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Breakpoint characterization of a novel
B59 kb genomic deletion on 19q13.42 in
autosomal-dominant retinitis pigmentosa
with incomplete penetrance
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for Molecular Diagnosis of Inherited Eye Diseases, Human Genetics Center, School of Public Health, The University of
Texas Health Science Center at Houston, Houston, TX, USA; 3Department of Clinical Sciences/Ophthalmology,
University of Umeå, Umeå, Sweden

The aim of this study was to identify and characterize the underlying molecular mechanisms in autosomal-
dominant retinitis pigmentosa (adRP) with incomplete penetrance in two Swedish families. An extended
genealogical study and haplotype analysis indicated a common origin. Mutation identification was carried
out by multiplex ligation-dependent probe amplification (MLPA) and sequencing. Clinical examinations of
adRP families including electroretinography revealed obligate gene carriers without abnormalities, which
indicated incomplete penetrance. Linkage analysis resulted in mapping of the disease locus to 19q13.42
(RP11). Sequence analyses did not reveal any mutations segregating with the disease in eight genes
including PRPF31. Subsequent MLPA detected a large genomic deletion of 11 exons in the PRPF31 gene
and, additionally, three genes upstream of the PRPF31. Breakpoints occurred in intron 11 of PRPF31 and in
LOC441864, ‘similar to osteoclast-associated receptor isoform 5.’ An almost 59 kb deletion segregated with
the disease in all affected individuals and was present in several asymptomatic family members but not in
20 simplex RP cases or 94 healthy controls tested by allele-specific PCR. A large genomic deletion resulting
in almost entire loss of PRPF31 and three additional genes identified as the cause of adRP in two Swedish
families provide an additional evidence that mechanism of the disease evolvement is haploinsufficiency.
Identification of the deletion breakpoints allowed development of a simple tool for molecular testing of
this genetic subtype of adRP.
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Introduction
Retinitis pigmentosa (RP) is a group of inherited retinal

disorders with a considerable genetic variation. Typical

signs of the disease are night blindness and progressive loss

of the peripheral visual field, characteristic pigment

deposition in the retina, attenuation of the retinal blood

vessels, and optic disc pallor.

A form of adRP in patients with night blindness in the

first and second decade, progressive visual field loss in later
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life, along with asymptomatic individuals though having

an affected parent and an affected child was mapped to

19q13.41,2 (RP11, MIM 600138). Later, a putative human

ortholog of yeast pre-mRNA splicing factor, PRPF31, was

reported as a disease-causing gene.3 To date, 42 PRPF31

mutations are listed in the Human Genome Mutation

Database and among publically available only 9 are

missense, whereas the remaining are deletions (16),

insertions (2), indels (2), and splicing mutations (11)

(http://www.hgmd.cf.ac.uk/ac/all.php).The majority of

mutations would result in truncated proteins because of

exon skipping and premature stop codons;3 – 7 therefore,

haploinsufficiency was suggested as a mechanism of RP11

evolvement.3 The size of the PRPF31 deletions varies

significantly from a single nucleotide to a deletion larger

than 45 kb.3 – 9 Large genomic deletions including PRPF31

account for 2.5% of adRP cases.6

In this study of two families with adRP linked to

19q13.42, we identified a novel genomic deletion includ-

ing almost the entire PRPF31 gene. One family showed

complete disease penetrance, whereas in another family

asymptomatic disease gene carriers were present. On the

basis of defined breakpoint sequences, we developed allele-

specific PCR for molecular testing of adRP patients.

Materials and methods
Patients and ophthalmologic examinations

On the basis of genealogical studies back to the beginning

of the 18th century, we created two large pedigrees 008

(Figure 1) and 078 (Figure 2), both traced to a small village

(Klabböle). Blood samples and informed consent were

obtained from 44 individuals from the families (7 affected

among totally 11 in the family 008 and 12 affected among

totally 33 in the family 078) and 20 simplex cases. The

study was approved by Ethics Committee at University

Hospital of Umeå followed the tenets of the Declaration of

Helsinki Principles and by the Committee for Protection of

Human Subjects, The University of Texas (Health Science

Center, Houston, TX, USA). Standard ophthalmologic

examination included fundus photography and visual field

testing. Dark adaptation tests and full-field ERGs were

performed in selected cases.

