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Abstract 
Purpose: To develop a high-throughput, cost-effective diagnostic strategy for the identifica-
tion of known and new mutations in 90 retinal disease genes.

Design: Evidence based study.

Participants: Sixty patients with a variety of retinal disorders, including Leber congenital 
amaurosis, ocular albinism, pseudoxanthoma elasticum, retinitis pigmentosa, Stargardt dis-
ease.

Methods: We designed a custom 300 kb resequencing chip. Polymerase chain reaction 
(PCR) amplification, DNA fragmentation and chip hybridization were performed according 
to Affymetrix recommendations. Hybridization signals were analyzed using Sequence pilot 
module seq-C mutation detection software (2009). This resequencing approach was validated 
by Sanger sequence technology.

Main outcome measures: (disease causing) sequence changes.

Results: We developed a retinal resequencing chip that covers all exons of 90 retinal disease 
genes. We developed and tested multiplex primer sets for 1,445 amplicons representing the 
genes included on the chip. We validated our approach by screening 87 exons from 25 retinal 
disease genes containing 87 known sequence changes previously identified in our patient 
group using Sanger sequencing. Call rates for successfully hybridized amplicons was 98% 
to 100%. Of the known single nucleotide changes, 99% could be detected on the chip. As 
expected, deletions could not be detected reliably. 

Conclusions: We designed a custom resequencing chip that can detect known and new se-
quence changes in 90 retinal disease genes, using a new high throughput strategy with a 
high sensitivity and specificity for one tenth of the cost of conventional direct sequencing. 
The developed amplification strategy allows for the pooling of multiple patients with non-
overlapping phenotypes, enabling many patients to be analyzed simultaneously in a fast and 
cost-effective manner.
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Introduction

Numerous potential disease genes interact specifically in molecular mechanisms that affect 
photoreceptor and RPE function, making these two cell types the main cellular contributors 
to genetically determined retinal disease.
Among the retinal diseases there are phenotypes affecting only the eye, like retinitis pig-
mentosa (RP), Leber congenital amaurosis (LCA), cone-rod dystrophy, and Best vitelliform 
macular dystrophy, and there are syndromic phenotypes like Bardett-Biedl syndrome and 
Usher syndrome[1]. These phenotypes are caused by mutations in individual genes[1]. All 
inheritance patterns can be observed among the different retinal phenotypes, from autosomal 
recessive (LCA), autosomal dominant (optic atrophy), and X-linked (congenital stationary 
night blindness) to multifactorial diseases like age-related macular degeneration (AMD)[1]. 
Multiple inheritance types can even be observed within a single phenotype, for instance RP 
can be inherited in an autosomal dominant, autosomal recessive or X-linked manner.

The identification of a causative mutation is important for confirmation of the clinical di-
agnosis and inheritance pattern, for predictions of clinical course of the disease, for genetic 
counseling and family planning and for future gene-targeted treatment. However, the com-
plex nature of retinal phenotypes and genetic heterogeneity prohibits efficient identification 
of disease-causing mutations. Many phenotypes are not well delineated and may show over-
lapping features with other phenotypes[2,3]. In these cases, it is difficult to predict what 
the causative gene is. Furthermore, approximately 150 retinal disease genes have now been 
identified for as many as 30 different retinal phenotypes (see Table 1)[1]. For a disease like 
arRP, at least 25 possible causative genes exist[1] and have to be screened. On average, more 
than five different genes have to be considered per phenotype.

Table 1. Genes present on the custom resequencing chip, sorted by the disease they represent[1,17]. 

Retinal phenotype Genes on the array
Aniridia PAX6

Bardet-Biedl syndrome, AR ARL6, BBS1, BBS2, BBS4, BBS5, BBS7, BBS9, BBS10, 
MKKS,TTC8, TRIM32

Cone or cone-rod dystrophy, AD AIPL1, CRX, GUCA1A, GUCY2D, RIMS1, SEMA4A, UNC119

Cone or cone-rod dystrophy, AR ABCA4,CNGB3, RDH5 

Cone or cone-rod dystrophy, XL RPGR 

Congenital stationary night blindness, AD GNAT1, PDE6B, RHO 

Congenital stationary night blindness, AR CABP4, GRM6, RDH5, SAG 

Congenital stationary night blindness, XL CACNA1F, NYX 

Deafness alone or syndromic, AR CDH23, MYO7A, PCDH15, USH1C 

Open-angle glaucoma, juvenile-onset MYOC

Open-angle glaucoma OPTN
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Leber congenital amaurosis, AD CRX, IMPDH1 

Leber congenital amaurosis, AR AIPL1, CEP290, CRB1, CRX, GUCY2D, LRAT, RDH12, RPE65, 
RPGRIP1, TULP1 

