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C-term: carboxy-terminus

DNA: deoxyribonucleic acid

DSB: double-stranded break

ER: endoplasmic reticulum

ERG: electroretinogram

ESC: embryonic stem cell

FACS: fluorescence-activated cell sorting

FRT: flippase recognition target

GCL.: ganglion cell layer

gDNA: genomic deoxyribonucleic acid

GDP: guanosine diphosphate

GNBS5: guanine nucleotide-binding protein subunit beta-5

GFP: green fluorescent protein

GPCR: G protein-coupled receptor



gRNA: guide ribonucleic acid

GTP: guanosine triphosphate

HA-tag: human influenza hemaglugglutinin tag
HEK 293: Human Embryonic Kidney 293

HR: homologous recombination

ICCSNB: incomplete congenital stationary night blindness
iGIuR: ionotropic glutamate receptor

IMS: Institute for Microelectronics Stuttgart

indels: insertion or deletion mutations

INL: inner nuclear layer

IPL: inner plexiform layer

IRES: internal ribosome entry site

ITR: inverted terminal repeat

LacZ: lactose operon

LCA: Leber Congenital Amaurosis

LoxP: cre recombinase recognition site

LRIT3: leucine-rich-repeat immunoglobulin-like and transmembrane-domain 3
mGIuR: metabotropic glutamate receptor

MN: meganuclease

NFL: nerve fiber layer

NLS: nuclear localization signal

NHEJ: non homologous end joining

N-term: amino-terminus

NY X: nyctalopin

ONL: outer nuclear layer

OPL.: outer plexiform layer

P23H-1: P23H line 1

P23H REF: rat embryonic fibroblast from P23H rat

pA: polyadenylation site



PAM: protospacer-adjacent motif

pCMV: cytomegalovirus promoter

PCR: polymerase chain reaction

pEFlal: human elongation factor-1 alpha 1 promoter
PKCa: protein kinase C alpha

pRHO: rhodopsin promoter

PTM: pre messenger ribonucleic acid trans-splicing molecule
pUC ori: pUC plasmide’s origine of replication

rAAV: recombinant adeno-associated virus

RAG: recombination activating gene

RCD: rod-cone dystrophy

RACVF: rod-derived cone viability factor

REF: rat embryonic fibroblast

RGS: regulator of G protein signaling

RGS7: regulator of G protein signaling 7

RGS7BP: regulator of G-protein signaling 7 binding protein
RGS9: regulator of G protein signaling 9

RGS9BP: regulator of G protein signaling 9 binding protein
RGS11: regulator of G protein signaling 11

RHO: rhodopsin

RIPA: radioimmunoprecipitation assay

RPE: retinal pigment epithelium

RNA: ribonucleic acid

RNAI: ribonucleic acid interference

RVD: repeat variable diresidue

SA: signal anchor

SD-OCT: spectral-domain-optical coherence tomography
siRNA: short interfering ribonucleic acid

SMaRT: spliceosome-mediated ribonucleic acid trans-splicing



S tag: pancreatic ribonuclease A tag

TALE: Transcription Activator-Like Effector

TALEN: Transcription Activator-Like Effector Nuclease
TBS: tris buffer saline

TN: Transcription Activator-Like Effector Nuclease

tracrRNA: transactivating clustered regularly interspaced short palindromic repeats
ribonucleic acid

UPR: unfolded protein response
UPS: ubiquitin-proteasome system
v: volume

vg: viral genome

w: weight

ZF: zinc finger

ZF-ATF: zinc finger artificial transcription factors



Introduction



A. Preamble

The first steps in vision occur in the retina when rod and cone photoreceptors transform light
into a biochemical signal, which gets processed by bipolar cells, ganglion cells and finally by
the brain. Our group investigates genetic causes and mechanisms involved in inherited
stationary and progressive retinal diseases as congenital stationary night blindness (CSNB),
and rod-cone dystrophy (RCD), also called retinitis pigmentosa.

Before | became a PhD student, | worked in this group for 2 years as an assistant engineer.
My thesis project is an ongoing study focusing on two axes on which | already obtained
results during my assistant engineer period. The first part of my thesis project concentrated on
the identification and functional characterization of a gene defect underlying CSNB. The
second part concentrated on genome editing approaches for Rhodopsin mutations underlying
RCD. In the time lapse of three years of PhD, by studying two retinal disorders, | had the
opportunity to work on the discovery and functional characterization of one gene, but also on

a therapeutic approach for another gene.

To place my PhD project in the context, | will introduce general knowledge about the retina
and the visual process and develop more precisely aspects of photoreceptors and bipolar cells
as they are implicated in RCD and CSNB, respectively. In a second part, | will describe
clinical signs, diagnostic and genetics of CSNB. Subsequently, I will illustrate the knowledge
we had of the bipolar cell signaling cascade and animal models developed for complete
CSNB at the time we started the study. For the RCD part, the genetics of the disease,
implications of Rhodopsin (RHO) and its mutations, animal models for RHO and therapeutic
approaches and considerations about gene therapy will be more developed since we decided

to perform genome editing on Rhodopsin.
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B. Retinal anatomy and physiology

1.  General considerations about retina and visual process

The vertebrate retina is a light-sensitive layer of tissue at the posterior inner surface of the
eye. The optics of the eye creates an image on the retina, which leads to the initiation of a
cascade of chemical and electrical events that generate nerve impulses transmitted to the
brain. The retina is derived from the central nervous system and is composed of a monolayer
of epithelial cells, the retinal pigment epithelium (RPE) and the neural retina, a tissue with

several layers of neurons interconnected by synapses (Figure 1).

Sclera

Cornea

Ciliary body

Figure 1: Schematic representation of the human eye with an enlargement of the retina (modified from
Webvision)

The visual process in the neural retina can be divided into two essential parts. First, the light
signal is captured by rod and cone photoreceptors, which transform light into a chemical
signal. Then this chemical signal is transmitted to bipolar cells and ganglion cells, which
axons form the optic nerve, driving the information in the visual cortex in the brain. Amacrine
and horizontal cells participate to the visual processing by modulating the signal, allowing its
better propagation and improving contrast and definition of the visual stimuli. Glial cells,
composed of Miller cells, astrocytes and microglial cells, contribute to maintaining the
structure and the function of this tissue. Retinal pigment epithelium cells are essential for the
survival of the neural retina, in particular since they are implicated in 11-cis-retinal recycling
through the vitamin A cycle, and in phagocytosis of the damaged photoreceptor outer
segments, participate to the blood retinal barrier and ionic and liquid balance in the retina,
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provide photoreceptors with nutrients and oxygen, and to some extent absorption of scattered

light (Figure 2).
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Figure 2: Schematic representation of retinal layers (modified from Webvision)

All these cells are organized in 10 layers (Figure 2), from the inner (vitreous side) towards the
outer retina (choroid side):
e The inner limiting membrane, a basal membrane formed by proteins from the
extracellular matrix, astrocytes and Miller cell end feet.

The nerve fiber layer (NFL), constituted of the axons of ganglion cells, which gather

to form the optic nerve.

e The ganglion cell layer (GCL), containing ganglion cell bodies.

e The inner plexiform layer (IPL), formed by the synapses between bipolar, amacrine
and ganglion cells.

e The inner nuclear layer (INL), containing bipolar, amacrine, horizontal and Muller
cell bodies.

e The outer plexiform layer (OPL), formed by the synapses between photoreceptors,
bipolar and horizontal cells.

e The outer nuclear layer (ONL), formed by the nuclei of photoreceptors.

e The outer limiting membrane, which is a region of adherence (“zonula adherens”)

between photoreceptor inner segments and Miiller glial cells.
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e The photoreceptor layer, which is actually constituted of inner and outer segments of
photoreceptor.

e The RPE composed of cells of the same name.
2.  Photoreceptors

Photoreceptors are located in the deeper part of the neural retina and are responsible for the
translation of light energy into an electrical signal. Two types of photoreceptors are present in
the retina: rods and cones, their name being related to the shape of their outer segment, the
part where the phototransduction takes place. Both photoreceptor classes, rods and cones,
consist of an outer segment with stacks of discs for rod photoreceptors and invagination of the
plasma membrane for cone photoreceptors, a connecting cilium, an inner segment, a cell body
with the nucleus and a synaptic terminal connected to bipolar and horizontal cells (Figure 3)
(1). The outer segment contain the proteins of the phototransduction cascade, of which opsins
are the main and light-sensitive proteins involved in the first step of this phototransduction
cascade. The connecting cilium constitutes the bridge between outer and inner segments and
is comparable by morphology and composition to primary cilia (2). The inner segment is the

place of biosynthesis and endocytosis, and is also rich of mitochondria.

Rod Cone

Disc

Outer
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Synaptic | Synaptic
vesicle ending

Figure 3: Rod and cone schematic structure (adapted from Wright, A et al., (1))
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The entire retina contains about 7 millions cones and 120 millions rods in human (3). Cones
and rods are both distributed on the surface of the retina, except in the optic disc and, for
humans and other higher primates, in the fovea, which is composed exclusively with cones
and represents the regions where the visual acuity is maximal. The optic disc, corresponding
to “the blind spot” on visual field since it lacks photoreceptors, is the nasal zone where the

optic-nerve fibers leave the eye (Figure 4) (3).
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Figure 4: Cones and rod densities in the human retina (adapted from @sterberg, G A etal.,(4) )

Rods are responsible for vision under dim light conditions, i.e. scotopic and mesopic, and
produce a monochromatic perception. They express Rhodopsin, a photopigment with 507 nm
light peak absorption. Human retina comprises 94% rod photoreceptors and 6% cone
photoreceptors (3), and mouse retina comprises 97% rod photoreceptors and 3% cone
photoreceptors (5). Cones are responsible for vision under bright light conditions, i.e.
photopic. Their special arrangement in the fovea allows high spatio-temporal resolution and
color vision, which is due to the expression of different opsins dividing cones into 3
categories in normal human retina (6). This classification is defined by the opsin the cones
express: short-wavelength sensitive or S-cone (expressing the S-opsin, which absorption peak
is at 426 nm), medium-wavelength sensitive or M-cone (expressing the M-opsin, peaking at
530 nm) and long-wavelength sensitive or L-cone (expressing the L-ospin, peaking at 555
nm). Color vision, allowed by these three kinds of opsins, is perceived in the brain after
combinatorial analysis of the signal generated by the cone subtypes and processed throughout

the retina.
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3. Bipolar cells

Bipolar cells transmit signals from the photoreceptors to the ganglion cells. Bipolar cells are
so-called since they have a central body from which arise two sets of processes. They can
synapse with either rods or cones; they are then defined as rod bipolar cells or cone bipolar
cells respectively. In addition, photoreceptors can also signal with horizontal cells. Bipolar
cells are classified based on morphology, biochemistry, neurochemistry and functional
criteria. Based on morphology, there are nine to thirteen distinct cone bipolar cells in
mammals depending on species and only one type of rod bipolar cell. Based on functional
criteria, bipolar cells are classified into ON-bipolar cells and OFF-bipolar cells. ON-bipolar
cells express the metabotropic glutamate receptor GRM6 (also called mGIuR6) (7-9), are
depolarized at the onset of light from the signal transmitted by photoreceptor cells and have
processes that end in the inner half of the IPL. Rod bipolar cells are exclusively ON-bipolar
cells. OFF-bipolar cells express ionotropic glutamate receptors iGIuR (10-14), are
hyperpolarized at the offset of light from the signal transmitted by cones and have processes
that end in the outer half of the IPL (15, 16) (Figure 5).
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Figure 5: Organization of the bipolar cells in a mammalian retina (adapted from Euler, T et al., (16)) a.
Schematic representation of the different retinal cells circuitry in the mammalian retina. b. Morphology of the 12
types of cone bipolar cells and the rod bipolar cell in the mouse, which are arranged according to their IPL
stratification level. Some of the functional differences between bipolar cell types are indicated below this
schematic drawing.

a) Cone pedicle and cone bipolar cells

The existence of multiple subclasses of cone bipolar cells was initially predicted on structural
and molecular characteristics (17). They make synapse at different levels of the IPL, which
contains processes of different types of amacrine and ganglion cells. They also express
different neurotransmitter receptors and calcium-binding proteins. These structural and
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molecular distinctions reflect different modes of intracellular signaling and types of excitatory
and inhibitory inputs from other retinal neurons, which give the cells different postsynaptic

responses (18).

Cones respond to a light stimulus with a graded hyperpolarization by releasing glutamate at
the cone pedicle, their synaptic terminal, at high quantity in darkness and a lower quantity by
light (19). The cone pedicle has a particular structure that allows improving the response to a
light stimulus. Each cone pedicle contains between 20 and 50 presynaptic ribbons. In the
invaginations of these ribbons, horizontal cells of two types and cone ON-bipolar cells of
eight types are inserted. OFF-cone bipolar cells contacts take place at the cone pedicle base.
Each cone pedicle makes up to five hundred contacts, although the number of postsynaptic
cells is smaller because each one receives multiple contacts. The light signal is also
distributed into multiple pathways (Figure 6). L- and M-cone pedicles are coupled to their
immediate neighbors including the synaptic terminals of rod photoreceptors through gap

junctions when S-cone pedicles are only sparsely coupled (16, 19).

Figure 6: Schematic representation of a cone pedicle (adapted from Wéssle, H et al., (19)). Four
presynaptic ribbons are opposed to the invaginating dendrites of horizontal cells (yellow) and cone ON-bipolar
cells (blue). Cone OFF-bipolar cell dendrites form contacts at the cone pedicle base (purple).

b) Rod spherule

Like cones, rods release glutamate in darkness and this transmitter release is reduced when
they are hyperpolarized by light. The rod spherule, which is the synaptic terminal of rod
photoreceptors, has also a special structure, containing presynaptic ribbon flanked by synaptic
vesicles and opposed to the invaginating processes of horizontal and bipolar cells. In the
invagination, two horizontal cell processes take place laterally and one to three rod bipolar
cell dendrites occupy a central position. Only one type of rod bipolar cell exists (ON-bipolar

cell) in mammalians, which is depolarized by a light stimulus (Figure 7). Each ON-bipolar
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cell contacts 20-80 rod spherules, and their axons terminate in the inner IPL, close to the
ganglion cell layer. However, rod bipolar cells do not send light signals directly into the
ganglion cells but instead synapse with All amacrine cells, which form electrical synapses
(gap junctions) onto the axon terminals of cone ON-bipolar cells and inhibitory chemical
synapses onto those of cone OFF-bipolar cells. Then, cone bipolar cells synapse with

ganglion cells. This processing allows detecting the absorption of a single photon (16, 19).

Figure 7: Organization of a rod spherule (adapted from Webvision). Electron micrograph (left) and
schematic representation (right) of a rod spherule. The presynaptic ribbon is opposed to the invaginating axons
of horizontal cells (HC) and the dendrites of rod bipolar cells (rb).

4.  Diagnostic tools for retinal diseases

Many tools are available to document retinal structure and function. We will focus on two of
them that are essential and that we used in our experiments: electroretinogram and spectral
domain optical coherence tomography that allow investigating respectively function and
structure of the retina.

a) Full-field electroretinogram

Full-field electroretinogram (ERG) is a non-invasive technique, which detects, using corneal
electrodes, the variation of membrane potentials generated within the retina upon flash
stimulation. Electrodes are placed on the cornea and the skin near the eye. During a recording,
the patient’s eyes are exposed to standardized stimuli and the resulting signal is displayed
showing the time course and amplitude of the signal. After the flash, the first negative
deflection is called a-wave, and the first positive deflection is called b-wave. The ERG is the
summation of membrane potential changes from different retinal cell types, and the stimulus

conditions allow specific functional recording of certain cell types. ERG recorded under dark
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adapted or, scotopic, conditions allows testing rod pathway function since the dim light
stimulation with intensity inferior to 0.01cd.s.m™? is below the cone pathway threshold. A
brighter flash, under the same conditions will stimulates both rods and cones but leads to a
response dominated by the rods since they outnumber the cones. The negative a-wave reflects

photoreceptor hyperpolarization, and the positive b-wave reflects bipolar cell depolarization
(20-22) (Figure 8).

Basic waveform of the dark-adapted ERG
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Figure 8: Schematic representation of ERG recorded under scotopic conditions. An illustration of the
retina (left, modified from Webvision) and a representative ERG response (right) are shown. In the dark-adapted
retina, a light stimulus elicits a presynaptic response from photoreceptor cell hyperpolarization, represented by
the a-wave. The subsequent postsynaptic response, mediated largely by bipolar cell depolarization, produces the
b-wave.

Photopic ERG performed after light adaptation, which saturates the rod system, allows cone-
specific response recordings. The negative a-wave is generated by cone hyperpolarization
with an additional contribution of OFF-bipolar cells activity (23, 24), and b-wave reflecting
both ON- (ascending segment) and OFF-bipolar cells (descending segment) response (22, 25-
27).

b) Spectral Domain-Optical Coherence Tomography

Spectral Domain-Optical Coherence Tomography (SD-OCT) is a non-invasive imaging
technique used to evaluate morphology of the retina and also to measure thicknesses of the
different retinal layers. This method use low-coherence interferometry to determine echo time

delay and magnitude of backscattered light reflected off the retina. It captures images with
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very high axial resolution (3 to 15 um), providing images demonstrating 3D structure (28)

(Figure 9).

Figure 9: SD-OCT retinal morphology and retinal thickness layers. Optic nerve, outer nuclear layer
(ONL), outer plexiform layer (OPL), inner nuclear layer (INL) and a complex comprising inner plexiform layer
(IPL), ganglion cell layer (GCL) and nerve fiber layer (NFL) called IPL+GCL+NFL, external limiting
membrane (ELM), ellipsoid zone (EZ), interdigitation zone (1Z), retinal pigment epithelium/Bruch’s membrane
complex (RBC) and choroid are depicted.
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C. Congenital Stationary Night Blindness

1. Clinical manifestations

a) Clinical signs

Congenital stationary night blindness (CSNB) refers to a hereditary non progressive group of
retinal disorders that predominantly affect signal processing within photoreceptors, retinoid
recycling in the retinal pigment epithelium or signal transmission via bipolar cells. CSNB is
clinically and genetically heterogeneous. Patients often complain of night or dim light vision
disturbance or delayed dark adaptation (Figure 10). Poor visual acuity, myopia, nystagmus,
strabismus and fundus abnormalities are other ophthalmic signs that can be reported. Vision
under dark adaptation is rarely tested routinely and CSNB is likely overlooked by clinicians,

underestimating its prevalence (29).

unaffected CSNB

Figure 10: Night vision of unaffected person and CSNB patient (adapted from Retina Swiss)

b) Different forms of CSNB and their diagnostic

CSNB comprises a group of genetically and clinically heterogeneous retinal disorders. The
diagnostic is established by performing an ERG, which is critical for functional phenotyping
and precise diagnostic (30). Depending on the origin of the gene defect, patients present two
types of ERG: Riggs-type for CSNB with photoreceptor dysfunction and Schubert-
Bornschein-type for CNSB with bipolar cell dysfunction.
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Riggs-type of CSNB shows in scotopic conditions decreased a-wave amplitude, with
corresponding b-wave decreased, reflecting the rod dysfunction. There is also a reduced b/a
ration in relation with the photopic hill phenomenon, scotopic responses being dominated by
cone responses. Photopic ERGs are preserved, consistent with normal cone system function
(31) (Figure 11).
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Figure 11: ERG responses from an unaffected person and from a patient with Riggs-type of CSNB
(adapted from Manes, G et al., (32)). First column: patient with Riggs-type of CSNB, Second column:
unaffected person.

Schubert-Bornschein-type of ERG shows a normal scotopic a-wave and severely reduced b-
wave giving rise to an electronegative waveform (33). This ERG phenotype indicates a
dysfunction of signal transmission between photoreceptors and bipolar cells. Schubert-
Bornschein-type of ERG is the most common type of ERG abnormality associated with
CNSB and can be classified into two subgroups: complete (cCSNB) and incomplete form
(icCSNB), respectively characterized by ON- or both ON- and OFF-bipolar pathways
dysfunction. cCSNB is named complete since, under scotopic conditions there is no
detectable ERG to a dim flash. In response to a bright flash under scotopic conditions, the
ERG presents normal a-wave and severely reduced b-wave, leading to an electronegative
response. Under photopic conditions, the photopic single flash response has an a-wave with
normal amplitude but a square-shaped trough, and a b-wave with a sharply rising peak with
no oscillatory potentials and a mildly reduced b/a ratio. The photopic 30 Hz flicker response
is of normal amplitude but with a mild implicit time shift. icCSNB is named incomplete since,
under scotopic conditions the b-wave is present but severely reduced and delayed in response

to a dim flash. Under scotopic conditions in response to a bright flash, the ERG responses

22



show a normal a-wave, confirming normal rod phototransduction, but a reduced b-wave
giving an electronegative waveform. Photopic responses are more severely affected than in
the complete form: the photopic single flash response presents a markedly subnormal ERG
with a profoundly reduced b/a ratio. The photopic 30 Hz flicker response is also markedly
subnormal in amplitude and delayed with a distinctive bifid peak (34, 35) (Figure 12).
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Figure 12: ERG response from an unaffected person and from patients with complete and incomplete
CSNB (adapted from Audo, | et al., (36)). First line: unaffected individual, Second line: patient with
complete CSNB, Third line: patient with incomplete CSNB.

2.  Genetic & synapse between rod photoreceptor and ON-

bipolar cell

a) Genes associated with CSNB

At the time we started our study, little was known about gene defects associated with CSNB.
The pattern of inheritance may be X-linked, autosomal recessive or autosomal dominant. In
2012, genotyping studies of our CSNB cohort, comprising 160 patients, revealed that in 13%
of cases mutations in known genes underlying CNSB were not identified, indicating that

mutations in other genes or unscreened regions of known genes remained to be discovered.

Riggs-type of CSNB can be inherited as an autosomal dominant disorder with underlying
mutations in RHO [MIM180380] (37-41), GNAT1 [MIM139330] (42-44) and PDE6B
[MIM180072] (45), or as an autosomal recessive disorder with underlying mutations in
GNAT1 (44), and SLC24A1 [MIM603617] (46).
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Schubert-Bornschein-type of CSNB is subdivided into cCSNB and icCSNB. cCSNB can be
inherited as an x-linked trait due to mutation in NYX [MIM300278] (47, 48) or as an
autosomal recessive disorder with underlying mutations in GRM6 [MIM604096] (49, 50) and
TRPM1 [MIM603576] (51-53). icCSNB can also be inherited as an x-linked trait due to
mutation in CACNALF (54, 55) [MIM300110] or as an autosomal recessive disorder with
underlying mutations in CABP4 [MIM608965] (56) and CACNA2D4 [MIM608171] (57)
(Figure 13).

CSNB
X-linked CSNB ar CSNB ad CSNB
cCSNB icCSNB cCSNB  icCSNB CSNB CSNB
NYX CACNAIF GRM6  CABP4  SLC24A1 RHO
TRPM1 CACNA2D4 GNAT1 GNAT1
PDE6B
L I L I
Schubert-Bornschein ERG Riggs ERG

Figure 13: Genes underlying CSNB (modified from Audo, | et al., (51)). Different forms of CSNB are
classified according to their mode of inheritance, phenotype, and mutated genes. Abbreviations are as follow:
cCSNB: complete CSNB; icCSNB: incomplete CSNB; ar: autosomal recessive; ad: autosomal dominant. Genes
are indicated in italics.

b) Signaling cascade between rod photoreceptor and ON-bipolar

cell

My project concerned cCSNB, therefore | will focus only on gene defects implicated in
CCSNB. Genes involved in cCSNB are expressed at the upper part of the INL of the retina
(58-60) and encode proteins localized at the dendritic tips of ON-bipolar cells (9, 53, 61-63).
All proteins are implicated in signaling from photoreceptors to bipolar cells. Synaptic
transmission between rod photoreceptor and ON-bipolar cell is mediated by the
neurotransmitter glutamate, which is released by photoreceptors. GRM6 encodes a G protein-
coupled receptor (GPCR): the metabotropic glutamate receptor GRM6 (also called mGIuR6)
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(64-67). During darkness, upon glutamate stimulation, GRM6 activates its trimeric G protein,
by exchanging its guanosine diphosphate (GDP) with guanosine triphosphate (GTP), and
producing activated Gao-GTP and free GBy (68). Subsequently, activated Goo-GTP inhibits
TRPML1 cation channel opening. Excitation of photoreceptors by light leads to reduced
glutamate release at the synaptic cleft, which is sensed by ON-bipolar cells. This leads to a
reduction in Gao activation, and to TRPM1 opening, resulting in ON-bipolar cell
depolarization and to the formation of the b-wave in scotopic ERG (67, 69). NYX, coding for
nyctalopin, is necessary for the dendritic tip localization of TRPM1 (62) (Figure 14). During
my thesis, LRIT3, coding for leucine-rich-repeat, immunoglobulin-like, and transmembrane-
domain 3, a new protein which underlies cCSNB when mutated and presenting specific
intracellular motifs, was identified. NYX and LRIT3 are suggested to be both important for
the correct localization of TRPML1 to the dendritic tips of ON-bipolar cells (62, 70-72).
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Figure 14: Schematic drawing of proteins involved in signal transmission from rod photoreceptor to
ON-bipolar cell (modified from Audo, | et al., (51)). In darkness, Ca®* ions enter the rod photoreceptor,
which results in glutamate release from the photoreceptor in the synaptic space. Activated GRM6 activates Goo,
which then closes the TRPM1 channel. Nyctalopin is essential to the localization of TRPM1 at the dendritic tips
of ON-bipolar cells. Upon light stimulation, photoreceptors are hyperpolarized, glutamate release is reduced,
leading to less Gao activated by GRM6, and consequent opening of TRPML1 visualized by the electroretinogram
with the scotopic b-wave, severely reduced in cCCSNB patients. Genes underlying incomplete CSNB (iCSNB)
are in green, and complete CSNB (cCSNB) in blue.

ON-bipolar cell
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After their activation by their GPCR, such as GRM®6, G proteins spontaneously deactivate at a
slow rate. They require assistance of regulator of G protein signaling (RGS) proteins to
inactivate them by increasing the rate of GTP hydrolysis of the G protein (73). RGS7, RGS11
and guanine nucleotide-binding protein subunit beta-5 (GNB5), which belong to the R7
family of the RGS proteins since they are similarly organized (74), have been implicated in
the complex that regulates Gao deactivation in ON-bipolar cell cascade. GNB5 was the first
described and GNB5 knock-out mice harbor a no b-wave phenotype on scotopic ERG (75).
RGS7 and RGS11 were described to co-localize with GNB5 at the dendritic tips of ON-
bipolar cells (76, 77), but neither RGS7 nor RGS11 knock-out mice harbored the expected no
b-wave phenotype (78). However, double knock-out mice exhibited this phenotype, proving
the redundancy of RGS7 and RGS11 but also their role in Gao deactivation (79). Both RGS7
and RGS11 were acting as a complex with GNB5 for Gao deactivation (80). The specificity
of RGS proteins depends on the formation of macromolecular complexes with other proteins
that dictate their compartmentalization. Two homologous membrane anchoring subunits have
been shown to form complexes with R7 RGS proteins: regulator of G protein signaling 9
binding protein (RGS9BP) and regulator of G-protein signaling 7 binding protein (RGS7BP).
RGS9BP was found to form complexes with RGS11 but not with RGS7 (81) and RGS9BP
KO mouse showed complete loss of RGS11 at dendritic tips of ON-bipolar cells (82).
RGS7BP was shown to be a universal partner for all members of the R7 RGS family (83) and
to increase the activity of RGS7-GNB5 complex by targeting it at the plasma membrane (84).

3. Animals models for cCSNB

Animal models have been shown to be an excellent tool for identifying and elucidating the
pathogenic mechanism(s) of gene defects underlying cCSNB. Clinically, the phenotypes of
these models can be assessed as in patients by registration of full-field ERG, and OCT.
Retinal structure can also be investigated post mortem. This aspect is valuable for a better
assessment of histological changes since access to human retinas remains extremely difficult.
In addition, animal models are crucial to develop pharmaceutical or genetic treatments.
Various animal models have been design or are naturally occurring for cCSNB with
dysfunction in molecules important for the signaling from the photoreceptors to the adjacent
bipolar cells. At the time we started the study, one horse model for TRPM1 (85), two
zebrafish models for nyx (86) and grmé (87), and six mouse models for Nyx (88), Grmé6 (8,
89, 90) and Trpml (69, 91) had already been published. The phenotype is stationary, and
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characterized by dysfunction in scotopic conditions with absent b-waves on the ERG

responses and no obvious morphological abnormalities.
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D. Rod-Cone Dystrophy or Retinitis Pigmentosa

1. Clinical manifestations

Rod-cone dystrophy (RCD), also known as retinitis pigmentosa, is a clinically and genetically
heterogeneous group of progressive inherited retinal disorders, which often starts with dark
adaptation problems and night blindness in adolescence and loss of mid-peripheral vision in
young adulthood. As the disease advances, patients lose peripheral vision, develop tunnel
vision, and finally lose central vision in most severe cases. RCD occurs in one of 4,000 births

and affects more than 1 million individuals worldwide (92).

a) RCD course and associated clinical signs

Visual symptoms indicate the gradual loss of rods which is followed by the death of cones.
Patients with RCD initially present a defective dark adaptation (night blindness), in relation
with rod dysfunction and progressive degeneration and constitute the first manifestations of
the disease that are often hardly noticeable by the affected individuals. The course of the
disease leads more or less rapidly to constriction of the visual field (tunnel vision, Figure 15),
which reflect in day light condition progressive cone dysfunction and degeneration. Central

visual acuity is often preserved until later stages of the disease (92).

Normal Vision Rod-Cone Dystrophy

Figure 15: Vision of an unaffected person and tunnel vision of a Rod-Cone Dystrophy patient.
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RCD has to be distinguished from cone-rod dystrophy (CRD), resulting from primary cone
photoreceptors involvement and later followed by the secondary loss in rod photoreceptors.
The clinical signs associated with the course of CRD are decreased visual acuity, color vision
defects, photoaversion and decreased sensitivity in the central visual field and in later stage
progressive loss in peripheral vision and night blindness (93).

b) Diagnostics

RCD is mainly diagnosed by fundus examination, and functional testing of the retina. In early
stages of the disease, the fundus may appear normal and functional tests are critical for a
proper diagnosis. With disease progression, changes appear but are not specific to RCD,
including arteriolar narrowing, retinal vessel attenuation, waxy pallor of the optic nerve head,
posterior subcapsular cataracts, dust-like particles in the vitreous and white dots deep in the
retina. The most classical modification observed in RCD, giving its name to the disease
(retinitis pigmentosa), is pigment migration from the RPE within the outer retina, which form
intraretinal clumps of melanin that appear like black spots on the retina (Figure 16). This
pigment migration is related to photoreceptor cell death, is not specific of RCD and is
typically absent in the early stages of the disease.

Figure 16: Fundi of a healthy individual (left) and a patient with rod-cone dystrophy (right) (adapted
from Hartong, D et al., (92)). In the image of the diseased eye, optic-disc pallor, attenuated retinal arterioles,
and peripheral intraretinal pigment deposits in a bone-spicule configuration are seen.

