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Abstract

Purpose: Variants in PRPF31, a splicing factor, are a common cause of autosomal dominant
retinitis pigmentosa (RP). Deleterious variants are thought to cause disease by haploinsufficiency.
In anticipation of upcoming replacement gene therapy trials, we present the phenotype and clinical
progression of a large cohort of patients with PRPF37-mediated RP.

Design: Cross-sectional with retrospective review

Methods: A total of 26 patients with RP and 5 asymptomatic individuals, all with deleterious
variants in PRPF31 (from 13 families), were selected from our database of patients followed
longitudinally. Ages ranged from 9-77 years (mean 47 years old), with an average follow up time
of 16 years. All patients underwent ophthalmic examination including psychophysical tests,
electrophysiology, and imaging. All available records were reviewed retrospectively. Additionally,
all patients were contacted, and all available patients (n=7) were examined in an additional
prospective follow up visit.

Results: Age of onset ranged from 6 to 71 years of age, without apparent relationship to specific
variant. Two adults (ages 42 and 77) and 3 teenaged children were found to harbor a mutation with
no evidence of RP. In those with RP, visual field area (spot size I11) declined exponentially at a rate
of 8.1% per year of disease duration (p<0.001, 95% CI 5.6-10.6), electroretinogram (ERG) cone
amplitude declined exponentially at a rate of 7.3% per year of disease duration (p<0.001, 95% ClI
5.4-9.1), and ellipsoid zone (EZ) area declined exponentially at a rate of 5.4% per year of disease
duration (p<0.001, 95% CI 3.7-7.1).
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Conclusions: PRPF31I-mediated retinitis pigmentosa is characterized by a variable age of onset.
Once disease develops, it follows a predictable exponential time course.

Introduction

Methods

Retinitis pigmentosa (RP) is a genetically heterogenous form of inherited retinal
degeneration characterized by night blindness and progressive loss of peripheral vision,
eventually leading to blindness.! It occurs in roughly 1 in 3,000-5,000 individuals, without
any apparent link to geographic origin or racial background.2 On exam, patients are
generally found to have atrophy of the outer retina, optic nerve pallor, attenuated retinal
vessels, and bone spicule pigment. RP can be inherited in an autosomal dominant, autosomal
recessive, or X-linked manner.

Over 22 genes causing autosomal dominant, non-syndromic RP have been identified to date,
with most of these genes directly responsible for proteins involved in phototransduction and
other processes which take place specifically within the outer retina.2—4

Interestingly, a subset of patients with non-syndromic autosomal dominant RP have been
found to have mutations in spliceosomal proteins, which are necessary in every cell of the
body.® The spliceosome is a ribonucleoprotein necessary for removing introns from nascent
RNA.6 It is also responsible for alternative splicing, the process by which RNA is spliced to
generate different proteins from one sequence of coding DNA.”

PRPF31 mutations are the most prevalent of the splicing factor mutations, accounting for
2.5-10% of autosomal dominant retinitis pigmentosa. 8-10 PRPF31 mutations have been
postulated to cause retinal pathology by haploinsufficiency.! Because PRPF31 is more
highly expressed in the retina than in other parts of the body, it is thought that the retina may
rely more heavily on alternative splicing than other tissues and thus is affected by a relative
insufficiency that other tissues can tolerate.12: 13 Defective PRPF31 proteins have been
found to undergo nonsense-mediated decay, resulting in an insufficiency of the protein
within the retina.14 Biochemical evidence supports this disease mechanism.1%: 16

Previous studies have shown PRPF31-mediated retinitis pigmentosa to be associated with
reduced phenotypic penetrance.ll Retrospective data on natural progression suggests that the
rate of change in visual field area and cone ERG amplitude is between 7 and 10% per year
with considerable variation among patients. However, previous data sets are limited by the
use of age as the dependent variable, as PRPF3I-mediated retinitis pigmentosa is
characterized by a variable age of onset.1” As it may be a candidate for gene therapy,18 more
information is needed about the natural history of PRPF3I-mediated retinitis pigmentosa. In
this study, we seek to clarify the disease course of PRPF31-mediated retinitis pigmentosa in
a large cohort of patients.

