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Inherited retinal diseases (IRDs) were first classified clinically by history, ophthalmoscopic appearance, type
of visual field defects, and electroretinography (ERG). ERGs isolating the two major photoreceptor types
(rods and cones) showed some IRDs with greater cone than rod retinal dysfunction; others were the oppo-
site. Within the cone-rod diseases, there can be phenotypic variability, which can be attributed to genetic
heterogeneity and the variety of visual function mechanisms that are disrupted. Most cause symptoms from
childhood or adolescence, although others can manifest later in life. Among the causative genes for cone-rod

gzl‘/:f;g: dystrophy (CORD) are those encoding molecules in phototransduction cascade activation and recovery pro-
Phenotype cesses, photoreceptor outer segment structure, the visual cycle gnd phqtoreceptor development. We review
Photoreceptor 11 genes known to cause cone-rod disease in the context of their roles in normal visual function and retinal
Retina structure. Knowledge of the pathobiology of these genetic diseases is beginning to pave paths to therapy.

Vision © 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction
1.1. Human photoreceptor types and topography

The process of vision in the human eye begins with the absorption
of light by visual pigments in the photoreceptor outer segments,
extensions from the rod and cone cells. Rods are the most numerous
with 100 million in each eye while cones are far less numerous at
about 6 million [1]. The micro-anatomy and physiology of these dif-
ferent photoreceptor types have been studied extensively as have
their topography in the human adult retina (Fig. 1a,b) [1]. Research-
ing these cells and their connectivity within the retina and into the
brain has occupied scientists for more than a century and the pursuit
has more recently led to discoveries of the genes underlying human
vision [2-5]. This progress has now advanced to the point where
basic science discovery has provided the opportunity to identify the
causes of human inherited retinal diseases (IRDs) [6]. Although there
is interdependence of rods and cones and their pathways, this review
focuses on the genetic diseases that begin in early life with more
cone than rod involvement.

Ethics committee approval: The Institutional Review Board of the University of
Pennsylvania approved this research; informed consent was obtained and procedures
were performed in accordance with the tenets of the Declaration of Helsinki.
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1.2. Cone-rod photoreceptor diseases — making the diagnosis

Phenotype by fundus morphology and vision: A report of a
‘peculiar form of retinitis pigmentosa’ (RP) 150 years ago has been
considered an early description of a cone dystrophy (COD) [7]. The
35-year-old female patient had symmetrical pigmentary lesions in
the macula, reduced vision to counting fingers, central scotomas,
eccentric fixation, color vision complaints, no night vision symptoms
and no constriction of the visual field which was ‘peculiar’ because
these symptoms differed from other reports of RP [8,9]. In fact, the
‘peculiar form of RP’ was not RP (a misnomer for IRDs that tend to
affect rod more than cone photoreceptors and show pigmentary dis-
turbances in the fundus) but a retinal disease that negatively affected
the macula with its high concentration of cone photoreceptors lead-
ing to cell loss or dysfunction and decreased visual acuity and color
vision, the province of cones and cone pathways (Fig. 1c).

Phenotype by retinal electrophysiology: Although the fundu-
scopic examination (made possible by the invention of the ophthal-
moscope [10]) and a detailed history of visual symptoms are first
steps toward diagnosis of a retinal disease, ancillary tests of vision
and retinal function later served to refine or extend the diagnosis
before molecular diagnostics of IRDs became possible. Specifically,
the full-field electroretinogram (ERG), when recorded under condi-
tions to isolate rod- and cone-mediated function, shows a normal or
subnormal rod signal and a more reduced cone signal (Fig. 1d)
[11,12]. Within the spectrum of diseases that mainly show cone
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Fig. 1. Photoreceptor topography and CORD clinical diagnostics. (a) Cone photoreceptor diagram and cone ONL thickness topography based on photoreceptor density map [1]. (b)
Rod diagram and rod ONL thickness topography based on photoreceptor density map [1]. (c) En face near-infrared autofluorescence image showing normal fundus appearance
(left), and central retinal lesion in a patient with ABCA4-retinopathy (right). (d) Retinal electrophysiology, specifically standard rod and cone ERGs, in a normal subject (left) and two
patients with normal rod but reduced (middle) or non-detectable (right) cone signals. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

