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MOLECULAR PATHOGENICITY OF DISEASE-ASSOCIATED MUTATIONS IN CONE
CNG CHANNEL SUBUNITS

Abstract

By Chunming Liu, Ph.D.
Washington State University
February 2008

Chair: Michael D. Varnum

Located at the outer segment membrane of photoreceptor cells, cyclic nucleotide-gated
CNG channels are a critical step in the phototransduction cascade by which light stimulation is
converted into electrical responses that can be processed by the central nervous system. The
abundance and proper functioning of CNG channels are critical for photoreceptor survival.
Multiple mutations in genes encoding CNG channel subunits have been identified in patients
with inherited retinal degenerative diseases, a genetically heterogeneous group of disorders
characterized by loss of rod, cone, or both photoreceptor cells. The resulting blindness is one of
the major causes of disability. However, the pathogenic mechanisms arising from these
mutations have remained largely undetermined.

To address this question, we have focused on cone specific CNG channels and functionally
characterized three mutations associated with severe progressive cone dystrophy. Complex

effects, including altered channel-gating properties, impaired channel subunit processing and



maturation, and disrupted plasma membrane localization, were observed with these mutations.
These results provide evidence for the pathogenecity of the mutations in humans, and suggest
that changes in channel activity and/or localization may ultimately lead to the reported clinical
features.

To further identify the possible cellular and molecular pathways by which CNG channel
mutations initiate photoreceptor degeneration, two achromatopsia-associated, gain-of-function
mutations in CNGB3 were studied using heterologous expression in photoreceptor derived 661W
cell. Mutant channels exhibited increased apparent affinity for CPT-cGMP compared to wild-
type channels. Increased cytotoxicity induced by a low concentration of CPT-cGMP was
observed in mutant channel-expressing 661W cells. The elevation in cytotoxicity was found to
be dependent on the presence of extracellular calcium. The increased susceptibility to cell death
could be rescued by applying CNG channel blockers L-cis-diltiazem or tetracaine. These results
suggest that cytotoxicity in this model depends on calcium entry through hyperactive CNG
channels, supporting a Ca?*-overload hypothesis. Our results are the first to show a direct
connection between disease-associated mutations in cone CNG channel subunits, altered CNG

channel-activation properties, and photoreceptor cytotoxicity.
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INTRODUCTION

I . Phototransduction, recovery and light adaptation

How does an animal “see” things, i.e., how does light in the surrounding environment create
an image in the brain? Since all neuronal responses are ultimately electrical responses, the first
step of vision must be the conversion of light stimuli to electrical signals. This process is known
as phototransduction and is carried out by retinal photoreceptor cells. In the resting state of
photoreceptors in the absence of light, cyclic nucleotide-gated (CNG) channels located at the
outer segment membrane, are opened by direct binding of intracellular guanosine 3°, 5’-cyclic
monophosphate (cGMP) (44, 80, 109). A “dark current” carried mostly by influx of Na" and
Ca®" through open CNG channels (63), leads to slight photoreceptor depolarization and
excitatory neurotransmitter (glutamate) release at the photoreceptor synapse. The excitation
process of phototransduction begins with absorption of photons by visual pigment, rhodopsin or
opsin, which activates cGMP phosphodiesterase (PDE) through a specific GTP-binding protein,
transducin. The activated cGMP PDE then catalyzes the hydrolysis of cGMP to the inactive
form GMP. In response to the drop of intracellular cGMP, CNG channels close and the influx of
Na' and Ca®" decreases. The resulting membrane hyperpolarization leads to attenuation in tonic
glutamate release (194). Through a network of interneurons, including bipolar, horizontal and
amacrine cells, these electrical signals are processed and relayed to retinal ganglion cells.

Signals evoked by light in photoreceptors are transmitted as trains of action potentials through



the optic nerve formed by axons of ganglion cells, projected to higher order neurons in the
central nervous system and ultimately processed as vision.

Within the outer segment, the drop in intracellular Ca®* produced by closure of the CNG
channels after light stimulation triggers a negative feedback loop. This negative feedback loop
mediates recovery of the photoreceptor to its pre-activated state in the case of a transient
stimulus, or light adaptation in the case of a sustained stimulus (141). The recovery of
phototransduction also involves active turnoff and recycling of the transduction components.
Rhodopsin kinase phosphorylates and inactivates rhodopsin, and the inactivated rhodopsin is
subsequently capped by arrestin to be removed from further action. Transducin is deactivated
through the hydrolysis of bound GTP to GDP, thereby allowing cGMP PDE to return to its
inactive state and reducing the hydrolysis of cGMP. Guanylyl cyclase (GC) is activated through
a Ca”" sensor, guanylyl cyclase activating protein (GCAP), which responds to the decrease of
cytoplasmic Ca”" concentration ([Ca2+]i) after CNG channel closure. The enzymatic activity of
GC thus produces more cGMP. Combined actions of reduced hydrolysis and activated synthesis
leads to an increase in cytosolic cGMP levels, allowing more CNG channels to be opened and
the photoreceptor to return to its resting state (27, 124, 159).

In order for photoreceptor cells to maintain a response over a broad range of light intensities
and durations, photoreceptor cells alter their sensitivity to light, a process known as light
adaptation (see review in (15) and (37)). The adaptation process occurs at multiple levels, such
as shortened lifetime of active PDE (84) and altered ligand sensitivity of the CNG channel

through Ca*"-calmodulin (CaM) (71, 72, 90, 131).



Photoreceptor cells, including rods and cones, are highly differentiated in structure and
protein components that carry out their primary task of phototransduction. Although the goals
are basically the same, rods and cones work under different light spectra (see review in (15, 57)).
The rods are sensitive to low intensity light and are responsible for night vision. High intensity
light (day-light vision) and color vision depends on three types of cone photoreceptors in humans
that are optimally sensitive to light of different wavelengths. Rods and cones express related but
distinct genes for many important signaling proteins in the phototransduction cascade. One
example of these specializations is that native CNG channel in rods and cones exhibits different
apparent ligand affinities and different sensitivities to calcium-feedback regulation. Compared to
rods, less is known about cone phototransduction and the specialized CNG channels of cone
photoreceptors (40). To address this important gap in knowledge, research in our lab has been
focused on characterizing the structure and function of cone CNG channels.

Environmental damage or gene defects, which result in disruption of normal
phototransduction, can increase the risk of photoreceptor cell death and lead to retinal
degenerative diseases (136). In the following section, we will briefly discuss some of the

possible causes of these diseases.

II. Photoreceptor degenerative diseases
Retinal dystrophies, a group of diseases that are characterized by degeneration of
photoreceptor cells in the retina (rods, cones, or both) and subsequent loss of vision, affect

millions of people worldwide. There are many identified environmental or genetic factors



thought to be related to photoreceptor degeneration. The most common damaging factors from
the environment that cause photoreceptor cell death include excessive light exposure, hypoxic-
ischemia insult and heavy metals such as lead exposure (14, 35, 50, 51). Another major cause
for loss of rods and cones is genetic mutations, leading to inherited photoreceptor degenerative
diseases (IPDs) such as retinitis pigmentosa (RP), achromatopsia, progressive cone dystrophy
(PCD) and inherited forms of macular degeneration (MD). To date, 190 genes and loci have
been mapped and 138 genes identified as linked to IPDs (see RetNet at

http://www.sph.uth.tmc.edu/Retnet/; also reviewed by Pacione (123)). The resulting loss of

vision is one of the most common causes of disability. According to the NEI National Plan for

Eye and Vision Research (2004), the inherited forms of retinal diseases afflict approximately

100,000 people in the United States.

Common clinical phenotypes

IPDs are a genetically and phenotypically diverse group of inherited diseases.
Heterogeneity in clinical symptoms and genetic defects is remarkable in this group of diseases,
since autosomal dominant, autosomal recessive and X linked recessive inheritance have all been
reported. In the majority of IPDs, both cone and rod photoreceptors die, but the time course and
the degree to which these cell types are affected differs between various disorders. For example,
RP is a heterogeneous group of diseases characterized initially by a progressive loss of rods. As
a result, night vision and peripheral vision are affected at first. The subsequent degeneration of

cones eventually leads to complete blindness (see review in (67) and (78)).



Similarly, disruptions in cone function and cone degeneration leads to day-light sensory
deficiencies (legal blindness) and abnormalities in color-vision, as the primary symptoms in
patients with achromatopsia (164), PCD (164, 165) and inherited forms of MD (173). Since
cone photoreceptors are mostly enriched in the central part of retina (fovea), impairment of
central vision usually occurs first. Other clinical symptoms include reduced visual acuity,
photophobia and nystagmus (see reviews in (143, 164)). Based on diseases’ clinical progression,
cone degenerative diseases can be broadly divided into two groups, stationary and progressive
cone dystrophy (164).

Achromatopsia, which is also called rod monochromatism, is a stationary form of cone
dystrophy that denotes a group of congenital disorders where lack of cone function is evident
from birth (160, 161). All three types of cones are affected in the complete form of
achromatopsia, resulting in complete colorblindness and severe reduction of visual acuity. Less
severe form of cone degeneration, where different degrees of residual cone function remain
detectable, is called incomplete achromatopsia (see review (26, 114, 164)). In this type of
disease, specific subtypes or all three types of cones are affected, yet symptoms are less severe
compared to complete achromatopsia (164). Patients with PCD, on the other hand, usually
present normal vision at birth. Deterioration of visual acuity and color vision starts at the
adolescent or early adult stage (reviewed by Simunovic (164)). Yet this clinical definition of
“stationary” or “progressive” is not absolute, since a progressive loss of residual cone function
has been reported in patients diagnosed with “achromatopsia” (82). In this study, some affected

individuals retain residual cone function into middle age, and then progressively lose this



functional remnant over a prolonged period (6-12 years). Thus, methods other than clinical
characterization, such as genetic analysis and mechanistic study, may offer advantages for

disease classification.

Affected genes in IPDs

Based on the known or presumed function of the encoded proteins, brief analysis of all the
affected genes and loci revealed that the following biochemical pathways might be affected by
mutations: phototransduction cascade, vitamin A metabolism, structural or cytoskeletal features,
cell-cell interaction and signalling, synaptic interaction, RNA intron-splicing factors, trafficking
of intracellular proteins, maintenance of cilia/ciliated cells, pH regulation (choriocapillaris) and
phagocytosis (67). It is not clearly understood how the altered structure or function of critical
proteins in the photoreceptors drives them toward cell death, producing barriers in developing
prevention and treatment methods. As briefly described above, the opening and closure of CNG
channels is crucial to phototransduction, recovery and light adaptation. Mutations in different
components of the phototransduction pathway may result in abnormal CNG channel activity,
triggering photoreceptor cell death. These include mutations in CNG channel subunits that
directly alter channel gating (discussed later in this introduction), and mutations in critical
enzymes that change channel ligand concentration in the photoreceptor outer segment, including
cGMP phosphodiesterase (PDE), retinal guanylyl cyclase (retGC) and its activating protein

(GCAP) (see review in (122, 138)).



Mutations resulting in abnormal cytoplasmic cyclic nucleotide levels have been linked to
photoreceptor degeneration. Even prior to the identification and cloning of genes encoding CNG
channels, an abnormal elevation in intracellular cGMP levels was observed in the rd1 mouse, a
classic model for RP (43), and in patients with RP (42). Genetic and functional studies
demonstrated that elevated cGMP levels were a result of mutant PDE6 B-subunits that impair
enzymatic activity (8, 17, 18, 111, 112). Recent studies by Stearns and coworkers suggest that
rapid cone degeneration is also observed in the zebrafish retina after mutation of a cone specific
pde6 gene, providing further evidence that links the loss of functional ¢cGMP PDE to
photoreceptor degeneration in vivo (168). Additional studies showed that RP-associated
mutations in retinal GC and GCAP both produced constitutively active GC (28, 55, 129, 135,
156), leading to a sustained increase in cGMP levels. Retinal explants and photoreceptor derived
661W cells treated with PDE inhibitor show a tonic increase in intracellular Ca*" levels and
subsequent cell death (106, 157, 180, 181), providing further evidence that appropriate
intracellular cGMP levels are critical for photoreceptor survival.

Another group of IPD-related mutations are found in genes encoding CNG channel
subunits. To better understand the effects of these mutations, we will take a closer look at the

structural features and functional importance of photoreceptor CNG channels.



III. CNG channels

Critical role of CNG channels in visual transduction, recovery and adaptation

Since the first discovery of CNG channels in the plasma membrane of vertebrate rod (44)
and cone (68) photoreceptor outer segments, extensive studies have been carried out in this field.
Consequently, a close relationship between these channels and primary sensory systems,
including vision and olfaction, has been established (reviewed by Pifferi (137)). By helping to
convert sensory input (absorption of light) into electrical responses (hyperpolarization of
photoreceptors), CNG channels play a fundamental role in the visual transduction pathway.

CNG channels are also critical for recovery and light adaptation by controlling intracellular
Ca”" homeostasis. Ca®" enters into photoreceptor outer segments mainly through CNG channels,
and is extruded via the Na"/Ca®*-K" exchanger (141). Important steps in both recovery and
adaptation processes are Ca’’-dependent (review in (45, 141)). For example, GC activation
depends on GCAP, a Ca”" sensor that responds to the decrease of cytoplasmic Ca’" concentration
([Ca*']). With the closure of the CNG channels after light stimulation, intracellular Ca®"
concentration decreases and therefore initiates the recovery process by activating GC and
enhancing synthesis of new ¢cGMP molecules (27, 124, 159). Adaptation is also highly Ca**-
dependent (37, 65, 90). The lowered intracellular Ca>" concentration after light stimulation and

CNG channel closure may initiate adjustment of the sensitivity of the transduction machinery.



Structural features of CNG channels

CNG channels are functionally classified as one member of ligand-gated, non-selective
cation channels (44, 80, 109). Although they are only weakly sensitive to membrane
depolarization, structural homology indicates that CNG channels are related to the superfamily of
voltage-gated potassium (K') channels (see review in (198)). Each CNG channel subunit
contains six transmembrane domains (S1-S6), cytoplasmic N- and C-termini, a conserved pore
region, a cyclic nucleotide-biding domain (CNBD) and a C-linker region between S6 and CNBD
(Chapter 1, Fig. 1). The S4 transmembrane domain contains multiple positively-charged
residues, similar to that of voltage-gated K* channels in which S4 is believed to act as a voltage
sensor (76, 97). Ligand docking at each CNBD initiates a conformational change in the channel
that leads to opening of the channel pore. Cyclic GMP is the physiological activator of the
photoreceptor CNG channels in vivo. Bound ¢cGMP promotes an allosteric conformational
change leading to opening of the channel pore. Adenosine 3°, 5’-cyclic monophosphate (cCAMP)
is a partial agonist of the rod and cone CNG channel (80). The initial binding of cAMP is
comparable to that of cGMP, but cAMP is much less efficient in promoting channel opening
after binding to CNBD (61). The major structural determinant of cGMP efficacy and specificity
has been localized to a single aspartic acid residue within the CNBD (182).

CNG channels are tetrameric proteins (61, 104, 183) composed of some combination of a
(CNGAI, CNGA2, CNGA3 and CNGA4) and B (CNGB1 and CNGB3) subunits (7, 58, 91,
153). While CNGA1, CNGA2 and CNGA3 subunits can form active homomeric channels by

themselves when expressed alone in heterologous expression systems, native CNG channels are



known to be heteromeric. Rod photoreceptor CNG channels contain three CNGA1 subunits and
one CNGBI1 subunit (186, 201, 203). A different stoichiometry is adopted by cone CNG
channel: CNGA3 and CNGB3 subunits are arranged in a 2:2 configuration (134). CNG
channels of olfactory receptor neurons are composed of two CNGA2 subunits, one CNGA4
subunit, and one alternatively spliced CNGB1 subunit (CNGBI1b) (202). Although CNGA4,
CNGBI and CNGB3 do not form functional channels by themselves, they can modulate channel
properties and fine-tune each cell type specific CNG channel to best perform its physiological

role (7, 9, 10, 20, 58, 100, 153).

