© 2002 Oxford University Press Human Molecular Genetics, 2002, Vol. 11, No. 1 87-92

ARTICLE

Mutations in HPRP3, a third member of pre-mRNA
splicing factor genes, implicated in autosomal
dominant retinitis pigmentosa

Christina F. Chakarova'l, Matthew M. Hims?2, Hanno Bolz3, Leen Abu-Safieh',

Reshma J. Patel!, Myrto G. Papaioannou, Chris F. Inglehearn?, T. Jeffrey Keen?,

Catherine Willis*, Anthony T. Moore'#, Thomas Rosenberg®, Andrew R. Webster'4,

Alan C. Bird'#4, Andreas Gal®, David Hunt', Eranga N. Vithana'* and Shomi S. Bhattacharya’

Department of Molecular Genetics, Institute of Ophthalmology, University College London, 11-43 Bath Street,
London EC1V 9EV, UK, 2Molecular Medicine Unit, University of Leeds, Clinical Science Building, St James’
University Hospital, Leeds LS9 7TF, UK, 8Institute of Human Genetics, University Hospital Eppendorf, Butenfeld 32,
D-22529 Hamburg, Germany, “Moorfields Eye Hospital, London EC1V 2PD, UK and 5National Eye Clinic for the
Visually Impaired, Hellerup, Denmark

Received September 20, 2001; Revised and Accepted November 1, 2001

Retinitis pigmentosa (RP), the commonest form of inherited retinal dystrophies is a clinically and genetically
heterogeneous disorder. It is characterized by progressive degeneration of the peripheral retina leading to
night blindness and loss of peripheral visual field. RP is inherited either in an autosomal dominant, autosomal
recessive or X-linked mode. A locus (RP18) for autosomal dominant RP was previously mapped by linkage
analysis in two large pedigrees to chromosome 1p13—g21. The human HPRP3 gene, the orthologue of the
yeast pre-mRNA splicing factor (PRP3), localizes within the RP18 disease interval. The recent identification of
mutations in human splicing factors, PRPF31 and PRPCS8, led us to screen HPRP3 as a candidate in three
chromosome 1g-linked families. So far, two different missense mutations in two English, a Danish family and
in three RP individuals have been identified. Both mutations are clustered within a two-codon stretch in the
11th exon of the HPRP3 gene. Interestingly, one of the mutations (T494M) is seen repeatedly in apparently
unlinked families raising the possibility of a mutation hot spot. This has been confirmed by haplotype analysis
using SNPs spanning the HPRP3 gene region supporting multiple origins of the mutation. The altered HPRP3
amino acids, which are highly conserved in all known HPRP3 orthologues, indicate a major function of that
domain in the splicing process. The identification of mutations in a third pre-mRNA splicing factor gene
further highlights a novel mechanism of photoreceptor degeneration due to defects in the splicing process.

INTRODUCTION

Retinitis pigmentosa (RP) is a clinically and genetically hetero-
geneous disorder with an incidence of almost 1 in 3500. Indi-
viduals affected with RP usually suffer from night blindness
early in disease, accompanied or followed by loss of peripheral
visual field. The disorders are characterized by bone spicule-like
pigmentary deposits and a reduced or absent electroretinogram
(1). RP displays all three modes of Mendelian inheritance:
autosomal dominant (adRP), autosomal recessive (arRP) and
X-linked (xIRP). The autosomal dominant form of RP (adRP)
can be caused by mutations in seven genes and a further four
loci for which the genes remain to be identified (2—4). Here we

report the identification of the gene responsible for adRP
localized on chromosome 1q21.1 (RPIS8).

The RP18 locus was first identified and refined to a less than
2 cM interval between markers D1S442 and D1S2858 in a
large four-generation Danish family (5,6). Subsequent haplo-
type analysis in a pedigree of English origin (RP1188) placed
RP18 within a 1 cM interval between D1S442 and D1S498 (7).

