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Purpose: Seven genes involved in precursor mnRNA (pre-mRNA) splicing have been implicated in autosomal dominant
retinitis pigmentosa (adRP). We sought to detect mutations in all seven genes in Chinese families with RP, to characterize
the relevant phenotypes, and to evaluate the prevalence of mutations in splicing genes in patients with adRP.
Methods: Six unrelated families from our adRP cohort (42 families) and two additional families with RP with uncertain
inheritance mode were clinically characterized in the present study. Targeted sequence capture with next-generation
massively parallel sequencing (NGS) was performed to screen mutations in 189 genes including all seven pre-mRNA
splicing genes associated with adRP. Variants detected with NGS were filtered with bioinformatics analyses, validated
with Sanger sequencing, and prioritized with pathogenicity analysis.

Results: Mutations in pre-mRNA splicing genes were identified in three individual families including one novel frame-
shift mutation in PRPF31 (p.Leu366fs*1) and two known mutations in SNRNP200 (p.Arg681His and p.Ser1087Leu). The
patients carrying SNRNP200 p.R681H showed rapid disease progression, and the family carrying p.S1087L presented
earlier onset ages and more severe phenotypes compared to another previously reported family with p.S1087L. In five
other families, we identified mutations in other RP-related genes, including RPI p. Ser781* (novel), RP2 p.GIn65* (novel)
and p.Ile137del (novel), IMPDH]I p.Asp311Asn (recurrent), and RHO p.Pro347Leu (recurrent).

Conclusions: Mutations in splicing genes identified in the present and our previous study account for 9.5% in our adRP
cohort, indicating the important role of pre-mRNA splicing deficiency in the etiology of adRP. Mutations in the same
splicing gene, or even the same mutation, could correlate with different phenotypic severities, complicating the geno-
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type—phenotype correlation and clinical prognosis.

Retinitis pigmentosa (RP; OMIM 268000) is clinically
characterized by bone spicule-like pigment deposits in the
fundus with attenuated retinal vessels and waxy pallor of the
optic disc, and retinal degenerations with reduced or absent
responses on electroretinogram (ERG) [1]. On a cellular
basis, RP predominantly affects rod photoreceptors and/or
RPE cells, and likely involves cone photoreceptors at a later
stage. As a consequence, patients with RP initially develop
nyctalopia, followed by constriction of the visual fields (VFs)
and severe visual impairment or even complete blindness
eventually [2]. As the most common form of inherited retinal
dystrophies (IRDs), RP affects 1 in 3,500 to 5,000 individuals
worldwide [3-5].
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RP exhibits significant genetic heterogeneity involving
more than 50 loci thus far. Of note, the defects of precursor
mRNA (pre-mRNA) splicing, a fundamental process required
by most genes before transcription, have been implicated in
the autosomal dominant form of RP (adRP). Among adRP-
causing genes, seven genes are involved in the process of
pre-mRNA splicing, including PRPF3, PRPF8, PRPF3I,
RP9, SNRNP200, PRPF6, and PRPF4 [6-11].

Pre-mRNA splicing is regulated by the spliceosome
complex, a macromolecular machinery comprising five
small nuclear ribonucleoproteins (snRNPs), Ul, U2, U4,
U6, and U5, as well as more than 100 non-snRNP-specific
proteins [12]. The U5 snRNP bonds to the U4/U6 di-snRNP
to assemble the U4/U6-US5 tri-snRNP, which acts as the cata-
lytic component for splicing and is crucial for the pre-mRNA
structural rearrangements [13,14]. All seven identified adRP-
causing splicing genes encode either important components
or regulators of U4/U6-US tri-snRNP complex, which is
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required for proper splicing of pre-mRNA in nearly all types
of cells. However, the mechanism by which mutations in the
seven ubiquitously expressed genes cause retinal specific
phenotypes is not quite clear. Although functional studies on
animal models are needed to further understand the mecha-
nism, extensive genetic analysis with comprehensive clinical
characterization of such patients would also be useful for
better understanding the genotype—phenotype correlation,
and directing the clinical prognosis, management, and gene
replacement therapy.

