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Abstract
Peripherin 2 (Prph2) is a photoreceptor tetraspanin, and deletion of codon 153 (K153D) leads to retinitis pigmentosa, pattern
dystrophy, and fundus flavimaculatus in the same family. To study this variability, we generated a K153D-Prph2 knockin
mouse. K153D-Prph2 cannot form the complexes required for outer segment formation, and in cones cannot interact with its
binding partner rod outer segment membrane protein 1. K153D causes dominant defects in rod and cone function; however,
rod but not cone ultrastructure is improved by the presence of K153D-Prph2. Likewise, supplementation of K153D
heterozygotes with WT-Prph2 results in structural but not functional improvements. These results support the idea that mu-
tations may differentially affect Prph2’s role as a structural component, and its role as a functional protein key for organizing
membrane domains for cellular signalling. These roles may be different in rods and cones, thus contributing to the pheno-
typic heterogeneity that characterizes diseases associated with Prph2 mutations.

Introduction
Peripherin 2 (Prph2 also/previously known as retinal degenera-
tion slow/RDS) is a 346 amino acid glycoprotein with four trans-
membrane domains (1). Over 151 mutations in the Prph2 gene
have been implicated in the pathogenesis of several varieties of
human retinal degenerative diseases including autosomal dom-
inant retinitis pigmentosa (RP) and various forms of macular
dystrophy (Human Gene Mutation Database http://www.hgmd.
cf.ac.uk/ac/gene.php?gene¼PRPH2, last accessed 24 June 2016).
Prph2 is a structural protein essential for the formation of rod
and cone outer segments (OSs), and in its absence photorecep-
tors terminate at the connecting cilium (2). The Prph2 protein
contains a highly conserved large intradiscal loop, called D2, of
approximately 150 amino acids. The D2 loop plays an important
role in the Prph2 complex assembly necessary for disc

formation and stabilization (3–7), and many disease-causing
mutations are located in the D2 loop (8,9).

Prph2 forms non-covalent homo- and hetero-tetramers with
its non-glycosylated homologue, rod outer segment membrane
protein 1 (ROM1) (5,6), another member of the tetraspanin fam-
ily also localized to the disc rim region of both photoreceptor
cell types. These tetramers are assembled in the inner segment
and then traffic to the rim region of the OS where they further
complex through intermolecular disulphide bonds to form
octamers and higher-order oligomers (4). These disulphide
linked complexes are essential (5,7); when the cysteine that me-
diates the covalent linkage (C150) is ablated, OSs fail to form
(3,10). Though ROM1 forms covalent linkages and is found in
the octameric complexes; it does not participate in higher-order
oligomers (3,4). Elimination of Rom1 (Rom1-/-) leads to much
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more minor phenotypes (11) than the elimination of Prph2 (2); it
is thought to play an ancillary or regulatory role rather than a
key structural one. However, studies evaluating Rom1 focused
on rods (11), so it is not clear what its role is in cones. In addi-
tion, ROM1 mutations have recently been shown to act as ge-
netic modifiers in some cases of Prph2-associated macular
disease (12), suggesting that ROM1 should not be overlooked.

One of our goals has been to explore the mechanisms under-
lying the widely varying phenotypes associated with Prph2 mu-
tations, and here we focus on a three base pair deletion
mutation which eliminates lysine at position 153 or 154 in the
Prph2 D2 loop. This mutation, which is referred to as K153D,
produces clinically variable phenotypes in patients even in the
same family (13). Patient phenotypes range from the largely
rod-dominant RP, to more macular phenotypes such as pattern
dystrophy (PD) and fundus flavimaculatus. This high degree of
phenotypic heterogeneity and variation in age-of-onset, sever-
ity and penetrance is common to many Prph2 disease muta-
tions. This variety complicates the study of disease
mechanisms and the development of therapeutics, and makes
studies evaluating disease mechanisms essential to progress in
the field. Here, we generate a K153D Prph2 knockin mouse model
to evaluate the molecular disease mechanisms associated with
mutant Prph2, in order to facilitate understanding of the human
disease.

We show exciting new data suggesting that defects in Prph2/
Rom1 complex assembly underlie rod versus cone differences
in Prph2-associated pathologies. We find that K153D Prph2 can-
not form the intermolecular disulphide linkages or higher-order
Prph2 complexes known to be required for OS formation, and
that in cones but not rods this leads to an elimination of Prph2/
Rom1 binding. These divergent defects in complex assembly in
rods versus cones also affect disease phenotypes. In the pres-
ence of WT Prph2 (as in patients), the K153D allele causes domi-
nant defects in rod and cone function. However, these
functional defects do not correlate with structural outcomes;
rod but not cone ultrastructure is actually improved by the pres-
ence of one allele of K153D Prph2 (compared to Prph2þ/�), sug-
gesting a disconnect between the two cell-types in terms of the
structural and functional roles of Prph2, and signifying that mu-
tations can impact one but not the other.

Results
K153D Prph2is expressed in knockin retinas

We generated a knockin mouse line carrying the three base pair
deletion which leads to the K153Dmutation (abbreviated KD) in
the native Prph2 locus (Fig. 1A). The heterozygous (Prph2KD/þ)
mice genetically mimic the human patients (who carry one
wild-type [WT] and one mutant allele), but we also evaluated
homozygous Prph2KD/KD retinas to study the mutant protein,
since it cannot be distinguished from the WT Prph2 using anti-
bodies. Controls included WT animals and those heterozygous
or homozygous for the naturally occurring Prph2 null allele
(called rds, and previously referred to as rds/rds, rd2, and rds�/�)
(2,14). For simplicity’s sake, we will refer to these lines as
Prph2þ/� and Prph2�/�, respectively. The Prph2þ/� is an espe-
cially useful model as it exhibits a well-characterized haploin-
sufficiency RP phenotype (14,15).

