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PURPOSE. More than 200 different mutations in peripherin-2 (PRPH2) are associated with
multiple subtypes of inherited retinal diseases (IRDs), including retinitis pigmentosa and
cone or macular diseases. Our goal was to understand how the poorly characterized
PRPH2 mutation p.Pro210Arg (P210R) affects visual function and retinal structure as
well as gain insight into the mechanism driving the clinical pathology.

METHODS. Eleven patients had clinical assessments including best-corrected visual acuity
(BCVA), full field and multifocal electroretinography (ERG), static (spot size V) and kinetic
perimetry (Octopus 900), and dark-adapted chromatic (DAC; Medmont; spot size V)
perimetry. Images were acquired with the Optos ultra-wide field camera and spectral-
domain optical coherence tomography (SD-OCT). Molecular characteristics of the P210R
mutant protein were evaluated in vitro.

RESULTS. Patients with the P210R mutation had BCVA (Snellen) ranging from 20/15
to 20/80. Perimetry showed a reduction in sensitivity, while ERG findings suggested
that cone function was more impaired than rod function. Scotomas were identified
corresponding to atrophic retinal lesions. Imaging revealed heterogeneous outer retinal
changes such as hyperfluorescent flecks, hypo-autofluorescence (AF) regions of atrophy,
and thinning of the photoreceptor layer on SD-OCT. In vitro findings suggested that
P210R-Prph2 retains the ability to interact with binding partner Rom1 but abnormally
accumulates in the endoplasmic reticulum (ER), suggesting the protein does not fold
properly.

CONCLUSIONS. Rod and cone sensitivities were decreased in subjects with the P210R muta-
tion in PRPH2. There was scotomatous vision loss that occurred within the macula, likely
due to atrophy that occurs after drusen have formed and have begun to resolve. This
suggests that although rod and cone photoreceptors are dependent on PRPH2, prevent-
ing blindness in this specific subgroup of patients could involve therapeutics that impede
the formation or lifecycle of drusen.

Keywords: inherited retinal disease (IRD), peripherin-2 (PRPH2), macular or pattern
dystrophy, drusen

Peripherin-2 (PRPH2), formerly known as retinal degen-
eration slow (RDS), is a retina-specific glycoprotein

that is essential for photoreceptor disc morphogenesis.1–4

PRPH2 co-localizes with its non-glycosylated homologue
retinal outer segment membrane protein 1 (ROM1) to the
rim region of rod outer segment discs and cone lamel-
lae.5–8 Similar to other members of the tetraspanin protein
superfamily, PRPH2 and ROM1 contain four transmembrane
domains, cytoplasmic N- and C-termini, and a small cytoplas-
mic loop in addition to two extracellular/intradiscal loops.
The large second intradiscal loop (D2) is a key functional
domain for PRPH2/ROM1 oligomerization, and proper fold-

ing of this region requires three intramolecular disulfide
bonds mediated by six D2 loop cysteines.9 PRPH2 and ROM1
assemble into hetero-tetramer and -octamer complexes that
are held together by noncovalent interactions in the D2
loop.9–11 Additionally, PRPH2 forms higher order, covalently
linked homo-oligomers, assembled via intermolecular disul-
fide bonds mediated by a seventh cysteine (C150) in the D2
loop. These homo-oligomers are essential for outer segment
disc formation12; mice that cannot form covalently-linked
complexes (e.g. Prph2 C150S) develop photoreceptors that
initiate disc formation but the outer segments fail to elon-
gate and the retina undergoes rapid degeneration.5,13,14
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Conversely, mice without Prph2 expression (Rds mice) are
completely devoid of outer segments1 and a slow degener-
ation of the retina is observed.

Mutations in the PRPH2 gene have been associated with
multiple clinical phenotypes, including pattern dystrophy
(PD), cone rod dystrophy (CRD), retinitis pigmentosa (RP),
and other chorioretinal or macular dystrophies.15 Although
PRPH2 disease is generally autosomal dominant (ad), a
digenic pattern has been reported in conjunction with
specific nonpathogenic variants in ROM1.16,17 A case study
of one patient with a retinal disease has been reported
to harbor only a ROM1 mutation.18 However, this study
did not perform family or molecular analysis to confirm
that the mutation segregated with disease or that the vari-
ant was deleterious to cell function. Without evaluating the
noncoding regions as potential sites for mutations or test-
ing the DNA for copy number variants in known inher-
ited retinal disease (IRD) genes, further studies are needed
to address the ongoing interest in understanding whether
there may be IRDs associated with ROM1 variants. However,
it has been suggested that the presence of ROM1 vari-
ants could modify the clinical presentation19 or increase
the severity of PRPH2-related IRD.20 The PRPH2 variant
c.629C>G (p.Pro210Arg or P210R) is a pathogenic missense
mutation that has been reported in 5 studies, with a total
of 13 identified individuals harboring this mutation.21–25

The P210R mutation occurs within the D2 loop domain,
quite near to 2 of the cysteines involved in intramolec-
ular disulfide bonds (C213/C214), and thus may affect
PRPH2 protein structure. This hypothesis is supported by
evidence from other PRPH2 disease models showing that
introducing mutations at D2 loop cysteines (e.g. C214S,
C213Y, and C150S)13,26–28 or near D2 loop cysteines (e.g.
K153del, Y141C)19,29–31 results in various alterations in
PRPH2/ROM1 complex assembly and consequent struc-
tural and functional defects in rod and cone photorecep-
tors.

Research completed in both the clinic and in animal
models over the past several decades has highlighted that
PRPH2 phenotypes vary from mutation to mutation, and
frequently exhibit significant intrafamilial/within-mutation
phenotypic heterogeneity. These studies are complicated
by the limited sizes of phenotypically characterized patient
cohorts carrying PRPH2 mutations and the need to make
animal models for individual mutations. Here, our goal was
to begin to understand the disease mechanisms associated
with the PRPH2 P210R mutation by conducting clinical eval-
uations of 11 patients combined with in vitro studies to
evaluate molecular and cellular consequences of the P210R
mutation. To date, this is the first report on the disease
mechanism associated with P210R and the largest clinically
characterized cohort of unrelated patients with this PRPH2
mutation.