Herein, we sought to detect mutations in the seven pre-
mRNA splicing genes among eight Chinese families with RP
to predict the functions, evaluate the prevalence, and analyze
the associated phenotypes. As described previously, we used
a targeted sequence capture with a next-generation massively
parallel sequencing (NGS) approach to screen 189 genes
associated with IRDs, including the seven splicing genes,
for potential mutations [15]. Our current study revealed a
frameshift mutation in PRPF3] and two missense mutations
in SNRNP200 in three families with adRP, respectively.
Taken together with our previous identification of a PRPF4
mutation, we have found that four (9.5%) out of our cohort
of 42 families with adRP were associated with mutations in
the pre-mRNA splicing genes. Interestingly, some splicing
gene mutations identified here correlate with phenotypes that
differ from those of previously reported families who carry
mutations in the same gene, and therefore provide additional
insights into the genotype—phenotype correlation of RP
caused by pre-mRNA splicing deficiency. Mutations identi-
fied in other RP-causing genes in the present study were also
summarized herein.

METHODS

Patient recruitment and clinical evaluation: Six unrelated
Chinese families affected with adRP and two families with
RP with uncertain inheritance mode were recruited from
multiple areas of China. The eight families (numbered fami-
lies 01 to 08) included 24 presently affected individuals with
conspicuous clinical hallmarks of RP, 14 unaffected siblings,
and 14 spouses. Complete familial history and medical records
were obtained from each family. Ophthalmic examinations
were performed at local hospitals, including assessments of
best-corrected visual acuities (BCVAs), slit-lamp examina-
tion, funduscopy, VF test, and ERG test. Peripheral blood
samples drawn from median cubital veinwere collected from
all recruited family members and 150 unrelated controls that
were free of ocular diseases. We further saved all collected
blood samples in -80°C before extracting genomic DNA.
Genomic DNA was isolated from leukocytes as previously
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mentioned [16]. Genomic DNA was extracted from leuko-
cytes. The study was prospectively approved and reviewed by
local institutional ethics committee and adhered to the ARVO
statement on human subjects and the tenets of the Declara-
tion of Helsinki. Written informed consent was signed by all
participants or their legal guardians.

Targeted gene capture: Design and validation of the sequence
capture microarray were described previously [15]. Briefly,
the microarray was designed and constructed on a 2.1-Mb
NimbleGen sequence capture microarray platform (Roche
NimbleGen, Madison, WI). A total of 179 genes associated
with IRDs and ten candidate genes were selected from the
RetNet database and relevant publications. This panel of
genes includes the seven pre-mRNA splicing genes. Probes
of 250-300 bases were designed accordingly to capture all
exons, together with necessary flanking intronic sequences
and 5'- and 3'-untranslated regions (UTRs) in these genes
according to the human reference genome (NCBI build 37.1).
The total targeted sequence was approximately 1.38 Mb.

Next-generation sequencing and bioinformatics analysis:
Targeted sequence capture with NGS was performed on
designated individuals of the families to identify potential
disease-causing genetic variants. DNA template preparation,
hybridization, and NGS were performed in collaboration with
the Beijing Genome Institute (BGI, Shenzhen, China), as
described previously [14]. Read alignments, calling of SNPs,
and insertions and deletions (indels) were performed as previ-
ously described [15]. Briefly, sequencing reads were aligned
to the NCBI human reference genome (NCBI build 37.1) using
the Short Oligonucleotide Alignment Program (SOAP) to
detect SNPs [16], and the Burrows-Wheeler Aligner (BWA) to
detect indels as previously described [17]. Only mapped reads
were selected for subsequent analysis, including coverage
calculations, depth calculations, and genotype identification.
All the identified variants were subsequently compared with
the five SNP databases, including the dbSNP137, HapMap
Project, 1000 Genome Project, YH database, and Exome
Variant Server (EVS).

Mutation validation: We performed Sanger sequencing to
validate variants, intrafamilial consegregation analysis, and
prevalence testing in 150 unrelated controls. The standard
protocol for Sanger sequencing has been described previously
[18]. Information about the primers is available upon request.