dysfunction or degeneration (COD), there are those that progress to
negatively affect rod function and structure as well. The nomencla-
ture then becomes cone-rod dystrophy or degeneration (CORD). The
phenotypic diversity by retinal function testing in CORD led to the
hypothesis that the different disease patterns likely represented dif-
ferent molecular genetic causes and mechanisms and this was con-
firmed as we entered the era of gene discovery [11].

1.3. Cone-rod diseases — Mendelian genetic types for these phenotypes

All inheritance patterns are represented among the cone and
cone-rod diseases. Currently, there are at least 30 genes associated
with the clinical diagnosis of COD and CORD. X-linked inheritance is
rare. Autosomal recessive inheritance accounts for 2/3 of these genes
and close to 1/3 are autosomal dominantly inherited [13]. The associ-
ation of COD and CORD phenotypes with a number of different genes
provides an opportunity to try to understand not only the genetic
heterogeneity but also the underlying disease mechanisms. Of the
many genes known to be associated with COD and CORD, [13], we
selected a subgroup of 11 genes to present in this review. These fit
within four proposed disease pathways or categories. Structural and
functional features of the disease expression in patients are illus-
trated for the 11 genetic diseases. Optical coherence tomography
(OCT) cross-sections of the central retina through the fovea showed
laminar abnormalities associated with various stages of the diseases;

the histological laminar boundaries in relation to OCT have been well
studied [14]. Rod and cone perimetry maps were used to illustrate
the loss of visual sensitivity relative to normal mean data at each of
72 loci across the visual field.

2. Genes and disease mechanisms
2.1. Phototransduction pathway abnormalities

Mutations in genes that affect function of photoreceptors, such as
those involved in the phototransduction cascade, are among the
causes of COD and CORD. A generalised overview of the phototrans-
duction cascade is given (Fig. 2a). Although rods and cones differ
slightly in this process, including having rod- or cone-specific pro-
teins or different concentrations of some of these proteins, there is
general similarity [15,16].

2.1.1. Cone opsin mutations

OPNI1LW and OPNIMW encode red- and green-cone opsins,
respectively. The phototransduction cascade is initiated upon photo-
excitation of the opsin by conversion of 11-cis retinal to all-trans reti-
nal. OPN1LW and OPN1MW are located on the X chromosome and are
configured in a head-to-tail tandem array consisting of a single
OPN1LW gene at the 5’ end, followed by at least one OPNIMW gene
[17]. Allocus control region (LCR) upstream of OPN1LW governs opsin
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Fig. 2. Phototransduction activation and recovery. (a) Overview of the normal phototransduction pathway occurring in photoreceptor OS disks. Key proteins are depicted, and asso-
ciated genes that are discussed in this review are given in yellow boxes. A photon of light hits the opsin molecule and 11-cis-retinal is converted to all-trans retinal. Transducin is
activated, which in turn activates a phosphodiesterase (PDE) which hydrolyzes cGMP. Reduction in intracellular cGMP results in closure of cGMP-gated ion channels, and subse-
quent reduction of intracellular Ca** culminates in the hyperpolarization of the photoreceptor. Low intracellular Ca?* promotes recovery in two ways. Reduced Ca®*levels cause
GCAP1 to activate RETGC1 to synthesize cGMP. Increased levels of cGMP cause cGMP-gated ion channels to reopen and the cell to become depolarized. Low Ca* levels also facilitate
activation of recoverin, which allows G-protein coupled receptor kinases (GRK) to phosphorylate (P) the activated opsin. Arrestin then binds to the phosphorylated opsin, blocking
its ability to further activate transducin, turning off the transduction. (b) OCT across the horizontal meridian through the fovea with highlighted (blue) ONL in a normal subject. FB,
foveal bulge. (c-g) OCTs of patients representing each of the 5 genotypes causing abnormalities in phototransduction activation and recovery. White lines represent the lower limit
of normal retinal thickness (—2 standard deviations from mean); ONL is highlighted in blue. At the bottom of each panel are rod (left) and cone (right) perimetry maps for patients
with the genotype. N, nasal; T, temporal. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