CNG Channelopathies

Mutations in ion channel genes that are linked to clinical diseases are known as
channelopathies. More than 60 mutations in genes encoding CNG channel subunits have been
identified in patients suffering from IPDs (see review (4)). Depending on cell-type expression of
mutant protein, rods and cones are affected differently, leading to distinct clinical symptoms
discussed above. Some forms of RP are caused by mutations in the CNGA1 or CNGB1 genes of
the rod photoreceptor cells (33, 107, 177). Yet this can only account for a small portion (less
than 9%) of patients having this disease (67). Mutations in the cone CNG channel genes CNGA3
(62, 77, 88, 120, 184, 187, 188) and CNGB3 (77, 86, 89, 113, 120, 121, 163, 170, 184, 189) have
also been identified in patients with achromatopsia, PCD and inherited MD. Different from RP,
mutations in cone channel subunits accounting for 60-80% of the cone dystrophy patients

examined, with CNGA3 accounting for 20-30% of achromatopsia cases and CNGB3 accounting
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for up to 50% ((77, 89), also see RetNet). Mutations in another gene, GNATZ2, which encodes the
a subunit of the G-protein transducin (87), accounts for a minor fraction (<2%). Obviously, there
are still unidentified gene alterations related to inherited cone dysfunction.

How do these mutations in CNG channel genes affect protein activity? Several functional
studies using heterologous expression methods have been carried out to answer this question and

two major effects have been characterized in these mutant channels, as described below.

Functional consequences of CNG channel mutations

Some mutant alleles can produce functional channels in the plasma membrane with altered
gating properties. Many mutations in cone specific CNGB3 subunits produce a gain-of-function
phenotype (13, 121, 132). Such gain-of-function changes are evident as an increase in apparent
ligand affinity and relative agonist efficacy. Some mutations in CNGA3 subunits exhibited a
similar gain-of-function effect (103, 118, 133). Altered ion selectivity and single channel
properties of heteromeric channels containing S435F, an achromatopsia-associated point
mutation in CNGB3, have also been observed (132). In addition, an incomplete achromatopsia-
associated mutation in CNGA3 (T369S) exhibits altered Ca** permeation and block (176).

Besides the direct gating changes observed in mutant CNG channels, many nonsense or
deletion/frame shift mutations in CNGB3 are null mutations that produce severely truncated
CNGB3 subunits (127, 146). These mutant subunits do not form functional heteromeric
channels with CNGA3 at the plasma membrane. One of the most prevalent mutations in

achromatopsia patients, T383fsX in CNGB3 (77, 89), falls into this category (13, 132).
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Channels formed after heterologous expression of CNGA3 plus CNGB3 subunits containing this
mutation closely resembled homomeric CNGA3 channels (132). CNGA3 homomeric channels
exhibit higher apparent affinity for cGMP compared to heteromeric channels, and they are
insensitive to down-regulation by Ca®*/calmodulin (131) and phospholipids including PIP; (11)
and PIP, (data not published from our lab). Thus, this type of mutation can essentially be
considered as producing a “gain-of-function” phenotype.

Others mutations disrupt channel protein trafficking and plasma membrane localization,
thus resulting in loss of channels at the plasma membrane. Two RP-associated mutations in rod
CNGA1 (S316F and R654Dstop) produced channel subunits that fail to reach the plasma
membrane (33, 177). For cone CNG channels, our studies have shown that an achromatopsia-
associated mutation in CNGA3, Q655stop, disrupts plasma membrane localization (133).
Another study, using bovine CNGA3 subunits with specific mutations in the S4 domain,
indicated that these mutant channel subunits do not arrive at the plasma membrane, possibly due
to disruption in channel maturation through glycosylation (36). Studies of four distinct
achromatopsia-associated mutations in the CNGA3 S1 transmembrane region also demonstrated
that mutant channel subunits were mainly retained within endoplasmic reticulum (ER) (127).
Additional studies revealed that most CNGA3 mutations (32 out of 39) do not form functional
channels at the plasma membrane when expressed heterologously (118). Interestingly, one
CNGA3 mutation (E593K) expressed in HEK293 cells produced functional homomeric channels
with lowered apparent affinity for cGMP (118). In addition, a five-fold decrease in cGMP

apparent affinity was also reported in incomplete achromatopsia-associated CNGA3 mutation
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(T369S) (176). These gating alterations represent another type of loss-of-function change.

The functional importance of CNG channels in promoting photoreceptor survival has also
been investigated by knocking out genes encoding the CNG subunits (5, 22, 73). These
knockout animal models can mimic a loss-of-function change similar to some disease associated
channel mutations. A knockdown mouse model with partial loss of CNGAI via overexpressing
CNGAL1 antisense mRNA induced a reduction in photoreceptor cell number (98). Complete
knock-out of CNGBL1 in mice abolished the rod-mediated response to light, possibly resulting
from disruption of CNGAL targeting to the rod outer segment (73). Retinal degeneration in this
model was similar to human RP, with the loss of rods at birth followed by progressive
degeneration of cones. Deletion of the CNGA3 gene produced mice lacking functional CNG
channels in the cone photoreceptor outer segment. This mouse model showed an absence of
cone-mediated light response together with progressive cone degeneration, whereas the rod
pathway was completely intact (5, 154). The retinal phenotype of CNGA3-knockout mice
resembled clinical symptoms associated with achromatopsia and PCD in humans. Similar
progressive loss of photoreceptors was also observed in the retina of a mouse CNGA3/Rho
double-knockout model (22).

These converging lines of evidence from functional mutation studies and gene knockout
models clearly indicate that proper CNG channel activity is crucial for maintaining photoreceptor

survival.
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Complexity of phenotype-genotype relationship in IPDs

Functional studies revealed that severity of some clinical syndromes was partially correlated
to the gating changes induced by disease-associated channel mutations (13). Allelic analysis of
some CNGA3 mutations in patients indicated similar correlation (120). However, this
correlation is not definitive. In IPDs, phenotypic variation is rather evident among patients with
the same disease-associated CNG mutations. For example, two most common CNGA3
mutations, R277C and R283W, were found in patients representing different clinical phenotypes,
including complete and incomplete forms of achromatopsia as well as PCD (187). Similarly,
homozygotes for the most common CNGB3 mutation, T383fsX (89, 120, 189), presented severe
cone dysfunction syndromes, yet another patient with the same T383fsX genotype exhibited an
extremely mild phenotype (120). Two sisters carrying identical compound heterozygous CNGA3
mutations (T224R/T369S) also exhibited different phenotypes. Although both suffer from
incomplete achromatopsia, the severity of their symptoms in terms of reduced visual acuity and
impaired color vision was different (176). This suggests that other factors contribute to their
phenotype. Functional studies revealed that T224R is effectively a null mutation that does not
give rise to functional channels, whereas T369S can form functional homomeric channels with
altered gating properties, including significantly reduced cGMP apparent affinity (176). It seems
that a fraction of channel function is sufficient to maintain partial cone photoreceptor function.
Furthermore, some patients exhibit incomplete achromatopsia even though they are homozygous
for presumptive CNGA3 null mutations such as R283W (118, 187). It is difficult to explain these

examples of residual cone function unless other genetic factors are considered.
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Variability in phenotypes is a common phenomenon in inherited diseases. This may be due
to allelic differences, environmental influences, modifier genes, or a combination of these factors
(see review in (123)). The lack of obvious correlation between specific CNG mutations and the
severity of cone dysfunction suggests that other genetic or environmental factors play a major
role in these diseases. Modifier genes may participate in creating a permissive genetic
background for single gene mutations to manifest a disease phenotype (123). Exact modifier loci
need to be mapped to support this hypothesis.

Despite the identification of many mutations in CNG channels in patients with IPDs and the
in-depth functional characterization of some disease-associated mutations, little is known about
how such mutations lead to photoreceptor cell death in vivo. What are the cellular and molecular
mechanisms underlying photoreceptor degeneration? One of our research goals is to understand
the pathogenecity of these channel mutations and to elucidate underlying cellular and molecular

mechanisms.

IV. Cellular and molecular mechanisms for photoreceptor degeneration

Common pathways for photoreceptor cell death

Cell death occurs in normal or damaged cells through two main pathways, apoptosis and
necrosis. The programmed cell death, apoptosis, has been described as the common pathway in
many forms of neuronal degeneration (see review in (12, 108)). Activation of critical
components of the apoptotic signaling pathway, such as caspase-3 and caspase-9, is observed in

some models of photoreceptor degeneration, indicating that apoptotic cell death may also be
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involved in retina dystrophies. Elevated levels of active caspase-3 are evident in the rd mouse, a
mouse model for autosomal recessive RP (arRP) (157). Similar caspase-3 activation is observed
in photoreceptor derived 661W cell death induced by oxidative-stress or by application of a
bioreductive agent (2-nitroimidazole radiosensitizer, CI-1010) (116). Caspase-1 and caspase-9
activation have also been reported for light-induced apoptosis in 661W cells (24, 79, 92). In
addition, anti-apoptotic Bcl-2 overexpression offered protection against light damage in
photoreceptor cell models through NF-kB preservation (24). Overall, apoptotic cell death has
long been considered as the predominant form by which photoreceptor cell death occurs in many
forms of eye disease such as hereditary retinal dystrophies, age related macular degeneration,
retinal detachment, and retinal light damage (19, 34, 125, 148, 149, 178).

While apoptotic mechanisms play a critical role in photoreceptor degeneration, new
evidence has emerged in recent years suggesting that other parallel pathways may be involved.
One such alternative cell death mechanism is autophagy, the major cellular pathway for the
degradation of aged proteins and organelles by the lysosome (83, 99). This idea is supported by
the evidence that mRNA levels of both apoptotic and autophagic maker genes are elevated in
oxidative stress induced photoreceptor damage in vitro (94, 95). The lack of complete rescue of
cell loss by applying caspase 3 inhibitor to C3H mice carrying the rd mutation (196) or in Ca**-
ionophore stimulated 661W cells (157) also suggests that apoptosis cannot account for all cell
death observed with retina dystrophies. On the contrary, blocking the apoptotic pathway by
caspase inhibitor may push the cell to undergo necrotic cell death (94). One Ca**-dependent

cysteine protease, calpain, stands out in autophagic pathways as a critical component. Calpain
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activation, followed by rupture of the lysosomal membrane and the activation of lysosomal
cathepsins, is one of the characteristics in the autolytic digestion of the cell (191). Activation of
calpain has been shown to be involved in retinal degeneration in several different animal models
(2,30, 32, 106, 126, 157).

Although apoptosis and autophagy are two morphologically distinct forms of cell death,
boundaries between them are not clearly demarcated (see review in (105)). Both mechanisms
may co-exist in photoreceptor degeneration (31, 95, 106, 145). Recent evidence suggests that
autophagy might precede apoptosis and participate in photoreceptor cell death by initiating
apoptosis (94). Research addressing these issues has failed to identify specific mechanisms by
which altered CNG channel properties lead to photoreceptor degeneration. One important
second messenger, Ca®’, seems to stand on the crossroad of the two forms of cell death.
Disruption of intracellular Ca®" homeostasis may provide the link between altered channel

function/abundance and retina dystrophies.

Ca’*-overload may trigger the initiation of photoreceptor cell death

Ca®" enters photoreceptor cells through Ca®" permeable cation channels at the plasma
membrane. Although there are voltage-gated L-type Ca®" channels expressed at the inner
segment of photoreceptor cells, CNG channels are the main pathway for Ca®" influx into the
outer segment where photo-pigments and other critical phototransduction proteins exist (see
review in (93)). Such influx of Ca*" is balanced by Ca®" extrusion through the Na'/Ca*"-K"

exchanger (141) or is buffered by the intracellular Ca** pool (ER). The free intracellular Ca*"
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concentration in rod outer segments can change almost 80-fold in seconds (410 + 37 nM in the
dark-adapted outer segment; 5.5 + 2.4 nM after saturating illumination) (151). This dynamic
range of intracellular Ca®" indicates a powerful buffering system, which is critical for normal cell
function and survival. Only sustained elevation of intracellular Ca®" levels is expected to lead to
impairment of photoreceptor cells. Consistent with this idea, increased intracellular Ca*" levels
have been reported in several different photoreceptor degeneration models, as will be discussed
below.

661W cells showed a rapid increase in intracellular Ca*" after treatment with 8-br-cGMP, a
cGMP analogue which continuously activates CNG channels, or the PDE inhibitor IBMX, which
leads to increased intracellular cGMP levels; with both treatments subsequent cell degeneration
was observed (157). An early increase in intracellular Ca®" concentration prior to apoptotic
photoreceptor cell death was also reported in light-induced retinal degeneration, possibly through
neuronal nitric oxide (NO) activation of GC, resulting in increased [cGMP] and CNG channel
opening (29). Similar to these manipulations, mutations in CNG channel subunits that produce
gain-of-function changes in channel gating, or mutations in the cGMP PDE, GC or GCAP
proteins that lead to increased intracellular cGMP levels, may all contribute to an abnormally
high level of channel activity, as discussed in the previous section. The increased CNG channel
open probability or prolonged open channel durations may result in a large Ca®" influx that
surpasses the buffering limit of the photoreceptor. In the second part of this dissertation, we will
provide evidence showing that disease-associated, gain-of-function mutations in cone CNG

channels can increase photoreceptor susceptibility to cell death, and that this effect is Ca*"
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dependent. Such a link between gain-of-function changes in channel activity and photoreceptor
degeneration also has been observed in a Drosophila retinal degeneration model. In Drosophila,
a light-activated, Ca®"-selective transient receptor potential (TRP) channel plays a role similar to
the CNG channel of vertebrate phototransduction (66). A mutation in Trp, resulting in a
constitutively active TRP channel, leads to massive photoreceptor degeneration in the
Drosophila retina (195). The severity of the photoreceptor cell loss is ameliorated by
overexpressing a Na'/Ca®" exchanger, suggesting a direct link between increased intracellular
Ca’" entry through hyperactive channels and photoreceptor degeneration (185).

How does intracellular Ca**-overload trigger photoreceptor cell death? It has been
established that a sustained elevation of intracellular Ca®" can initiate apoptotic cell death (see
review in (3, 21, 119)). Evidence shows that in photoreceptors, elevated intracellular Ca®" is
associated with photoreceptor apoptosis in rd mice (41), RP (19, 52) and cone dystrophy (129,
166), as well as other forms of retina dystrophy such as cancer-associated retinopathy (175),
lead-exposed rats (50-52), rats injected with anti-recoverin antibodies (1), rats with hypoxic-
ischemic injury (25), and rats (35) or mice (197) with light-induced damage. Studies performed
in isolated rat retinas have demonstrated that Ca’" overload can induce mitochondrial
depolarization and the release of apoptosis-inducing factors (such as cytochrome c), which
subsequently lead to the activation of caspase-9 and caspase-3 (70). Such changes have also
been linked to oxidative stress induced apoptosis in 661W cells (106).

On the other hand, autophagy pathways are also Ca>" dependent and may be involved in

photoreceptor degeneration. The dissociation of calpain from its inhibitor calpastatin, which is
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required for calpain activation, seems to be dependent on an increase in intracellular Ca*"
(reviewed by Goll (59)). And calpain activation, following the influx of Ca*" through CNG
channels, is observed in oxidative stress induced degeneration of 661W cells (106). Calpain
activation could also lead to photoreceptor apoptotic cell death without cytochrome c release
(139), which is thought to be a caspase-independent process. These converging lines of evidence
suggest that Ca®" overload might be an important trigger for initiation of photoreceptor cell

death.

ER stress and unfolded protein response may be another trigger for the photoreceptor cell
death

Although high channel activity/Ca®" overload seems to be a likely mechanism by which
photoreceptors degenerate, emerging evidence indicates that altered channel gating properties
cannot account for all the possible mechanisms by which mutant channel subunits may cause cell
degeneration. Several different aspects of channel processing and function can also be affected
by disease-associated mutations. In some situations, such as CNG channel subunit knockout
models and disease-associated null mutations, lack of functional CNG channels at the outer
segment membrane is evident. Obviously, other factors must be involved in initiating
photoreceptor cell death under these conditions. Recent studies by Tso and coworkers have
demonstrated a significant increase in ER stress marker proteins in degenerating photoreceptors
in both the rdl mouse model and light-induced retinal degeneration (192, 193). Such up-

regulation of these proteins coincides with or foreshadows photoreceptor apoptosis. Results such
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as these indicate that ER stress and the unfolded protein response (UPR) might be candidate
mechanisms for initiation of photoreceptor cell death.