Leber hereditary optic neuropathy MTND1*, MTND4*, MTND6*

Macular degeneration, AD BEST1, EFEMP1, ELOVL4, PRPH2, TIMP3

Macular degeneration, AR ABCA4, CFH

Macular degeneration, XL RPGR

Macular degeneration, age related ABCA4, C2*, CFB*, CFH*, LOC387715*

Oculocutaneous albinism, type 2 OCA2

Optic atrophy, AD OPA1

Retinitis pigmentosa, AD CA4, CRX, IMPDH1, NR2E3, NRL, PRPF3, PRPF8, PRPF31, 
RHO, ROM1, RP1, RP9, SEMA4A,

Retinitis pigmentosa, AR ABCA4, CERKL, CNGA1, CNGB1, CRB1, LRAT, MERTK, 
NR2E3, NRL, PDE6A, PDE6B, RGR, RHO, RLBP1, RP1, RPE65, 
SAG, TULP1, USH2A 

Retinitis pigmentosa, XL RP2, RPGR

Syndromic/systemic diseases with retinopa-
thy, dom, pseudoxanthoma elasticum

ABCC6

Syndromic/systemic diseases with retinopa-
thy, AR

ABCC6, ALMS1, CEP290, OPA3, TTPA

Usher syndrome, AR CDH23, GPR98, MYO7A, PCDH15, USH1C, USH1G, USH2A 

Waardenburg syndrome MITF, PAX3, 

Other retinopathy, AD BEST1, CRB1,OPN1SW,

Other retinopathy, AR BEST1, CNGA3, CNGB3, NR2E3, RLBP1 

Other retinopathy, XL NDP, OPN1LW, RS1

AR autosomal recessive, AD autosomal dominant, XL X-linked. * one or more SNPs associated with the disease

Currently, a number of mutation screening strategies are available, each with their own ad-
vantages and limitations. Prescreening tools like single strand chain polymophism (SSCP) 
and denaturing high pressure liquid chromatography (dHPLC), two techniques capable of 
detecting but not identifying changes in DNA fragments relative to a reference DNA sample, 
are relatively inexpensive but cannot identify a mutation without the use of additional tools 
like direct sequencing. Direct sequencing methods can identify mutations, but they can only 
screen a single amplicon (i.e. one exon plus flanking intronic sequence) at a time. This makes 
the technique time-consuming and expensive when used for multiple genes. More recent-
ly developed tools that screen multiple genes simultaneously, like genotyping microarrays 
(Asper)[4], can only detect a fixed number of known mutations. Second generation sequenc-
ing (ABI[5], Illumina[6], Roche[7]), whereby 20 Gb can be sequenced simultaneously may 
provide a solution in the future, but currently this technique is very expensive, and needs to 
be validated yet for diagnostic purposes. 
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In summary, in ophthalmogenetics there is great need for a tool that can identify both known 
and new mutations in multiple genes in a fast and cost-effective manner, since any new pa-
tient may require screening of multiple genes related to more than one phenotype before a 
certain molecular diagnosis can be established.

In this study, we developed and validated a new custom-designed retinal resequencing chip. 
This high throughput sequencing tool can detect both known and new sequence changes in 
265,000 nucleotides from 90 different retinal disease genes. Our unique amplification and 
pooling strategy allows for cost-effective testing of multiple patients in a single experiment. 

Methods
For this study we designed a custom 300kb Affymetrix resequencing chip[8] capable of se-
quencing both forward and reverse strands of 90 retinal disease genes. For validation of the 
chip we included DNA from patients with retinal diseases containing 87 known sequence 
changes in 25 of the genes on the chip. The study was performed in agreement with the dec-
laration of Helsinki. Approval of the medical ethics commitee of the AMC Amsterdam for 
ophthalmic examination and DNA screening of patients was obtained. Patients with a clinical 
diagnosis of a retinal disease, whose blood was sent to the Netherlands Institute for Neuro-
science for molecular diagnostic confirmation of the diagnosis, in whom a disease-causing 
mutation was identified, were included in this study.
 