gene expression and the identity of the red-sensitive or green-sensi-
tive cone types [18,19]. Mutations in OPN1LW and OPN1MW cause X-
linked vision disorders such as Blue Cone Monochromacy (BCM),
which affects approximately 1 in 100,000 individuals from birth
[20,21].

Clinical examples of BCM (Fig. 2c): A normal OCT with
highlighted outer nuclear layer (ONL; blue) and arrow pointing to
foveal bulge (FB), representing foveal cone outer segments (COS), is
shown for comparison to patient scans (Fig. 2b). BCM patients have
congenitally impaired visual acuity, abnormal color vision, photosen-
sitivity, nystagmus, and often myopia [21-23] OCTs from three BCM
patients, P1 (age 12), P2 (age 51) and P3 (age 50), show different
degrees of central retinal abnormalities (top to bottom) from near
normal foveal outer nuclear layer (ONL) thickness but reduced COS,
to thinned foveal ONL with cavitation at inner/outer segment (IS/OS)
level, to loss of ONL at the fovea with atrophy. Rod and cone

sensitivity maps for P2 show rod function within normal limits but
severely reduced cone function.

2.1.2. Cone cyclic nucleotide-gated (CNG) channelopathies

The cone-specific cyclic guanosine monophosphate (cGMP)-gated
cation channels are localised to the plasma membrane of the COS.
They are tetramers composed of three «- and one B-subunit, with
each subunit containing six transmembrane segments and a cyto-
plasmic cyclic nucleotide-binding domain [15,24]. The complex
forms a pore in the plasma membrane through which cations, includ-
ing Ca?*, can traverse (Fig. 2a). They are open when bound to cGMP
in the dark state, and close upon initiation of the phototransduction
cascade when cGMP levels decrease. During recovery, channels
reopen when cGMP is replenished by activation of retinal membrane
guanylyl cyclase (RETGC1). Mutations that affect cone CNG channels
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can result in dysregulation of cGMP and Ca?* in cells, and accumula-
tion of these molecules can cause cell death [25].

CNGA3: CNGA3 encodes the a-subunit of the cone CNG cation
channel. Disease-causing mutations are autosomal recessive and can
cause COD, CORD or achromatopsia (ACHM) [16,26,27]. Many are
missense mutations that may cause altered function, loss of function
or interfere with trafficking of the a-subunit [15,20,21,27-29].

CNGB3: CNGB3 encodes the B-subunit of the cone CNG cation
channel. Mutations in CNGB3 cause >50% of ACHM in western popu-
lations, and together, CNGB3 and CNGA3 account for >75% of ACHM
[15,21,27]. Most CNGB3 mutations are nonsense, insertions, dele-
tions, or splice site mutations that produce truncated subunits or
which can affect channel formation and function and may result in
cell death [15,20,21].

Clinical Examples of Channelopathies (Fig. 2d,e): ACHM is char-
acterized by congenital loss of cone function resulting in reduced
visual acuity, color blindness, photosensitivity, and nystagmus. Of
interest, mutations in GNAT2, PDE6H, PDE6C and ATF6 also can cause
ACHM [21,27,30]. OCTs from three CNGA3 patients P4 (age 18), P5
(age 28) and P6 (age 32) show a spectrum of foveal structure abnor-
malities: near normal ONL thickness, albeit with reduced COS (P4);
reduced central ONL with IS/OS cavitation lesion (P5); and a more
extensive cavitation lesion (P6) (Fig. 2d). P4 has normal rod sensitiv-
ity but reduced cone sensitivities across the field (right map); cen-
tral-nasal field loci with moderate versus severe cone sensitivity loss
suggest that this patient may exemplify an incomplete form of ACHM
[28,30]. Three CNGB3 patients, P7 (age 13), P8 (age 65), and P9 (age
18) also show a range of structural changes: normal ONL thickness
but reduced COS (P7); loss of foveal ONL thickness (and central reti-
nal thickness) with a cavitation lesion (P8); and an atrophic lesion
with barely detectable foveal ONL (P9) (Fig. 2e). P9 has a normal rod
visual field but severely reduced cone function.