Stress in the endoplasmic reticulum (ER stress) is caused by accumulation of unfolded or
misfolded proteins in the ER lumen. The unfolded protein response (UPR) that accompanies ER
stress has been closely associated with neuronal cell death in stroke, Alzheimer’s disease and
Parkinson’s disease (see review in (199, 200)). ER stress that results from accumulation of
misfolded rhodopsin has been linked to apoptotic photoreceptor degeneration in a Drosophila
model for autosomal dominant RP (adRP) (150). In other cases of autosomal dominant RP,
mutant rhodopsin molecules are considered to be toxic to rods via interference with cell
metabolism, formation of intracellular protein aggregates, a defect in intracellular transport, or a
fault in the structure of the photoreceptor outer segment (23, 75, 81, 96, 117, 171, 172). Such
toxicity may also arise from ER stress and the UPR. In support of this hypothesis, recent studies
have shown that ER stress marker gene expression levels were significantly higher in mutant
rhodopsin expressing HEK293 cells as well as in retinas from adRP transgenic rats expressing
mutant thodopsin (101). It also has been suggested that ER stress and the UPR might underlie
tunicamycin induced apoptotic cell death in cultured retinal ganglion cells (162).

Little is known about the involvement of ER stress secondary to disease-associated
mutations in CNG channels. The fact that many of these mutations lead to misfolded or
immature channel subunits that aggregate within the ER (33, 127, 146, 177) suggests that ER
stress might be involved in initiation of photoreceptor cell death in these cases. In the mouse

CNGA3 knockout model, impaired opsin targeting led to substantial accumulation of opsin in the
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inner segments, somata, and terminals of cone photoreceptors (115). It thought that the CNG
channel protein complex is pre-assembled in the ER prior to being transported to the outer
segment. Lack of normal CNG channels, as in some null CNG mutations, may lead to failure of

proper targeting of other critical outer segment proteins such as opsin.

V. Protective effect of CNG channel blockers

One of the biggest difficulties that patients carrying inherited photoreceptor degenerative
diseases may face is the lack of effective preventative methods and clinical treatments. A
number of organic compounds, including L-cis-diltiazem (20, 46, 69, 103, 110) and tetracaine
(48, 49, 155), are reported to block the ionic current through CNG channels. D-cis-diltiazem,
which is more selective for blocking L-type Ca’" channels, has also been shown to have a weak
blocking effect for CNG channels (74, 85). Whether application of diltiazem can exert a
protective effect against photoreceptor degeneration remains somewhat controversial. Alleviated
apoptosis in rod photoreceptors by D-cis-diltiazem was observed in Pde6b™' mice (30, 54),
although others have reported no rescue after the same treatment with identical or similar animal
models, including Pde6b™' mice (128), dogs with a different PDE mutation (130), or rats with a
rhodopsin P23H mutation (16). In contrast, Fox and coworkers (53) reported that block of Ca®"
influx through CNG channels with L-cis-diltiazem partially rescued rod degeneration in Pde6b™
mice. The Ca*-overload hypothesis described here offers an explanation for the potential cell-

protective effect of CNG channel blockers such as L-cis-diltiazem and tetracaine.
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In Chapter One of this thesis, we describe the functional consequences of three progressive cone
dystrophy-associated mutations in the CNGA3 subunit of cone CNG channels. In Chapter Two,
we provide evidence that Ca*"-overload mechanisms might underlie the pathogenicity of disease-
associated mutations in the CNGB3 subunit. This work has significantly broadened our
understanding of CNG channelopathies, providing a theoretical basis for developing effective

therapeutic strategies.

23



CHAPTER ONE
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in the human cone photoreceptor cyclic nucleotide-gated channel CNGA3
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Chunming Liu and Michael D. Varnum. Progressive cone dystrophies are a genetically
heterogeneous group of disorders characterized by early deterioration of visual acuity and color
vision, together with psychophysical and electrophysiological evidence of abnormal cone
function and cone degeneration. Recently, three mutations in the gene encoding the CNGA3
subunit of cone photoreceptor cyclic nucleotide-gated (CNG) channels have been linked to
progressive cone dystrophy in humans. In order to investigate the functional consequences of
these mutations, we expressed mutant human CNGA3 subunits in Xenopus oocytes, alone or
together with human CNGB3, and studied these channels using patch-clamp recording.
Compared to wild-type channels, homomeric and heteromeric channels containing CNGA3-
N4718S or -R563H subunits exhibited an increase in apparent affinity for cGMP and an increase
in the relative agonist efficacy of cAMP compared to cGMP. In contrast, R277C subunits did
not form functional homomeric or heteromeric channels. Cell surface expression levels,
determined by confocal microscopy of green fluorescent protein (GFP)-tagged subunits and
patch-clamp recording, were significantly reduced for both R563H and R277C but unchanged
for N471S. Overall, these results suggest that the plasma membrane localization and gating
properties of cone CNG channels are altered by progressive cone dystrophy-associated

mutations, providing evidence supporting the pathogenicity of these mutations.
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Normal high-acuity and color vision relies on the presence and functional integrity of three types
of cone photoreceptors that are optimally sensitive to light of different wavelengths (reviewed in
(20)). Located in the photoreceptor outer segment, cyclic nucleotide-gated (CNG) channels play
a fundamental role in phototransduction by helping to convert sensory input into electrical
responses. In the absence of light, the CNG channels are opened by binding of intracellular
cGMP (29, 73) and conduct a “dark current” carried mostly by influx of Na™ and Ca®" (24).
When photons are absorbed by the photo-pigments, sequential signaling events are initiated
including activation of a photoreceptor G protein transducin, and activation of cGMP
phosphodiesterase (PDE). The activated cGMP PDE then hydrolyzes and lowers the
intracellular cGMP level. Hyperpolarization of the photoreceptors thus results from the closure
of CNG channels in response to the lowered cGMP level and the tonic release of
neurotransmitter (glutamate) from the photoreceptor terminal decreases (70). The CNG channels
are also crucial for recovery and light adaptation processes by controlling intracellular Ca**
homeostasis since they are the major pathway for Ca®" entry into the photoreceptor outer
segment (14, 16). Intracellular Ca®" entry is balanced by Ca*" extrusion through Na“/Ca*"-K"
exchangers (reviewed by Pugh (51)). Within the outer segment, the fall in intracellular Ca**
concentration due to the closure of CNG channels triggers a negative feedback loop that
mediates recovery of the cell to its pre-activated state in the case of a transient stimulus, or light
adaptation in the case of a sustained stimulus (33, 51).

CNG channels are tetrameric proteins (22, 39, 65) composed of some combination of

CNGA1, CNGA2, CNGA3, CNGA4, CNGBI1 and CNGB3 subunits (3, 21, 34, 57). The
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CNGA1, CNGA2 or CNGA3 subunits can form functional homomeric channels when expressed
alone (2, 11, 28, 67). While CNGB1, CNGB3 or CNGA4 subunits do not form functional
channels by themselves, they can modulate the channel properties when co-assembled with the
other subunit types (3-6, 21, 37, 57). Native rod CNG channels are heteromeric proteins formed
by assembly of three CNGA1 and one CNGB1 subunit (66, 74, 76). Recent studies suggest that
cone CNG channels adopt a different structure, being composed of CNGA3 and CNGB3
subunits in a 2:2 configuration (49). Each channel subunit contains six transmembrane regions,
cytoplasmic N- and C-termini, a conserved pore domain and a cyclic nucleotide-binding domain
(Fig. 1A) (reviewed by Kaupp and Seifert (29)). Loss or functional alterations in the cone
photoreceptor CNG channels—due to missense mutations, deletions, or splice-site disruption in
the genes encoding these subunits—result in abnormal cone function leading to daylight and
color-vision deficiencies (reviewed in (52)). The general forms of color blindness, cone
dystrophies, can be broadly divided into two groups: stationary and progressive cone dystrophy.
The stationary form of cone dystrophy is also called ‘achromatopsia’ or ‘monochromatism’ (58).
Progressive cone dystrophies are a group of clinically heterogeneous disorders. Patients with
these diseases exhibit progressive loss of visual acuity and color vision, together with
photophobia and nystagmus, in their late childhood or early adult life (59). Psychophysical and
electrophysiological examinations show abnormal cone function while rod function is intact (58).
The mechanisms underlying the pathophysiology of cone dystrophies are still poorly understood.

Functional characterization of disease-associated mutations in genes encoding CNG channel

subunits can provide insight into the molecular mechanisms and pathogenicity of photoreceptor
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degeneration. Studies of retinitis pigmentosa (RP)-associated mutations in the rod CNGA1
subunit suggest that some mutations may lead to absence of functional CNG channels at the
plasma membrane (12, 40, 61). Similarly, an achromatopsia associated frame-shift mutation in
the gene encoding the cone photoreceptor CNGB3 subunit (31, 60) results in a truncated form of
the subunit unable to form functional heteromeric channels with CNGA3 subunits (48). This
suggests that properly assembled heteromeric channels are critical for normal cone function and
survival. Studies also show that an achromatopsia-associated missense mutation in the CNGB3
subunit (S435F) alters the gating properties of heteromeric channels when co-expressed with
CNGAZ3 subunits (44, 48).

Recently, 51 mutations have been identified in the gene encoding the human CNGA3
subunit of cone photoreceptor CNG channels and linked to achromatopsia and progressive cone
dystrophy (32, 68). Three of these mutations are present in patients with severe progressive cone
dystrophy: R277C (in the S4 domain), N471S (in C-linker region) and R563H (in cyclic
nucleotide-binding domain (CNBD)) (Fig. 1A). An important step towards understanding the
development of this disease is to determine how individual mutations alter the functional
properties of CNG channels and how abnormal channel function may lead to cone photoreceptor
degeneration.

Here we report the functional consequences of three progressive cone dystrophy-associated
mutations in CNGA3 subunits. Our results suggest that these mutations disrupt plasma
membrane localization, impair channel protein post-translational modification and/or alter the

gating properties of cone CNG channels, thus leading to abnormal cone photoreceptor function
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and ultimately, degeneration.
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MATERIALS AND METHODS

Mutagenesis and functional expression. For heterologous expression in Xenopus laevis oocytes,
the coding sequence for human CNGA3 (71) was subcloned into pPGEMHE (38), and an amino-
terminal tag with green fluorescent protein (GFP) was generated as described previously (47).
The human CNGB3 clone was isolated from human retinal cDNA and also subcloned into
pGEMHE (47, 48). Mutations in the CNGA3 coding sequence were engineered using
overlapping PCR mutagenesis (25, 55). All mutations and the fidelity of PCR-amplified
cassettes were confirmed by automated DNA sequencing. For expression studies, identical
amounts of cDNA were linearized using Sphl or Nhel, and capped mRNA was transcribed in
vitro using the T-7 RNA polymerase mMessage mMachine kit (Ambion, Austin, TX). mRNA
concentrations and relative amounts were determined by denaturing gel electrophoresis and 1D
image analysis software (Kodak, NY), and spectrophotometry.

Oocytes were isolated as previously described (64, 72) and microinjected with a fixed
amount of mRNA for all constructs (~5 ng). For efficient generation of heteromeric channels,
the ratio of wild type or mutant CNGA3 mRNA to CNGB3 mRNA was 1:5 (49). Oocytes were
incubated in ND96 (96 mM NaCl, 2mM KCI, 1.8 mM CaCl,, 1 mM MgCl,, and 5 mM HEPES,
pH 7.6, supplemented with 10 pg/ml gentamycin). For some experiments, oocytes were
incubated in ND96 that also contained 5 pM tunicamycin (EMD Bioscience Inc. La Jolla, CA).
Electrophysiology. Two to 7 days after microinjection of mRNA, patch-clamp experiments were
performed in the inside-out configuration with an Axopatch 200B amplifier (Axon Instruments,

Foster City, CA). Recordings were made at 20-23 °C. Data were acquired using Pulse software
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(HEKA Elektronik, Lambrecht, Germany). Current traces were elicited by voltage steps from a
holding potential of 0 mV to +80 mV, then to -80 mV and back to 0 mV. Initial pipette
resistances were 0.4-0.8 MQ. Intracellular and extracellular solutions contained 130 mM NaCl,
0.2 mM EDTA, and 3 mM HEPES (pH 7.2). Intracellular solutions were changed using an RSC-
160 rapid solution changer (Molecular Kinetics, Pullman, WA). Currents in the absence of
cyclic nucleotide were subtracted. For channel activation by cGMP or cAMP, dose-response
data were fitted to the Hill equation, I/l y.x = ([cNMP]h/(K 1," + [cNMP]h)), where | is the current
amplitude, |max is the maximum current elicited by saturating concentration of ligand, [c(NMP] is
the ligand concentration, K, is the apparent ligand affinity, and h is the Hill slope. For current
block by tetracaine, data were fitted to a modified Hill equation in the form | (eqracaine /1 =
(Kl/zh/(Kl/gh + [tetracaine]h)). To confirm the formation of heteromeric CNGB3 plus CNGA3
channels, we measured sensitivity to block by 25 uM L-cis-diltiazem (RBI, Natick, MA) applied
to the intracellular face of the patch in the presence of 1 mM ¢cGMP. Data were analyzed using
Igor (Wavemetrics, Lake Oswego, OR), SigmaPlot, and SigmaStat (SPSS Inc.). All values are
reported as the mean £ S.E. of n experiments (patches) unless otherwise indicated. Statistical
significance was determined using a Student's t test or Mann-Whitney rank sum test, and a p
value of < 0.05 was considered significant.

To describe the gating of homomeric CNGA3 channels, we used a simplified linear
allosteric model where independent ligand-binding steps are followed by a single allosteric

transition from the liganded but closed state to the open state (18, 23, 36, 64):

cNMP cNMP

e
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In this kinetic scheme, K is the equilibrium constant for the initial binding of cyclic
nucleotide and L is the equilibrium constant of the allosteric conformational transition. We used
the local anesthetic tetracaine (Sigma, St. Louis, MO), a known state-dependent blocker of CNG
channels that binds to closed channels with nearly a thousand fold greater affinity compared to
open channels (18), to investigate the altered gating properties of mutant homomeric channels.
By applying a saturating concentration of cGMP (fully ligand-bound state), we isolated the
allosteric conformational change associated with channel opening. Tetracaine sensitivity is a
reporter for this equilibrium; thus, channels that spend more time in the open state are less
sensitive to tetracaine block. We calculated the equilibrium constant for the allosteric transition

(L) for cGMP-bound channels using the equation of Fodor and coworkers (18):

Kpo % (Ki/2 Tet — Kpe)
KDc X (KDO‘ I<1/2 Tet)

LcG =

Here, Kp¢ (220 nM) and Kp, (170 uM) are dissociation constants for tetracaine binding to closed
or open channels, respectively (18). L for cAMP-bound channels was determined using the
relative agonist efficacy of cAMP compared to cGMP. K was determined from fits of the simple
allosteric model described above to the dose-response data, using L values calculated from
tetracaine apparent affinity and relative agonist efficacy. The free energy differences for L and
for K were calculated as AGy = —RT x In (X). Also, AAG = AGumuant = AGyt. Tetracaine
apparent affinity was not used to analyze the gating properties of heteromeric channels, since

CNGB3 subunits lack the negatively-charged residue in the pore thought to be critical for state-
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dependent binding of tetracaine (17) and tetracaine binding to channels containing CNGB3
subunits has not been characterized. Thus, the model of Fodor and coworkers (18) is not
expected to apply to this channel type.

