version 1.1 (Applied Biosystems, Foster City, CA, USA) according to the manufacturer’s instructions on an ABI 3130XL genetic analyzer (Applied Biosystems, Foster City, CA, USA).


11.2. Results 

Amongst the 102 patients, two mutations were detected in 31 (30 percent), and one mutation in 16 patients (15 percent). We have not classified the patients into three clinical categories because of variable amounts of clinical data. In 55 cases, the genotyping microarray analysis version 5.0 was normal, and in 31 of those a second round with the upgraded version 6.0 of the microarray (612 mutations in 9 Usher genes) was undertaken, with no positive findings. In 9 cases the USH3 gene was sequenced, also with negative result. According to the flow chart shown in Figure 11.3, a complete direct sequencing of a gene was initiated in cases of the identification of one pathogenic mutation in a known Usher gene. This led to the identification of 3 novel mutations in MYO7A, two novel mutations in USH2A and one novel mutation each in PCDH15 and USH3A (Tables 11.2 a, 11.2 b and 11.2 c). The USH3A mutation was reported by Dreyer et al., (2008), but is not included in the genotyping microarray version 6.0. Mutations were identified in six of the nine Usher genes (MYO7A, USH1C, CDH23, PCDH15, USH2A, and USH3A), whereas no mutations were identified in USH1G, VLGR1 or WHRN. 


11.2.1. MYO7A (USH1B): 

Fourteen patients had at least one mutation, and in total 16 different mutations were found. The three novel MYO7A mutations were all detected in Norwegian Usher type 1 patients. The recurrent mutations p.C31X, p.Q18X and p.R1240Q, all occurred in both Danish and Norwegian patients.


11.2.2. USH1C (USH1C): 

Three patients had at least one mutation, all had the common USH1C c.238_239dupC mutation, and one was homozygous for the mutation. The microarray includes only nine USH1C mutations in the version 5.0, and no firm conclusions can be drawn regarding the frequency of USH1C.


11.2.3. CDH23 (USH1D): 

Mutations were found in four patients from Iraq, Pakistan, Turkey and Sweden. The Swedish patient was homozygous for the frequent (in Sweden) CDH23 splicing mutation (c.336+1G>A in exon 4) (Oshima et al., 2008). The Pakistani patient was homozygous for the splicing mutation, c.6050-9G>A (IVS45-9G>A) (Astuto et al., 2002) and there was an additional autosomal recessive disease in the affected siblings, namely Kartagener disease, but with discordant segregation (see pedigree in Figure 11.1). This CDH23 mutation was reported in several Pakistani patients (Astuto et al., 2002). The hearing impairment of 60-90 dB HL led to a clinical assumption of Usher type 2 before molecular analysis revealed USH1D. In an extended Iraqi family (Figure 11.2), there was clinical discrepancy with isolated congenital deafness (ERG negative for RP) in one branch and classical Usher syndrome in another branch of the family with a splice mutation (c.7872G>A), reported earlier in a North American family for which very little clinical information was provided (Astuto et al., 2002).


11.2.4. PCDH15 (USH1F): 

One Norwegian patient was compound heterozygous for PCDH15 mutations, but since only 12 mutations were included in the version 5.0 of the microarray, it is not possible to draw any conclusions about the overall prevalence of USH1F in Scandinavia.


11.2.5. USH2A (USH2A): 

Twenty two patients had at least one mutation identified and among the 35 disease alleles, the common c.2299delG mutation occurred in 16 (16/35= 46 percent), in agreement with our earlier findings (Dreyer et al., 2008). Fourteen different mutations were found. The c.2299delG mutation was identified in Danish, Norwegian and Swedish patients, but not in patients of non-Scandinavian origin.


