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The peripherin-2 (PRPH2) gene encodes a photoreceptor-specific tetraspanin protein called
peripherin-2/retinal degeneration slow (RDS), which is critical for the formation and main-
tenance of rod and cone outer segments. Over 90 different disease-causing mutations in
PRPH2 have been identified, which cause a variety of forms of retinitis pigmentosa and
macular degeneration. Given the disease burden associated with PRPH2 mutations, the
gene has long been a focus for preclinical gene therapy studies. Adeno-associated viruses
and compacted DNA nanoparticles carrying PRPH2 have been successfully used to mediate
improvement in the rds2/2 and rdsþ/2 mouse models. However, complexities in the path-
ogenic mechanism for PRPH2-associated macular disease coupled with the need for a
precise dose of peripherin-2 to combat a severe haploinsufficiency phenotype have
delayed the development of clinically viable genetic treatments. Here we discuss the prog-
ress and prospects for PRPH2-associated gene therapy.

The peripherin-2 (PRPH2) gene, previously
known as retinal degeneration slow (RDS),

encodes a photoreceptor-specific glycoprotein,
which is essential for the morphogenesis of rod
and cone outer segments (OSs). Although pri-
marily a structural protein, it is absolutely re-
quired for vision. Because of the convergence
of a combination of factors, this gene has been
a target for ocular gene therapy for more than
two decades. First and foremost, more than 90
different mutations in PRPH2 are known to
cause varying forms of rod- and cone-domi-
nant, blinding retinal degeneration in patients,
making PRPH2 a logical therapeutic target. In
addition, there are several extremely well-char-
acterized animal models for PRPH2 mutations,

with ocular pathologies that mimic many of
the patient disease phenotypes, making pre-
clinical testing straightforward. Finally, the
PRPH2 cDNA is relatively small (�1.1 kb cod-
ing region), making it easy to deliver using a
variety of different therapeutic approaches.
However, in spite of these resources and the
length of time researchers have dedicated to
PRPH2 gene therapy, the complex nature of
peripherin-2 protein function and regulation,
combined with variability in disease mecha-
nism, have thus far precluded development
of clinically viable PRPH2 genetic treatments.
Here we discuss these complexities, consider
the significant advancements that have been
made, and explore barriers that will be over-
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come as next-generation genetic therapies are
developed.

THE ROLE OF PERIPHERIN-2 PROTEIN
IN PHOTORECEPTOR MORPHOGENESIS
AND FUNCTION

Peripherin-2 is a �39 kDa member of the tet-
raspanin superfamily of proteins. In common
with other family members, it has four trans-
membrane domains, cytoplasmic amino- and
carboxy-termini, and a large extracellular loop
(called EC2 or D2). Whereas most tetraspanins
are located on the plasma membrane, periph-
erin-2 localization is restricted to the rim region
of rod and cone discs/lamellae. Because the rod
discs are completely separate from the plasma
membrane, the peripherin-2 D2 loop is intra-
discal rather than extracellular in rods. After
synthesis in the photoreceptor inner segment,
peripherin-2 forms noncovalently linked tet-
ramers with itself and its nonglycosylated ho-
molog rod outer segment membrane protein-1
(ROM1) (Goldberg and Molday 1996; Chakra-
borty et al. 2008a). These complexes subse-
quently assemble into covalently linked, larger
hetero-octamers and peripherin-2 homo-olig-
omers that localize to the OS rim region (Gold-
berg et al. 1998; Loewen and Molday 2000;
Chakraborty et al. 2008a).

Peripherin-2 is required for the morpho-
genesis and maintenance of the OS, specifical-
ly the rim region. Although the complete role
of peripherin-2 in this process is not yet fully
elucidated, the carboxy-terminal domain of pe-
ripherin-2 has been shown to play a role in
membrane fusion (Boesze-Battagliaa and Stefa-
no 2002, 2003), initiation of rim membrane cur-
vature (Khattree et al. 2013), and OS targeting
(Tam et al. 2004; Tian et al. 2014). The D2 loop
and covalently linked peripherin-2 complexes
are required for the maintenance of the flattened
rim morphology (Wrigley et al. 2000; Chakra-
borty et al. 2009, 2010). Peripherin-2/ROM1
complexes are also thought to play a role in reg-
ulating disc size and alignment (Cheng et al.
1997; Kedzierski et al. 1997), and, in common
with other tetraspanins, are hypothesized to
organize a protein microdomain in the rim re-

gion (Conley et al. 2011). Interestingly, evi-
dence from disease phenotypes and animal
models (discussed below) suggests that periph-
erin-2 may be differentially required for rods
and cones, thus adding a complicating factor
for gene therapy.

RETINAL DISEASE PHENOTYPES
ASSOCIATED WITH THE PRPH2 GENE

Mutations in PRPH2 lead to a wide variety of
disease phenotypes (excellently reviewed in
Boon et al. 2008). PRPH2-associated disease is
dominantly inherited and, depending on the
mutation, can manifest as autosomal-dominant
retinitis pigmentosa (ADRP), digenic ADRP,
pattern dystrophy (including butterfly shaped
pigment dystrophy and adult vitelliform mac-
ular dystrophy), central areolar choroidal dys-
trophy, and other forms of late-onset macular
degeneration (MD) (see http://www.retina-
international.org/sci-news/rdsmut.htm). PR-
PH2-associated monogenic and digenic forms
of ADRP primarily target rod photoreceptors;
patients usually present with night blindness
and progressive loss of peripheral vision. They
typically exhibit standard clinical signs of reti-
nitis pigmentosa, including decline of the rod
electroretinogram (ERG) response, appearance
of bone spicules in the fundus and attenuation
of retinal arterioles (Boon et al. 2008). Although
the age of onset can be as early as the first to
third decade of life in a few cases (Farrar et al.
1991; Gruning et al. 1994), disease presentation
typically occurs between the third and fifth de-
cades (Saga et al. 1993; Gruning et al. 1994).