2.1.3. Phototransduction recovery kinetics

GUCY2D: GUCY2D encodes RETGC1, which is responsible for syn-
thesizing cGMP (Fig. 2a). It is expressed primarily in the OS of both
rods and cones, and at a higher concentration in cones, which may in
part explain the effect of mutations in this gene on cones relative to
rods [31]. GUCY2D mutations cause autosomal dominant COD or
CORD and autosomal recessive Leber Congenital Amaurosis (LCA).
The majority are missense mutations. Missense mutations in the
dimerization domain of RETGC1, particularly the arginine at position
838, are a major cause of dominant GUCY2D-CORD. Such mutations
result in a shift in the calcium sensitivity of the cGMP synthesis activ-
ity. Activation of RETGC1 at higher than normal levels of intracellular
Ca®* causes overproduction of cGMP and results in photoreceptor
death [31]. This differs from mutations that cause LCA, which inhibit
the ability of RETGC1 to synthesize cGMP [31].

GUCA1A: GUCA1A encodes guanylyl cyclase-activating protein
(GCAP1), the intracellular calcium sensor that regulates the activity
of RETGC1. In the dark, Ca?*is bound to the three active-metal bind-
ing sites in GCAP1, and Mg?* replaces Ca* during phototransduction
when levels of intracellular Ca%* decline. This induces a conforma-
tional change in GCAP1 that activates RETGC1 to produce cGMP, facil-
itating photoreceptor recovery (Fig. 2a) [31,32]. Point mutations in
GUCA1A can cause dominant COD, CORD and macular dystrophy [31].
Mutations such as the p.Gly68Arg variant lead to a shift in sensitivity
to Ca%*such that RETGC1 is active at higher Ca?* levels, causing over-
production of cGMP which can lead to cell death [31,33,34].

Clinical Presentation of autosomal dominant GUCY2D and
GUCA1A (Fig. 2f,g): P10, A 26-yr-old GUCY2D patient shows normal
ONL thickness across the central retina but with a small IS/OS defect
at the fovea, while P11 (49 years) has thinned ONL and a slightly
greater extent of IS/OS cavitation. Severe disease is illustrated by P12
(27 years) who has detectable but very limited ONL and no IS/OS lam-
ination. P10’s rod map has a central visual area of relatively preserved

function (correlating with the OCT result) while the cone map, with
its limited central function has no measurable sensitivity in the
periphery. GUCA1A disease shows some similarities and differences
to the GUCY2D examples. P13 (16 years) retains central retinal ONL
but definitely reduced thickness of IS/OS lamination. Thinned foveal
ONL and a large cavitation of IS/OS abnormality are evident in P14
(35 years), but extracentral ONL has only moderate thinning. Foveal
ONL loss is prominent in P15 (62 years). In contrast to the major dys-
function of the GUCY2D patient, P14’s rod and cone maps are within
normal limits except for the reduced foveal cone function (correlating
with foveal OCT results).

2.2. Photoreceptor outer segment structure — formation and
maintenance

Genes integral to OS formation and maintenance are also impli-
cated in COD and CORD: PROM1, CDHR1 and PRPH2.