Fundus autofluorescence imaging using a scanning laser ophtalmoscope is a non-invasive
technique that allows visualizing lipofuscin, which is the major fluorophore that accumulates
in RPE cells and is derived from photoreceptors outer segments. RCD patients present
decreased or absent fundus autofluorescence, usually in periphery. A parafoveal ring of
hyperfluorescence (94), that is not visible on routine ophtalmoscopic examination, is present
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in more than 60% of the patients and reflects preservation of retinal function within the ring

(95). The diameter of this ring decreases with disease progression (96) (Figure 17).

unaffected person rod-cone dystroph

y patient
— Tt 3 3T
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Figure 17: Fundus autofluoresce imaging of an unaffected person (left) and a patient with rod-cone
dystrophy (right) (modified from Robson, A et al., (94)). The rod-cone dystrophy patient presents a
decreased autofluoresence in the periphery and a parafoveal ring of hyperfluorescence.

SD-OCT can also be used to measure retinal thickness and thus follow the degeneration
course. SD-OCT allows identification of each layer of the retina with RCD patients presenting
a reduction in thickness of ONL and PR segment layers (Figure 18).

unaffected person RCD patient

Figure 18: Spectral-Domain Optical Coherence Tomography of an unaffected person and a Rod-Cone
Dystrophy patient (pictures are courtesy from Thomas Pugliese, Clinical Investigating Centre of
Quinze Vingts Hospital, Paris). Spectral-Domain Optical Coherence Tomography (SD-OCT) of an unaffected
person (left) and a Rod-Cone Dystrophy patient (right), first line: horizontal scans, second line: higher
magnification of images from the first line. The unaffected person presents a normal SD-OCT, the RCD patient
present a loss of outer segments of photoreceptors (depicted by the white arrow) and a decrease in peripheral
photoreceptor nuclei thickness (depicted by the red arrow).
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In addition to these purely descriptive aspects, functional criteria also participate to RCD
diagnosis. Testing of the visual field is used to determine the presence of scotomas (area of
decreased retinal sensitivity) corresponding to regions of photoreceptor dysfunction.

Full field ERG is the key examination for the diagnosis, in particular for the early stages of
the disease, and will reflect primary photoreceptor dysfunction, i.e. a-wave reduced amplitude
and delayed with a proportional reduction in the b-wave, with rod function being more
affected than cone function (Figure 19).
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Figure 19: Full-field ERG responses from a healthy individual and from a patient with an early
autosomal dominant retinitis Pigmentosa (RP) (adapted from Berson, E et al., (97)). a=a wave. b=b
wave. Vertical dotted lines (left and centre columns) and vertical shock artifacts (right column) represent stimuli.
Arrows indicate implicit time of the responses .

C) Genes associated with the disease

RCD is the most common inherited form of severe retinal degeneration, with a prevalence of
about 1 in 4000 births and more than 1 million affected individuals over the world. The mode
of inheritance can be X-linked (5-15%) autosomal dominant (30-40%) or autosomal
recessive (50-60%). The remaining patients represent isolated cases of which the inheritance
trait cannot be established (92).

In this work, we will focus on autosomal dominant RCD (adRCD). To date, mutations in 24

different genes are associated with adRCD (http://www.sph.uth.tmc.edu/Retnet/). Genes

already characterized in adRCD mainly encode for proteins involved in various cellular

31



function including phototransduction, visual cycle, PR structure or gene expression, but also
an important group of genes that encode for proteins implicated in splicing function. One of
the major genes implicated in this disorder is Rhodopsin (RHO) coding for the light absorbing
molecule that initiates the signal transmission cascade in rod photoreceptors. Interestingly,
most of these genes are selectively expressed in rod photoreceptors although cones degenerate
secondarily. Different hypothesis have been made to explain cone degeneration in these cases
including the one developed by Professor Sahel's group implying that rods provide trophic
support for cones. When rods degenerate this lack of trophic support would lead to cone cell
death. At least two rod-derived viability factors have been identified that carry interesting
therapeutic potentials (98, 99).

Of notes, despite comprehensive gene screening for mutations, 40% of RCD cases do not
carry mutation in genes implicated in RCD suggesting additional gene defects to be

discovered (Figure 20).
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® PRPF8 (RP13): 2.8% 1 RDS-ROM1 digenic: 0,5%
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® RPGR: 1,5%

Figure 20: Genes and their relative contribution to autosomal dominant Rod-Cone Dystrophy
(modified from Bowne, S et al., (100))

2. Rhodopsin

a) Function

Rhodopsin (RHO) is the most abundant protein in rod photoreceptors counting for nearly
30 % of the entire proteome and over 90% of outer segment proteins (101). RHO is the visual
pigment found in rod photoreceptors and is a member of class A of the G- protein-coupled

receptor superfamily, which represents a large group of cell surface signaling receptors that
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transduce extracellular signals into intracellular pathways through the activation of

heterotrimeric G proteins (102).
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Figure 21: Phototransduction cascade (adapted from Arshavsky,V; (103)) In the dark, opsin is bound to
11-cis-retinal to form inactive Rhodopsin (R) in the disc membranes, cGMP level is high, and the cation channel
calmodulin is open. Light induce photoisomerization of 11-cis-retinal to all-trans-retinal, forming activated
Rhodopsin (R*), which binds and activates the heterotrimeric G protein, transducin. The GTP-bound transducin
a. subunit (Ga) activates cGMP phosphodiesterase (PDE), which hydrolyzes cGMP to GMP, reducing the cGMP
concentration and the binding of cGMP to the cGMP-gated channel. With increasing intensity of light,
calmodulin channel closes. In the dark, Rhodopsin kinase (RK) phosphorylate R*, resulting in arrestin binding
(Arr) to R* and quenching R*activity. Ga is inactivated when the terminal phosphate of its bound GTP is
hydrolyzed. Although Ga has intrinsic GTPase activity, this capacity is only enabled when the activated Ga is
bound to PDE and when, in addition, the GTPase accelerator protein RGS9-GNB5 also binds. The resulting
complex rapidly hydrolyzes the GTP to GDP, resulting in inactivation of Ga. The inactive Ga-GDP dissociates
from the PDE, so that the PDE and Ga are inactivated simultaneously.

RHO is responsible for converting photons into chemical signals and is formed from the 348
amino acid long rod opsin protein and the chromophore 11-cis-retinal. When a photon of light
strikes rhodopsin, the isomerisation of the 11-cis-retinal to 11-all-retinal initiates the
phototransduction cascade in the rod photoreceptor by the isomerisation of the rhodopsin into
metarhodopsin | and then metarhodopsin Il, which activates the G protein transducin (Gy).
Transducin a subunit bound to GTP, activate the cGMP phosphodiesterase which hydrolyses

cGMP. cGMP can then no longer activate cation channels, and this leads to the
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hyperpolarization of rod photoreceptor (a-wave of the ERG). Metarhodopsin I1 is also rapidly
deactivated after transducin by rhodopsin kinase and arrestin. RHO is then regenerated (104)
(Figure 21).

b) Rhodopsin mutations

Rhodopsin was the first gene identified to underlie RCD when mutated (105). More than 100
different RHO mutations have been reported to date, which account for 30-40% of adRCD
cases in United States (92) and 16% in France (106). The c.68G>A, p.Pro23His mutation
(P23H exchange) is the most prevalent cause of RCD, and is found only in the United States,
presumably because of a founder effect (105). In Europe, the most frequent mutation is

€.1040C>T, p.Pro347Leu (P347L exchange) (107).
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Figure 22: RHO mutants (adapted from Mendes, H et al.,(104)). Secondary structure of RHO showing the
location of point mutations. Transmembrane helices are shown in boxed sections. Mutated residues are
highlighted in colors corresponding to the different classifications.

Six classes of RHO mutants have been proposed based on their cellular and biochemical
characteristics (104). Class | mutants fold normally but are not trafficked to the outer segment
correctly. Class Il mutants are misfolded, retained in the ER and cannot easily reconstitute

with 11-cis-retinal. Class Il mutants affect endocytosis. Class 1V mutants do not necessarily
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affect folding but affect Rhodopsin stability and post-translational modifications. Class V
mutants show increased activation rate for transducin. Class VI mutants show constitutive
activation of opsin in the absence of the chromophore in the dark. Finally, some mutants were

not classified because of any observed biochemical defect or lack of studies (Figure 22).
C) Dominant negative effect of P23H exchange

One of the best studied RHO mutations is the c.68G>A mutation leading to P23H exchange.
P23 is located in the N-terminus of RHO, within the intradiscal space. The c.68G>A,
p.Pro23His mutation belongs to the class 1l and exhibits characteristics of both types of
dominant mutation: toxic gain-of-function, and dominant negative effect (104). Many gain-of-
function mechanisms were described for the P23H exchange. Indeed, in vitro expression of
the P23H mutant RHO showed that the misfolded protein is retained in the endoplasmic
reticulum (ER), unlike wild-type RHO, which is glycosylated and transported to the plasma
membrane (107-109). The accumulation of misfolded proteins causes ER stress and induces
the unfolded protein response (UPR), allowing reduction of misfolded proteins accumulation
(104). The misfolded RHO can also be degraded through the ubiquitin-proteasome system
(UPS), or aggregated into cytosolic ubiquitinated protein inclusions when misfolded RHO is
not degraded (110, 111), with protein inclusions directly impairing the function of the UPS
and also increasing aggregation (112). The dominant negative effect is due to the inclusions.
Ubiquitinated aggregates disrupt the processing of wild-type RHO synthesized in the same
cell. When expressed together, as in adRCD patients, wild-type and P23H RHO are both
aggregated in the cytosolic inclusions (111), resulting in an enhanced proteasome mediated
degradation of wild-type RHO (113).

d) Animal models with RHO mutations

There is a high degree of sequence homology in RHO among different species including
human. Many animal models have also been created to study RHO by identifying and
elucidating the pathogenic mechanism of gene defects underlying RCD and to develop
therapeutic approaches. Two kinds of animal models related to RHO have been described:
those allowing investigation of physiopathological mechanism of RHO mutations and those

aiming to investigate the effects of RHO quantity.
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(1)  Animal models with RHO mutations

There are many RHO mutated animal models available for adRCD. One of them is a naturally
occurring dog model (114), and all others are transgenic animals created in different species:
mouse (115-122), rat (123, 124), pig (125, 126) but also rabbit (127), zebrafish (128),
xenopus laevis (129) and fly (130). Several classes of mutations were studied with animals
presenting exchanges in different aminoacids as Q344 (117, 124, 128) and P347 (119, 125,
127) for class I, P23 (115, 116, 120, 123, 126, 129, 130), D190 (121) and K296 (118) for
class Il, and T4 (114) for class IV. All these models accurately reproduce RCD clinical signs

observed in humans.

(2)  Animal models to study RHO quantity effect

To better understand the functional and structural role of RHO in the normal retina, knock-out
animals with Rho disruption have been created (131, 132). Retinas of knock-out animals
initially develop normally, except that rod photoreceptor outer segments failed to form.
Several months later, photoreceptor cells degenerate completely (131, 132). Retinas from
mice with one allele of Rho develop normally, and rod photoreceptors elaborate outer
segments of normal size. Photoreceptors of these mice also degenerate but with a slower time
course, suggesting that RHO is essential for the development and maintenance of rod
photoreceptors (131, 132). Furthermore, Rho overexpression in animal models created with
several wild-type Rho transgene also leads to photoreceptors degeneration (115). RHO
amount is also to take into consideration and is also important for rod photoreceptor
homeostasis (115).

3. Current therapeutic approaches for RCD

There is currently no approved therapy able to stop photoreceptors degeneration or to restore
vision. Several preventive approaches to slow down the disease evolution were adopted as
vitamin A supplementation, solar protection and retinotoxic drugs as well as tobacco eviction.

A psychological and social support for families is encouraged.

However, different approaches to cure RCD are tested and can be divided into two groups,

depending on the stage of RCD and photoreceptor degeneration.
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a) By preventing photoreceptor degeneration

Several approaches aiming to stop or slow down the disease course were attempted or are

under investigation with genetic targeted approaches and genetically independent strategies.

(1)  Through genetic targeted approaches

Before the degeneration of photoreceptors, gene therapy could avoid the degeneration by
restoring the function of the mutated gene and/or correcting the underlying biochemical
defect.

The eye represents a unique target organ for gene therapy for several reasons. Thanks to the
blood-ocular barrier, the eye is one of the few immunologically privileged sites in the body,
so vectors used for gene therapy are unlikely to cause a systemic immune response. Given the
defined volume of the eye, small amounts of viral vectors can be used, reducing the risk of
toxicity and increasing the likelihood of being able to manufacture quantities of vector
sufficient to treat the retina. The eye allows localized treatment thanks to its transparency and
the effects of these localized ocular treatments can also be easily observed and monitored for
efficacy and safety, by using the non-treated eye as a control. Finally, in the case of retinal
gene therapy, most of the retinal cells are post-mitotic, meaning that in principle gene transfer

Is permanent (133).

For these approaches, vectors for correct delivery are necessary to target the appropriate cells.

(@) Viral vectors for retinal gene therapy

Due to the inefficient transfer of naked DNA or RNA alone, success of gene therapy by gene
augmentation or genome editing is highly depending on vectorisation of the therapeutic gene.
The vector allows specifically targeting the cell of interest and expression of the gene in this
cell. Synthetic vectors and viral vectors are the two types of vectors that have been mainly
studied. Synthetic vectors as liposomes or polymers allow DNA to enter the cell through the
plasma membrane by being endocytosed. Their main advantages are the facility of production
in high quantities, the high transport capacity, and the low risk of virulence. However, they
present tendency to aggregate, low efficiency for in vivo intracellular delivery and even lower
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nuclear addressing rate. Viral vectors have emerged as highly efficient gene therapy delivery
vehicles. Retrovirus, lentivirus, adenovirus and Adeno-Associated Virus (AAV) are the main
studied viruses for gene delivery. Their ability to cross the extracellular and intracellular
barriers allows gene delivery in the nucleus of the cell of interest. However, they present an
immunogenic effect and a possible risk of insertion into the genome. Once AAVsS are
modified, they do not insert into the genome and present lower immunogenic potential than
retroviruses, lentiviruses and adenoviruses, explaining their large use for gene delivery (134-
136).

AAVs belong to the Parvoviridae family. These non-human pathogens possess a linear,
single-stranded DNA genome that can replicate in the presence of different helper viruses
such as adenoviruses, herpes viruses or papilloma viruses. AAVs were originally isolated as
contaminants from laboratory stocks of adenoviruses. The AAV genome of 4,7 kb consists of
two open reading frames, rep, required for viral genome replication; and cap, encoding AAV
structural proteins; rep and cap DNA sequences being enclosed within two symmetric T-
shaped palindromic terminal sequences called inverted terminal repeats (ITRs). More than
100 different natural serotypes of AAV have been isolated, and among them 10 have been
more extensively characterized and classified. They differ on the composition of their capsids,
and consequently, for their affinity for cell surface receptors, determining their tropism.
Moreover, natural AAVs may integrate into human chromosome 19 or persist in an episomal
form (137, 138) (Figure 23).

Recombinant AAVs (rAAV) vector were generated by deleting the rep and cap sequences
from the genome and by inserting between the ITRs a promoter followed by the therapeutic
gene of interest. rAAV are then produced by cotransfection of the rAAV vector plasmid and a
helper plasmid coding AAV rep and cap in the presence of a helper virus infection. The
nomenclature of this rAAV indicates then for the first number the origin of the ITR of the

recombinant genome and for the second one to the capsid (136) (Figure 23).
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Figure 23: Production of recombinant AAV from wild-type AAV (modified from Khabou, H et al.,
(136)) . ITR: Inverted Terminal Repeat, rep: replication, cap: capside, CNS: Central Nervous System.

rAAVs lacking their viral coding sequences are also rendered replication-defective and
unlikely to trigger host immune responses. They are capable of transducing non-dividing
target cells. Since DNA is stabilized in an episomal form, there is in theory little concern for
random and disease-causing integration into the host’s genome, known as insertional
mutagenesis. The virus has a tropism for long-lived cell types, including those in the central
nervous system, and long-term expression can be achieved even in the absence of integration.
The primary disadvantage with this class of vector is a limiting 4,7 kb gene packaging
capacity (138). Nevertheless, rAAVs are one of the most employed viral vector in gene
therapy since it allows to specifically infect a given cell type, does not produce insertional
mutagenesis, express persistently and at a high level the transgene when combined to a

specific promoter and present low immunogenicity.

rAAVs have been the vectors of choice for retinal gene delivery. The first rAAV that allowed

gene expression in the retina was the rAAV2/2 serotype and showed infecction of a large cell

39



population of the retina, including ganglion cells, Miller cells, photoreceptors and RPE cells,
without any sign of inflammatory response or toxicity, after subretinal injection in adult mice
(139). Gene expression was then restricted to rod photoreceptors, by using the rod-specific
promoter Rho (140). In addition, different combinations of natural AAV variant capsids of
rAAV2 as rAAV2/2 and rAAV2/5 (141), rAAV2/7, rAAV2/8 and rAAV2/9 (142) were
described to target photoreceptors and RPE when injected subretinally in mice. However,
when injected intravitreally, the majority of AAV serotypes do not infect the retina with the
exception of AAV2/2. This is presumably caused by the presence of physical barriers, such
as the inner limiting membrane (143). To overcome this issue, Dalkara and coworkers
developed an in vivo directed evolution approach to iteratively enrich for AAV variants
capable of reaching the outer retina from the vitreous. Briefly, they injected intravitreally
three libraries of AAV mutated on their capsid protein and expressing RHO-green fluorescent
protein (RHO-GFP). One week later, eyes were enucleated and retinas were dissociated
followed by FACS isolation of photoreceptors. Subsequently, viral cap genes from the
isolated cells were PCR-amplified from genomic extractions with polymerases proning errors
to introduce variability. Repackaging was performed, followed by several rounds as described
above to select an AAV2/2 variant (7m8) that was able to infect mouse photoreceptors and
RPE following intravitreal injection (144).

(b)  Gene augmentation

Gene augmentation is efficient for recessive diseases, which lead to a loss of function. The
principle is to introduce a wild-type version of the mutated gene into the cells and then restore
the expression of the normal gene. The gene defect underlying the disease has also to be
identified. The most famous and extensively studied therapy by gene augmentation for retinal
dystrophy is RPE65 gene replacement for Leber Congenital Amaurosis (LCA), a severe form
of RCD. Several genes have been described to be mutated in LCA, including RPE65 which is
the retinoid isomerase that recycles the 11-cis-retinal during pigment regeneration (145). The
proof-of-principle of RPE65 gene replacement therapy in Briard dogs, a natural occurring
model with mutation in RPE65 (146), demonstrated dramatic improvements in the light
sensitivity of rod and cone photoreceptors (147), with expression of RPE65 being stable for
more than four years (148). Phase | clinical trials in humans showed a sustained improvement
in subjective and objective measurements of vision, without any major side effects reported
(149-153).

40



Regarding Rho, gene augmentation would not counteract the dominant negative effect and
overexpression of Rho was initially thought to be toxic (154). However, Frederick and
coworkers showed that in mouse harboring a dominant negative mutated Rho, increased
expression of normal Rho reduces the rate of retinal degeneration (155). Mice of a transgenic
line expressing a triple mutant Rho (V20G, P23H, and P27L) were crossed with Rho knock-
out (Rho™), heterozygous (Rho *) and wild-type (Rho **) mice. In transgenic mice with no
wild-type RHO, ONL was reduced by 80% by postnatal day 30. In mice with one copy of
wild-type Rho, there was only a 50% reduction at the same time point, and in mice with two
copies of wild-type Rho, there was no retinal degeneration at day 30, although by postnatal
day 90 photoreceptor loss was complete on all genetic backgrounds (155). These results
suggested that degeneration could be decreased or slowed by increasing the ratio wild-type/
mutant Rho and were converted into a gene therapy application by gene augmentation (156).
In P23H Rho transgenic mice, wild-type Rho delivery by subretinal injection of an AAV2.5 at
postnatal 15 slowed retinal degeneration. Analysis of ERG at 6 months showed that a-wave
amplitudes were increased by 100% and b-wave amplitudes by 79%. These results were
correlated with improvement of retinal structure: thickness of ONL was increased by 80%
compared with control eyes. In contrast, treated wild-type mice demonstrated a decrease in
the ERG responses and ONL thickness, confirming the damaging effect of Rho
overexpression in normal photoreceptors (156). These findings suggested that wild-type Rho
could be delivered to rescue retinal degeneration in mice carrying a Rho mutation and that
increased production of normal RHO could suppress the effect of the mutated protein.
However, the toxicity of Rho excess in wt mice suggested that a precise understanding of the

dose response is required before applying this approach to patients with RHO mutations.

(c) Genesilencing

For dominant mutations, mutated allele inactivation or silencing, at the DNA or RNA level,
would be more relevant than gene augmentation. The endogenous wild-type allele or a

resistant exogenous wild-type gene fulfills then the function of the gene.

At the DNA level, zinc finger artificial transcription factors (ZF-ATFs) can be used. Zinc
fingers (ZFs) are DNA-binding domains present in many transcription factors and able to

recognize three to four base pairs. By combining six to seven ZF modules, a specific DNA
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sequence can be targeted. ZFs linked to transcriptional regulators are ZF-ATFs and can be
combined to repressor domains. Indeed, the Zinc Finger DNA binding domain allows binding
to a target promoter, and the transcription factor and repressor can then modify its activity,
and thus repress the expression of a specific gene. This strategy was effective at suppressing
both wild-type and mutant Rho expression in a P347S transgenic mouse model of adRCD. An
exogenous RHO with modified codon refractory to ZF-ATF repression thanks to the genetic
code degeneracy was also brought for a two-step repression—replacement strategy and finally
led to improvements in retinal morphology and function (157). Nevertheless, photoreceptors
are sensitive to changes in Rhodopsin levels, as mentioned above, and once the mutated Rho
silenced, overabundance of RHO can lead to retinal degeneration (154). The amount of

exogenous RHO has therefore to be carefully adjusted for applications in patients.

At the RNA level, three approaches have been proposed to silence the mutated gene: RNA
interference, ribozymes and spliceosome-mediated RNA trans-splicing. They all target the
RNA, and also need to be functional during the whole cell life to be efficient for a therapeutic
rescue. RNA interference (RNAI) is a well-conserved gene-defense mechanism based on the
repression of gene expression by a short antisense RNA to induce degradation of a targeted
endogenous mMRNA or inhibit its translation by post-transcriptional gene silencing. Short
interfering RNA (siRNA) is formed from long double-stranded RNA molecules and can be
synthesized in vitro for targeted mMRNA degradation/silencing (158). Two strategies can be
performed: i/ the SiRNA can be specific of the dominant mutated mMRNA and the endogenous
wild-type allele is then still expressed and fulfills the function of the gene, ii/ the sSiRNA can
be non-specific of the allele and suppress all the expressed alleles of the gene. Then an
exogenous wild-type allele, with silent variations in the sequence rending the allele refractory
to suppression is needed. Several studies in mouse and rat animal models were performed
(159-162) and some of them showed improvements in structure and function of the retina.
However, treatment efficacy was evaluated in comparing treated and untreated animals at a
time point at which photoreceptor degeneration is almost complete and not by comparing to a
wild-type animal. The rescue was also limited and may be not enough to restore useful vision.
Another approach at the RNA level is by using ribozymes. Ribozymes or ribonucleic acid
enzymes are RNA molecules that are able to catalyze a specific biochemical reaction,
including the cleavage of a targeted mRNA. A specific mRNA can then be targeted for
cleavage. This strategy was conducted in vivo in a rat model presenting the most frequent type

of Rho mutation, the P23H rat, and showed a good long term preservation of the retinal
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structure. However, structural rescue was not accompanied with functional rescue since ERG
revealed only slight increased b-wave amplitudes at the end of the study. Recently,
spliceosome-mediated RNA trans-splicing (SMaRT) technology has been proposed as
another approach targeting RNA (163). Trans-splicing is a natural splicing mechanism that
occurs between two different pre-mRNAs and results in a final mMRNA consisting of the 5’
part of the first pre-mRNA and the 3’ part of the second pre-mRNA. In the SMaRT
technology, engineered PTM (Pre mRNA Trans-splicing Molecule), which targets a mutated
pre-mRNA, is introduced and allows trans-splicing based replacement of the mutated
sequence by using the endogenous spliceosome machinery. Berger and coworkers designed a
PTM targeting the first intron of RHO and aiming to replace exon 2 to 5, and also allowing
repairing all the mutations being on these exons (163). In vitro, using two different cellular
models, they showed from 22 to 40% of mRNA being trans-spliced and repaired. In vivo,
injecting subretinally an AAV2.8 expressing the PTM in mouse harboring heterozygously a
human P347L RHO, they obtained 22% of trans-splicing in transduced cells and 9% in the
whole retina. This low rate in the whole retina due to the low rate of transduction was
unfortunately not enough to stop or slow the degeneration quantified by SD-OCT but

demonstrated the feasibility of trans-splicing in vivo (163).

(d) By genome editing for dominant mutations

0] Genome editing strategy

Recently developed genomic editing technologies have generated potential powerful tools for
gene therapy. Indeed, genome editing is a type of genetic engineering in which DNA is
inserted, replaced or removed from a genome using artificially engineered nucleases that act
like sequence specific molecular scissors. On the targeted sequence of the genome, the
nucleases create specific double-stranded breaks (DSBs) that stimulate the cellular DNA
repair mechanisms by natural processes of non homologous end joining (NHEJ) and

homologous recombination (HR).
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Figure 24: Endonuclease-induced gene targeting approaches.

NHEJ repair the DSB by directly rejoining the two DSB ends in a process that does not
require any repair template. Although NHEJ-mediated DSB repair can be accurate, repeated
repair of the same DSB by NHEJ machinery eventually results in the formation of small
insertion or deletion mutations (indels). Indels introduced into the coding sequence of a gene
can cause a frame shift in translation that leads to mMRNA degradation by nonsense-mediated
decay or results in the production of nonfunctional truncated proteins, both cases resulting in
the suppression of the initial mutated protein (164). In comparison, HR is a type of genetic
recombination that requires a repair template. This repair can be endogenous, with unbroken
sister chromatid or the homologous chromosome. This template can also be exogenous, HR
allowing then, with an appropriately designed repair template, to replace a mutated gene
directly and restore mutated gene function without modification on the regulation of gene

expression (165) (Figure 24).

Although HR and NHEJ have been well-defined in cycling mammalian cells (166), their
characterization in mature neurons, which no longer divide, was not well known. To address
the question in rod photoreceptors, Chan and coworkers (167) designed a mouse model that
allowed them to detect NHEJ events by PCR-based methods and HR events by a highly
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sensitive fluorescent assay where GFP expression in rod photoreceptors was possible only
after homologous recombination. They induced DSB with a viral vector expressing a specific
endonuclease and found that 100% of the transduced rod photoreceptors were edited.
Correction was due in 85% of the cases to NHEJ and 15% of the cases to HR. Thus, they
established that genome editing is possible in differentiated rod photoreceptors, and that the
DSBs are repaired predominantly by NHEJ (167).

(i)  Endonucleases

Different endonucleases are available today and are in trials for different genome editing
strategies. We will focus on three of them that | used in my PhD project: meganucleases,
Transcription Activator-Like Effector Nuclease (TALEN) and Clustered Regularly
Interspaced Short Palindromic Repeats (CRISPR)/ CRISPR Associated Protein 9
(CRISPR/Cas9).

(@) Meganuclease

Meganucleases (MNSs), also called homing endonucleases, are naturally occurring gene-
targeting enzymes that were initially discovered in yeast but are found in a large number of
organisms including bacteria, phages, fungi, yeast, algae and some plants. There are five
families or classes, of homing endonucleases. The most widespread and best known is the
LAGLIDADG family which is composed of endonucleases that are homodimers as I-Crel

(Figure 24) or internally symmetrical monomers as I-Scel.

Figure 25: I-Crel Meganuclease in complex with a synthetic DNA (adapted from Jurica, M et al.,
(168))

The DNA binding site, which contains the catalytic domain, is composed of two parts on
either side of the cutting point. The half-binding sites can be extremely similar and bind to a

palindromic or semi-palindromic DNA sequence (I-Crel), or they can be non-palindromic (I-
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Scel) (169). Meganucleases recognize DNA sequence of 14 to 40 base pairs, the DNA
binding domain being also responsible for the cleavage of target sequence. Retargeting
natural meganuclease requires challenging protein engineering since binding and catalytic
sites are closely related and also catalytic efficiency can often be decreased when binding
specificity is modified. However, numerous methods have been developed to test specificity
and cutting efficiency as high-throughput assays in bacteria and yeast where meganuclease
induce cleavage and eventually reconstitute a reporter gene on the extra-chromosomal target
(170).

(b) TALEN

Transcription activator-like (TAL) effectors from the plant pathogenic bacteria Xanthomonas
represent a class of naturally occurring DNA binding proteins that can be engineered to target
novel DNA sequences. During infection, TAL effectors are deployed by the bacteria to
modulate host gene expression, with each effector directly binding an effector-specific DNA
target (171). The potential of these proteins for genome engineering was shown recently in
2009, when the TAL effector-DNA-binding code was discovered.
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Figure 26: Schematic representation of a TAL (adapted from Boch, J et al., (172)). (A) TAL effector
contains central domain repeats, nuclear localization signals, and an acidic transcriptional activation domain.
Tandem amino acid repeats are shown with repeat variable diresidue (amino acids 12 and 13 important for the
DNA recognition) shaded in gray. (B) Repeat variable diresidue sequence and corresponding nucleotides hits for
the recognition. An asterisk indicates that amino acid 13 in missing in this repeat type.
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TAL effectors are characterized by a central domain of variable number of tandem repeats,
nuclear localization signals, and an acidic transcriptional activation domain. The tandem
amino acid repeats of usually 34 residues in length determine the target(s) of each TAL
effector. Repeat-to-repeat variation occurs primarily at residues 12 and 13 and was termed the
repeat variable diresidue (RVD). The RVD sequence has been shown both computationally
and experimentally to interact directly to the DNA target site sequence. Repeats with different
RVDs preferentially associates with one of the four nucleotides in the target site, in a code-
like fashion, with some degeneracy (172, 173) (Figure 26). Custom TAL effectors can be
targeted to novel DNA sequences by assembling an array of repeats that corresponds to the
intended target site (174). Designing custom TAL effectors for DNA targeting has proved to
be a much simpler and less labor-intensive process than the mutagenesis to produce new
meganucleases, and a variety of rapid construction methods for custom TAL effectors and
TAL effector-based fusion proteins have recently been developed (175, 176) and adopted as
tools for DNA targeting applications. Since 2010, site-specific DNA modification has been
achieved using TAL effector-endonuclease fusion proteins (TAL effector nucleases or
TALENS) (174), which create targeted DSB in DNA.
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Figure 27: Schematic representation of a TALEN (adapted from Carlson, D et al., (177)) A TAL
effector (TALE) polypeptide contains a series of typically 34-amino acid repeats, of which residues 12 and 13
[repeat variable diresidues (RVDs) shown in orange] are responsible for recognition of a specific base as shown
in the box. Fokl nuclease is fused to the C-terminal end of the protein. The number of tandem 34-amino acid
repeats in the binding core defines the length of the recognition sequence. Two TALENS are shown to assemble
on a genomic sequence in a tail-to-tail orientation to form a heterodimeric cleavage complex.