11.2.6. USH3A (USH3A): 

One Norwegian and one Swedish patient had the common Finnish founder mutation, p.176X in USH3A in either homozygous or heterozygous state and one Turkish family, living in Denmark had a novel mutation (c.181delA; Dreyer et al., 2008). Clinically this patient was Usher type 1, and it is probably recommended to sequence the USH3A gene in all type 1 patients with normal results from the Usher type 1 gene mutation analysis (See flow chart in Figure 11.3). If family structure and size allow it, stepwise analysis with single nucleotide polymorphism (SNP) genotyping should be performed first and followed by sequencing of the compatible Usher gene(s), in order to prioritize laboratory resources.


11.2.7. USH1G (USH1G), VLGR1 (USH2C) and WHRN (USH2D): 

No patients tested positive for mutations in these genes.
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Table 11.2a List of identified disease causing mutations in MYO7A and nationality of the patients

	Patient
	Gene/Exon
	Mutation 1
	Protein change
	Gene/Exon
	Mutation 2
	Protein change
	Ethnicity

	
	MYO7A
	
	
	MYO7A
	
	
	

	6766-06
	3
	c.93C>A
	p.C31X
	
	ND
	
	Norwegian

	7079-07
	3
	c.77C>A
	p.A26E
	
	ND
	
	Italian

	8255-08
	3
	c.93C>A
	p.C31X
	29
	c.3719G>A
	p.R1240Q
	Danish

	9058-09
	3
	c.93C>A
	p.C31X
	
	ND
	
	Danish

	6762-06
	3
	c.52C>T
	p.Q18X
	3
	c.52C>T
	p.Q18X
	Norwegian

	8218-08
	3
	c.52C>T
	p.Q18X
	25
	c.IVS24-2A>C a
	r.spl?
	Norwegian

	7391-07
	11
	c.1190C>T
	p.A397V
	11
	c.1190C>T
	p.A397V
	Iranian

	6753-06
	23
	c.2766_2779del
	p.K923fs
	31
	c.4108_4111del a
	p.Q1370fs
	Norwegian

	6763-06
	23
	c.2766_2779del
	p.K923fs
	37
	c.5134dupT a
	p.Y1712fs
	Norwegian

	6675-06
	27
	c.3719G>A
	p.R1240Q
	
	ND
	
	Danish

	6756-06
	29
	c.3719G>A
	p.R1240Q
	31
	c.4108_4111del a
	p.Q1370fs
	Norwegian

	8027-08
	34
	c.4543_4551
del/ins
	p.E1515_M1517
delinsA
	34
	c.4543_4551
del/ins
	p.E1515_M1517
delinsA
	Swedish

	6158-06
	36
	c.4882G>T
	p.A1628S
	36
	c.4882G>T
	p.A1628S
	Danish

	9230-09
	38
	c.5215C>T
	p.R1739X
	
	ND
	
	Danish


In 55 patients, no mutations were detected with Asper Biotech microarray version 5.0, and in 9 of these patients, USH3A was sequenced with normal findings. Thirty-one of the 55 patients were subsequently studied by Asper Biotech microarray version 6.0 with normal findings. The nationalities of the 55 patients were: Danish (n=9), Swedish (n=13), Norwegian (n=17) and others (n=16; Afghanistan, Bulgarian, Dominican Republic, Egypt, Iran, Iraq, Iceland, Italy, Lebanon, Syria, Turkey, and Vietnam). Novel mutations are indicated in bold; ND = Not determined; a Whole MYO7A sequenced; r.spl? = effect on RNA-splicing expected but not confirmed. 