At postnatal day (P) 30, levels of Prph2 transcript (measured
by qRT-PCR) in Prph2KD/KD retinas were not significantly different
from WT (Fig. 1B), confirming that the knockin allele was tran-
scribed normally. We next measured Prph2 and Rom1 protein

levels densitometrically. Levels are plotted for each genotype as
the percent of Prph2/Rom1 compared to WT (after normalizing
to actin). We found that Prph2 protein levels in Prph2KD/KD were
significantly reduced to �20% of WT (Fig. 1C, ***P< 0.001 by 1-
way ANOVA with Bonferroni’s post-hoc comparison), suggest-
ing that the K153D mutation rendered the protein unstable.
Prph2 levels in Prph2KD/þwere also reduced to �80% of WT,
though the difference was not statistically significant, and
mean Prph2 levels were higher than those found in the Prph2þ/�

(�60% of WT). Rom1 levels paralleled these changes in Prph2,
and were reduced in both the Prph2KD/þ (to �75% of WT) and the
Prph2KD/KD retina (to �15% of WT, Fig. 1D).

K153D Prph2 leads to significant reductions in rod
structure and function

In some patients, K153Dis associated with RP (13). Therefore to
evaluate rod function, we performed full-field scotopic electro-
retinography (ERG). Figure 1E shows representative ERG wave-
forms at P30 with quantification of maximum amplitudes at
P30, P180 and P365 (Fig. 1F–H, respectively). A significant (�63%)
reduction in maximum scotopic a-wave was observed in
Prph2KD/þversus WT at P30 (Fig. 1F), a defect also reflected in
maximum scotopic b-wave amplitudes. This decrease worsened
at P180 and P365 (Fig. 1G–H). At early time-points, scotopic
ERG amplitudes were slightly worse in Prph2KD/þcompared to
Prph2þ/� (Fig. 1F), and though statistical significance was lost at
later ages, mean scotopic ERG values continued to be lower in
Prph2KD/þcompared to Prph2þ/� at all time-points tested. When
examined in light of our observation that total Prph2 protein
levels in the Prph2KD/þwere �80% of WT, an amount of Prph2
that has previously been shown to rescue the Prph2þ/� pheno-
type (16), this suggests that the K153D Prph2 mutant protein
is largely non-functional in rods, and may in fact have
some dominant-negative effect. Scotopic ERG amplitudes in
Prph2KD/KD were very low and not significantly different from
those in the Prph2�/� retinas at P30 (Fig. 1F), though waveforms
show some signal when compared to Prph2�/� (Fig. 1E). Given
the virtually undetectable nature of scotopic responses in
Prph2KD/KD and Prph2�/� at P30 these animals were not evaluated
at later time-points.

We next assessed the effects of the K153D allele on rod struc-
ture. As shown in light micrographs, at P30, overall retinal lami-
nation in animals carrying the K153D allele was normal (Fig. 2A,
top). Likewise, outer nuclear layer (ONL) thickness (Fig. 2B) was
not changed between Prph2þ/�, Prph2KD/þ, and WT. However, on
the ultrastructural level, substantial differences were seen be-
tween them (Fig. 2a, bottom). Rod OSs in the Prph2þ/� consist of
large abnormal whorls (Fig. 2A, arrows), and overall length is sub-
stantially decreased from the WT (Fig. 2C and (15,17)). However,
although the thickness of the OS layer (Fig. 2C) in the Prph2KD/þ

is comparable to Prph2þ/�, the ultrastructure of OSs in the
Prph2KD/þ is improved. OSs in the Prph2KD/þexhibit better disc
stacking (Fig. 2a, bottom, arrowheads) and alignment (albeit not
to the level of the WT), and rarely display the large whorls char-
acteristic of the Prph2þ/�. This improvement in OS stacking is re-
flected in higher mean rhodopsin levels in the Prph2KD/

þcompared to Prph2þ/� (***P< 0.001 by 1-way ANOVA, Fig. 2D). As
expected due to OS shortening, rhodopsin levels in the Prph2þ/�

are �33% of WT, while those in the Prph2KD/þare �59% of WT. A
small subset of WT, Prph2þ/�, and Prph2KD/þanimals was aged to
P180, and at this age, ONL thickness appears to be reduced
in Prph2KD/þversus Prph2þ/�, but OS ultrastructure remains
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improved (Fig. 2E). This improvement in disc stacking and align-
ment is widespread in the Prph2KD/þas seen in lower magnifica-
tion EM (Supplementary Material, Fig. S1).

No OSs are formed in the Prph2�/�, and this is largely the
case in the Prph2KD/KD, however, we infrequently see whorl-
shaped membranous OSs similar in morphology to those in the
Prph2þ/� but smaller (Fig. 2a, bottom, white arrow, and black ar-
rows in Supplementary Material, Fig. S1). This suggests that
K153D Prph2 by itself can initiate disc rim formation but cannot
support proper growth and maintenance of OSs in the absence
of WT Prph2. It is likely that this small membranous structure
provides a place for rhodopsin which is reflected in the in-
creased in rhodopsin levels in thePrph2KD/KD (�15% of WT)

compared to thePrph2�/�(�6% of WT) (Fig. 2D). Combined these
data suggest that while the K153D Prph2 protein present in the
Prph2KD/þmay be enough to mediate improved disc stacking/
alignment, it is not fully functional and thus cannot support
lengthening of the OS or improvements in rod function (com-
pared to the Prph2þ/�).

Expression of K153D Prph2 affects cone function

Previous studies from our lab (3,18) showed that Prph2 plays a
differential role in rod versus cone photoreceptors, a topic of
particular interest for the K153D mutation, given its widely vary-
ing patient phenotypes. To evaluate the effect of K153D Prph2 in

Figure 1. K153D message is normal but protein level is reduced. (A) Diagram of the K153DPrph2 knockin strategy. (B) Total retinal RNA was isolated at P30 and subjected

to qRT-PCR for Prph2 and the housekeeping gene Hprt, n¼4–5 retinas/group. (C) Levels of Prph2 and Rom1 protein were analyzed by reducing SDS-PAGE/western blot

from retinal extracts of indicated genotypes. Band intensities were normalized to actin, then presented as percent of WT. n¼ 4–5 retinas/group. (E) Full-field ERGs were

recorded under scotopic conditions. Representative P30 ERG waveforms are shown from all listed genotypes. (F–H) Mean (6SEM) maximum scotopic A- and B-waves

waves are plotted for recordings at P30, P180, and P365 in F–H, respectively. n¼5–10 mice per genotype. ***P<0.001 by one-way ANOVA with Bonferroni’s post-hoc com-

parison, graphs shown mean 6SEM.
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cone photoreceptors, we performed full-field photopic ERG from
light-adapted animals. Photopic ERG waveforms were recorded
at P30 with white light (Fig. 3A) and maximum photopic b-wave
amplitudes were quantified at P30, P180, and P365 (Fig. 3B–D, re-
spectively). At P30, photopic recordings under white light are
unaffected in the Prph2þ/�, consistent with it being a model for
Prph2-associated RP, in which decreases in cone function are
late-onset (15). However, photopic ERG amplitudes at P30 under
both white light and short (UV) or medium (green) wavelength
light, were significantly reduced in Prph2KD/þcompared to