In silico analyses: To estimate the evolutionary conserva-
tion of the mutated amino acids, we aligned the SNRNP200
orthologous protein sequences of the following species using
the Vector NTI Advance 2011 software: human (Homo
sapiens), gorilla (Gorilla gorilla), cow (Bos taurus), horse
(Equus caballus); pig (Sus scrofa), chicken (Gallus gallus);
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TABLE 1. MUTATIONS IDENTIFIED IN RP CAUSATIVE GENES IN THIS COHORT.

Family Mutation Bioinform.atics
D Chr Gene Status Analysis Novel / Recurrent
Nucleotide Amino Acid Exon SIFT PolyPhen-2

01 Chrl9 PRPF3I ¢.1098delG p.Leu366fs*1 11 Het. NA NA Novel
02 Chr2  SNRNP200 c.2042G>A p-Arg681His 16 Het. D Probably D Recurrent
03 Chr2  SNRNP200  ¢.3260C>T p-Serl087Leu 25 Het. D Probably D Reported
04 Chr7 IMPDHI c.931G>A p-Asp311Asn 10 Het. D Possibly D Recurrent
05 Chr8 RPI ¢.2342C>G p-Ser781* 4 Het. NA NA Novel
06 Chr3 RHO ¢.1040C>T p.-Pro347Leu 5 Het. D Possibly D Recurrent
07 ChrX RP2 c.409 411del  p.lle137del 2 Hem. NA NA Novel
08 ChrX RP2 c.193C>T p-Gln65* 2 Hem. NA NA Novel

Abbreviations: Het: heterozygous; Hom: homozygous; NA: not available; T: tolerated; D: damaging.

mouse (Mus musculus), zebrafish (Danio rerio), and fruit fly
(Drosophila melanogaster). In addition, three online predic-
tion software tools, including Polymorphism Phenotyping
(PolyPhen-2) [19] and SIFT Human Protein database [20],
were used to predict the potential impact of the substitution.

RESULTS

Analysis of variants detected with targeted next-generation
sequencing: One patient was selected from each of the eight
families for the targeted gene sequencing approach. The eight
patients selected included Family 01-V:1, Family 02-11:2,
Family 03-1V:3, Family 04-111:3, Family 05-II:1, Family
06-1I:1, Family 07-11:1, and Family 08-II:5. Using NGS, we
possessed an average call rate of more than 99.8% for the
targeted bases with a mean depth of 76.37-fold. A total of
29,654 variants were initially identified in all 8 selected fami-
lies and were subsequently filtered as following. First, 29,476
variants were found in the five SNP databases that included
normal individuals, and were consequently filtered out. In
the remaining 178 variants, we further removed synonymous
variants and other non-coding variants (n = 158) and focused
on non-synonymous (NS) variants, splice site (SS) variants,
and short frame-shift coding indels, all of which were more
likely to be pathogenic. Twenty coding variants were next
confirmed with Sanger sequencing, and were further tested
in all members from the corresponding family. Only nine
variants were found to be cosegregated with phenotype in the
corresponding families. Among them, one variant detected
in Family 08 was further discarded due to the presence in
150 unrelated controls screened in this study. At this point,
eight likely causative mutations were identified in the eight
families, respectively.

Identification of mutations in pre-mRNA splicing genes in
three families with clinical evaluation: One novel putative
mutation and two recurrent mutations were identified in
the splicing genes in three individual families, respectively
(Table 1). A novel frameshift variant, c.1098delG in exon 11 of
PRPF31 (p.Leu366fs*1), was identified in Family 01 (Figure
1A) and was absent in 150 unrelated controls. The frameshift
mutation in PRPF31 would likely generate a premature termi-
nation codon (PTC) that produce truncated proteins. Two
recurrent mutations located in SNRNP200 were identified
in families 02 (p.Arg681His) and 03 (p.Serl087Leu) [10,21]
(Figure 1B and 1C).

Three of the six traceable affected individuals in Family
01 were recruited in this study. All three patients were identi-
fied as carrying heterozygous PRPF31 p.Leu366fs*1. They
developed night blindness within the first decade of their
lives (Table 2), followed by progressive loss of central vision.
The proband, Patient 01-V:1, developed visual impairment at
age 5. Her fundus evaluation showed atrophy of the retina,
attenuated retinal vessels, and bone spicule-like pigment
deposits around the superior periphery of the left eye (Figure
2A). In addition, diffused loss of visual fields and diminished
ERG responses were detected in both eyes.