MATERIALS AND METHODS

Patient Population

Informed consent was obtained prior to examinations. The
data presented here were retrospective analyses of patients
who had been previously determined to harbor the P210R
mutation in PRPH2. Standard operating procedures were
applied for clinical testing that were performed at the Retina
Foundation of the Southwest (Dallas, TX, USA) or Dean
McGee Eye Institute (Oklahoma City, OK, USA). All proce-

dures were approved by institutional ethics review boards
and adhered to the Declaration of Helsinki.

Clinical Evaluation

The best-corrected visual acuity (BCVA) was measured with
the Electronic Visual Acuity Tester (Jaeb Center for Health
Research, Tampa, FL, USA). The eye with the lower acuity
(or the right eye if acuity was the same) was dilated (tropi-
camide 1% and phenylephrine 2.5%) and patched for 30
minutes to allow dark adaptation. During dark-adaptation,
the better-seeing (or left) eye underwent static and kinetic
perimetry (Octopus900; Haag-Streit AG; Koeniz, Switzer-
land) and the Farnsworth Dichotomous32 color (Panel D-
15) test. The kinetic visual fields were mapped using spot
sizes V-4e, III-4e, and I-4e at a speed of 4 degrees /second.
Static perimetry was performed on Octopus 900 (Haag Streit,
Köniz, Switzerland) with a 164 point grid by GATE strat-
egy with spot size V or on the Humphrey Field Analyzer
(HFA; Carl Zeiss Meditec, Dublin, CA, USA) with standard
30-2 Swedish Interactive Threshold Algorithm (SITA) proto-
col following standard procedures. Appropriate refraction
with additional adjustment for age was provided for each
patient when the central visual field was tested. During the
perimetry sessions, the non-examined eye of the patient was
occluded. The dilated and dark-adapted eye was subjected
to dark-adapted chromatic (DAC) perimetry (Medmont Inter-
national Pty Ltd., Victoria, Australia).33,34 Immediately after
DAC perimetry, full-field electroretinography (ffERG; Espion
system; Diagnosis LLC, Lowell, MA, U.S.A.) was performed
on the same dark-adapted eye with the International Soci-
ety for Clinical Electrophysiology of Vision (ISCEV) standard
protocol.35 Multifocal ERG (mfERG) was performed on the
Veris (Veris Science 5.1.10x; EDI, San Mateo, CA, USA) under
standard ISCEV guidelines.35 Results from DAC and ffERG
testing were compared to normal reference values as previ-
ously determined.34,36 Normal references for the Octopus
900, HFA, and mfERG were included in the software.

After functional testing, retinal imaging was performed.
Images were acquired with spectral domain optical coher-
ence tomography (SD-OCT; Spectralis Heidelberg retina
angiography + OCT; Heidelberg Engineering, Inc., Heidel-
berg, Germany). Automatic real-time registration was used
with a mean of 100 scans for high-resolution images of both
eyes (OU). The SD-OCT camera was used to obtain blue
auto-AF (BAF) images of dilated left eyes. For patients D1
and E1, the left eye was dilated after functional testing but
before BAF imaging. Wide-field fundus images of dilated
left eyes were acquired with the Optos camera (Optos PLC,
Dunfermline, UK) to obtain pseudocolored and autofluores-
cence retinal images. The CF-60UD (Canon USA Inc., Lake
Success, NY, USA) was used to collect fundus images. Some
data were previously reported for patients A1, A2, and C1.
These data are indicated with the reference citation in the
tables. Otherwise, the data presented here have not been
previously reported.

Transfection and Plasmids

Plasmid constructs containing a cytomegalovirus (CMV)
promoter driving wild type murine (WT) Prph2, and Rom1
cDNA were cloned into the PKH3 vector using standard
approaches and were generously shared by Dr. Muna Naash
(University of Houston). The P210R mutation was intro-
duced using site-directed mutagenesis and was confirmed
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TABLE 1. Primary Antibodies

Antigen Antibody Species Source Concentration

Prph2 RDS-CT Rbt-PC Dr. Muna Naash12,13 ICC 1:1,000IP: 1ul/sample
Prph2 mAB RDS2B7 Ms-MC Dr. Muna Naash30,61,62 WB 1:500
Rom1 ROM1-CT Rbt-PC Dr. Muna Naash12,13 WB 1:1,000
Rom1 mAB 2H5 Ms-MC Dr. Muna Naash31,62 ICC 1:1000
Calreticulin Calreticulin Ckn-PC Abcam (Ab #2908)19,38 ICC 1:500

PC, polyclonal; MC, monoclonal; WB, Western blot; ICC, immunocytochemistry; IP, immunoprecipitation.

by sequencing. For immunocytochemistry, COS-7 cells were
seeded onto poly-L-lysine-coated (Sigma Aldrich, St. Louis,
MO, USA) cover slips and transfected with calcium phos-
phate transfection as described previously.37 Briefly, 2X
BBS buffer containing 50 mM BES, 280 mM NaCl, 1.4 mM
Na2HPO4, and pH 6.96 with 250 mM CaCl2 was incubated
with vector (2 μg/well) for 30 minutes and then added to the
media (Dulbecco’s modified Eagle’s medium [DMEM] +10%
fetal bovine serum [FBS]) on 70% confluent cultures. The
next day, the media containing the transfection reagents was
replaced and allowed to sit overnight prior to harvesting and
downstream processing. For immunoprecipitation and West-
ern blot, HEK 293T cells were co-transfected using the same
method. Cells were harvested (for Western blot) or fixed (for
immunocytochemistry) 48 hours after transfection.