The age of onset for macular and cone-
dominant diseases is often similar to that for
ADRP, but clinical signs differ dramatically. Al-
though there is a wide spectrum of clinical phe-
notypes, patients with cone-dominant disease
often experience central vision loss (Wickham
et al. 2009) and have abnormal multifocal or
pattern ERGs, even in the presence of a normal
full-field ERG. When full-field ERG defects are
present, consistent with the cone-dominant na-
ture of the disease, cone function is usually af-
fected earlier and more severely than rod func-
tion (Boon et al. 2008). Common clinical signs
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include abnormal fundus phenotypes charac-
terized by central retinal pigmentation changes,
regions of hyperfluorescence and hypofluores-
cence, and macular defects (Michaelides et al.
2005; Wickham et al. 2009). In addition, pa-
tients often exhibit atrophy of the retinal pig-
ment epithelium (RPE) and choriocapillaris,
and sometimes choroidal neovascularization
(Boon et al. 2007b; Vaclavik et al. 2012), pheno-
types that are thought to contribute to the se-
verity of the vision loss (Moshfeghi et al. 2006;
Vaclavik et al. 2012).

One difficulty in defining disease type is
that there is often transition from one clinical
classification to another; for example, patients
that begin by presenting with a purely MD phe-
notype will later transition to a more general
cone-rod or rod-cone dystrophy (Boon et al.
2008). In addition, there can be pronounced
inter- and intra-familial phenotypic variability,
even among patients all carrying the same mu-
tant allele (Michaelides et al. 2005; Boon et al.
2007a; Vaclavik et al. 2012). Recently, it has been
suggested that some of this variability may be a
result of the presence of other genetic modifiers.
Two genes have thus far been proposed as genetic
modifiers: ROM1, mutations in which have only
thus far associated with digenic RP (with PRPH2
[Kajiwara et al. 1994]), and ABCA4, mutations
in which are typically associated with auto-
somal recessive Stargardt dystrophy (Koene-
koop 2003), but which have also been reported
to cause some visual impairment in patients car-
rying only one mutant allele (Maia-Lopes et al.
2008). One study assessing potential modifiers
for PRPH2-associated disease reported that pa-
tients carrying only the R172W PRPH2 muta-
tion (i.e., no alterations in ROM1 or ABCA4)
exhibited well-characterized MD, while those
carrying only sequence alterations in ROM1
or ABCA4 exhibited only mild phenotypic ab-
normalities, such as slight lowering of multi-
focal ERG amplitudes in the central retina
(Poloschek et al. 2010). However, clinical phe-
notypes were worsened and accelerated when
mutations in ROM1 and/or ABCA4 accompa-
nied the R172W PRPH2 mutation (Poloschek
et al. 2010). However, in other families with
PRPH2-associated disease phenotypes, changes

in ROM1 have been ruled out as a modifying
factor (Leroy et al. 2007), underlining the fact
that this issue remains under exploration, and
the presence of modifying factors is likely to be
highly variable. The multiplicity of mutant al-
leles and potential modifiers combined with the
variability of disease phenotypes contributes to
the difficulty in designing rational treatment
strategies for PRPH2-associated diseases.

ANIMAL MODELS FOR PERIPHERIN-2
ASSOCIATED DISEASES

One of the greatest assets for the development
of PRPH2-associated genetic therapies is the
availability of a plethora of well-characterized
animal models, which mimic a variety of the
human disease phenotypes. In addition to serv-
ing as systems for preclinical testing, these mod-
els have also been critical for our understand-
ing of the way peripherin-2 functions in rods
and cones, both normally and in the presence
of disease-causing mutations. The first, and
still predominant, peripherin-2 animal model
is the naturally occurring rds mutant mouse
(also known as rd2). It was first described in
1978 (van Nie et al. 1978) as a model exhibiting
slow retinal degeneration (Jansen and Sanyal
1984; Reuter and Sanyal 1984; Sanyal and Zeil-
maker 1984; Hawkins et al. 1985), and, subse-
quently, the genetic and molecular defect was
localized to the peripherin-2 gene (Travis et al.
1989, 1991; Arikawa et al. 1992). This mouse
carries a large insertion in the first intron of
the gene and no detectable peripherin-2 protein
is produced (Ma et al. 1995; Ding et al. 2004),
making it a functional knockout model. In
addition to slow photoreceptor cell loss, mice
homozygous for the mutant allele (rds2/2)
form no OSs (Jansen and Sanyal 1984). Instead,
the connecting cilium terminates with a small
membranous bleb, and the subretinal space is
filled with abnormal membranous material. In
the absence of OSs, the photopigment rhodop-
sin accumulates in the inner segment and in
these abnormal extracellular membranes (Usu-
kura and Bok 1987), a phenomenon thought to
contribute to retinal degeneration in the rds2/2

model. In addition to these severe structural
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defects, the mouse exhibits no significant rod
or cone photoreceptor ERG signal (Reuter and
Sanyal 1984; Chakraborty et al. 2009), empha-
sizing the role of peripherin-2 in OS morpho-
genesis and the importance of the elaborated
OS structures for proper vision.