Prph2þ/� and WT (Fig. 3B); though no differences in response
pattern were observed between UV and green cones. This strik-
ing deleterious effect of the K153D allele on cone function was
also evident at older ages (Fig. 3C–D); even once significant de-
creases in response to white light are observed in Prph2þ/� ani-
mals. Surprisingly, we observed fairly substantial photopic ERG
responses in the Prph2KD/KD at P30 compared to Prph2�/� (Fig. 3A
and B), but this function was below the signal to noise ratio by 4
months of age so these animals were not included in long-term
aging studies.

Figure 2. K153DPrph2 is unable to support normal OS formation. (A) Shown are representative light microscopy (top) and transmission EM (bottom) from the indicated

genotypes at P30. Black arrow indicate whorl OSs characteristic of the Prph2þ/�, arrowheads indicate improved disc stacking and alignment in the Prph2KD/þwhile white

arrows indicate the highly malformed OSs of the Prph2KD/KD. (B–C) ONL thickness (B) and OS length (C) was measured from the superior and inferior central retina and

plotted as a mean 6 SEM, n¼3–5 eyes/genotype. (D) Rhodopsin protein levels were assessed by SDS-PAGE/western blot and quantified, plotted are means 6SEM, n¼3–7

retinas/genotype, ***P<0.001 by one-way ANOVA with Bonferroni’s post-hoc comparison. (E) Shown are representative light microscopy (top) and transmission EM

(bottom) from the indicated genotypes at P180. Scale bars are 20 mm (light images) and 2 mm (EM images). RPE: retinal pigment epithelium, OS: outer segment, IS: inner

segment, ONL: outer nuclear layer.
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K153D Prph2 led to funduscopic abnormalities
consistent with patients’ phenotypes

In addition to RP, patients with the K153D mutation can also
present with macular dystrophies including PD. One of the fea-
tures of PD is characteristic funduscopic changes that occur due
to defects in the choroid and retinal pigment epithelium (RPE),
and accumulation of RPE lipofuscin. Consistent with the late
age-of-onset of these phenotypes in patients, we observed no
alterations in the fundus phenotype at P30 in K153D mice
(Supplementary Material, Fig. S2). However, by P180, we begin to
observe flecking in the Prph2KD/þ retina (Fig. 4a, black arrows,
top). This flecking is similar to but of lesser extent than that
which we have previously observed in other Prph2 PD mutations
such as Y141C (19), and is not observed in age-matched Prph2þ/�

and WT eyes. This speckling is more severe in the Prph2KD/KD,
and also occurs to a lesser degree in the Prph2�/�eyes. Retinal
vasculature as assessed by fluorescein angiography is largely
normal at P180 in all genotypes (Fig. 4a, bottom). At P365, the
yellow flecking in the Prph2KD/þdoes not worsen, and the fleck-
ing in the Prph2�/� and Prph2KD/KD attenuates in favour of large
splotches (Fig. 4B, arrowheads) which often align with leaky
areas on fluorescein angiograms (Fig. 4B, bottom). We have pre-
viously observed these splotches (19) and hypothesize that they
arise due to the ongoing degeneration which is quite severe in
the Prph2�/� by P365. Though the tissue of origin of the flecking

apparent in the Prph2KD/þ is not known, these data suggest that
the K153D knockin line also models some aspects of the clinical
phenotype seen in patients carrying this mutation.

K153D expressed on the Nrl�/� background leads to
defects in cone structure and function

Thus far we have observed that the K153D mutant allele is
largely non-functional with some potential dominant-negative
effects on rod and cone function, but not rod structure. Further
exploration of the cellular/biochemical underpinnings of cone
effects is difficult since the WT retina is �95% rods. To further
explore cone phenotypes, we crossed the K153D onto the cone-
dominant Nrl�/� retina (20), which has been widely used for
this purpose. We first validated that the cone-like photorecep-
tors of the Nrl�/� would respond to the K153D mutant allele
similar to WT cones by conducting photopic ERG at P30 in
Prph2KD/þ/Nrl�/� animals. We find that the photopic responses
in the Nrl�/� largely recapitulate those from the WT, specifi-
cally the observation that photopic responses are worse in
Prph2KD/þ/Nrl�/� than in Prph2þ/�/Nrl�/� (Fig. 5A). The Nrl�/� ret-
ina is characterized by rosettes in the ONL (Fig. 5B, R), so mor-
phometric analyses are difficult. However, examination at the
TEM level can provide insight into cone OS ultrastructure.
Cone OSs in the Prph2þ/�/Nrl�/� adopt a whorl-like morphology

Figure 3. K153D Prph2 leads to defects in cone function. Full-field ERGs were recorded under photopic conditions. (A) Representative P30 photopic waveforms are

shown from all genotypes. (B–D) Plotted are mean (6SEM) maximum photopic b-wave amplitudes recorded under white light, UV light, or green light at P30 (B), P180

(C), or P365 (D). *P<0.05 ***P< 0.001 in one-way ANOVA with Bonferroni’s post-hoc comparison.
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similar to Prph2þ/� rods, while Prph2�/�/Nrl�/� cones exhibit
open balloon like OSs which lack lamellae but nevertheless re-
tain function (18,21). In contrast to the case with rods, we find
no improvements in cone OS ultrastructure in the Prph2KD/þ/
Nrl�/� versus Prph2þ/�/Nrl�/� (Fig. 5C, arrows indicate OSs), and
many cones exhibit worsened ultrastructure. The phenotype
in the Prph2KD/þ/Nrl�/� is largely in between that in the Prph2þ/

�/Nrl�/�and that in the Prph2�/�/Nrl�/�; some cones in
the Prph2KD/þ/Nrl�/� exhibited a few whorl-like OSs (as pictured

in Fig. 5C), but many exhibited open, sac-like OSs without
lamellae or whorls (Supplementary Material, Fig. S3).