Experimental procedure
DNA was isolated from peripheral blood using standard methods [9]. Primers were devel-
oped using the ELXRdb website[10]. When necessary, additional primers were developed 
using the Primer3 software (http://frodo.wi.mit.edu/primer3/). Multiplex amplification of all 
amplicons in sets of four to five amplicons was performed with a Qiagen multiplex PCR kit 
(Qiagen, Venlo, The Netherlands) with 10 ng of input DNA per reaction in 10 µl reactions. 
A positive hybridization control was included in the whole procedure by way of a plasmid 
vector containing synthetic (non-naturally occurring) DNA. Amplification consisted of 15 
seconds at 94ºC, followed by 45 cycles of 94ºC for 30 seconds, 58ºC for 90 seconds, and 
72ºC 90 seconds, the protocol was concluded by 72ºC for 10 minutes. All amplified DNA 
samples were checked on a 2% MetaPhor agarose gel (Lonza Benelux BV, Breda, The Neth-
erlands). Samples were quantified with PicoGreen® quantification (Invitrogen, Breda, The 
Netherlands) and an average of 441 ng (in 1.3 µl) of each multiplex reaction was pooled. 
Pooled samples were purified using a DNA Amplification Clean-Up Kit (Clontech, Saint-
Germain-en-Laye, France). For each pooled sample, a test fragmentation was performed in 
order to establish the activity of the fragmentation reagent in combination with the sample. 
Based on the results of this test, samples were fragmented and checked for fragment lengths 
on a 3% agarose gel. All fragmented samples were labeled and stored at -20°C until they 
were shipped to ServiceXS[11], where they were hybridized to the chip, washed, stained and 
scanned according to Affymetrix protocols[8].
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Data analysis
Scanned images were extracted from the chips with the GCOS software (Affymetrix UK Ltd, 
United Kingdom). Data was subsequently imported into the Sequence module seq-C (JSI 
medical systems GmbH, Kippenheim, Germany) that automatically performs statistical cor-
rection and normalization of the data (Figure 1). In short: for each of the 265,000 bases, both 
forward and reverse strands, the signal strengths were recorded for the A, C, T and G nucleo-
tide and compared to an average signal, including standard deviation (sd), obtained from a 
larger set of previously hybridized chips (normalization set). For each strand, nucleotides 
were called (A, C, T, G, homozygous or heterozygous) based on their signal strength com-
pared to the average and sd of the normalization set. We imported the reference sequences of 
all genes into the Sequence pilot module seq-C software using Ensembl (www.ensembl.org/
index.html) along with nearly all known pathogenic and non-pathogenic sequence changes. 
Nucleotide calls (manual or by the Sequence pilot module seq-C software) were compared to 
the imported reference sequence. 

 Figure 1. Analytical workflow.

Statistical 
analysis

Call rate 
99%

Number of base 
pairs screened

No hybridization because 
amplicon was not ampli�ed

Mutation

All hybridization results were imported into and analyzed in the JSI software. For each amplicon the program 
reports call rates and the number of changes identified. Both forward and reverse strands are visualized and statis-
tics are given for the signal (A, C, T, or G) for each base position compared to the normalization set of previously 
analyzed chips. A color version of this figure can be found in chapter 15.
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Results
Custom resequencing chip design
We designed a custom 300kb Affymetrix resequencing chip, allowing for the direct sequenc-
ing of 265,000 double-stranded bases of retinal disease genes. For 90 retinal disease genes, 
the array covers all coding exons and 12 bases of flanking intronic sequence on either side of 
the exons. For seven genes several SNPs are included (Table 1). Array specifications required 
that 12 additional bases are added on the 5’ and 3’ side of each amplicon, these 24 bases are 
not included in the sequence analysis. Sequence-specific oligonucleotide probes were de-
veloped, containing eight unique 25-mer probes per base position, according to Affymetrix 
resequencing array tiling strategies[8]. Four variants of each probe were included, with each 
possible nucleotide at the 13th position, A, G, C, or T, allowing for the detection of both 
known and novel sequence changes[8].

Primer design and multiplex amplification of target sequences
We developed a flexible, reliable, efficient and high-throughput method for target-specific 
amplification (Figure 2). For the 1,445 amplicons and additional SNPs, we designed ampli-
con-specific primers, each containing a universal common poly-nucleotide tail. 
We tested and amplified all amplicons using a multiplex PCR strategy with an average of 4 
amplicons per multiplex reaction (see Table 2).Thus, in total 352 multiplex PCR reactions 
covered all sequences available on the chip. Common tail-specific amplifications were tested 
and used to avoid otherwise unavoidable inter-sample differences in multiplex target am-
plification[12]. The amplification of single exons compared to for example long range PCR 
fragments [13] resulted in increased flexibility; i.e. exons were amplified per gene or per 
individual, or both. All primer-sequences are available upon request.

Figure 2. Technical work flow. 

exon 1

exon 3
exon 2

                     multiplex 
genomic DNA          select amplicons amplification and pooling  fragmentation

chip

Image extraction     hybridization     labeling

* *

* *
*

*

*

exon 1

exon 2

exon 3

Starting with genomic DNA, amplicons are selected for multiplex amplification. Subsequently, all samples are 
pooled, fragmented and labeled before hybridization to the chip. Images are extracted from the chip using the 
GCOS software (Affymetrix UK Ltd, United Kingdom). Data was subsequently imported into the JSI SeqC soft-
ware (JSI medical systems GmbH, Kippenheim, Germany) and analyzed as shown in Figure 1.