Table 11.2b. List of identified disease causing mutations in USH2A and nationality of the patients

	Patient
	Gene/Exon
	Mutation 1
	Protein change
	Gene/Exon
	Mutation 2
	Protein change
	Ethnicity

	
	USH2A
	
	
	USH2A
	
	
	

	6421-06
	2
	c.238_239insCGTA
	p.Q81fs
	2
	c.238_239insCGTA
	p.T81fs
	Iraqi

	8673-08
	3
	c.488G>A
	p.C163Y
	12
	c.2023C>T b
	p.Q675X
	Danish

	6334-06
	6
	c.949C>A
	p.R317R/splice defect
	12
	c.2028C>A c
	p.C676X
	Danish

	6771-06
	6
	c.1036A>C
	p.N346H
	6
	c.1036A>C
	p.N346H
	Norwegian

	6422-06
	6
	c.1036A>C
	p.N346H
	6
	c.1055C>T
	p.T352I
	Swedish

	6697-06
	6
	c.1036A>C
	p.N346H
	
	ND
	
	Swedish

	8665-08
	9
	c.1606T>C
	p.C536R
	13
	c.2299delG
	p.E767fs
	Danish

	8312-08
	13
	c.2299delG
	p.E767fs
	63
	c.13316C>T
	p.T4439I
	Danish

	8356-08
	13
	c.2299delG
	p.E767fs
	62
	c.12161G>T
	p.S4054I
	Danish

	8562-08
	13
	c.2299delG
	p.E767fs
	
	ND
	
	Danish

	8604-08
	13
	c.2299delG
	p.E767fs
	17
	c.3635C>T
	p.P1212L
	Danish

	9385-09
	13
	c.2299delG
	p.E767fs
	
	ND
	
	Danish

	4669-04
	13
	c.2299delG
	p.E767fs
	13
	c.2299delG
	p.E767fs
	Danish

	10772-10
	13
	c.2299delG
	p.E767fs
	13
	c.2299delG
	p.E767fs
	Danish

	6775-06
	13
	c.2299delG
	p.E767fs
	
	ND
	
	Norwegian

	3524-03
	13
	c.2299delG
	p.E767fs
	13
	c.2299delG
	p.E767fs
	Swedish

	6236-06
	13
	c.2299delG
	p.E767fs
	
	ND
	
	Swedish

	6237-06
	13
	c.2299delG
	p.E767fs
	13
	c.2299delG
	p.E767fs
	Swedish

	6980-07
	18
	c.3883C>T
	p.R1295X
	
	ND
	
	Swedish

	6459-06
	61
	c.11864G>A
	p.W3955X
	
	ND
	
	Italian




Table 11.2b. (Continued)

	Patient
	Gene/Exon
	Mutation 1
	Protein change
	Gene/Exon
	Mutation 2
	Protein change
	Ethnicity

	6749-06
	61
	c.11864G>A
	p.W3955X
	
	ND
	
	Italian

	10767-10
	61
	c.11864G>A
	p.W3955X
	
	ND
	
	Swedish


For further explanation please see legend to Table 11 2a. b Whole USH2A sequenced; c The patient also had a USH2A ex 13 mutation: c.2797 C>T; p.Q933X, in cis with p.Q675X .

Table 11.2c. List of identified disease causing mutations in USH1C, CDH23, PCDH15 and USH3A, 
and nationality of the patients

	Patient
	Gene/Exon
	Mutation 1
	Protein change
	Gene/Exon
	Mutation 2
	Protein change
	Ethnicity

	
	USH1C
	
	
	USH1C
	
	
	

	8043-08
	3
	c.238_239dupC
	p.R80fs
	3
	c.238_239dupC
	p.R80fs
	Swedish

	10687-10
	3
	c.238_239dupC
	p.R80fs
	
	ND
	
	Danish

	6769-06
	3
	c.238_239dupC
	p.R80fs
	
	ND
	
	Norwegian

	
	CDH23
	
	
	CDH23
	
	
	

	9605-09
	4
	c.336+1G>A
	Splice defect
	4
	c.336+1G>A
	Splice defect
	Swedish

	8626-08
	46
	IVS45-9G>A 
(c.6050-9G>A)
	Splice defect
	46
	IVS45-9G>A 
(c.6050-9G>A)
	Splice defect
	Pakistani