PROM1: PROM1 encodes Prominin-1, a transmembrane glycopro-
tein composed of five transmembrane domains and two highly glyco-
sylated extracellular loops. It is expressed in photoreceptors
predominantly at the base of the outer segments in the protrusions
of disk membranes (Fig. 3a) [35—37]. Prominin-1 interacts with cad-
herin related family member 1 (CDHR1) and actin to promote normal
photoreceptor disk morphology [38]. Murine studies indicate that
Prom1 mutations cause disruption of photoreceptor disk morphogen-
esis and mislocalisation of visual pigments that interfere with photo-
transduction and result in photoreceptor degeneration [38,39].
Zebrafish studies suggest that cones may be more severely affected
than rods since mutations in Prom1 affected peripherin 2 (Prph2)
localization and oligomerization, and Prph2 is expressed at higher
levels in cones [40]. The majority of reported mutations in PROM1
cause autosomal recessive disease, but specific variants (p.Arg373Cys,
p.Asp829Asn and p.Leu245Pro) cause dominant disease. Mutations
result in a variety of phenotypes including CORD and bull’s-eye mac-
ulopathy [43]. Autosomal recessive truncating, splice site and mis-
sense variants were postulated to result in total loss of function and
were associated with a more severe phenotype with an earlier age of
onset and a retina-wide effect whereas patients with an autosomal
dominant variant showed a less severe later onset phenotype with
primarily macular involvement [41].

Clinical Examples of PROM1-related Disease (Fig. 3b): P16, a 5-
yr-old with dominant PROM1 has near normal ONL thickness across
the central retina but abnormal IS/OS lamination, consistent with his
reduced visual acuity. An autosomal recessive PROM1-CORD patient
(P17, age 33) shows little or no detectable ONL across the central ret-
ina and features of inner retinal thickening, the result of retinal
remodeling secondary to photoreceptor loss [42]. Visual field maps of
P17 (at the earlier age of 17) showed abnormal paracentral and cen-
tral rod and cone function and no detectable peripheral sensitivities.

CDHR1: CDHR1 protein is a photoreceptor-specific protocadherin
responsible for OS morphogenesis [36]. CDHR1 is localised to the
base of rod and cone OS (Fig. 3a) [36,43]. In mice, the absence of
CDHR1 expression resulted in disorganized OS and progressive pho-
toreceptor death [43]. Cleavage of the six extracellular domains from
the transmembrane and intracellular domains is an important pro-
cess in OS assembly, and direct interaction with PROM1 ensures
proper morphogenesis of OS disks [38,44]. Mutations in CDHR1 are
associated with recessive CORD or COD [36,45]. There is genotypic
and phenotypic heterogeneity, but macular involvement is common
in CDHR1 mutations [45].

Clinical Examples of CDHR1 CORD (Fig. 3c): Siblings with CDHR1
mutations were clinically diagnosed as CORD in their 3rd decade of
life. By ages 45 (P18) and 38 (P19), visual loss was severe and there
was no detectable ONL by OCT and inner retinal thickening indicating
retinal remodeling. There was no measurable rod and cone function
by visual field maps in P19 at age 39.
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PRPH2: PRPH2 (previously known as RDS) encodes peripherin 2
(PRPH2), a photoreceptor-specific tetraspanin membrane protein
vital to OS disk morphogenesis, stability and maintenance in rods
and cones [36,37]. The protein is composed of four transmembrane
domains, two intradiscal loops, the D1 and D2 loops, and cytoplasmic
N and C termini. Peripherin 2 is localised to the rims of photoreceptor
disks (Fig. 3a) [36]. PRPH2 disease has genetic and phenotypic hetero-
geneity [36,37,46]. In CORD patients, mutations are most often asso-
ciated with autosomal dominant inheritance [36,46]. Although
genotype-phenotype correlations have been elusive, the majority of
PRPH2-CORD patients have mutations in exon 1, and the D2 loop of
the protein, important for mediating protein-protein interactions, is
a mutational hotspot in exon 1. Additionally, p.Arg172Trp, a common

mutation in PRPH2 that can cause a disease with early cone involve-
ment, is generally associated with earlier age of onset compared to
other PRPH2 variants [46].