176176

Chapter 8

Table 2. Number of amplicons and multiplexes per gene on the resequencing chip. 

gene NM_no.
no of multiplex 
PCR reactions No. of amplicons

ABCA4 NM_000350 11 49

ABCC6 AF076622 6 31

AIPL1 NM_014336 2 7

ALMS1 NM_015120 10 55

ARL6 NM_032146 6 7

BBS1 NM_024649 3 17

BBS2 NM_031885 4 17

BBS4 NM_033028 4 16

BBS5 NM_152384 2 11

BBS7 NM_018190 5 19

BBS9 NM_198428 6 22

BBS10 NM_024685 2 6

BEST1 NM_004183 3 11

C2* NM_000063 1 2

CA4 NM_000717 2 7

CABP4 NM_145200 2 7

CACNA1F NM_005183 10 47

CDH23 NM_022124 12 70

CEP290 NM_025114 14 55

CERKL NM_201548 7 14

CFB* NM_001710 1 2

CFH* NM_000186 1 3

CNGA1 NM_000087 2 10

CNGA3 NM_001298 2 10

CNGB1 NM_001297 7 32

CNGB3 NM_019098 4 19

CRB1 NM_012076 4 17

CRX NM_000554 1 5

EFEMP1 NM_004105 2 11

ELOVL4 NM_022726 2 6

GNAT1 NM_000172 2 8

GRM6 NM_000843 3 12

GUCA1A NM_000409 1 4

GUCY2D NM_000180 4 18
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gene NM_no.
no of multiplex 
PCR reactions No. of amplicons

IMPDH1 NM_000883 3 14

LOC387715* NM_001099667 1 1

LRAT NM_004744 2 4

GPR98 NM_032119 18 102

MERTK NM_006343 6 21

MITF NM_000248 2 11

MKKS NM_170784 5 8

MTND1 YP_003024026 1 1

MTND4 YP_003024035 1 1

MTND6 YP_003024037 1 1

MYO7A NM_000260 8 47

MYOC NM_000261 2 6

NDP NM_000266 1 2

NR2E3 NM_014249 4 8

NRL NM_006177 2 8

NYX NM_022567 2 6

OCA2 NM_000275 5 23

OPA1 NM_130837 6 31

OPA3 NM_001017989 1 3

OPN1LW NM_020061 2 8

OPN1SW NM_001708 2 6

OPTN NM_021980 3 14

PAX3 NM_181458 2 10

PAX6 NM_001604 2 11

PCDH15 NM_033056 9 36

PDE6A NM_000440 5 23

PDE6B NM_000283 4 24

PRPF3 NM_004698 3 14

PRPF8 NM_006445 9 42

PRPF31 NM_015629 3 11

RDH12 NM_152443 4 7

RDH5 NM_002905 1 4

PRPH2 NM_000322 1 3

RGR NM_002921 3 7

RHO NM_000539 1 5
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gene NM_no.
no of multiplex 
PCR reactions No. of amplicons

RIMS1 NM_014989 6 31

RLBP1 NM_000326 1 6

ROM1 NM_000327 1 4

RP1 NM_006269 7 32

RP2 NM_006915 2 6

RP9 NM_203288 1 5

RPE65 NM_000329 3 14

RPGR NM_000328 4 19

RPGRIP1 NM_020366 5 25

RS1 NM_000330 2 6

SAG NM_000541 3 14

SEMA4A NM_022367 3 15

TIMP3 NM_000362 2 5

TRIM32 NM_012210 6 7

TTC8 NM_144596 4 15

TTPA NM_000370 1 5

TULP1 NM_003322 3 12

UNC119 NM_005148 1 4

USH1C NM_005709 5 21

USH1G NM_173477 2 6

USH2A NM_206933 17 77

Note that due to their size a number of amplicons were amplified together in a single amplicon and a number of 
exons were split into multiple amplicons. * indicates individual SNPs associated with age related macular degen-
eration

Patient and sample selection
In order to validate our mutation detection strategy, we selected 60 patients with an inherited 
retinal disease with one or more mutations in one of the 90 retinal disease genes present 
on the chip. Among the retinal diseases were glaucoma, Leber congenital amaurosis, optic 
atrophy, ocular albinism, pseudoxanthoma elasticum, dominant and recessive retinitis pig-
mentosa, retinoschisis and Stargardt disease. The presence of mutations in the DNA of these 
patients was initially proven by direct sequencing of both forward and reverse strands in the 
relevant disease genes, while the presence of additional apparently non-pathogenic SNPs was 
detected by direct sequencing of a single strand. As a result, we identified 87 known patho-
genic and polymorphic sequence changes in our study population. 
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For validation of the chip we devised a patient selection strategy enabling us to test all 87 
sequence changes on a single chip (see Figure 3). For each patient we amplified only those 
exons containing a known sequence change. Following multiplex amplification, all ampli-
cons were pooled and further processed together. This enabled us to analyze all 87 known 
sequence changes in a single chip experiment (see Figure 3). Pooled, fragmented samples 
were labeled and hybridized to the chip, washed, stained and scanned according to Affyme-
trix protocols (see Figure 2)[11]. All experiments were performed in duplicate, in order to 
ascertain the reproducibility of the experiment.