Mice heterozygous for the rds mutant allele
exhibit a striking haploinsufficiency phenotype
similar to that seen in patients with ADRP
(Cheng et al. 1997). In contrast to the rds2/2

mice, rdsþ/2 mice do form OSs, but they are
short and highly abnormal, characterized by
whorls of disc membranes rather than properly
formed and aligned discs. The rdsþ/2 mice also
exhibit gradual photoreceptor degeneration,
but it is much slower than in the rds2/2 ani-
mals. These structural defects are associated
with severe, early onset loss of rod function,
detectable as early as ERGs are recorded, with
only late-onset cone dysfunction, first appear-
ing �4 mo of age (Cheng et al. 1997). Because of
the genetic (i.e., one wild-type, WT, allele and
one mutant allele) and phenotypic (early rod
functional deficits followed by late cone deficits)
characteristics, the rdsþ/2 mouse has been ex-
tensively used as a model for PRPH2-associated
ADRP.

Because PRPH2 mutations are also associ-
ated with cone-dominant macular diseases but
the WT mouse has very few cones, a cone-dom-
inant peripherin-2 knockout was generated by
crossing rds2/2 mice onto the Nrl2/2 back-
ground. Nrl is a transcription factor required
for the development of rod cells, and in its ab-
sence developing rods adopt a cone-like fate
(Mears et al. 2001). Studies in rds2/2/Nrl2/2

mice have highlighted the differential role of
peripherin-2 in rods and cones. In contrast to
rods lacking peripherin-2 (in the WT back-
ground), cones lacking peripherin-2 (in the
rds2/2/Nrl2/2 mice) form OSs, albeit dys-
morphic ones (Farjo et al. 2006b, 2007). These
OSs lack the elaborate folded lamellae structure
of normal cones and have no rims at all, but
nonetheless retain the ability to mediate photo-
transduction.

In addition to knockout models, several
transgenic models that express different dis-
ease-causing-mutations in peripherin-2 have

been generated. These include models carrying
the ADRP mutations C214S (Stricker et al. 2005;
Nour et al. 2008) and P216L (Kedzierski et al.
1997, 2001), and the MD mutation R172W
(Ding et al. 2004; Conley et al. 2007, 2014). By
crossing these mice onto different rds back-
grounds, researchers have been able to study
the associated disease mechanisms. Expression
of the C214S allele on a WT background causes
no defects; however, when expressed on the
rdsþ/2 background (as would be the case in
patients), the phenotype is quite similar to that
of the nontransgenic rdsþ/2 (Stricker et al.
2005). This observation suggests that the
C214S mutation is a loss-of-function allele, and
other biochemical studies have shown that the
C214S protein is unstable, possibly misfolded,
and cannot bind to ROM1, likely leading to ag-
gregation in the inner segment and subsequent
degradation (Goldberg et al. 1998; Stricker et al.
2005; Conley et al. 2010). In contrast, expression
of the MD mutation R172W causes severe, dom-
inant structural and functional degeneration of
cones, on either the WTor rdsþ/2 background.
Rod function, on the other hand, is improved by
the presence of the R172W transgene (i.e.,
R172W/rdsþ/2 vs. rdsþ/2) (Ding et al. 2004).
On a biochemical level, the R172W protein traf-
fics normally to the OS and assembles into com-
plexes with ROM1, although these complexes
are not quite normal, especially in cones (Ding
et al. 2004; Conley et al. 2014). Combined, these
data have led to an overarching hypothesis pos-
tulating that rods are more sensitive to the total
amount of peripherin-2, whereas cones are more
sensitive to having properly assembled periph-
erin-2 complexes. The corollary to this is that
rod-dominant, PRPH2-associated disease (e.g.,
ADRP) is caused by haploinsufficiency, whereas
cone-dominant disease is caused by toxic dom-
inant-negative mutations.

Although this hypothesis may be generally
useful, the situation is likely more complicated.
In the first place, transgenic mice carrying the
P216L ADRP mutation exhibit some domi-
nant-negative rod defects such as worsening in
OS ultrastructure in P216L versus WTeyes and
faster degeneration in P216L/rdsþ/2 eyes than
in rdsþ/2 eyes (Kedzierski et al. 1997). This
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observation suggests that while haploinsuffi-
ciency certainly causes rod-dominant disease,
some ADRP mutant alleles may also have tox-
ic gain-of-function or dominant-negative ef-
fects in rods. In addition, the mechanism by
which R172W (and possibly other PRPH2 mu-
tations) causes MD is likely more complex than
a primary defect in cones. A key phenotype
of PRPH2-associated MD (including that as-
sociated with R172W) is maculopathy and
the development of atrophic patches in the
RPE, which are visible by fundus examination
(Downes et al. 1999) and often appear before
ERG changes or vision loss are apparent. The
severe MD coupled with choroidal/RPE atro-
phy seen in PRPH2-associated MD patients is
therefore likely the result of a combination of
primary molecular defects in cone photorecep-
tors (caused by mutant peripherin-2 protein)
coupled with secondary sequellae that impact
the RPE as well as the choriocapillaris and
choroid. These phenotypes likely present first
in the macula, due to the concentration of cones
in that region and the metabolic demands on
the RPE there, but at a molecular level probably
occur throughout the retina (Boon et al. 2008).
Exploring the connection between the primary
photoreceptor defect and the development of
macular changes in the RPE/choroid will be
critical for the development of effective genetic
therapies. Unfortunately, because the mouse
lacks a macula, modeling this interaction is not
necessarily straightforward.