Protein Analysis

For protein analysis, transfected HEK 293T cells were
washed with 1x PBS, scraped into solubilization buffer (PBS,
pH 7.0, containing 1% [v/v] TX-100, 5 mM EDTA, 5 mg/mL N-
ethyl maleimide [NEM], and protease inhibitors), briefly soni-
cated and then incubated at 4°C for 1 hour. After pelleting
insoluble material in a microfuge, soluble protein content
in extracts was quantified using Bradford reagent (Bio-
Rad) per the manufacturer’s directions. Immunoprecipita-
tion was performed using antibodies against Prph2 (100 εg
protein extract per sample) and reducing SDS-PAGE/Western
blot were performed as described previously.12,19,38 Table 1
lists the primary antibodies used; the secondary antibod-
ies were anti-mouse 800IR/anti-rabbit 680IR (Licor, Lincoln,
NE, USA). Contrast and brightness were increased (uniformly
across the whole blot) to improve visualization.

Immunocytochemistry

Transfected COS-7 cells were washed with 1x PBS and
then fixed in 4% paraformaldehyde for 20 minutes at room
temperature. For immunolabeling, cells were washed in PBS
then blocked for 1 hour in blocking buffer (10% donkey
serum, 1% fish gelatin, 5% bovine serum albumin, and 0.2%
Triton X-100 in PBS). Cells were incubated in primary anti-
bodies (see Table 1) in blocking buffer overnight at 4°C.
Cells were then washed in PBS, incubated with appropri-
ate AlexaFluor-conjugated secondary antibodies (Thermo
Fisher), rinsed again, and mounted using ProlongGold
mounting medium containing 4’,6-diamidino-2-phenylindole
(DAPI; Thermo Fisher). Images were captured on a BX-62
spinning disk confocal microscope equipped with an ORCA-
ER camera (Olympus, Japan) and analyzed with Slidebook
5 software (Intelligent Imaging Innovations, Denver, CO,
USA). Images were captured with a 100x/1.40 oil objec-
tive, and exposure times and display settings (brightness
and contrast) for all images were normalized to a control

section where primary antibody was omitted during process-
ing. No gamma adjustments were made to immunofluores-
cent images.

RESULTS

Retinal Function is Impaired in Patients With the
P210R Mutation

To understand the pathophysiological effect of the missense
mutation c.629C>G, p.Pro210Arg (or P210R) in PRPH2, we
evaluated 11 patients from 7 families who were previously
determined to harbor this mutation. The age of onset was not
recorded for most of the patients but the clinical notes indi-
cated that the subjective onset of visual abnormalities was
highly variable, ranging from childhood (e.g. C1) to adult-
hood (e.g. A2; Table 2). Additionally, Table 2 lists the age of
each patient at the most recent visit, clinical diagnosis, BCVA
(Snellen), refraction, and the results from color vision test-
ing (Farnsworth D-15). The subjects’ age at the most current
visit ranged from 33 to 72 years (mean 49 ± SD 14 years).
Patients were diagnosed with either adPD or macular dystro-
phy (adMD). Two patients (C1 and D1) were initially diag-
nosed with Stargardt disease (STGD1). Because STGD1 is
exclusively associated with the gene ABCA4, the diagno-
sis for these two patients changed to adMD after genetic
testing, which revealed the presence of the P210R mutation
in PRPH2 without additional mutations detected in ABCA4.
Through segregation analysis of the P210R mutation among
family members, subject # A3, the daughter of patient A1 and
subject # A4, the son of patient A2, were found to carry the
family mutation but neither were aware of visual abnormali-
ties at the time of genetic testing. In this cohort, the patients’
BCVA ranged from 20/15 in one patient (A4) to 20/80 in
the oldest patient (E1). All subjects except A3, A4, D2, and
G1 performed the Farnsworth D-15 color discrepancy test.
The results for patient A1 showed Tritanomaly, A2 trended
toward Tritan, and E1 was Protanomaly. The remaining four
subjects (B1, C1, D1, and F1) had normal color discrimina-
tion (see Table 2).

Because PRPH2 mutations are well-known to cause
both rod-dominant and cone-dominant diseases, we next
analyzed the clinical results from electroretinography (ffERG
and mfERG). Some data were acquired at a visit prior to
the most recent visit. In these cases, the age of the patient
at that visit is provided in parentheses (Table 3). Of those
tested with ffERG (n = 8), there were four subjects (B1,
D2, F1, and G1) with normal rod and cone responses and
four (A1, A2, C1, and D1) with cone responses that were
affected to a greater extent than the rod responses (see
Table 3). Figure 1A shows representative ffERG responses
from the left eye (OS) of patient C1, which revealed the rod
response (top waveform) was within normal limits (WNLs)
and the cone response (bottom waveform, black line) was



The Clinical Phenotype Associated With PRPH2 IOVS | July 2022 | Vol. 63 | No. 8 | Article 19 | 4

TABLE 2. Age of Each Patient at the Most Recent Visit, Clinical Diagnosis, BCVA (Snellen), Refraction, and the Results From Color Vision
Testing

Patient Age: Visit/Onset Gender Diagnosis BCVA OD; OS Refraction Color Test

A1 65 y/Childhood F adPD 20/25 OU33 +0.50 + 0.75 × 174; −0.75 + 1.00 × 17033 Tritanomaly or Tritanopy OD
A2 60/50 y M adMD 20/40; 20/5034 Plano Probably normal OD; trended toward Tritan
A3 34 y/NA F At risk 20/20 OU Plano ND
A4 33 y/NA M At risk 20/15 OU Plano ND
B1 43 y/UK M adMD 20/25; 20/32 Unknown Normal OS
C1 33 y/Childhood F STGD1/ adMD 20/20; 20/63 −4.50 + 1.50 × 100; −3.75 + 1.75 × 076 Normal OD
D1 57 y/UK F STGD1/ adMD 20/40; 20/80 Contacts Normal OS
D2 30 y/30 F adMD 20/32 OU Plano ND
E1 72 y/UK F adPD 20/32; 20/80 −2.75 + 0.75 × 152; −4.25 + 1.25 × 017 Protanomaly OS
F1 59 y/UK F adMD 20/63 OU 0.25 + 0.50 × 131; 0.25 + 0.50 × 039 Normal OD
G1 50 y/49 F adMD 20/32; 20/25 Unknown ND

BCVA, best corrected visual acuity; NA, not applicable; UK, unknown; ND, not done; OU, both eyes; OD, right eye; OS, left eye; ad,
autosomal dominant; PD, pattern dystrophy; MD, macular dystrophy; STGD1, Stargardt disease.