Figure 3. Patient selection strategy.

gene A

gene B

gene C

gene D

gene ...

gene E

gene F

gene ...

gene ....

gene ...

patient A
phenotype 
arRP

patient B
phenotype 
adRP

patient ...
phenotype ...

multiplex amplification pooling hybridization

patient A 2 mutations in ARRP gene A

patient B 1 mutation in ADRP gene F

patient ... mutation in ... gene ...

final results

chip

gene A
gene B
gene C
gene D
gene E
gene F
gene ...
gene ...
gene ...
gene ...

Patients with non-overlapping phenotypes are selected, the genes corresponding to their phenotype are amplified, 
then all amplified amplicons are pooled and samples are hybridized to a single chip. Mutations identified can be 
linked to the patients based on the gene in question.

Validation of the chip
Thirty-two of the 1,445 amplicons (2%) failed to amplify in the multiplex procedure, there-
fore hybridization was not successful and these exons were excluded from further analysis. 
Twelve of these 32 amplicons were GC-rich first exons. Average call rates for successfully 
hybridized amplicons was 98-100% for both chips (Affymetrix specifications >90%). The 
difference in call rate for all amplicons between the two duplicate chips ranged from 0% to 
2% (Affymetrix specifications for reproducibility >99.9%).
The 60 patients included in this study carried 87 sequence changes in 25 of the 90 retinal 
disease genes present on the array (Table 3). These 87 sequence changes included 84 single 
nucleotide changes, eight of which were intronic, and three small deletions (up to four bases). 
Five of the sequence changes were homozygous; the remainder was heterozygous. Sixty-
one sequence changes were missense mutations, twelve were nonsense mutations, and seven 
were silent sequence changes.
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Of the 84 point mutations 83 (99%) were identified in both chips, and one was not detected 
in either chip (RGR c.454C>A p.H152N) (1%). Seventy-six point mutations (90%) were 
correctly called by the Sequence pilot module seq-C software (version and learning curve 
august 2009) using the default settings (Table 3). One (1%) sequence change was called by 
the Sequence pilot module seq-C software in one chip and detected manually in the second 
chip. Six additional mutations (7%) were detected manually on both chips.
As expected, none of the three deletions could be detected by the Sequence pilot module 
seq-C software or manually.

Table 3. Positive control samples, patients, mutations and genes. 

Gene patient
pheno-
type sequence change

rs no./ 
reference

Present 
on chip

Nucleotide Protein 1 2
ABCA4 P28529/1 STGD c.1268A>G p.H423R rs.3112831 1 1

ABCA4 P28529/1 STGD c.1269C>T p.H423R rs.4147831 1 1

ABCA4 P28547/1 STGD c.6122G>A p.G2041D 18 1 1

ABCA4 P28547/1 STGD c.5682G>C p.L1894L rs1801574 1 1

ABCA4 P28547/1 STGD c.5814A>G p.L1938L rs4147857 1 1

ABCA4 P28549/1 STGD c.872C>T p.P291L current study 1 1

ABCA4 P28549/1 STGD c.4297G>A p.V1433I rs56357060 1 1

ABCA4 P28563/1 STGD c.1150A>G p.K384E current study 1 1

ABCA4 P28563/1 STGD c.319C>T p.Arg107X current study m m

ABCA4 P28587/1 STGD c.2828G>A p.R943Q rs1801581 1 1

ABCA4 P28592/1 STGD c.635G>A p.R212H rs6657239 1 1

ABCA4 P28592/1 STGD c.6445C>T p.R2149X rs61750654 1 1

ABCA4 P28592/1 STGD c.6285T>C p.D2095D rs1801555 1 1

ABCC6 P26095/7 PXE c.3188T>G p.L1063R 19 1 1

ABCC6 P26095/7 PXE c.1077A>G p.S359S 20 1 1

ABCC6 P26095/7 PXE c.1132C>T p.Q378X 21 1 1

ABCC6 P26095/7 PXE c.1141T>C p.L381L 21 1 1

ABCC6 P26095/7 PXE c.1338+7c>G hom Intron rs9940089 1 1

ABCC6 P28586/1 PXE c.527T>C p.L176P current study 1 1

ABCC6 P28590/1 PXE c.373G>A p.E125K rs3853814 m m

ABCC6 P28590/1 PXE c.473C>T p.A158V rs2606921 1 1

ABCC6 P28590/1 PXE c.1841T>C p.V614A rs12931472 1 1

ABCC6 P28590/1 PXE c.3803G>A p.R1268Q rs2238472 1 1

ABCC6 P28596/1 PXE c.3421C>T hom p.R1141X 22 1 1

ABCC6 P28599/1 PXE c.2071-1G>A Intron current study 1 1
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Gene patient
pheno-
type sequence change