The gene for U4/U6-associated splicing factor (HPRP3) has
been mapped to the same interval on chromosome 1q21.1 (8).
It encodes a protein of 682 amino acids in length with a
calculated molecular weight of 77 kDa. The process of intron
removal or pre-mRNA splicing occurs on a dynamic RNA
protein complex called the spliceosome, which contains a
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pre-mRNA, four essential small nuclear ribonucleoprotein
(snRNP) particles (UI, U2, US and U4/U6) and many auxiliary
proteins. Each snRNP contains one snRNA except U4/U6
snRNP and about a dozen proteins. U4/U6 snRNP contains U4
and U6 snRNA in addition to the protein components. Hprp3p
is one of the proteins tightly associated with U4/U6 snRNP,
and mutations in its orthologue in yeast (PRP3) have been
reported to cause U6 snRNA instability and prevent the
splicing process (9,10). The recent identification of mutations
in splicing factor genes PRPF31 (3) and PRPCS8 (4) associated
with adRP indicates HPRP3 also to be a strong candidate for
the RP18 locus.

RESULTS

Mutation analysis

The genomic organization of the human HPRP3 gene was
ascertained by comparing the cDNA (GenBank accession no.
AF_001947) with the genomic sequence of a chromosome 1
bacterial artificial chromosome clone RP5-835F16 (GenBank
accession no. AL365403). This showed that the HPRP3 gene
consists of 16 exons and spans ~28 kb of genomic DNA. All
coding exons in HPRP3 (exons 2—16) and on average 50 bp of
flanking intronic sequences were screened in the two known
RP18 linked families (RP1188 and the Danish family) by
denaturing high performance liquid chromatography (DHPLC)
and direct genomic sequencing. This identified the same 1482
C—T transition mutation in exon 11 in both families (Fig. 1A).
The mutation resulting in amino acid substitution Thr494Met
was shown to segregate perfectly with the disease in each
family by virtue of gain of a Nlalll site on the mutated allele
(Fig. 2). A mutation screen of all coding HPRP3 exons by
DHPLC in a sample of 150 adRP and simplex cases (defined as
individuals with no previous family history) from the UK and
Germany identified three individuals with the same 1482 C—T
mutation in exon 11. One was later found to be part of a small
British adRP family RP173 whilst the other two were simplex
RP cases (SP284 and SP55). The panel screen also yielded a
new missense mutation in exon 11 (1478 C—T) causing the
non-conservative amino acid change Pro493Ser also within a
simplex RP case (SP13) (Fig. 1B). None of the mutations was
present in the panel of 100 control subjects thus making it
unlikely that the identified nucleotide changes were poly-
morphisms present in the normal population.

Haplotype analysis

In order to establish whether the three families (RP1188,
RP173 and the Danish family) and simplex individuals SP284
and SP55 with the Thr494Met mutation all share a common
ancestral haplotype or represent independent mutation events,
we typed six markers all located within the HPRP3 gene. The
markers included five SNPs with the respective reference
dbSNP numbers (1260408, 1260385, 698918, 698917 and
1136371) and one intragenic (CA), located within intron 9 of
HPRP3. This revealed two different haplotypes segregating
with disease among the English and the Danish family
(Table 1). However, due to the uninformativeness of the
marker set used in the small English family (RP173) and the
simplex patients SP284 and SP55, it was not possible to

evaluate whether these were related either to the large English
family or the Danish family (Table 1). Nevertheless, the data
are strongly supportive of T494M (C—T) mutation arising
independently in at least the Danish and the large English
family (RP1188), raising the possibility of a mutation hot spot
at position 1482.

Expression of HPRP3

PCR analysis of the cDNAs from a variety of normal tissues
including the retina with a primer pair that amplifies exons 5
and 6 of HPRP3 as a single amplicon produced the expected
305 bp product in all tested tissues (Fig. 3). Control primers for
the PGM1 gene amplified 419 bp fragment in each lane. This
result is in agreement with the EST database (http://
www.ncbi.nlm.nih.gov/UniGene/), which shows HPRP3 gene
to be expressed in a wide range of tissues including the neural
tissues, brain and retina.