All procedures were approved by the institutional review board of UT Southwestern Medical
Center. Informed consent was obtained, and all research was conducted in accordance with
the Declaration of Helsinki. Thirty-one subjects with PRPF31 mutations were identified
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from the Southwest Eye Registry, a pre-existing database with phenotype and genotype data
from patients followed in research studies at the Retina Foundation of the Southwest. All
available records were reviewed retrospectively. Additionally, all patients were contacted,
and available patients (n=7) were examined in an additional prospective follow up visit.

Genomic DNA was extracted from either whole blood as reported previously1® or saliva
collected with Oragene collection kits (DNA Genotek, Inc., Kanata, ON, Canada) and
extracted according to the manufacturer’s recommended protocol. The affected proband
from each family was tested for possible mutations in known adRP genes with fluorescent
dideoxy sequencing as previously described.® 19-23 Additional affected and asymptomatic
family members underwent known mutation analysis for the identified familial variant.

Best-corrected visual acuity was measured with the E-ETDRS or with a Snellen chart, with
results converted to ETDRS scores24 for statistical analysis. Static fields were obtained using
the 30-2 grid on the Humphrey visual field analyzer. Kinetic fields with Goldmann
equivalent stimuli V4e, I114e, and l4e were obtained on a semi-automated perimeter
(Octopus 900; Haag-Streit AG, Koniz, Switzerland).

The eye with the better visual acuity, or the left eye if there was no difference between the
two eyes, was dilated with eye drops (tropicamide 1% and phenylephrine 2.5%) and
patched. After 30 minutes of dark adaptation, full-field electroretinography (ERG)
recordings were obtained (Diagnosys LLC, Lowell, Massachusetts, USA) for all patients
using the International Society for Clinical Electrophysiology of Vision (ISCEV) standard
protocol.2% Subsequently, morphologic examinations including fundus photography, fundus
autofluorescence, and spectral-domain optical coherence tomography (SD-OCT) (Spectralis
HRA-OCT, version 5.3.3.0; Heidelberg Engineering, Heidelberg, Germany) was performed.
Horizontal and vertical SD line scans were obtained and then the ellipsoid zone (EZ) width
was manually measured. EZ area was obtained using the formula for an ellipse given height
and width,26-29

For statistical analysis, patient-reported disease duration was determined by subtracting the
age at which the patient first noticed the onset of either reduced night vision or constriction
of visual fields from the patient’s age at the visit.

As patient-reported disease duration is a subjective measurement, we sought to determine if
disease duration can be estimated using functional and structural data. Patients were divided
into two groups: group A (n=15), the “reliable reporters” group, presenting in childhood or
with early stage retinitis pigmentosa (measurable ERG rod response and spot size Il visual
field diameter >30 degrees), and group B (n=11), the “less reliable reporters group,”
presenting in adulthood with intermediate or advanced disease (defined as visual field <30
degrees and no measurable ERG rod response).

Disease duration at initial visit was estimated for patients in group B using linear regressions
of ERG data and EZ width data from group A. The two estimated durations were
subsequently averaged. Two patients had to be excluded from analysis in group B because
they had absent ERG cone responses and no measurable EZ width at their initial visit, and
thus no way to estimate disease duration. For the remaining 9 patients in group B, duration
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at each follow up visit was offset by the duration at initial visit, and the time interval
between visits was kept intact.