Confocal Microscopy. As described previously (48), confocal images of oocytes expressing
GFP-tagged CNGA3 were obtained using a Bio-Rad MRC-1024 confocal laser-scanning system
and a krypton-argon laser with a Nikon Eclipse TE 300 inverted microscope and 10x objective.
Four days after injection of mRNA, oocytes expressing homomeric or heteromeric channels were
placed in borosilicate coverglass chambers such that the equator was approximately
perpendicular to the plane of imaging. GFP fluorescence was determined using an excitation
wavelength of 488 nm and a 522 DF 32 emission filter. Laser intensity, pinhole aperture, and
photo-multiplier gain were the same for all experiments. Images were analyzed using NIH
Imagel software. Surface fluorescence for each oocyte was determined from an area within the
animal hemisphere, representing approximately 5% of the circumference in a single plane, and
expressed as intensity of signal per unit area. Background fluorescence was determined for an
equivalent area using a blank region of the same image and subtracted. Values were reported as
the mean + S.E. of n oocytes tested.

Protein Biochemistry. To assess the overall abundance and processing of CNGA3 subunits
expressed in Xenopus oocytes, we used Western blot analysis of proteins from oocytes
expressing GFP-tagged CNGA3. Oocyte lysates were prepared as previously described (47, 53,
54). Briefly, oocytes were placed in lysis buffer containing 20 mM Hepes (pH = 7.5), 150 mM

NaCl, 5 mM EDTA, 0.5% Triton X-100 (Surfact-Amps X-100, Pierce, Rockford, IL) and a
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protease inhibitor cocktail (Roche Applied Science, Indianapolis, IN). Oocytes were subjected
to trituration followed by cup sonication, repeated a total of three times. The soluble cell lysate
was then separated from yolk and other insoluble material by centrifugation at 20,000 g and 4 °C
for 10 min, repeated three times. Lysate representing approximately one oocyte per lane was
loaded and separated by SDS-PAGE using NuPage 4-12% Tris acetate gels (Invitrogen,
Carlsbad, CA). Proteins were then transferred to nitrocellulose membrane using the NuPage
transfer buffer system (Invitrogen). Immunoblots were blocked by 5% nonfat dry milk in TTBS
buffer (Tris-buffered saline with 0.1% Tween-20 (BIO-RAD)) for 2 hours, and then probed with
anti-GFP Aequorea victoria peptide polyclonal antibody (Clontech, Palo Alto, CA) at a
concentration of 1:2500 in TTBS buffer with 1% nonfat dry milk. GFP-tagged channel subunits
were visualized using SuperSignal West Dura substrate (Pierce) and autoradiography film
(Kodak X-Omat Blue XB-1, Eastman Kodak Co.). The approximate molecular weights of the
GFP-tagged subunits were estimated using protein standards (SeeBlue Plus2, Invitrogen). The
relative amounts of CNGA3 protein (band density) for all GFP-A3 immunoreactive bands
(glycosylated and unglycosylated) were estimated using NIH ImagelJ software. To verify that
approximately equal amounts of total protein were loaded per lane, the same blots were probed
with MABI1501 pan-actin antibody (Chemicon International, Temecula, CA). The variation in
actin signal between lanes, determined by densitometry, was less than + 10% (n = 4

immunoblots).
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RESULTS
Functional Expression and Plasma Membrane Targeting of Mutant Human CNGA3 Subunit

To investigate the effect of progressive cone dystrophy-associated mutations on plasma
membrane localization of homomeric and heteromeric channels, we introduced these mutations
into cDNA encoding GFP tagged human CNGA3 subunits (71) and expressed mutant or wild
type CNGA3 subunits alone or together with the human CNGB3 subunits (31, 47, 60) in
Xenopus oocytes.

Surface membrane fluorescence levels in oocytes were determined by confocal microscopy
after 4 days of incubation. Figure 1B and C show representative confocal images and relative
surface membrane fluorescence levels (F) normalized to that of wild type homomeric CNGA3
channels. For both homomeric and heteromeric channels, cell surface expression levels were
significantly reduced (p < 0.01) for R277C (Fpomo = 0.06 = 0.01, n = 39; Fpetero = 0.04 = 0.01, n =
26) and R563H (Fhomo = 0.15 £ 0.04, n = 42; Fpeero = 0.12 £ 0.02, n = 26) (Fig. 1B, C) compared
to the corresponding wild-type channels. Surprisingly, N471S did not interfere with plasma
membrane localization of homomeric or heteromeric channels. Maximum patch current (Ipax)
levels, determined by patch-clamp recording at a saturating concentration of cGMP (1 mM),
were consistent with the observed plasma membrane fluorescence levels (Fig. 1C). Compared to
wild-type channels, mean I, for both homomeric and heteromeric channels was reduced for
R563H-containing channels (n = 12 to 13, p < 0.01) but not changed significantly for N471S-
containing channels. No current was elicited by a saturating concentration of cGMP for R277C-

containing channels. These results suggest that R277C and R563H mutations impaired the
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plasma membrane expression of cone CNG channel subunits.
Cone dystrophy mutations altered CNG channel protein processing

There are two possible explanations for the reduced plasma-membrane localization
observed for R277C and R563H subunits. One is that protein folding and/or stability are
impaired by the mutations. Another possibility is that the channel proteins are not properly
assembled and/or targeted to the plasma membrane. To address these possibilities, we conducted
Western blot analysis of oocyte lysates. Immunoblots revealed a reduction in overall protein
amount and a change in the processing and maturation of R277C subunits (Fig. 2A, B). The
reduced protein levels for R277C compared to wild-type subunits (Fig. 2A, B) indicate that the
mutation disrupted channel biogenesis and/or stability, which likely accounts for much of the
reduction in cell-surface expression of these subunits (Fig. 1). In contrast, RS63H subunits
exhibited only a slight reduction in protein levels (that was not statistically significant),
suggesting that this mutation primarily impaired plasma membrane targeting of CNGA3
subunits. Confocal images of intact oocytes display GFP-tagged subunits located at the surface
membrane but not the fraction of subunits that remain intracellular (see ref (75)). Thus,
compared to wild-type and N471S subunits, there is a much larger fraction of R563H subunits
that are retained intracellularly and/or retrieved to intracellular compartments.

In addition to the overall reduction in amount of CNGA3 protein for R277C (Fig. 2A, B),
the upper molecular weight bands evident for wild-type subunits were also reduced or absent.
As shown previously, the generation of mature channels by bovine CNGA1 or CNGA3 subunits

is associated with a series of post-translational modifications involving glycosylation (13, 53).
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To confirm that the upper molecular weight bands observed here represented glycosylated
CNGA3 subunits, oocytes expressing wild type homomeric and heteromeric CNG channels were
treated with tunicamycin, a known N-acetylglucosaminase inhibitor that prevents protein
glycosylation (56) (Fig. 2C). As anticipated, tunicamycin-treated groups lacked the upper
molecular weight bands evident in non-treated groups, indicating that these upper molecular
weight bands represented N-glycosylated subunits. Impaired N-glycosylation of mutant
CNGA3 subunits suggests that the cone dystrophy-associated R277C mutation disrupted CNG
channel post-translational processing and maturation.
Altered gating properties of homomeric CNGA3 channels

The electrophysiological properties of the channels were investigated using patch-clamp
recording. Since CNGA3 subunits can form functional homomeric channels when expressed
alone, we first examined the effect of these three mutations on the behavior of homomeric
channels. Expression of R277C subunits alone did not give rise to cyclic nucleotide-dependent
currents even after application of a saturating concentration of cGMP, suggesting that R277C
subunits did not form functional CNG channels. Homomeric channels containing N471S or
R563H mutations exhibited cyclic nucleotide-activated currents (Fig. 3A) with properties that
differed from wild-type channels. Cyclic AMP is a partial agonist for recombinant and native
rod and cone photoreceptor CNG channels, exhibiting a lower efficacy compared to cGMP (29).
The initial binding of cAMP is comparable to that of cGMP, but cAMP is much less capable of
promoting channel opening once bound (23). For both mutant channels, the relative agonist

efficacy for channel activation by a saturating concentration of cAMP compared with maximal
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activation by cGMP (I nax, camp/Imax, comp) Was increased significantly (N471S: 0.35 £0. 12, n =
18, p < 0.01; R563H: 0.64 = 0.20, n = 12, p < 0.01) compared to wild-type channels (0.12 +
0.01, n = 23) (Fig. 3A, B). Furthermore, we calculated the apparent ligand affinity (K,,) for
cGMP and cAMP by fitting the Hill equation to the dose-response relationships for activation of
channels formed by wild type or mutant subunits (Fig. 3C). The results demonstrated a
significant increase in apparent affinity for both cGMP and cAMP with R563H (K2, comp = 3.28
+0.63 uM, h = 1.7 £ 0.2; K2, camp = 0.64 £ 0.09 mM, h=1.1 £ 0.2; n =13, p < 0.01) and an
increase in the apparent affinity for cGMP with N471S (K., comp = 5.76 £ 1.66 uM, h = 2.0 +
0.3, n =19, p < 0.01) compared with activation of wild type homomeric channels (K5, camp =
926 £ 1.77 uM, h = 1.9 + 0.06; K;/2, camp = 1.07 £ 0.27 mM h = 1.0 £ 0.2; n = 18) (Fig. 3D, E).
The Hill coefficients (h) showed no significant change compared to that of wild-type channels.
These results suggest that the N471S and R563H mutations made the channel more sensitive to
activation by cyclic nucleotide.

The observed increase in ligand sensitivity for mutant channels might result from an
increase in the channel’s ability to bind ligand (affinity), or an increased ability to couple ligand
binding to the allosteric conformational change associated with channel opening (efficacy), or
both. To quantify the altered gating properties of mutant homomeric channels, we applied the
local anesthetic tetracaine, a known closed-state blocker of CNG channels (17, 18), in the
presence of a saturating concentration of cGMP (fully ligand-bound state). Channels that are
less sensitive to tetracaine block spend more time in the open state. Under these conditions, we

calculated the equilibrium constant for the allosteric transition associated with channel opening
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(L) and for the initial binding of ligand (K) using a simple allosteric model (18, 23, 36) described
in the methods. Consistent with this model and similar to previous results for CNGA1, CNGA2
and A1/A2 chimeric channels (18), wild type and mutant CNGA3 channels (particularly with
mutations outside the cyclic nucleotide-binding domain) exhibit an inverse relationship between
cGMP apparent affinity and tetracaine apparent affinity (data not shown).

Figure 4A illustrates block of wild type and mutant CNG channels (in 1 mM ¢GMP) by 50
UM tetracaine. We calculated tetracaine apparent affinity (K., tetracaine) by fitting the dose-
response relationships with a modified Hill equation as described in the methods (Fig. 4B).
Compared to wild type homomeric channels (K., tetracaine = 55.2 = 5.3 uM, n = 6), N471S
exhibited a statistically significant decrease in tetracaine apparent affinity (K., tetracaine = 102.4 £
12 uM, n = 8, p < 0.05), suggesting that this mutant subunit generated channels that spent more
time in the open state compared to wild-type channels. R563H-containing channels also
exhibited an decrease in tetracaine apparent affinity (K, tetracaine = 76 = 9.6 uM, n = 5), but this
change was not statistically significant (p = 0.078).

Figure 5 summarizes the changes in free energy difference (AAG = AGmuuant - AGw),
determined for the equilibrium constants K and L, relative to those of the wild-type channels
(AGL, comp = -3.42 £ 0.2 kcal/mol, AGL, camp = 1.09 £ 0.4 kcal/mol; AGk, comp = -5.03 £ 0.1
kcal/mol, AGk_ camp = -4.50 & 0.2 kcal/mol, n = 6). A significant decrease (p < 0.05 or p < 0.01)
in the free energy difference of the allosteric transition promoted by cyclic nucleotides (AAG, <
0) was observed for both N471S and R563H compared to wild type channels (Fig. 5B). The

effect of N471S on L was largely independent of which ligand was bound (no significant
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difference between AAGp for cGMP and cAMP, p = 0.911), consistent with a change in the
intrinsic gating properties of the channels (9). The free energy difference of initial ligand
binding (AGg) was not significantly changed for N471S compared to wild type (p = 0.76 for
cGMP and p = 0.18 for cAMP, Fig. 5C), as expected for a mutation located outside of the ligand
binding domain (discussed by Colquhoun (9); but see also (45)). In contrast, R563H, which is
located within the ligand binding domain, exhibited a ligand-specific effect on the free energy
difference for L (p < 0.01, comparing AAG; for cGMP and cAMP): R563H significantly
decreased AGp for cAMP-bound channels, yet had no significant effect on cGMP-bound
channels (p = 0.073 compared to wild type) (Fig. 5B). R563H also exhibited a ligand-specific
change in AGk (p < 0.01 comparing AAGk for cGMP and cAMP): a significant decrease for
cGMP (p < 0.01), and no significant effect for cAMP (p = 0.76) compared to wild type (Fig.
5C). Thus, initial ligand binding of cGMP to the channels was enhanced by R563H. The
decreased free energy difference for the initial ligand binding step and/or the allosteric transition
is consistent with the view that both N471S and R563H mutations make channel opening more
favorable.
Effect of cone dystrophy mutations on the gating properties of heteromeric channels

While the CNGA3 subunit itself can form functional homomeric channels, native CNG
channels in cone photoreceptors are thought to be heteromeric proteins composed of CNGA3
and CNGB3 subunits. To investigate the possible functional consequences of these mutations in
heteromeric channels, we co-expressed mutant CNGA3 subunits with CNGB3 subunits in

oocytes. To confirm that mutant CNGA3 subunits can form functional heteromeric channels, we
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used the channel blocker L-cis-diltiazem. For recombinant CNG channels, sensitivity to block
by L-cis-diltiazem depends on the presence of CNGB3 or CNGB1 subunits (6, 21, 34, 47). L-
cis-diltiazem sensitivity was determined by comparing currents elicited by a saturating
concentration of cGMP in the presence or absence of L-cis-diltiazem (lgiiiazem/l). Consistent with
previous studies (47), currents for wild type heteromeric channels were blocked by 25 uM L-cis-
diltiazem (lgiitiazem/l = 0.43 £ 0.06, n = 8) while wild type homomeric channels were insensitive
(lgittiazem/l = 0.95 = 0.01, n = 6) (Fig. 6). Both N471S and R563H-containing heteromeric
channels were sensitive to L-Cis-diltiazem block (for N471S, lgiiazem /1 =0.45£0.17, n=7,p <
0.01; for R563H, lgitiazem /1 = 0.46 £ 0.1, n = 12, p < 0.01), indicating that these mutant CNGA3
subunits can form functional heteromeric channels when co-expressed with CNGB3 subunits.
Similar to experiments performed with homomeric channels, R277C-containing CNGA3
subunits did not generate cyclic nucleotide-dependent currents following application of 1 mM
cGMP when co-expressed with CNGB3, indicating that R277C subunits cannot form functional
heteromeric channels (Fig. 1C).