K153D differentially affects complex assembly in rods
versus cones

Assembly of covalent and non-covalently linked homo- and
heteromeric complexes between Prph2 and Rom1 is critical for

Figure 4. K153D leads to fundus flecking characteristic of PD. (A–B) Funduscopic examination was performed at the indicated genotype at P180 (A) and at P365 (B).

Shown are representative brightfield fundus images (top) and fluorescein angiograms (bottom). Arrows indicate flecking phenotype found in the Prph2KD/þas well as

the Prph2-/- and Prph2KD/KD. Arrowheads indicate splotching, likely due to severe photoreceptor degeneration, which occurs at later ages. n¼6-8 eyes/group.

Figure 5. Expression of K153D on the Nrl�/� background leads to deficits in cone structure and function. (A) Full-field ERGs were recorded from all listed genotypes under

photopic conditions at P30. Mean (6SEM) maximum photopic b-waves in response to white light are plotted. *P<0.05, **P<0.01, ***P<0.001 by one-way ANOVA with

Bonferroni’s post-hoc comparison. (B–C) Shown are representative light microscopy (B) and transmission EM images (C) from the indicated genotypes at P30. RPE: reti-

nal pigment epithelium, ONL: outer nuclear layer, OPL: outer plexiform layer, R: rosette. Scale bars 20 mm (light microscopy), 2 mm (EM).
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their function. Our previous data have suggested that complex
assembly is different in rods and cones and may be inversely af-
fected by different mutations (3,10,22). Prph2 higher-order and
intermediate complexes are assembled from tetramers via
intermolecular covalent linkages mediated by C150, and run as
dimers under denaturing but non-reducing conditions. Given
the proximity of the K153D mutation to C150, we asked whether
K153D has any effect onPrph2 dimer formation. Non-reducing

SDS-PAGE/western blot showed that in Prph2KD/KD, no Prph2 di-
mers are formed (Fig. 6A, D/M indicate dimers and monomers,
respectively). However, in the Prph2KD/KD, Rom1 continues to
form a small amount of covalently-linked dimers (Fig. 6B). In
the WT retina, Rom1 forms dimers largely with Prph2 (23), but it
can also form homo-dimers which is likely what is present in
the Prph2KD/KD. Likewise in the Nrl�/� background, K153D protein
alone did not form intermolecular disulphide linkages, and the

Figure 6. K153D causes abnormalities in complex formation. (A–B) Non-reducing SDS-PAGE/western blot were performed on P30 retinal extracts in the presence of

n-ethyl maleimide (to prevent post-extraction cysteine shuffling) and probed with antibodies against Prph2 (A), Rom1 (B) and actin. Prph2/Rom1 monomers and dimers

are represented by the M/D, respectively. Bracket highlights aggregation in extracts from animals containing the K153D allele. (C–F). Reciprocal co-immunoprecipita-

tion was performed using the antibodies indicated at the top of each panel. Resultant reducing SDS-PAGE/western blots were probed with either Prph2 or Rom1. I:

input, F: flow-through (unbound), B: bound, E: empty. (G–J). P30 retinal extracts were prepared from the indicated genotype and separated on a continuous 20% to 5%

non-reducing sucrose gradient. Fractions were collected and analyzed using reducing SDS–PAGE/western blot using antibodies specific for Prph2 (G, I) and Rom1 (H, J).

The positions of standard molecular weight markers are indicated above representative blots using the same protocol published previously (4). Graphs plot the percent

of total Prph2 or Rom1 found in each fraction (mean 6SEM). (K) Retinal extracts underwent cross-linking followed by IP for Prph2. Resultant blots were probed for Prph2

or GARP. N¼3–6 independent experiments/genotype.
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Rom1 dimer band was extremely faint (Supplementary
Material, Fig. S4A). We also observed a trail of partial aggrega-
tion of Prph2 (Fig. 6a, bracket), but not Rom1, in animals carry-
ing the K153D mutant allele, suggesting additional defects in
protein folding or complex assembly may be present apart from
defects in dimer assembly.

The C150S mutation interrupts covalent linkages and im-
pairs Rom1/Prph2 interactions specifically in cones (3). To inves-
tigate whether the K153D mutation affects its interactions with
wild-type Prph2 and Rom1, we performed reciprocal co-
immunoprecipitation (IP) using Prph2 and Rom1 antibodies. Our
IPs are not quantitative, but they do allow us to ask whether
these interactions are preserved. In the WT background, Prph2
can pull-down Rom1 and vice versa (Fig. 6C–D). This finding is
recapitulated in the Prph2KD/KD, suggesting that K153D protein
can bind Rom1 in rods (Fig. 6C–D). In striking contrast, in the
Prph2KD/KD on the Nrl�/� background, no Rom1 was pulled down
with in Prph2 IPs (Fig. 6E) and no Prph2 was pulled down in
Rom1 IPs (Fig. 6F), suggesting that Rom1 in cones does not bind
to K153D protein.

We next evaluated Prph2 and Rom1 oligomerization by ve-
locity sedimentation which enables separation of different size
complexes (3,4). Retinal extracts were fractionated on continu-
ous 5%-20% non-reducing sucrose gradients and then separated
on reducing SDS-PAGE. Western blots were probed with anti-
bodies for Prph2 (Fig. 6G and I) and Rom1 (Fig. 6H and J), and the
percent of total Prph2 or Rom1 in each gradient fraction was
plotted. In the WT retina, Prph2 is presented as tetramers (frac-
tions 6–8), intermediate oligomers (fractions 4–5) and higher or-
der oligomers (fractions 1–3), while Rom1 is detected only in
tetramers and intermediate oligomers. No significant alter-
ations were observed in the distribution of Prph2 in its various
complexes in the Prph2KD/þor Prph2þ/�compared to WT (Fig. 6G).
However, in the Prph2KD/KD retinas, only tetrameric Prph2 was
present; no intermediate or higher-order complexes were de-
tected (Fig. 6G, purple). The pattern of Rom1 complexes in the
Prph2KD/KD retinas is also shifted towards tetramers (Fig. 6H, pur-
ple) compared to WT (blue). This is consistent with the idea that
covalent interactions between Prph2 and Rom1 (which are elim-
inated in the presence of the K153D mutation) mediate the as-
sembly of Rom1 intermediate complexes, and thus though
Rom1 is not mutated in Prph2KD/KD retinas; it fails to incorporate
into intermediate complexes. The lack of covalent linkages in
Prph2KD/KD tetramers can be seen when non-reducing gradient
fractions are separated by SDS-PAGE under non-reducing condi-
tions (Supplementary Material, Fig. S4B). Interestingly, both
Prph2KD/þand Prph2þ/� exhibit an intermediate Rom1 complex
assembly phenotype, with a shift towards tetramers at the ex-
pense of intermediate complexes (Fig. 6H) but not to the same
degree as the Prph2KD/KD. This phenotype may be due to the al-
tered OS structure in the haploinsufficient Prph2þ/� or because
the ratio of WT Prph2 to Rom1 is altered in both genotypes.
Combined, these data indicate that in the WT background,
K153D Prph2 alone cannot form higher order complexes, but
that when WT Prph2 is present, K153D does not adversely affect
the distribution of Prph2 complex types.