Clinical Examples of PRPH2 Maculopathy (Fig. 3d): P20, a 34-yr-
old with pattern dystrophy had central visual distortion but other-
wise normal vision; OCT showed a subfoveal deposit but no other
abnormalities. The patient’s mother had a similar history and fundus
appearance. A 39-yr-old with complaints of distortion (P21) had an
initial clinical diagnosis of macular degeneration; a PRPH2 mutation
was later identified. Other family members had been diagnosed as
having macular degeneration. At age 51, P21 showed subfoveal
deposits as well as reduced ONL thickness in regions of the macula
but not at the fovea. P22 (55 years) had progressive reduction in



6 A.V. Garafalo et al. / EBioMedicine 63 (2021) 103200

visual acuity over previous decades but no clinically apparent macu-
lar degenerative disease (no OCT shown); rod and cone visual field
maps were within normal limits.

2.3. Visual cycle

Mutations in ABCA4, critical to the visual cycle, cause cone-rod
disease. ABCA4 is a 50-exon gene that encodes a 2273 amino acid
ATP-binding cassette transporter protein primarily expressed in rod
and cone 0S’s. ABCA4 is localised to the rim regions of the OS disk
membranes. The main function of ABCA4 is the transport of N-retiny-
lidene-PEs (N-ret-PEs) from the intradiscal side of the disk membrane
to the cytoplasmic side to facilitate normal metabolism of all-trans
retinal and 11-cis retinal. ABCA4’s role in the visual cycle is in trans-
porting all-trans retinal bound to PE to the cytoplasmic side where it
is acted upon by retinol dehydrogenase (RDH) to enter the photopig-
ment regeneration cycle (Fig. 4a) [47].

ABCA4 mutations cause mislocalised, impaired or nonfunctional
protein which impedes or inhibits clearance of excess N-ret-PEs from
photoreceptor disks [47]. N-Ret-PEs form cytotoxic bisretinoids that
accumulate in the disks and are subsequently converted to N-retiny-
lidene-N-retinylethanolamine (A2E), a component of lipofuscin, in
the RPE upon phagocytosis of OS tips. This process results in aggrega-
tion of lipofuscin in the RPE and causes the atrophy of the RPE and
secondary photoreceptor cell death [47-49]. Cone photoreceptors
may be uniquely vulnerable to primary cytotoxicity from buildup of
bisretinoids in OS’s when ABCA4 is nonfunctional [50]. Mutations in
ABCA4, well-known as the cause of the early-onset recessive macul-
opathy Stargardt disease, is also estimated to cause ~60% of autoso-
mal recessive CORD [16,51,52].

Clinical Examples of ABCA4 Retinopathy (Fig. 4b,c): An ultra-
wide near-infrared autofluorescence image of P23, a 21-yr-old with
ABCA4 mutations (causing Stargardt disease) shows that the RPE dis-
ease distribution extends from the central retina into surrounding
extramacular retina [53]. The inset, from the macula, uses short-
wavelength autofluoresence to capture the lipofuscin accumulation
characteristic of ABCA4-retinopathy. This patient had reduced acuities,
a central scotoma and rod and cone sensitivities within normal limits
in the peripheral field. ABCA4-CORD examples are also shown
(Fig. 4c). P24, a 15-yr-old with photosensitivity and reduced acuity,
had borderline normal rod and cone ERGs but macular pigmentary
changes and slightly attenuated retinal vessels. OCT indicated a nor-
mal photoreceptor nuclear layer but central retinal IS/OS lamination
abnormalities. P25 at 9 years of age had a history of failed school
vision tests due to reduced acuities, photosensitivity, a normal rod but
severely reduced cone ERG, and a bull’s eye appearance in the macula.
OCT at age 14 had reduced retinal thickness, no detectable foveal ONL
and only limited ONL in the extracentral retina scanned. At age 17,
vision maps in this patient showed about 1 log unit of rod sensitivity
loss with greater losses more centrally; central and peripheral cone
losses were pronounced, but there was a residual midperipheral
island of impaired cone function. P26, a 17-yr-old, had longstanding
reduced acuity, normal rod signals but slightly reduced cone ERGs,
and OCT with total retinal thickness loss and barely detectable central
retinal ONL. Rod and cone vision maps revealed a large central sco-
toma surrounded by reduced sensitivities into the periphery.