Molecular genetic analysis
Genotyping, linkage, and sequencing DNA was

extracted from peripheral blood and used for linkage

analysis with the ABI PRISM Linkage Mapping Set (version

2.5; Applied Biosystems, Foster City, CA, USA) as described

elsewhere.10 Fine mapping and haplotype analysis were

performed with 10 microsatellite markers (D19S888,

D19S921, D19S572, D19S924, D19S927, D19S926,

D19S418, D19S605, D19S891, and D19S210) according to

Köhn et al.10 Two-point linkage analyses were performed

using the FASTLINK implementation of the LINKAGE

program package.11 A penetrance value of 0.7 (the ratio

between symptomatic individuals and all disease-gene

carriers) was used to account for incomplete penetrance.

Sequence analysis of coding exons and adjacent intronic

sequences of candidate genes (RDH13, PPP1R12C, SYT5,

PRKCG, CACNG6, 7, 8, and PRPF31) was performed as

described by Köhn et al10 (primers sequences are available

upon request).

MLPA and breakpoint analysis Multiplex ligation-

dependent probe amplification (MLPA) was performed

according to Sullivan et al6 on two affected and two

unaffected individuals from each family with a set of

probes designed by this group in combination with the

Retinitis Pigmentosa Kit (MRC Holland; http://www.

mrc-holland.com/pages/indexpag.html). In additional, we

used VSTM1 probe with following sequences: forward,

50-GGGTTCCCTAAGGGTTGGACCTTCACGGACCTGAAGC

CTAAGGATGCTGGGAG; reverse, 50-GTACTTTTGTGCCTA

CAAGACAACAGCCTCCCATGAGTGGTCTAGATTGGATCT

TGCTGGCAC (DNA Technology, Risskov, Denmark). The

collected raw data were analyzed with ABI Prism GeneMapper
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Figure 1 Haplotype analysis (a) and segregation of the mutation
(b) in family 008. (a) Filled symbols indicate affected individuals,
whereas empty symbols indicate unaffected. Only disease haplotypes
shared by affected individuals in both families are boxed. Microsatellite
markers and their order are described in Materials and Methods.
(b) Allele-specific PCR where a band of 385bp indicates the mutant
allele and a band of 101bp indicates presence of the internal PCR
control, as a result of wild-type and mutant alleles amplification.
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Software v3.0 (Applied Biosystems). Calculation of probe

copy numbers was based on Stern et al.12 The ratio of 1.0

indicates the presence of two alleles (normal diploid) and

0.5 or 1.5 suggests either deletion or duplication of the

target sequence, respectively.

The breakpoint region was defined using long-range PCR

(Qiagen) across the deletion with the following primers:

forward VSTM F1, 50-GATAGAGGAGGTTTTGCTCTGAC

and reverse PRPF31 13R, 50-CGGACCCTGCAGAAGCAG

AGCGTCGTAT. PCR product was cloned into pGEM-T Easy

(Promega) vector and positive clones were sequenced.

Allele-specific PCR PCR on genomic DNA was performed

as described elsewhere using specific primers for both

mutant and wild-type alleles (BP-F: 50-TGAAAGAGAG

AAGGGGCTCA; BP-R: 50-GTGGCCTCGTTTACCTGTGT;

and cDNA PRPF31 12F: 50ATCGAGGAGGACGCCT).

Results and discussion
Clinical findings

The initial symptom in all patients was difficulty in seeing

at night from school or pre-school age. The age at diagnosis

was remarkably high, 40–50 years, in the majority of the

cases. The two youngest patients were diagnosed at the age

of 15 and 17 years, respectively. The clinical phenotype

could be referred to as a typical or classical RP with bone

spicule changes and a considerable variation in severity.