GENE THERAPY APPROACHES

There are at least four different gene therapy
approaches for the treatment of PRPH2-associ-
ated retinal disease: (1) gene replacement ther-
apy; (2) gene knockdown and replacement ther-
apy; (3) delivery of neurotrophic factors; and
(4) genetic treatment of disease sequellae such
as neovascularization. Typical gene delivery re-
quires packaging of the genetic material of in-
terest (DNA or RNA) into either viral or non-
viral particles, as DNA alone is not readily taken
up by photoreceptors (Farjo et al. 2006a; Cai
et al. 2009). Delivery is usually by subretinal
injection to promote access to photoreceptors;

however, the invasive nature of this approach
makes development of effective alternatives a
high research priority. There is great variety in
the types of nucleic acid packaging approaches
that can be used for ocular gene therapy, and as
they have been reviewed elsewhere (e.g., Conley
and Naash 2010; Han et al. 2011) we will not
discuss them here.

Gene Replacement Therapy with Transgenes
in Peripherin-2 Models

The earliest proof-of-principle for PRPH2 gene
replacement therapy consisted of attempts to
correct the degenerative phenotypes in the
rds2/2 and rdsþ/2 by transgenic expression
of WT peripherin-2. These attempts were high-
ly successful; expression of a WT peripherin-
2 transgene in rods driven by the rod-opsin
promoter on the rds2/2 background preserved
photoreceptors and rod OS ultrastructure
(Travis et al. 1992). Similarly, subsequent stud-
ies showed that expression of a WT peripherin-
2 transgene in rods and cones driven by the
interphotoreceptor retinoid binding protein
(IRBP) promoter rescued rod and cone OS
structure and function when expressed on the
rdsþ/2 background (Nour et al. 2004). These
studies were later extended to show that trans-
genic expression of WT peripherin-2 could me-
diate structural and functional improvement in
the presence of disease-causing mutations asso-
ciated with ADRP (C214S) and MD (R172W)
(Conley et al. 2007; Nour et al. 2008). Several
observations that arose from these studies have a
direct bearing on the success of future gene ther-
apy studies. The first was that the dose of the
transgene was absolutely critical. This is not
surprising given the haploinsufficiency pheno-
type associated with ADRP in patients, but was
reemphasized in the transgenic studies. Models
carrying anywhere from 10% (Travis et al. 1992)
to 150% (Nour et al. 2004) of WT peripherin-2
were characterized and the amount of periph-
erin-2 correlated with the severity of the pheno-
type. Mice expressing �80% of WT levels had
significant structural and functional improve-
ment compared with haploinsufficient rdsþ/2

mice, but photoreceptors still exhibited some
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defects. Lower levels of expression resulted in
correspondingly more severe phenotypes. Pos-
itively, overexpression of peripherin-2 elicited
no toxic outcomes; so while having too little
peripherin-2 results in incomplete rescue, hav-
ing too much is not detrimental (Nour et al.
2004). The second interesting observation was
that WT peripherin-2 expression mediated
structural and functional improvements even
in the presence of dominant-negative mutations
such as R172W (Conley et al. 2007). Unfortu-
nately, although some improvement was noted,
it was not to the same magnitude and did not
last as long as the improvement observed when
WT peripherin-2 was expressed in the presence
of loss-of-function mutations (e.g., C214S) as-
sociated with ADRP (Nour et al. 2008).

The partial rescue we observe with transgen-
esis in R172Wanimals suggests that the R172W
mutation behaves as a dominant-negative (rath-
er than a toxic gain-of-function mutation) and
thus may be at least somewhat amenable to res-
cue via gene supplementation. However, it is
not clear whether other dominantly inherited
MD mutations in PRPH2 are gain-of-function
or dominant-negatives. Traditional gain-of-
function mutations would not likely be rescued
by gene supplementation, and the only partial
rescue seen in the R172W model suggests that
that full rescue for dominant-negative or gain-
of-function mutations may require concurrent
knockdown of the mutant allele.