Hprp3p protein

Screening of the NCBI non-redundant protein database using
the BLAST algorithm revealed highly similar proteins in Mus
musculus (accession no. AAH06782), Caenorhabditis elegans
(accession no. T23692), Drosophila melanogaster (accession
no. AAF49097), Schizosaccharomyces pombe (accession no.
Q09856) and Saccharomyces cerevisiae (accession no.
NP_010761). The alignment of amino acid sequences of the
human protein and its homologues shows that the C-terminal
portion of the sequence is highly conserved throughout evolu-
tion whereas the N-terminal portion is not, suggesting a
conserved function in the C-terminal end of the protein for
pre-mRNA splicing. The residues 493 and 494 mutated in
RP18 show absolute conservation across homologous proteins
in S.cerevisiae, S.pombe, D.melanogaster and C.elegans
(Fig. 4). Hprp3p shows 99% identity with M.musculus protein,
50% with D.melanogaster protein and 35% with C.elegans
protein. The overall sequence identities between Hprp3p and
its yeast homologues are modest (27% with S.cerevisiae Prp3p
and 34% with S.pombe Prp3) and human Hprp3p is also larger
than its yeast homologue, which might reflect the difference in
complexity of the splicing systems in yeast and human. Inter-
estingly the mammalian Prp3 proteins (human and mouse)
contain a PWI domain at their N-termini. The PWI domain is
an 81-residue-long motif with a highly conserved PWI (Pro,
Trp and Ile) sequence at its N-terminus, after which the motif
has been named (11). It has also been identified in SRm160
protein which functions as a co-activator of constitutive and
exon enhancer dependent splicing by mediating interactions
between multiple factors bound to pre-mRNA (12,13). The
PWI domain is not present in any of the other Prp3
homologues suggesting that it may have evolved to provide a
function that is important for the assembly of splicing
complexes in higher eukaryotes for mediation of multiple
protein—protein interactions.

DISCUSSION

The spliceosome, the complex macromolecular machinery that
catalyses pre-mRNA splicing is formed from several RNP
subunits, termed uridine-rich small nuclear ribonucleoproteins
(UsnRNPs), and numerous non-snRNP splicing factors. Each
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Table 1. Genotype data from the families with Thr494Met missense mutation in RP18

89

Nucleotide Type of Allelles segregating with RP18 mutation
position® of SNPs polymorphism/variation
RP1188 RP173 Danish family Simplex case SP284  Simplex case SP55
9868 G/T G G/T® T G/T® G
17584 (CA), (CA), (CA) (CA) (CA)y (CA)(CA), P
18979 A/G A G/Ad G G A
19286¢ C/IT T T T T T
22353 G/A A A/GP A A -
22475 G/A G A/GP G G -
22536 A/G A A A A -

aThe A of the initiator codon of HPRP3 is denoted nucleotide +1. The genomic sequence of HPRP3 is available at GenBank accession no. AL365403.

bMarker was uniformative.
¢The Thr494Met (C—T) missense muatation in exon 11.
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Figure 1. Sequence electropherograms of mutations found in HPRP3. (A) The Thr494Met (C—T) missense mutation found in the two English and Danish RP/8
families. (B) The Pro493Ser (C—T) missense mutation found in a sporadic case from the RP panel. A wild-type sequence is not shown since the sequence shown

in (A) acts as a control for (B) and vice versa.

UsnRNP particle consists of an UsnRNA molecule complexed
with a set of seven Sm (B/B’, D3, D2, D1, E, F and G which
form the snRNP Sm core structure or so-called subcore
complex) or Sm-like proteins (LSm) and several particle-
specific proteins. The major spliceosomal snRNPs U1, U2, U4,
U5 and U6 are responsible for splicing the vast majority of pre-
mRNA introns (so called U2-type introns) (reviewed in 14). In
splicing, the U1 snRNA first base pairs with the 5’ splice site to
produce a commitment complex. The U2 snRNP then interacts
with the branch point sequence in an ATP-dependent fashion
to form the pre-spliceosome. The U4/U6 and US snRNPs asso-
ciate with this complex as a single tri-snRNP particle to form
the spliceosome. Conformational rearrangements then occur,
allowing sequential cleavage at the 5" and 3’ splice sites
followed by ligation of the two exons to form the mature
mRNA species.