We enrolled 31 subjects out of 35 subjects identified in the registry (4 patients had
undergone genetic testing but were unavailable for follow-up visits). Ages ranged from 9 to
77, mean 47 years old; 15 subjects were female and 16 were male. Thirteen mutations were
represented, from fourteen different families. Of the 31 individuals with PRPF31 mutations
identified by genetic analysis, 26 were affected by retinitis pigmentosa and 5 were
asymptomatic with no signs of retinal degeneration at their most recent visit. Seventeen
patients had multiple visits, each separated by at least 6 months (mean + standard deviation
16 + 15). Baseline patient characteristics are presented in Table 1.

Of the 5 asymptomatic individuals known to have deleterious variants of PRPF31, two were
adults, ages 42 and 77 at their most recent visits, and three were teenaged children. Both
asymptomatic adults had first degree relatives affected at variable ages. Notably, the 77-year-
old had a daughter who developed symptoms at age 6. The 42-year-old had multiple affected
relatives, including his mother and a sibling affected in her teenaged years. Extensive
examination, including ERG, showed no evidence of retinal degeneration in the
asymptomatic patients. See Figure 1 for a comparison of the asymptomatic 42-year-old
individual with his affected 53-year-old aunt.

The age at which symptomatic patients first noticed either night blindness or field loss
varied from ages 6-71, with most patients reporting disease onset within the first 3 decades
of life. A subset of 5 patients noticed symptoms in early childhood, and a subset of 5
patients noticed symptoms after age 40 (Figure 2). There was no apparent relationship
between the specific type of PRPF31 mutation and age of onset (Supplemental Figure 1).

Fundus appearance of all affected individuals was consistent with retinitis pigmentosa, with
waxy pallor of the optic nerve, retinal vessel attenuation, and bone spicule pigment (Figure
3). Patient-reported disease duration of the affected individuals in our cohort varied between
0 and 49 years (mean 21 + 15 years).

Fifteen patients were included in group A, the “reliable reporters group,” with childhood
onset or early stage disease at initial presentation. Visual field area, ERG cone response
amplitude, and EZ width were found to decline exponentially (Figure 4). Visual acuity was
poorly correlated with disease duration.

Eleven patients, all of whom had visual fields <20 degrees diameter as well as absent ERG
rod response at their initial visit, were included in group B, the “less reliable reporters
group.” An indicator variable revealed that there was a statistically significant difference in
the relationship between patient reported disease duration and ocular function between
groups A and B. Thus, patient reported disease duration is unreliable for group B. The same
analysis was conducted using age in place of patient reported disease duration. Age was also
found to be an unreliable measure. Disease duration for patients in group B was then
estimated as a function of EZ width and ERG cone response from group A. The two
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measurements were demonstrated to have a high level of agreement, and both indicated a
longer disease duration than the patient reported. The indicator variable was not statistically
significant when reported (A) and estimated (B) duration were assessed as a function of
visual acuity, fields, cone response, and EZ width, suggesting that the estimated disease
duration is an effective means to correct for unreliability in patient-reported disease duration.
Thus, the following results assess ocular parameters as a function of a combination of
patient-reported disease duration (for patients in group A, n=15) and estimated disease
duration (for patients in group B, n=9).

Kinetic visual fields were measured for 12 patients, and serial data was available for 6
patients. Visual field area declined exponentially for all stimuli. For spot size V, area
declined at a rate of 8.0% per year of disease duration (95% CI 5.6-10.0, p<0.001). For spot
size 111, visual field area declined at a rate of 8.1% per year of disease duration (95% CI 5.6—
10.6, p<0.001). For spot size 1, visual field area declined at a rate of 8.4% (95% ClI 6.2-10.7,
p<0.001) per year of disease duration (Figure 5).

Regarding the rod and cone ERG waveforms, 21 patients had no detectable rod b-wave at
their initial visit, while 5 patients had rod b-wave amplitude severely reduced in amplitude.
The 5 asymptomatic patients had rod responses within normal limits. Only 6 patients had a
non-recordable cone response on their initial visit, suggesting that rod function deteriorates
before cone function. For those symptomatic individuals with detectable cone ERG
responses on initial presentation (n=19), the ERG cone response was found to decline
exponentially at a rate of 7.3% per year of disease duration (95% CI 5.4-9.1, p<0.001)
(Figure 5).