Two patients in Family 02, who carried a recurrent muta-
tion in SNRNP200, p.Arg681His, showed early onset age of
the disease, rapid disease progression, and severely decreased
visual acuity in recent years. The proband (02-11:2), currently
22 years old, with high myopia, developed night blindness
at age 6 (Table 2). Typical RP fundus and reduced ERG
responses were also observed (Figure 2B,J). Retinal atrophy
was revealed with optical coherence tomography (OCT)
examination (Figure 2M). Her mother (02-1:2) also presented
poor visual acuity, typical RP fundus with macular edema,
and significantly reduced ERG responses (Figure 2C, K,N).
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Figure 1. Identification of mutations in pre-mRNA splicing related
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genes in the three corresponding families, conservation of SNRNP200

p-R681H and three-dimensional crystal of protein of SNRNP200. A: PRPF31 ¢.1098delG (p.Leu366fs*1) mutation in family 01. B: SNRNP200
¢.2042G>A (p.R681H) mutation in family 02. C: SNRNP200 ¢.3260G>A (p.S1087L) mutation in family 03. D: SNRNP200 p.R681H and
p-S1087 in the three-dimensional crystal of the protein of SNRNP200, which the SNRNP200 p.R681H was evolutionarily conserved (bottom).
Men and women are symbolized by squares and circles, and slashed symbols denote that the subject is deceased. Affected and unaffected
members are represented by filled and open symbols, respectively, while a question mark stands for an unclear physical condition. Arrows
point to the probands, and asterisks indicate the subjects who participated in our study.

Another recurrent mutation, SNRNP200 p.Serl087Leu, was
identified in all patients studied in Family 03. All patients
in this family showed rapid and serious processing of RP
with early onset of night blindness ranging from age 5 to 10.
The proband, 03-1V:3, currently 22 years old, with diffuse
bone spicule-like pigment deposits in the peripheral retina,
has poor central vision, namely, 0.2/0.1, accompanying
VF rapidly decreasing to 10 degrees (Figure 2D, Table 2).
Detailed clinical characterization of this family has been
described elsewhere [16].

Mutations identified in other retinitis pigmentosa—causing
genes: In five other families, we identified five mutations

in other RP-related genes, including two novel mutations
and three recurrent mutations (Table 1). Two novel nonsense
mutations, RPI p. Ser781* and RP2 p.Gln65*, were cosegre-
gated in families 05 and 08, and the novel frameshift mutation
RP2 p.llel37del was identified in Family 07 (Figure 3B,D,E).
Two other recurrent mutations, /MPDHI p.Asp311Asn [22]
and RHO p.Pro347Leu [23], were identified in families 04
and 06, respectively (Figure 3A,C). All patients from these
five families showed typical features of RP with atrophy of
the retina, attenuated retinal vessels, and bone spicule-like
pigment deposits (Figure 2E-I), and clinical information is
summarized in Table 2.
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Figure 2. Identification of mutations in other retinitis pigmentosa—related genes in the five corresponding families. A: IMPDHI ¢.823G>A
(p.D275N) mutation in family 04. B: RPI ¢.2342C>G (p. S781*) mutation in family 05. C: RHO c.1040C>T (p.P347L) mutation in family 06.
D: RP2 c.409 411del (p.Ile137del) mutation in family 07. E: RP2 ¢.193C>T (p.Q65%) mutation in family 08. Men and women are symbolized
by squares and circles, and slashed symbols denote that the subject is deceased. Affected and unaffected members are represented by filled
and open symbols, respectively, while a question mark stands for an unclear physical condition. Arrows point to the probands, and asterisks

indicate the subjects who participated in our study.