rs no./ 
reference

Present 
on chip

Nucleotide Protein 1 2

ABCC6 P28599/1 PXE c.232G>A p.A78T rs2856597 1 m

ABCC6 P28618/1 PXE c.1552C>T p.R518X 23 1 1

BBS5 P28651/1 BB c.551A>G p.N184S 24 1 1

CEP290 P25415/1 LCA c. 4723A>T p.K1575X 25 1 1

CEP290 P26523/1 LCA c.4961del AA p.Q1654Qfs1658X 25 0 0

CEP290 P26523/1 LCA c.2991+1655A>G cryptic splice site 26 1 1

CNGA1 P28218/1 arRP c.947C>T p.S316F 27 1 1

CRB1 26425/1 arRP c.3122T>C p.M1041T rs62635656 1 1

CRB1 P27949-1 arRP c.614T>C p.I205T 28 1 1

CRB1 P28155/1 arRP c.3992G>A p.R1331H rs62636285 1 1

CRB1 P28454/1 arRP c.2234C>T p.T745M rs28939720 1 1

CRB1 P28538/1 arRP c.2842+5G>A Intron current study 1 1

CRB1 P28538/1 arRP c.2843G>A p.C948Y 29 1 1

ELOVL4 P27743/1 STGD c.800T>C p.I267T 30 1 1

NR2E3 P28068/1 ADRP c.932G>A p.R311Q rs.28937873 1 1

GUCY2D P25556/1 LCA c.3283delC p.P1069RfsX37 current study 0 0

GUCY2D P8432/1 LCA c.2176C>T p.P701S 31 1 1

BEST1 P25632/2 VMD c.16A>C p.T6P 32 1 1

BEST1 P25632/2 VMD c.1608T>C p.T536T 32 1 1

BEST1 P28560/1 VMD c.653G>A p.R218H 33 1 1

NRL P27903/1 ADRP c.152C>T p.P51L 34 1 1

OCA2 P28559/1 XOA c.1465A>G p.N489D 35 1 1

OCA2 P28559/1 XOA c.1327G>A p.V443I 36 1 1

OPA1 P25750/1 DOA c.2109T>C p.A703A 37 1 1

OPA1 P28510/1 DOA c.43C>A p.Q15K current study 1 1

OPA1 P28518/1 DOA c.623A>G p.K208R current study 1 1

OPA1 P28518/19 DOA c.148A>G p.T50A current study 1 1

OPA1 P28558/1 DOA c.1035+4T>C hom Intron 37 1 1

OPA1 P28558/1 DOA c.983_984+3delAGGTA p.K328SfsX4 38 0 0

OPTN P28493/1 glaucoma c.964A>G hom p.K322E rs523747 1 1

OPTN P28493/1 glaucoma c.553-5C>T Intron rs2244380 1 1

PDE6A P21130/1 arRP c.2549G>T p.G850V 39 m m

PDE6A P28179/1 arRP c.304C>A p.R102S 39 1 1
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Gene patient
pheno-
type sequence change