Most of the proteins associated with snRNP particles have
been first characterized in yeast, though much is now known of
the human snRNP particles and its associated proteins. For

example the U4/U6 snRNP particle contains the extensively
base paired U4 and U6 snRNA, two heptameric Sm and LSm
complexes and five additional proteins, one of which is
Hprp3p. The other proteins include 15.5, 20, 60 and a 61 kDa
protein (14). Interestingly the 61 kDa protein is encoded by
PRPF31, the gene that is mutated in adRP localized to
chromosome 19q13.4 (RPI1). The fact that adRP linked to
chromosome 17p (RP13) is caused by mutations in PRPCS8 (4),
which encodes Prp8, the core component of the U5 snRNP
(15), leads one to believe that the U4/U6.U5 tri-snRNP particle
may play an important role in the splicing of retinal transcripts.
It has now been observed that the 5 splice site is also
recognized by the U4/U6.US tri-snRNP, together with Ul at
the earliest stages of spliceosome assembly (14). This early
interaction appears to represent a functionally important initial
recruitment of the tri-snRNP to the pre-mRNA, with subse-
quent stabilization of tri-snRNP occurring later. The tri-snRNP
particle recruitment to the pre-mRNA could be the rate-
limiting step in splicing and any deficiency of it is more likely
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Figure 2. Segregation analysis of the 1482 C—T mutation in the English (RP1188) family by Nlalll restriction digestion of a PCR fragment containing exon 11.
Complete digestion of the PCR product results in a wild-type pattern of bands migrating at 237 and 89 bp due to one NlallI site within the fragment. In affected
individuals, a heterozygous pattern of four bands with respective length of 237, 181, 89 and 56 bp (which cannot be seen on 2% agarose gel) is observed. This is
owing to the extra restriction site for Nlalll created within the 237 bp fragment due to codon 494 ACG—ATG mutation.
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Figure 3. Expression of HPRP3 in human tissues. PCR was carried out with
primers selected from exons 5 and 6. A specific band of 305 bp was observed
in all tested Quick-Clone™ human cDNAs (Clontech) from retina, brain,
heart, kidney, liver and peripheral blood leukocytes. A ubiquitously expressed
gene, PGM I was used as a control. Its 419 bp PCR fragment was also observed
in all tissues. Please note that due to the quality of RNA from heart and brain
tissues, a weak signal is observed for both PGMI and HPRP3.

to be detrimental in a highly metabolically active tissue such as
the retina. The high rate of opsin turnover prior to disc shed-
ding (16,17) in the rod photoreceptors is likely to place a
considerable demand on the spliceosome machinery and may
require a highly efficient splicing mechanism to be in place at
such times. Therefore, even though HPRP3 is widely
expressed similar to PRPF3] and PRPCS, mutations in
HPRP3 only show a phenotype in rod photoreceptors as the
high rate of rod opsin production makes the rod photoreceptors
particularly susceptible to the sub-normal activity of the
spliceosome machinery (3). Another interesting possibility is
the existence of a retina-specific splicing element that may

(P493 Sl iT494M)
H. sap DPTKVEA MAKRQK
M. mus DPTKVEBA MAKRRQK
C. ele DPTKMEA MAERLK
D. mel DPT Q MAKRQK
S. pom DPTKIEA VE L
S. cer DPTAWEK VD R

Figure 4. The amino acid alignment of human HPRP3 exon 11 with that of
M.musculus (M.mus), C.elegans (C.ele), D.melanogaster (D.mel), S.cerevisiae
(S.cer) and S.pombe (S.pom). Amino acids, which exhibit complete identity
across species, are boxed. Both missense mutations Thr494Met (C—T) and
Pro493Ser (C—T) are marked by arrows.

interact with all three proteins that would explain the tissue
specificity of mutations for all three of these ubiquitously
expressed genes.

The effect of the HPRP3 mutations on the function of the
protein is as yet unknown. However, according to ScanProsite
(http://ca.expasy.org/tools/scnpsitl.html) codons 494-497 of
Hprp3p form a recognition motif for phosphorylation by casein
kinase II (CK2), which is lost due to the T494M mutation.
Whether this mutation actually affects this potential phos-
phorylation of Hprp3p remains to be tested. Hprp3 has been
shown to interact with Hprp4 (60 kDa protein in U4/U6
snRNP) and in yeast the formation of the yPrp3/Prp4
heterodimer is a prerequisite prior to their association with the
U4/U6 snRNP (18). The human Hprp3p with its first 100
amino acids deleted was still shown to interact with Hprp4p,
thus indicating that this portion of the N-terminus including the
PWI domain is not essential for interaction with Hprp4p (10).
It is possible that the T494M and P493S mutations, which are
in the highly conserved C-terminal end of the protein, may



have an effect on the binding of Hprp3p with Hprp4p. The fact
that both the mutations are of the missense type suggests a
dominant negative mechanism for disease causation.