DISCUSSION

To date, seven pre-mRNA splicing genes, including PRPF3,
PRPF6, PRPFS8, PRPF31, RP9, SNRNP200, and PRPF4, have
been identified as adRP-causing genes. Proteins encoded by
the seven genes are essential for pre-mRNA splicing in all
cell types. However, mutations in these genes have been
implicated only in retinal degeneration, indicating their
tissue specificity. Expression of PRPF3, PRPF31, and PRPF8
has been consistently reported as significantly higher in the
murine retina compared to other metabolically active tissues
[24].

In this study, a cohort compromising six families affected
with adRP and two families with uncertain inheritance mode
were investigated for potential disease-causing mutations.
Three mutations in two adRP-causing splicing genes were
identified in three individual families in this study. Taken
together with our previous identification of a PRPF4 muta-
tion [11], four mutations accounted for 9.5% of the muta-
tions in the pre-mRNA splicing genes in our cohort of 42
families with adRP. Although the number of the families
studied herein was not large enough, this is the first report
to provide etiological prevalence for mutations in all seven
adRP-causing splicing genes among Chinese patients with
adRP using NGS. To lend credit to the etiological prevalence,
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Figure 3. Clinical evaluations of patients from the eight families with mutations in retinitis pigmentosa genes. A: Patient 01-V:1 (age 22,
carrying PRPF31 p.Leu366fs*1) has a waxy optic disc, attenuated retinal arterioles, and pigment deposits around the superior periphery of
the left eye. B: Fundus examination of Patient 02-11:2 (age 22, carrying SNRNP200 p.R681H) shows numerous bone spicule-like pigments
and crystalline forms were scattered in the peripheral fundus (arrow). C: The fundus of Patient 02-1:2 (age 51, carrying SNRNP200 p.R681H)
shows intensive pigment deposits. D: Patient 03-1V:3 (age 22, carrying SNRNP200 p.S1087L) demonstrates diffuse bone spicule-like pigment
deposits in the periphery retina of the right eye. E: Patient 04-111:3 (age 65, carrying IMPDH1 p.D311N) has intensive bone spicule-like
pigment deposits, which severely impacted the central retina. F: The fundus of Patient 05-11:1 (age 58, carrying RPI p. S781%*) shows typical
retinitis pigmentosa (RP) features with posterior subcapsular cataract. G: The fundus of Patient 06-11:1 (age 26, carrying RHO p.P347L) with
typical RP features. H: Fundus examination of Patient 07-11:1 (age 23, carrying RP2 p.lle137del) reveals typical features of RP fundus. I:
Patient 08-1I:5 (age 49, carrying RP2 p.Q65%) has typical fundus of RP. J: Multifocal electroretinogram (mfERG) test traces from the right
eye of Patient 02-11:2 are shown. Responses of the peripheral retina are greatly reduced while responses within the central 10 degrees are
slightly involved. K: MfERG of the right eye of Patient 02-1:2 demonstrates a global decrease in ERG responses. L: ERG responses of one
unrelated control. M: Optical coherence tomography (OCT) examination of Patient 02-I1:2 shows retinal atrophy. N: OCT examination of
Patient 02-1:2 shows macular edema and retinal atrophy. 776
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particular attention has been paid to sample selection and
the approaches used. All families were recruited from
different areas across China, which reflected well-distributed
geographic origins. Mutations were identified with compre-
hensive genetic analyses comprising targeted sequencing
of nearly all known genes associated with IRDs, optimized
bioinformatic analysis of all variants detected, cosegregation
analysis within corresponding families, and the prevalence
test in 150 unrelated normal controls. Conservational analysis
and in silico analyses were also conducted to predict the
pathogenicity of the missense mutations. With these efforts,
our results strongly support that the three variants detected in
the splicing genes are disease-causing mutations rather than
rare polymorphisms.