	8961-09
	54
	c.7872G>A
	p.E2624E /
splice defect
	54
	c.7872G>A
	p.E2624E / 
splice defect
	Iraqi

	6231-06
	36
	IVS35-2A>C d
(c.4489-2A>C)
	Splice defect
	36
	IVS35-2A>C 
(c.4489-2A>C)
	Splice defect
	Turkish

	
	PCDH15
	
	
	PCDH15
	
	
	

	8600-08
	5
	c.400C>T
	p.R134X
	17
	c.2029_2044del e
	p.D677fs
	Norwegian

	
	USH3A
	
	
	USH3A
	
	
	

	3290-03*
	1
	c.181delA
	p.M61fs
	1
	c.181delA
	p.M61fs
	Turkish

	7236-07
	3
	c.528T>G
	p.Y176X
	3
	c.528T>G
	p.Y176X
	Swedish

	6761-06
	3
	c.528T>G
	p.Y176X
	
	ND
	
	Norwegian


For further explanation please see legend to Table 11.2a. d Whole CDH23 sequenced; e Whole PCDH15 sequenced; 
*Patient included in Dreyer et al., 2008. 






11.3. Discussion

11.3.1. Success Rates in Different Approaches 

Roux et al., (2006) obtained a mutation detection rate of 90 percent in a cohort of 34 unrelated families with Usher syndrome type I, carefully selected based on audiological and ERG data. After sequencing MYO7A and CDH23, they selected the other gene(s) for sequencing by analyzing microsatellite markers for the five USH1 genes namely MYO7A, CDH23, PCDH15 USH1C and USH1G. Such strategy requires involvement of samples from parents and if possible healthy siblings, and was worthwhile even in non-consanguineous families.
 Dreyer et al., (2008) focused on USH2 and completed direct sequencing of USH2A in a cohort of 118 Scandinavian Usher Syndrome patients (48 Danish, 23 Norwegian, and 47 Swedish patients), and identified USH2A mutations in 89 out of 118 (75.4 percent) patients. Two disease causing mutations were found in 79/89 (89 percent) and in 10/89 (11 percent) patients one mutation was identified. In 5/118 (4.2 percent) patients USH3A mutations were found. The discovery of 36 novel USH2A mutations, now incorporated in the upgraded genotyping microarray, and the assumption of USH2A to constitute > 80 percent of all USH type 2 (Bolz, 2009), are expected to increase the success rate of mutation detection by means of the microarray in future patients. The presence of one common mutation, c.2299delG, present in 30.6 percent of all disease alleles identified in the 118 Scandinavian patients (Dreyer et al., 2008) also adds to obtaining a high mutation detection rate in USH type 2 in the future.
On the other hand, the fact that 45 out of 57 (79 percent) novel USH2A mutations were found in one or two families only indicates the high degree of private mutations associated with Usher syndrome. Preliminary studies of larger genomic rearrangements in a set of 180 USH type 1 families identified abnormalities in six families (6 percent), and MLPA (Multiplex ligation-dependent probe amplification) assay has been developed for the USH1F (PCDH15) gene, so far (Larrieu, L., Faugère, V., Le Guédard-Méreuze, S., et al., 2009. Large genomic rearrangements in the Usher genes. Poster at EurSoc Hum Genet,Vienna 2009). Apart from that, the frequency of larger deletions/duplications is unknown, and requires further investigations.
In a series of 283 Spanish families, clinically comprising both early onset (age < 10 years) and non-early onset of isolated RP, at least one mutation was identified in about 20 percent of probands when 501 specific mutations in 16 RP genes were studied (Ávila-Fernández, A., Cantalapiedra, D., Vallespin, E., et al., 2009. Clinical and genetic stratified analysis in 283 Spanish families affected by retinitis pigmentosa using the arRP genotyping microarray. Presentation at European Science Foundation Research Conference Rare diseases II: hearing and sight loss. Spain Nov 22.11- 27.11. 2009, abstract). The series contained both cases of autosomal recessive inheritance pattern (arRP) as well as sporadic cases (sRP), and there was no difference in detection rate of mutations. Strikingly, among the non-early onset RP cases 7.8 percent of arRP and 4.6 percent of sRP patients had USH2A mutations, which strongly points to considering USH2A in the diagnostic process of RP.
In our study, CDH23 mutations were identified in four patients namely a novel mutation in a Turkish patient, two mutations in a Pakistani and an Iraq patient and one in a Swedish patient. One mutation, the c.6050-9G>A splice mutation, seems quite common in Pakistani patients with either non-syndromic deafness, Usher syndrome, and in atypical Usher syndrome patients (Astuto et al., 2002), whereas the other mutation, c.7872G>A splice mutation, has only been reported once before (Astuto et al., 2002) in an American patient. This patient was referred as Usher type1, but no clinical details were available. The present family supports the pathogenic role of this mutation associated with clinically Usher type 1 in two siblings. The splice mutation c.336+1G>A is probably a founder mutation, since it is quite common in Sweden, where USH1D is estimated to constitute about 30 percent of all Usher syndrome type 1 (Claes Möller, personal communication)