In conclusion, we have shown that mutations in HPRP3, a
putative human orthologue of yeast pre-mRNA splicing factor,
are responsible for dominant retinitis pigmentosa (RP18) on
1g21.1. The finding in a third pre-mRNA splicing factor gene
highlights the novel mechanism of photoreceptor degeneration
owing to defects in the splicing process.

MATERIALS AND METHODS

Patients’ sample collection

Patients with RP have been examined in the different univer-
sity eye hospitals and gave informed consent for genetic
studies. The study protocol was approved by the local ethics
committee. The subjects also included individuals from
families that have previously been shown to be linked to the
RP18 locus for dominant RP on chromosome 1. Blood samples
were collected and DNA was extracted using standard
protocols.

Mutation screening and co-segregation analysis

For mutation analysis of the HPRP3 gene we amplified coding
exons from patient genomic DNA using primers located in
flanking intron and UTR sequences (primer sequences are
available on request). PCR reactions were carried out in 25 pl
reaction volumes containing 10 mM Tris—HCl pH 8.9, 50 mM
KCl, 1.5 mM MgCl,, 12.5 pmol of each primer, 200 UM each
dNTP, 50-100 ng of patient genomic DNA and 0.25 U
BioTaq™ thermostable DNA polymerase (Bioline). Cycling
parameters were 3 min at 94°C, followed by 35 cycles of 30 s
at 94°C, 30 s at the melting temperature (7,,) of the primers
(54-65°C), and 30 s at 72°C with a final 5 min extension at
72°C. PCR products were purified using Qiaquick columns
(Qiagen). DHPLC and direct sequencing was used for muta-
tion detection. For DHPLC, PCR products were analysed using
the WAVE® nucleic acid fragment analysis system (Trans-
genomic, Inc., San Jose, CA). The buffers used for DHPLC
consist of buffer A, 0.1 M triethylammonium acetate (TEAA);
and buffer B, 0.1 M TEAA with 25% acetonitrile. DNA frag-
ment elution profiles were captured online and visually
displayed using the Transgenomic WAVEMAKER™ soft-
ware. Chromatograms were compared with those of normal
controls to detect samples with altered elution profiles.
Sequence variations were identified by automated bi-directional
sequencing using an ABI 377 (Perkin Elmer) and BigDye
terminator chemistries (Perkin Elmer). Co-segregation analysis
of the mutation T494M in the English RP18 (RP1188) family
was tested by digestion of the 326 bp exon 11 PCR fragment
generated by forward 5’-GGAAGTGAGTTTAGAGCAGAC-
3’ and reverse primer 5-AGAGCAACGGAGAACTCTCC-3".
In each case 10 ul of a 25 ul PCR reaction was incubated with
5 U Nlalll in a 20 pl reaction volume at 37°C for 12 h. The
product was analysed by electrophoresis on a 2% agarose gel.

Haplotype analysis

Five SNPs with the respective reference dbSNP numbers
(1260408, 1260409, 698918, 698917 and 1136371) and one

Human Molecular Genetics, 2002, Vol. 11, No. 1 91

(CA),, repeat was selected in the region of introns upstream
and downstream of the T494M mutation site. PCR and
sequencing analysis were performed to show the segregation
of the polymorphisms in the three RPI8 families (RP173,
RP1188 and the Danish family).

Expression studies

Expression of HPRP3 was assessed by PCR amplification of
Quick-Clone™ human cDNAs (Clontech) from retina, brain,
heart, kidney, liver and peripheral blood leukocytes, using
exonic primers from exons 5 and 6, respectively (forward 5’-
ATCAAACAGATGATGGAGGCAG-3’ and reverse 5'-
GCAATGCCCATGGCATGGAG-3") which amplify a 305 bp
product. PCR products were then electrophoresed on a 2%
agarose gel and visualized by ethidium bromide staining. The
ubiquitously expressed PGMI gene was used as an amplifica-
tion control.
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