Excluding asymptomatic individuals, EZ area was measurable for 15 patients, and serial data
available for 8 patients. EZ area was found to decline exponentially at a rate of 5.4% per
year of disease duration (95% ClI 3.7-7.1, p<0.001) (Figure 5).

Visual acuity was measured for all 26 symptomatic patients, and it was checked on multiple
occasions separated by at least 6 months for 13 patients. It varied for individual patients and
scores would often increase and decrease by 2 or more Snellen lines several times during a
patient’s disease course. Although it was poorly correlated with disease duration, there
appeared to be an overall decline of visual acuity of approximately 0.4% per year (95% Cl=
0.23-0.57, p<0.001) after symptom onset (Figure 5), which translates into correctly
identifying one fewer letter on an ETDRS chart, with score dropping one point, (where a
score of 85=20/20 and 50=20/100) roughly every two years.

Discussion

In this study, we demonstrate that PRPF31-mediated RP is characterized by a variable age of
onset, but disease progresses at a constant, measurable rate once it develops.

Many factors, such as allelic heterogeneity and genetic modifiers, may contribute to the wide
age range at which patients with PRPF31 mutations develop symptoms. Other forms of
neurodegeneration mediated by haploinsufficiency, for instance, frontotemporal dementia
linked to progranulin mutations, have been also been associated with a highly variable age of
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onset.30 It has been hypothesized that haploinsufficiency itself leads to these differences, as

some wild type alleles may be better able to compensate for the defective allele than others.
11,12,31,32

Other genetic modifiers may also play a role in the phenotypic presentation of PRPF31-
mediated RP. It has been suggested that CNOTS3, a transcriptional regulator, may play a
protective role in asymptomatic individuals with PRPF31 mutations by directly modulating
PRPF31 expression, 11 33, 34

The variable age of onset necessitates the use of a different metric, other than the patient’s
age, for tracking visual function over time. Our results support the use of disease duration as
a means of tracking clinical progression. Additionally, our results support the use of ERG
and EZ width data to perform this estimation, as an indicator variable was statistically
insignificant between groups A and B when reported duration was used for A and estimated
duration was used for B.

In this study, visual field area, ERG cone response, and EZ area all declined exponentially,
following a pattern of first order kinetics consistent with that observed in retinitis
pigmentosa in general.35-37 Visual acuity was only weakly correlated with a linear pattern of
decline. It was noted that individuals had inconsistent visual acuity at repeat visits. Many
factors such as cataracts, surgeries, and fluctuations in macular edema may contribute to
variable visual acuity, making it a less reliable endpoint than the others considered in this
study. The rates of change from this study differ slightly from those previously reported for
autosomal dominant RP,26: 35,37, 38 and from those determined previously for PRPF31.17
However, the difference is likely accounted for by our use of disease duration as a more
accurate metric than age.

Our finding of exponential kinetics for visual fields, ERG responses, and EZ area support
the one hit model of cell death proposed by Clark et al, in which any individual
photoreceptor has a constant or decreasing probability of apoptosis over time.3% 40 There
may be some triggering event, such as trauma, systemic infection, or UV exposure, which
sets off this cascade of random cell death, resulting in a “critical age” at which retinal
deterioration begins.36 It is likely that this model applies to other forms of RP, with an
exponential decline in function after a certain age,*! and PRPF31 represents an extreme
example of the model.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
Comparison of an unaffected individual found to have a deleterious variant in PRPF31 (P8,