TALEN architecture combines the central repeat region and some portion of the flanking parts
of the TAL effector with the catalytic domain of Fokl endonuclease. For TALENS to function
in genome editing, the Fokl cleavage domain must dimerize to cleave both strands of the
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DNA target. Therefore, two TALENS are used together to target the opposite DNA strands in
a tail-to-tail orientation, with proper spacing between the two binding sites (176, 178) (Figure
27).

(c) CRISPR/Cas9

CRISPR systems are adaptable immune mechanisms used by many bacteria to protect
themselves from foreign nucleic acids, such as viruses or plasmids (179, 180). Type Il
CRISPR systems initiate the immune mechanism by incorporating sequences from invading
DNA between CRISPR repeat sequences encoded as arrays within the bacterial host genome.
Transcripts from the CRISPR repeat arrays are processed into CRISPR RNAs (crRNAs), each
harboring a variable sequence transcribed from the invading DNA, named as the
“protospacer” sequence, and part of the CRISPR repeat. Each crRNA hybridizes with a
second RNA, named transactivating CRISPR RNA (tracrRNA) and these two RNAs complex
with the Cas9 nuclease. Essential for cleavage is the presence of a sequence motif
immediately downstream of the target region, known as the protospacer-adjacent motif
(PAM). The protospacer-encoded portion of the crRNA directs Cas9 to cleave complementary
target-DNA sequences, when they are adjacent to the PAM (181-184) (Figure 28-a).

This CRISPR/Cas9 system has been adapted for inducing sequence-specific DSBs. For the
cleavage of a targeted sequence of DNA, the RNA portion of the system has been simplified
into a single guide transcript, consisting of a fusion of crRNA 3’ end with a fixed tracrRNA 5’
end, enabling binding and DNA recognition. Twenty nucleotides at the 5’ end of the gRNA
(corresponding to the protospacer portion of the crRNA) direct Cas9 to a specific target DNA.
This target site must be followed immediately in 3° by a PAM sequence of NGG for the most
used CRISPR/Cas9 system from Streptococcus pyogenes. Cas9 nuclease activity can also be
directed to any DNA sequence of the form Nz-NGG simply by choosing the first 20
nucleotides of the gRNA to correspond to the target DNA sequence (181-184) (Figure 28-b).
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Figure 28: Naturally occurring and engineered CRISPR-Cas systems (adapted from Sander, J et al.,
(181)). (a) Naturally occurring CRISPR systems incorporate foreign DNA sequences into CRISPR arrays,
which then produce crRNAs bearing “protospacer” regions that are complementary to the foreign DNA site.
crRNAs hybridize to tracrRNAs (also encoded by the CRISPR system) and this pair of RNAs can associate with
the Cas9 nuclease. crRNA-tracrRNA:Cas9 complexes recognize and cleave foreign DNAs bearing the
protospacer sequences. (b) The most widely used engineered CRISPR-Cas system utilizes a fusion between a
crRNA and part of the tracrRNA sequence. This single gRNA complexes with Cas9 to mediate cleavage of
target DNA sites that are complementary to the 5 20 nucleotides of the gRNA and that lie next to a PAM
sequence.

(2) By preventing cell death through genetic-independent

approaches

The second approach for stages with only few rod photoreceptors degenerated, aims to make
the others photoreceptors survive to cell death by providing a protective environment, either

by providing neurotrophic factors, or factors prevent cell death.

Neurotrophic factors play a large role in the development and maintenance of the central
nervous system including the retina. The main interest on using neurotrophic factors is that it
is mutation independent and thus, that the treatment can be applied on all patients at early-
stages of RCD, regardless to the genetic diagnotic. Many neurotrophic factors that slow
photoreceptor death in animal models have been identified: basic fibroblast-derived growth
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factor (185, 186), brain-derived neurotrophic factor (187), glial-cell-line-derived neurotrophic
factor (188-190) and ciliary neurotrophic factor (CNTF) (191-195). Among them, the use of
encapsulated cells secreting CNTF into the vitreous has been extensively studied. A phase |
safety trial (NCT00063765) as well as a phase I1/111 trial in advanced disease (NCT00447993)
demonstrated the safety of CNTF delivery using encapsulated cell technology with a positive
trend in visual acuity, however ERG responses were inconsistent (196). A phase I1/111 clinical
trial (NCT00447980) is currently ongoing to investigate whether CNTF can improve
photoreceptor function, in terms of visual acuity and visual field sensitivity, in RCD patients
(197). Twelve months after the study started, first results showed no significant changes in
visual acuity in CNTF-treated or sham-treated eyes. However, there was a decrease in visual
field sensitivity in the high dose-treated eyes that was significantly greater than in the sham-
treated eyes. There were no changes in visual field sensitivity in the low-dose eyes relative to
sham eyes. A relative preservation of cones was observed but not accompanied by any

detectable changes in visual function in a short-duration trial (198).

Rods also produce a neurotrophic factor, RACVF that promotes cone survival. RACVF
injections in the P23H rat are able to rescue cones from degeneration with a better retinal
function in the corresponding ERG at 9 months of age (199). Recently, two studies with
AAV-delivered RACVF showed encouraging results in rd10 and rd1 mouse models of RCD
(200, 201). In rd10 mice, RACVF improved cone function and delayed cone loss slowed the
rate of cone cell death and increased the amplitude of the photopic ERG (200). In rd1 mice,
RACVF delivery by AAV protects cone density and improves length of cone outer segments
(201). Together, these results suggest that RACVF gene therapy has potential for slowing
down retinal degenerative disease. However, neurotrophic factors are often pleiotropic and

might have other effects on the retina that could question their long-term use.

A final common pathway of all types of RCD is photoreceptor cell death. Using factors that
will avoid cell death in a mutation independent manner or by targeting one special toxic
mechanism as in class Il mutations of RHO is also possible. Several strategies of
administration of anti-apoptotic factors (202), heat shock response activator (203) or
enhancer (204) , anti-aggregating (205), or neuroprotective (206, 207) molecules and
chaperones (208) have been attempted to slow the degeneration and demonstrated partial
preservation of photoreceptor morphology and function. However, the effect was again to

delay degeneration, enlarging the therapeutic window, but was not consistent since treatment
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efficacy was evaluated in comparing treated and untreated animals less than one month after
treatment, not allowing predictions on the long-term effect, or after a time point at which
photoreceptor degeneration is almost complete. In addition, encouraging results were obtained
with the antiepileptic drug valproic acid which was also shown to act as a chaperone molecule
of RHO and is currently moving toward clinical trials (NCT01399515) (209). However, due
to its side effects, applicability for therapy is questioned (210).

b) By restoring vision after photoreceptor cell death

For advanced stages with few or no functional photoreceptors, several more general

therapeutic strategies are currently being developed.

(1) By optogenetic

Optogenetics refer to a neuromodulation technique which uses light-sensitive proteins as
channelrhodopsin and archaebacterial halorhodopsin. These proteins are able to modulate
membrane potential and lead to a depolarization or hyperpolarization, depending on the
neurons in which they are expressed. In most retinal degenerations, rod photoreceptor
degeneration precedes cone photoreceptor and inner retinal degeneration. Optogenetics, by
introducing these light-sensitive proteins through gene transfer, can render cells
photosensitive and create electric signals in the visual pathway that substitute for the usual
input from photoreceptors (211). Optogenetics by using channelrhodopsin, which is a
depolarizing channel activated by blue light, on ganglion cells of rd1 mice restored the ability
of the retina to encode light signals and transmit the light signals to the visual cortex (212).
However, behavioral responses in the treated animals were lacking. Targeting ganglion cells
did not enable to differentiate between ON and OFF pathways. Therefore, optogenetics was
also conducted on ON-bipolar cells. By expressing channelrhodopsin or channelrhodopsin-2,
under the control of the ON-bipolar cells specific GRM6 promoter, behavioral responses were
obtained on several treated mouse models of RCD (213-215). However, channelrhodopsins
present a low light sensitivity and lack of physiological compatibility, since it implies
elaborate technical equipment to boost light intensity and photo toxicity risk on the remaining
retina. Different second generation microbial opsins were also developed as the ultrasensitive
channelrhodopsin-2 calcium translocating channelrhodopsin CatCh (216) and red-actionable
channelrhodopsin ReaChr (217), which are under investigation now. Another optogenetic
strategy is to target "dormant” cones. Indeed, in some patients, although retinal function is
severely affected, cone nuclei can survive late in the disease and could potentially be
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"reactivated”. Optogenetics by using archaebacterial halorhodopsin, which is a
hyperpolarizing chloride pump, on these remnant cones showed restored phototransduction
cascade and light sensitivity, activated cortical circuits and mediated visually guided
behaviors in different mouse models of RCD (218). On ex vivo human retina, halorhodopsin
also reactivated remnant cones, demonstrating the potential of this strategy for clinical

applications (218).

(2)  With retinal implants

Electronic retinal implants can also be used to replace dead or degenerated photoreceptor
cells. These devices capture images and convert them into an electronic signal, which is sent
to bipolar cells or ganglion cells. These devices can be cortical (219), based on the stimulation
of the visual cortex bypassing the eye, epiretinal (220), directly in contact with the inner
retina, or subretinal (221), placed above the RPE. The Argus Il retinal prosthesis was the first
implanted in human clinical trial (NCT00407602), and has since received commercial use
approval for its use as a retinal prosthesis device to treat adult patients with retinal
degenerative disorders as late-stage RCD. This device is positioned on the surface of the
retina and communicates with ganglion and bipolar cells in response to a light signal received
from an external camera. Clinical trials showed a good safety profile with no detrimental
effects (222) and improvements in object detection, object counting, object discrimination and
direction of movement (223-225). Another type of retinal prosthesis is such which comprises
subretinal implants that use the patient’s own remnant cones to capture the image without the
help of an external video camera. This implant comprises an electronic chip design provided
by the Institute for Microelectronics at Stuttgart (IMS) in Germany and was also called alpha-
IMS. Clinical trials on alpha-IMS device (NCT0102480) in late-stage RCD patients showed
stable visual percepts, restoration of useful vision in daily life, and identification of objects

and letter (221, 226). The alpha-IMS device also recently received commercial use approval.

(3) By stem cell therapy

Transplantation of stem cells and progenitors are another therapeutic strategy to restore vision
in patients with advanced degenerative retinal disease. Transplanted cells promote then
survival of surrounding cells, up regulate antiapoptotic genes and promote new synaptic
connections. Photoreceptor precursor cells transplantation has been described to integrate the
host retina, differentiate into rod photoreceptors, form synaptic connections and improve

visual function (227). Embryonic stem cells (ESC) derived photoreceptor cell precursors
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showed also ability to integrate, form outer segments and synaptic connections when
implanted into different degeneration mouse models (228). Successful differentiation of
neural retina from human induced pluripotent stem cells (hiPSCs) (229) and the generation of
an optic cup from human ESC (230) in-vitro increased the feasibility of generating an
expandable source of cells for human clinical trials. Nevertheless, for retinal dystrophies
caused by photoreceptor-specific gene mutations, autologous adult derived cells do not
initially appear to be the best source of new retinal neurons, as the genetic mutation will
remain. Future treatment for retinal degeneration due to photoreceptor cell loss may also

require a combination of gene and cell therapeutic strategies (231).
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E. Objectives of the study

1. GPR179 identification and functional characterization

Genotyping studies of our CNSB cohort revealed that in 13% of cases, mutations in the
known genes underlying CSNB were not identified. This was a strong indication that
mutations in other genes remain to be discovered, or mutations in unscreened regions, as

regulatory elements and introns, might be involved. The objectives of my project were:

1. Identification of a novel gene defect underlying cCSNB

2. Study the expression of this novel gene and the immunolocalization of the respective
protein

3. Analyze the physiopathological mechanisms of missense and splice-site mutations of
this gene defect.

4. To further investigate the function of the gene, characterize phenotypically a knock-
out mouse model for this gene defect.

5. Analyze the location of proteins of the ON-bipolar signaling cascade in the knock-out

mouse model.
2.  Genome editing approaches applied to Rhodopsin mutations

Currently, there is no treatment of RCD. However, different therapeutic strategies are under
investigation. Among them, gene replacement strategy for recessive disorders is promising.
Unfortunately, they cannot address dominant negative mutations. We wanted to bring the
proof-of-concept of genome editing with endonucleases on RHO mutant acting as a dominant
negative, on a project founded with European regional development fund (ERDF) of the
European Union, and in collaboration with two companies, Cellectis (Paris, France) and Iris
Pharma (La Gaude, France). In order to test the endonucleases, we used the P23H rat, a

frequently investigated model for translational research. The objectives of this project were:

1. Genotypic characterization of the P23H rat for endonuclease design.

54



2. Structural and functional phenotypic characterization of the P23H rat with non-

invasive tools for better monitoring of the endonucleases treated animals.

3. In vitro and ex vivo testing of the meganucleases.
4, In vitro, ex vivo and in vivo testing of the TALEN.
5. In vitro testing of the CRISPR/Cas9 systems.

55



Material and Methods



A. Preamble

In this part, we will present only the methods that are displayed in the results and which are

not described in the published articles of my thesis.
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B. GPR179 KO first model characterization

1. Animal Care

All animal procedures were performed according to the Association for Research in Vision
and Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic and Visual
Research. Gpr179™aKOMPMEP emhryonic stem cells (ESC) from agouti C57BL6/N mice were
obtained from the Knock-Out Mouse Project (KOMP, Davis, California, USA) Repository
(www.komp.org). For the mutant allele, a cassette was inserted upstream of exon 2 of Gpr179

(Figure 29). The cassette comprised a flippase recognition target (FRT) site followed by the
complete lactose operon (LacZ) sequence with its termination codon, a cre recombinase
recognition (LoxP) site, neomycin gene under the control of the human beta-actin promoter
(neo), followed by a second FRT site and a second LoxP site. A last LoxP site is localized
after exon 2. In this construction, lacZ contain a termination codon. Therefore, this
construction we used for our mouse leads to a mutated Gpr179 mRNA. This mRNA, when
trandated, leads to a mutated protein with amino-acids coded by exon 1 of Gpr179 but also
the entire lac Z, and a so disruption of GPR179. Moreover, if mice harboring this construction
are crossed with mice harboring flippase, lac Z and neo genes can be removed. Subsequently,
if these mice are crossed with mice harboring cre recombinase expressed constitutively or
tissue-specifically, Gprl79 exon 2 can be removed, leading presumably to a premature

termination codon and also disruption of the protein.

Moo | 4 G TETTR
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Figure 29: Construction of the cassette inserted for mutant allele creation. Exons are represented with
grey squares. Abbreviations. FRT: flippase recognition target, SA: signal anchor, LacZ: lactose operon, pA:
polyadenylation site, neo : neomycin

ESC were injected into blastocysts from non-agouti C57BL6/N females at the Mouse Clinical
Institute (Illkirch, France) and chimeras were crossed with non-agouti C57BL6/N mice to
obtain non-agouti C57BL6/N mice heterozygous for the GPR179 mutation. The mice were
then crossed twice with C57BL6/J to eliminate the homozygous rd8 mutation, present in the
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C57BL6/N strain. We subsequently rederived the mice (Charles River, Chatillon-sur-
Chaaronne, France) in order to obtain a Specific Pathogen Free (SPF) sanitary status.
Heterozygous knock-out mice for Gprl79 were intercrossed (Centre d’ Exploration et de
Recherche Fonctionnelle Expérimentale CERFE, Evry, France) to produce wild-type
(Gpr179*™), heterozygous (Gpr179™) and mutant (Gpr179™) offspring. ERG and SD-OCT
were performed on 10 Gpr179*"*, 12 Gpr179” and 10 Gpr179” a 3 months-of-age. Mice
were housed in a temperature-controlled room with a 12-hour light/ dark cycle. Fresh water

and rodent diet were available ad libitum.

2.  Genotyping

a) Polymerase chain reaction (PCR) genotyping for Gpr179

DNA was extracted from mouse tails with 50 mM NaOH after incubation at 95°C for 30 min.
Wild-type and mutant allele were amplified independently using a polymerase (HOT
FIREPol, Solis Biodyne, Tartu, Estonia), the same forward primer (mGprl79 Ef, 5
CTGCCCCCACAGAATGTTCCCA3) and two specific reverse primers: mGpr179 Er?
(5 CACCGCCTCTTTACTCTGCCCAZ) for the wild-type alele and mGprl79 Kr (5
GGGCAAGAACATAAAGTGACCCTCCZ) for the mutant one and the following program:
10 min at 95°C for denaturation, 30 cycles of 45 sec at 95°C, 1 min at 60°C, and 1 min at
72°C, and for final extension 10 min at 72°C. This givesrise to the following amplicons: PCR
using mGpri79_Ef and mGpr179_Er? primers amplifies a product of 146 base pairs (bp) for
wild-type alele and no product for mutant allele, PCR using mGpr179_Ef and mGpr179_Kr
primers amplifies no product for wild-type allele and a 303 bp product for mutant allele. PCR
products were separated by electrophoresis on 1% agarose gels, stained with ethidium
bromide, and visualized using a documentation system (Gel Doc XR+ system, Bio-Rad,
Hercules, California, USA) (Figure 30).
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Figure 30: Genotyping of Gpr179"*, Gpr179*" and Gpr179" mice. (A) Schematic drawing (not to scale)
of the knock-out construction: Gpr179” mice were created by insertion of a cassette comprising lactose operon
and neomycin genes (lacZ/neo cassette) in intron 1. For genotyping, mGpr179_Ef (Ef) and mGpr179_Er? (Er%)
primers were designed to amplify a 146 bp product on wild-type allele. Ef and mGpr179_Kr (Er®) primers were
designed to amplify a 303 bp product on knock-out alele. (B) After migration on 1% agarose gel, Gpr179**
exhibits a single fragment at the expected size of 146 bp, Gpr179” exhibited a single fragment at the expected
size of 303 bp and Gpr179*" exhibited both fragments.

b) Genotyping for common mutations found in laboratory mouse

strains

The genotyping for the CRB1"®, PDE6S™, and GNAT2*"® mutations were carried out as
previously described (71).
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C) Genotyping for genes with mutations underlying cCSNB

DNA of founder mice were used to sequence the flanking intronic and exonic sequences of
Grm6, Gprl179, Nyx, Lrit3 and Trpml as well asintron 2 of Grm6 and intron 1 of Gprl79 as
previously described (71).

3. ERG

After overnight dark adaptation, mice were anesthetized with ketamine (80 mg/kg) and
xylazine (8 mg/kg). Eye drops were used to dilate the pupils (0.5 % mydriaticum, 5 %
neosynephrine). Body temperature was maintained at 37 °C through the use of a heating pad.
Contact lens electrodes for mice (Mayo Corporation, Aichi, Japan) were placed on the corneal
surface to record ERG. A needle electrode placed subcutaneously in the forehead served as
reference and a needle electrode placed in the back served as ground. Recordings were made
from both eyes simultaneously. Stimulus presentation and data acquisition were provided by
the Espion E? system (Diagnosys LLC,Lowell, MA, USA). Eight levels of stimulus intensity
ranging from 0.0003 cd.s/m? to 30 cd.s/m?2 were used for the dark-adapted ERG recording.
Each scotopic ERG response represents the average of five responses from a set of five
flashes of stimulation. To isolate cone responses 20-minute light adaptation at 20 cd/m? was
performed to saturate rod photoreceptors. For the light-adapted ERG recording, a stimulus
intensity of 3 cd./m? and six different frequencies ranging from 1 to 10 Hz were used. The
light-adapted ERGs were recorded on the same rod pathway-suppressive white background as
for the light adaptation. Each cone photopic ERG response represents the average of twenty

responses to a set of twenty consecutive flashes.

4.  SD-OCT

SD-OCT was performed, immediately after ERG on anesthetized animals, as previously
described (71, 232). Briefly, pupils were dilated with eye drops (0.5% mydriaticum, 5%
neosynephrine) and SD-OCT images were recorded for both eyes using a spectral domain
ophthalmic imaging system (Bioptigen, Inc., Durham, NC, USA). We performed rectangular
scans consisting of a 1.4 mm by 1.4 mm perimeter with 1000 A-scans per B-scan with a total

B-scan amount of 100. Scans were obtained first while centered on the optic nerve, and then
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with the nerve displaced either temporally/nasally or superiorly/inferiorly. SD-OCT scans
were exported from InVivoVue as AVI files. These files were loaded into Imagel (version
1.47; Nationa Institutes of Health, Bethesda, MD) where they were registered using the
Stackreg plug-in. If the optic nerve was placed temporally/nasally, three B scans at the level
of the nerve were averaged and measurements were performed 500 mm away from the optic
disc, on each side. In the case where the optic nerve was placed superiorly/inferiorly, 3 B-
scans placed 500 mm away from the optic disc were averaged to perform the measurements.
We measured the thickness of ONL, OPL, INL and a complex comprising IPL, GCL and NFL
that we called IPL+GCL+NFL (Figure 9).

5. Immunohistochemistry

a) Preparation of retinal sections for immunohistochemistry

Mice were killed by CO, administration and cervical dislocation. Eyes were removed and
prepared as follows. The anterior segment and lens were removed and the eyecup was fixed in
ice cold 4% (w/v) paraformaldehyde in 0.12 M phosphate buffer, pH 7.2 for 20 min. The
eyecup was washed three times in ice-cold PBS and cryoprotected with increasing
concentrations of ice cold sucrose in 0.12 M phosphate buffer, pH 7.2 (10%, 20% for 1 h each
and 30% overnight). Finally, the eyecup was embedded in 7.5% gelatin-10% sucrose and
frozen in a dry ice-cooled isopentane bath. Sections were cut at a thickness of 20 um on a
cryostat and mounted onto glass slides (Super-Frost, Thermo Fisher Scientific, Waltham, MA,
USA). The slideswere air dried and stored at -80°C.

b) Immunostaining of retinal cryosections

Primary antibodies used for immunostaining are listed in Table 1. TRPM1 antibody was a
generous gift from Dr Kirill Martemyanov (The Scripps Institute, Jupiter FL, USA). Sections
were blocked by incubation at room temperature for 60 minin 0.2% (wWA/) gelatin, 0.25% (WV)
Triton X-100 in PBS. Subsequently, the sections were incubated with primary antibodies in
blocking solution overnight at room temperature. After washing in 0.1% (v/v) Triton X-100in
PBS, the sections were incubated with secondary antibodies coupled to Alexa Fluor 488 or
Cy3 (Jackson ImmunoResearch, West Grove, PA, USA) at a dilution of 1:1000 in the
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washing solution for 1.5 h at room temperature. The slides were stained with DAPI and
subsequently cover-dipped with mounting medium (Mowiol, Merck Millipore). None of the
secondary antibodies used gave significant staining when used without primary antibodies
(data not shown).

Table 1: Primary antibodies used in immunohistochemistry.

Antibody Species Dilution | Reference

GPR179 mouse 1:200 ADb-887-YOM (Primm, Milan, Italy)

LRIT3 rabbit 1:500 Neuille et a., 2015 (72)

TRPM1 sheep 1:500 Cao et al., 2011 (233)

GRM6 guineapig 1:200 AP20134SU-N (Acris, Herford, Germany)

RGS11 goat 1:200 sc-9725 (Santa-Cruz, Dallas, Texas, USA)

GNB5 rabbit 1:300 ABIN1451282 (Antibodies Online, Aachen,
Germany)

RGS7 rabbit 1:250 sc-28836 (Santa-Cruz)

Lectin PNA 488 | Arachishypogaea | 1:1000 | L21409 (Life Technologies, Thermo Fisher

conjugate Scientific, Waltham, Massachusetts, USA)

PKCa mouse 1:1000 | P5704 (Sigma-Aldrich, Saint Louis, Missouri,
USA)

PKCa rabbit 1:1000 | SAB4502354 (Sigma-Aldrich)

Goo. mouse 1:200 MAB3073 (Merck Millipore, Billerica, MA,
USA)

C) Image acquisition

Fluorescent staining signals were captured with a confocal microscope (FV1000, Olympus,
Hamburg, Germany) equipped with 405, 488, and 559 nm lasers. Confocal images were
acquired with a 40x objective compatible with oil (lens NA: 1.3) imaging pixels of 310 nm
and 77 nm in width and height for zoom 1 and 4, respectively, and using a 0.52 um step size.
Each image corresponds to the projection of three optical sections. For figures, brightness and
contrast were optimized (ImageJ, version 1.49; National Institutes of Health, Bethesda, MD,
USA).
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6. Statistical analyses

Statistical analyses were performed using SPSS Statistics (version 19.0, IBM, Armonk, NY,
USA). Post-hoc comparisons were used to compare the genotypes two by two when the
Kruskal-Wallis's test permitted to reect the hypothesis HO. The number of animals used for
the different phenotyping experiments and groups are described above (Animal Care). Results
were considered as statistically significantly different if p<0.05.



C. Endonucleases based therapy of Rhodopsin

1.  Meganucleases

a)

Meganucleases testing in HEK293 cells

(1) Meganucleases design and production

Our collaborator from a private company (Cellectis, Paris, France) applied bioinformatics

(234) to identify the best hits for meganuclease cut in human RHO. Meganucleases were

selected after testing on extra-chromosomal substrate on yeast and CHO (Chinese Hamster

Ovary) cells (235, 236). Briefly, a strain harbouring the expression vector encoding the

meganucleases is crossed with a strain harbouring a reporter plasmid. In the reporter plasmid,

a LacZ reporter gene is interrupted with an insert containing the targeted site sequence,

flanked by two direct repeats. Upon crossing, if the meganuclease performs a DSB on the

targeted site, restoration of a functional LacZ between the two flanking direct repeats occurs

and gives a blue color to the strain. Four meganucleases targeting RHO and one positive

control meganuclease targeting calpain small subunit 1 (CAPNSL) were delivered in five

plasmids under the control of aCMV promoter (Table 2).

Table 2: Meganucleases and their target.

M eganuclease name

Target localization

Target sequence 5’ to 3

Rho 31

S'UTR

CTCCTCCCTTTTCCTGGATCCTGA

Rho 34 Exonl ACTTCCTCACGCTCTACGTCACCG

Rho 7 Exon 4 GTCAGCCACCACACAGAAGGCAGA
Rho 36 Intron 1 CAGATCCCACTTAACAGAGAGGAA
CAPNS1 S'UTR CAGGGCCGCGGTGCAGTGTCCGAC

(2) HEK 293 cdlstransfection with plasmids expressing

meganucleases

Transient transfections of plasmids expressing meganuclease were performed in HEK 293
cells. In 10 cm diameter dish, 1.2 10° cells were seeded and cultured in 10 ml DMEM
medium with 10% fetal bovine serum and 100 pg/ml penicillin-streptomycin (all from Life
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Technologies). The following day, cells were transfected with 3 pg plasmid using
Lipofectamin 2000 (Life technologies). One dish was not transfected and constituted the
negative control. One dish was transfected with plasmid expressing CAPNSL and constituted
the positive control. After 6 hours of incubation at 37°C and 5% CO,, medium was changed.
After 48 hours of incubation, cells were harvested and divided in two sets per condition: one

was used for gDNA extraction, the other for protein extraction.

(3) gDNA extraction, PCR and deep sequencing

gDNA extraction was performed using a kit (DNAeasy Blood and Tissue kit, Qiagen, Hilden,
Germany). Briefly, buffers in this kit allow direct cells lysis followed by selective binding of
DNA to a membrane. Centrifugation removes contaminants and enzyme inhibitors. Purified
DNA is then eluted in water. Primers were designed to amplify a fragment of 300 to 350 bp
flanking each meganuclease-targeted site, in addition with specific adaptors required for deep
sequencing (Table 3). Respective PCRs were performed using 50 ng of each treated or non
treated gDNA with DNA polymerase (Herculase Il, Agilent Technologies, Santa Clara,
Cdlifornia, USA) and the primers mentioned above. The amplified products were purified
using a gel extraction kit (Qiaquick Gel extraction kit, Qiagen) and sent to a company for
deep sequencing (GATC biotech, Konstanz, Germany). Sequences were analyzed by our
collaborators (Cellectis) using an in-house-program by comparing each sequence to the
normal template sequence (237).

Table 3: Primers for deep sequencing. Each primer comprises an adaptor sequence (lowercase) and a
sequence specific for the targeted area (capital letters).

Primer name Primer sequence’5’ to 3

MN_RHO31 For ccatctcatcectgegtgtctecgactcagagtaGGTAAGGGGCTGTGTGACGAGA
MN_RHO31 Rev cctatccectgtgtgecttggcagigtgagGCATCTGGGAGATTGGGGGTGTT
MN_RHO34 For ccatctcatcectgegtgtctecgactcagetacATGCGACGGGTGTGGTACGCAG
MN_ RHO34 Rev cctatcecctgtgtgecttggeagtgtgagT GCATCCTGTGGGCCCGAAGAC
MN_RHO36 For ccatctcatcectgegtgtetecgactcagtgccCAGGTGCCCCTCCAGCCTCC
MN_RHO36 Rev cctatcccctgtgtgecttggeagtgtgagTGCAATGGCTGCTTCTAGCGTCT
MN_RHO7 For ccatctcatcectgegtgtcteegactcagegagT CTTCACCGTCAAGGAGGTACGGG
MN_RHO7 Rev cctatccectgtgtgecttggcagigtgagT GGGACCGAAGTTGGAGCCCTG
MN_CAPNS1 For ccatctcatcectgegtgtctecgactcagacagCGAGTCAGGGCGGGATTAAG
MN_CAPNS1 Rev cctatcecctgtgtgecttggeagtgtgagCGAGACTTCACGGTTTCGCC
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(4 Western-blot

HEK 293 cells were lysed using a buffer (RIPA lysis buffer, Santa Cruz Biotechnologies,
Dallas, Texas, USA) supplemented with 1% (v/v) phenylmethylsulfonyl fluoride (Life
technologies), 1% (v/v) sodium orthovanate (Sigma-Aldrich) and 1,5% (v/v) protease
inhibitor cocktail (Sigma-Aldrich). Lysates were incubated for 10 min on ice. After
centrifugation at 8,000 g at 4°C for 10 min, supernatants were recovered and Bradford
quantification was performed. 40 ug of each protein extraction was boiled in Laemmli SDS
protein sample buffer (60 mM TrissCl pH 6.8, 2% SDS, 10% glycerol, 5% -
mercaptoethanol, 0.01% bromophenol blue). Samples were separated on polyacrylamide gels
(Nu-Page Novex Bis-Tris Min Gel 4-12%, Life Technologies) and transferred to a
nitrocellulose membrane (iBlot Gel Transfer Stacks Nitrocellulose, Life Technologies) with a
dry transfer device (iBlot Gel Transfer, Life technologies). Membranes were blocked for one
hour at room temperature in 1X TBS (10mM Tris pH 8.0, 150 mM NaCl,) supplemented with
0.05% (v/v) Tween and 5% (w/v) dry skimmed milk powder (Régilait, Macon, France).
Primary antibody incubation was carried out overnight at 4°C, with the following antibodies:
polyclonal rabbit anti-I-Crel (Cellectis, Romainville) for meganuclease recognition and
mouse anti-tubulin (Abcam, Cambridge, Massachusetts, USA) for loading control at dilution
of 1:20,000 and 1:100 respectively. Goat anti-rabbit-HRP coupled and goat anti-mouse-HRP
coupled secondary antibodies were used both at 1:1000 dilution for detection (Jackson
ImmunoResearch, West Grove, Pennsylvania, USA). In between and after antibody
incubations, membranes were extensively washed in TBS-T (TBS containing 0.05% Tween-
20). Western-blots were visualized using an enhanced chemiluminescence method (ECL Plus
Western Blottting reactif, Amersham, GE Healthcare, Little Chalfont, United Kingdom).

b) M eganucleases testing on newborn rat retinal explants

(1) Meganuclease cloninginto pCIG vector

Our industrial collaborator (Cellectis) delivered the meganucleases in pCLS plasmids
(Cellectis), in which the meganucleases were flanked by AttB sequences. These sequences are
used in Gateway technology (Life technologies), which is a recombination system between
different acceptor and donor vectors comprising specific sequences and using specific
recombinases. Subcloning of MN RHO 31 in pDONR221 vector (Life technologies) was
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performed using arecombinase (LR clonase, Life technologies). Fina cloning in pCIG vector
(Addgene,Cambridge, Massachussets, USA) was performed using another recombinase (BP
clonase, Life technologies) and allowed expression of the meganuclease under the control of a
CAG promoter and Green Fluorescent Protein (GFP) after an internal ribosome entry site
(IRES).