11.3.2. Pitfalls and Shortcomings of the Asper Biotech Microarray

The utility of Asper Biotech microarray is limited to only detecting mutations on known mutation sites. Apart from c.2299delG in USH2A in Scandinavia (Dreyer et al., 2008), c.733C>T; p.R245X in PCDH15 in Ashkenazy Jews (Brownstein and Avraham 2009), and the c.336+1G>A CDH23 mutation in Sweden (Oshima et al. 2008), the spectrum of mutations is huge. The current collection of mutations on the Usher microarray has a bias towards better coverage of the spectrum of existing Usher mutations in certain countries. Our experience supported that notion. The proportion of non-Scandinavian nationality in patients with at least one mutation identified was 19 percent (9/47 patients), whereas that proportion was much higher, 29 percent (16/55 patients), in those patients where no mutations were identified. No mutations were detected in patients from Afghanistan, Bulgaria, Egypt, Iran, Iraq, Iceland, Italy, Lebanon, Syria, Turkey, and Vietnam.


11.3.3. Flow Chart of Diagnosing USH in Our Laboratory

Our procedure is to ask for ophthalmological and audiological examination results as well as a three generation family history, the ethnic origin of the parents, and DNA samples extracted from the patient before performing microarray analysis. In case of two disease mutations being detected, those are verified by sequencing, and the segregation in accordance with autosomal recessive inheritance verified by analyzing the parents as carriers for each mutation (See flow chart in Figure 11.3). In case of just one disease mutation being detected, this is verified by sequencing and subsequently all exons of the corresponding gene are sequenced until a second disease mutation is identified. In case no disease mutations are detected, microsatellite analysis of the nuclear family is performed if DNA is available from (consanguineous) parents, and siblings. In such nuclear families, homozygosity by descent is suspected and after microsatellite analysis the relevant Usher syndrome gene may be sequenced in a targeted fashion. If no mutations were detected in a patient suspected of USH3, or just one USH3A mutation was identified, we have sequenced the entire coding region of USH3A.