age 42, left) with his affected aunt (P12, age 53, right). (Top left) For the asymptomatic
individual, note that the ellipsoid zone, indicated by blue arrows, is intact throughout the
SD-OCT scan. (Top right) For the symptomatic patient, the ellipsoid zone, with its endpoints
indicated by red arrows, is shortened. (Middle left) For the asymptomatic individual, visual
field area is within normal limits for Goldmann equivalent stimulus size V (blue), size 111
(red) and size I (green). (Middle right) For the 53-year-old with RP, visual fields are within
normal limits for stimulus size V (blue.) There is a large scotoma for spot size Il (red) in the
right eye. Visual fields are reduced to a crescent shaped pattern for spot size | (green) in both
eyes, with a small scotoma for spot size | in the right eye. These visual field changes are
typical for early-intermediate PRPF31-mediated RP. (Bottom left) ERG rod (bottom left
corner) and cone (bottom left middle) response for the asymptomatic individual. ERG rod
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peak-to-peak amplitude is 229.0 (normal 72-243) and implicit time is 89.0 ms (normal
69.4— 88.2). ERG cone response for the asymptomatic patient peak-to-peak amplitude 178.7
(normal 42-168) and implicit time is 30.0 (normal 24.-31.7). (Bottom right) ERG rod
responses (bottom right middle) are absent for the symptomatic individual, but cone
amplitude (bottom right corner) is relatively preserved (peak to peak amplitude 38.4,
implicit time 44), as is characteristic until advanced stages of the disease.
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FIGURE 2.
Patient reported age of onset, by decade. Most patients first report symptoms starting in their

teens or twenties, with a subset noticing symptoms later in life. The subjective nature of age
of onset does not fully account for the variability in patient reported age of onset, as several
patients who noticed symptoms late in life had early stage disease at initial presentation.
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FIGURE 3.
Representative wide field color fundus images and autofluorescence images for several

patients. Note the bone spicule pigment, optic nerve pallor, and attenuation of the retinal
vessels. (Top left) Fundus photograph and autofluorescence for P4, female, 40 years old, 12
years reported disease duration. (Bottom left) P17, female, age 67, 29 years reported disease
duration. (Top right) P26, female, age 52, 36 years reported disease duration. (Bottom right)
P15, female, age 67, 38 years reported disease duration.
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FIGURE 4.

Rates of change for patients in group A, the “reliable reporters.” All available data is
represented in the following figures, including data from multiple visits for some patients.
The eye with better visual acuity for each patient, or the left eye, if the visual acuity is the
same in both eyes, was used in this analysis. Acuity declined linearly and is shown on an
ETDRS number scale. All other metrics declined exponentially and are shown transformed
linearly by natural log. (Top left) Visual field area declined exponentially for all stimuli.
Goldmann equivalent V (blue square) declined at a rate of 7.2% per year of disease duration
(95% ClI 4.2-10.2, R?=0.74, p=0.00032). Field area for equivalent 111 (red circle) declined at
a rate of 7.6% per year of disease duration (95% CI 3.5-11.8, R2=0.63, p=0.002). Field area
for equivalent | (green triangle), the smallest stimulus, declined at a rate of 8% per year of
disease duration (95% CI 5.2-10.9, R?=0.82, p=0.0001). (Top right) Cone ERG amplitude,
shown as a function of natural log, declined exponentially at a rate of 6.8% per year (95% ClI
4.0-9.6, R2=0.61, p=8x107°). (Bottom left) EZ area, shown as a function of natural log,
declined exponentially at a rate of 4.6% per year (95% CI 2.4-6.9, R?=0.61, p=0.0006).
(Bottom right) Acuity was poorly correlated with disease duration but demonstrated linear
kinetics with a decline of 0.44% per year (95% CI 0.15-0.72, R?=0.25, p=0.004).
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FIGURE 5.
Rates of change as reported for patients in group A and as estimated for patients in group B.