TABLE 3. Results From Electroretinography (ffERG and mfERG)

Patient ffERG mfERG

DAC
Central (%
Abnormal;

MD)

DAC Mid (%
Abnormal;

MD)

DAC Far (%
Abnormal;

MD)
Kinetic Visual
Field (VF)

Humphrey
30-2 (MD,

dB) Octopus900

A1 Normal but delayed rod response;
decreased and delayed cone

response OS

OU reduced
(age 58 y)

99%; −14
dB OS

Normal OS Normal OS Para-central IN
scotoma OD

−3.70 OD
(age 58 y)

ND

A2 Normal but delayed rod response;
decreased and delayed cone

response OS

ND Normal OS 8%; −2 dB OS Normal OS Full OD −1.82 OD
(age 56 y)

reduced/scotomas SN,
ST, and IT OS

A4 ND ND Normal OS Normal OS 25%; −5.3 dB
OS

Full OD ND Reduced/scotomas SN,
ST, and IT OS

B1 Normal OD ND 58%; −2
dB OD

11%; −7 dB
OD

25%; −17 dB
OD

Full OS −0.25 OS
(age 41 y)

ND

C1 normal rod response; decreased
and delayed cone response OS

OU reduced
(age 27 y)

100%; −27
dB OS

94%; −7 dB OS 50%; −12 dB
OS

Crescent
scotoma in
macula OD

−14.24 OD
(age 27 y)

Scotomas S and T and
crescent scotoma in
macula OS (age 31y)

D1 Normal rod response; normal but
delayed cone response OD

OD normal;
OS

reduced
(age 48 y)

Normal OD 10%; −27.3 dB
OD

25%; −19 dB
OD

Full OS −3.61 OS
(age 48 y)

Reduced/scotomas SN,
ST, and IT OD

D2 Normal OS ND ND ND ND Full OD ND ND
E1 ND ND 94%; −10

dB OD
56%; −13 dB

OD
92%; −12 dB

OD
ND ND ND

F1 Normal OS ND Normal OS Normal OS Normal OS Full OD ND Reduced/scotomas SN,
ST, and IT OD

G1 Normal OD OD reduced;
OS ND

ND ND ND ND ND ND

Note: These examinations were unavailable for patient A3.
ND, not done; MD, mean deviation of abnormal loci from the lower limits of age/location-corrected normal values; mid, mid-peripheral;

far, far-peripheral; I, inferior; N, nasal; T, temporal; S, superior; OU, both eyes; OD, right eye; OS, left eye.

subnormal (dashed line) in amplitude. Seven eyes from four
subjects (A1, C1, D1, and G1) received an mfERG to test
the cone responses at the central 30 degrees of the macula.
The mfERG results revealed reductions in response densi-
ties (see Fig. 1B, right eye [OD] for patient G1) compared to
normal reference responses (see Fig. 1C) in five (out of 7)
eyes (see Table 3). All of the reductions were found in the
foveal responses and in areas that correspond to atrophy
(hypo-AF) on retinal images. Recordings from ERG suggest
that the P210R mutation in PRPH2 is primarily detrimental
to the cone photoreceptors compared to the rod photorecep-
tors. To further delineate the effect of the P210R mutation
in PRPH2 on rod and cone function, perimetry examina-
tions were performed to determine visual field (VF) defects
under dark-adapted and room lighting conditions. Of those
who completed dark-adapted static perimetry (DAC testing)
of the full retina (n = 8; see Table 3), only patient F1 had

normal sensitivity at all test points throughout the VF (not
shown). Figure 2 shows the heat maps of rod sensitivities
(dB) for patients A1 (A), A2 (B), A4 (C), C1 (D), B1 (E),
D1 (F), E1 (G), and a normal control (H). Additionally, we
compared the mean local sensitivity (dB) to stimuli testing
points in the central retina, mid-peripheral, or far-peripheral
retina to age-matched normal control sensitivities.34 Of the
eight patients who received DAC testing, four (A2, A4, D1,
and F1) had normal sensitivity for all loci tested in the central
retina whereas the remaining four (A1, B1, C1, and E1) had
sensitivity below normal (average mean deviation [MD] −13
dB ± 9 STDV) for the majority (58–100%) of the loci tested.
For the mid- and far-peripheral loci, the average MD was
−11 ± 9 dB (n = 5) and −13 ± 5 dB (n = 5) below normal,
respectively, which represented defects from 8% to 94% and
25% to 92% of the tested loci, respectively (see Table 3).
These data indicate that the P210R PRPH2 mutation also
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FIGURE 1. Representative electroretinography responses. (A) The ffERG responses from the left eye (OS) of patient C1 rod response
(top) amplitude within normal limits (WNL) and decreased amplitude for the cone response (bottom; solid black line) compared to normal
(gray dashed line). (B) The mfERG of the right eye (OD) from patient G1 revealed reduced amplitudes compared to the (C) normal reference
response densities. N, nasal; T, temporal.

FIGURE 2. Dark-adapted chromatic perimetry results showing rod sensitivity measured throughout the visual field. Sensitivity (dB)
of loci tested in the left eyes (OS) of patients A1 (A), A2 (B), A4 (C), and C1 (D). Sensitivity of loci tested in the right eyes (OD) of patients
B1 (E), D1 (F), and E1 (G), and a 43-year-old normal-sighted control. Blue colors indicate better rod function whereas red areas specify loci
that were not detected with the brightest intensity of the stimulus. Eccentricity 0, 0 was the position of the fovea. The blind spot in the field
is the red spot slightly below the horizontal midline at −10 degrees to −15 degrees OS or 10 degrees to 15 degrees OD. No (red), or 0 dB
means that the patient did not see the stimulus at the brightest intensity.

causes localized functional abnormalities in rod photorecep-
tors not detectable by ffERG.