To determine whether a complex assembly is differently af-
fected by the K153D mutation in cones, gradient analysis was
performed on retinas in the Nrl�/� background (Fig. 6I–J). As in
the WT background, Prph2 and Rom1 were limited to tetrameric
fractions in the Prph2KD/KD/Nrl�/� (Fig. 6I–J, purple). Both the
Prph2þ/�/Nrl�/� and the Prph2KD/þ/Nrl�/�retinas have a decrease
in the amount of Prph2 found in the heaviest fractions (Fig. 6I).
In addition, in the Prph2KD/þ/Nrl�/� but not the Prph2þ/�/Nrl�/�

there is increased formation of intermediate sized Prph2 and
Rom1 complexes (Fig. 6I–J, green). These data indicate that
there are subtle differences in complex assembly in cones in
Prph2þ/�/Nrl�/�versus Prph2KD/þ/Nrl�/�, and these differences
may be due to the lack of binding between K153D Prph2 and
Rom1 in cones.

Rom1 is Prph2’s primary binding partner, but Prph2 also in-
teracts with the retinal gene products of the Cngb1 gene. These
include the beta subunit of the rod cyclic nucleotide gated chan-
nel as well as the non-membrane-bound isoform GARP2 (glu-
tamic acid rich protein) (24,25). This interaction is hypothesized
to play a structural role in linking the plasma membrane and
the disc rim as well as a potential functional role in organizing
proteins for optimal phototransduction (24–26). We asked
whether this interaction was abolished in the presence of the
K153D allele. We conducted IP on cross-linked retinal extracts
(as previously described (24)), and found that Prph2 interacts
with GARP2 in both the WT and Prph2KD/þ retina (Fig. 6K). This
suggests that although the presence of K153D-Prph2 has nega-
tive effects on the Prph2/Rom1 complex formation, it does not
abolish Prph2/GARP2 interactions. GARP2/CNGB1 are undetect-
able in the Prph2�/� (26), a finding recapitulated in the Prph2KD/KD

retina (Supplementary Material, Fig. S4C), so we were unable to
directly evaluate whether the K153D protein interacts with
GARP2.

K153D Prph2 can traffic to the OS but also accumulates
in the ONL

The OS trafficking signal for Prph2 is present in its C-terminus
(27), however, mutations in the D2 loop can lead to abnormali-
ties in OS targeting in cones (10). To evaluate whether the mu-
tant K153D Prph2 properly localized to OSs, we performed
immunofluorescence on P30 retinal sections using Prph2 (red)
and Rom1, rhodopsin, S-opsin, or M-opsin (all in green, Fig. 7A).
In the Prph2KD/þ, Prph2 and Rom1 were both restricted to the OS
layer, but we observed a small amount of mislocalization of rho-
dopsin and M-opsin (arrowheads, Fig. 7A) in the ONL and outer
plexiform layers. To better visualize this, higher magnification
images are shown in Supplementary Material, Fig. S5. In the
Prph2KD/KD, both Prph2 and rhodopsin, but not Rom1, are mislo-
calized throughout the ONL (brackets, Fig. 7A). Because the OSs
are so small in the Prph2KD/KD, it was difficult to determine on
the light level whether the proteins of interest were actually lo-
cated in the OSs or were found only at the ciliary tip (in the case
of Rom1) or the IS/cell body (for rhodopsin and Prph2).
Therefore, we conducted immunogold labeling coupled with EM
imaging. All analysed proteins in the Prph2KD/þdemonstrated
immunogold labeling in the OSs (Fig. 7B, top). We likewise ob-
served Prph2, Rom1, rhodopsin, and S-opsin immunogold label-
ling in the small OSs of the Prph2KD/KD, suggesting that while a
large amount of Prph2 and rhodopsin mislocalized throughout
the cell, some made it to the nascent OSs.

Gene supplementation is of limited efficacy for the
K153D mutation

The level of Prph2 expression has been shown to be critical for
OS structure and function, particularly for rods, which are se-
verely affected by haploinsufficiency. Thus, gene supplementa-
tion has been considered as a treatment approach for Prph2-
associated disease, and has been effective for RP models
(16,28,29). However, there is some question about whether gene
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supplementation would be an effective approach for mutations
such as K153D which combine haploinsufficiency-associated
defects with apparent dominant-negative defects. To test the
feasibility of gene supplementation, we took the advantage of
our transgenic mouse model that overexpresses WT Prph2 (nor-
mal mouse peripherin [NMP]) (16). This transgene is driven by
the human interphotoreceptor retinoid binding protein (IRBP)
promoter which expresses in both rods and cones. One NMP al-
lele results in transgenic Prph2 protein levels which are �30% of
WT levels (16), and NMP expression rescued the Prph2þ/�struc-
tural and functional phenotype.