Some patients had a quite preserved visual field with

moderate losses in the mid-periphery at the age of 50 years,

whereas other cases only had a central field of 5–101 at the

age of 37–45 years. All patients with clinical symptoms

presented non-recordable rod responses when examined

electrophysiologically. Patients with only minor defects in

the mid-periphery of the visual field showed severely

reduced rod-cone responses, but normal amplitudes of

the cone responses. The implicit times were prolonged.

In patients with more severe visual field defects, mixed

rod-cone or cone responses were not recordable. One of the

non-symptomatic carriers (Case VII:15) was examined with

ERG at the age of 50 and 60 years with normal recordings.

Molecular findings

Two Swedish families (008 and 078) from the same

geographical region showed an autosomal-dominant

inheritance pattern. The father to V:1 (family 008) was

asymptomatic; however, we did not have his DNA for any

analyses (Figure 1a). In the family 078, at least two

individuals were obligate carriers of the mutation, as they

had both an affected parent and offspring (VII:8, VII:15)

(Figure 2a).

Significant LOD scores with a maximum of 7.58 at the

marker D19S926 were revealed in the region spanning

nearly 1.77 Mb. The reconstructed haplotypes in both

families confirmed the segregation of adRP with markers

D19S924, D19S927, D19S926, D19S418, and D19S605. The

adRP locus was narrowed slightly because of recombina-

tion events for D19S572 and D19S891 markers. Unaffected
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Figure 2 Haplotype analysis (a) and segregation of the mutation (b) in the family 78. (a) Filled symbols indicate affected individuals, whereas
empty symbols indicate unaffected. Symbols with � represent an asymptomatic gene carrier. Only disease haplotypes shared by affected individuals in
both families are boxed. Microsatellite markers and their order are described in Materials and Methods. (b) Allele-specific PCR where a band of 385bp
indicates the mutant allele and a band of 101bp indicates presence of the internal PCR control, as a result of wild-type and mutant alleles amplification.
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individual VII:18 in family 078 shared disease haplotype

for markers D19S926, D19S418, and D19S605, which

suggested that the causative gene is located in close

proximity to D19S924 and D19S927. Coding regions and

flanking intron sequences of RDH13, SYT5, PPP1R12C,

PRKCG, CACNG6, 7, 8, and PRPF31 located in the refined

region were analyzed by direct sequencing. As no disease-

causing mutations were detected by PCR-based methods,

we considered testing for large genomic deletions using

MLPA examining PRPF31, RHO, RP1, RPE65, and IMPDH1

genes. A large genomic deletion including TFPT, NDUFA3,

and OSCAR genes and 11 exons of the PRPF31 gene were

detected (Figure 3a).

On the basis of MLPA results indicating a normal ratio for

the VSTM1 probe and probes for exons 12–14 of the

PRPF31, we applied a long-range PCR with VSTM1 and

exon 13 PRPF31 primers (Figure 3b) and obtained an B7-kb

PCR fragment. Sequencing of this product revealed

deletion of 58 733 nucleotides with breakpoints in intron

11 of the PRPF31 gene and in the LOC441864

(ref|NT_011109.15|Hs19_11266), similar to osteoclast-

associated receptor isoform 5 (Figure 3b–d).