Kinetic and static perimetry were examined to determine
if VF defects were related to cone-mediated vision. Overall,
the kinetic VFs were full (similar to a normal VF) or slightly
reduced compared to normal (see Table 3) in patients carry-
ing the P210R PRPH2 mutation. Additionally, two subjects
(A1 and C1) had scotomas in the central field that were
mapped with multiple perimetric examinations (see Table 3).
Although kinetic VFs were full, static perimetry revealed
a universal and generalized reduction in sensitivity in the
central (HFA and Octopus 900) and the far peripheral VFs
(Octopus 900). Altogether, the perimetry outcomes showed
retina-wide dysfunction of rods and cones with increased
damage localized to the macula and far peripheral VF.

P210R Retinas Exhibit Structural Abnormalities
Characteristic of Retinal Degeneration

After we evaluated the visual and photoreceptor func-
tion from patients with the P210R mutation in PRPH2,
we assessed retinal structure using fundus photography
(pseudo color and autofluorescence [AF]) and SD-OCT imag-
ing. Fundus images were available for A1, A2, C1 (left eyes
shown in Fig. 3A), and E1 (not shown), which demonstrated
a spectrum of clinical features associated with this muta-
tion. The fundus appearance of patient A1 showed conflu-
ent areas of chorioretinal atrophy concentrated within the
posterior pole, whereas her brother (A2) had a relatively
normal fundus image (see Fig. 3A). Patient C1 had fundus
abnormalities, including multifocal areas of chorioretinal



The Clinical Phenotype Associated With PRPH2 IOVS | July 2022 | Vol. 63 | No. 8 | Article 19 | 6

FIGURE 3. Left eye fundus images from patients with the P210R mutation in PRPH2. (A) Wide-field pseudo-colored and (B) autofluo-
rescent (AF) images from patients A1, A2, and C1. (C) Blue-wavelength AF images from patients A1 (age 60 years), A2, E1, and D1. Patient
age when the image was acquired is in parentheses.

FIGURE 4. Right eye spectral-domain optical coherence tomography (SD-OCT) images from patients with the P210R mutation in
PRPH2. NIR images (left) showing the horizontal axis (green line) of the scan position of the SD-OCT images (right) from patients A1 (A),
A2 (B), A4 (C), B1 (D), C1 (E), D1 (F), D2 (G), E1, (H), F1 (I), and G1 (J). Note that SD-OCT was not obtained for patient A3. White boxes,
foveal sparing; red arrows, foveal drusen; yellow arrows, parafoveal drusen; black arrows, breaks in the photoreceptor inner/outer segment
(ellipsoid) junction; blue arrows, migrating retinal pigment epithelium (RPE). Outer nuclear layer (ONL), and external limiting membrane
(ELM).
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FIGURE 5. P210R Prph2 retains the ability to bind Rom1 but accumulates abnormally in the ER. COS-7 cells were single transfected
with P210R-Prph2 (A) or WT-Prph2 (B), and cells were labeled for Prph2 (red) and the ER marker calreticulin (green); and nuclei are
counterstained with DAPI (blue). P210R accumulated in the ER (yellow), in contrast to WT-Prph2 (red) which was distributed in punctae
throughout the cell. (C-D) COS-7 cells were double transfected with P210R-Prph2 (C) or WT-Prph2 (D) and Rom1 and labeled for Prph2
(red), Rom1 (blue), and calreticulin (green); and the nuclei are counterstained with DAPI (grey). WT-Prph2 and Rom1 co-localized (magenta)
with very little found in the ER (green). P210R-Prph2 and Rom1 exhibited some co-localization in the ER (white signal, orange arrow), and
the small amount of P210R that exited the ER (red, red arrows highlight examples) did not appear to co-localize with Rom1 (blue, blue
arrows highlight examples). Images captured at 100x, scale bar is 10 μm for all images, A and C show two different representative cells. (E-F)
HEK 293T cells were co-transfected with P210R-Prph2 and Rom1 (E) or WT-Prph2 and Rom1 (F). Prph2 antibodies (RDS-CT) were used to
immunoprecipitated (IP) Prph2 complexes from cell lysates. Blots were immunoblotted (IB) for Prph2 or Rom1. Input, starting lysate; Pre.,
preclear; beads + IgG; Bound, fraction bound to Prph2 antibody; Un., unbound flow through.

atrophy and pigment clumps extending to the mid-periphery
(see Fig. 3A). Optos AF images showed significant hypo-
AF regions of retina and retinal pigment epithelium (RPE)
atrophy in the posterior pole with peripapillary sparing for
patients A1 and C1, whereas patient A2 only showed focal
foveal hyper-AF (see Fig. 3B). Also presented in Figure 3
are the blue-wavelength AF images from the left eyes (OS)
showing hyper-AF flecks in the macula but the patterns of AF
were dissimilar (see Fig. 3C). The blue-wavelength AF image
for patient A1 at age 60 years (see Fig. 3C) demonstrated
multiple atrophic lesions that expanded and coalesced by
age 65 (see Figs. 3A, 3B). In contrast, patient E1 demon-
strated diffuse punctate areas of hypo-AF interspersed with
hyper-AF flecks, and patient D1 displayed a Stargardt-like
hyper-AF pattern in the macula (see Fig. 3C). In summary,
the fundus evaluations provided evidence for the heteroge-
neous structural damage to the RPE and retina when an indi-
vidual harbors the P210R mutation in PRPH2.