(2) Retinal explantselectroporation and culture

Sprague Dawley OFA pregnant rats were purchased from Charles River France (Saint
Germain Nuelles, France). Retinal explants dissection and electroporation were performed in
collaboration with Dr Olivier Goureau, Ingtitut de la Vision. Newborn rats were sacrificed by
decapitation and eyeballs were carefully removed and collected in a dish filled with D-PBS
(Life technologies). Under a binocular dissection microscope, circumferential incision around
the limbus was performed to remove the anterior part of the eye. Vitreous was carefully
removed. Subsequently, retina was extracted from the sclera and RPE. Newborn rat retinas
electroporation were conducted on eight half retinas per condition as previously described
(238). Cloning of all the genes we wanted to express in the same cell was not possible.
Therefore, we performed co-electroporation of several plasmids, assuming that if one plasmid
expressing one of the genes was electroporated, the probability that the other plasmids
expressing the others genes were co-electroporated was high (239). To validate the cutting
efficiency of the meganuclease we used three conditions: i/ no meganuclease, ii/ RHO 31
meganuclease and iii/ Baat meganuclease (Table 4). In al conditions a plasmid expressing the
cofactor Trex was included, which has been shown to increase NHEJ when DSB occurs
(240). In addition pCIG_IRES GFP was used in the negative and positive control to
document GFP transfection efficiency. The positive control represented a plasmid
overexpressing a Baat meganuclease, which has been proven to efficiently target mouse and
rat Baat (Personal communication, Cellectis) (Table 4).

Table 4: Plasmids used for each electroporation conditions.

Condition Plasmids

Negative control “empty” pCIG_IRES_GFP

+ plasmid expressing Trex cofactor
RHO 31 meganuclease | pCIG_MNRHO31_IRES GFP

+ plasmid expressing Trex cofactor
Positive control “empty” pCIG_IRES_GFP

+ pCLS_MNBaat

+ plasmid expressing Trex cofactor

68



Central regions of retinas were dissected in CO,-independent medium (Life technologies) and
half of this region was submerged in 1 mg/ml for each plasmid. The outer layer of the retinas
were facing the negative electrode and subjected to five electric pulses at 30 V with 50 ms
duration and 950 ms intervals using an electroporator (CUY 21 Single Cell BEX; Nepa Gene,
Sonidel, Ichikawa-city, Japan) and bath platinum plate electrodes on Petri dishes (CUY 520P5,
Nepa Gene). Subsequently, explants were placed on polycarbonate filter discs (Dominique
Dutscher, Brumath, France). Cultures were maintained up to 4 days in DMEM/F12 medium
with 10 mM HEPES, pH 7.0 containing 5% fetal calf serum and 100 pg/ml penicillin-
streptomycin (Life Technologies). After three days, 50% of the initial medium was changed

to not induce acute pH modifications.

(3) Cdl dissociation and FACS

Explants were detached from filters and dissociated with trypsin as previously described
(238). Dissociated cells were resuspended in PBS 10% FBS and fluorescence-activated cell
sorting (FACS) sorted for GFP positive cells by a platform (“Plateforme de cytometrie en
flux”, Hopital Saint-Antoine, Paris, France)

(4) DNA extraction and Surveyor mutation detection kit

assay

gDNA extraction was performed as previously described (see above Part C1a3). Primers were
designed to amplify a fragment of 300 to 350 bp centered on the meganuclease-targeted site
(Table 5). PCRs including each targeted site were performed using a DNA polymerase
(Herculase 11, Agilent Technologies) and 50 ng of gDNA from each treatment condition.

Amplicons were purified using a kit (Nucleospin extract 11, Qiagen).

Table 5: PCR primers for the loci targeted by the meganucleases.

Meganuclease | Primer hame Primer sequence5' to 3'

RHO 31 ex1 rat_For GTATTAGTGTGATATCTCCCG
RHO 31 ex1 rat_Rev CCCAGTCCTTTCACACCCCCT
Baat Baat_For GTGGAGCTGGCCAGGAGATGC
Baat Baat_Rev GGTCTTCCAGCCTACACCCTGC
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Cutting efficiency was controlled using a kit (Transgenomic Surveyor Mutation Detection Kit
for Standard Gel Electrophoresis, Fisher Scientific, Thermo Fisher Scientific). Briefly, this kit
uses a mismatch-specific DNA endonuclease (Cel-1 endonuclease) to scan for mutations and
polymorphisms in heteroduplex DNA. Targeted site PCR is hybridized by heating and
cooling the mixture to form hetero- and homoduplexes. Indeed, endonucleases used for
genome editing are not totally efficient. Thus, targeted site PCR comprises non mutated
strands and mutated strands with different mutations due to different indels occurring during
NHEJ. Therefore, PCR products are inhomogeneous. During the cooling, single strand PCR
products reanneal and when one strand is mutated and the other not (or not with the same
mutation), a mismatch appears. Then, the annealed heteroduplex/homoduplex mixture is
treated with Cel-1 endonuclease, which recognizes mismatches and induces DSBs. DNA
fragments are analyzed by agarose gel electrophoresis. The formation of new cleavage
products, due to the presence of one or more mismatches, is indicated by the presence of
additional fragments. gDNA non treated with endonucleases we use for therapy constitutes
the negative control. A mixture of one wild-type plasmid PCR and one mutated plasmid PCR
constitute the positive control of the kit.

Concretely, 20 pL of purified PCR product corresponding to 1ug of DNA was heated in
0.1 M KCI at a temperature of 95°C during 10 min, and cooled to 25°C to anneal single-
strand DNA. These PCR products were then purified again using the same kit (Nucleospin
extract |1, Qiagen), and digested in a digestion buffer (10 mM TrisHCI ph 8.2, 1 mM MgSO,,
30 mM KCI and 0.05% Triton) with 2 uL Cell nuclease and 2 pL enhancer (Transgenomic
Surveyor Mutation Detection Kit for Standard Gel Electrophoresis) during 20 min at 42°C.
Digested PCR were run immediately on an agarose gel for interpretation. Positive control of

the kit was performed following manufacturer instructions.

2. TALEN

a) TALENSs

Our industrial partner (Cellectis) delivered a TALEN targeting the c.68G>A, p.Pro23His
mutation (P23H TALEN) on the mouse transgene (232) and a negative control targeting
human RAG (170) (RAG TALEN) with no target in rat genome (Table 6).
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Table 6: TALENSs and their recognition site. TALEN right and left subunits recognition sites are represented
with capital letters, cutting site is represented with lowercase.

TALEN Target sequence 5’ to 3’
P23H TALEN TTTTTATGTGCCCTTCT ccaacgtcacaGGCGTGGTGCGGAGTCA
RAG TALEN TATATTTAAGCACTTATatgtgtgtaacaggtATAAGTAACCATAAACA

Both TALENs were delivered in two pCLS plasmids each, expressing each one TALEN
subunit (left or right) under the control of the human elongation factor-1 alpha 1 promoter
(PEF1al) (Figure 31).
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Figure 31: Schematic representation of plasmids coding for TALEN left (A) and right (B) subunits.
Abbreviations:. NLS: nuclear localization signal, HA-tag: human influenza hemaglugglutinin tag, S tag:
pancreatic ribonuclease A tag, TN: TALEN, N-term: amino-terminus, C-term: carboxy-terminus, BGHpA:
bovine growth hormone polyadenylation, pUC ori: pUC plasmide’s origine of replication, AmpR: ampicillin
resistance gene, pEFlal: human elongation factor-1 alpha 1 promoter.

b) Animals

Transgenic homozygous P23H-1 rats were obtained from the laboratory of Matthew LaVail
(241) and were crossed with wild-type abino Sprague-Dawley rats purchased from a
company (Janvier, Le Genest-Saint-1sle, France) to produce hemizygous P23H-1 rats.
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C) TALENSstesting on P23H newborn rat retinal explants

Because of high repetitions in the sequence coding for TALEN subunits and the absence of
available restriction enzyme site in the vector delivered by our industrial partner (Cellectis),
subcloning into the vector expressing GFP, to control efficient delivery, was not possible. We
therefore co-electroporated the two plasmids expressing the TALEN subunits and the pCIG
plasmid expressing GFP into 10 half retinal explants from P23H rat at PO (Table 7), assuming
that if one plasmid was electroporated (GFP), the probability that the other plasmids
(TALEN) were co-electroporated was high (239). Retina explant electroporation from
hemizygous P23H-1 PO rats was performed in collaboration with Dr Olivier Goureau, Institut
delaVision, as described before (see above Part C1b2).

Table 7: Plasmids used for each electroporation conditions.

Condition Plasmids
No TN “empty” pCIG_IRES GFP
P23H TALEN “empty” pCIG_IRES GFP

+ pCL S expressing P23 TALEN right subunit
+ pCLS expressing P23 TALEN left subunit
RAG TALEN “empty” pCIG_IRES_GFP

+ pCL S expressing RAG TALEN right subunit
+ pCL S expressing RAG TALEN left subunit

Cultures were maintained for 5 days and cell dissociation, FACS sorting and DNA extraction
were performed as described above (see Parts Cla3, C1b3 and C1b4). For the PCR, primers
were designed to specifically amplify a 670 bp fragment centered on the P23H TALEN-
targeted site in the mouse mutated transgene of the P23H-1 rat (232) (Table 8). Primers were
controlled for their specificity by performing a PCR on positive control wild-type mouse
gDNA and negative control wild-type rat gDNA. As expected, we obtained a specific
fragment of 670 bp using wild-type mouse gDNA and no fragment using wild-type rat gDNA
on PCR product analysisin 1% agarose gel (data not shown).

Table 8: Primersfor TALEN testing.

Primer name Primer sequence 5’ to 3'
ex1 mouse For ACCGATGTCACCTTGGCCC
ex1l mouse Rev CCCTTTCGTGGCCCCTTGGC
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PCR of the locus targeted by the P23H TALEN was performed using primers in Table 9 and
as described above (see Part C1b4). Direct Sanger sequencing confirmed that the amplified
fragment is, as expected, the mouse mutated transgene of P23H-1 rat and not the wild-type rat
Rho (data not shown). Subsequently, the cutting efficiency using a kit (Transgenomic
Surveyor Mutation Detection Kit for Standard Gel Electrophoresis, Fisher Scientific) was
performed as described above (see Part C1b4).

d) TALENSs encapsidation

rAAV cargo capacity is limited to 4,7 kb gene packaging capacity (138). Therefore, each
TALEN subunit, with a size of 3.2 kb, was cloned into a separate viral vector AAV (serotype
2.1). Subsequently, encapsidation was performed into Y 733F capsid mutant AAV2/8 (AAV 8-
Y 733F) that express TALEN under the control of a ubiquitous promoter CMV (pCMV), and
into 2Y F capsid mutant AAV2/9 (AAV9-2YF) that express TALEN under the control of arod
photoreceptor specific promoter RHO (pRHO) in collaboration with Dr Deniz Dakara's
team, Institut de la Vision (143). Both viruses had previously been reported for their mouse
rod photoreceptor tropism (242, 243). Control viruses expressing GFP were also produced.

Viruses were tittered and were all at concentrations superior to 10* viral genome (vg)/ml.

€) TALENSstesting on P23H P21 rat retinal explants

(1) TALEN testing by P21 rat retinal explantsinfection

P21 P23H rats retinas were dissected in D-PBS with calcium (Life technologies) and
subsequently placed on polycarbonate filter discs (Dominique Dutscher) to culture in
neurobasal medium (Life technologies) supplemented with 2 mM L-glutamine (Sigma-
Aldrich), 1X B-27 supplement (Life technologies) and 10 pg/ml gentamicine (Life
technologies). The following day, retinal explants were infected with AAV8-Y 733F-pCMV at
4.6 10 vg/ml expressing TALEN subunit (5pl per AAV) by pipetting the virus between the
explants and the polycarbonate filter discs (Table 9).
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Table 9: Infection of P23H P21 retinal explants.

Condition Virus

Not infected No virus

GFP 2.310% vg AAV8-Y 733F-pCMV-GFP

P23H TALEN 2.310" vg AAV8-Y 733F-pCMV-P23HTALEN-right subunit
+2.3 10" vg AAV8-Y 733F-pCMV-P23HTAL EN-left subunit

RAG TALEN 2.310" vg AAV8-Y 733F-pCMV-RAGTALEN-right subunit
+2.3 10" vg AAV8-Y 733F-pCMV-RAGTAL EN-left subunit

Three retinas were infected per condition. GFP fluorescence of retinal explants infected with
AAV8-Y 733F expressing GFP under the control of pCMV was monitored by epifluorescence
microscopy. Best conditions for an efficient infection of retinal explants were determined to
five days of incubation. Subsequently, after five days of incubation, two retinal explants per
condition were used for gDNA extraction and one for immunohistochemistry. Cell
dissociation, gDNA extraction, PCR and cutting efficiency evaluation using a Kkit
(Transgenomic Surveyor Mutation Detection Kit for Standard Gel Electrophoresis, Fisher
Scientific) were performed as described above (see Parts C1b3 and C1b4).

(2)  Immunohistochemistry

Retinal explants were fixed at room temperature in 4% (w/v) paraformaldehyde in 0.12 M
phosphate buffer, pH 7.2 for 20 min, washed three times in ice-cold PBS, cryoprotected
overnight with 30% sucrose in 0.12 M phosphate buffer, pH 7.2, embedded in 7.5% gelatin-
10% sucrose and frozen in a dry ice-cooled isopentane bath. Sections were cut at a thickness
of 20 um on a cryostat and mounted onto glass slides and stored at -80°C. Immunostaining
was performed as previously described (see Part A5b) with chicken anti-GFP primary
antibody (Abcam) and goat anti-chicken Alexa Fluor 488 secondary antibody (Life
technologies).

f) TALENSstesting in vivo

Two modes of delivery were chosen for TALENS administration: subretinally on P21 P23H
rat with AAV8-Y 733F injections, allowing TALEN to be directly in contact with targeted rod
photoreceptors, and systematically on 1-day-old (P1) P23H rat with AAV9-2YF intracardiac
injection, allowing the infection of alarger surface of the retina (Figure 32). GFP expressing

viruses injections were performed to check the retinal delivery.
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Figure 32: Delivery modes and used serotype for TALEN in vivo testing.

(1) by subretinal injections
(@) P21 subretinal injections
Subretinal injections were performed in collaboration with Dr Deniz Dalkara' s team. P23H
P21 rats right eyes were injected subretinally with AAV8-Y733F-pCMV at 1 10* vg/ml

expressing TALEN subunit (1 pl per AAV) under direct observation aided by a dissecting
microscope (Table 10). The other eye remained uninjected.

Table 10: Subretinal injections of P23H P21 ratsright eyes.

Condition Virus

Not infected Not injected

GFP 110" vg AAV8-Y 733F-pCMV-GFP

P23H TALEN 110" vg AAV8-Y 733F-pCMV-P23HTAL EN-rightsubunit
+1 10" vg AAV8-Y 733F-pCMV-P23HTAL EN-leftsubunit

RAG TALEN 110" vg AAV8-Y 733F-pCMV-RAGTA L EN-rightsubunit
+1 10" vg AAV8-Y 733F-pCMV-RAGTAL EN-leftsubunit

Four rats were injected for GFP condition. For the other conditions, twelve rat right eyes were
injected.

(b)  Fluorescence observation

Color and fluorescence fundus imaging of AAV8-Y 733F-pCMV-GFP injected rat right eyes
were performed 14 days after injection with a retinal imaging microscope (Micron I,

Phoenix, Pleasanton, California, USA).
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(c)  Phenotype monitoring

Functional and structural retinal phenotype of P23H TALEN and RAG TALEN treated
animas and 12 age-matched wild-type Sprague Dawley rats was documented by ERG
recording and SD-OCT respectively at 1, 2, 3 and 6 months after injections as previousy
described (232).

(2) by systemicinjections
(@ P1-old rat systemicinjections
P23H P1 rats were injected intracardiacally with AAV9-2YF-pRHO at 3.4 10* vg/ml
expressing TALEN subunit (5 pl per AAV) (Table 11). Fourteen rats were injected per

conditions, except for GFP expressing virus injections which were conducted on 4 rats.

Fourteen littermates were not injected and constituted the uninfected negative controls.

Table 11: Systemic injections of P23H P1 rats.

Condition Virus

Not infected Not injected

GFP 1.7 10" vg AAV9-2Y F-pRHO-GFP

P23H TALEN 1.7 10" vg AAV9-2Y F-pRHO-P23HTALEN-right subunit
+1.7 10% vg AAV9-2Y F-pRHO-P23HTAL EN-left subunit

RAG TALEN 1.7 10" vg AAV9-2Y F-pRHO-RAGTALEN-right subunit
+1.7 10 vg AAV9-2Y F-pRHO-RAGTAL EN-left subunit

(b)  Fluorescence observation

Color and fluorescence fundus imaging of AAV9-2Y F-pRHO-GFP injected rats eyes were
performed 14 days after injection.

(c)  Phenotype monitoring

Functional and structural retinal phenotype of P23H TALEN, RAG TALEN treated animals
and 14 age-matched untreated wild-type Sprague Dawley rats was documented by ERG
recording and SD-OCT respectively at 1, 2, 3 and 6 months after injections as previously
described (232).
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)] TALENSs testing in vitro on P23H rat embryonic fibroblats

(1) P23H rat embryonic fibroblastsisolation

Rat embryonic fibroblasts (REF) isolation from P23H E15 rats (P23H REF) was performed in
collaboration with Dr Olivier Goureau, Institut de laVision (244). Uteri isolated from 15 days
pregnant rat were washed with phosphate-buffered saline (PBS) without Mg?* and Ca?*. Head
and visceral tissues were removed from isolated embryos. Remaining bodies were washed in
fresh PBS, minced using a pair of scissors, transferred into a 0.1 mM trypsin/l mM EDTA
solution (Life technologies, 5 ml per embryo), incubated at 37°C for 30 min and pipetted up
and down until tissue was dissociated. Cells were transferred into a new tube and 45 ml of
REF medium was added (DMEM supplemented with 10% FBS, 1% non essential amino-
acids, 1% penicillin-streptomycin (all from Life technologies) and 2 mM L-glutamine
(Sigma)). Cells were collected by centrifugation (200 x g for 10 min at 20°C) and
resuspended in 10 ml fresh REF medium and cultured on 10 cm dishes at 37°C with 5% CO..
The following day, medium was changed. Cells were frozen at the second passage and were

used at the fifth passage for the whole study.

(2)  Fluorescent marker cloninginto TALEN’ssubunits

expressing plasmids

We cloned a construction comprising an IRES followed by GFP or iRFP coding sequences in
PAAV 2.1 vectors (see above Part 2d) expressing TALEN subunit under the control of pCMV
with a new commercially available technique which is based on homologous recombination
(InFusion cloning kit, Clontech, Takara Bio group, Shiga, Japan). Briefly, a PCR of
IRES GFP or IRES iRFP was performed on plasmids comprising these constructions. A
Hind |11 digestion was performed on pAAV 2.1 vectors to linearize them and insertion of the
PCRs was performed using the kit instructions. For note, primers used for PCR of IRES_GFP
or IRES iRFP comprised a 5" tail homologous with sites framing Hind 111 digestion site on
pAAV2.1 vectors, alowing insertion of the PCR on the Hind IlIl site by homologous
recognition. Thus, we obtained pAAV2.1 vectors expressing, under the control of pCMV,
P23H or RAG TALEN right subunit followed by an IRES and iRFP (Figure 33 A) and
PAAV 2.1 vectors expressing, under the control of pCMV, P23H or RAG TALEN left subunit
followed by an IRES and GFP (Figure 33 B).
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Figure 33: Schematic representation of the plasmids constructed for TALENS testing in P23H REF.
(A) Plasmid expressing under a pCMV TALEN left subunit, an IRES and GFP. (B) Plasmid expressing under a
pCMV TALEN right subunit, an IRES and iRFP.

(3) TALEN nucleofection into P23H REF

TALEN subunit-expressing plasmids (8 pg of each) were nucleofected in 2.10° P23H REF per
condition using a nucleofection device (Nucleofector 4D, Lonza, Basel, Switzerland), a
mammal fibroblast nucleofection solution (V4XP-3012, Lonza) and the EH-100 program on
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the device (Table 12). Cells were plated in 10 cm dishes in REF medium. The following day,
medium was changed. After 3 days of incubation, cells were harvested and FACS sorted for
GFP and iRFP positive cells. gDNA extraction, PCR and cutting efficiency evaluation using a
kit (Transgenomic Surveyor Mutation Detection Kit for Standard Gel Electrophoresis, Fisher
Scientific) were performed as described above (see Parts C1b3 and C1b4).

Table 12: Nucleofection conditions of P23H REF.

Condition Plasmid

Not nucleofected No plasmid

P23H TALEN 8ug pAAV2.1 pCMV_P23HTALEN-right subunit_IRES iRFP
+8ug pAAV2.1 pCMV_P23HTALEN-I€eft subunit IRES GFP

RAG TALEN 8ug pAAV2.1 pCMV_RAGTALEN-right subunit_IRES iRFP
+8ug pAAV2.1_pCMV_RAGTALEN-Ieft subunit_ IRES GFP
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Results



A. GPR179 identification and functional

characterization

This work led to one patent, two publications and two paper presentations and one poster

presentation in national and international meetings. They are listed below.

Patent:

1.Zeitz, C., Audo, I., Orhan, E., Bujakowska, K., and Sahel, J.A. (2013). Mutations of the gprl79
gene in congenital stationary night blindness (Europe: Google Patents).

Publications:

1.Audo, I., Bujakowska, K.*, Orhan, E.*, Poloschek, C. M., Defoort-Dhellemmes, S., Drumare, I.,
Kohl, S., Luu, T. D., Lecompte, O., Zrenner, E., Lancelot, M. E., Antonio, A., Germain, A., Michiels,
C., Audier, C., Letexier, M., Saraiva, J. P., Leroy, B. P., Munier, F. L., Mohand-Said, S., Lorenz, B.,
Friedburg, C., Preising, M., Kellner, U., Renner, A. B., Moskova-Doumanova, V., Berger, W.,
Wissinger, B., Hamel, C. P., Schorderet, D. F., De Baere, E., Sharon, D., Banin, E., Jacobson, S. G.,
Bonneau, D., Zanlonghi, X., Le Meur, G., Casteels, I., Koenekoop, R., Long, V. W., Meire, F.,
Prescott, K., de Ravel, T., Simmons, I., Nguyen, H., Dollfus, H., Poch, O., Leveillard, T., Nguyen-Ba-
Charvet, K., Sahel, J. A., Bhattacharya, S. S., and Zeitz, C. (2012). Whole-exome sequencing
identifies mutations in GPR179 leading to autosomal-recessive complete congenital stationary night
blindness. Am J Hum Genet 90, 321-330. * These authors contributed equally to the work

2.0rhan, E., Prezeau, L., ElI Shamieh, S., Bujakowska, K. M., Michiels, C., Zagar, Y., Vol, C,,
Bhattacharya, S. S., Sahel, J. A., Sennlaub, F., Audo, I., and Zeitz, C. (2013). Further insights into
GPR179: expression, localization, and associated pathogenic mechanisms leading to complete
congenital stationary night blindness. Invest Ophthalmol Vis Sci 54, 8041-8050.

Paper presentations:

1.Zeitz, C., Bujakowska, K., Orhan, E., Sahel, J.-A., Bhattacharya, S.S., Audo, I., and CSNB study
group. (2012). Mutations In A Novel Gene, GPR179 Lead To Autosomal Recessive Complete
Congenital Stationary Night Blindness. Association for Research in Vision and Ophtalmology (CZ,
Fort Lauderdale, USA).

2.0rhan, E., and Zeitz, C. (2013). Elucidation of physiopathological mechanisms of GPR179. 2nd
Annual meeting of the GDR-3545: RCPG-Physio-Med (EO, llikirch, France).

Poster presentation:

1.0rhan, E., Prezeau, L., Michiels, C., Vol, C., Sahel, J.A., Audo, I., and Zeitz, C. (2013). Elucidation
of physiopathological mechanisms of GPR179. Association for Research in Vision and Ophtalmology
(EO, Seattle, USA).
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1.  Whole exome sequencing identifies mutations in GPR179

leading to autosomal recessive complete stationary night blindness

Genotyping studies of our CNSB cohort, comprising 160 patients, revealed that in 13% of
cases, mutation(s) in the known genes underlying CSNB were not identified. This was a
strong indication that mutations in other genes remain to be discovered, or mutations in

unscreened regions, as regulatory elements and introns, might be involved.

Whole-exome sequencing in cCSNB patients lacking mutations in the known genes led to the
identification of a homozygous missense mutation (c.1807C>T [p.His603Tyr]) in one
consanguineous autosomal-recessive cCSNB family and a homozygous frameshift mutation
in GPR179 (c.278delC [p.Pro93GInfs*57]) in a simplex male cCSNB patient. Additional
screening with Sanger sequencing of 40 patients identified three other cCSNB patients
harboring additional allelic mutations (¢c.376G>C [p.Aspl26His] and c¢.1364G>A
[p.Gly455Asp] missense mutations, ¢.598C>T [p.Arg200*] nonsense mutation, c¢.984delC
[p.Ser329Leufs*4] and c.479 501del [Leul60Profs*38] frame shift mutations and
€.17841G>A [r.spl?] splice-site mutation) in GPR179. GPR179 codes for an orphan G
protein-coupled receptor, which was functionally not characterized. Furthermore, indirect
expression analysis on transcriptomic data of whole retina from wild-type and rd1 mouse
model with progressive rod photoreceptor degeneration suggest that GPR179 is expressed in

the inner nuclear layer.
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Whole-Exome Sequencing Identifies Mutations in GPR179
Leading to Autosomal-Recessive Complete Congenital
Stationary Night Blindness
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Christelle Michiels, 23 Claire Audier,1.23 Mélanie Letexier,11 Jean-Paul Saraiva,!! Bart P. Leroy,12.13
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Markus Preising,!5 Ulrich Kellner,'® Agnes B. Renner,!7 Veselina Moskova-Doumanova,1.2.3
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Elfride De Baere,'2 Dror Sharon,?3 Eyal Banin,23 Samuel G. Jacobson,2¢ Dominique Bonneau,?25
Xavier Zanlonghi,?26 Guylene Le Meur,2’ Ingele Casteels,2® Robert Koenekoop,2? Vernon W. Long,30
Francoise Meire,3! Katrina Prescott,32 Thomy de Ravel,33 Jan Simmons,3° Hoan Nguyen,®

Héleéne Dollfus,3435 Olivier Poch,® Thierry Léveillard,1.23 Kim Nguyen-Ba-Charvet,1.23

José-Alain Sahel,1.2.3:45,36,37 Shomi S. Bhattacharya,!2:3,538 and Christina Zeitz12.3*

Congenital stationary night blindness (CSNB) is a heterogeneous retinal disorder characterized by visual impairment under low
light conditions. This disorder is due to a signal transmission defect from rod photoreceptors to adjacent bipolar cells in the retina.
Two forms can be distinguished clinically, complete CSNB (cCSNB) or incomplete CSNB; the two forms are distinguished on the
basis of the affected signaling pathway. Mutations in NYX, GRM6, and TRPM1, expressed in the outer plexiform layer (OPL) lead to
disruption of the ON-bipolar cell response and have been seen in patients with cCSNB. Whole-exome sequencing in cCSNB patients
lacking mutations in the known genes led to the identification of a homozygous missense mutation (c.1807C>T [p.His603Tyr]) in one
consanguineous autosomal-recessive cCCSNB family and a homozygous frameshift mutation in GPR179 (c.278delC [p.Pro93GInfs*57])
in a simplex male cCSNB patient. Additional screening with Sanger sequencing of 40 patients identified three other cCSNB
patients harboring additional allelic mutations in GPR179. Although, immunhistological studies revealed Gpr179 in the OPL in
wild-type mouse retina, Gpr179 did not colocalize with specific ON-bipolar markers. Interestingly, Gpr179 was highly concentrated
in horizontal cells and Miiller cell endfeet. The involvement of these cells in cCSNB and the specific function of GPR179 remain to
be elucidated.
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Congenital stationary night blindness (CSNB) comprises
a group of genetically and clinically heterogeneous retinal
disorders. The associated genes encode proteins that are
confined to the phototransduction cascade or are impor-
tant in retinal signaling from photoreceptors to adjacent
bipolar cells." Most of the patients with mutations in
these genes show a typical electrophysiological phenotype
characterized by an electronegative waveform of the dark-
adapted bright flash electroretinogram (ERG), in which
the amplitude of the b-wave is smaller than that of the
a-wave.” This so-called Schubert-Bornschein-type ERG
response can be divided in two subtypes, incomplete
CSNB ([icCSNB] CSNB2A [MIM 300071], CSNB2B
[MIM 610427]) and complete CSNB ([cCSNB] CSNB1A
[MIM 310500], CSNB1B [MIM 257270] and CSNB1C
[MIM 613216]).% icCSNB has been characterized by both
a reduced rod b-wave and substantially reduced cone
responses because of both ON- and OFF-bipolar cell
dysfunction, whereas the complete type is associated with
a drastically reduced rod b-wave response because of ON-
bipolar cell dysfunction but largely normal cone b-wave
amplitudes.* icCSNB has been associated with mutations
in CACNAIF [MIM 300110], CABP4 [MIM 608965], and
CACNA2D4 [MIM 608171], whereas cCSNB has been asso-
ciated with mutations in NYX [MIM 300278], GRM6 [MIM
604096], and TRPM1 [MIM 603576]. So far more than 280
mutations have been identified in these genes by us and
others via direct sequencing of candidate genes (unpub-
lished data) or microarray analysis.” Prevalence studies
determined that CACNAIF, NYX, and TRPM1 mutations
leading to incomplete and complete CSNB occur more
frequently (unpublished data). Genotyping studies of our
CSNB cohort, comprising 160 patients, reveal that in
~13% of cases mutations in known genes underlying
CSNB were not identified. This is a strong indication that
mutations in other genes remain to be discovered or that
mutations in unscreened regions, that is regulatory
elements and introns, might be involved. Mutations in
many genes leading to CSNB have been identified through
a candidate gene approach by comparing the human
phenotype to similar phenotypes observed in knockout or
naturally occurring animal models.®'* The bottleneck of
this approach is the size of a cohort and the identification
of the “right” patient harboring the mutation in such
a candidate gene. Novel techniques that use massively
parallel sequencing of all human exons have recently
been successful in identifying mutations in novel genes in
other heterogeneous diseases such as Leber congenital
amaurosis.!*!S To rapidly identify the missing mutations
in our CSNB cohort after whole-exome enrichment (Inte-
graGen, Evry, France), we sequenced four exomes from
a consanguineous autosomal-recessive cCCSNB family (that
included parents who were first cousins and two of three
affected children) and from a sporadic male cCSNB patient
of Portuguese origin (Figure S1A and S2, available online,
shows the typical cCSNB ERG of patient CIC02756). One
index patient from each family was previously excluded

by Sanger sequencing for mutations in GRM6 and TRPM1.
In addition, the sporadic male patient was also excluded
for mutations in NYX. Research procedures were conducted
in accordance with institutional guidelines and the Declara-
tion of Helsinki. Prior to genetic testing, informed consent
was obtained from all patients and their family members.
Ophthalmic examination included best corrected visual
acuity, slit lamp examination, fundoscopy, perimetry, full-
field (ERG) incorporating the International Society for
Clinical Electrophysiology of Vision (ISCEV) standards,'®
fundus autofluorescence (FAF), and optical coherence
tomography (OCT) (the extent of investigation depended
on the referring center). Exons of DNA samples were
captured with in-solution enrichment methodology
(SureSelect Human All Exon Kits Version 3, Agilent, Massy,
France) with the company’s biotinylated oligonucleotide
probe library (Human All Exon v3 50 Mb, Agilent). Each
genomic DNA was then sequenced on a sequencer as
paired-end 75 bases (Illumina HISEQ, Illumina, San Diego,
USA). Image analysis and base calling were performed
with Real Time Analysis (RTA) Pipeline version 1.9 with
default parameters (Illumina). The bioinformatic analysis
of sequencing data was based on a pipeline (Consensus
Assessment of Sequence and Variation [CASAVA] 1.8,
[Mlumina). CASAVA performs alignment, calls the SNPs
based on the allele calls and read depth, and detects variants
(SNPs and indels). Genetic variation annotation was per-
formed by an in-house pipeline (IntegraGen) and results
were provided per sample or family in tabulated text files.
After excluding variants observed in dbSNP 132, data were
turther filtered to keep only variants in coding and splice
regions that were present in a homozygous state in the
affected children and in a heterozygous state in the parents
from the consanguineous family. This allowed us to reduce
the number of variants from 5,901 indels to 1 and from
66,621 SNPs to 7. The observed deletion represented a
repeat deletion in the penultimate exon of VSIG10 and
was therefore unlikely to be a disease-causing variant.
However, three missense mutations predicted to be prob-
ably or possibly damaging were identified in three different
genes (KIAA0753, CRHR1 [MIM 122561], and GPR179
[G protein-coupled receptor 179]) on chromosome 17.
The p.Arg518Cys variant found in KIAA0753 was consid-
ered unlikely to be disease causing because this arginine
residue is not evolutionarily conserved. On the other
hand, both the p.Arg259GIn substitution in CRHRI and
the p.His603Tyr in GPR179 affected highly evolutionary
conserved amino acid residues (Figure 1 and Figure S1B).
Interestingly, the other cCSNB patient (CIC02756), also
studied by whole-exome sequencing, carried a homozygous
1 bp deletion, resulting in a frameshift and premature
termination (p.Pro96GInfs*57) in exon 1 of GPR179. These
data strongly support the finding that mutations in
GPR179 lead to CSNB found in both families (Table 1).
For the ¢.1807C>T (p.His603Tyr) mutation, both parents
were found to be heterozygous because the nucleotide A
was read 11 times and 7 times in the father and mother,
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Figure 1. GPR179 mutations in CSNB.
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(A) GPR179 structure containing 11 coding exons (NM_001004334.2). Different mutations identified in cCSNB patients are depicted.
(B) The specific domains for GPR179 were estimated by a prediction program (UniProtKB/Swiss-Prot).