Gene Replacement Therapy with
Adeno-Associated Viruses (AAV)
in Peripherin-2 Models

In the last 15 years, gene replacement therapy
for peripherin-2 has been attempted using both
viral and nonviral approaches. Initial studies by
Dr. Robin Ali’s group used recombinant AAV
(rAAV) carrying a 2.2 kb fragment of the rod-
opsin promoter and the murine peripherin-2
cDNA (rAAV.rho.prph2) (Ali et al. 2000). This
approach has been quite promising for other
ocular gene therapy studies, and AAVs are cur-
rently in clinical trials for the treatment of RPE-
associated Leber congenital amaurosis (recently
reviewed in Boye et al. 2013). Initially, rAAV.

rho.prph2 was delivered subretinally to rds2/2

animals at postnatal day (P) 10, and animals
were assessed at times ranging from 3–9 wk
postinjection (Ali et al. 2000). The investigators
reported exciting improvements in scotopic
ERG amplitudes and rod OS structure (Ali
et al. 2000), although levels did not meet those
seen in WT or rdsþ/2 animals. Subsequent
studies evaluated the efficacy of treatment at
multiple ages (ranging from P5 to P95), with
evaluation at 1 mo postinjection (Sarra et al.
2001). Although the best improvements in OS
structure were observed when treatment was de-
livered early (P5 or P10), some minor improve-
ments were noted at later delivery ages. Interest-
ingly, in spite of transducing �30%–40% of
photoreceptors, there was no reduction in the
rate or magnitude of photoreceptor cell loss af-
ter treatment with rAAV.rho.prph2. The investi-
gators hypothesize that this is tied to the fact
that the onset of expression of the rAAV is �2
wk postinjection (Sarra et al. 2001), a time point
at which the rds2/2 retina is already undergo-
ing significant degeneration. Although this pro-
vides another argument for early intervention
and the development of treatments with rap-
id-onset expression, it is worth remembering
that degeneration in the rdsþ/2 retina (which
more closely mimics that in patients) is much
slower than in the rds2/2 retina.

In a final study, researchers asked whether
multiple injections could enhance the beneficial
effect and how long the benefits of AAV-associ-
ated therapy would last (Schlichtenbrede et al.
2003). Repeat injection 5 d after the initial treat-
ment (at P15) resulted in better rescue than was
achieved with a single injection, but in both
cases improvements in scotopic b-wave ampli-
tude peaked at 5 wk postinjection, and by 15 wk
postinjection retinal function in treated rds2/2

mice was comparable to levels observed in un-
treated rds2/2 animals (Schlichtenbrede et al.
2003). Although these results were promising,
the magnitude of the improvement was fairly
small; maximum b-wave amplitudes in animals
treated with AAV were �150 mV (improved
from �60 mV in uninjected rds2/2 mice) com-
pared to 400–500 mV in age-matched WT ani-
mals (Schlichtenbrede et al. 2003). Further-
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more, significant improvements in scotopic a-
wave amplitudes, a more direct measure of rod
photoreceptor function, were not reported. Ex-
citingly, the AAVs appeared to be well-tolerated
and there was no sign of an inflammatory re-
sponse in any of the eyes tested (Ali et al. 2000).

The reasons for this incomplete rescue may
be tied to the partial transduction (investigators
estimate �30% transduction) or the levels of
expression, but also highlight some issues relat-
ed to the rds2/2 model. This model has the
benefit of “starting from zero”; that is, because
there are no detectable OSs and no detectable
function or protein, small improvements are
easy to detect. On the other hand, the absence
of even baseline OS structure/function and the
ongoing degeneration may make it more diffi-
cult to initiate OS formation by exogenous ther-
apeutic delivery. More importantly, this model
does not accurately mimic the case in patients
who have haploinsufficiency-associated disease.
A more clinically relevant model would be the
rdsþ/2 mouse, which has a much slower rate
of degeneration and exhibits OSs, albeit high-
ly malformed. However, it is not clear whether
improvements on the scale reported with AAV
would be detectable in that model.

Gene Replacement Therapy with
Nanoparticles in Peripherin-2 Models

Based on the positive initial results using AAV to
deliver peripherin-2, we have more recently ex-
plored the use of compacted DNA nanoparticles
(NPs) to deliver WT peripherin-2. These NPs
are composed of polyethylene glycol-conjugat-
ed polylysine (CK30-PEG) and a plasmid DNA,
and we have shown that they are capable of
transducing a variety of retinal cell types (Farjo
et al. 2006a; Han et al. 2012a). In addition to our
murine studies on PRPH2-associated ADRP
(discussed further below), we have showed
that these NPs can mediate long-term ocular
phenotypic improvements in mouse models of
RPE65-associated Leber congenital amaurosis
(Koirala et al. 2013a,b) and ABCA4-associated
Stargardt macular dystrophy (Han et al. 2012b).
Importantly, these NPs are well-tolerated in the
retina, even after repeat injections (Ding et al.

2009; Cai et al. 2010; Han et al. 2012a,c), and
have a large DNA capacity (tested up to 14 kb
in the eye [Han et al. 2012b] and 20 kb in the
lung [Fink et al. 2006]). To determine whether
they were capable of mediating improvements
in the PRPH2-associated retinitis pigmentosa
phenotype, we generated NPs carrying the full-
length mouse peripherin-2 cDNA (called NMP
for normal mouse peripherin-2) under the con-
trol of the rod- and cone-specific IRBP promot-
er or the ubiquitously expressed chicken beta
actin (CBA) promoter (Cai et al. 2009). We
elected to use the rdsþ/2 model, as it more
closely mimics the patient situation, and subre-
tinally delivered the NPs (or controls) at P5.
Gene expression and disease phenotypes were
tracked for up to 4 mo postinjection. We ob-
served appreciable expression levels of the trans-
ferred gene message as early as 2 d postinjection,
and by 1 wk postinjection, levels of peripherin-
2 message in treated eyes had stabilized at lev-
els two- to threefold higher than was observed
in uninjected eyes, and these levels persisted
throughout the study (Cai et al. 2009). As con-
trols, we injected eyes with naked (i.e., uncom-
pacted) plasmid; no increases in gene expression
were observed in eyes treated with naked DNA
compared to uninjected controls. The NP-me-
diated expression of peripherin-2 resulted in
improved photoreceptor OS structure at both
1 and 4 mo postinjection, detected mostly in
the region near the site of injection. Function-
ally we observed small but nonsignificant im-
provements in scotopic a-wave, and significant
improvement in photopic (cone)-b waves, for
NP-injected eyes compared to naked DNA in-
jected eyes (Cai et al. 2009). Interestingly, there
was no significant difference in efficacy for the
two promoters.