Electrophysiological measurements demonstrated that R563H containing heteromeric
channels exhibited a significant increase in the relative agonist efficacy of CAMP (Imax camp/Imax
camp = 0.79 £ 0.15, n =12, p < 0.01) compared to wild type heteromeric channel (Imax camp/lImax
«omp = 0.39 £0.07, n = 8) (Fig. 7A, B). An increase in apparent affinity for cGMP was also
observed for both mutant channel subunits (N471S: Ky, comp = 12.6 £ 1.5 uM, n =7, p < 0.01;
R563H: Ky, camp = 9.44 £ 3.8 uM, n = 11, p < 0.01) (Fig. 7C, D) compared to wild-type

channels (Kiz, comp = 15.4 = 1.5 uM, n = 9). Heteromeric channels containing N471S did not
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show a significant change in relative agonist efficacy or in apparent affinity for cAMP compared
to the wild-type channels, suggesting partial functional rescue when co-assembled with CNGB3
subunits. These results indicate that the cone dystrophy-associated mutations N471S and R563H
altered the gating properties of the heteromeric channels when co-assembled with CNGB3
subunits. The altered gating properties of the heteromeric channels, which more closely
resemble the native condition, provide further evidence supporting the pathogenicity of these

mutations.
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DISCUSSION

We have functionally characterized severe progressive cone dystrophy-associated mutations
in the gene encoding the human CNGA3 subunit (R277C, N471S and R563H) and have
identified changes in the cell surface expression levels and the gating properties of mutant
channels. CNGA3 subunits with N471S and R563H mutations formed functional homomeric
and heteromeric channels with altered gating properties, displaying increased apparent affinity
for cyclic nucleotide and increased relative agonist efficacy for cAMP compared to cGMP. In
contrast, R277C subunits did not form functional homomeric or heteromeric channels. Our
studies are the first functional characterization of CNGA3 mutations linked to progressive cone
dystrophy. Most of the disease-associated mutations identified so far in CNGA3 (40 out of 51)
are missense mutations at positions that are highly conserved among orthologous sequences (27,
32, 68). It seems that there is little tolerance for structural changes at these positions in the
subunits.
Loss of function phenotype

Previous studies indicate that a lack of functional CNG channels in the photoreceptor outer
segment might contribute to cell degeneration. In this regard, animal models provide a useful
tool for investigating the molecular mechanisms of photoreceptor degeneration. CNGA3
knockout mice exhibit a progressive loss of cone photoresponse and cone photoreceptor
degeneration with intact rod function (1). This animal model closely resembles human
progressive cone dystrophy. Recent studies in CNGA3/Rho double-knockout mice demonstrate

normal retinal morphology and photoresponse in neonatal mice, yet rod and cone photoreceptor
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degeneration is observed after four weeks and progresses to almost complete loss of
photoreceptors by three months (8). In addition to CNGA3-deficient mice, constitutive closure
of CNG channels in continuous light resembles a loss-of-function phenotype. Progressive
photoreceptor degeneration is evident in this model as well (15). Functional studies of disease-
associated mutations also provide evidence that the lack of functional CNG channels in the
photoreceptor outer segment might contribute to photoreceptor degeneration. Five mutations in
the gene encoding the rod channel CNGA1 subunit have been linked to autosomal recessive
retinitis pigmentosa (arRP), a disease characterized by impaired rod function and rod
degeneration (12). Three of the five mutations are null mutations, which result in the synthesis
of non-functional channel proteins lacking the transmembrane domain and the pore forming
region (E76stop and K139stop) or no protein synthesis in the case of complete gene deletion
(12). The other two mutations (S316F and frame shift R654 (1-bp del)) are thought to encode
functional channels with impaired targeting to the plasma membrane (12, 40, 61).

In the present study, R277C and R563H mutations significantly reduced the availability of
functional CNG channels at the cell surface, resembling a “loss of function” phenotype. R277C,
which is also a common mutation in patients with complete achromatopsia, did not form
functional homomeric or heteromeric channels. This result can be accounted for primarily by a
reduction in overall protein levels and in subunit maturation. Recently, several mutations in the
S4 domain of bovine CNGA3 subunits also have been shown to impair subunit stability and/or
processing (13). R563H subunits exhibited decreased plasma membrane localization as well, but

without a significant reduction in CNGA3 protein levels or maturation. The functional
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consequences of these mutations in vitro suggest that high-level expression of working CNG
channels in the outer segment is critical for photoreceptor survival.

There are various mechanisms by which disease-associated mutations can impair channel
protein expression at the plasma membrane, chief among these are mutations in the channel
subunits that may disturb protein folding or assembly, destabilize synthesized proteins, and/or
disrupt targeting to the plasma membrane. The precise cellular mechanisms involved in
photoreceptor degeneration for loss-of-function phenotypes remain to be determined. It has been
shown previously that the survival of central nervous system neurons, including retinal ganglion
cells, depends on physiological levels of electrical activity (42). Does the decrease or absence of
functional CNG channel expression at the plasma membrane lead to a lack of proper levels of
electrical activity, thus resulting in photoreceptor degeneration? Further work needs to be done
to address these questions.

Gain of function phenotype

Functional characterization of cone CNG channels containing mutations N471S or R563H
in the CNGA3 subunits revealed an increase in apparent ligand affinity and in relative agonist
efficacy of cAMP compared to cGMP, consistent with a “gain-of-function” phenotype. A
similar gain-of-function phenotype has been found for an achromatopsia-associated mutation in
CNGB3 subunits (S435F) that alters the gating properties of heteromeric channels when co-
expressed with CNGA3 subunits (48). CNGB3 S435F containing heteromeric channels exhibit a
greater than 4-fold increase in cAMP sensitivity and a modest increase in apparent affinity for

cGMP. In addition, single channel recordings reveal an increase in open probability, in the
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presence of saturating concentration of cGMP or cAMP, for mutant heteromeric channels (48).
In the present study, the increased ligand sensitivity and efficacy suggests that in cone
photoreceptors of patients with progressive cone dystrophy, CNG channels may fail to close
appropriately as intracellular cGMP (or cAMP) levels fall in response to light stimulation.

What is the likely relationship between the altered gating properties of the mutant channels
in the native cone outer segment membrane and cone photoreceptor degeneration? Under
physiological conditions, the free intracellular cGMP level is estimated to be about 2-4 uM (50,
51), which is well below the concentration of cGMP expected to elicit half-maximal activation of
the channels (K;). This cGMP concentration is sufficient to keep only a small fraction (less
than 10%) of the channels in the open state in the absence of light (51). A light induced rapid
decrease (10-20 fold) of intracellular cGMP thus results in closure of nearly all of the channels
(51). Because the sensitivity of channels to cGMP is so steep, even slight alterations in apparent
ligand affinity may be detrimental to normal physiological function. For example, if the
apparent affinity of the channels for cGMP changes (e.g., the K/, decreases from ~15 uM (wild-
type channel) to ~9 uM (mutant channel)) (see Fig. 7C), nearly ten-fold more channels may be
open in the absence of light and/or channels may not close properly in response to the fall in
cGMP levels after light activation. Similar gain-of-function phenotypes have been discovered
for mutations in the genes encoding other critical proteins involved in phototransduction,
adaptation and recovery processes. Recent evidence indicates that mutations which produce
constitutively active guanylyl cyclase (30, 46, 62), or loss of rod cGMP PDE activity (10, 26,

63), result in increased intracellular cGMP levels. Increased intracellular cGMP, similar to an
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increase in channel sensitivity to cGMP, might lead to inappropriate opening of the channels.
Thus, more Ca*" will enter the photoreceptors through the CNG channels.

We hypothesize that “calcium overload” might explain photoreceptor degeneration with
gain of function mutations in cone CNG channels. One important aspect of CNG channel
function is that it is the major pathway for Ca>* entry into the outer segment of photoreceptors
(16). 1t is possible that sustained opening of CNG channels, resulting from increased ligand
affinity, may lead to abnormally high levels of intracellular Ca**. Calcium is a critical second
messenger that participates in several intracellular signaling pathways. Numerous studies have
reported that a sustained elevation of intracellular Ca*" could result in apoptotic cell death
(reviewed by Choi (7) and Leist & Nicotera (43)). In the retina, for example, sustained elevation
of intracellular Ca®" has been shown to trigger rod photoreceptor apoptosis and retinal
degeneration (19). This general mechanism may underlie other photoreceptor degenerative
diseases such as progressive cone dystrophy. At the same time, it has been suggested recently
that apoptosis may be triggered by a sustained decrease in intracellular Ca*" levels in rod
photoreceptors (reviewed in (35)), as is expected for rod channel mutations presenting loss-of-
function phenotypes. Consistent with this hypothesis, Rpe65-knockout mice, which exhibit
impaired synthesis of the opsin chromophore ligand 11-cis-retinal, display light-independent
signaling by unliganded opsin, diminished intracellular calcium in photoreceptors and
progressive photoreceptor degeneration (69). Furthermore, mutations in Rpe65 have been linked
to Leber congenital amaurosis (LCA), a severe, early-onset retinal dystrophy (41).

For the cone dystrophy-associated mutations characterized in the present study, both loss-
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of-function and gain-of-function effects were observed. For example, R563H produced both a
reduction in channel cell surface expression levels and an increase in ligand sensitivity. The
profound decrease in functional expression for R563H, however, suggests that loss-of-function
might play a greater part in the pathogenicity of the disease in these patients than the change in
channel gating.

Assembly of N471S containing CNGA3 subunits with wild type CNGB3 subunits rescued
most functional properties associated with wild type heteromeric channels, with the exception of
increased apparent cGMP affinity. The discrepancy between the mild functional change for
N471S-containing heteromeric channels and the severe cone degeneration typically exhibited by
patients with this disease implies that an additional, as yet unidentified mutation is necessary for
disease progression (68). This additional mutation may be present in a non-coding region of
CNGAS3, in CNGB3, or in some other allele or modifying gene. Thus, further mutation screening
is needed to address the possible phenotype-genotype inconsistency indicated here.

Overall, our results suggest that complex effects may arise from the progressive cone
dystrophy-associated mutations in CNGA3 subunits, including a decrease in plasma membrane
localization of the channels, a disruption of channel protein biogenesis, processing and/or
stability, and an increase in ligand sensitivity and/or efficacy. These results provide insight into
the molecular pathophysiology and possible cellular mechanisms underlying cone photoreceptor
degenerative disease. How these mutations affect cone photoreceptor function and survival in
Vivo remains an important yet unanswered question that needs to be addressed using animal

models.
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Figure 2
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Figure 3
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FIGURE LEGENDS

Fig. 1. Cone dystrophy-associated mutations impaired functional expression and plasma
membrane localization of CNGA3 channel subunits. A: cartoon showing the transmembrane
topology of green fluorescent protein (GFP)-tagged CNGAS3 subunit, indicating the general
location of progressive cone dystrophy-associated mutations (x) described in this study: R277C
(in the S4 domain), N471S (in C-linker region) and R563H (in the cyclic nucleotide-binding
domain, CNBD). B: confocal images of Xenopus oocytes injected with mRNA encoding wild
type (WT) or mutant GFP-tagged CNGAS3 (A3) subunits alone or together with non-tagged
CNGB3 (B3) subunits. The amount of A3 mRNA was held constant, and for co-injection the
ratio of A3 to B3 mRNA was 1:5, a ratio that is effective for the formation of heteromeric
channels (49). C: bar graph of surface fluorescence (upper graph, n = 25 to 50) and maximum
patch current in 1 mM cGMP (lower graph, n = 7 to 19). The * indicates a statistically
significant difference compared to WT homomeric (left) or heteromeric (right) channels (p <
0.01). The fluorescent signal was normalized to the mean surface fluorescence of oocytes
expressing GFP-A3 alone from the same experimental group. For R277C, no cyclic nucleotide-
dependent current was elicited by a saturating concentration of cGMP in the absence or presence

of B3 subunits.

Fig. 2. Cone dystrophy-associated mutations reduced protein levels and impaired post-

translational processing of A3 subunits. A: Western blot of protein lysates from oocytes
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expressing GFP-A3 (WT or mutant) subunits alone or together with B3 subunits, probed with
anti-GFP antibody (upper blot). Lysate from uninjected oocytes is shown at right. The same
blot was probed with anti-actin antibody, demonstrating that similar amount of protein were
loaded per lane (lower blot). B: bar graph showing the relative density of CNGAS3 protein bands
(mature plus immature) determined by densitometry analysis (n = 6). The * indicates a
statistically significant difference compared to WT homomeric (left) or heteromeric (right)
channels (p < 0.01). C: Western blot, using anti-GFP antibody, of protein lysates from oocytes
expressing WT homomeric or heteromeric channels after three day incubation in the absence or

presence of 5 uM tunicamycin.

Fig. 3. Cone dystrophy-associated mutations altered the gating properties of homomeric
channels. A: representative current traces are shown for homomeric (A3) CNG channels after
activation by saturating concentrations of cGMP (1 mM) or cAMP (10 mM). Current traces
were elicited by the voltage protocol described in methods. B: bar graph for the relative agonist
efficacy of CAMP compared to cGMP (n = 12 to 18, * indicates p < 0.01 compared to WT). C:
representative dose-response relationships for activation of WT (squares), N471S (triangles) or
R563H (circles) homomeric A3 channels by cGMP (closed symbols) or cAMP (open symbols).
Currents were normalized to the maximum cGMP current. Continuous curves (dashed line for
wild type) represent fits of the dose-response relation to the Hill equation as indicated in the
methods. Parameters for each patch shown here were as followed: for wild type, K2 comp =

13.6 HM, h= 2.02; K1/2, camve = 1.0 mM, h= 1.33; for N471S, K1/2, comp =5.72 UM, h= 2.05; K1/2'
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cavp = 1.10 mM, h = 1.31; for R563H, Kis, comp = 3.01 uM, h = 1.86; Ki2, camp = 0.57 mM, h =
1.49. D: bar graphs showing the apparent ligand affinity (Ky,) for cGMP (upper graph) and
CAMP (lower graph), determined from fits of the dose-response relation to the Hill equation.
Compared to WT A3 channels, both N471S and R563H exhibited a statistically significant
increase in apparent cGMP affinity (n = 13 to 19, * represents p < 0.01 compared to WT).
R563H also exhibited a statistically significant increase in apparent affinity for cAMP (n =7 to

12, * represents p < 0.01 compared to WT).

Fig. 4. Cone dystrophy-associated mutations in homomeric channels altered sensitivity to
tetracaine block. A: representative currents activated by 1 mM cGMP in the absence or presence
of 50 uM tetracaine for A3 channels. B: representative dose-response relationships for tetracaine
block of wild type (squares), N471S (triangles) or R563H (circles) homomeric A3 channels.
Currents were normalized to the maximum cGMP current. Continuous curves represent fits of
the dose-response relation to the modified Hill equation as indicated in the methods. Parameters
for each patch shown here were as followed: Ky, wt = 51.9 UM, h = 1.51; Ky/2 na71s = 83.7 UM, h
= 1.50; Ky/2, rsean = 60.4 uM, h = 1.56. C: bar graph of the apparent affinity (Ky,,) for tetracaine
block determined from fits of the dose-response relation to the modified Hill equation.
Compared to wild type A3 channels, N471S exhibited a statistically significant decrease in Ky,

for tetracaine (n =5 to 11, * indicates p < 0.05).

Fig. 5. Cone dystrophy-associated mutations altered the free energy difference for channel

66



activation. A: representative dose-response relationships for activation of homomeric wild type
(squares), N471S (triangles) or R563H (circles) channels by cGMP (open symbols) and cAMP
(closed symbols). Currents were normalized to the maximum cGMP current. Continuous curves
represent fits of the dose-response relationships with the simple allosteric model described in the
methods. B, C: bar graphs are shown for the changes in the free energy difference by N471S (n
= 8) and R563H (n = 5) compared to that of WT channels, of the allosteric transition (L) and the

initial ligand binding step (K) for channel activation by cGMP (open bar) or cAMP (filled bar).

Fig. 6. Mutant A3 subunits formed functional heteromeric channels when co-expressed with
B3 subunits. A: representative currents elicited by 1 mM cGMP in the absence or presence of 25
MM L-cis-diltiazem for homomeric or heteromeric channels. Sensitivity to block by L-cis-
diltiazem indicates functional assembly with B3 subunits. B: bar graph showing the ratio of the
currents activated by 1 mM cGMP in the presence and absence of L-cis-diltiazem (n=5to 11, *

indicates p < 0.01 compared to WT homomeric A3 channels).

Fig. 7. Cone dystrophy-associated mutations altered the gating properties of heteromeric
channels. A: representative current traces for heteromeric A3+B3 channels activated by 1 mM
cGMP or 10 mM cAMP. Traces were elicited by the voltage protocol described in the methods.
B: bar graph for the relative agonist efficacy of cAMP compared to cGMP (n = 7 to 12, *
indicates p < 0.01 compared to WT channels). C: representative dose-response relationships for

wild type (squares), N471S (triangles) or R563H (circles) containing heteromeric channels
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activated by cGMP (closed symbols) or cAMP (open symbols). Currents were normalized to the
maximum cGMP current. Continuous curves (dashed line for wild type) represent fits of the
dose-response relation to the Hill equation as indicated in the methods. Vertical dotted line
indicates approximate physiological intracellular cGMP concentration in the dark, about 2 uM
(50). Parameters for each patch shown here were as followed: for wild type, Ky, comp = 17.3
UM, h = 1.89; Ky camp = 1.35 mM, h = 1.31; for N471S, Ky, comp = 12.7 uM, h = 1.67; Ky,
camp = 1.07 mM, h = 1.18; for R563H, K1/, comp = 8.18 UM, h = 1.40; Ki/2, camp = 0.67 mM, h =
1.48. D: bar graphs of the apparent ligand affinity (Kj;) for cGMP (upper graph) and cAMP
(lower graph), determined from the fits of the dose-response relation to the Hill equation (n =7

to 11, * indicates p < 0.01 compared to WT channels).
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PURPOSE. To determine if achromatopsia associated F525N and T383fsX mutations in the
CNGB3 subunit of cone photoreceptor cyclic nucleotide-gated (CNG) channels increase
susceptibility to cell death in photoreceptor derived 661W cells.