respectively, whereas the G was found 13 times and 11
times, respectively (reverse strand). The two affected chil-
dren (patients CIC3308 and CIC04005) showed 26 times
and 14 times the nucleotide A. The c.278delC deletion
detected in the sporadic cCSNB patients was detected 22
times; 20 other reads of unknown type were also indicated.
This might be due to the fact that at this position multiple
Cs are present, and thus different reads might occur. Sanger
sequencing confirmed the mutations in the index patients
of each family. Both mutations cosegregated with the
phenotype within the respective family (Figure S1A). In
addition, next-generation sequencing data were used to
analyze homozygous regions in the affected siblings
(patients CIC03308 and CIC04005) of the consanguineous
family. The analysis revealed seven major homozygous
regions (>0.5 Mb), which were exclusively present on chro-
mosome 17. GPR179 was present in the second largest
homozygous region (10.8 Mb), whereas CRHR1 was present
in a smaller region (1.3 Mb). In the other sporadic cCSNB
patient, GPR179 was not present in any major homozygous
region; this can be explained by the fact that the parents
were only distant cousins.

We screened 40 CSNB patients (cCSNB and unclassified
CSNB) of various origins and from different clinical centers
in Europe, the United States, Canada, and Israel by using
Sanger sequencing for 27 fragments covering the 11
coding exons and flanking intronic regions of GPR179
(NM_001004334.2). These were amplified by PCR in the
presence of 1.5 mM MgCl, at an annealing temperature
of 60°C. For one of the fragments a specific solution (solu-
tion S, 3x, fragment exon 11 m, Hot Fire Polymerase, Solis

BioDyne, Tartu, Estonia, and primers; Table S1) was used.
The PCR products were sequenced with a sequencing
mix (BigDyeTerm v1.1 CycleSeq kit, Applied Biosystems,
Courtabeeuf, France), analyzed on an automated 48-capil-
lary sequencer (ABI 3730 Genetic analyzer, Applied Bio-
systems), and the results interpreted by applying SeqScape
software (Applied Biosystems). We detected three addi-
tional cCSNB patients who carried compound heterozy-
gous disease-causing mutations (Table 1). The mutation
spectrum identified herein comprises missense, splice-
site, and nonsense mutations and deletions. None of these
changes were present in control chromosomes (>366
chromosomes). For patients whose family members could
be investigated, the mutations cosegregated with the
cCSNB phenotype, and the genotypes were indicative of
an autosomal-recessive mode of inheritance (Table 1 and
Figure S1A). Missense mutations were predicted to be path-
ogenic by PolyPhen and SIFT programs and were also
found to affect evolutionarily conserved amino acid resi-
dues (Figure S1B). On the basis of all of the above evidence,
we conclude that mutations in GPR179 lead to cCSNB.
Interestingly, we found four cCSNB patients with no muta-
tions in GRM6, TRPM1, NYX, or GPR179, indicating that
mutations in additional genes probably remain to be iden-
tified to explain these cases of cCSNB. In addition, a few
rare variants (Table S2) in GPR179 were identified in
patients screened by Sanger sequencing and were classified
as variants of unknown pathogenicity because only one
mutation was observed or they did not affect conserved
amino acid residues. The frequencies of GPR179 polymor-
phisms found in our patients are provided in Table S3.
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To date no information is available on the functional
characterization of GPR179. To predict the protein struc-
ture and the influence of the mutations identified herein,
we created homology models. The human GPR179
sequence (UniProtKB identifier Q6PRD1) was used as a
probe for similarity searches in the UniProtKB database
with the use of the BlastP program.'”'® In total, more
than 100 metazoan sequences (excluding fragments) that
were annotated or predicted as GPR179- or GPR158-like
were highlighted and aligned with a customized version
of the PipeAlign program.'®~2! GPR179 codes for a protein
with 2,367 amino acids that can be divided into four main
regions corresponding to a small signal peptide (positions
1-25), the N-terminal extracellular region (position 26-
381), the seven transmembrane (7TM)-spanning region
(position 382-628), and the intracellular C-terminal region
(position 629-2367) (Figure 1B). Sequence analysis pre-
dicted that the N-terminal extracellular region contains
a calcium-binding EGF-like domain (position 278-324),
whereas the C-terminal intracellular region is character-
ized by the presence of a short motif centered on the
sequence CPWE, which is repeated at least 22 times in
the GPR179-related proteins. GPR179 proteins are present
in all vertebrates and are closely related to GPR158 and
GPR158-like proteins. It is noteworthy that the major
differences between GPR179 and the closely related
GPR158 proteins rely on the absence of the calcium-
binding EGF-like domain at the N-terminal part and a
reduced number of CPWE motifs (up to three) in all
GPR158 homologs. Interestingly, three other molecules,
the regulator of G protein signaling 9 (RGS9 [MIM
604067]), the retinal rod rhodopsin-sensitive cGMP
3,5-cyclic phosphodiesterase subunit gamma (PDE6G
[MIM 180073]) and the retinal cone rhodopsin-sensitive
cGMP 3,5-cyclic phosphodiesterase subunit gamma
(PDE6H [MIM 601190]) share the same protein motif
CPWE. These molecules have been implicated in the inhi-
bition of the G protein or amplification of the signal in the
phototransduction cascade. Mutations in those genes lead
to different retinal disorders, including bradyopsia [MIM
608415],%> rod-cone dystrophy [MIM 613582],*® and
cone dystrophy [MIM 610024].%*

Based on their seven transmembrane domain regions,
both proteins (GPR179 and GPR158) belong to the gluta-
mate receptor or class C GPCR proteins. This class includes,
among others, metabotropic glutamate receptors (GRMs),
two y-aminobutyric acid B receptor (GABABR), the
calcium-sensing receptor (CASR), the sweet and umami
taste receptors and various orphan receptors.?® The dif-
ferent deletions and the early termination mutation in
GPR179 identified in our patients are located in exons 1
and 3 and are predicted to lead to nonsense-mediated
mRNA decay, which might result in the absence of a
protein product. Alternatively, if a protein is formed,
only the first extracellular part would be present but would
lack all transmembrane domains of GPR179, resulting in
truncated protein (Figure 1B). The missense alterations

(p-Asp126His, p.Gly455Asp, and p.His603Tyr) affect
evolutionarily conserved amino acid residues, which are
predicted to be part of the first extracellular domain,
within the third transmembrane domain, and in the last
extracellular domain (Figure 1B). Multiple alignment anal-
ysis of more than 100 metazoan GPR179-related sequences
shows strict conservation of the asparagine at position 126
(Asp126), the glycine at position 455 (Gly45S), and the
histidine at position 603 (His603) in vertebrate sequences.
PolyPhen and SIFT programs annotated the three amino
acid substitutions to be possibly pathogenic.?® These
programs use conservation among species and homologs
to predict the pathogenic character of a mutation. In addi-
tion, an inductive logic programming prediction web
server”” predicted p.Gly455Asp and p.His603Tyr to be
pathogenic. This program uses available 3D structures to
predict the influence of a mutation. To date, no model of
the 3D structure of the amino acid residues <300 is avail-
able, therefore the possible pathogenic effect of p.As-
p126His could not be predicted with this program. To
further gain insight into the deleterious effect of the
missense mutations, we generated 3D models of the seven
transmembrane (7TM)-spanning region of the human
wild-type GPR179 and of the two altered proteins
(p-Gly455Asp and p.His603Tyr) by homology modeling
with MODELER software (Figure 2).”° Two known 7TM
templates, the bovine taste receptor (PDB 1F88) and the
squid rhodopsine (PDB 2ZIY), were used to construct the
homology models. For each 3D model construction, ten
homology models were constructed, and the models with
the best normalized discrete optimized potential energy
(DOPE) score were selected.”® The homology 3D models
were visualized and analyzed by means of the SM2PH-
db,?® and figures were constructed with PyMOL software
(version 0.99). Multilevel characterization of the mutants
(physico-chemical changes and structural modifications
induced by the substitution, as well as functional and
structural features related to the mutated position) can be
visualized and analyzed by the MSV3d web server. Struc-
tural analysis of the 3D homology models based on the
squid RHO 3D model (2Z1Y) localized the His603 in the
external loop bridging the sixth and seventh transmem-
branes, whereas the Gly455 is localized within the third
transmembrane helix, which is part of a binding pock-
et-(Figures 1B and 2). Our homology model predicts that
the amino acid exchange p.Gly455Asp introduces a long
negatively charged side chain that might point toward
the cavity of the binding pocket. This suggests that the
phenotypic consequences observed for this mutation
might be related to some steric constraints hampering
the normal functioning of the receptor. The steric
constraints in respect to the p.His603Tyr mutation are
less obvious. However, strong conservation across species
and homologs are indicative of an important role for the
histidine at position 603. Although, for the moment, the
3D structure of the amino acid residues <300 of GPR179
is not available, we know from other receptors that the N
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terminus of such proteins is important for ligand binding,
and thus the p.Asp126His mutation might be associated
with loss of this binding. On the other hand, the amino
acids that are mutated in our patients also might be impor-
tant for structural properties of the protein in the endo-
plasmic reticulum. Thus a misfolded protein is likely to
be excluded from the strictly regulated transport to the
membrane. Similar findings were observed for mutations
in GRM6, identified in cCSNB patients. Mutated metabo-
tropic glutamate receptor 6 could not reach the membrane,
leading to cCSNB.?’ Further functional analysis of the
mutant variants is needed to determine whether these
mutations lead to downregulation of the GPR179 tran-
script, trafficking problems, abolishment of ligand
binding, or interactions with other proteins involved in
signal transmission from photoreceptors to the adjacent
bipolar cells.

Figure 2. 3D Model of the Transmem-
brane Region of GPR179

(A) 3D homology model based on the 3D
model of the wild-type squid rhodopsin
(2Z1Y). Wild-type Gly455 and His603
residues are indicated in green and the
mutated Asp455 and Tyr603 in orange.
(B) Superimposition of 3D models of
the wild-type residues and the Gly455Asp
alteration (aspartate in orange).

As mentioned above, little is
known about the structure and func-
tion of GPR179. However, an EST
profile is available (Unigene database)
and shows a restricted pattern of
expression in the human eye, heart,
and brain. Furthermore, transcrip-
tomic data of whole retina from rd1
mice revealed increased expression of GPR179 compared
to the expression in wild-type mice starting from postnatal
day 12 (Figure 3). The rd1 mouse, carrying Pde6b muta-
tions, is a naturally occurring model with progressive rod
photoreceptor degeneration, leading to a complete loss of
all rods by post natal day 36, and preserved inner
retina.>® This would suggest that GPR179 is expressed in
the inner nuclear layer of the retina. Interestingly, Nyx,
another gene with mutations leading to cCSNB, shows
a similar expression profile in the rd1 mouse (Figure 3).

Real-time PCR experiments with two different primer
sets (Table S4) confirmed the expression of GPR179 in
human retina (commercially available cDNA from Clon-
tech, Saint-Germain-en-Laye, France), giving a signal of
ACt = 13.46 (Crgpri79 = 30.03) in relation to beta-actin
(ACTB [MIM 102630]) (Cr acts = 16.57) (primers Table
S4). Sanger sequencing of the amplified RT-PCR products

Gprl79 NYX
" @ wild-type @ wild-type
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Figure 3.

Indirect Expression Analysis of Gpr179 in rd1 and Wild-Type Mice

Expression of Gpr179 (1459268_at) compared to the expression of Nyx (1446344 _at, a known molecule expressed in the inner nuclear
layer, also implicated in cCSNB) during rod degeneration in the rd1 mouse. Neural retinas from rd1 and wild-type mice on identical
genetic backgrounds*” were hybridized to the mouse genome 430 2.0 array (Affymetrix, High Wycombe, UK). The expression profiles
are similar from postnatal day (PND) 5 to PND12. Thereafter, the expression of Gpr179, as well as Nyx, increases in the rd1 retina. This
phenomenon correlates temporally with the loss of rod photoreceptor cells and is likely due to the unaffected inner retinal cells in the

rd1 specimen at this age.
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Figure 4. Gpr179 Immunohistochemistry on Retinal Sections of
Wild-Type Mice

GPR179 signal (green) in the OPL and ILM double labeled with
other retinal markers (red) were detected in wild-type mice by
confocal microscopy. The scale bar represents 20 pm. The
following abbreviations are used: ONL, outer nuclear layer; OPL,
outer plexiform layer; INL, inner nuclear layer; GCL, ganglion
cell layer; and ILM, inner limiting membrane. Gpr179 did not co-
localize with the presynaptic marker Basoon (A), the ON-bipolar
cell markers Goa (B) and PKCa (C), or with the ganglion cell
labeled with calretinin (D). Some cells in the upper part of INL
were surrounded by specific Gprl79 staining (arrow in A). The
shape and the localization might indicate that these cells represent
horizontal cells. Bipolar cell dendrites, stained with PKCa seem to
surround Gprl79 (arrow in C). Calretinin antibody labeled specif-
ically the ganglion cells, and their dendrites did not colocalize
with Gpr179 (arrow in D). Instead, it seems that Gpr179 is highly
concentrated in Miiller cell endfeet (D); similar results have been
previously shown for a potassium channel Kir4.1.3!

from retinas confirmed the presence of the GPR179 tran-
script. Using the same conditions, we could not detect
the transcript in lymphocytes or HEK293 cells.

We investigated the localization of the Gprl79 protein
in adult mouse retina by immunostaining coronal eye
cryosections with a rabbit polyclonal antibody directed
against GPR179 (Sigma-Aldrich, Saint-Quentin Fallavier,
France). Bound primary antibody was detected with
a secondary antibody (Alexa Fluor 488-conjugated,
Invitrogen, Courtaboeuf, France), and the nuclei were
counterstained (4’,6-diamidino-2-phenylindole [DAPI],
Euromedex, Souffelweyersheim, France). Immunofluores-
cence was analyzed with a confocal microscope (FV1000
fluorescent, Olympus, Hamburg, Germany). Gprl79
expression could be detected in the outer plexiform
layer (OPL) and in the inner limiting membrane (ILM),
in close proximity to the ganglion cells (Figure 4, green).
Colocalization studies with a mouse anti-Bassoon (Enzo
Lifescienes, Lyon, France), a specific marker for ribbon

synapse, excluded a close vicinity between Gprl79 and
presynaptic terminals (Figure 4A). Furthermore, immuno-
staining with mouse antibodies against Goa (Millipore,
Molsheim, France) and PKCa (Sigma-Aldrich), two specific
ON-bipolar markers, demonstrated the absence of colocal-
ization of Gprl79 with these proteins (Figures 4B and 4C).
Instead, Gprl79 appears to be localized in a distinct
compartment within bipolar cells or in other cells, such as
horizontal cells (indicated by the arrow in Figure 4A). Inter-
estingly, bipolar cell dendrites, stained with PKCea, seem to
surround Gprl79 (indicated by the arrow in Figure 4C).
Alternatively, the Gpr179 OPL staining could also be local-
ized within Miiller cell processes present within thislayer. In
addition, a mouse antibody against calretinin (Millipore),
a specific marker for ganglion cells and their dendrites,
was used and did not show colocalization with Gpr179 im-
munostaining (Figure 4D, an example of a ganglion cell
dendrite is marked with an arrow). Instead, Gprl79 was
highly expressed in Miiller cell endfeet at the level of the
ILM; similar results had previously been shown for the
potassium channel Kir4 .1 macromolecular complex.?'~3?
Therefore, immunolocalization of Gprl79 suggests its
localization in the OPL either in bipolar cells in a cellular
compartment distinct from the synaptic membrane and
cell body, and/or in horizontal cells, and/or in Miiller cell
processes as well as within the Miiller cell endfeet.

The OPL localization of Gpr179 and the same associated
ON-bipolar dysfunction phenotype as for Grmé6, Nyx, or
Trpm1 alterations®*~3® would suggest that GPR179 is part
of the same transduction pathway and could directly
interact with any of these proteins. However, immunoloc-
alization studies are not in keeping with this hypothesis.
Instead, immunostaining suggests Miiller cell localization
and could place the Gprl79 functional role within these
cells, possibly through the Kir4.1 macromolecular com-
plex. This complex was shown to involve at least the potas-
sium channel Kir4.1, the water channel aquaporin-4
(AQP4), and the dystrophin isoform Dp71. Interestingly,
although Kir4.1 and Aqp4 knockout mice do not show
Schubert- Bornschein ERG abnormalities,>*° a subset of
dystrophin mutations, responsible for Duchenne muscular
dystrophy (DMD [MIM 310200]) are associated with such
ERG abnormalities.*!~** Therefore, one hypothesis would
be that Gprl79 is part of the Kir4.1 macromolecular
complex. Gprl79 might directly interact with dystrophin
isoforms, and its dysfunction would lead to cCSNB in
a similar mechanism as in DMD. In order to reconcile
the Grm6/Nyx/Trpm1-signaling pathway within bipolar
cells and Gpr179 within Muller cells, one might hypothe-
size that Gpr179 could be involved in an as-yet unknown
interaction between ON-bipolar cells and Miiller cells
that would be essential for ON-bipolar cell depolarization
resulting in b-wave formation. On the other hand, our
immunostaining studies could also suggest specific locali-
zation of Gprl79 within horizontal cells. Therefore,
another hypothesis could be that ON-bipolar cells directly
interact with horizontal cells. Lack of this interaction due
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Figure 5. Genes Underlying CSNB

Different forms of CSNB in human are classified according to their electroretinographic feature, mode of inheritance, clinical phenotype,
and mutated genes. Patients discussed herein show a complete Schubert-Bornschein type of ERG. The following abbreviations are used:
cCSNB, complete CSNB; icCSNB, incomplete CSNB; ar, autosomal recessive; ad, autosomal dominant. Genes are indicated in italics and
underlined. Chromosomal location is given between brackets. The phenotype of patients with mutations in icCSNB is more variable and

can even lead to progressive cone or cone-rod dystrophy.!

to Gprl79 dysfunction could lead to the reduced b-wave
observed in patients with cCSNB.

Including the current study, mutations in four genes
(NYX, GRM6, TRPM1, and GPR179) have been implicated
in cCSNB (Figure 5).%7/10-134546 These genes code for
nyctalopin, metabotropic glutamate receptor 6, transient
receptor potential cation melastatin 1 channel, and G pro-
tein-coupled receptor 179, respectively. All but GPR179
localize postsynaptically to the photoreceptors in the
retina in ON-bipolar cells.®® Further functional studies
will eventually clarify the exact role of this novel protein
within the ON-bipolar cells pathway, which will also
improve our understanding of the overall visual signal
transduction through the retina.

Supplemental Data

Supplemental Data include two figures and four tables and can be
found with this article online at http://www.cell.com/AJHG/.
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2. Further insights into GPR179: expression, localization, and
associated pathogenic mechanisms leading to complete congenital

stationary night blindness

In this work, we wanted to know where GPR179 was expressed and describe the protein
localization. We performed RNA in situ hybridization on mouse retinas, which revealed
Gprl79 expression in the upper part of the INL, presumably in the somata of bipolar cells.
Immunohistochemistry on human retinal sections revealed GPR179 localization at dendritic
tips of bipolar cells in the OPL, which was in agreement with the results obtained in mouse
(245, 246) and with localization of other proteins implicated in cCSNB. Furthermore, to better
understand the pathophysiology of the previously identified missense mutations (245, 247),
we performed in vitro studies using mammalian cells overexpressing wild-type and mutated
GPR179 protein. Live-cell extracellular staining with subsequent intracellular
immulocalization and ELISA studies revealed that the missense mutations p.Tyr220Cys,
p.Gly455Asp, and p.His603Tyr led to severely reduced cell surface localization, whereas
p.Aspl26His did not. We also investigated the pathophysiology of ¢.1784+1G>A splice site
mutation. RT-gPCR studies on wild-type and ¢.1784+1G>A splice site-mutated mini-gene
constructs transfected cells showed that GPR179 splicing was altered. We concluded that for
most of the missense mutations identified so far, mislocalization at the plasma membrane and
for the p.Aspl26His mutation that extracellular interaction dysfunction seem to be the
underlying pathogenic mechanisms leading to this form of cCSNB. The splice site mutation

leads to altered transcript, which may lead to a truncated protein or mRNA decay.
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Purpose. Mutations in GPR179, which encodes the G protein-coupled receptor 179, lead to
autosomal recessive complete (c) congenital stationary night blindness (CSNB), which is
characterized by an ON-bipolar retinal cell dysfunction. This study further defined the exact
site of Gpri179 expression and its protein localization in human retina and elucidated the
pathogenic mechanism of the reported missense and splice site mutations.

MEerHODS. RNA in situ hybridization was performed with mouse retinal sections. A
commercially available antibody was validated with GPR179-overexpressing COS-1 cells and
applied to human retinal sections. Live-cell extracellular staining along with subsequent
intracellular immunolocalization and ELISA studies were performed using mammalian cells
overexpressing wild-type or missense mutated GPR179. Wild-type and splice site-mutated
mini-gene constructs were transiently transfected, and RNA was extracted. RT-PCR-amplified
products were cloned, and Sanger sequenced.

ResuLts. Mouse Gpri179 transcript was expressed in the upper part of the inner nuclear layer,
and the respective human protein localized at the dendritic tips of bipolar cells in human
retina. The missense mutations p.Tyr220Cys, p.Gly455Asp, and p.His603Tyr led to severely
reduced cell surface localization, whereas p.Asp126His did not. The mutated splice donor site
altered GPR179 splicing.

Concrusions. Our findings indicate that the site of expression and protein localization of
human and mouse GPR179 is similar to that of other proteins implicated in cCSNB. For most
of the mutations identified so far, loss of the GPR179 protein function seems to be the
underlying pathogenic mechanism leading to this form of cCSNB.

Keywords: GPR179, expression and localization, cCSNB, pathogenicity, trafficking defect,
mini-gene approach

Congenital stationary night blindness (CSNB) is a clinically
and genetically heterogeneous disorder, which is charac-
terized by impaired night vision and is often associated with
other ocular problems such as decreased visual acuity,
nystagmus, high myopia, and strabismus.! Clinically, this
disorder can be classified according to two forms distinguished
by particular full-field electroretinogram (ERG) abnormalities.?
Patients with Riggs-type ERG responses reveal a reduced a- and
b-wave, whereas patients with the Schubert-Bornschein-type of
ERG are characterized by an electronegative scotopic ERG
response in which the a-wave is larger than the b-wave.>* The

Copyright 2013 The Association for Research in Vision and Ophthalmology, Inc.
www.iovs.org | ISSN: 1552-5783

latter type can be further divided into the incomplete (ic) and
complete (¢) forms. In the former form, the patient shows
reduced scotopic b-wave and severely reduced 30-Hz flicker
and single-flash photopic ERG responses; in the latter form, the
patient shows severely reduced scotopic b-wave and square-
shaped a-wave photopic ERG responses with relatively
preserved amplitude.> Mutations in genes involved in the
phototransduction cascade that cause autosomal dominant (ad)
CSNB (RHO, GNAT1, PDEGB)®'° and one gene that causes
autosomal recessive (ar) CSNB (SLC24A D! have been report-
ed to lead to Riggs-type CSNB. However, most cases of CSNB
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reported so far have a Schubert-Bornschein-type phenotype
and are associated with mutations in the genes causing icCSNB
(CACNAIE CABP4, and CACNA2D4)'?*'5> and cCSNB (NYX,
GRMG, TRPM1, GPR179, and LRIT3).'°25 Genes involved in
cCSNB are expressed in the upper part of the inner nuclear
layer (INL) of the retina?®-28 and encode proteins localized at
the dendritic tips of ON-bipolar cells.222425:29-35 A[l proteins
are implicated in signaling from photoreceptors to bipolar
cells. GRMG6 encodes the metabotropic glutamate receptor
mGIuR6 (also called GRM6), which is important for glutamate-
induced signaling from the photoreceptors. During darkness,
glutamate binding leads to the activation of Goo, the o subunit
of the G protein of mGIuR63® and, at the end of the cascade, to
the closure of a non-selective ion channel, TRPM1.26:37:38
RGS7/GB5 and RGS11/GPB5 complexes are GTPase accelerating
proteins (GAP) in the same cascade and are important for the
deactivation of G00.3*4° In daylight, the TRPMI1 channel
opens, resulting in depolarization of the ON-bipolar cells and
formation of the ERG b-wave, which is absent in patients with
CCSNB.#! Specific intracellular motifs present in LRIT3 and in
vitro and in vivo studies of NYX and TRPM1 suggest that LRIT3
and NYX are important for the correct localization of TRPM1 at
the dendritic tips of ON-bipolar cells.?>33 GPR179, which
encodes the orphan G protein-coupled receptor 179, has only
recently been identified as mutated in patients with
cCSNB.?3-24 Previous immunolabeling in mice showed that
GPR179 is localized at the dendritic tips of bipolar cells?43>
and is essential for postsynaptic targeting of the G protein-
deactivating RGS-GB5 complex (mentioned above) to the
dendritic tips of ON-bipolar cells.>> Although we recently
showed by RT-PCR experiments that GPR179 is expressed in
human retina,?® the exact expression site and localization and
the relevant pathogenic mechanism still need to be elucidated.
In the current study, we aimed to define the exact expression
site and protein localization of mouse and human GPR179 and
to elucidate its underlying pathogenic mechanism(s) implicat-
ed in cCSNB.

MATERIALS AND METHODS

Preparation of Mouse and Human Retinas for RNA
In Situ Hybridization and Protein Localization
Studies

Six-week-old C57BL/GJRj (Janvier, Genest Saint Isle, France)
female mice were anesthetized with a mixture of 140 mg/kg
xylazine (Bayer, Leverkusen, Germany)/14 mg/kg ketamine
(Virbac, Carros, France) saline solution and were perfused
transcardiacally with 4% paraformaldehyde (PFA) in 0.12 M
phosphate buffer, pH 7.4. Eyes were collected and postfixed
for 1 hour in 4% PFA before being dehydrated in 30% sucrose
phosphate-buffered saline (PBS) solution. Thereafter, eyes were
embedded in 7% gelatin/10% sucrose PBS and frozen in —40°C
isopentane. Subsequently, 20-um retinal sections were made
with a cryostat (model HM560, Microm; Thermo Fisher,
Walldorf, Germany). Animal handling was performed in
accordance with the ARVO Statement for the Use of Animals
in Ophthalmic and Vision Research and was approved by the
local institutional review board. Human donor eyes without
known history of retinal diseases were collected through the
Minnesota Lions Eye bank after due consent in accordance
with the Declaration of Helsinki. The posterior segment was
dissected, postfixed, dehydrated, embedded, and sectioned as
described above for the mouse retinas.