To assess the retinal layers in greater detail, macula scans
from SD-OCT were available for examination for all subjects
except A3 (Fig. 4). A near-infrared reflectance (NIR) image
(left panel) acquired simultaneously shows the location of
the horizontal line scan through the fovea (green line) of
the SD-OCT image (right panel). Patient A1 had atrophy of
the outer retinal layer with a relatively spared foveal island
(see white box in Fig. 4A). For patient A2, the central hyper-
AF signal was revealed as subfoveal drusen (red arrow), with
distortion of the normal foveal contour (see Fig. 4B). The son
of A2, patient A4, had small reflective pisciform deposits on
the NIR image (left panel, yellow arrows) corresponding to
small juxtafoveal RPE deposits with elevated/intact overly-

ing ellipsoid (yellow arrows; insets) on SD-OCT (see right
panel in Fig. 4C). Patient B1 had subfoveal (red arrows)
and juxtafoveal (yellow arrows) deposits associated with
breaks in the ellipsoid band and pigment migration (blue
arrow), as well as temporal ellipsoid band disruptions not
obviously associated with subretinal deposits (see black
arrows in Fig. 4D). Patient C1 (see Fig. 4E) had foveal spar-
ing of the ellipsoid band (white box), with irregularities of
nasal ellipsoid band and degeneration of the temporal outer
retina (see Fig. 4E). Patient D1 had small juxtafoveal drusen
(yellow arrows) along with a break in the temporal aspect
of the ellipsoid band (see black arrow in Fig. 4F). However,
her daughter, patient D2, did not have any obvious retinal
changes on SD-OCT and this image was therefore used to
illustrate the magnified retinal layers (see inset in Fig. 4G).
Patient E1 had temporal outer retinal thinning with foveal
sparing (see white box in Fig. 4H). Confluent subfoveal
drusen (red arrows) were found on the SD-OCT image from
patient F1 (see Fig. 4I). Finally, ellipsoid band disruption was
detected temporally and juxtafoveally (black arrows) with
pigment migration (blue arrow) in patient G1 (see Fig. 4J).
Altogether, the right eye SD-OCT line scans through fixation
revealed heterogeneous outer retinal changes with or with-
out foveal sparing (see Fig. 4).

P210R-Prph2 Retains the Ability to Interact With
Rom1, but Accumulates in the ER

To help understand the molecular and cellular effects of the
P210R mutation we undertook in vitro evaluation of P210R
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Prph2 mutant protein. To evaluate whether P210R Prph2
could traffic out of the ER, COS-7 cells were single trans-
fected with P210R-Prph2 (Fig. 5A) or WT-Prph2 (Fig. 5B).
Cells labeled for Prph2 (red) and the ER marker calretic-
ulin (green) showed that P210R-Prph2 largely accumulated
in the ER (see yellow in Fig. 5A). In contrast, WT-Prph2 was
largely distributed as expected outside the ER, in punctae
throughout the cell (see red in Fig. 5B). Previous studies test-
ing different mutations showed that accumulation of some
mutant Prph2 proteins in the ER was decreased by the pres-
ence of Rom1,19 so we asked whether the localization of
P210R-Prph2 was altered by co-expression with Rom1. COS-
7 cells were double transfected with Rom1 and P210R-Prph2
(Fig. 5C) or WT Prph2 (Fig. 5D). Cells were labeled for Prph2
(red), Rom1 (blue), and calreticulin (green). P210R-Prph2
and Rom1 exhibited co-localization in the ER (orange arrows
highlight white signal resulting from red/green/blue overlap
in Fig. 5C) whereas WT-Prph2 and Rom1 were co-localized
(magenta) throughout the cytoplasm with very little detected
in the ER (see green in Fig. 5D). These results suggest that
the P210R-Prph2 contributed to abnormal accumulation of
Rom1 in the ER. In addition, there was some P210R-Prph2
and Rom1 detected outside the ER, but they did not co-
localize (note distinct red and blue punctae, some exam-
ples highlighted with arrows of respective colors in Fig. 5C).
These data suggest that P210R promotes abnormal folding
and ER retention of Prph2 and may also lead to the seques-
tration of Rom1 in the ER. To determine whether the P210R
mutation affected the ability of Prph2 and Rom1 to oligomer-
ize, we performed immunoprecipitations (IPs) followed by
Western blot analysis on lysates from HEK293T cells that
had been co-transfected with Rom1 and either P210R-Prph2
(Fig. 5E) or WT Prph2 (Fig. 5F). Using an antibody against
the Prph2 C-terminal, IP pulled down Rom1 and both P210R-
Prph2 (see Fig. 5E) and WT Prph2 (see Fig. 5F), suggesting
that the P210R mutation does not block the ability of Prph2
and Rom1 to oligomerize.

DISCUSSION

Here, we have demonstrated the clinical features associated
with eleven patients who harbor the P210R mutation in
PRPH2. Recently, Oishi et al.39 reported that the missense
mutation P210R causes autosomal dominant RP.15 This clini-
cal diagnosis was likely based on the observation of pigment
clumping that occasionally occurs in these patients (see
Fig. 3A, patient C1). However, the patients in the present
cohort had features of macular dystrophy (adMD or adPD)
whereas patients with RP classically show bone spicules,
arteriole narrowing, and optic nerve pallor. Based on our
present findings, we conclude that the P210R mutation in
PRPH2 is associated with a clinical diagnosis of dominantly
inherited maculopathy (adMD or adPD).