The protein encoded by PRPF3! is involved in main-
taining the stability of the U4/U6-US tri-snRNP complex
[25,26]. To date, more than 50 mutations in this gene,
including missense substitutions, splice-site mutations,
large deletions, and genomic rearrangement encompassing
PRPF31, have been reported to cause RP [27-29]. In the
present study, we identified a novel frameshift mutation,
PRPF31 p.Leu366fs*1, which is predicted to generate a PTC,
and may result in a truncated protein lacking 132 amino
acids from the C-terminal. It has long been debated whether
such mutations will eventually result in “null alleles” due to
nonsense-mediated mRNA decay (NMD) [30] or a truncated
protein, overexpression of which was shown to impair pre-
mRNA splicing in vitro [31]. Although the existence of such
truncated proteins has never been proved in vivo, compel-
ling evidence has shown that PTC-causing mutations in
PRPF31 led to RP via haploinsufficiency due to inactivation
of transcripts or protein synthesis, which is consistent with
our results [30]. The transcript of PRPF31 p.Leu366fs*1 was
predicted to generate NMD. The patients carrying this muta-
tion can be considered functional hemizygotes and exhibit
consistent and severe phenotypes with relatively early onset
of night blindness and diffused involvement of the retina,
which are similar to those of a previously reported family that
carries a frameshift deletion in PRPF31 [27].

SNRNP200 encodes hBrr2, an essential protein for
U4/U6 unwinding [10]. To date, ten missense mutations in
SNRNP200 have been implicated in adRP among different
populations, which points out the important role of SNRNP200
in the disease etiology of retinitis pigmentosa [10,15,21,32]. In
the present cohort, two recurrent mutations, p.Arg681His and
p-Serl087Leu, were identified in two families with adRP. The
Arg68l residue is located in the first DExD-helicase domain,
more specifically, in the boundaries between two helicases,
the first ATP (ATP)-binding and the first C-terminal (CTER)
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domain. The Serl087 residue is located in the ratchet helix of
the first Sec63 domain of hBrr2. However, the two domains
are located in this first Hel308-like module, which is essen-
tial for U4/U6 unwinding. The p.Arg681His residue impairs
hBrr2 helicase/ATPase activity, leading to prematurely
unwinding of U4/U6 or premature disassembly of the spli-
ceosome, and thus to defects in spliceosome catalysis [10,33].
As for the p.Serl087Leu mutation, its homolog mutation in
budding yeast was shown to significantly inhibit unwinding
of U4/U6 [10]. Accordingly, in this study, Family 03, who
carried p.Serl087Leu, presented a more severely affected
retina and visual function compared with patients who harbor
p-Arg681His.

Both residues are highly conserved among multiple
species through evolution. Here, only two affected members
in Family 02 carrying SNRNP200 p.Arg681His were identi-
fied. This mutation has been previously identified only in
a Caucasian patient with sporadic RP. No clinical informa-
tion about that individual is available. In the present study,
this mutation was found to correlate with a panel of severe
phenotypes. Patients carrying this mutation manifest severe
phenotypes, including early disease onset age and rapid
disease progression. That indicates the potentially hazardous
nature of the mutation. Family 03, who carry SNRNP200
p-Serl087Leu, presented complete penetrance with an earlier
onset age of the disease (age ranging from 5 to 10 years)
compared with another Chinese family who carry the same
mutation [18,32]. In addition, the present family showed more
severe phenotypes, including rapid decreases in VF and poor
central vision.

However, several common issues in this study likely
influence the prevalence of mutations in adRP-related splicing
genes. The NGS technique currently cannot detect large dele-
tions, insertions, and copy number variations. Some potential
pathogenic non-coding variants may also be removed during
our filtering process. Therefore, our current data cannot
exclude the seven splicing genes as disease-causing genes in
the remaining families. Similarly, for the three families with
identified mutations in splicing genes, we cannot completely
rule out the possibility that variants other than the identified
ones may contribute partially or fully to the disease etiology.
These limitations call for necessary follow-up analysis in all
cases. Additionally, mutations in PRPF8 and PRPF31 could
result in all or no symptoms, meaning mutation carriers
could develop either complete phenotypes or no phenotypes
[27,34,35]. This unique feature leads to the hypothesis that
RP with uncertain inheritance mode may also be caused
by mutations in the seven genes. Thus, a prevalence test of
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mutations in the seven genes in patients with RP other than
adRP is needed.

In conclusion, our study expanded the spectrum of muta-
tions in genes associated with RP and further emphasized the
role of pre-mRNA splicing defects in the etiology of adRP.
The novel genotype—phenotype correlations presented in our
study are helpful for directing clinical prognosis, manage-
ment, and genetic counseling.
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