To qualitatively assess the longevity of phe-
notypic improvement, a small subset of rdsþ/2

animals injected at P5 with IRBP-NMP NPs
were aged out to 15 mo postinjection. We ob-
served pronounced preservation of outer nucle-
ar layer thickness in the treated eye compared
to a matched region from the uninjected con-
tralateral eye (Fig. 1A, green bar vs. red bar in
lower panels). This preservation was most pro-
nounced in the peripheral retina and on the side
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of the eye at which injection had occurred (see
the red bars in the lower left column of Fig. 1A).
We also observed that the thickness of the OS
layer was better preserved on the side of the eye
that had been injected compared to the oppos-
ing side (Fig. 1A, yellow vs. blue bar in lower
panels). This preservation was reflected on the
ultrastructural level as well (Fig. 1B) in the re-
gion of injection. Whereas nicely stacked (black
arrows) and highly dysmorphic (red arrow-
heads) OSs were observed in both the IRBP-
NMP NP-treated eye and the uninjected con-
trol, overall ultrastructure was improved in the
NP-treated eye (Fig. 1B). These data suggest that
compacted-DNA NPs can mediate long-term
improvements in retinal structure, but only in
a limited region of the treated retina.

In common with those testing AAVs, we also
asked whether treatment of rdsþ/2 at a later age
(P22) could mediate improvements in photore-
ceptor structure and function. For these studies,

we elected to use NPs carrying the murine pe-
ripherin-2 cDNA (NMP) under the control of
a 221 bp fragment of the mouse opsin promoter
(MOP), which is expressed in rods and cones
(Glushakova et al. 2006). As before, we observed
only small, nonsignificant improvements in the
scotopic a-wave after treatment with MOP-
NMP NPs irrespective of treatment age (P5 or
P22), although modest improvements in the
scotopic b-wave were observed after treatment
at either age. Again, we observed significant im-
provement in cone function (photopic b-wave)
up to 4 mo posttreatment—the longest period
tested—compared to controls injected with
naked DNA. Although some functional im-
provements were detected after treatment at
P22, structural improvements were quite minor
compared to those seen after treatment at P5,
confirming that earlier intervention yields bet-
ter results. Because ERG does not always corre-
late with vision, we also tested visual acuity and
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Figure 1. IRBP NPs carrying peripherin-2 mediate improvements in retinal function at 15 mo postinjection. At
P5, rdsþ/2 animals were injected in one eye with compacted DNA NPs carrying the peripherin-2 cDNA (NMP)
under the control of the IRBP promoter. The contralateral eye served as an uninjected control. Fifteen months
later, eyes were harvested for histological analysis. (A) Light micrographs showing improved outer nuclear layer
(green and red bars) and OS thickness (blue and yellow bars) in the peripheral retina on the side of the eye that
received the injection. NMP, peripherin-2-carrying nanoparticles; RPE, retinal pigment epithelium; OS, outer
segment; IS, inner segment, ONL, outer nuclear layer; INL, inner nuclear layer. Scale bar, 25 mm. (B) Trans-
mission electron micrographs of the same eyes taken from the temporal region. Black arrows identify nicely
stacked OSs whereas red arrowheads show the dysmorphic swirl OS typical of rdsþ/2 eyes. Scale bar, 10 mm.
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contrast sensitivity under photopic conditions
using the OptoMotry system in a subset of eyes
treated at P5 with MOP-NMP NPs (Cai et al.
2010). Assessments were performed at 9–10 mo
postinjection; treated animals exhibited visual
acuities and contrast sensitivities similar to
those observed with WT animals, whereas sa-
line-injected eyes were not different from age-
matched uninjected controls.

Combined, these studies suggest that gene
augmentation with either NPs or AAV is feasible
for PRPH2-associated RP; however, achieving
full rescue has been difficult, likely because of
the requirements of a precise dose of periph-
erin-2 to support OS structure and the difficulty
in transfecting the whole retina.