Here, we generated and evaluated the NMP/Prph2KD/þ.
In NMP/Prph2KD/þ retinas, western blot shows that levels of
Prph2, Rom1 and rhodopsin were completely rescued to WT
levels (Fig. 8A). However, though Prph2, Rom1, and rhodopsin

protein levels were rescued, we observed only small improve-
ments in scotopic ERG function at P30. Scotopic ERG in NMP/
Prph2KD/þdid not exceed the severely haploinsufficient Prph2þ/�

(Fig. 8B, left and middle), much less attain WT levels. This is in
striking contrast to the NMP/Prph2þ/�, which exhibited signifi-
cant rescue of rod function in comparison to Prph2þ/� (Fig. 8B
left and middle,). A similar finding was observed in P30 photopic
amplitudes; mean values in the NMP/Prph2KD/þwere slightly
higher than those in the Prph2KD/þbut the difference did not
achieve statistical significance (Fig. 8B, right). By P180 what little
benefit there was from the NMP transgene in Prph2KD/þanimals
had vanished, and there were no significant improvements in
scotopic or photopic ERG in NMP animals compared to non-
transgenic controls (Fig. 8C), again unlike the NMP/Prph2þ/� in
which rescue persisted at P180. In contrast to the lack of NMP-

Figure 7. K153D-Prph2 traffics to the OS but also accumulates in the ONL. (A) Retinal sections from indicated genotypes were labeled with Prph2 (red) and Rom1,

Rhodopsin, S-opsin, and M-opsin (green) at P30. Nuclei in all sections were counterstained with DAPI (blue). Arrowheads show minor mislocalization of rhodopsin

and M-opsin in the Prph2KD/þ. Brackets show wide ONL mislocalization. (B) Immunogold labeling with antibodies for Prph2, Rom1, rhodopsin and S-opsin, coupled with

transmission EM was performed from the indicated genotypes at P30. Scale bars, 20 mM (light microscopy), 500 nm (EM). OS: outer segments, ONL: outer nuclear layer.
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mediated functional improvement in Prph2KD/þ, rod ultrastruc-
ture was improved in NMP/Prph2KD/þanimals compared to
Prph2þ/� and Prph2KD/þanimals at P30 (Fig. 8D–E). Though we
have insufficient samples to quantify, the overall length and

arrangement of OSs is better in NMP/Prph2KD/þ than controls
(black brackets in Fig. 8D highlight the OS layer). Similarly, OS
disc stacking and alignment was almost as good in the NMP/
Prph2KD/þas in the WT (Fig. 8E).

Figure 8. Supplementation with wild-type Prph2 does not rescue rod or cone function in Prph2KD/þ. (A) Western blot analysis and quantification of Prph2, Rom1, rhodop-

sin and corresponding actin loading control are presented. (B–C) Amplitudes of scotopic a-wave, scotopic b-wave and photopic b-wave are shown from P30 (B) and

P180 (C) of the indicated genotypes. (D–E) EM images are taken from P30 retinas of the indicated genotypes. Black brackets show OS length. Images in (E) are higher

magnification of same genotypes as (D). Scale bars, 10 mm (D), 2 mm (E).
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Discussion

Prph2 and Rom1 rely on precise complex assembly mediated by
both covalent and non-covalent bonds to function properly.
Both our group and others have documented the critical role of
C150 in Prph2 complex assembly and Prph2-mediated OS bio-
genesis (3,5,10), for example our studies of C150S transgenic
mice. In spite of the clear importance of this residue, however,
C150 is not a known site for pathological Prph2 mutations.
Interestingly, our data here suggest that the K153D mutation
largely mimics many aspects of the widely documented pheno-
types of the C150S mutation. Specifically, we observe dominant
functional defects in K153D cones, impaired binding of K153D to
Rom1 in cones, and most strikingly, an inability of K153D Prph2
to form disulphide-linked higher order complexes, resulting in
the formation of only Prph2 tetramers in Prph2KD/KD retinas.
Interestingly, not all K153D phenotypes parallel those observed
in C150S transgenics. Whether this is due to limitations of the
transgenic approach or due to additional defects caused by the
K153D is not clear, but in keeping with the occurrence of both
rod and cone phenotypes in patients, the K153D mutation
causes functional and trafficking defects in rods (further dis-
cussed below) which were not seen in C150S transgenics (3).

Previously, we showed that in the presence of WT Prph2,
C150S in cones was mislocalized throughout the photoreceptor
(3). This mislocalization was not observed in C150S rods. We at-
tributed this variation to differences in the assembly of Prph2
complexes in rods versus cones, possibly arising due to the fact
that C150S Prph2 (like K153D Prph2) can bind Rom1 in rods but
not in cones. It is not clear why K153D Prph2 mistraffics in all
photoreceptors, although it may be also tied to complex forma-
tion since we only observe severe mislocalization in the absence
of WT Prph2, and thus only K153D Prph2 tetramers are present.
It has been shown in Xenopus that most Prph2 traffics to the OS
by a non-conventional secretory pathway which bypasses the
trans-Golgi (30). In mouse retina, we have recently reported that
tetrameric Prph2 largely traffics through a conventional secre-
tory pathway, while the higher-order Prph2 oligomers traffic
through the unconventional secretory pathway (31). Thus, it is
likely that the K153D Prph2 that we observe in the OS (by immu-
nogold) is the small fraction that would normally traffic through
the conventional pathway, while the unconventional pathway
remains unavailable to K153D (in the absence of WT) because it
cannot assemble into large oligomers. In addition to Prph2 mis-
localization, we also observe widespread rhodopsin mislocaliza-
tion in the Prph2KD/KD. Previously, we have observed this
phenomenon in the Prph2�/�, and concluded that without OSs,
rhodopsin accumulates by default in the IS/ONL. Though there
are some OS structures in the Prph2KD/KD, they are quite small,
and we hypothesize that rhodopsin mislocalization occurs for
the same reason in the Prph2KD/KD as in the Prph2�/�.

Here, we find that in contrast to many Prph2 RP mutants,
such as C214S (32), which act as loss-of-function alleles and
cause disease due to simple haploinsufficiency, the K153D allele
exerts a dominant effect, worsening both rod and cone function
(i.e. Prph2þ/� is better than Prph2KD/þ). It is difficult to distinguish
whether this is due to dominant negative or gain-of-function ef-
fects. Some Prph2 mutations, such as P216L, clearly act as domi-
nant negative alleles. The presence of the mutant leads to
degradation of both mutant and WT protein, and results in
early-onset RP due to severe haploinsufficiency (33). However,
in other cases such as R172W and Y141C, both the mutant and
WT Prph2 proteins are stable (19,22,34), yet defects in rod and/
or cone structure and function occur, leading to the conclusion

that the phenotypes are due to gain-of-function effects of the
mutant allele. In the case of K153D, our finding that in the ab-
sence of WT Prph2, K153D protein is expressed at only 20% of
WT levels (in spite of normal message levels) suggests that the
K153D protein is unstable. Yet Prph2 protein levels in the
Prph2KD/þare higher than Prph2þ/� so the presence of one allele
of K153D Prph2 is not likely affecting the stability of WT Prph2.
Thus, it seems likely that the K153D has at least some toxic
gain-of-function effects in rods and cones. This is a novel find-
ing, as all other previously identified Prph2 mutations with
gain-of-function effects have largely targeted cones rather than
rods and cones.