Patients with cone-associated mutations in PRPH2 are
often clinically diagnosed with STGD1 before the genetic
diagnosis is confirmed. This is likely due to the pheno-
typic similarities on fundoscopy and lack of clinical tests
that can accurately differentiate these diseases. A difference
between STGD1 and PRPH2-associated maculopathy is that
STGD1 is classically an early onset (childhood) autosomal
recessive IRD due to bi-allelic mutations in the gene ABCA4
whereas PRPH2-related retinopathy is autosomal dominant
(or digenic) and the disease onset can begin as early as child-
hood but is more often delayed until adulthood. However,
it should be noted that adult onset STGD1 is not uncom-

mon and PRPH2-related IRD can present as simplex due to
reduced penetrance and/or subclinical disease which adds
to the difficulty in differentiating the diseases prior to genetic
testing. Within our cohort, the age of onset was unknown for
the majority of patients (see Table 2). Because of the domi-
nant inheritance of PRPH2-associated disease, families with
a known mutation are more likely to be vigilant at moni-
toring their child’s vision and therefore a diagnosis would
be sought at an earlier age. However, for those without
a known family history, diagnosis may be delayed due to
the slow onset and insidious progression of disease, thus
complicating correlation of age-of-onset with patient geno-
type. Visual function appears largely preserved in patients
harboring the P210R mutation in PRPH2, except in cases
with foveal involvement (e.g. A2 or F1; see Figs. 4B, 4I).
Patients A3 and A4 denied vision problems, and only mild
defects were observed for patient A4, such as slight reduc-
tions in rod and cone sensitivities (see Table 2; Fig. 2C), as
well as early evidence of drusen on SD-OCT imaging (see
Fig. 4C). Often, patients with PRPH2-related disease have
ffERG responses within the normal range.36 However, as the
disease evolves, ERG defects can begin to appear, and the
ERG data presented for the current group of patients suggest
that photoreceptor dysfunction occurs in cones prior to rods
for patients harboring the P210R mutation in PRPH2.

Tritan defects (loss of short wavelength cones) are known
to be associated with acquired color blindness in patients
with RP40 and as a result of aging (≥70 years).41 Additionally,
cataracts, glaucoma, and age-related macular degeneration
can also cause someone to test with Tritanomaly. Siblings
A1 and A2 had a family history of glaucoma and were the
only subjects with Tritan abnormalities. The oldest patient in
this cohort (72 years) was E1 who tested with Protanomaly.
Protanopia is a complete loss of the normal function of long
wavelength cones (L-cones), meaning that the patient did not
see red hues. Protanomaly has been associated with progres-
sive cone dystrophies and RPE dystrophies.42 Although one
patient does not provide unequivocal evidence, the color
discrimination test results could mean that the P210R muta-
tion may be detrimental to the red cones at later stages of
the disease in the absence of additional eye disease (such as
glaucoma)43–46 contributing to blue cone pathology. More
research is needed to test this theory. Interestingly, in Rds
heterozygous mice (Rds/+, a loss-of-function RP model),
the red/green cones were more vulnerable to deterioration
than the blue cones.47 However, this does not occur in all
cases, and in several Prph2 mouse models carrying muta-
tions that lead to severe defects in cone function (e.g. R172W,
K153del, and C213Y) both short-wavelength (UV) and long
wavelength (red/green) cones are similarly affected.26,29,48

However, care must be taken when applying these findings
to human patients, as most mouse cones express both S- and
M- opsins (rather than a single cone opsin type).49,50 In addi-
tion, the evaluation of S- versus M- cone function in murine
Prph2 models was done at earlier ages (1–6 months) so it is
possible that preferential effects on one cone subtype could
occur at later ages.

ABCA4 is an ATP-binding cassette (ABC) superfamily
transmembrane protein that is responsible for clearance
of all-trans-retinal aldehyde-phosphatidylethanolamine
(retinaldehyde-PE), a byproduct of the phototransduction
process.51 In the presence of bi-allelic mutations in ABCA4,
the retinaldehyde-PE accumulates in the form toxic vitamin
A dimers such as N-retinylidene-N-retinylethanolamine
(A2E) that comprise lipofuscin which are then deposited
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in the RPE after phagocytosis of the photoreceptor outer
segments. Fundus hyper-AF flecks are associated with
both STGD1 and PRPH2-associated disease. In STGD1, the
hyper-AF flecks arise from the reflective lipofuscin granules
that accumulate in the RPE. The reason for the formation of
drusenoid deposits in patients with a PRPH2 mutation has
yet to be determined. Because both PRPH2 and ABCA4 are
localized to the outer segment rim, one possibility is that
the mutant PRPH2 sequesters ABCA4 in the ER, therefore
reducing the clearance of toxic byproducts of phototrans-
duction and the accumulation of lipofuscin that are found
in drusen. An alternative hypothesis is tied to the abnormal
structure of outer segment discs in Prph2 mutant models.
Animal models have shown that most PRPH2mutations lead
to the formation of abnormal whorl shaped outer segments
in which discs are highly elongated (prompting the swirl
pattern), rather than stacking nicely in a columnar outer
segment. Such an arrangement would increase the distance
between ABCA4 protein (at the disc rim) and the photo-
transduction components that are distributed throughout
the disc. Both options would help explain the later onset
of PRPH2-related IRD compared to STGD1, because in
both cases some level of ABCA4 would still be available
in the outer segments, even if at reduced levels. The fovea
is comprised of cone receptors for high visual acuity so
that the region of the retina has very high energy demand
and high levels of visual pigment turnover. As a result, the
deleterious effects of drusen are exacerbated in the fovea
and play a key role in diseases such as STGD1. However,
in contrast to the usual case in STGD1, most patients in
our P210R PRPH2 cohort had some level of foveal sparing
except for patients A2 (OU), B1 (OU), E1 (OS), and F1
(OS; see Fig. 4 and Supplementary material), highlighting
additional differences between PRPH2-asoociated disease
and ABCA4-associated disease. The patients without foveal
sparing in the right eyes (A2 and B1) were affected with
foveal drusen. The left eyes of E1 and F1 had foveal atrophy,
which may indicate localization of resolved drusen. An
alternative mechanism for PRPH2 disease phenotypes in
the RPE could be tied to the build-up of abnormal mutant
PRPH2 complexes and associated abnormal outer segment
structures, and thus be independent of ABCA4. The RPE
phagocytoses and degrades large quantities of lipid and
protein as part of outer segment turnover, and it is not clear
to what extent the ability of the RPE to perform this role
effectively may be altered by the accumulation of mutant
PRPH2 protein complexes and/or abnormal outer segment
structures. However, this would not explain the hyper-AF
drusen associated with the P210R mutation.