Gene Knockdown Therapy in Peripherin-2
Models

Because PRPH2-associated disease is often
caused by gain-of-function or dominant-nega-
tive alleles (such as R172W) and pure gene re-
placement (e.g., with transgenes) improved but
did not completely correct the dominant phe-
notype in mice carrying that mutation (Conley
et al. 2007), knockdown approaches may need
to be developed to eliminate the mutant allele.
From a practical standpoint, these will need to
be combined with gene replacement therapy, as
peripherin-2 haploinsufficiency makes knock-
down of the mutant allele alone unlikely to be
successful. Furthermore, the sheer number of
different mutant alleles combined with the in-
frequency of any given allele means that devel-
oping a knockdown strategy for each mutation
would be both time consuming and economi-
cally disadvantageous. As a result, development
of a mutation-independent knockdown ap-
proach is desirable. This approach has been ex-
plored with relative success for rhodopsin gene
therapy. Like PRPH2, there are a plethora of
different dominant, disease-causing mutant
rhodopsin alleles that cause inherited retinal de-
generation, and knockdown has been attempted
in vitro and in vivo with varying degrees of suc-
cess using multiple methods, including ribo-
zymes (Chakraborty et al. 2008b), siRNA (Teus-
ner et al. 2006; Gorbatyuk et al. 2007; O’Reilly

et al. 2007; Mao et al. 2012), and zinc finger
nucleases (Mussolino et al. 2011). Thus far,
shRNA is the most well-developed approach,
and recent results suggest that a single AAV vec-
tor carrying an shRNA capable of knocking
down WT- and mutant rhodopsin, coupled
with a WT rhodopsin that is resistant to silenc-
ing, results in long-term (up to 9 mo of age)
preservation of photoreceptor structure and
function in the P23H mouse model of rhodop-
sin-associated ADRP (Mao et al. 2012).

Recently, the same group that has led the
field in the development of rhodopsin-associat-
ed knockdown has begun to apply this approach
to peripherin-2 (Petrs-Silva et al. 2012). After
identifying two different siRNAs that could
knockdown WT peripherin-2 in vitro, research-
ers packaged the shRNAs into rAAV vectors
and delivered them to the subretinal space of
WT mice. Peripherin-2 message was reduced
by �75% in shRNA-treated eyes, and a corre-
sponding 30%–50% decrease in the scotopic a-
wave was reported. Subsequently, a version of
peripherin-2 resistant to the shRNAs was placed
under control of the CBA promoter in an AAV
vector and codelivered with the shRNA AAV
into WT mice. Codelivery of the two viruses
led to rescue of the functional defect caused
by the shRNA knockdown and partial recovery
of total peripherin-2 protein levels (Petrs-Silva
et al. 2012). A similar approach was taken by
different investigators, who injected WT mice
with a shRNAvector and a resistant WT periph-
erin-2 gene, using electroporation rather than
viral compaction. They reported knockdown
of the endogenous WT allele and stable expres-
sion of the resistant, exogenously delivered allele
(Palfi et al. 2006). Although the efficacy of this
approach in disease models has yet to be evalu-
ated, these exciting studies show proof of prin-
ciple for allele-independent knockdown com-
bined with gene supplementation to combat
PRPH2-associated disease.

Gene-Based Delivery of Neurotrophic
Factors in the Peripherin-2 Model

Although gene augmentation therapy is the
most obvious strategy for PRPH2-associated

PRPH2 Gene Therapy

Cite this article as Cold Spring Harb Perspect Med 2014;4:a017376 9

w
w

w
.p

er
sp

ec
ti

ve
si

n
m

ed
ic

in
e.

o
rg



disease, delivery of neurotrophic factors was ac-
tually the first option to be explored. This ap-
proach does not correct the underlying genetic
defect, but it has the benefit of being inherently
allele- and gene-independent and therefore po-
tentially applicable to a variety of forms of de-
generation. In 1998, a French group delivered
ciliary neurotrophic factor (CNTF) to the intra-
vitreal space of rds2/2 mice using an adenoviral
vector (Cayouette et al. 1998). Excitingly, they
reported preservation of outer nuclear layer
thickness at 2 wk and 2 mo postinjection. How-
ever, they reported only very small improve-
ments in rod function and no improvements
in cone function. The retardation of retinal de-
generation was enough to promote further re-
search in that direction, however, and a separate
group reported similar preservation of structure
but not function after AAV-mediated delivery
of CNTF in the rds2/2 model (Liang et al.
2001). In later work, rAAV was also used to de-
liver CNTF in the P216L/rdsþ/2 ADRP model.
A rescue of retinal degeneration similar to that
seen with the rds2/2 mouse was reported, but
the investigators also observed dose-dependent
abnormalities in photoreceptor nuclei and a
decrease in rod and cone function (Bok et al.
2002). Subsequent studies using this model
showed that CNTF significantly altered retinal
signaling pathways and down-regulated many
important phototransduction genes, including
cone opsins (Rhee et al. 2007). Although this
toxicity precludes the further use of CNTF for
PRPH2-associated disease, other neurotrophic
factors have also been tested. Lentivirus carry-
ing either human fibroblast growth factor-2
(FGF-2) or human pigment epithelial-derived
factor (PEDF) was reported to improve scotopic
a- and b-waves in rds2/2 mice, but it did not
improve photoreceptor survival (Miyazaki et al.
2008). Conclusions from that study are compli-
cated, however, by significant inconsistencies
between the baseline ERG values reported (Mi-
yazaki et al. 2008) and those from other groups
using the same model (Reuter and Sanyal 1984;
Ali et al. 2000; Chakraborty et al. 2009). Many
neurotrophic factors have been explored for the
prevention of degeneration in other forms of
retinal degeneration, and one may be identified

which is clearly beneficial for PRPH2-associated
disease. However, it is evident that extensive
testing in the right models will be required to
identify a clinically relevant choice.