METHODS. 661W cells were transfected with cDNA encoding wild type (WT) CNGAS3
subunits plus WT or mutant CNGB3 subunits, and incubated with membrane permeable CNG
channel activators 8-(4-chlorophenylthio) guanosine 3', 5'-cyclic monophosphate (CPT-cGMP)
or 8-(4-chlorophenylthio) adenosine 3', 5'-cyclic monophosphate (CPT-cAMP). Cell viability
under these conditions was determined by measuring lactate dehydrogenase (LDH) release.
Channel ligand sensitivity was calibrated by patch-clamp recording after expression of WT or
mutant channels in Xenopus oocytes.

RESULTS. Co-expression of CNGA3 with CNGB3 subunits containing F525N or T383fsX
mutations produced channels exhibiting increased apparent affinity for CPT-cGMP compared to
WT channels. Consistent with these effects, cytotoxicity in the presence of 0.1 uM CPT-cGMP
was enhanced relative to WT channels, and the increase in cell death was more pronounced for
the mutation having the largest gain-of-function effect on channel gating, F525N. Increased
susceptibility to cell death was prevented by application of CNG channel blockers L-cis-
diltiazem (10 uM) or tetracaine (10 uM). The increased cytotoxicity was also found to be
dependent on the presence of extracellular calcium.

CONCLUSIONS. These results indicate a connection between disease-associated mutations in
cone CNG channel subunits, altered CNG channel-activation properties, and photoreceptor

cytotoxicity. Rescue of cell viability via CNG channel block or removal of extracellular calcium
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suggests that cytotoxicity in this model depends on calcium entry through hyperactive CNG

channels.
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Rod and cone photoreceptor cells are highly specialized to carry out their primary task:
transforming absorbed light into electrical responses that can be processed and understood as
vision by the central nervous system. Long-term perturbations in components of the signal
transduction cascade, energy metabolism, or structural integrity within the photoreceptors or
their supporting cells can increase the risk of photoreceptor cell death (see review in *, 2 and 3).
The resulting loss of vision is one of the most common causes of disability. However, the exact
cellular and molecular mechanisms by which mutations lead to photoreceptor cell death are not

completely understood.

One critical component of the phototransduction cascade is the cyclic nucleotide-gated (CNG)
channels in the outer segment plasma membrane of rods and cones. Closure of these channels
converts the chemical signal (a fall in intracellular cGMP concentration) that is initiated by light
absorption, into membrane hyperpolarization and decreased neurotransmitter release onto second
order cells (reviewed in %). The specialized CNG channels of cone photoreceptors are composed
of CNGA3 and CNGB3 subunits in a two plus two configuration around the central pore °.

Mutations in the genes encoding these subunits have been linked to complete and incomplete

6-16 10, 17

achromatopsia , progressive cone dystrophy , macular degeneration and macular

malfunction *®. Recent studies have determined how several disease-associated mutations in
CNGA3 ¥ 82! and CNGB3 *** subunits alter the functional properties of recombinant cone
CNG channels. Surprisingly, several mutations in CNGB3 have gain-of-function effects on

22,23

channel gating , producing CNG channels that are more sensitive to cGMP. How these gain-
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of-function changes in CNG channel gating may lead to cone dysfunction and degeneration is a

question that has not yet been addressed.

Since CNG channels are the main pathway for Ca** entry into the outer segment of

photoreceptors > %

, we hypothesize that gain-of-function mutations in CNGB3 increase
susceptibility to cell death via a Ca®* overload mechanism. To address this issue we have
utilized 661W cells as an in vitro model to investigate the effect of CNG channel mutations on
cell viability. These cells exhibit many of the cellular and biochemical features of cone
photoreceptor cells 22°, but are reported to lack endogenous CNGA3 subunits *. In this study,
we have found that two mutations in CNGB3 linked previously to achromatopsia, progressive
cone dystrophy and/or macular degeneration increased susceptibility to cell death in the presence
of a physiologically relevant concentration of channel activator. The increase in cytotoxicity
associated with activation of mutant CNG channels was alleviated by application of CNG
channel blockers or by removal of extracellular Ca?*. This implies a connection between the

altered gating properties of mutant CNG channels and photoreceptor cell death, providing insight

into the cellular and molecular mechanisms underlying inherited retinal degeneration.
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MATERIALS AND METHORDS:

Molecular biology. pGEMHE vector containing the coding sequence for WT or mutant human

CNGA3 and CNGB3 subunits were obtained from previous studies %

. For expression in the
mammalian cell line, cDNAs for CNGA3 and CNGB3 were subcloned into pOPRSVI vector
using unique restriction enzymes. QuikChange Site-Directed Mutagenesis Kit (Stratagene) was
then used to generate point mutations in CNGB3. All mutations were confirmed by DNA

sequencing.

Functional expression in Xenopus laevis oocytes. For heterologous expression in Xenopus
laevis oocytes, identical amounts of cDNA were linearized using Sphl or Nhel, and capped
mRNA was transcribed in vitro using the T-7 RNA polymerase mMessage mMachine Kkit
(Ambion, Austin, TX). mRNA concentrations and relative amounts were determined by
denaturing gel electrophoresis and 1D image analysis software (Kodak, NY), and

spectrophotometry. Oocytes were isolated as previously described 3 *2

and microinjected with a
fixed amount of mRNA for all constructs (approximately 5 ng of CNGA3 and 20 ng CNGB3, a
ratio confirmed to efficiently generate heteromeric channels °). Oocytes were incubated in ND96
(96 mM NaCl, 2mM KCI, 1.8 mM CaCl,, 1 mM MgCl,, and 5 mM HEPES, pH 7.6,

supplemented with 10 pg/ml gentamycin).

Electrophysiology. Two to seven days after microinjection of mRNA, patch-clamp experiments

were performed in the inside-out configuration with an Axopatch 200B amplifier (Axon

74



Instruments, Foster City, CA). Recordings were made at 20-23 °C. Data were acquired using
Pulse software (HEKA Elektronik, Lambrecht, Germany). Current traces were elicited by
voltage steps from a holding potential of 0 mV to +80 mV, then to -80 mV and back to 0 mV.
Initial pipette resistances were 0.4-0.8 megaohms. Intracellular and extracellular solutions
contained 130 mM NaCl, 0.2 mM EDTA, and 3 mM HEPES (pH 7.2). Intracellular solutions
were changed using an RSC-160 rapid solution changer (Molecular Kinetics, Pullman, WA).
Currents in the absence of cyclic nucleotide were subtracted. For channel activation by CPT-
cGMP or CPT-cCAMP, dose-response data were fitted to the Hill equation, I/lmax = ([cNMP]"/(
Kyo" + [cNMP]), where 1 is the current amplitude, Inax is the maximum current elicited by
saturating concentration of ligand, [cNMP] is the ligand concentration, Ky, is the apparent ligand
affinity, and h is the Hill slope. We measured sensitivity to block by tetracaine and L-cis-
diltiazem (RBI, Natick, MA) applied to the intracellular face of the patch in the presence of 0.1
UM CPT-cGMP. Data were fitted with a modified Hill equation in the form | pocker /1 =
(Ky2"/(Ky," + [blocker]™). Data were analyzed using Igor (Wavemetrics, Lake Oswego, OR),
SigmaPlot, and SigmaStat (SPSS Inc.). All values are reported as the mean + S.E. of n
experiments (patches) unless otherwise indicated. Statistical significance was determined using a
Student's t test or Mann-Whitney rank sum test, and a p value of < 0.05 was considered

significant.

Cell culture and transfection of complementary DNAs: The mouse 661W photoreceptor cell

line used in this study was a generous gift from Dr. Al-Ubaidi (U of Oklahoma). 661W cells
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were routinely maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS) and 1% penicillin/streptomycin at 37°C in a humidified
atmosphere of 5% CO2 and 95% air, and subcultured every 3-5 days. 661W cells were
transfected with pOPRSVI plasmids encoding human cone CNG channel subunits using
LipofectAMINE 2000 (Invitrogen Corp., Carlsbad, California). A reporter plasmid, a green
fluorescent protein-expressing vector under a constitutive promoter, was transfected with the
same condition each time to assess the transfection efficiency, and the pOPRSVI plasmid were
transfected each time as control. The amounts of each vector were as follows (pg/10 cm? culture
surface): 2 FLAG/GFP-hCNGA3 and 2 FLAG-hCNGB3 (or FLAG-hCNGB3-T383fsX, FLAG-

hCNGB3-F525N), 4 GFP, 4 pOPRSVI.

Cell viability assays. For most of the studies, the lactate dehydrogenase (LDH) Cytotoxicity
Detection Kit (Roche Applied Science, Indianapolis, IN) was used as per the manufacturer’s
protocol (see also *%). Briefly, cultured 661W cells were transfected with desired plasmid
constructs as described above and then plated in 96-well tissue culture plates at a density of
approximately 8x10° cells/well. 48 hours after transfection, cells were treated with various
concentrations of CPT-cGMP (Sigma) and/or CPT-cAMP (Biolog, Germany), alone or together
with tetracaine (Sigma) or L-cis-diltiazem (Sigma) in DMEM medium supplemented with 1%
FBS for 24 hours in 37°C. Following treatment, half of the culture medium was transferred to
another 96-well plate and LDH released into the culture medium was measured to assess the

amount of damaged/dead cells. Cells in the original plate were then lysed and the total amount
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of cellular LDH was assessed. Percentage of cytotoxicity was then calculated from the above
measurements. For each of the experiment, results were normalized to the percentage of
cytotoxicity in the untreated cells transfected with control pPOPRSVI plasmid only.

The viability of 661W cells transfected with WT or mutant CNG channels was also assessed
using the LIVE/DEAD Viability/Cytotoxicity Kit (Invitrogen) according to the manufacturer’s
protocol. Briefly, cells were transfected under the conditions described above and plated into 4-
well multi-chamber glass slides (LabTek Inc, Campbell, California). At the end of cyclic
nucleotide treatment, cells were washed with PBS three times and stained with 2 uM calcein AM
and 4 uM ethidium homodimer-1 solution at room temperature for 30 minutes. Fluorescence
confocal microscopy was then performed to visualize the live and dead cells.

Fluorescence confocal microscopy: Confocal microscopy of cells expressing CNG channel
subunits was carried out at the Washington State University Franceschi Microscopy and Imaging
Center. Images were obtained using a 10x objective on an Axiovert 200M inverted microscope
equipped with a Zeiss LSM 510 confocal laser-scanning system and a krypton-argon laser.
Fluorescence was measured using an excitation wavelength of 488 nm, and a 522 DF 32

emission filter for green fluorescence and 635 DF 32 emission filter for red fluorescence.
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RESULTS

Disease-associated mutations in CNGB3 increase ligand sensitivity of channels.

Disease-associated mutations in the CNGB3 subunit of cone CNG channels have been shown
previously to produce channels with gain-of-function changes in gating properties * %, Here we
determined whether co-expression of mutant F525N or T383fsX CNGB3 subunits with WT
CNGA3 subunits altered the sensitivity of the resulting channels to membrane-permeable
analogues of cGMP and cAMP, 8-(4-chlorophenylthio) guanosine 3', 5'-cyclic monophosphate
(CPT-cGMP) and 8-(4-chlorophenylthio) adenosine 3', 5'-cyclic monophosphate (CPT-cCAMP),
respectively. FLAG-tagged WT or mutant CNGB3 subunits were heterologously expressed
together with human CNGA3 subunits in Xenopus laevis oocytes. Patch-clamp recordings were
performed with excised membrane patches using the inside-out configuration; channels were
activated by application of cyclic nucleotide-containing solutions to the intracellular face of the
patch membrane (Fig. 1A). Maximum patch current density (In.x /area), determined at a
saturating concentration of CPT-cGMP (4 uM), was not significantly altered by the mutations
(WT: 55.1 + 10.9 pA/um?, n = 13; T383fsX: 86.6 + 17.0 pA/um?, n = 9; F525N: 80.3 + 18.6
pA/um?, n = 15). This indicates that the amount of functional CNG channels at the plasma

membrane was not reduced by these mutations.

The apparent CPT-cGMP affinity (K2 cprcomp) 0f WT and mutant heteromeric channels was
determined by fits of the Hill equation to the dose-response relationships for channel activation.

Compared to WT heteromeric channels (K2, cer-comp = 254.0 £ 18.1 nM, h =1.5 £ 0.05, n = 13),
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channels formed after expression of CNGB3 T383fsX with CNGA3 subunits were more
sensitive to ligand (Ky, cprcomp = 105.1 £ 7.3 nM, h = 2.2 + 0.1, n = 8; p < 0.01) (Fig.1B).
T383fsX likely represents a CNGB3 null mutation, producing only homomeric CNGAS3 channels

at the plasma membrane %.

Consistent with this idea, homomeric CNGA3-only channels
exhibited a similar apparent affinity for CPT-cGMP (K12, cpr-comp = 113.9 £ 7.9 nM, h =22 +
0.1, n = 9; data not shown). Channels containing CNGB3-F525N exhibited a larger increase in
apparent ligand affinity (Kiz, cpr-comp = 86.8 £ 10.6 nM, h = 1.8 £ 0.04; p < 0.01) (Fig.1B), in
agreement with previous studies using unmodified cGMP %2, Overall, 8-pCPT modified cGMP
was 80-100 fold more potent than unmodified cGMP ¥ 2 for activation of cone CNG channels,
similar to its increased potency with rod CNGAL channels **. These results illustrate the

functional disturbances produced by F525N or T383fsX mutations, and help calibrate the

physiologically appropriate CPT-cGMP concentration range for cone CNG channel activation.

Disease-associated mutations in CNGB3 subunits increased susceptibility to cell death in

photoreceptor-derived cell line.

We used a cone photoreceptor derived cell line (661W) to investigate the possible effects of
mutant CNG channels on cell viability. 661W cells are a well-established model for

photoreceptor viability studies ** %%

, and have been shown to express several markers
characteristic of cone but not rod photoreceptors %’. 661W cells were transiently transfected with
WT or mutant CNGB3 subunits together with CNGA3 subunits, and treated with CPT-cGMP for

24 hours at concentrations ranging from 0.01 uM to 10 uM. An LDH-release assay was then
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performed to assess cytotoxicity induced by activation of CNG channels. Results within each
experiment were expressed as relative cytotoxicity calculated from normalization to percent
cytotoxicity of untreated cells transfected with the pOPRSVI vector control alone. As
summarized in Figure 2A, incubation of 0.1 uM CPT-cGMP with 661W cells expressing mutant
CNG channels produced a significant increase in relative cytotoxicity (T383fsX: 1.26 + 0.05, p <
0.05; F525N: 1.59 = 0.05, p < 0.01) compared to WT channels (1.11 £ 0.04). The size of
increase in relative cytotoxicity for the different channel mutations was in the same rank order as
the increase in channel ligand sensitivity. In the absence of CPT-cGMP treatment, cells
expressing channels with the F525N mutation also exhibited a slight increase in relative
cytotoxicity (1.21 + 0.03) compared to WT channels under these conditions (1.05 + 0.03; p <
0.01), suggesting that activation of F525N-containing channels by endogenous cGMP increased
susceptibility to cell death. No increase in relative cytotoxicity was observed at CPT-cGMP
concentrations of 1 UM or greater (data not shown). Together, these results suggest a correlation

between CNG channel activity and cell death.

To confirm the effects of mutant CNG channel subunits on photoreceptor viability, we also used
an alternate assay (LIVE/DEAD Viability/Cytotoxicity Kit) to label live and dead cells. Cells
were transfected with mutant or WT channels as described above; fluorescence microscopy was
performed after 0.1 uM CPT-cGMP treatment and calcein AM and ethidium homodimer-1
staining of the transfected cells. As shown in Figure 3, CPT-cGMP treated cells expressing

CNG channels with the F525N mutation exhibited more damaged/dead cells (red fluorescence)
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and less intact/viable cells (green fluorescence) compared to cells expressing WT channels or
untreated F525N-expressing cells. In addition, a decrease in overall cell number was observed

for CNGB3 F525N-expressing cells (Fig. 3).