rs no./ 
reference

Present 
on chip

Nucleotide Protein 1 2

PDE6A P28509/1 arRP c.647A>G p.N216S 39 1 1

PDE6B 25806/1 arRP c.892C>T p.Q298X 40 m m

PDE6B P28093/1 arRP c.655T>C p.Y219H 40 1 1

PRPF3 P2101/5 ADRP c.1477C>T p.P493S 41 1 1

RGR 25378/2 LCA c.454C>A p.H152N 42 0 0

RGR P28195/1 LCA c.756+5A>G Intron 43 1 1

RP1 P24701/1 ADRP c.1118C>T p.T373I 44 1 1

RP1 P28516/1 ADRP c.2953A>T p.N985Y rs2293869 1 1

RPE65 P28089/1 arRP c.715T>G hom p.Y239D rs61752896 1 1

RPGRIP1 P25474/1 LCA c.3341A>G p.D1114G 45 1 1

RS1 P21940/1 XLRS c.625C>T p.R209C 46 1 1

RS1 P28553/1 XLRS c.214G>A p.E72K 47 1 1

TIGR P28493/1 glaucoma c.227G>A p.R76K rs2234936 1 1

TYR P28456/1 XOA c.547G>A p.V183M current study m m

TYR P28461/1 XOA c.1118C>A p.T373K 48 1 1

USH2A P25857/1 arRP c.1036A>C p.N346H 49 1 1

USH2A P27930/1 arRP c.5975A>G p.Y1992C rs41303287 1 1

USH2A P28235/1 arRP c.1434G>C p.E478D 50 1 1

USH2A P28311/1 arRP c.13274C>T p.T4425M 51 m m

USH2A P28337/1 arRP c.1256G>T p.C419F 52 1 1

USH2A P28337/1 arRP c.4106C>T p.S1369L 53 1 1

USH2A P28380/1 arRP c.2276G>T p.C759F 49 1 1

USH2A P28383/1 arRP p.2137G>C p.G713R 49 1 1

USH2A P28383/1 arRP c.1663C>G p.L555V 54 1 1

USH2A P28500/1 arRP c.4560C>T p.I1520I 55 1 1

USH2A P28509/1 arRP c.6587G>C p.S2196T 56 1 1

USH2A P28509/1 arRP c.15377T>C p.I5126T 56 1 1

USH2A P28542/1 arRP c.6240G>T p.K2080N 56 1 1

USH2A P8432/1 arRP c.11864G>A p.W3955X 57 1 1

Sequence changes known to be present in our 77 subjects. Unless otherwise indicated all changes are present in 
heterozygous form. hom: homozygous sequence change. 1 called by the JSI software, m called manually, 0 not 
called. STGD Stargardt disease, PXE pseudoxanthoma elasticum, BB Bardet Biedl syndrome, LCA Leber con-
genital amaurosis, arRP autosomal recessive retinitis pigmentosa, ADRP autosomal dominant retinitis pigmentosa, 
VMD vitelliform macular dystrophy, XOA X-linked optic atrophy, DOA dominant optic atrophy, XLRS X-linked 
retinoschisis.
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Additional sequence changes
In addition to the 87 known sequence changes, the Sequence seq-C software called 360 ad-
ditional sequence changes present on both chips spread over 38 genes (on average 9 new 
sequence changes per gene, one per four amplicons). We selected 79 amplicons to verify the 
presence of new sequence changes detected by the chip-technology. Direct sequencing of 
these amplicons confirmed the presence of new sequence variants in all cases. 
Two additional new sequence variants were only called on a single chip (not in duplicate). 
Their presence in the DNA was confirmed by direct sequencing. Finally, a number of ad-
ditional new sequence changes (8 on the first chip and 7 on the duplicate) were identified in 
only one strand on one chip. Direct sequencing of the relevant amplicons revealed that these 
changes were not present in the DNA. Therefore, analysis based on only a single strand may 
lead to false positive results.

Chip costs and time required
The costs of the resequencing chip including design and purchase of the chip, primers, am-
plification of the target sequences, labeling reagents, hybridization and validation amount to 
€1,500 per chip. This is five to ten times cheaper than the current cost of conventional direct 
sequencing, depending on the number of patients/amplicons used on a single chip (personal 
communication Ralph Florijn)(see table 4).
Total time required for the processing and analysis of a single sample will be between four 
and six weeks. However, many patient samples and several chips can be processed in parallel.

Table 4 Overview of costs of the retinal resequencing chip. 

Category Costs per chip (euro’s)
Chip design 500

Physical chip 340

Amplification (including primer design) 200

Labeling 50

Hybridization 250

Analysis 10/sequence change

Compared to the total costs of conventional sequencing, €10 per amplicon for 1,445 amplicons, the resequencing 
chip is up to ten times cheaper.

Discussion
In this study we present a high-throughput diagnostic tool for the detection of known and 
new mutations in patients with inherited retinal diseases. We describe the design, validation 
and use of a new 300kb retinal resequencing chip that allows for the direct sequencing of all 
coding exons and flanking introns of 90 retinal disease genes. We devised a unique pooling 
strategy that allows for the screening of multiple patients and/or genes per chip, which will 
reduce the costs per screened individual considerably. We were able to identify 99% of the 
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single nucleotide changes on the chip. All 86 sequence changes identified in the first chip, 
were confirmed in the duplicate experiment.

Custom resequencing chip design
Genes on the chip

The chip can screen 90 retinal disease genes and individual SNPs in seven additional genes 
implicated in 30 retinal phenotypes. All coding exons and splice site regions of the genes are 
screened on both forward and reverse strand[1]. For each patient, multiple genes, related to 
a single phenotype, can be screened simultaneously, which is essential given the extensive 
clinical and genetic heterogeneity of most ophthalmogenetic disorders.

Multiplex PCR
By using a multiplex PCR design, we were able to combine on average four amplicons of 
different sizes in a single PCR reaction, thereby reducing the number of reactions from 1,445 
to 352, ensuring a significant time and cost reduction. 

Pooling strategy
For validation of our chip, we devised a pooling strategy that allowed us to screen 87 se-
quence changes from many different genes in a single chip experiment. For each patient we 
amplified only the exons that contained a known sequence change. In contrast to applying 
a single patient’s DNA to each chip, our strategy allowed for many sequence changes to be 
tested in a single experiment (Figure 3).
For future diagnostic purposes we will use a slight modification of this pooling strategy. We 
will screen a patient’s DNA for all exons of all the relevant genes present on the chip that are 
implicated in a single phenotype (Table 1). Simultaneously, on the same chip and in the same 
hybridization experiment we will also screen DNA from patients with other phenotypes. For 
example, for a patient with autosomal recessive congenital stationary night blindness we will 
screen all coding exons and flanking intronic sequences of the following genes: CABP4, 
GRM6, RDH5 and SAG. Subsequently for a patient with autosomal recessive Bardet-Biedl 
syndrome we will add the ARL6, BBS1, BBS2, BBS4, BBS5, BBS7, BBS9, BBS10, MKKS, 
TTC8 and TRIM32 genes on the same chip. We will continue this process, until a large pro-
portion of the genes on the chip has been assigned to individual patients (Figure 3).