RNA In Situ Hybridization Studies

A cDNA fragment encompassing exon 7 to 9 of mouse Gpr179
was cloned into a pBluescript II SK vector using a commercial

IOVS | December 2013 | Vol. 54 | No. 13 | 8042

cloning service (GeneCust, Dudelange, Luxembourg). The
plasmid was linearized using the restriction enzymes Sacl and
Kpnl. Antisense and sense RNA in situ hybridization probes
were synthesized using T7 and T3 RNA polymerase (Roche
Diagnostics, Basel, Switzerland), respectively, and labeled with
digoxigenin-UTP (Roche Diagnostics). Mouse retinal sections
were postfixed in 4% PFA for 10 minutes, washed with PBS,
and treated with proteinase K (10 ng/mL; Invitrogen, Carlsbad,
Czech Republic) for 2 minutes. Following a wash with PBS, the
sections were postfixed in 4% PFA, washed in PBS, and then
acetylated in an acetylation buffer of 1.3% triethanolamine
(Sigma-Aldrich, St. Quentin Fallavier, France), 0.25% acetic
anhydride (Sigma-Aldrich), and 0.06% hydrochloric acid
solution. The sections were washed in 1% Triton X-100 PBS
solution and blocked for 2 hours in hybridization buffer
containing 50% formamide, 5X SSC (saline sodium citrate [1X
SSC is 0.15 M NaCl plus 0.015 M sodium citrate]), 1X blocking
solution (Denhardt’s solution; Sigma-Aldrich), 250 pg/mL yeast
tRNA (Roche Diagnostics), and 240 pg/mL salmon sperm
(Roche Diagnostics), pH 7.4. The sections were hybridized
with digoxigenin-labeled probes overnight at 72°C, after which
they were rinsed for 2 hours in 0.2X SSC at 72°C and blocked
for 1 hour at room temperature in 0.1 M Tris, 0.15 M NaCl (B1),
10% normal goat serum (NGS; Vectorshield, Burlingame, CA),
pH 7.5. After blocking, slides were incubated overnight at
room temperature with anti-digoxigenin antibody conjugated
with alkaline phosphatase (1:5000 dilution; Roche Diagnostics)
in B1 containing 1% NGS. After additional washes, the alkaline
phosphatase activity was detected using nitro blue tetrazolium
chloride (337.5 pg/ml; Roche Diagnostics) and 5-bromo-4-
chloro-3-indolyl phosphate (175 pg/ml; Roche Diagnostics).
Eight hours later, sections were mounted (Mowiol; Calbio-
chem/Merck, Carlstadt, NJ). Slides were scanned with a
Nanozoomer 2.0 high throughput (HT) equipped with a 3-
charge-coupled device time delay integration (TDI) camera
(Hamamatsu Photonics, Hamamatsu, Japan).

Protein Immunolocalization in Human Retina

Retinal sections were incubated overnight with primary rabbit
anti-GPR179 (product code, HPA017885-100UL; Sigma-Al-
drich), mouse anti-Goo (Merck-Millipore, Billerica, MA), mouse
PKCoa (Sigma-Aldrich), mouse calbindin (Swant, Marly, Switzer-
land), and mouse C-terminal-binding protein 2 (CtBP2; BD
Transduction Laboratories, San Jose, CA) antibodies at dilutions
of 1:400, 1:400, 1:200, 1:500, and 1:10,000. Prior to GPR179/
Goo antibody staining, retinal sections were postfixed for 5
minutes in methanol at —20°C. Thereafter, sections were
washed 3 times for 5 min each in 1X PBS and then incubated
with donkey anti-rabbit Alexa Fluor 488 (Jackson Immuno-
Research Laboratories, Baltimore, MD) and donkey anti-mouse
Cy3 (Jackson Immunoresearch Laboratories) secondary anti-
bodies and 4’,6-diamidino-2-phenylindole (DAPI; Euromedex,
Souffelweyersheim, France) at a dilution 1:1000 each for 1
hour at room temperature. Negative controls were performed
with only the use of secondary antibodies. Sections were
washed 3 times for 5 min in PBS and mounted with coverslips
(Mowiol preparation; Calbiochem/Merck). Confocal fluores-
cence microscopy images were taken (model FV1000; Olym-
pus, Hamburg, Germany).

Expression Constructs

The DNA coding sequence and BamHI and Notl linkers of the
wild-type and mutated human GPR179 genes were synthesized
in an optimized way and cloned in an expression vector
(pcDNA3; Invitrogen, Courtaboeuf, France) by a company
(GeneCust). To validate the commercially available human anti-
GPR179 antibody (product code HPA017885-100UL; Sigma-
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Ficure 1. GPRI179 is expressed in the somata of the upper part of the
INL in mouse retina. Hybridization was performed with antisense (A)
and sense (B) Gpr179 (exons 9-11) riboprobes (signal in purple). ONL,
outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear
layer; IPL, inner plexiform layer; GCL, ganglion cell layer.

Aldrich), we inserted in frame a flag-tag between the predicted
signal sequence (after amino acid 26) and the main sequence.
The sequences of the respective plasmids were verified by the
company and in our laboratory by Sanger sequencing using
standard conditions with an automated 48-capillary sequencer
(BigDye Terminator version 1.1 cycle sequencing kit, model
3730 genetic analyzer; Applied Biosystems, Courtaboeuf,
France) with specific primers designed against the wild-type
and optimized synthetic GPR179 sequence (see Supplementa-
ry Table S1) and vector oligonucleotides (T7, SP6, and BGH
oligonucleotides).

Cell Culture, Transfection, and
Immunofluorescence

Transient transfection studies were performed in COS-1 cells.
In 24-well plates, 130,000 cells per well were seeded over
coated coverslips and transfected after 6 hours with 10 pg of
human wild-type and mutated GPR179 plasmids, applying the
calcium phosphate method.#? To validate in vitro the human
anti-GPR179 antibody mentioned above, cells were permeabil-
ized after 36 hours of transfection and stained for intracellular
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GPR179 protein with the human anti-GPR179 antibody and
mouse anti flag-tag antibody (product code M2 F3165; Sigma-
Aldrich) in the same experiment and visualized with anti-
mouse Alexa Fluor 488 (Jackson Immunoresearch Laborato-
ries) and donkey anti-rabbit Cy3 (Jackson Immunoresearch
Laboratories) antibodies, respectively, at a dilution of 1:1000
each. To investigate the localization of wild-type and mutated
GPR179 proteins, extracellular live cell staining and subse-
quent intracellular staining were performed as previously
described.*3 Stained cells were analyzed with confocal
fluorescence microscopy (model FV1000; Olympus). Using
standard protein extraction methods, we were not able to
obtain a clear signal with this GPR179 antibody by using
Western blot analysis (data not shown).

Transfection of HEK293 Cells, ELISA for
Quantification of Cell Surface Receptor Expression

HEK293 cells were cultured in modified Eagle medium
supplemented with 10% fetal calf serum (FCS) and transfected
by electroporation as previously described.** Ten million cells
were transfected with 5 pg of plasmid DNA encoding wild-type
or mutated GPR179 or wild-type GPR158 used as a specificity
control. Control cells were transfected with the empty vector.
Briefly, cells were cultured at 30°C for 24 hours; fixed with 4%
paraformaldehyde; and when needed, incubated for 3 minutes
with 0.05% Triton X-100; and then blocked with blocking
buffer (1% FCS in PBS). Rabbit polyclonal anti-GPR179
antibody (product code HPA017885; Sigma-Aldrich) was
applied for 30 minutes at 0.5 mg/L. After cells were washed
with blocking buffer, the horseradish peroxidase-conjugated
donkey anti-rabbit (product code NA934V, 1:1500 dilution; GE-
Healthcare, Little Chalfont, UK) secondary antibody was
applied for 30 minutes, and cells were washed with blocking
buffer and then PBS. Chemiluminescence was detected using
SuperSignal substrate (Pierce, Rockford, IL) and an Infinite
F500 reader (Tecan, Minnedorf, Switzerland). Data were
collected using Tecan i-control software (Tecan).

Mini-Gene Approach

Patient genomic DNA containing the heterozygous ¢.1784+1G>A
mutation was amplified between intron 6 and intron 9 with
GPR179 oligonucleotides used for the initial mutation screening
(GPR179_EX7F and GPR179_EX9R)?»> with a DNA polymerase
(HOT FIREPol; Solys Biodine, Tartu, Estonia). The amplicon was
subcloned in a vector (pCRIFTOPO vector; Invitrogen). Subse-
quent Sanger sequencing using standard M13 oligonucleotides
was performed to verify the presence of the wild-type and splice
site mutation in the obtained constructs. The inserts of the
sequence-validated constructs were cloned into a vector
(pBudCE4.1 vector; Invitrogen) using the Hindlll and Xbal
restriction sites. Transient transfection studies were performed in
COS-1 cells in 6-well plates, and total RNA was extracted using a
kit (RNeasy minikit; Qiagen, Hilden, Germany). Reverse tran-
scription was performed using a reverse transcriptase (Super-
scriptl]; Invitrogen). To analyze the in vitro splicing products, PCR
was performed using oligonucleotides present in exons 7 and 9 of
GPR179 (RT_GPR179_EX7F 5'GTGCTGCAGCIGTTTCIGTC3’
and RT_GPR179_EX9R 5 AAGAGGAGGAGGGTCCAGTC3"). Five
microliters of the RT-PCR products was investigated by electro-
phoresis on a 2% agarose gel; 1 pL was cloned in a vector (pCRII-
TOPO; Invitrogen), and 16 clones per condition were picked and
Sanger sequenced using standard M13 oligonucleotides. To
normalize GPR179 RT-PCR values, a beta-actin PCR (using the
primers ACTNBGPCR Ex4F CGCCAACACAGTGCIGTCTG and
ACTNB_qPCR_Ex5R GGAGTACTTGCGCTCAGGAG) was per-
formed on the obtained cDNA and was investigated as mentioned
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overlay

Commercial antibody raised against human GPR179 effectively detects human GPR179 in overexpressing COS-1 cells. Nuclei were

stained with DAPI (blue) (A). The protein was detected by an anti-flag-tag antibody (green) (B) and an anti-GPR179 antibody (red) (C). (D) An

overlay of the staining is shown. Scale bars: 20 pm.

above for the GPR179 mini-gene RT-PCR. All PCR experiments
were performed 5 times. Negative controls without DNA were
included. Assessments of GPR179 mRNA and ACTB (beta-actin)
mRNA levels were performed using a semiquantitative analysis
(ChemiDoc XRS and Quantity One version 4.4.0 software; Bio-
Rad, Hercules, CA). Domain prediction was performed by
applying the Uniprot algorithm (http://www.uniprot.org).

Statistical Analyses

Statistical analyses were performed using SPSS software
(version 19.0; SPSS, Inc., Chicago, IL). An assessment of
normality was performed prior to applying the required
statistical tests. The threshold for statistical significance was
set at a P value of <0.05. To study the influence of the
p.Asp126His, p.Tyr220Cys, p.Gly455Asp, and p.His603Tyr
mutations on GPR179 chemiluminescence levels, mean com-
parisons between groups were analyzed by paired sample #-
tests. The background noise was removed by subtracting its
chemiluminescence value (plasmid pcDNA3) from the total
chemiluminescence of other plasmids. Subsequently, all
chemiluminescence values were proportionally transformed
into percentages by fixing the permeabilized values to 100%.
To study the influence of the c¢.1784+1G>A mutation on

GPR179 mRNA levels, mean comparisons between groups
(wild-type and mutant) were analyzed by paired sample #-tests.

RESULTS

Expression and Immunolocalization of Mouse and
Human GPR179 in the Retina

RNA in situ hybridization studies performed on mouse retina
with a riboprobe against mouse Gpr179 revealed expression in
the somata of the upper part of the INL (Fig. 1A). No staining
was observed using the respective sense riboprobe (Fig. 1B).
To confirm that the antibody raised against the human GPR179
effectively detected it, we overexpressed a wild-type flag-
tagged GPR179 plasmid in COS-1 cells and detected the protein
with the anti-flag as well as with the anti-GPR179 antibody;,
indicating that this antibody indeed recognizes the human
GPR179 protein in immunolocalization studies (Fig. 2). This
antibody was then applied to a human retinal section, which
revealed a clear staining in the outer plexiform layer (OPL) (Fig.
3A), more specifically in the dendritic tips of ON-bipolar cells
costained for the specific markers of ON-bipolar cells: Goo
(Fig. 3B) and PKCa (Fig. 3C).%>4¢ Specific labeling of the
presynaptic compartments of the ribbon synapses with CtBP2
excluded presynaptic localization of GPR179 (Fig. 3D).
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Figure 3. GPR179 is localized in the dendritic tips of ON-bipolar cells in whole human retina (A) and at X4 magnifications (B-D). Retinal sections
were double-labeled with GPR179 (green) and markers of distinct synapse compartments (red): (A, B) with Goo (ON-bipolar cells), (C) with PKCa
(ON-bipolar cells), and (D) with CtBP2 (presynaptic compartment of ribbon synapse). Nuclei were stained with DAPI (blue). Scale bars: 20 pm.

PHR, photoreceptor layer.

Because of the specific expression of Gpri79 in ON-bipolar
cells (shown by our RNA in situ hybridization studies) and a
background signal detected using only secondary antibody in
the rod photoreceptors (negative controls in the Supplemen-
tary Data), we considered that the additional antibody staining
found in the photoreceptor cell layer and Miiller cells (Fig. 3A)
represented non-specific staining. Similarly, in a study by
Klooster et al.“7 published during the review process of our
manuscript, a specific punctuate staining pattern in the OPL
using the same GPR179 antibody and some unspecific labeling
in other retina layers was detected, thus confirming our results.

Extra- and Intracellular Localization of Wild-Type
and Mutated GPR179 Variants

To further investigate the impact of missense mutations leading
to cCSNB, the extra- and intracellular immunolocalization of
GPR179 in COS-1 cells overexpressing the wild-type and four
mutated variants (p.Asp126His, p.Tyr220Cys, p.Gly455Asp,
and p.His603Tyr) were investigated. Using live-cell staining, we
showed that the GPR179 protein localizes at the surface of the
cell and in intracellular compartments, presumably in the
endoplasmic reticulum and Golgi apparatus as expected for G
protein-coupled receptors (Fig. 4A). This was also true for the
p-Asp126His variant. However, the p.Tyr220Cys, p.Gly455Asp,
and p.His603Tyr mutations abolished GPR179 surface staining,
and these mutant proteins were seen only in intracellular

compartments (Fig. 4A). To validate this outcome with an
independent method, we performed ELISA using the anti-
GPR179 antibody to detect either the wild-type or the mutated
GPR179 receptor transiently expressed in HEK293 cells. Again,
while the p.Asp126His mutation was present at the cell surface
at levels similar to those of the wild-type GPR179, levels of the
other variants (p.Tyr220Cys, p.Gly455Asp, and p.His603Tyr)
were severely reduced on the cell surface (P = 0.002 for
p.Tyr220Cys and p.His603Tyr mutation and 0.0007 for the
p-Gly455Asp mutation) (Fig. 4B).

Effect of Splice Site GPR179 Mutation

To investigate the effect of the GPR179 splice site mutation
c.1784+1G>A, we performed a mini-gene approach with wild-
type (mini-wt) and mutant (mini-mut) exon 7 to exon 9 regions
of GPR179 amplified from the patient and wild-type genomic
DNA, cloned in an expression vector, and tested their
transcripts in COS-1 cells (Fig. 5A). RT-PCR analysis of the
mini-wt transcript showed two bands: one of 286 base pairs
(bp) and one of the expected size of 426 bp. In contrast, RT-
PCR analysis of the mini-mut revealed one band of 286 bp but
also another of 488 bp with the 426-bp band missing.
Sequencing confirmed that the 426-bp band contained
correctly spliced exons 7, 8, and 9 of GPR179. The band at
286 bp corresponds to a hitherto unknown alternatively
spliced GPR179 transcript lacking exon 8, whereas the 488-
bp product contains exon 7 and 8 and part of intron 8 and
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FiGure 4. p.Tyr220Cys, p.Gly455Asp, and p.His603Tyr mutations affect cellular localization of GPR179. (A) Immunolocalization assay results are
shown. Extracellular (green, column I) and intracellular (red, column 2) staining were performed with COS-1 cells expressing wild-type GPR179
(row 1) and p.Asp126His (row 2), p.Tyr220Cys (row 3), p.Gly455Asp (row 4), and p.His603Tyr (row 5) mutated GPR179. An overlay of the these
stains and DAPI-stained nuclei are presented in column 3. Scale bar: 20 um. (B) ELISA results are shown. The wild-type GPR179 (row 1) and
p-Asp126His (row 2), p.Tyr220Cys (row 3), p.Gly455Asp (row 4), and p.His603Tyr (row5) mutated GPR179 receptors were transiently expressed in
HEK293 cells. Their presence at the cell surface was detected by ELISA (green columns), the total expression being detected after permeabilization
of the cell with Triton X-100 (red columns) (n = 3; **P = 0.002, **P = 0.0007, respectively).
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Fiure 5. The GPR179 carrying the ¢.1784+1G>A mutation interferes with splicing. (A) Schematic shows mini-genes used to analyze GPR179
(NM_001004334.2) splicing. We compared splicing of GPR179 control (mini-wt) and mutated (mini-mut) alleles with amplicons spanning genomic
(g) regions of intron 6 to intron 9. The horizontal arrows show binding sites of GPR179_EX7F and GPR179_EX9R oligonucleotides used for patient
gDNA PCR and the RT_GPR179_EX7F and RT_GPR179_EX9R primers used for RT-PCR analysis of mini-gene transcripts. The mutation
¢.1784+1G>A and the alternative ¢.1784+63 splice site are marked by vertical arrows. (B) Representative RT-PCR analyses of transfected COS-1
cells revealed two major transcripts (286 bp and 426 bp) for wild-type (wt) and mutated (mut) constructs (286 bp and 488 bp), respectively. (C)
Schematic shows different splice transcripts identified by sequencing. The mini-wt 426-bp transcript includes complete exons 7, 8, and 9, whereas
the mini-wt 286-bp isoform skips exon 8. The mini-mut 286-bp transcript is the same as the mini-wt 286-bp isoform, and the mini-mut 488-bp
isoform includes exons 7 and 8 and a part of intron 8 and exon 9. (D) Semiquantitative RT-PCR showed a significant increase in skipped exon 8 PCR
product in the mini-mut compared to those in mini-wt (7 = 5; **P = 0.005).

exon 9. This supplementary part of intron 8 is presumably due
to a cryptic splice donor site localized at ¢.1784+63 (Figs. 5B,
5C). The difference of a 286-bp transcript between cells
transfected with mini-wt and mini-mut has been observed in 5
independent PCR experiments. Five independent actin PCRs
were performed with the obtained cDNA to normalize the
GPR179 mini-gene values. The 286-bp product was 1.5-fold
more highly expressed in mini-mut than in mini-wt cells (P =
0.005) (Fig. 5D).

DISCUSSION

The present study reports the expression and localization
pattern of GPR179 in mouse and human retina, using RNA in

situ hybridization and immunohistochemistry. Furthermore, it
describes the impact of the previously reported missense
mutations (p.Tyr220Cys, p.Gly455Asp, and p.His603Tyr) by
immunocytochemistry and ELISA and of a known splice site
mutation (c.1784+1G>A), using a mini-gene approach.

In the current study, we observed Gpri79 transcript
expression in the somata of the upper part of the INL in
mouse retina, which resembles the expression of other genes
implicated in cCSNB such as GRM6, NYX, and TRPM1 in rat,?’
chicken,*® zebrafish,* mouse,2°32 or human.3* Although
mouse GPR179 protein localization was confined to the
dendritic tips of the bipolar cells,?* the exact localization of
GPR179 protein in human retina has never been investigated.
This question was addressed by using a commercially available
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anti-human GPR179 antibody, which was tested for its
specificity by immunolocalization in COS-1 cells overexpress-
ing tagged human GPR179. In human retina, this antibody
shows staining in the OPL and, more specifically, at the
dendritic tips of bipolar cells, consistent with GPR179 location
in mouse retina?#3% and other proteins implicated in cCSNB,
such as GRM6,?° NYX,>® TRPM1,%223% and LRIT32> and which
was confirmed just very recently by an independent study.®”
The sites of expression and localization of GPR179 are in
accordance with previous data for the function of GPR179
regulating G protein signaling by controlling localization and
activity of the RGS7 complexes,3> which are important for the
termination of G protein-coupled receptor (GPCR) signaling
pathway.>! The authors demonstrated that GPR179 colocalizes
with RGS7 and RGS11 at the dendritic tips of the ON-bipolar
cells in mouse retina and forms specific complexes with RGS7.
This specific immunolocalization of RGS7 and RGS11 is absent
in Gprl797°05mobS mice, lacking functional GPR179.3> The
precise function of GPR179 needs to be further elucidated,
particularly whether it has only a regulatory role or also an
additional function as a coreceptor of GRMG6 or is an
independent receptor with its own ligand.

To elucidate pathogenic mechanisms associated with the
GPR179 gene defect, the previously reported missense
mutations p.Aspl126His, p.Tyr220Cys, p.Gly455Asp, and
p-His603Tyr were studied in vitro.?*?* We demonstrated both
by immunostaining and ELISA that the p.Tyr220Cys,
p-Gly455Asp, and p.His603Tyr mutations were associated with
cell surface mislocalization, whereas there were no differences
between the non-mutated and the p.Asp126His variant. The
Asp126 residue is localized in the predicted extracellular N-
terminal region of the protein.?> Although, the three-dimen-
sional structure of the amino acid residues <300 of GPR179 is
currently uncertain, we know from other receptors that the
N-terminus of such proteins is important for ligand binding,
and we could therefore hypothesize that the p.Aspl126His
mutation is also associated with the loss of GPR179 ligand
binding?® and not with a trafficking defect. However, to verify
this hypothesis, the relevant ligand first needs to be identified.
Although Tyr220 localizes in the extracellular N-terminal
region of GPR179, the p.Tyr220Cys exchange is associated
with a trafficking defect. This agrees with previous predictions
that this mutation replaces a highly conserved Tyr with a new
cysteine, which may have an impact on the structure of the
protein.?* The Gly455 residue is localized within the third
transmembrane helix, predicted to be part of the GPR179
binding pocket. Because the p.Gly455Asp mutation introduces
a long negatively charged side chain, we assumed this mutation
could hamper the normal functioning of the receptor.?> Here
we demonstrate that GPR179 localization at the plasma
membrane is severely reduced, which implies that the charge
change induced by this mutation can disrupt the correct
trafficking of the protein. The His603 residue is localized in the
external loop, bridging the sixth and seventh transmembrane
domain,?? and is also associated with a trafficking problem.
Similarly, missense mutations in GRMG associated with
arcCSNB in three different domains also abolish proper
trafficking.'®->2 Finally, the effect of the ¢.1784+1G>A muta-
tion on splicing of GPR179 was tested by using a mini-gene
approach in COS-1 cells overexpressing exons 7, 8, and 9 of
the wild-type and c.1784+1G>A-mutated GPR179. The wild-
type mini-gene expression revealed two transcripts, one
containing all exons and one lacking exon 8. The splice donor
site mutant also showed a transcript lacking exon 8, expressed
at a 1.5-fold higher level than in the wild-type construct and
another transcript containing exons 7 and 8, one part of intron
8 with a cryptic donor site, and exon 9. The wild-type
transcript with normal exons 7, 8, and 9 was missing. The as-
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yet undescribed alternative splice product found with mini-wt
and mini-mut lacking exon 8 leads to a shift in the open reading
frame that may induce the synthesis of a truncated protein
(p.Ala549Glyfs*31), which is predicted to delete GPR179 from
the fifth transmembrane domain or may lead to nonsense-
mediated mRNA decay. The cryptic donor site of the 488-bp
product found only in the mutant form is predicted to lead to a
nonsense mutation immediately after the last amino acid
encoded by the exon 8 (p.F599%), which may delete GPR179
from the fourth and last extracellular domain and thus lead to a
non-functional protein or to nonsense-mediated mRNA decay.
The effect of the alternative splicing that leads to the transcript
lacking exon 8 present in the wild-type and mutated variants
needs to be further investigated to better understand whether
the shorter GPR179 protein has a function through a possible
dimerization with the full-length GPR179 as seen for other
GPCRs.>? If indeed nonsense-mediated mRNA decay occurs,
eliminating both alternative transcripts, which then leads to
loss of protein synthesis, the pathogenic mechanism of the
¢.1784+1G>A splice site mutation could also be explained by a
loss of function.

Our results indicate that GPR179 is expressed in the INL
and localized at the dendritic tips of ON-bipolar cells in the
retina and that the cCNSB phenotype is the result of
mislocalization of GPR179. This protein is important for the
signaling cascade that occurs postsynaptically to the photore-
ceptors in ON-bipolar cells. The crystal structure of the protein
is not available, so the exact role of each domain of GPR179
and the effect of the mutations are not known, but, based on
homology models and on our new in vitro studies, we
document for most of the missense and splice site mutations
that the pathogenic mechanism is caused by a loss of function
as it is also predicted for the frame shift and nonsense
mutations previously identified in GPR179.2324 Further studies
are needed to better understand the exact role of GPR179 in
ON-bipolar cell signal transduction cascade, including the
identification of a putative ligand which may unravel other
pathogenic mechanisms leading to cCSNB.
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3. Complementary ongoing results: GPR179 KO first model

characterization

Various animal models have been described for identifying and elucidating the pathogenic
mechanism(s) of gene defects underlying cCSNB. Moreover, several other genes as LRIT3
[MIM615004] (70), regulator of G protein signaling 11 (RGS11) [MIM603895] (248),
regulator of G protein signaling 7 (RGS7) [MIM602517] (248) and guanine nucleotide-
binding protein subunit beta-5 (GNB5) [MIM604447] (75) were described as coding proteins
implicated in the same signaling cascade. When we first identified GPR179 mutations in
patients with cCSNB, GPR179 was a functionally unknown orphan receptor. To validate that
GPR179 mutations lead indeed to cCSNB and to better understand the physiopathology, we
chose to study a mouse model for GPR179. We characterized this mouse model structurally
by SD-OCT and functionally by ERG recordings. To better understand the role of GPR179 in
the retina and localize it in this signaling cascade, localization of other proteins of the signaling

cascade was investigated by immunohistochemistry.

a) Creation and genotyping of the Gpr179 KO first mouse model

To further investigate the role of GPR179 in vivo, we studied a Gpr179 knock-out mouse. The
new model was constructed at the Institut Clinique de la Souris (ICS) (Strasbourg, France)
with ES-clones generated by the trans-NIH *“Knock-Out Mouse Project” (KOMP) and
obtained from the KOMP Repository (www.komp.org). Prior to the study we genotyped the
founder animals for the Crb1™®, Pde6s™, and Gnat2®™® mutations to exclude pathogenic
variants common in laboratory mouse stains (249). We also sequenced flanking intronic and
exonic regions of genes implicated in CSNB to ensure the absence of an additional defect in
the model i.e Grm6, Gprl79, Nyx, Lrit3 and Trpm1 as well as intron 2 of Grm6 as previously
described (250). We did not find any mutation, except the homozygous Crb1"™ mutation,
which was already described in the C57BI6/N strain (251) used for ES-clones. We
backcrossed two generations of these animals with C57BI6/J mice that were free of the
Crb1™ mutation and obtained heterozygous knock-out mice for Gpri79 free of any other
mutation in the screened genes. Heterozygous knock-out mice for Gprl79 were intercrossed

+/+

to produce wild-type (Gpr179*"), heterozygous (Gpr1797*) and mutant (Gpr1797) offspring.
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b) Functional characterization by ERG recordings

ERG was performed on 10 Gpr179**, 12 Gpr1797 and 10 Gpr179” at 3 months-of-age.
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Figure 34: Scotopic ERG responses. Dark-adapted ERG series were obtained from 10 Gpr179*"* (black line),
12 Gpr179*" (blue line) and 10 GPR179 7 (red line) littermates. (A) Representative waveforms, as a function of
stimulation intensity. The scale marks indicate 100 ms (time in abscissa) and 200 puV (amplitude in ordonnate).
Values to the left of the waveforms indicate stimulation flash intensity in cd.s/m”>. Amplitude (B) and implicit
time (C of the major components of the dark-adapted ERG with increasing flash intensity. The b-wave
component is absent in Gpr179 " mice and therefore this data is not plotted.

+/+

Under scotopic conditions, which allow testing of the rod-pathway function, Gprl79
showed normal responses for both a- and b-wave. As expected, with increasing flash
intensities, amplitudes of both a- and b-waves increased (Figure 34 A) and implicit times of
both a- and b-waves decreased (Figure 34 B). ERG responses of Gpr179*" heterozygous mice
were similar with Gpr179"* ERG responses (Figure 34 A-B). In contrast, Gpr179” mice
were lacking b-waves on their ERG responses, while a-waves were comparable in amplitude

or implicit time to Gpr179"* and Gpr179*" (Figure 34 A-B), leading to an electronegative

105



ERG waveform in Gpr179” where b-wave is absent and a-wave preserved. These results
indicate a signal transmission defect between rod photoreceptors and ON-bipolar cells,

whereas the phototransduction in rod photoreceptors is not affected.
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Figure 35: Photopic ERG responses. Light-adapted ERG recordings with a stimulus intensity of 3cd.s/m?
were obtained from 10 Gpr179*"* (black line), 12 Gpr179 *" (blue line) and 10 Gpr179 ™ (red line) littermates.
(A) Representative waveforms. The scale marks indicate 100 ms (time in abscissa) and 50 uV (amplitude in
ordonnate). Amplitude (B) and implicit time (C) of the a-wave. Amplitude (D) and implicit time (E) of the b-
wave. Abbreviations: n.s. = non significant, * : p<0.05, **: p<0.005, ****:p<0.0001.

+/+

Under photopic conditions, which allows testing cone function, Gprl79™" mice showed
normal ERG responses for both a- and b-waves. Responses in Gpr 179" mice were not
different from those of Gpr 179*"* (Figure 35 A-B and 35 D) except for b-wave amplitude
where Gpr179** showed smaller b-wave amplitude than Gpr179*" (Figure 35 C). In contrast,
ERG responses for Gpr179” were more variable and showed smaller b-wave amplitudes
(Figure 35 C) and longer b-wave implicit times (Figure 35 D) than for Gpr179**. These

results are in keeping with cone-mediated pathway dysfunction in these mice.
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c) Structural characterization by SD-OCT

SD-OCT was performed on 10 Gpr179**, 12 Gpr179™ and 10 Gpr179” at 3 months-of-age.

Gprl79 */* Gprl79*- Gprl79 7

Figure 36: SD-OCT retinal morphology of 3-month-old Gpri79™*, Gpr179*" and
Gpr179" mice. Scale bar: 500um

We compared retinal morphology for Gpr179**, Gpr179™ and Gpr179” mice and we did not
notice any obvious modification (Figure 36). Measurements of different layer thicknesses are

ongoing now.
d) Localization of the proteins of the cascade

To validate our Gprl79 knock-out model, we performed immunohistochemistry to confirm
that GPR179 protein was absent in Gpr179” mouse. Immunohistochemistry on Gpr179™*
mouse retinal sections revealed a clear staining in the OPL (Figure 37 A, 37 C and 37 E)
which was absent in Gpr179” (Figure 37 B, 37 D and 37 F). Some slight non-specific
staining remained in the IPL and the GCL in both Gpr179™* and Gpr179” mice (Figure 37
A-B). In Gpr179+’+ mouse retinal sections, the staining localized specifically at the dendritic
tips of presumably all ON-bipolar cells (Figure 37 C and 37 E), co-stained for the specific
marker of rod ON-bipolar cells PKCa (Figure 37 C), and for the cone pedicle specific marker
PNA (Figure 37 E). This specific staining is absent in Gpr179” mouse retinal sections, while

PKCa and PNA staining is unaffected (Figure 37 B, 37 D and 37 F).
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Figure 37: Validation of Gpr179 knock-out model. Representative confocal images of Gpr179** and
Gpr179” mouse retinal sections. Gpr179™* (A) and Gpr179” (B) mouse retinal sections were stained with anti-
GPR179 (green), and DAPI (white). (C) and (D) are 4X zoom focused on the outer plexiform layer (OPL) of (A)
and (B), with additional staining of rod ON-bipolar cell specific marker PKCa. (red). (E) and (F) are focused
images on OPL of Gpr179™* (E) and Gpr179” (F) mouse retinal sections stained with anti-GPR179 (green),
anti-PNA which is a marker of cone pedicle (red) and DAPI (white). Scale bar: 20um, ONL: outer nuclear
layer; OPL: outer plexiform layer; INL: inner nuclear layer; IPL: inner plexiform layer; GCL: ganglion cell
layer.
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Once the model had been validated by immunohistochemistry, we studied the localization of
various proteins involved in this ON-bipolar signal cascade. Immunohistochemistry on
Gpr179” mouse retinal sections revealed ON-bipolar cell dendritic tip staining for GRM6
(Figure 38 B), TRPM1 and LRIT3 (Figure 38 D) similar to findings in Gpr179*"* mouse
retinal sections (Figure 38 A and 38 C).