Disease-associated mutations in CNGB3 subunits alter channel sensitivity to CPT-CAMP.

Although cGMP is the primary natural agonist for CNG channels in photoreceptors, both cAMP
and cGMP co-exist under physiological conditions. The level of intracellular cAMP also
changes with illumination (see review in *%). In addition, CAMP levels are controlled in a
circadian manner, with higher levels at night *°. We found that the F525N mutation produced a
significant increase in apparent affinity for CPT-cCAMP (K2, cpr-camp =13.8 £ 1.4 uM, h =14 +
0.08; n = 15) compared to WT channels (K2, cpr-camp =28.1 £ 2.6 pM, h =17+ 0.1; n =10, p
< 0.01), while the T383fsX mutation produced no significant change in CPT-cCAMP sensitivity

(Kl/gy cPT-camp = 29.8+ 1.9 HM, h=18+0.1;n= 9) (Flg 4A)

We also determined the relative agonist efficacy for channel activation by a saturating
concentration of CPT-cAMP compared with maximal activation by CPT-cGMP (Imax cpt-
camp/Imax, cpT-comp).  For cone photoreceptor CNG channels, cAMP is a partial agonist (reviewed
in *1). CNG channels containing the F525N mutation exhibited a significant increase in CPT-
cAMP efficacy (Imax, cpT-camp/Imax, cprcomp = 0.49 £ 0.04, n = 15) compared to that of WT
heteromeric channels (Imax, cpT-camp/Imax, cptcamp = 0.25 £ 0.03, n = 10; p = 0.001); channels
formed after expression of CNGB3 T383fsX with CNGA3 showed a significant decrease in

CPT-cAMP Efficacy (Imax, CPT-CAMP/Imax, cert-camp = 0.07 £ 0.01, n = 8§; p < 0001) (Flg 1A)
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Reduced CPT-cAMP efficacy reflects the generation of homomeric CNGA3-only channels with
co-expression of CNGB3 T383fsX. For F525N-containing channels, increased CPT-cAMP
efficacy combined with increased CPT-cGMP and CPT-cAMP apparent affinity is consistent

with hyperactive CNG channels.

Low concentrations of CPT-cAMP had a protective effect for cell viability.

Because CNG channels containing F525N exhibited a two-fold increase in apparent CAMP
affinity compared to WT channels (Fig. 4A), we hypothesized that activation of mutant channels
by CPT-cAMP might also enhance cytotoxicity. Surprisingly, treatment of transfected 661W
cells with CPT-cAMP (at concentrations ranging from 0.1 — 10 puM) produced no significant

increase in relative cytotoxicity (data not shown).

It has been shown previously that cCAMP and cGMP can have synergistic effects on CNG
channel activation > . We applied CPT-cCAMP and CPT-cGMP together to investigate the
potential effect of this combination on cell viability. Co-application of 1 uM CPT-cAMP with
0.1 uM CPT-cGMP attenuated the increased relative cytotoxicity induced by CPT-cGMP alone
for F525N-containing channels (CPT-cGMP alone: 1.59 + 0.05; CPT-cGMP with CPT-cAMP:
1.31 £ 0.06, p < 0.01) (Fig. 4B); differences in the relative cytotoxicity between WT (0.98 +
0.03) and mutant channels under these conditions remained statistically significant (p < 0.01).
Treatment with a higher concentration of CPT-cCAMP (10 uM) combined with CPT-cGMP (0.1

UM) produced increased cytotoxicity for mutant channels comparable to that of 0.1 uM CPT-
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cGMP treatment alone (T383fsX: 1.30 + 0.05, p < 0.01; F525N: 1.67 + 0.08; p < 0.01 compared

to WT channels).

Protective effects of CNG channel blockers or removal of extracellular Ca*".

L-cis-diltiazem and tetracaine are known CNG channel blockers that have been used extensively
to dissect the properties of the native and heterologously expressed CNG channels ** 8, Since
increased cytotoxicity described above for CNGB3 mutations may be related to enhanced
channel activity, we hypothesized that application of CNG channel blockers would exert a
rescuing effect. We used patch-clamp recordings to determine the sensitivity of WT and mutant
channels to block by L-cis-diltiazem and tetracaine in the presence of 0.1 uM CPT-cGMP.
Figure 5A illustrates block of WT and mutant CNG channels (activated with 0.1 uM CPT-
cGMP) by 10 uM L-cis-diltiazem. The apparent affinity for L-cis-diltiazem (Ku2, -cis-dgil) Was
calculated by fitting the dose-response relationships for channel block with a modified Hill
equation as described in the methods (Fig. 5B). Compared to WT heteromeric channels (Ky, .-
cis-ditt. = 4.06 £ 1.0 UM, n = 5), F525N exhibited no significant change in apparent affinity for L-
cis-diltiazem (Kys2, Lcis-ditt. = 3.03 £ 0.75 uM, n = 5). In contrast, T383fsX exhibited a statistically
significant decrease in diltiazem apparent affinity (Kyp, Lcisgi. = 77.9 £ 23.1 phM, n = 4, p <
0.01). Reduced sensitivity to block by diltiazem was in agreement with the previous finding that
T383fsX likely represents a CNGB3 null mutation, preventing the formation of functional
heteromeric channels with CNGA3 subunits 2. Sensitivity to block by 10 uM tetracaine in the

presence of 0.1 uM CPT-cGMP is depicted in Figure 6A. Compared to WT (Ku/2, tetracaine = 1.03
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+ 0.17 uM, n = 5) and F525N (K12, tetracaine = 2.05 £ 0. 24 uM, n = 5) channels, channels formed
after co-expression of CNGA3 with CNGB3 T383fsX exhibited greater sensitivity to tetracaine
block (Kis, tetracaine = 0.321 £ 0.014 uM, n = 4, p < 0.01) (Fig. 5B). The trend in decreased
sensitivity to block by tetracaine for F525N-containing channels, although not significantly
different from WT channels (p = 0.117), was consistent with their greater sensitivity to CPT-
cGMP, since tetracaine is known to be less effective in blocking CNG channels when they are in

the open state &,

We next examined the functional effects of CNG channel blockers on cell viability by applying
L-cis-diltiazem or tetracaine, in the presence of 0.1 uM CPT-cGMP, to transfected 661W cells.
Figures 5C and 6C demonstrate that application of 10 uM L-cis-diltiazem (Fig. 5C) or 10 uM
tetracaine (Fig. 6C) effectively rescued cells from the increased cytotoxicity elicited by F525N
mutant channel activation. The rescuing effect of channel blockers was somewhat ambiguous
for T383fsX mutant group. Despite the reduced sensitivity to block by L-cis-diltiazem, the CPT-
cGMP-induced increase in cytotoxicity is attenuated compared to no diltiazem treatment (Fig.
5C). On the other hand, no protective effect was observed with tetracaine treatment (Fig. 6C).
These results suggest that other mechanisms might be involved in the T383fsX-related increase

in cytotoxicity.

Calcium overload is thought to serve as an important trigger for photoreceptor cell degeneration.
CNG channel mutations that increase ligand sensitivity are expected to increase calcium entry

through the hyperactive, calcium-permeable channels. Thus, we hypothesized that the increased
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cytotoxicity observed with CNGB3-F525N and -T383fsX mutations would depend on
extracellular calcium. To test this prediction, we assessed the relative cytotoxicity of transfected
661W cells maintained in normal or Ca** -free media during CPT-cGMP treatment. As shown in
Figure 7, removal of extracellular Ca?* effectively attenuated the increased relative cytotoxicity
elicited by F525N mutant channel activation compared to WT channel activation (p < 0.01).
Absence of extracellular Ca?*, however, had no significant effect on the relative cytotoxicity of
cells expressing T383fsX subunits.  Interestingly, removal of extracellular Ca** for cells

expressing WT channels caused a mild increase in cytotoxicity (p = 0.0115).

85



DiscussiON

We have examined the cellular consequences of two different CNGB3 mutations linked to
achromatopsia in humans. Our results indicate that expression of CNGB3 subunits containing
F525N or T383fsX mutations significantly increased susceptibility to cell death compared to WT
channels, in the presence of a low, physiologically relevant concentration of membrane
permeable channel activator. Importantly, the concentration of channel activator producing this
difference in cytotoxicity was within the concentration range showing the greatest difference in
channel activation of mutant versus WT channels. This concentration of channel activator also
mimics the low level of channel ligand and corresponding low level of channel activity existing
in the photoreceptor outer segment in the dark *“*°*. Higher levels of CPT-cGMP are expected to
activate other cellular pathways, including those known to be neuroprotective >2. In addition,
increased susceptibility to cell death was prevented by CNG channel blockers or by removal of
extracellular calcium, consistent with the idea that photoreceptor death can arise via excess
calcium entry through hyperactive CNG channels. These results are important because they
begin to establish a connection between mutations in cone CNG channels, altered channel-

activation properties, and cell death.

We expect that in native photoreceptors of patients having gain of function CNG channel
mutations such as F525N, the channels will have a higher open probability in the dark and fail to
close appropriately during light stimulation. Because CNG channels are the main entryway for

calcium into the photoreceptor outer segment %, hyperactive channels are expected to disturb
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calcium homeostasis in these cells. We hypothesize that abnormally high levels of calcium
under these circumstances will lead to photoreceptor death. Similar cellular mechanisms have
been described for mutations in genes encoding other critical proteins involved in
phototransduction, adaptation and recovery processes. Mutations that produce constitutively
active guanylyl cyclase ***° or loss of cGMP-PDE activity *°°® result in increased intracellular
CGMP levels. Increased intracellular cGMP, similar to an increase in channel sensitivity to
cGMP, is expected to lead to inappropriate opening of the channels with more Ca®* entering the
photoreceptor. Numerous studies have reported that a sustained elevation of intracellular Ca?*

60) )

can result in apoptotic cell death (reviewed by Choi *° and Leist & Nicotera °°). In the retina, for

example, sustained elevation of intracellular Ca?* has been shown to trigger rod photoreceptor

8 Some of the Ca**-dependent pathways producing

apoptosis and retinal degeneration
photoreceptor degeneration are thought to involve caspase and/or calpain activation as a central
mechanism ®* %, but some diversity of cell death mechanisms, including autophagy, has been

d 64-66

uncovere . The precise pathways involved in photoreceptor degeneration caused by cone

CNG channel mutations remains to be determined.

With the F525N mutation, our results strongly suggest that channel hyperactivity and subsequent
Ca”* overload is likely to contribute to increased cell death. However, the effect of T383fsX is
more difficult to interpret. This frame shift is effectively a null mutation producing a truncated
CNGB3 subunit that does not combine with CNGAS3 subunits to form functional heteromeric
channels at the plasma membrane ?°. Channels resulting from expression of mutant T383fsX

subunits closely resemble homomeric CNGA3 channels. Homomeric CNGA3 channels exhibit
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greater apparent affinity for cGMP compared to heteromeric channels, a gain-of-function
phenotype.  Also, homomeric CNGA3 channels are insensitive to down-regulation by
Ca**/calmodulin ® and phosphoinositides such as PIP; . It is possible that lack of feedback
control of channels by Ca*/calmodulin may contribute to enhanced channel activity and
increased susceptibility to cell death. In addition, improperly localized ®” or misfolded CNGB3-
T383fsX subunits may produce ER stress and the UPR, subsequently leading to cell death (see
review in ®). Consistent with this idea, removal of extracellular Ca?* did not significantly
reduce the effect of T383fsX on cell viability. It is also possible that the premature stop codon
upstream of intronic sequence induces nonsense mediated mMRNA decay during processing of the
CNGB3 T383fsX message in vivo. Further studies are needed to address these alternative

mechanisms.
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FIGURE LEGENDS

Figure 1. Disease-associated mutations in CNGB3 altered the gating properties of
heteromeric channels. (A) Representative current traces are shown for CNGAS3 plus
CNGB3 channels after activation by saturating concentrations of CPT-cGMP (4 uM) or
CPT-cAMP (100 uM). Current traces were elicited by the voltage protocol described in
methods. (B) Representative dose-response relationships for CPT-cGMP activation of
CNG channels, after expression of CNGA3 plus CNGB3-WT (circles), -T383fsX
(squares) or -F525N (triangles) subunits. Currents were normalized to the maximum
cGMP current. Continuous curves represent fits of the dose-response relationship to the
Hill equation as described in the methods. Parameters for each patch were as follows:
for WT, K2, cpr-comp = 333.8 nM, h = 1.6; for T383fsX, Ky, comp = 122.3 nM, h = 2.1,
for F525N, Kip cprcovp = 45.3 nM, h = 1.7. Dotted line represents CPT-cGMP

concentration used in subsequent experiments (0.1 pM).

Figure 2. Disease-associated mutations in CNGB3 increase cytotoxicity in 661W
cells expressing CNG channels. Bar graph shows cytotoxicity (calculated as described in
Methods) for CNG channel-expressing cells exposed to various concentrations of CPT-
cGMP for 24 hours (n = 46 to 48); cytotoxicity was normalized to that of negative control
cells transfected with pOPRSVI vector alone. *, significant difference between groups
indicated by the bracket (p < 0.05); +, significant difference between F525N groups with

or without 0.1 uM CPT-cGMP treatment (p < 0.01).

Figure 3. F525N mutation in CNGB3 reduced cell viability with CPT-cGMP
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treatment compared to WT channels. Transfected 661W cells were treated with or
without 0.1 pM CPT-cGMP for 24 hours. After treatment, cells were labeled according
to the Live/Dead assay protocol: vital cells were stained by calcein AM and show green
fluorescence; damaged cells were penetrated by ethidium homodimer and show red
fluorescent nuclei. Fluorescent images were obtained using a Zeiss LSM 510 confocal

laser-scanning system as described in methods.

Figure 4. Heteromeric channels containing disease-associated mutations in CNGB3
exhibited an increased sensitivity to CPT-cCAMP and elevated relative cytotoxicity after
combined treatment of CPT-cGMP and CPT-cAMP. (A) Representative dose-response
relationships for CPT-cAMP activation of CNG channels, after co-expression of CNGA3
with CNGB3-WT (circles), -T383fsX (squares) or -F525N (triangles) subunits (same
representative patches as in Figure 1B). Currents were normalized to the maximum CPT-
cGMP current. Continuous curves represent fits of the dose-response relationship to the
Hill equation. Parameters for each patch shown here were as followed: for WT, K2, cpr-
camp = 38.1 UM, h = 2.0; for T383fsX, Ku came = 32.8 UM, h = 2.1; for F525N, Ky, cer-
cavp = 7.5 UM, h = 1.4. (B) Bar graph of the relative cytotoxicity for channel expressing
cells exposed to various concentrations of CPT-cAMP plus 0.1 uM CPT-cGMP (n = 12).
Dashed line represents the percentage of cell death in the vector only control group
without treatment. * indicates statistical significance between groups indicated by
bracket (p < 0.05); + represents statistical significance between F525N group treated with
10 uM CPT-cAMP together with 0.1 uM CPT-cGMP and F525N group without

treatment (p < 0.01).
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Figure 5. Block of CNG channels by L-cis-diltiazem increased viability of cells
expressing disease-associated mutations. (A) Representative current traces elicited by 0.1
UM CPT-cGMP in the absence or presence (arrow) of 10 uM L-cis-diltiazem for CNG
channels expressed in Xenopus oocytes. Current traces were elicited by the voltage
protocol described in methods. (B) Dose-response relationships for block by L-cis-
diltiazem in the presence of 0.1uM CPT-cGMP in heteromeric CNG channels containing
CNGB3-WT (circles), -T383fsX (squares) or -F525N (triangles) subunits.  Currents
were normalized to the current elicited by 0.1 uM CPT-cGMP in the absence of L-cis-
diltiazem. Continuous curves represent fits of the dose-response relation to the modified
Hill equation described in the methods. Parameters for each patch shown here were as
followed: WT channels: Ki, | cis-diit, = 3.14 pM, and h = 0.6; T383fsX: Ky, | cis-dil. = 57.4
MM, and h = 0.3; F525N: Ki/, L-cis-gii. = 2.90 uM, and h = 0.6. Dotted line represents L-
cis-diltiazem concentration used in subsequent experiments (10 uM). (C) Bar graph of
the relative cytotoxicity for channel expressing 661Wcells with or without 10 uM L-cis-
diltiazem in the presence of 0.1 uM CPT-cGMP treatment (n = 12). Dashed line
indicates the extent of cell death in vector only control cells without treatment.
Significant differences were observed between groups indicated by brackets (*, p <
0.05); + indicates significant difference between T383fsX groups treated with or without

channel blocker (p < 0.01)).