Figure 11.3. Flow chart illustrating our current diagnostic strategy in genetic evaluation of patients with hearing impairment (HI) and retinitis pigmentosa (RP) .DNA is extracted from patient blood and sent to Asper Biotech (Tartu, Estonia) for analysis using the Usher microarray. When two mutations are identified in a patient by using Asper Biotech microarray technology, the mutations are subsequently verified by PCR amplification and sequencing, and the cause of the symptoms in the patient is hereby demonstrated. When only one mutation is identified in a patient by the microarray, the mutation is verified by PCR amplification and sequencing. Furthermore, all exons of the corresponding gene are sequenced in the patient in order to identify the second mutation. Finally, if no mutation in a patient is identified by the microarray the clinical picture (Usher syndrome likely versus Usher syndrome unlikely) is reconsidered. 
In the process of investigation for Usher syndrome, differential diagnoses must be kept in mind. According to a nationwide survey from Sweden, 21 percent of 370 subjects with presumed Usher syndrome did not have Usher syndrome, but some other causes of combined visual and hearing impairment (Sadeghi, 2005). This urges to pursue a molecular genetic verification in all suspected Usher patients, in order to predict a prognosis and to give reliable genetic counseling to the family. The success rates are also influenced by the fact that mutations in the genes underlying USH1B, USH1C, USH1D, USH1F, and USH2D may only present as non-syndromic hearing impairment and that mutations in the USH2A gene may present as isolated RP (Table 11.1).


11.3.4. Future Methodology

The challenge for doing complete sequencing of all coding exons in all known Usher genes is enormous. The five USH1 genes collectively contain 179 protein encoding exons, the three USH2 genes comprise 174 protein encoding exons, and the USH3 gene USH3A has six protein encoding exons, some of which are alternatively spliced (Cremers et al., 2007). With the advent of large scale exome sequencing, it is likely that diagnostic approaches will move along that path. This will vastly increase the mutational yield, but Usher syndrome due to deep intronic mutations affecting splice sites, and larger genomic abnormalities may escape detection. New diagnostic tools are under development to address these abnormalities. Large-scale exome sequencing will require expert bioinformatics skills and experimental work in order to be able to distinguish neutral variants from the pathogenic mutations.


11.4. Summary, Conclusions and Challenges

The prospects for gene therapy treatment and current policy of offering cochlear implantation very early in patients with Usher syndrome have strongly increased the efforts to obtain a molecular genetic diagnosis in new born children, so as to select patients appropriate for gene therapy. The use of the Usher genotyping microarray based on the arrayed primer extension (APEX) method as the first step in molecular diagnosis has been of great advantage in this extremely heterogeneous genetic landscape. In a series of 114 unrelated patients with Usher syndrome, ascertained from Denmark, Sweden, and Norway we used the microarray as the first diagnostic step. All patients were analyzed using the microarray version 5.0 with 429 mutations and some were subsequently analyzed using version 6.0 with 612 mutations. By means of the microarray, two mutations were identified in 30 percent (31 patients) and one mutation in 15 percent (16 patients) of the patients. In all cases with identified mutations, a confirmatory method was applied afterwards. The Usher microarray analysis did not detect any mutations in 13 patients originating from Bulgaria, Dominican Republic, Egypt, Iceland, Afghanistan, Lebanon, Syria or Iraq, indicating a limited representation of Usher syndrome mutations from many countries in the current version of the microarray. Interestingly, there were cases of CDH23 (USH1D) mutations associated with non-syndromic HI in one branch and Usher Syndrome in another branch of the same extended family. There were also a number of patients with USH plus additional features, belonging to the group of disorders called ciliopathies, which will be pursued in terms of further diagnostic efforts. It is strongly recommended that this diagnostic approach should be performed in close collaboration with clinical geneticists who can verify the microarray finding, eventually perform additional mutation screening and classify the findings into causative or non-pathogenic variants. These geneticists can pursue follow up of the patients with genetic counseling. It was concluded that:

· The use of the Asper Biotech Usher microarray is a cost-effective alternative to complete gene sequencing as the first step in molecular diagnosis.
· The battery of mutations included in the current version of Asper Biotech Usher microarray is biased towards Western populations and the diagnostic yield for patients of non-Western origin is consequently low.
· No USH3 mutations were identified in our patients from Denmark.
· No cases of digenic inheritance were identified in our patient group.
· The interpretation of polymorphisms/disease mutations is dynamic, and requires molecular genetic experience when interpreting the reports, for example an initially presumed silent mutation in USH2A caused abnormal splicing and turned out to be disease associated. 
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