All available data is represented in the following figures, including data from multiple visits
for some patients. The eye with better visual acuity for each patient, or the left eye, if the
visual acuity is the same in both eyes, was used in this analysis. (Top left) Visual field area
declined exponentially for all stimuli and is represented here transformed linearly by natural
log. Goldmann equivalent V (blue square) declined at a rate of 8.0% per year (95% CI 5.6—
10.0, R?=0.74, p=3x1078). Equivalent 11 (red circle) declined at a rate of 8.1% per year
(95% Cl 5.6-10.6, R2=0.67, p=7x10~7). Equivalent I14e (green triangle), the smallest
stimulus, declined at a rate of 8.4% per year (95% Cl 6.2-10.7, R2=0.76, p=1x10~7). (Top
right) Cone ERG amplitude, shown as a function of natural log, declined exponentially at a
rate of 7.3% per year (95% CI 5.4-9.1, R?=0.72, p=5x1079). (Bottom left) EZ area, shown
as a function of natural log, declined at a rate of 5.4% per year (95% CI 3.7-7.1, R2=0.68,
p=2x1075) (Bottom right) Visual acuity, represented on an ETDRS scale, where points are
assigned for letters guessed correctly; 85 is equivalent to 20/20 vision, 70 is equivalent to
20/40, and 50 is 20/100. Acuity declined linearly at a rate of 0.4% per year (95% CI1 0.23-
0.57, R2=0.27, p=2x107°), which is the equivalent of seeing one less letter on the chart every
2 years.
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Table 1:
Baseline Characteristics
Age atonset | Age at Visual Acuity (ETDRS) Visual Field Diameter
initial
visit

ID | Mutation oD (O8] oD | OS
1 €.527+1G>T 48 48 85 | 84 25 25
2 €.527+1G>T 13 13 85 | 84 30 30
3 €.527+3A>G 29 52 61 | 63 25 25
4 €.527+3A>G 28 30 77 | 64 >30 | >30
5 €.527+3A>G 27 70 23 | 51 10 10
6 | c.1060C>T (p.Arg3s4x) 12 24 74 | 69 10| 10
7 ¢.1073+1G>A 40 41 65 | 65 20 20
8 c.1073+1G>A WE 42 82 | 89 >30 | >30
9 €.1073+1G>A nfa 12 92 | 91 >30 | >30
10 | c.1073+1G>A WE 9 90 | 90 >30 | >30
11 | c.1073+1G>A nfa 14 90 | 91 >30 | >30
12 | c.1073+1G>A 28 36 90 | 90 >30 | >30
13 | c.-3_7del (p.Met1?) 17 58 7n|n 15| 15
14 | c.-3_7del (p.Met1?) 10 10 75| 75
15 | c.-3_7del (p.Met1?) 29 62 63 | 53 10| 10
16 | c¢.550_552del (p.Leul84del) 71 71 88 | 82 >30 | >30
17 | ¢.758_767del (p.Gly253fs*317) 19 31 30 | 65 10| 20
18 | c¢.1084delA (p.Met362X) 6 44 44 | 42 5 5
19 | ¢.895T>C (p.Cys299Arg) 63 63 75| 75 >30 | >30
20 | ¢.895T>C (p.Cys299Arg) 1 65 58 | 61 10
21 | c.895T>C (p.Cys299Arg) 21 44 65 | 70
22 | exonlindel: 149 bp deleted/640 bp 46 46 55 | 55

inserted
23 | exonlindel: 149 bp deleted/640 bp 25 50 70 | 75 10 10

inserted
24 | exonlindel: 149 bp deleted/640 bp 14 52 63 | 69 10 10

inserted
25 | exonlindel: 149 bp deleted/640 bp n/a 77 87 | 89 >30 | >30

inserted
26 | exonlindel: 149 bp deleted/640 bp 16 37 79 | 68 15 15

inserted
27 | ¢.390delC (p.Asn131fsX197) 10 21 85 | 85
28 | ¢.390delC (p.Asn131fsX197) 17 48 65 | 65
29 | ¢.390delC (p.Asn131fsX197) 10 16 85 | 85
30 | c.525_526insAG 16 47 69 | 49 15 10
31 | ¢.220C>T (p.GIn74X) 7 9 65 | 75 >30
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