Other drugs and hormones which do not
fall into the category of traditional neurotrophic
factors have also been used to provide some lev-
el of neuroprotection (i.e., retardation of reti-
nal degeneration) and, in some cases, improved
function, in the rds2/2 and rdsþ/2 models.
These include the hormone erythropoietin
(Rex et al. 2004, 2009), the calcium channel
blocker nilvadipine (Takeuchi et al. 2008), and
the monoamine oxidase inhibitor rasagiline
(Eigeldinger-Berthou et al. 2012). It is possible
that genetic interference in the pathways reg-
ulated by these compounds may prove to be a
beneficial approach, or that simple delivery of
pharmacologic agents in conjunction with gene
supplementation therapy may be effective. Fur-
ther studies will be needed to assess the safety
and efficacy of this method.

Antineovascularization Therapy for
Peripherin-2-Associated Disease

The final type of potential genetic therapy is
targeted at the specific clinical signs of disease.
Much like neurotrophic therapy, this approach
does not correct the underlying genetic defect,
and it is also allele- and gene-independent. As in
most age-related MD, vision loss in many forms
of PRPH2-associated macular- or pattern dys-
trophy is caused or exacerbated by neovascula-
rization of the retina or choroid (Moshfeghi
et al. 2006; Boon et al. 2008). In a patient carry-
ing the PRPH2-pattern dystrophy mutation
Y141C who exhibited choroidal neovasculariza-
tion, repeat injections with the anti-VEGF drug
ranibizumab ameliorated the neovasculariza-
tion and improved visual acuity (Vaclavik et al.
2012). Benefits have also been reported in other
studies using anti-VEGF drugs (bevacizumab or
ranibizumab) to treat various forms of pattern
dystrophy-associated choroidal neovasculariza-
tion (Parodi et al. 2010; Gallego-Pinazo et al.
2011). Because repeated injections of this type
of drug are usually required for efficacy, age-re-
lated MD research has focused on development
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of effective, long-lasting genetic therapies that
can inhibit VEGF-associated neovascularization
(e.g., Askou et al. 2012; Pihlmann et al. 2012),
and has resulted in the initiation of several
clinical trials (NCT01494805, NCT01367444,
NCT01301443, NCT01024998). This approach
has not been directly tested in rds models,
but utilization of anti-VEGF drugs in PRPH2
patients with neovascularization may have
merit.

CONCLUDING REMARKS

Here we have discussed a variety of different
options for the genetic treatment of PRPH2-as-
sociated ADRP and MD. Because of the differ-
ential requirements for peripherin-2 for OS
structure and function in rods and cones, ef-
fective gene augmentation for loss-of-function
alleles or gene knockdown plus supplementa-
tion for gain-of-function alleles will likely be a
mainstay of any truly curative therapy. However,
given that vision loss is sometimes associated
with secondary (i.e., nonphotoreceptor) defects
such as choroidal neovascularization, combina-
torial therapy that includes a neuroprotective or
antineovascular agent could increase treatment
efficacy.

Several obstacles to the development of tar-
geted genetic therapies for peripherin-2 remain.
These include the lack of understanding of the
actual disease mechanism for PRPH2-associat-
ed macular disease, and specifically a lack of
understanding of the connection between pri-
mary photoreceptor defects that are well-toler-
ated for several decades and secondary RPE/
choroidal defects that lead to late-onset vision
loss. The lack of a mouse model with a macula
and the large clinical and genetic heterogeneity
in peripherin-2 patient populations further
confound studies of this disease mechanism.
Another complicating factor is the structural
nature of the peripherin-2 protein, and the as-
sociated requirement for a very precise dose.
Peripherin-2 haploinsufficiency means that ef-
fective disease treatment must generate a fairly
large quantity of protein, and a result of con-
stant OS renewal, effective treatments must re-
sult in prolonged, elevated gene expression. In

addition, early treatment is clearly optimal, but
the age at which treatment of mice is most ef-
fective (P5 to P10) has an in utero developmen-
tal equivalent in humans; that is, by birth the
human retina has already passed the stage that
has been identified as optimal for gene delivery
in mice. This, combined with the fact that dis-
ease presentation often follows, rather than pre-
cedes, the onset of degeneration, means that
early intervention is nearly impossible. Finally,
there are obstacles that affect many forms of
photoreceptor-associated gene therapy, such as
the difficulty in achieving pan-retinal trans-
fection and the difficulty of transfecting photo-
receptors to any extent. Although both AAVs
and compacted DNA NPs can transfect photo-
receptors, they are not nearly as easy to target as
other cell types (such as the adjacent RPE). This
has implications for the development and tar-
geting of delivery strategies. In addition, expres-
sion is usually limited to the region of retina
detached during the subretinal injection proce-
dure (i.e., the retinal bleb). Because retinal de-
tachment in itself can be harmful, development
of effective intravitreal gene delivery vehicles
would be ideal.

Despite these limitations, advances in vector
engineering to increase, prolong, and regulate
gene expression, combined with advances in de-
livery technology, such as precisely engineered
AAV capsids and targeted NPs, make the devel-
opment of a clinically applicable peripherin-2
gene therapy more likely than ever before. Given
that current vectors (both AAVs and NPs) are
able to drive per cell gene expression at fairly
high levels; key targets for immediate preclinical
research in this field include increasing distribu-
tion of gene expression throughout the retina
and development of therapies that are effective
after intravitreal delivery.
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