Interestingly, however, the dominant disease mechanism
for K153D may not be same in rods and cones, a phenomenon
also seen for other proteins which are expressed in both cell
types (35). For example, while the presence of the K153D allele
worsens both rod and cone function (i.e. Prph2þ/� is better than
Prph2KD/þ), it improves the rod structure while worsening cone
structure. This disconnect in rod structure-function is likewise
seen in experiments overexpressing WT Prph2. NMP/Prph2KD/þ

retinas exhibit substantial improvements in rod OS ultrastruc-
ture without concurrent improvements in rod function. It was
possible that this disconnect arose due to impairments in inter-
actions between Prph2 and GARP2, but our data show that
Prph2 continues to interact with GARP2 in the Prph2KD/þ. These
data suggest that K153D Prph2 may very well be able to partially
support rod OS morphogenesis (provided WT Prph2 is present),
but not necessarily support OS function. The divergent roles of
Prph2 as a structural component critical for the formation of
OSs and an OS functional component have recently been of in-
terest. Prph2 and Rom1 are both tetraspanins, proteins that are
known to organize membrane domains to promote cellular sig-
nalling. Thus, it has been hypothesized that Prph2 has a role as
a protein critical for organizing functional protein domains at
the OS disc rim/plasma membrane for optimal visual signalling
apart from any role in promoting OS assembly. Prph2 is known
to interact with several components critical to phototransduc-
tion, including the rod cyclic nucleotide gated channel beta sub-
unit (CNGB1), the cytosolic isoforms of CNGB1 called GARPs
(24,25), rhodopsin (36), and cone opsins (37). Furthermore, the
Prph2 cone-dominant macular dystrophy mutation V268I (38)
has been shown to specifically affect Prph2 binding to M-opsin
but not S-opsin or rhodopsin, supporting the idea that Prph2
may play a key role in organizing functional protein domains
and that disease mutations may adversely affect these func-
tional domains. Our data here suggest that in rods K153D may
in fact impair this functional role of Prph2 without eliminating
its ability to support the OS structure.

In contrast, functional defects in K153D cones seem to paral-
lel structural defects. Though the reason for this divergence in
rod versus cone outcomes is not clear, we have previously stud-
ied Prph2 mutations which likewise cause defects in a cone
structure but have no effect (or even a beneficial effect) on the
rod structure (22,34), and defects in other proteins expressed in
rods and cones, such as RPGR, can differentially impact rods vs.
cones and have different disease mechanisms in the two cell
types (35). In the case of Prph2, this may be due to the finding
that Prph2 appears to play a differential role in rod versus cone
morphogenesis. Previous work suggests that Prph2-mediated
rim formation acts as the initiating step in disc formation in
rods (preceding the growth of discs via the incorporation of rho-
dopsin containing membrane), but is a secondary step in cones
(i.e. rim formation follows the growth of S-opsin containing
membrane) (17,39). In addition, Prph2 does not bind to the cone
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CNG channel (40). This potentially different mechanism for
K153D-associated defects in rods versus cones may significantly
contribute to the inter- and intra-familial phenotypic heteroge-
neity that characterizes patient phenotypes. Genetic or environ-
mental factors, including mutations in ROM1 (12), could have
the potential to act as modifiers for PRPH2 disease and may pref-
erentially worsen structural or functional aspects of Prph2 and
thus push patient phenotypes towards RP as opposed to macu-
lar dystrophy/PD and vice-versa.

Further exploration of these divergent functions of Prph2
and their ability to mediate RP versus MD-type phenotypes will
certainly be a focus of future work. Such studies will be facili-
tated by our finding that even though mice lack a macula, the
K153D knockin mice do exhibit some of the clinical phenotypes,
such as fundus speckling, that characterize Prph2-associated
PD. Interestingly, the K153D fundus phenotype is less severe
than in other Prph2 PD mutations such as Y141C (19), highlight-
ing the phenotypic variability from mutation to mutation.
Prph2-associated macular dystrophy and PD are often accompa-
nied by deleterious effects on tissues outside the photorecep-
tors including the choroid and RPE (41), and yellowish flecking
on the fundus has been recognized to arise due to defects in the
RPE, accumulation of lipofuscin in the RPE, and defects in the
choroidal vasculature (42). The precise origin of the flecking we
observe in the K153D animals is not known and long-term stud-
ies evaluating both this and other extra-photoreceptor pheno-
types will be critical next steps.

Finally, one of our goals has been the development of effec-
tive gene therapies for Prph2-associated disease. Though Prph2
haploinsufficiency is amenable to rescue using gene supple-
mentation, either by transgenesis (16), adeno-associated virus
(28), or non-viral DNA nanoparticles (29,43), many Prph2 muta-
tions have dominant effects, making simple gene supplementa-
tion a questionable strategy. Gene supplementation via
transgenesis promoted good short-term rescue for the R172W
mutation (44), which causes early-onset gain-of-function de-
fects specifically in cones (34). However, by later time-points,
this benefit is lost. Here we find that even at early time-points,
supplementation with WT Prph2 in the Prph2KD/þcannot appre-
ciably rescue functional defects, even though Prph2, Rom1, and
rhodopsin protein levels are rescued to WT levels. These obser-
vations underscore the idea that gene supplementation may be
a difficult strategy to feasibly implement for the treatment of
rod- or cone-dominant Prph2-associated disease when the mu-
tant allele has gain-of-function or dominant negative effects.
Thus future therapeutic approaches may need to target the mu-
tant allele or find other ways to promote improved photorecep-
tor function to attain clinical applicability.