Figure 6. Block of heteromeric CNG channels by tetracaine increased viability of

cells expressing disease-associated mutations. (A) Representative current traces elicited
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by 0.1 uM CPT-cGMP in the absence or presence (arrow) of 10 uM tetracaine for CNG
channels expressed in Xenopus oocytes. (B) Dose-response relationships for CNG
channel block by tetracaine in the presence of 0.1uM CPT-cGMP, for channels generated
by co-expression of CNGA3 with CNGB3-WT (circles), -T383fsX (squares) or -F525N
(triangles) subunits. Currents were normalized to the current elicited by 0.1 uM CPT-
cGMP in the absence of tetracaine. Continuous curves represent fits of the dose-response
relationship to the modified Hill equation described in the methods. Parameters for each
patch were as follows: WT channels: K, tetracaine = 1.07 UM, and h = 0.7; T383fsX: Ky,
tetracaine = 0.278 UM, and h = 0.9; F525N: Ky2, tetracaine = 2.19 UM, and h = 0.5. Dotted line
represents tetracaine concentration used in subsequent experiments (10 puM). (C) Bar
graph of relative cytotoxicity for channel expressing 661W cells with or without 10 uM
tetracaine in the presence of 0.1 uM CPT-cGMP (n = 12; *, p < 0.05). Dashed line

indicates the extent of cell death in vector only control without treatment.

Figure 7. Removal of extracellular Ca?* from culture media prevented the increase
in cytotoxicity for cells expressing CNGB3 F525N. Bar graph of the relative cytotoxicity
for channel expressing 661W cells treated with 0.1 pM CPT-cGMP in normal or Ca?*-
free DMEM media (n = 12; *, p < 0.05). Dashed line indicates the level of cytotoxicity
in control cells expressing pOPRSVI plasmid alone cultured in normal media without

treatment.
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DISCUSSION

Inherited photoreceptor degenerative diseases, such as retinitis pigmentosa, achromatopsia
and cone dystrophy, are major causes of visual impairment and disability. Various mutations in
CNG channel subunits have been linked to this group of diseases, yet relatively little research has
been conducted to examine the molecular and cellular mechanisms underlying the demise of
photoreceptor cells, particularly cone photoreceptors. Since the cloning of cone specific CNG
channel subunits, CNGAS3 in 1993 (6) and CNGB3 in 2000 (58), our laboratory has focused
research efforts on understanding the function and dysfunction of cone CNG channels, and were
the first to determine the molecular characteristics of recombinant human cone CNG channels
via heterologous expression studies. The research presented within this thesis represents a
continuation toward this research goal. Studies in this thesis focused on functionally
characterizing disease-associated mutations in CNG channel subunits and determining the
underlying molecular mechanisms of cone photoreceptor degeneration induced by altered
channel properties.

In Chapter One of this thesis we determined the functional consequences of three PCD-
associated mutations in CNGA3 subunits (R277C, N471S and R563H) using a heterologous
expression system. Two major effects, both “loss-of-function” and “gain-of-function”, were
identified in channels containing these mutations. The loss-of-function changes were evident in
channels containing R277C or R563H mutations, represented by impaired plasma membrane

localization and disrupted channel protein processing and maturation. Such loss-of-function
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effects are thought to be predominant for CNGA3 mutations, since most CNGA3 mutations
characterized so far (32 out of 39) do not form functional channels at the plasma membrane (118,
127). Similar to CNGA3 mutations, several RP-associated mutations in rod CNGAL are null
mutations or mutations that disrupt plasma membrane targeting of channel subunits (33, 107,
177). Interestingly, one CNGA3 mutation (E593K) expressed in HEK293 cells produced
functional homomeric channels with lowered apparent affinity for cGMP (118). Such gating
changes represent another type of loss-of-function phenotype.

In Chapter One, we also reported gain-of-function changes in channel gating properties,
represented by an increase in ligand sensitivity and/or relative agonist efficacy in channels
containing mutant CNGA3 subunits (N471S or R563H). The increased apparent affinity for
cGMP had also been reported in another CNGA3 mutation (T656M) (118). In contrast to most
CNGAZ3 mutations, disease-associated mutations in CNGB3 characterized to date were found to
produce gain-of-function changes in channel gating properties (13, 121, 132). Recent studies
carried out in our lab also suggested that the severity of the alterations in channel gating
properties, i.e. the extent of the gain-of-function, partially correlated with the severity of the
disease linked to the mutation (13). Together, these results indicate that proper channel function
is critical for the viability of photoreceptor cells. Any perturbation, whether it results in gain or
loss of channel function, may trigger photoreceptor degeneration associated with inherited
photoreceptor degenerative diseases.

It remains unclear how altered channel properties are linked to photoreceptor cell death.

Thus, elucidating the exact cellular and molecular mechanisms underlying inherited
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photoreceptor degenerative diseases is one of the main research goals in our lab. The CNGA3
knockout mouse model, similar to the loss-of-function changes described in Chapter One,
showed progressive degeneration of cone photoreceptors, with rod function relatively intact (5).
Apoptotic cell death was observed in CNGA3™ cones (115). A double knockout mouse model
(CNGA3"/Rho™) showed similar progressiveness in photoreceptor degeneration. Double
knockout CNGA3”/Rho”™ mice exhibited more visual function at birth; however photoreceptor
degeneration and visual impairment started at 4 weeks of age and progressed to almost complete
loss by 3 months (22). In addition, targeting of cone opsins and the expression of other visual
transduction proteins had been shown to be impaired in CNGAS3 deficient mice, suggesting that
CNGAB3 is essential for the routing of transduction proteins into the outer segments or necessary
for the structural integrity of the outer segment (115). It has been proposed that the “equivalent
light” hypothesis might be one possible explanation for initiating cell death in these situations
(102). Continuous light stimulation was thought to induce permanent closure of the CNG
channels, resulting in lowered intracellular Ca®* and increased reactive oxygen species (38, 39,
102, 136). Similarly, mutations in rhodopsin, rhodopsin kinase and arrestin, which resulted in
constitutively active phototransduction signaling, induce rod photoreceptor degeneration (56, 64,
190). Constantly active phototransduction mimics prolonged light exposure, supporting the
“equivalent light” hypothesis. However, Donovan and coworkers have reported an increase in
intracellular Ca®" after extensive light exposure, possibly resulting from activated guanylyl
cyclase by NO and increased CNG activity (29). Thus, the “equivalent light” hypothesis seems

unlikely to be the explanatory underlying mechanism for photoreceptor degeneration with loss-
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of-function CNG channel mutations. Some loss-of-function mutations in CNGA1 subunits lead
to accumulation of misfolded protein in intracellular compartments (33, 177). Massive opsin
accumulation in the ER also has been observed in CNGA3 knockout mice (115), suggesting the
involvement of ER stress and the UPR in photoreceptor cell degeneration. Further experiments
are needed to examine this hypothesis.

Compared with loss-of-function mutations, it is relatively easier to understand how gain-of-
function mutations initiate photoreceptor degeneration. Since Ca?* enters the photoreceptor
outer segment mainly through CNG channels, heightened channel activity may result in
sustained elevation of intracellular Ca**. It is proposed that Ca**-overload may trigger rod
photoreceptor apoptotic cell death (52). We hypothesized that Ca®*-overload might be the
underlying mechanism by which channel mutations eventually induced cone photoreceptor cell
death. This hypothesis was tested by a series of experiments and the results were presented in
Chapter Two of this thesis.

In Chapter Two of this thesis we reached two major conclusions about disease-associated,
gain-of-function mutations in the CNGB3 subunit. First, gain-of-function mutations in CNGB3
increased susceptibility to cell death in photoreceptor derived 661W cells. Second, the increased
susceptibility to cell death appeared to arise via a Ca**-overload mechanism, and could be
partially rescued by CNG channel blockers or by removing extracellular Ca**.

Two previously characterized mutations in CNGB3 (T383fsX and F525N), both of which
produced gain-of-function phenotypes (13, 132), were tested in an immortalized cell line derived

from retinal tumors of a transgenic mouse. These 661W cells exhibit cellular and biochemical
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characteristics of cone photoreceptor cells (174), and also exhibit an absence of endogenous
CNGAZ3 subunit expression and only weak expression of CNGB3 (47). These cells thus provide
a good in vitro model for studying cone cell biology and cone channel function (24, 60, 92, 147,
152, 157, 174, 179). Consistent with previous studies, mutant channels exhibited increased
ligand sensitivity and/or relative agonist efficacy after activation by membrane permeable cyclic
nucleotide derivative 8-(4-chlorophenylthio) guanosine 3', 5'-cyclic monophosphate (CPT-
cGMP) and 8-(4-chlorophenylthio) adenosine 3', 5'-cyclic monophosphate (CPT-cCAMP).
Application of a physiological low concentration of CPT-cGMP, or combined CPT-cGMP and
CPT-cAMP treatment, increased cell death in 661W cells expressing mutant channels compared
to expression of wild type channels.

It has been proposed previously that increased intracellular cGMP levels are related to
photoreceptor degeneration. In support of this idea, treatment of 661W cells with the PDE
inhibitor IBMX, which resulted in elevated cGMP levels, increased apoptotic cell death (158),.
However, cGMP is a universal second messenger that is involved in multiple cellular pathways.
It is presumptuous to only consider its effect on CNG channel when cGMP is introduced into
cells. In a previous study, 1 mM 8-Br-cGMP, another membrane permeable cGMP derivative,
had been shown to induce 661W cell apoptosis (157). Although increased Ca®* was also
observed in this model, indicating the probable involvement of CNG channel activation, such
high concentrations of cGMP would be likely to activate other molecular pathways, potentially
masking the channel effect. What would be an appropriate concentration for CPT-cGMP

treatment that maximizes the effect of differences in channel gating alteration, which at the same
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time elicits minimum nonspecific effect? Under physiological conditions in the absence of light,
the endogenous cGMP concentration in photoreceptor outer segment is predicted to keep only a
small fraction (less than 10%) of the channels in the open state (140, 141, 167). The low
concentration of CPT-cGMP we used (0.1 pM) is sufficient to keep about 10% of wild type
channels open (Chapter 2, Fig. 1), mimicking the native situation. Yet an almost 5-fold increase
in channel opening was observed in F525N mutant channels exposed to this concentration of
CPT-cGMP. Maximum increase in relative cytotoxicity was also apparent under this low CPT-
cGMP treatment.

Consistent with our hypothesis that enhanced channel activity initiates cell death, the
greatest increase in relative cell death was observed for the F525N group, which also showed the
greatest increase in apparent affinity for CPT-cGMP compared to wild type channels. On the
other hand, the T383fsX mutation induced a relatively smaller change in channel gating
properties compared with that of the F525N group. In accordance with this, only a modest
increase in CPT-cyclic nucleotide induced cell death was observed in 661W cells expressing this
mutation. These results suggest a strong link between mutant channel activity and photoreceptor
viability.

The involvement of Ca®*-overload induced by hyperactive channels in triggering 661W cell
death was supported by the protective effect of CNG channel blockers, L-cis-diltiazem and
tetracaine. A number of organic compounds, including L-cis-diltiazem (20, 46, 69, 103, 110)
and tetracaine (48, 49, 155), have been reported to block current through CNG channels. L-cis-

diltiazem is thought to block the CNG channels from the cytoplasmic face in a voltage-dependent
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manner (69, 110, 142). It is unclear how well the membrane is permeable to L-cis-diltiazem.
Although Haynes and coworkers reported that L-cis-diltiazem can cross the membrane (69),
extracellular application of L-cis-diltiazem is known to be much less effective (144, 169). D-cis-
diltiazem, which is more selective for blocking L-type Ca®* channels, has been shown to have
weak effect on blocking CNG channels (74, 85). Previous experiments have been carried out to
test whether application of D-cis- or L-cis-diltiazem had a protective effect against photoreceptor
degeneration. The results were somewhat controversial. Rod photoreceptor apoptosis was

bl‘dl

attenuated by D-cis-diltiazem in Pde6b™" mice (30, 54). But other reports suggested no rescuing

b mice

effect with same treatment using the same or different animal models, including Pde6
(128), dogs with a similar PDE mutation (130) or rats with the Pro23His rhodopsin mutation
(16). In contrast, Fox and coworkers reported that blockage of Ca*" influx through CNG
channels with L-cis-diltiazem partially rescue rod degeneration in Pde6b™ mice (53). Our
results showing that both L-cis-diltiazem and tetracaine exerted a rescuing effect against gain-of-
function mutation induced cytotoxicity strongly suggest that hyperactive channels are
responsible for initiating cell degeneration. Also consistent with our hypothesis, removal of
extracellular Ca®* produced a rescuing effect for F525N expressing 661W cells. The linkage
between abnormally high channel activity, Ca** influx and increased cell degeneration was
evident with this disease-associated mutation.

Compared to F525N, rescuing effects were somewhat ambiguous for T383fsX-expressing cells.

Removing extracellular Ca** did not produce a protective effect for the CPT-cGMP-induced

increase in relative cell death, indicating that mechanisms other than Ca*-overload might be
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important for this mutation. Heterologous expression of this mutant channel subunit, in Xenopus
oocytes (132) and 661W cells (data not published), revealed an increase in the amount of
truncated protein compared with wild type subunits. It is possible that accumulation of immature
or misfolded T383fsX subunits may trigger ER stress and the subsequent UPR, initiating
apoptotic cell death in photoreceptor cells. Evidence has emerged recently suggesting the
involvement of ER stress in photoreceptor degenerative diseases. Yang and coworker reported
that ER stress marker proteins were significantly up-regulated in both light-induced
photoreceptor degeneration and the rd1 mouse model of degenerating photoreceptor cells (192,
193). The accumulation of misfolded rhodopsin and subsequent ER stress was also observed in
apoptotic photoreceptor degeneration in a Drosophila model for autosomal recessive form of RP
(150). It is highly probable that complex changes might occur concomitantly in the process of
initiating photoreceptor degeneration by T383fsX mutation. Addition experiments are needed to

address this question.
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CONCLUSIONS

We have functionally characterized three progressive cone dystrophy-associated mutations
in CNGAS subunits and identified both loss-of-function and gain-of-function effects induced by
channel mutations, supporting the pathogenicity of these mutations. The changes were evident
as impairment of plasma membrane localization of channel subunits and alterations in channel
gating properties. These results suggest that survivability of cone photoreceptor cells depends on
proper functioning of CNG channel in the outer segment membrane. Complex effects of
different PCD-related mutations indicate heterogeneity of this group of diseases. How different
alterations in channel function lead to the same ultimate result--photoreceptor degeneration--
remain unclear. It is possible that multiple cellular pathways are involved in triggering cell
death, including disruptions of intracellular Ca** homeostasis, impaired protein metabolism, and
ER stress. We have discovered here a significant increase in susceptibility to cell death that
correlates with altered channel function. The increase in cell death elicited by disease-associated
mutations was Ca®*-dependent, supporting our hypothesis that Ca**-overload mechanisms are be
involved in initiating photoreceptor degeneration. How loss-of-function changes in mutant
channels trigger photoreceptor degeneration remains an unanswered question that must be
addressed with additional experiments. Application of CNG channel blockers exerted a
protective effect against the increased cell death, shedding light on possible viable therapeutic
strategies for inherited photoreceptor degenerative diseases. Our studies provide the first link

between altered channel function due to disease-associated mutations and photoreceptor
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degeneration. Further studies are needed to identify the exact cellular and molecular pathways of

photoreceptor cell pathogenesis.
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