TFPTOSCAR

19q13.42 PRPF31NDUFA3LOC441864

VSTM1 vstm1 1F

prpf31 13R

exon2 exon12
LOC441864 PRPF31BP-F prpf31 12F

wt - 65530 bp 

mt -  6798 bp 

BP-Rmt -  385bp 

GAAGGGGCTC AGCACTGACC CTCAGAGGGT ATCCCTCCTT CTCAAATGGC CCCACCAAAT
CTGACTATCA TCACCCACTT AATGTTTTCG GTTTTTTTGG GGGTTTTTTT TGAGACATAG
TTTTACTCTT GTTGACCAGG CTGGAGTGCA GTGGTGTAAT CTCAGCTCAC CGGCCGGCTG
GTGACCTCTG GGCTTCGGGC TGGTGGAGGG GTGCCTCGGT GGCTGGAGGG CAGGGCCTGG
TCGCTGAACT GCAGGGCGCC TCCTCTCCCC CCTAGATCGA GGAGGACGCC TACCAGGAGG 
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Figure 3 Genomic deletion including PRPF31 gene in adRP. (a) A deletion detected by MLPA in VIII:2 from the family 078. A P235 Retinitis
Pigmentosa kit (MRC Holland) along with the VSTM1 probe was applied. The graph indicates the presence of one gene copy with probes for exons
1–11 in the PRPF31 gene (ratio is B0.5). Two gene copies are present with the probes for IMPDH1, RHO, RP1, and for exons 12–14 in the PRPF31
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were applied to amplify across the deleted region (the estimated size of a wild-type allele is 65 530bp and cannot be amplified by PCR). PCR fragment
of B7 kb (mutant allele) was obtained by a long-range PCR, subcloned into pGEM-T Easy vector and sequenced. (c) Localization of allele-specific
primers. Primers sequences and allele-specific PCR are described in Materials and Methods and Results and Discussion. PCR with allele-specific primers
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Allele-specific PCR with primers set as shown in Figure 3c

revealed the presence of the mutation in affected indivi-

duals, obligatory carriers, and also several asymptomatic

members in the 078 family (Figures 1b and 2b). None of 20

simplex RP cases or 94 healthy controls (188 control

chromosomes) from the matched population showed the

mutant allele (data not shown).

PRPF31 codes for a protein needed for splicing in all cell

types, although its pathologic effect is seen only in rod

photoreceptors, causing adRP with incomplete penetrance.

PRPF31 is a 61-kDa protein, part of the U4/U6-U5 tri-snRNP

complex.13 The proposed mechanism of adRP (RP11)

evolvement is haploinsufficiency rather than a dominant-

negative effect.3 In this study, we identified a large

genomic deletion with almost entire loss of PRPF31 gene,

which provides additional evidence for haploinsufficiency

as the mechanism in adRP pathogenesis.

Molecular methods used for mutation detection are

mainly based on PCR and, therefore, large genomic

rearrangements are easily missed. Genomic deletions at

19q13.42 ranging from 5 to more than 45 kb were reported

earlier;6,9 however, this is the first report on the identifica-

tion of breakpoints in a large deletion.

The deletion encompasses almost 59 kb of genomic

sequence, includes three additional genes and break-

points occur in intron 11 of PRPF31 and within the

predicted gene, LOC441864, annotated as ‘similar to

osteoclast-associated receptor isoform 5.’ A number of

Alu-repeats in PRPF31 introns are prone to internal

unequal recombination, resulting in a deletion; however,

the exact mechanism is not known.

Owing to the size of the deletion, we could expect a

severe phenotype in our families as reported earlier.9

However, among our patients, there were individuals with

quite preserved visual fields and recordable ERGs in their

50s. The phenotype presented with classical symptoms of

RP was similar in both families. No additional symptoms

associated with the genetic defects in NDUFA3, TFPT, or

OSCAR were observed. This indicates that one copy of these

genes is sufficient for cell function. It can be noted that one

family showed complete penetrance, whereas in a larger

family nine individuals were asymptomatic gene carriers,

two of whom have one affected parent and offspring

(Figure 2a, VII:8 and VII:15). Incomplete penetrance is

believed to be caused by allelic imbalance when the

wild-type allele is overexpressed compensating for the

non-functional allele in asymptomatic gene carriers.14,15

However, in our study (family 078), this hypothesis would

not work because four gene carriers had the same wild-type

allele as their affected siblings (Figure 2a).

In conclusion, identification of such large deletion

involving the PRPF31 gene reveals additional evidence

that haploinsufficiency is a molecular mechanism of

evolvement of adRP with incomplete penetrance. Identifi-

cation of deletion breakpoint provides an important tool

for molecular testing and genetic counseling of these

patients.
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