2.4. Photoreceptor development

The gene regulatory networks that mediate cellular differentiation
in the retina are complex. We offer a simplified diagram of the inter-
actions of some of the key regulators of photoreceptor cell fate in the
vertebrate retina (Fig. 5a); mutations in these developmental genes
can cause inherited photoreceptor diseases. Two of these genes, CRX
and NR2E3, are discussed as they relate to the very different human
diseases of cones that are associated with them.

CRX: The cone-rod homeobox protein (CRX) plays an important
role in promoting photoreceptor cell fate and regulates expression of
both rod- and cone-specific genes [54,55]. Missense mutations pri-
marily affect the homeobox domain responsible for binding DNA
whereas frameshift and nonsense mutations are clustered in the last
exon and are predicted to affect the domains involved in transcrip-
tional regulation; mutations cause variable effects on DNA binding
ability and CRX function [56]. Mutations in CRX can cause, for exam-
ple, dominant CORD and dominant LCA [57].

Clinical Examples of CRX LCA and CORD (Fig. 5b,d): P27, a 7-yr-
old patient with nystagmus, strabismus, and severely impaired vision
noted from 2 months of age, was clinically diagnosed with LCA; an
ERG at this age showed a small waveform to a bright flash of light but
no other detectable signals (Fig. 5d, waveforms at right). A molecular
diagnosis subsequently revealed a heterozygous CRX mutation. The
OCT at age 30 showed reduced retinal thickness and very limited
ONL and outer retinal lamination; increased inner retinal thickness
indicated retinal remodeling. There was no measurable rod and cone
function across the visual field. P28, a 28-yr-old patient with domi-
nant CORD, had longstanding visual complaints (mainly central) but
retained measurable acuities and peripheral visual fields. OCT at this
age had reduced retinal thickness, and ONL was detectable across the
central retina.

NR2E3: NR2E3 is an orphan nuclear receptor which has dual func-
tions of promoting expression of rod-specific genes and suppressing
S-cone-specific genes. CRX and NRL interact to induce its expression
during development [54,55,59]. Mutations are commonly found in
the DNA-binding domains or ligand-binding domains. The initial evi-
dence leading to understanding of the role of NR2E3 in photoreceptor
development came from the clinical observation that an autosomal
recessive retinopathy was a unique disorder characterized by night-
blindness early in life, reduced L/M cone function, cystic maculop-
athy, and a surprising excess of S-cone function and structure
[59-67]. The ‘enhanced S-cone syndrome’ (ESCS), like other genetic
cone diseases in this review, has reduced L/M cone cells and dysfunc-
tion. Unlike any other retinopathy, however, ESCS-NR2E3 has
increased function and structure of the minority S-cone photorecep-
tor.

Clinical Examples of NR2E3 Retinopathy (Fig. 5¢,d): The ERG of
an NR2E3 patient (Fig. 5d, waveforms in middle column) differs from
normal in that the dark-adapted blue flash stimulus that elicits a rod
signal in a normal retina produced no signal. Also, in contrast to the
normal mixed cone-rod signal from a bright white flash, there is a
large negative waveform in NR2E3. Unlike the normal cone system
ERG (mainly L/M receptors) elicited with a white flash, light-adapted,
the NR2E3 large negative waveform in the light-adapted state is
almost identical to the dark-adapted response to this stimulus. The
flicker cone ERG, however, is abnormally reduced in amplitude ver-
sus normal. This pattern of ERGs was proven to derive from reduced
rod and L/M cone system responses but hyperfunctioning S-cones
[60,63].

OCTs of NR2E3 patients P29 (20 years) and P30 (23 years) illus-
trate different degrees of cystic maculopathy associated with this dis-
ease. P31, a 66-yr-old patient with very reduced vision has a thinned
retina with indistinct outer lamination. Visual field maps from P32, a
33-yr-old NR2E3 patient (Fig. 5b), show rod sensitivities (left) abnor-
mally reduced throughout; L/M cone sensitivities were either abnor-
mal or within normal limits (middle); and S-cone sensitivities are
supernormal at most loci or fall within normal limits in the remain-
der (right).