Mouse models have revealed that PRPH2 plays a differ-
ent role in rod vs. cone photoreceptors. In Prph2 knock out
mice, rod outer segments fail to form1 whereas cone outer
segments retain balloon-like membranous lamellae that lack
rims but retain the ability to mediate phototransduction.52

Yet, it is still unclear why some PRPH2 mutations result in
rod dominant retinal disease (adRP) whereas others, such
as P210R, lead to a cone phenotype (adMD or adPD). Data
from animal models have suggested that loss-of-function
mutations and resulting haploinsufficiency initially target
rods with cone defects developing later, whereas dominant-
negative or gain-of-function mutations often lead to initial
cone-dominant defects with rod changes occurring subse-
quently. For rod receptors, it has been previously deter-
mined that normal outer segment structure requires 60%
to 80% of normal PRPH2 protein,47,53,54 and that reduced

PRPH2 levels lead to earlier onset defects in rod struc-
ture and function. In contrast, data from mouse models
suggest that PRPH2 mutations that lead to abnormalities
in PRPH2-ROM1 complex assembly are more deleterious to
cones than rods.47,55,56 Interestingly, human patients with a
heterozygous deletion of PRPH2 results in macular disease.
Although the specific mechanisms underlying these species
differences are unknown, one critical difference between the
mouse and human retina is the lack of a macula in mice,
making it difficult to specifically model macular disease
mechanisms. Further evaluation is clearly needed to fully
comprehend how different mutations, modifiers, or protein
levels affect rod and cone photoreceptors both inside and
outside the macula.

Previous studies using mouse models and cultured cells
have shown that Prph2 mutations can lead to diverse molec-
ular and cellular effects, including impaired protein fold-
ing, impaired protein trafficking, and impaired Prph2-Rom1
complex assembly, all of which can contribute to struc-
tural and functional defects in rod and cone photorecep-
tors.14,19,31 Initial PRPH2 complex assembly with ROM1
begins in the inner segment where the two proteins form
homo- and hetero-tetramers which then traffic to the outer
segments. Once in the outer segment, they assemble into
higher complexes held together by intermolecular disulfide
bonds.6,12,57 PRPH2-ROM1 noncovalent interactions occur in
the first half of the PRPH2 D2 loop (Tyr140-Asn182),10 so
it is not surprising that our in vitro data show that P210R-
PRPH2 retains the ability to interact with ROM1. However,
accumulation of the mutant P210R protein (and retention
of some ROM1) in the ER suggest that the P210R muta-
tion may contribute to misfolding of other parts of the
D2 loop and subsequent abnormalities in the assembly of
larger PRPH2-ROM1 complexes. This hypothesis is consis-
tent with our observations from other PRPH2 mutants,19 but
further evaluation of the molecular and biochemical effects
of the P210R mutation would require a more tissue-like envi-
ronment, such as a mouse model or patient-derived reti-
nal organoid. Many PRPH2 mutants cause rod and cone
disease in both humans and animal models.15,29,31 We found
that in several of the P210R patients as well, for example,
patients with adMD or adPD due to the P210R mutation in
PRPH2 also exhibited rod dysfunction (see Table 3, Fig. 2).
Together, these results suggest that the P210R mutation may
lead to diminished ability to form stable, correctly assembled
PRPH2-ROM1 complexes thus leading to defects in both
rods and cones.

The role of ROM1 and other potential modifier
genes is also worth exploring. Single ROM1 mutations
are not pathogenic, but the PRPH2 mutation, c.554T>C
(p.Leu185Pro), causes adRP only in digenic situations when
the patient also harbors one of three known variants in the
ROM1 gene.17 The three known ROM1 variants digenic with
PRPH2 are two frameshift mutations and a p.Gly113Glu
mutation.16,17 This digenic inheritance is relatively rare,
accounting for 0.5% to 3% of cases of patients with domi-
nant or recessive RP in a population of predominantly
European origin.16 Because many PRPH2 disease mutations
are associated with a high degree of inter-family pheno-
typic heterogeneity, there has also been interest in explor-
ing the role of potential modifier genes. Potential modifier
genes/alleles explored thus far include single nucleotide
polymorphisms in ROM1, PRPH2 haplotypes in trans, and
variants in ABCA4.19,20,58 The increased availability of next
generation sequencing has increased the ease with which
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novel variants can be identified, and more and more complex
IRD inheritance patterns continue to emerge in which multi-
ple pathogenic mutations are present.4,19,20 In this work, we
did not investigate the potential disease modifying effect of
ROM1 variants. Although none of the patients had “likely
pathogenic” or “pathogenic” mutations in ROM1, common
single nucleotide polymorphisms in ROM1 (or aforemen-
tioned genes/alleles) that may modify the phenotype are not
well-characterized and the number of patients here was too
small for statistical evaluation of modifying effects.

In conclusion, we here present data showing that the
P210R-PRPH2mutation is associated with decreased rod and
cone sensitivity, but that vision loss was most pronounced
in the macula, likely due to atrophy that occurs after drusen
have formed and begin to resolve. Our in vitro data suggest
that this may be tied to abnormalities in the folding and/or
trafficking of P210R mutant PRPH2, and that experiments
using more sophisticated model systems would be highly
beneficial in further elucidating the cellular and molecular
mechanisms of P210R-associated disease. However, the asso-
ciation of drusen with vision loss in these patients suggests
that, in common with other PRPH2 mutations, a full under-
standing of the disease process must include evaluation
of secondary effects of photoreceptor abnormalities in the
RPE.31,59,60 Likewise, our findings suggest that although rod
and cone photoreceptors are dependent on PRPH2, prevent-
ing blindness in this specific subgroup of patients could
involve therapeutics to impede the lifecycle of drusen forma-
tion and subsequent atrophy.
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