Validation of known sequence changes on the chip
Call rates for nucleotides for the majority of genes and amplicons was high (98% to 100%). 
Only thirty-two (2%) amplicons were poorly hybridized to the chip and therefore had low 
call rates. These amplicons were either very GC-rich or otherwise require amplification using 
a separate protocol before being added to the pool. For future diagnostic purposes these am-
plicons will be amplified individually using optimal circumstances before they will be added 
to the pool and further analysed.
The detection rate for point mutations was high, 99% of the known sequence changes could 
be identified manually, in only 1 case (1%) we could not identify a missense mutation on 
either chip, despite its presence in the pool.
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Ninety percent of sequence changes were identified by the current version of the Sequence 
seq-C software. The Sequence seq-C software analysis is based on signal strength and stan-
dard deviation from previously analyzed chips. This implies that the software has a learning 
curve and therefore the number of automatically called sequence changes will increase as the 
number of analyzed chips increases. Overall, our results indicated  a very high sensitivity for 
the detection of point mutations. 
Small deletions could not be detected using our approach. Approximately 24% of identified 
mutations are small insertions or deletions[14]. This is a limitation of resequencing chips. 
Therefore, we propose to use the retinal resequencing chip as a prescreening tool for diag-
nostics. By performing our experiment in duplicate, we showed a high reproducibility of the 
results (100%).   

Additional sequence changes
On average, the chip detected one new sequence change per four amplicons. Since all human 
beings carry unique polymorphic sequence changes, these new sequence changes will also 
be detected in our resequencing chip. The absence of false positives in our chips show that 
these changes are all genuine. Obviously, the pathogenic nature of new sequence changes 
found with the chip (similar to conventional sequencing) needs to be established by screening 
a large number of ethnically matched controls. 

Strengths and limitations
The retinal resequencing chip has a number of advantages compared to currently available 
diagnostic tools. It can detect both known and new sequence changes, in contrast to the cur-
rently used mutation chips[4] that detect only known sequence changes. The resequencing 
chip is five to ten times cheaper than conventional sequencing, even with an occupancy of 
no more than 50%. An additional cost reduction was achieved by our ability to reduce the 
amplification volume to 10 µl. Analysis time of the resequencing chip is comparable to direct 
sequencing methodology.

The retinal resequencing chip shares a number of limitations with most currently used diag-
nostic screening techniques. Intronic sequences, with the exception of the splice site regions, 
cannot be screened since they are absent from the chip and small deletions cannot be de-
tected. Although deletions are far less common than point mutations in, for example, retinitis 
pigmentosa patients[1], not finding a mutation cannot completely exclude the causative role 
of a gene in the phenotype. Second generation sequencing techniques or larger resequencing 
chips will enable the analysis of intronic sequences, although these techniques are still expen-
sive and have not been validated yet for diagnostic purposes. Unfortunately, newly identified 
disease genes cannot be added to an existing chip in a later stage and designing an entirely 
new chip is a costly matter. Moreover, like in direct sequencing, the analysis of amplicons 
containing GC stretches or repetitive sequences is a challenge. Therefore such amplicons will 
need to be amplified individually under optimal circumstances, not in a multiplex reaction. 
Subsequent addition to the pool will yield high call rates for all amplicons. Finally, genes 
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containing homologous sequences should ideally not be combined on a single chip, due to the 
chances of cross hybridization.

In conclusion, clinical or genetic diagnosis and classification of genetic retinal disorders suf-
fers from extensive genetic and clinical heterogeneity, multiple genetic inheritance modes. 
There is great need for a flexible and cheap diagnostic tool capable of screening multiple 
genes in a single experiment. Here, we describe such a flexible, sensitive, high-throughput 
method for the detection of known and new mutations, the retinal resequencing chip.
Our 300 kb retinal resequencing chip, in combination with a unique patient pooling strategy 
allows for cost-effective direct sequencing of DNA from multiple patients for multiple genes, 
with very high detection rates (99%), high reproducibility (100%) and low false positive 
rates (0%) in the tested amplicons. We intend to use this method as a prescreening tool be-
fore formal DNA diagnostics. Any sequence changes identified with the resequencing chip 
will be confirmed using established methods like direct Sanger sequencing of the amplicon 
in question. For availability see our website (http://www.nin.knaw.nl/research_groups/ber-
gen_group/diagnostics/, accessed December 17, 2009).
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