3. Current and future therapies
The diseases discussed in this review were categorised as ‘incur-

able’ in past decades, but therapeutic strategies are now slowly
emerging given progress in understanding the causative genes and
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disease mechanisms. Gene augmentation therapy is one strategy that
has been used to treat mainly autosomal or X-linked recessive IRDs.
This is reasonable to consider for diseases where there are remaining
photoreceptors to treat, such as CNGA3, CNGB3, ABCA4, and BCM
patients. Clinical trials to treat ACHM caused by mutations in CNGA3
or CNGB3 are ongoing, and previously, there was a trial to treat
ABCA4 Stargardt disease [70]. Whereas we now know how to diag-
nose most cone-rod IRDs, we have only limited experience in the
design and conduct of treatment trials for these groups of patients. In

addition to knowing the disease-causing gene and mutation there
should also be careful consideration of the phenotype and stage of
disease to treat. A key decision to make is whether the therapeutic
goal is to improve visual function or try to preserve vision and slow
progression of disease [68—70]. After improved vision was the con-
sensus result of subretinal gene therapy trials in RPE65-LCA, there
seems to have been an assumption that a similar strategy in other
IRDs would also lead to significant efficacy within weeks. Subsequent
early phase gene therapy trials, however, were relatively
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disappointing in terms of efficacy, although showing safety [70].
Future clinical trials should follow the lead of the two efficacious
gene-based therapies to date (the two forms of Leber congenital
amaurosis: RPE65-LCA and CEP290-LCA) and measure, not assume,
the potential for efficacy in patient groups targeted for therapy. The
potential for improving visual function in these two LCA subtypes
was calculated using the relationship between OCT and visual thresh-
olds [68—70]. If improvement of vision is determined to be an unreal-
istic goal, then planning of the trial takes a different direction. Greater
understanding of the natural history of the disorder, with disease-
specific outcomes and not only conventional time-honored parame-
ters, becomes critical so there is a reasonable timeline to conduct the
trial and determine if progression is slowed and treatment efficacy is
achieved.

There are, of course, other complexities to confront. Dominant,
gain of function mutations are more difficult to treat using traditional
gene augmentation therapy because correction would also likely

need to be accompanied by suppression of a toxic gene product.
Recently, a single AAV vector was developed that inactivated mutant
rhodopsin and replaced it with a functional gene in a canine model
[71]. Using a CRISPR/Cas9 platform packaged in AAV vector as
another option for dominant disease is being explored to treat
GUCY2D-CORD [72]. The delivery method also needs to be consid-
ered; intravitreal gene delivery is being developed as an alternative
to subretinal gene delivery for some IRDs and should be considered
for diseases with already fragile foveas, as in BCM or ACHM [70], and
there are advances in suprachoroidal gene transfer [73]. For diseases
with severe degeneration where there may be very few or no photo-
receptors left to treat, gene therapy would not be a viable strategy.
For example, for CRX disease, regenerative medicine may be a more
suitable treatment approach. In addition to regenerative medicine,
other non-gene-based methods for treating cone-rod IRDs are being
considered such as visual cycle and immune complement system
modulators and factors that target the cell death pathways which
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may have implications for many disease types; some of these non-
gene-based methods target pathways common to multiple diseases
[74,75]. Research should continue on mechanisms of cone and rod
cell death in these diseases so that the pathways of differential pho-
toreceptor cell death can be better understood and potentially tar-
geted for therapeutic intervention.

4. Search strategy and selection criteria

The starting point for many of the searching strategies for this
review was the combined knowledge base of the authors of this
work. From there, PubMed was the primary database used to identify
further resources. Searches for general cone inherited retinal disease
were made as were searches for individual genes reviewed in this
manuscript.
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