Materials and Methods
Ethics statement and animal care and use

The local Institutional Animal Care and Use Committees
(IACUC; University of Oklahoma Health Sciences Center,
Oklahoma City, OK, USA and University of Houston, Houston,
TX, USA) approved all animal use. Experiments also conformed
to the guidelines of the Association for Research in Vision and
Ophthalmology (Rockville, MD). The K153D-Prph2 knockin mice
were generated by the inGenious Targeting Laboratory, Inc.
(Ronkonkoma, NY, USA). A silent TTC>TTT mutation (to facili-
tate genotyping) and the AAA deletion (to create the K153D mu-
tation) were introduced into exon 1. The LoxP/FRT-Neomycin
selection cassette was inserted 383 bp downstream of exon 1 (in

Prph2’s large first intron). The final targeting construct was 14.3
kbp, and was linearized and electroporated into ES cells. ES cells
were screened for the presence of the desired allele and positive
clones were injected into C57BL/6 blastocysts and implanted.
Chimeric founders were bred to identify mice with germ line
transmission, and then bred to FLPeR expressing mice
(Stock#003946, Jackson Labs, Bar Harbor, ME, USA) to remove
the Neo cassette. The three base-pair deletion generating the
K153D mutation and resultant knockin line was made using the
same approach as previously described (19,23). PCR genotyping
confirmed that these mice do not carry the rd8 mutation. Mice
heterozygous or homozygous for the naturally occurring Prph2
null allele, called rds, were used from our colony as controls and
are here referred to asPrph2þ/�, and Prph2�/�(Originally obtained
from Dr. Neeraj Agarwal, National Eye Institute, Bethesda, MD).
WT littermates were used from our colony, also as controls, af-
ter confirming that WT littermates from heterozygous knockin
crosses exhibited similar retinal structure and function to the
WT animals in our colony. Nrl�/� mice were used from our col-
ony and were originally obtained from Dr. Anand Swaroop
(National Eye Institute, Bethesda, MD). Animals were main-
tained in cyclic light (12 hours light, 12 hours dark, �30 lux).

Western blot analysis, immunoprecipitation and
velocity sedimentation

Various primary antibodies were used for western blotting, im-
munofluorescence, and immunogold EM and are summarized
in Table 1. Western blot, immunoprecipitation, and velocity
sedimentation were performed as described previously (3,4).
Briefly, retinal extracts were solubilized in 100 ml of chilled (4�C)
buffer [PBS pH 7.0 containing 1% triton-X 100, 5 mM EDTA, 5 mg/
ml n-ethylmaleimide (NEM), and a standard protease inhibitor
cocktail] per retina. Immunoprecipitation was performed using
protein A beads and the RDS-CT antibody, or RDS mAB 2C1
cross-linked to sepharose beads, and 150 mg (for WT and Nrl�/�)
or 300 mg (for Prph2KD/KD and Prph2KD/KD/Nrl�/�) retinal extract per
experiment. Retinas were incubated in 2 mM dithiobismaleimi-
doethane (DTME), 2 mM dithiobis (succinimidyl propionate)
(DSP) in PBS for 2 hrs. Cross-linker was removed, retinas were
washed in solubilization buffer and IP proceeded as described
above. SDS-PAGE and western blot were performed using stan-
dard protocols under reducing conditions (with DTT) or non-
reducing conditions (without DTT). Non-reducing velocity sedi-
mentation was performed using continuous density gradients
of 5-20% sucrose and 200 mg protein/sample. Densitometric
quantification was performed on non-saturated blots using the
Image Lab Software (Bio-Rad, Temecula, CA). In some cases blot
intensities were turned up in figures to enable visualization of
hard to see bands.

Electroretinography

Full-field ERGs were performed as previously described (22).
Mice were dark adapted overnight prior to ERG. Subsequently,
the animals were anaesthetized and eyes were dilated. ERGs
were recorded an UTAS system (LKC, Gaithersburg, MD,USA).
Scotopic ERGs were recorded with a strobe flash stimulus of
157 cd-s/m2 followed by light adaptation for 5 minutes at
29.03 cd/m2. Photopic responses were recorded from 25 aver-
aged flashes at 157 cd-s/m2 for white light, 12.5 cd-s/m2 for
green light (530 nm) and 0.79 cd-s/m2 for UV light (365 nm).
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Light and transmission electron microscopy and
immunogold labelling

The methods used for tissue collection, processing, plastic-
embedding, transmission electron microscopy, and immuno-
gold labelling were described previously (3,18,32). Antibodies for
immunogold were used at 1:10, and secondaries were
anti-mouse or anti-rabbit conjugated to 10nm gold. Light mi-
croscopy was performed using 0.75 mm plastic embedded
sections and images were captured at 40X magnification
using a Zeiss microscope. To evaluate ONL thickness and OS
length, images were captured from central superior and inferior
regions containing the optic nerve head and at least three
retinal sections from three different eyes/genotype were used.
ONL and OS layer thickness were measured using Adobe
Photoshop CS5.

Fundus imaging and fluorescein angiography

Fundus imaging and fluorescein angiography were performed
using the Micron III and Micron IV systems (Phoenix Research
Laboratories, Pleasanton, CA, USA) as previously described (45).
Brightfield fundus images and fundus fluorescence images were
collected first (from anaesthetized/dilated animals) and then
the animals were injected intraperitoneally with 100 ml of 1%
(w/v) fluorescein sodium (Sigma-Aldrich). FA images were cap-
tured using an excitation and emission filters of 486 and
436 nm, respectively. All images were captured using StreamPix
software (Phoenix Research Labs).

Immunofluorescence labelling

Eyes were harvested, dissected, fixed and embedded as previ-
ously described for paraffin sectioning (3). Immunostaining was
performed as described previously (3,10) using the primary anti-
bodies described in the Table 1. Appropriate AlexaFluor conju-
gated secondary antibodies (Life Technologies, Grand Island,
NY) were used at a dilution of 1:1000. Images were captured us-
ing Olympus BX-62 microscope equipped with a spinning disc
confocal unit at 40x (air, 0.9 NA) or 100x (oil, 1.4 NA) objective.
Images were stored and deconvolved (nearest neighbours para-
digm) using SlidebookVR version 5. All images shown are single
planes from confocal stacks.

Statistical analysis

Graphs are presented as mean 6 SEM. Differences between ge-
notypes were assessed by 1-way ANOVA with Bonferroni’s post-
hoc pairwise comparisons. P< 0.05 was considered significant.
*P < 0.05, **P < 0.01 and ***P < 0.001.

Supplementary Material
Supplementary Material is available at HMG online.
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