Gpr179 */+ Gprl79 7

A

GPR179

DAPI

LRIT3

DAPI

Figure 38: Localization of GRM6, TRPM1 and LRIT3 at the dendritic tips of ON-bipolar cells is
independent of Gpri79 expression. Representative confocal images of Gpri79™* and Gpr179” mouse retinal
sections. Gpr179*"* (A) and Gpr179” (B) mouse retinal sections were stained with anti-GPR179 (green), anti-
GRM6 (red) and DAPI (white). Gpr179** (C) and Gpr179” (D) mouse retinal sections were stained with anti-
LRIT3 (green), anti-TRPML1 (red) and DAPI (white). Scale bar: 20um, ONL: outer nuclear layer; OPL: outer
plexiform layer; INL: inner nuclear layer.
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However, proteins of the G protein signaling (RGS) family showed a different profile (Figure

+/+

39). Immunohistochemistry on Gprl79™" mouse retinal sections against RGS7, RGS11 and
GNBS5 revealed the localization of these proteins at the dendritic tips of bipolar cells (Figure
39 A and 39 C), whereas on Gpr179” mouse retinal sections, this staining was absent (Figure

39 B and 39 D).
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Figure 39: Localization of RGS11, RGS7 and GNB5 at the dendritic tips of ON-bipolar cells is
dependent of Gpri79 expression. Representative confocal images of Gpri79** and Gpr179” mouse retinal
sections. Gpr179** (A) and Gpr179” (B) mouse retinal sections were stained with anti-RGS11 (green), anti-
RGS7 (red) and DAPI (white). Gpr179*"* (C) and Gpr179™ (D) mouse retinal sections were stained with anti-
GNBS5 (green), anti-PKCa (red) and DAPI (white). Scale bar: 20um, ONL: outer nuclear layer; OPL: outer
plexiform layer; INL: inner nuclear layer.
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B. Genome editing approaches applied to

Rhodopsin mutations

This work was supported by FEDER, Fondation Valentin Hally and Retina France, led to
three awards, one publication, two paper presentations and three poster presentations at
national and international congresses. They are listed below.

Publication:

1.0rhan, E., Dalkara, D., Neuille, M., Lechauve, C., Michiels, C., Picaud, S., Leveillard, T., Sahel, J.
A., Naash, M. I, Lavail, M. M., Zeitz, C., and Audo, I. (2015). Genotypic and phenotypic
characterization of P23H line 1 rat model. PLoS One 10, e0127319.

Paper presentations:

1.0rhan, E., and Audo, I. (2012). Preuve de concept de thérapie génique de Rhodopsine par Tale
nucleases. Réunion Annuelle de la Société de Génétique Ophtalmologique Francophone (EO, Gand,
Belgium).

2.0rhan, E., Zeitz, C., and Audo, I. (2014). Genotypic and phenotypic characterization of P23H line 1

rat model. Société de Génétique Ophtalmique Francophone and Deutsche Ophtalmologische
Gesellschaft joint meeting (EO, Giessen, Germany).

Poster presentations:

1.0rhan, E., (2013). Proof of principal of “genome surgery” using Transcription Activator-Like
Effector Nuclease applied to a model of retinitis pigmentosa, the P23H rat. 14th Annual Meeting of
ED394 Physiologie, Physiopathologie and Therapeutique graduate school of Pierre et Marie Curie
University (EO, Paris, France).

2.0rhan, E., (2014). Modeling of retinal disease: example of the P23H rat model. 15th Annual
Meeting of ED394 Physiologie, Physiopathologie and Therapeutique graduate school of Pierre et
Marie Curie University (EO, Paris, France).

3.0rhan, E.,, Dalkara, D., Lechauve, C., Picaud, S., Leveillard, T., Sahel, J.A., Naash, M., LaVail,
M.M., Zeitz, C., and Audo, I. (2015). Genotypic and Phenotypic Characterization of the P23H Line 1
Rat Model. Association for Research in Vision and Ophtalmology EO, (Denver, USA).
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1. Best presentation award at the annual meeting of Société de Génétique Ophtalmologique
Francophone (Gand, Belgium) in 2012 .

2. Poster award of the Graduate School (Paris, France) in 2013.

3. Poster award of the Graduate School (Paris, France) in 2014,
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1.  Genotypic and phenotypic characterization of P23H line 1 rat

model

In order to test the endonucleases we wanted to apply for genome editing aiming to rescue the
rod-cone dysfunction in RCD, we used the P23H rat, the most commonly used model to study
adRCD. It has been created by incorporation of a mutated mouse Rhodopsin (Rho) transgene
in the wild-type Sprague Dawley rat. Detailed genetic characterization of this animal has
never been reported and was necessary for gene editing. Furthermore, we wanted to collect
additional phenotypic information applying non-invasive tools for a therapeutic monitoring.
Transgene sequence was analyzed by Sanger sequencing. Using quantitative PCR, transgene
copy number was calculated and its expression measured in retinal tissue. ERG and SD-OCT
were performed at 1-, 2-, 3- and 6-months of age. We showed that the line 1 P23H (P23H-1)
rat carries the mutated mouse genomic Rho sequence from the promoter to the 3° UTR and
identified the exact sequence. Transgene copy numbers were estimated at 9 and 18 copies in
the hemizygous and homozygous rats respectively. In 1-month-old hemizygous P23H-1 rats,
transgene expression represented 43% of all Rho expressed alleles. ERG showed a
progressive rod-cone dysfunction peaking at 6 months-of-age. SD-OCT confirmed a
progressive thinning of the photoreceptor cell layer leading to the disappearance of the outer
retina by 6 months with additional morphological changes in the inner retina in hemizygous
P23H-1 rats. These results provided precise genotypic information for the P23H-1 rat with
additional phenotypic characterization that served as a basis for therapeutic interventions

using endonucleases.
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Abstract

Rod-cone dystrophy, also known as retinitis pigmentosa (RP), is the most common inher-
ited degenerative photoreceptor disease, for which no therapy is currently available. The
P23H rat is one of the most commonly used autosomal dominant RP models. It has been
created by incorporation of a mutated mouse rhodopsin (Rho) transgene in the wild-type
(WT) Sprague Dawley rat. Detailed genetic characterization of this transgenic animal has
however never been fully reported. Here we filled this knowledge gap on P23H Line 1 rat
(P23H-1) and provide additional phenotypic information applying non-invasive and state-of-
the-art in vivo techniques that are relevant for preclinical therapeutic evaluations. Trans-
gene sequence was analyzed by Sanger sequencing. Using quantitative PCR, transgene
copy number was calculated and its expression measured in retinal tissue. Full field electro-
retinography (ERG) and spectral domain optical coherence tomography (SD-OCT) were
performed at 1-, 2-, 3- and 6-months of age. Sanger sequencing revealed that P23H-1 rat
carries the mutated mouse genomic Rho sequence from the promoter to the 3’ UTR. Trans-
gene copy numbers were estimated at 9 and 18 copies in the hemizygous and homozygous
rats respectively. In 1-month-old hemizygous P23H-1 rats, transgene expression repre-
sented 43% of all Rho expressed alleles. ERG showed a progressive rod-cone dysfunction
peaking at 6 months-of-age. SD-OCT confirmed a progressive thinning of the photoreceptor
cell layer leading to the disappearance of the outer retina by 6 months with additional mor-
phological changes in the inner retinal cell layers in hemizygous P23H-1 rats. These results
provide precise genotypic information of the P23H-1 rat with additional phenotypic charac-
terization that will serve basis for therapeutic interventions, especially for those aiming at
gene editing.
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Introduction

Rod-cone dystrophy, also known as retinitis pigmentosa (RP), is a clinically and genetically
heterogeneous group of progressive inherited retinal disorders, which often start with night
blindness and lead to visual field constriction, secondary macular involvement and in many
cases results in loss of central vision and complete blindness [1]. RP occurs in 1 of 4,000 births
and affects more than 1 million individuals worldwide [1]. The mode of inheritance can be au-
tosomal dominant (ad), autosomal recessive (ar), or X-linked. Currently, there is no treatment
for this disease but various therapeutic strategies are under investigation.

Mutations in the rhodopsin-encoding gene (RHO; MIM# 180380) were the first molecular
defects identified in RP [2-5]. More than 100 different RHO mutations have been reported to
date, which account for 30-40% of autosomal dominant RP (adRP) cases in United States [1]
and 16% in France [6]. Furthermore, mutations in 25 other genes cause adRP (http://www.sph.
uth.tmc.edu/Retnet/, last accessed date on December 16™, 2014) with mutations in RHO being
the most prevalent [6, 7]. RHO encodes for the rod-specific protein rhodopsin, which belongs
to the superfamily of 7 transmembrane G-protein—coupled receptors. Rhodopsin consists of
an apoprotein (opsin) that is covalently bound to a small conjugated chromophore (11-cis-reti-
nal), derived from vitamin A. Upon light absorption, the chromophore isomerizes into all-
trans-retinal, with subsequent rhodopsin conformational changes leading to the activation of
the phototransduction cascade [8].

The P23H exchange in RHO is the most prevalent cause of RP in the United States [3]. In
this country, this mutation alone accounts for about 12% of adRP cases and about a third of
those with a dominant RHO mutation [9]. Previous studies have suggested that the P23H mu-
tant protein is misfolded, retained in the endoplasmic reticulum (ER) and unable to bind 11-
cis-retinal [10-12]. The misfolded RHO can be degraded through the ubiquitin-proteasome
system or aggregates in the cytoplasm [13, 14]. In order to better understand the disease and its
pathogenic mechanisms, P23H transgenic albino rats were generated by incorporating a
C57BL/6] mouse P23H mutated transgene into a Sprague-Dawley wild-type (WT) rat back-
ground. The transgene used was cloned from C57BL/6] mice. It was made from the entire wild
type 15kb of the mouse rhodopsin genomic fragment (called lambda 11) as indicated in Al-
Ubaidi et al. (1990) [15]. The 15 kb genomic fragment lacking the lambda arms with the P23H
mutation was used to generate the rat models. It was initially generated to create a mouse
model and therefore few variants were inserted in order to screen the mouse transgene in the
presence of the wild-type mouse copy. Three lines of P23H transgenic albino rats were generat-
ed with this transgene: one represents a fast degeneration (Line 1), one a slower degeneration
(Line 3) and one a very slow degeneration model (Line 2). All three lines suffer from a progres-
sive rod degeneration initially associated with normal cone function [16] (UCSF School of
Medicine, http://www.ucsfeye.net/mlavailRDratmodels.shtml). These phenotypes are consis-
tent with the clinical findings in patients carrying the P23H RHO mutation. Photoreceptor loss
correlates with full field electroretinogram (ERG) abnormalities in dark adapted (i.e., scotopic)
conditions. Under these conditions, the a-wave amplitude, reflects rod photoreceptor hyperpo-
larization upon light stimulation, whereas the b-wave represents the subsequent bipolar cell de-
polarization upon signal transmission from the photoreceptors. Both a- and b- waves of the
P23H rat are dramatically reduced over time. In light adapted (i.e., photopic) conditions, the b-
wave is normal until the outer nuclear layer (ONL), containing photoreceptor nuclei, thins be-
yond 50% [17]. In addition to photoreceptor degeneration, there is a subsequent reduction in
rod bipolar dendrites [18] and a substantial loss of retinal ganglion cells [19, 20]. By reproduc-
ing the clinical signs observed in patients, the P23H rat model is very valuable for testing thera-
peutic approaches for adRP. Nevertheless, the genotype of this popular animal model has not
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been fully reported thus far. In this study, we focused on the P23H Line 1 (P23H-1) rat model
frequently used due to its fast and sequential degeneration affecting first rod and then cone
photoreceptors [17]. We established the exact sequence of the mutated transgene and report
copy number and corresponding expression level. In addition, we sought to more precisely
document the kinetics of retinal abnormalities applying two in vivo techniques, ERG and spec-
tral-domain optical coherence tomography (SD-OCT), a high resolution imaging technique,
allowing monitoring the thickness of retinal layers. Both of these in vivo assessment techniques
are routinely applied to patients with retinal disease.

Material and Methods
Animals

Transgenic homozygous P23H-1 rats were obtained from the laboratory of Matthew LaVail
(UCSF School of Medicine, http://www.ucsfeye.net/mlavailRDratmodels.shtml) and were
crossed with WT albino Sprague-Dawley rats purchased from Janvier (Le Genest-Saint-Isle,
France) to produce hemizygous P23H-1 rats. Animals were housed with a 12-hour dark/light
cycle with food (standard diet R0425, Scientific Animal Food & Engineering, Augy, France)
and water available ad libitum.

Light level was measured in the cage with a luxmeter (Illuminance Meter T10, Konica Min-
olta, Osaka, Japan) and varied between 20 and 180 lux depending on the position of the rat in
the cage and the position of the cage in the rack. For more consistence, WT and hemizygous
P23H-1 rats of a same group were housed on the same row.

Ethic statements

All procedures were carried out according to the guidelines on the ethical use of animals from
the European community council directive (86/609/EEC) and were approved by the French
minister of agriculture (OGM agreement 5080).

Sanger sequencing of hemizygous P23H-1 rats

Genomic DNA (gDNA) was isolated from rat tails using a kit (DNeasy Blood & Tissue Kit,
Qiagen, Venlo, The Netherlands). Nineteen couples of primers were designed to amplify the
mouse Rho gene (NC_000072.6, gene structure depicted in Fig 1A) including the c.68C>A, p.
Pro23His mutation (P23H mutated mouse Rho transgene) (Table 1). Amplicons were of 500-
800-base-pair length covering the promoter region to the 3’ untranslated region (UTR) of the
gDNA of mouse Rho in the P23H-1 rat. The following PCR parameters were applied: 15 min at
95°C for denaturation, 35 cycles of 45 sec at 95°C, 1 min at 58°C, and 30 sec at 72°C, and for
final extension 10 min at 72°C (HOT FIREPol, Solis Biodyne, Tartu, Estonia). WT rat gDNA
was used as control. When it was not possible to design probes to specifically amplify the P23H
mutated mouse transgene, adjacent mouse-specific flanking primers were used to amplify larg-
er genomic regions encompassing the fragment of interest (amplicon 6, 9, 10 and 17). The fol-
lowing PCR parameters were then applied: 15 min at 95°C for denaturation, 35 cycles of 45 sec
at 95°C, 1 min at 58°C, and 1 min at 72°C, and for final extension 10 min at 72°C (HOT FIRE-
Pol). The specificity of PCR products was checked for correct size by electrophoresis on 2%
agarose gels, subsequently Sanger sequenced with a sequencing mix (BigDyeTerm v1.1 Cycle-
Seq kit, Applied Biosystems, Courtaboeuf, France) and primers (Table 1), on an automated
48-capillary sequencer (ABI 3730 Genetic analyzer, Applied Biosystems, Life technologies,
Carlsbad, California, USA). Sequences were compared to the reference sequence
(NC_000072.6) using appropriate software (SeqScape, Applied Biosystems).
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Fig 1. P23H mutated mouse Rho transgene. (A) Schematic drawing of the sequence: the transgene comprises the gDNA of mouse Rho from the promoter
to the 5’UTR, encompassing the exons and introns. (B) Exon 1 first 40 codon sequence: the ¢.68C>A missense mutation leading to the p.Pro23His exchange

is framed, and the 2 variations surrounding the mutation are underlined.

doi:10.1371/journal.pone.0127319.g001

Transgene copy number quantification by quantitative PCR

Quantitative PCR (qPCR) to identify transgene copy number was adapted from Ballester and
co-workers [21]. qPCR was conducted on 25ng of gDNA from 5 animals per genotype (WT,
hemizygous P23H-1 and homozygous P23H-1 rats to check the validity of the method) with
triplicate in a 20ul reaction using a kit (Tagman PCR Universal Master Mix no AmpErase UNG
and the StepOnePlus Real-Time PCR system,both from Applied Biosystems). Probes (Applied

Biosystems) were specific to the P23H mutated mouse transgene or the rat Rho gene
(NC_005103.4). The final concentration of primers (Sigma-Aldrich, Saint-Louis, Missouri,

USA) was 200 mM each and 250 nM for the probe (listed on Fig 2A). The qPCR was run using
the following amplification parameters: 10 min at 95°C and 40 cycles of 15 sec at 95°C and 1
min at 60°C. Relative quantification of endogenous rat Rho and P23H mutated mouse Rho trans-

gene was performed using the

RNA extraction, reverse transcription and transgene expression

-AACt
2

measurement by quantitative PCR

method with the rat beta-actin gene for normalization.

Total RNA was isolated from 1-month-old rat retinas using a kit (RNeasy Mini Kit, Qiagen),

followed by a complementary treatment with RNase-free DNase (Qiagen) to ensure the
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Table 1. P23H mutated mouse transgene Sanger sequencing primers.

Primer

P23H_TG_1F
P23H_TG_1R
P23H_TG_2F
P23H_TG_2R
P23H_TG_3F
P23H_TG_3R
P23H_TG_4F
P23H_TG_4R
P23H_TG_5F
P23H_TG_5R
P23H_TG_6F
P23H_TG_6R
P23H_TG_7F
P23H_TG_7R
P23H_TG_8F
P23H_TG_8R
P23H_TG_9F
P23H_TG_9R
P23H_TG_10F
P23H_TG_10R
P23H_TG_11F
P23H_TG_11R
P23H_TG_12F
P23H_TG_12R
P23H_TG_13F
P23H_TG_13R
P23H_TG_14F
P23H_TG_14R
P23H_TG_15F
P23H_TG_15R
P23H_TG_16F
P23H_TG_16R
P23H_TG_17F
P23H_TG_17R
P23H_TG_18F
P23H_TG_18R
P23H_TG_19F
P23H_TG_19R

doi:10.1371/journal.pone.0127319.t001

Sequence 5' to 3'

TAAACTGCTAGTGGCCAACTCC
GGATGCTCCAGGATGACTGT
GGTACTGGCTTCTTGCATCCA
GGGAGGAGACACATTCCTGT
CCCACATGCTCACCTGAATA
CATCTTGTCTGCCCCAGAGT
TCTGTCAAGTGAGCCATTGTC
GTACTGCGGCTGCTCGAAGT
GAGCCGTCAGTGGCTGAG
TGGGCCTTTAGATGAGACCA
GTGTAGCATGGGAGCCAAG
ACCTGGCGTAGCATAGTGGT
CGGCATCTCAAAGGATTCAT
GCATGGTACCCCAGCTTCTA
GGTAGCACTGTTGGGCATCT
GAGAGCAGGCTAGGATGCAA
AAGAGCTTCTGTTTTGGCACA
TTGGAATGTCCAGGGTTCTC
CGAAAACCATCCTGGTGACT
GATGAGGAAAGAGGCCAGTG
AGGCTGAACCTTCCCAAAAT
GCATGAATGGCTTTTACCTG
ACTCCCTTAACCACCGAAGG
CTAGCCCATGGCGTCTGTA
TGGTCCACTTCACCATTCCT
TTGGTCGGCTGTATCTCACA
GGAGGCATTGCACTCAGACT
CACACAGCTTAAATGGGACAGA
AAACGCCACAGTCTCTCTGC
TCAAGCTGTCCCCATTGAGT
AGATGACGACGCCTCTGC
CTGGATTTGGGAGATCCAAC
CATACCTGCCCTGGTTTTCT
CCACTTGGTTGCTGGTGTAG
AGATCCAGCCCTTCCTCTTG
ACTGCCTCAAATTGGGTTTC
TACACTTGGTGGCAGTGGTG
CCTTTCTGGAAGGGTGTCTG

absence of gDNA. RNA integrity was verified by agarose gel electrophoresis. One microgram
of total RNA was reverse-transcribed with oligo-dT using a transcriptase (Superscript II Re-
verse Transcriptase, Invitrogen, Life technologies, Carlsbad, California, USA) following the
manufacturer's instructions. qPCR was conducted on cDNA of 5 animals per genotype (WT
and hemizygous P23H-1 rats) using a kit (StepOnePlus Real-Time PCR system, Applied Bio-
systems) and 2 couples of specific primers for each P23H mutated mouse Rho transgene and
endogenous rat Rho, and one couple of primers for rat beta-actin (Sigma-Aldrich, listed on Fig
3A). The equivalent of 1.25 ng of cDNA was used per well as template for qPCR reactions with
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A

Targets Primers and probes Sequences 5' to 3'

Endogenous rat beta-actin rACTB_gPCR F GCCTTCCTTCCTGGGTAAGT

Endogenous rat beta-actin rACTB gPCR R TGCCACAGGATTCCATACCT

Endogenous rat beta-actin rACTB gPCR probe VIC-5-GGTGACCAATGCTGGAGGCCA-3-TAM

P23H mutated mouse Rhotransgen | \pHOP23H gPCR promF | CAGTGCCTGGAGTTGTGCT
P23H mutated mouse Rhotransgen | nRHOP23H gPCR promR | GTACTGCGGCTGCTCAAAGG
P23H mutated mouse Rhotransgen | \RHHOP23H gPCR probe VIC-5-AGCTGAGCTCGCCAGGCAGC-3'-TAM

Endogenous wild-type rat Rho rRHOWT gPCR exonlF GGATGCTCCAGGATGACTGT
Endogenous wild-type rat Rho rRHOWT gPCR exonlF GGTACTGGCTTCTTGCATCC
Endogenous wild-type rat Rho rRHOWT gPCR probe 6FAM-5-GGCCGATACGTGTGTGAAACATCCA-3'TAM
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- . 1
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Fig 2. P23H mutated mouse Rho transgene copy number. (A) Target and sequence of primers and probes used for gPCR, FAM: 6-carboxyfluorescein
and TAM: tetramethylrhodamine. (B) WT endogenous rat Rho (light grey) and P23H mutant mouse Rho (dark grey) copy numbers were evaluated by gPCR
and 222 method for WT (WT), hemizygous P23H-1 (P23H hemi) and homozygous P23H-1 (P23H homo) rats. All expetiments were conducted on the
gDNA of 5 rats per group. Three asteriks (***) indicate a p value of <0.001, error bars represent standard errors.

doi:10.1371/journal.pone.0127319.9002

a SYBR green master mix (Power SYBR green PCR Master Mix, Applied Biosystems). Each
condition was performed in triplicates; C; values were obtained with a software (ABI 7500,
v.2.0.6, Applied Biosystems). Comparative AAC, method with rat beta-actin as a housekeeping
gene was used to determine the relative P22H mRNA from mouse Rho transgene versus endog-
enous rat Rho.
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Targets Primers Sequences 5'to 3'

P23H mutated mouse Rho transgen RTqPCR_mRHO IF CATCACTCCATGGCTACTTC
P23H mutated mouse Rho transgen RTqPCR_mRHO 2R AGACCACACCCATGATAGCG
P23H mutated mouse Rho transgen RTqPCR_mRHO_3F ACAGTCAAGGAGGCGGCT
P23H mutated mouse Rho transgen RTgPCR_mRHO_ 4R GCAAAGAAAGCTGGCAGAG
Endogenous wild-type rat Rho RTgPCR_rRHO 1F ACCTCACTGCATGGCTACTTT
Endogenous wild-type rat Rho RTgqPCR_rRHO 2R AATGGCATGATTCTCCCCA
Endogenous wild-type rat Rho RTqPCR_rRHO 3F GTCCACTTCACCATCCCC
Endogenous wild-type rat Rho RTqPCR_rRHO_4R CTGCCTTCTGAGTGGTAGCC
Endogenous rat beta-actin RTqPCR_rACTB _F CCTGGGTATGGAATCCTGTG
Endogenous rat beta-actin RTqPCR_rACTB R CTTCTGCATCCTGTCAGCAA
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Fig 3. P23H mutated mouse Rho transgene expression. (A) Target and sequence of primers used for RT-gPCR. (B) WT endogenous rat Rho (light grey)
and P23H mutant mouse Rho (dark grey) relative expressions were evaluated by gPCR and 222C method for 1-month-old WT (WT) and hemizygous P23H-
1 (P23H hemi) rat retinas. In 1-month-old WT rats endogenous Rho expression was assessed at 100%. All experiments were conducted on the retinal cDNA
of 5 rats per group. Three asteriks (**¥) indicate a p-value of <0.001, error bars represent standard errors.

doi:10.1371/journal.pone.0127319.9003

Full field electroretinogram (ERG)

ERG was performed at age 1, 2, 3, 6 and 7 months on 12 WT and 14 hemizygous P23H-1 rats.
After overnight dark adaptation, rats were anesthetized with ketamine (100 mg/kg) and xyla-
zine (10 mg/kg). Eye drops were used to dilate the pupils (0.5% tropicamide) and anesthetize
the cornea (0.4% oxybuprocaine chlorhydrate). Body temperature was maintained at 37°C
using a circulating hot water heating pad. Upper and lower lids were retracted to keep the eyes
open and bulging. Custom-made gold contact lens electrodes were placed on the corneal sur-
face to record the ERG (VisioSytem, SIEM Bio-medicale, Nimes, France). Needle electrodes
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placed subcutaneously in cheeks served as reference and a needle electrode placed in the back
served as ground. Recordings were made from both eyes simultaneously. The light stimulus
was provided by a Ganzfeld stimulator (Visiosystem, SIEM Bio-medicale). Responses were am-
plified and filtered (1 Hz-low and 300 Hz-high cut off filters) with a 1 channel DC-/AC-ampli-
fier. Four levels of stimulus intensity ranging from 1.9 cd.s.m™ to 12 cd.s.m™ were used for the
dark-adapted ERG recording. Each scotopic ERG response represents the average of 5 re-
sponses from a set of 5 flashes of stimulation. To isolate cone responses a 5-minute light adap-
tation at 20 cd.m > was used to saturate rod photoreceptors. A 12 cd.s.m 2 level of stimulus
intensity was used for the light-adapted ERGs. The light-adapted ERGs were recorded on the
same rod-suppressive white background as for the light adaptation. Each cone photopic ERG
response represents the average of 10 responses. The major components of the ERG were mea-
sured conventionally [22]. All comparisons were done at 12 cd.s.m™ of intensity (scotopic and
photopic responses).

Spectral domain optical coherence tomography (SD-OCT)

SD-OCT was performed at age 1, 2, 3 and 6 months on 9 WT and 9 hemizygous P23H-1 rats.
Rats were anesthetized with ketamine (100 mg/kg) and xylazine (10 mg/kg). Eye drops were
used to dilate the pupils (0.5% tropicamide) and eye dehydration was prevented by regular in-
stillation of sodium chloride drops. SD-OCT images were recorded for both eyes using a spec-
tral domain ophthalmic imaging system (Bioptigen, Inc., Durham, NC, USA). We performed
rectangular scans consisting of a 2 mm by 2 mm perimeter with 1000 A-scans per B-scan with
a total of 100 B-scans. Scans were obtained first while centering on the optic nerve, and then
with the nerve displaced either temporally/nasally/dorsally or ventrally. SD-OCT scans were
exported from InVivoVue as AVI files. These files were loaded into Image]J (version 1.47; Na-
tional Institutes of Health, Bethesda, MD, USA) where they were registered using the Stackreg
plug-in. If the optic nerve was placed temporally/nasally, three B-scans at the level of the nerve
were added, and measurements were performed 800 um away from the optic disc, on each side.
In the case where the optic nerve was placed dorsally/ventrally, 3 B-scans placed 800 um away
from the optic disc were added to perform the measurements. Thickness from the following
layers were measured: ONL, outer plexiform layer (OPL), inner nuclear layer (INL), a complex
comprising inner plexiform layer (IPL), ganglion cell layer (GCL) and nerve fiber layer (NFL)
that we called IPL+GCL+NFL, and the whole inner retinal layers comprising OPL, INL and
IPL + GCL + NFL

Statistical analyses

Statistical analyses were performed using the Mann-Whitney U test on statistical software
(SPSS, version 19.0 Inc, Chicago, Illinois, USA). For transgene copy number quantification by
qPCR, each gene copy number in the same group, and copy number of the same gene in each
group, were compared. For transgene expression quantification by RT-qPCR, each gene relative
expression in the same group, and relative expression of the same gene in each group were com-
pared. For scotopic ERG, a- and b-wave amplitudes and implicit times of maximum intensity
(cd.s.m™) stimulus responses were compared between WT and hemizygous P23H-1. For phot-
opic ERG, a-waves were not analyzed because of the low amplitudes and high variability in re-
cordings. However, b-wave amplitude and implicit time were compared between WT and
hemizygous P23H-1 rats. To compare rod and cone dysfunction, differences between WT and
hemizygous P23H-1 b-wave amplitude at each time were performed and compared between sco-
topic and photopic conditions with Wilcoxon signed-rank test. For SD-OCT, in each group,
comparison of thickness for each layer at each time point between the 4 positions of acquisitions
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(temporal, nasal, dorsal, and ventral) revealed no statistical difference; therefore these values
were combined. Then, all thickness values for each layer at a given time were compared between
WT and hemizygous P23H-1 groups. Finally, Spearman rank correlation coefficients were calcu-
lated for P23H-1 rats on the means of scotopic a-wave amplitude for a stimulation of 12 cd.s.m™
and ONL thickness, scotopic a-wave and b-wave amplitudes for a stimulation of 12 cd.s.m™?, and
scotopic a-wave and b-wave implicit times for a stimulation of 12 c¢d.s.m™.

Results
P23H-1 rat genotyping

Transgene sequence. We first investigated the transgene sequence of the P23H-1 rat
model thought to be a mouse P23H mutated allele inserted in a WT rat background. Sanger se-
quencing with mouse Rho specific primers revealed that this transgene contains the entire
mouse opsin (Rho) genomic DNA (gDNA) from the promoter to the 3’UTR encompassing all
exons and introns (Fig 1A). We confirmed the presence of the c.68C>A, p.Pro23His mutation.
Two synonymous variations surrounding the P23H exchange (Fig 1B), were identified in addi-
tion to other variations in the promoter or 5’UTR (Table 2).

Quantification of P23H transgene copy number. P23H mutated mouse transgene copy
number was determined in both hemizygous and homozygous P23H-1 rats. Rat beta-actin nor-
malization allowed us to determine the endogenous rat Rho copy number to be 2 copies for
both hemizygous and homozygous P23H-1 rats, validating our method (Fig 2B). The P23H
transgene copy number was statistically different in the different groups. Eighteen copies were
counted for homozygous P23H-1 rats and 9 for hemizygous P23H-1 animals. As expected, no
P23H mutated mouse transgene copy was found in WT rats (Fig 2B).

Quantification of P23H transgene expression. Endogenous rat Rho (rRHO) expression
in 1-month-old WT rats was set at 100%. As expected, there was no P23H transgene expression
in this group (Fig 3B). However, in 1- month-old hemizygous P23H-1 rats, endogenous wild-
type Rho expression was reduced to 66% of age-matched WT (p<0.001). The mutated allele
represented 43% of overall Rho expressed alleles, being also 20% lower than endogenous wild-
type Rho (p<0.001).

P23H-1 rat phenotyping

Full-field ERG recordings. ERG responses of WT and hemizygous P23H-1 rats were re-
corded at 1-, 2-, 3-, 6- and 7-months of age under scotopic and photopic conditions, allowing
us to estimate respectively rod and cone photoreceptor function. Results are displayed for 12 cd.
s.m? stimulus intensity. Under scotopic conditions, amplitudes of both a- and b-waves were re-
duced as early as 1 month after birth in hemizygous P23H-1 rats compared to WT rats
(p<0.001 at each age). This decrease is accentuated with age leading to a flat a-wave at 6 months
and an 88% reduction in b-wave amplitude at 7 months (137uV for hemizygous P23H-1 rats
and 1216 pV for WT rats, Fig 4A-4C). Moreover, b-wave implicit time is increased starting at 1
month of age (p<0.01), with a maximum of 35% increase reached at 7 months (p<0.001, Fig
4A and 4E). In contrast, there is no significant change in implicit time of a-wave (Fig 4A and
4D). Taken together, these results indicate rod photoreceptor dysfunction progressing with age.

In photopic conditions, a-wave amplitudes and implicit times are difficult to reliably mea-
sure due to their small amplitudes both in WT and mutant rats. Nevertheless, b-wave ampli-
tudes and implicit times are well defined. As observed under scotopic conditions, b-wave
amplitude is reduced from the first month of age in mutant compared to WT animals
(p<0.001 at each age), and this decrease progresses with age reaching 78% of diminution be-
tween hemizygous P23H-1 and WT rats at 7 months of age. Implicit time also increases

PLOS ONE | DOI:10.1371/journal.pone.0127319 May 26, 2015 9/21



@ PLOS | one

P23H Line 1 Rat Model Characterization

Table 2. P23H mutated mouse transgene variations.

Nomenclature

c.1-1448T>C
c.1-1433A>G
c.1-1290A>G
c.1-1275A>G
c.1-1201T>C
c.1-1181A>G
c.1-1174dup
c.1-1139C>T
c.1-1048A>G
c.1-991G>A
c.1-895T>A
c.1-894del
¢.1-700G>T
c.1-546C>T
c.1-540dup
c.1-357A>G
c.66C>T, p.Ser22Ser
c.68C>A, p.Pro23His
¢.102A>T,p.Pro34Pro
c.1047+190G>A
c.1047+210T>C
c.1047+513T>C
¢.1047+554A>G
¢.1047+652T>G
¢.1047+656A>G

¢.1047+665_c.1047+675dup

¢.1047+666A>G
c.1047+841C>T
c.1047+1249C>T
¢.1047+1469C>T
c.1047+1531G>A
¢.1047+1553A>G

€.1047+1591_c.1047+1592insT

¢.1047+1629C>T
€.1047+2052G>A

doi:10.1371/journal.pone.0127319.t002

Type

Upstream gene variant
Upstream gene variant
Upstream gene variant
Upstream gene variant
Upstream gene variant
Upstream gene variant
Upstream gene variant
Upstream gene variant
Upstream gene variant
Upstream gene variant
Upstream gene variant
Upstream gene variant
Upstream gene variant
Upstream gene variant
Upstream gene variant

Description

rs31513717
rs31513719
rs31003645
rs31513722
rs31514804
never described
never described
rs31509484
rs3666783
rs31509489
rs31509491
never described
rs30903457
never described
never described

Upstream gene variant rs214120882
Synonymous never described
Missense Dryja, 1990, Nature
synonymous never described
3'UTR variant rs31514859
3'UTR variant rs31514861
3'UTR variant rs21232304
3'UTR variant rs237469398
3'UTR variant rs250121950
3'UTR variant rs115937375
3'UTR variant rs262701018
3'UTR variant rs250907798
3'UTR variant rs239300315
3'UTR variant rs234137219
3'UTR variant rs31515781
3'UTR variant rs31515783
3'UTR variant rs216330615
3'UTR variant rs217122073
3'UTR variant rs31516697
3'UTR variant rs107847221

starting at 1 month with a maximum increase of 46% reached at 7 months of age (Fig 5A-5C).
When comparing a- and b-wave amplitude, the Spearman rank correlation coefficient was p =
0.87 (p<0.0001) on WT animals and p = 0.83 (p<0.0001) on P23H-1 hemizygous rats while
comparing the a- and b- wave implicit time p = 0.47 (p = 0.00261) for WT animals and p =
0.627 (p<0.0001) for P23H-1 hemizygous rats.

Retinal layers assessment of the P23H-1 rats by SD-OCT. Representative SD-OCT im-
ages from 1-, 2-, 3- and 6-month hemizygous P23H-1 rats, compared to WT retinas, show a
progressive thinning of the ONL (composed of rod and cone photoreceptor nuclei, described
in Fig 6A and depicted by white arrows in Fig 6B). WT and hemizygous P23H-1 rat retinal lay-
ers (ONL, OPL, INL, IPL+GCL+NFL and inner retinal layers, described in Fig 6A) are all
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Fig 4. Scotopic ERG phenotype. Dark-adapted ERG series were obtained from representative WT (n = 12, blue line) and hemizygous P23H-1 (n = 14, red
line) rats at 1,2,3,6 and 7 months of age and a 12 cd.s.m™ stimulus intensity. (A) Representative waveforms, as a function of age. The scale marks indicate
50ms (time in abscissa) and 300uV (amplitude in ordinate) (B-C) Mean maximum amplitudes of a-wave (B) and b-wave (C) with increasing age. (D-E) Mean
implicit times of a-wave (D) and b-wave (E) with increasing ages of rats. Asteriks indicate a significant test (** for p<0.005 and *** for p<0.001) between WT
and hemizygous P23H-1 responses, error bars represent standard errors.

doi:10.1371/journal.pone.0127319.9004
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Fig 5. Photopic ERG phenotype. Light-adapted ERG series were obtained from representative WT (n = 12, blue line) and hemizygous P23H-1 (n = 14, red
line) rats at 1,2,3,6 and 7 month of age and at 12 cd.s.m™ stimulus intensity after a 5-minute light adaptation at 20 cd.m. (A) Representative waveforms, as a
function of age. The scale marks indicate 50ms (time in abscissa) and 100pV (amplitude in ordinate) (B-C) Mean maximum amplitudes (B) and implicit times
(C) of b-wave in time. Because of the limit of sensitivity of the method, the a-wave component is not plotted. Asteriks indicate a significant test (** for p<0.005

and *** for p<0.001) between WT and hemizygous P23H-1 rats’ responses, error bar represents standard errors.

doi:10.1371/journal.pone.0127319.g005
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Fig 6. SD-OCT retinal thickness layers and retinal morphology (A) Outer nuclear layer (ONL), outer plexiform layer (OPL), inner nuclear layer (INL), a
complex comprising inner plexiform layer (IPL), ganglion cell layer (GCL) and nerve fiber layer (NFL) called IPL+GCL+NFL, and inner retinal layer thickness
are measured at 800 um of the optic nerve on SD-OCT images (B) Representative SD-OCT section of a 6-month-old WT rat and 1-, 2-, 3-, and 6-month-old
hemizygous P23H-1 rats. White arrows depict ONL. Scale bar: 200pm.

doi:10.1371/journal.pone.0127319.g006

thinned between 1 and 6 months of age (Fig 7 and Table 3). When studied separately, some
changes appear between WT and hemizygous P23H-1 rat retinal layers. Hemizygous P23H-1
rat ONL thins with aging to finally reach 86% of decrease at 6-months-of-age when WT rat
ONL is reduced by 27% (p<0.001, Fig 7A and Table 3). One-month hemizygous P23H-1 rat
inner retina is thinner than WT, and this difference is maintained but not modified with aging
(Fig 7B and Table 3). If layers composing the inner retina are studied separately, changes ap-
pear in the OPL. Hemizygous P23H-1 rat OPL are decreased at 3-months (p<0.005) and
6-months (p<0.001) of age when compared to WT (Fig 7C and Table 3). Inner nuclear layer
from 1-month hemizygous P23H-1 rat is thinner than WT (p<0.05), but this difference disap-
pears with aging (Fig 7D and Table 3). As observed for inner retina, 1-month hemizygous
P23H-1 rat IPL + GCL + NFL is thinner than WT, and this difference remains constant with
aging (Fig 7E and Table 3).

Discussion

The present study reports the exact sequence, copy number and retinal expression level of the
P23H mutated transgene in the P23H-1 rat model, using Sanger sequencing, qPCR and RT-
qPCR analysis. Furthermore it documents in greater detail the disease course in this rat model
with functional and structural phenotypic assessment using in vivo evaluation by ERG and
SD-OCT.
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Fig 7. SD-OCT retinal thickness layer monitoring. Retinal layer thicknesses are measured at 800 um of the optic nerve on SD-OCT images and compared
to WT (blue line) and hemizygous P23H-1 (red line) at 1, 2, 3 and 6 months of age. (A) Outer nuclear layer (ONL), (B) inner retinal layer, (C) outer plexiform
layer (OPL), (D) inner nuclear layer (INL), (E) a complex comprising inner plexiform layer (IPL), ganglion cell layer (GCL) and nerve fiber layer (NFL) called
IPL+GCL+NFL. Asteriks indicate the following p values: * for p<0.05 and *** for p<0.001, error bars represent standard errors.

doi:10.1371/journal.pone.0127319.9007

P23H rat models were developed for translational research and study photoreceptor rescue
strategies [23, 24]. By reproducing the degeneration observed in patients [19], these animal
models are extremely helpful for therapeutic approaches for adRP, a yet incurable disease.

P23H-1 rat model is the most commonly used model since it carries the most frequent
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Table 3. Retinal layer thickness measured by SD-OCT in WT and hemizygous P23H-1 rats at 1, 2, 3 and 6 months of age.

1 month
ONL 44pm £3um
OPL 8um =1 ym
INL 19 um £3 ym
IPL+GCL+NFL 48 ym 4 ym

Inner retinal layers 75 ym £5 ym

WT P23H-1

2 months 3 months 6 months 1 month 2 months 3 months 6 months
43 um £11 ym 36 ym 2 pm 33um 2 pum 29 ym 3 ym  23pm =5 um 183 um 3 ym 3 pym +2 pm
9 um £2 ym 7 um £3 ym 7 um £1 ym 8 um £1 ym 8 um £2 ym 8 um £1 ym 7 um £3 ym
17 ym £4 ym 12 ym £5 pm 183um+2ym 18 ym 2 ym 18 ym +4 pm 14uym 2 pym 13 pm 3 ym
47 uym 4 pm 36 um 13 um 38 pm+2puym 43 um 3 pum 43 ym 6 ym 36 um 2 ym 34 pm 2 pm
74 uym £12um 57 um 20 pm 60 ymx3pm 69 uym*3pm 70 um 13 um 59 pym £3um 53 pm £3 ym

(mean + standard deviation; ONL: outer nuclear layer, OPL: outer plexiform layer, INL: inner nuclear layer, IPL: inner plexiform layer, GCL: ganglion cell

layer, NFL: nerve fiber layer)

doi:10.1371/journal.pone.0127319.t003

mutation in adRP in the US [1] and displays relatively fast degeneration over 6 months
(http://www.ucsfeye.net/mlavailRDratmodels.shtml). This allows an easy documentation of
the phenotype and fast monitoring of putative therapeutic rescue. Moreover, hemizygous ani-
mals were preferred to homozygous since it was supposed to more closely resemble the
human autosomal dominant genetic conditions with one mutated allele and present a slower
degeneration, more suitable for translational research. Several strategies of photoreceptor

[25] and Muller glial cell [26] transplantation or administration of anti-apoptotic [27, 28],
heat shock response activator [29] or enhancer [30], anti-aggregating [31], or neuroprotective
[32, 33] molecules and chaperones [34] have been attempted to slow the degeneration and
demonstrated partial preservation of photoreceptor morphology and function. However,
treatment efficacy was evaluated in comparing treated and untreated animals less than 1
month after treatment, or after 6 months of age, a time point at which photoreceptor degener-
ation is almost complete. RNA-targeted therapy by gene silencing using ribozymes directed
against the mouse transgene in P23H Line 3 rat model has also been attempted [23, 24, 35]
and revealed some preservation of the ONL thickness. Functional characterization by ERG
shows a slight increase in response amplitude in treated versus untreated eyes after 3 months
of age [23, 35]. These approaches indicate that genetic-targeted therapies including selective
mutated allele suppression or gene replacement at the DNA or RNA level could be tested. De-
spite multiple studies that attempt therapeutic intervention in the P23H model, the genotype
of this animal model was not yet fully available. We first addressed this question by character-
izing the exact sequence of the mutated transgene in P23H-1 rats. Our data confirmed that
the transgene contains the entire mouse Rho genomic DNA sequence including the promoter,
all 5 exons and 4 introns with the P23H mutation as well as most of the 3’UTR. Variations
were also identified in the promoter, exon 1 and 3’UTR. These include [c.66C>T, p.Ser22Ser]
and [c.102A>T, p.Pro34Pro] (Fig 1B). These variations are silent and most likely predicted to
be benign but will need to be taken into account while investigating genome editing strategies.
Furthermore, we investigated transgene copy numbers and identified that homozygous and
hemizygous P23H-1 rats carry 18 and 9 copies of the P23H transgene, respectively. This is co-
herent with the Mendelian transmission of this transgene with half of the copies of the homo-
zygous in the hemizygous P23H-1 rats supporting a tandem insertion at a unique locus. This
result led us to investigate if all transgene copies were expressed. In 1-month-old hemizygous
P23H-1 rat retinas, WT Rho expression was 66% reduced compared to the age-matched WT
rats. This result was consistent with photoreceptor degeneration due to retinitis pigmentosa
[31]. Interestingly, in 1-month-old hemizygous P23H-1 rats, the mutated allele represented
43% of overall Rho expressed alleles, despite the 9 copies of the transgene. This resembles
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what is expected in patients with the P23H mutation, where both normal and mutated alleles
are thought to be expressed at the same levels. This low expression of transgene in hemizy-
gous P23H-1 rats could be due to WT and P23H Rho expression regulation at the mRNA lev-
els, as described in a P23H mouse line with genomic mutated mouse opsin transgene [36].
Intrinsic silencing effect of multiple-copy tandem repeats on transgene expression could also
be an explanation, since transcription inhibition can occur when more than 5 copies of the
transgene are present [37, 38]. Insertion site of the transgene is also important since chroma-
tin structure influences the expression level [39]. This result is favorable for intervention ap-
plying gene therapy, since low level of transcript is more likely to respond to gene silencing at
the mRNA level than an overexpressed transgene. Altogether, our study provides important
details on the P23H-1 rat’s genotype by describing the exact transgene sequence with its
P23H mutation and variations, its copy number and expression. These data can serve basis
for mutated allele specific therapeutic interventions using this model. Nevertheless, we cannot
exclude a drift of the inserted copy number in the various colonies of P23H rat available to
the scientific community and would recommend testing such parameter before attempting
therapeutic studies especially those aiming at genome editing.

Another purpose of this work was to better monitor natural history of the disease applying
functional and high-resolution in vivo phenotyping techniques. Functional characterization of
hemizygous P23H-1 rats revealed reduced rod and cone response amplitudes and delayed im-
plicit time as seen in RP patients [1, 3, 40]. In both scotopic and photopic conditions, hemizy-
gous P23H-1 rats already displayed decreased responses at 1-month, enhanced by aging
especially after 3-months and flatting at 6-months of age. Scotopic responses were more affected
than photopic responses, indicating that rod photoreceptor dysfunction was more severe than
cone photoreceptor dysfunction. These results are concordant with previous observations [17]
and confirmed the usefulness of this model to mimic human disease with rod-cone dystrophy
[1, 3, 40, 41]. Our study also provides retinal thickness monitoring using high resolution imag-
ing with SD-OCT in hemizygous P23H-1 rats. Indeed, this non invasive in vivo technique en-
ables longitudinal studies and now achieves the resolution of histology, without its terminal
nature. Moreover, this alleviates the fixation process on retinal sections, which is a potential
source of variation in structure and thickness measurements [42]. Such structural studies apply-
ing SD-OCT may provide surrogate markers to monitor functional rescue in translational re-
search. When observed with aging in our study, structural characterization of hemizygous
P23H-1 rats revealed gradual ONL thinning reaching 86% at 6-months of age, consistent with
histology [17]. Of note, 1- and 2-month-old P23H-1 rats showed slightly different ONL thick-
ness compared to the histological data (respectively 20um and 10pm) from the literature
(http://www.ucsfeye.net/mlavailRDratmodels.shtml). Difference between SD-OCT and histolo-
gy measurements were also described on the same animals, but good correlation in the decreas-
ing values makes this technique interesting for monitoring [41]. Moreover, while the
degeneration seems to be slowed herein, ONL thicknesses reached comparable values. Animal
housing conditions such as light intensity and feeding were different between this and other
studies, and may also explain an initially slower degeneration documented in the present study
[43-46]. In a recent study, SD-OCT and retinal thickness measurements on histology were as-
sessed in 4-months old pigmented hemizygous P23H rats [41]. These animals were obtained by
crossing homozygous P23H-1 with Long Evans rats to more closely resemble the human disease
providing that albino rodents are more sensitive to photic trauma [47]. The 4-months old pig-
mented hemizygous P23H-1 and WT rats showed less degeneration than the 3-months old albi-
no hemizygous P23H-1 and WT albino rats in the present study and their pigmented status
could account for this difference. However, the difference in genetic background brought by
crossing may also induce variations in the course of the disease [48, 49]. Furthermore, patients
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with a P23H mutation show regional distribution of retinal degeneration [50, 51]. In the P23H
mouse, if dark reared, photoreceptor cell death was uniformly distributed across the retina, but
when raised in cyclic light conditions, the density of apoptotic cells was greater, particularly in
the inferior region of the retina [52], the region most severely affected in patients with the P23H
mutation [50]. Photoreceptor degeneration was also accelerated by light exposure. Regional dif-
ferences were not observed in our study on hemizygous P23H-1 nor on pigmented hemizygous
P23H-1 rats [41] and one reason may be artificial light conditions in which they were raised. In-
terestingly, our study also demonstrates inner retinal abnormalities with no change in overall
inner retinal thickness with age. Moreover, inner retinal abnormalities were described by OCT
in regions where the ONL was thinned in patients with the P23H mutation [53]. Here we
showed that hemizygous P23H-1 rats OPL thickness decreased dramatically with aging. This
result is consistent with observations obtained on synaptic complexes by immunohistochemis-
try, where dendrites of bipolar cells were found less profuse in hemizygous albino and pig-
mented P23H-1 compared to WT, especially with aging [18, 41]. Synaptic connectivity of
horizontal cells also changed after 3-months of age, with their dendrites being atrophied and
condensed [41]. INL thickness composed of nuclei of bipolar, horizontal and amacrine cells,
showed an initial decrease of 1um in hemizygous P23H-1 compared to WT rats. With aging, no
other difference appeared in the thickness of both hemizygous P23H-1 and WT rat INL. Immu-
nohistochemistry on hemizygous albino P23H-1 rats showed that bipolar cell bodies were
smaller at 40 days of age and confined to a single layer adjacent to the OPL and decrease in
number between 5- and 9-months of age [18]. On pigmented hemizygous P23H-1 rats cell bod-
ies were smaller after 2-months of age for horizontal cells and rod and cones bipolar cells, with
a reduction in number particularly after 6-months of age [41]. These differences were not com-
pared to the age-matched pigmented WT rats. We observed similar decreases by SD-OCT on
albino WT and hemizygous P23H-1 rats, the role of the albino background on this degeneration
remains also unclear. IPL+GCL+NFL thickness, comprising ganglion cells, their synapses with
INL cells, and their axons forming the optic nerve, was 10% thinner in hemizygous P23H-1
than in WT rats. These results were consistent with immunohistochemistry on albino hemizy-
gous P23H-1 rats, showing that ganglion cell population was initially smaller in hemizygous
P23H-1 than in WT rats, and a difference in degeneration appeared after 6 months of age [19].
Immunohistochemistry on pigmented hemizygous P23H-1 rats showed horizontal and rod bi-
polar cells axons and varicosities were reduced after 2-months of age but these differences were
not compared to the matched-aged pigmented WT rats [18, 41]. Finally, while correlating outer
and inner retinal function (i.e., a- and b-wave parameter correlation), we find a close correlation
that may imply the absence of additional inner retinal dysfunction to photoreceptor dysfunc-
tion suggesting that structural abnormalities do not result in functional alteration. However, the
abnormalities observed in the inner retina need to be taken into account in the development of
therapies aiming at restoring photoreceptor function, such as photoreceptor transplantation
[54], subretinal implants [55], and optogenetic activation of dormant cone photoreceptor cir-
cuitry [56], as they all need functional inner retinal cells to be effective. A precise assessment
would therefore be helpful to select candidates for appropriate treatments such as implants that
could be placed either sub or epi-retinally and optogenetics that could be implemented on
cones [56], bipolar [57] or ganglion cells [58] depending of these findings.

To conclude, this study clarifies the genotype of hemizygous P23H-1 rats, by identifying
transgene sequence, numbering the gene copies and their expression. Functional and structural
phenotypic and non-invasive in vivo evaluation by ERG and SD-OCT confirm previously re-
ported functional and histological data in the literature and provide new endpoints for valida-
tion of preclinical therapeutic intervention. These results will serve as basis for the
development of novel therapies, in particular those directly targeting the gene defect.
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2. Complementary ongoing results: Genome editing approach

for Rhodopsin mutants

Currently, there is no treatment for RCD and different therapeutic strategies are under
investigation. We wanted to deliver the proof-of-concept of genome editing on RHO mutant
acting as a dominant negative effect, which cannot be addressed by current gene replacement

strategies.
a) Meganucleases

This project was part of a FEDER founded project in collaboration with a company (Cellectis,
Romainville, France). The initial rationale was to obtain several meganucleases allowing us to
inactivate any of the dominant mutations we wanted to target through the human RHO.
Bioinformatics were applied to identify the best fit for meganuclease cut in human RHO. Four
meganucleases were selected after testing on extra-chromosomal substrate on yeast and CHO
(Chinese Hamster Ovary) cells by a company (Cellectis) (Figure 40).

MN Rho31
MN Rho34
MN Rho36 MN Rho7
o1 1] Bl ] | O
+ t
P23H P347L

Figure 40: Meganucleases targets on human genomic RHO. Exons are in green, introns in white, 5’UTR
and 3’UTR in orange. Meganucleases target are depicted with blue arrows, mutations leading to P23H and
P347L exchange are depicted with red arrows.

(1) Invitroon HEK?293 cells

HEK 293 (Human Embryonic Kidney 293) cells were transfected with plasmids encoding for
meganucleases (targeting RHO or calpain small subunit 1 (CAPNS1) used as positive control),
incubated for 48 hours, and subsequent protein and gDNA extracted. Western-blot using an
anti-1-Crel antibody recognizing meganucleases was performed and confirmed strong

expression of meganucleases (Figure 41).
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Figure 41: Western-blot evaluating the expression of meganucleases on transfected HEK 293 cells.
HEK 293 cells were transfected with meganucleases, incubated for 48 hours and protein extracted. Western-blot
was performed and membrane staining against I-Crel and tubulin to confirm expression of meganucleases.
Abbreviations: CTRL -: not transfected; MN: meganuclease. All tested meganucleases show high protein
expression.

Meganuclease cutting was tested by PCR-amplification of fragments of the targeted site of
gDNA of meganucleases treated or untreated cells with subsequent deep sequencing and was
considered as efficient if reaching at least 1% (252). Although positive control CAPNS1
meganuclease treatment was efficient with 8% of mutations, none of the tested RHO

meganucleases was efficient to cut and induce NHEJ (Table 13).

Table 13: Percentage of mutation induced by various meganucleases evaluated by deep sequencing.
Meganuclease-treated or untreated HEK 293 cells gDNA was amplified around meganuclease target site,
percentage of mutations were numbered by analyzing sequences obtained by deep sequencing.

Target Type Mutations (%)
MN RHO7 Meganuclease treated 0.088
MN RHO7 Negative control 0.127
MN RHO 31 Meganuclease treated 0.31
MN RHO 31 Negative control 0.0
MN RHO 34 Meganuclease treated 0.028
MN RHO 34 Negative control 0.011
MN RHO 36 Meganuclease treated 0.058
MN RHO 36 Negative control 0.0
MN CAPNS1 Meganuclease treated 8.161
MN CAPNS1 Negative control 0.518

We hypothesized that this negative result can be due i/ to a difficult access of meganucleases
to the endogeneous locus on cells that do not naturally express rhodopsin, ii/ to a low amount
of transfected cells, where these cells would express strongly the meganucleases (refer to the
western-blot evaluation), but more meganuclease expressing cells are necessary for efficiency

and/or iii/ to the low efficiency of the selected meganucleases to induce DBS at the target site
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if accessible. In order to avoid the difficult access of meganuclease to the endogeneous loci,

we decided to change the validation model.

(2) Exvivoon rat retinal explant

We choose a model in which RHO is naturally expressed and therefore the endogenous RHO
locus is more likely accessible to endonucleases by using newborn rat retinal explants.
Meganuclease Rho 31 presented the highest mutation rate (Table 13), and its targeted
sequence is conserved between human and rat. Therefore, we tested its cutting efficiency on
rat retinal explants. A vector expressing Green Fluorescent Protein (GFP) was used to monitor
meganuclease-encoding plasmid delivery. The meganuclease Rho 31-GFP plasmid was co-
electroporated in newborn rat retinal explants with a cofactor that stabilizes DSB (Trex) and
increases the NHEJ events when DSB occurs. A positive control condition was performed by
co-electroporating three plasmids: one expressing Baat meganuclease, one expressing GFP,
and one expressing Trex. Four days later, cells were dissociated and FACS sorted for GFP.
Only 5% of the cells were GFP positive. Evaluation of NHEJ was performed on gDNA of
GFP positive cells.

Internal MN MN
control Baat Rho 31
- + - + - +

Figure 42: Evaluation of NHEJ with Surveyor mutation detection kit induced by meganuclease on

newborn rat retina. Newborn rat retinas were electroporated with plasmids co-expressing Baat or Rho 31
meganucleases (MN Baat and MN Rho 31 respectively) and GFP and incubated for 4 days. Dissociated cells
were FACS sorted when GFP positive and the mismatch detecting kit applied. Uncut fragments are depicted by
arrows, cut fragments are depicted by arrow heads, non specific fragment is depicted by star. — untreated, +
treated.

Evaluation of NHEJ revealed multiple bands for the internal control (Figure 42, arrow heads),
but multiple bands for theBaat positive control, and the Rho 31 meganucleases could not be
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visualized (Figure 42, arrows). A slight additional band of approximately 180 bp was
visualized for the untreated Baat meganuclease condition but was considered as non specific
since the cells were not treated with the meganuclease (Figure 42, star).

Although Baat is expressed at low levels in brain, thyroid and strongly in liver

(http://www.ncbi.nlm.nih.gov/UniGene/ESTProfileViewer.cgi?uglist=Mm.2859), we were

not sure if it is specifically expressed in the retina, which may explain the negative results for
the Baat meganuclease. Rho is only weakly expressed in newborn rat retina, which may
explain the negative results obtained for the Rho 31 meganuclease. To test meganuclease Rho
31, electroporation in older rat retinas is technically more challenging with poorer efficacy.
When we exposed these negative results to our collaborators (Cellectis), they proposed to

switch to a new nuclease type, with a more flexible design: the TALENS.

b)  TALENSs

The major advantage of TALEN is the flexibility in design for any specific target to induce
DSB. Again, for this part, we chose the P23H rat model described before. With the
knowledge of the genetic characterization of this rat described herein (232), our collaborator
(Cellectis) designed a TALENSs that specifically targets the P23H mutation on the mouse
transgene of this model (P23H TALEN). DSB was validated on extra-chromosomal substrate

in yeast and delivered to us in two plasmids coding for each subunit of the TALEN.

(1) Exvivoon P23H rat retinal explants

In the absence of GFP in the vector delivered by our collaborators (Cellectis) and no
subcloning possibility in another vector, newborn P23H rat retinal explant electroporation was
monitored by co-electroporation of a GFP expressing plasmid in addition to the two plasmids
expressing the TALEN subunits. A TALEN targeting human RAG with no target in rat
genome (RAG TALEN) served as a negative control. After FACS sorting, only 1% of the
cells were GFP positive. The cutting efficiency evaluation test revealed no multiple bands for
both the negative control RAG TALEN and the P23H TALEN (Figure 43, arrows), although
we observed several bands for the positive control of the kit (Figure 43, arrowheads). A slight

additional fragment of approximately 150 bp was visualized for PCR of untreated or treated
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TALEN conditions, but was considered as non specific since the band is present for the

untreated conditions (Figure 43, stars).

Internal P23H RAG
control TALEN TALEN

Figure 43: Evaluation of NHEJ with Surveyor mutation detection kit induced by TALEN on newborn
rat retina. Newborn rat retinas were co-electroporated with the two plasmids expressing TALEN subunits and
one plasmid expressing GFP and incubated for 5 days. Dissociated cells were FACS sorted when GFP positive
and the mismatch detecting kit applied. Uncut fragments are depicted by arrows, cut fragments are depicted by
arrow heads, non specific fragments are depicted by stars. —untreated, + treated.

This negative result can be due to i/ the inaccessibility of the endogenous Rho locus in retinal
explants of newborn rats which express Rho weakly, ii/ an imperfect co-electroporation of
GFP and both TALEN subunits and/or iii/ the low yield of DBS induced by the P23H
TALEN. As mentioned before, electroporation in older rat retinal explants lead to lower
electroporation efficacy. To improve the delivery, TALENs were encapsulated in AAV
viruses and the efficient infection tested ex vivo on 21-day-old P23H rat retinal explants and

in vivo.
(2) Exvivoand in vivo infection with TALENS expressing
AAV

Because of the FEDER grant deadline funding this project, we were eager to finalize the
proof-of-concept of TALEN genome editing on Rho mutant. Therefore we decided to perform

both ex vivo and in vivo experimentations in parallel.

138



(@ Exvivoon 21-days-old P23H rat retinal

explants

As described under methods, most efficient infection of retinal explants using AAV8-Y733F
expressing GFP under the control of pCMV was obtained after 5 days of incubation yielding
in the strongest fluorescence signal. Cutting efficiency evaluation test on P21 P23H rat retinal
explants infected with 4.6 10™ vg/ml concentrated AAV8-Y733F expressing TALEN subunit
(5 pl per AAV) revealed no multiple bands for both negative control RAG TALEN and P23H
TALEN (Figure 44, arrows) although we observed several bands for the positive control of

the kit (Figure 44, arrowheads).

RAG P23H Internal
TALEN TALEN control
= + o + = +

Figure 44: Evaluation of NHEJ with Surveyor mutation detection kit induced by TALEN on P21
P23H rat retina. P21 P23H rat retinal explants were infected with two AAV8-Y733F expressing each one
TALEN subunit under the control of CMV promoter and incubated for 5 days. gDNA was extracted, PCR
amplification was performed using probes flanking the TALEN targeted site and the mismatch detecting kit
applied. Uncut fragments are depicted by arrows, cut fragments are depicted by arrow head. —untreated, +
treated.

This result can be due to a low rate of rod photoreceptors infected by both viruses expressing
TALEN subunits, or the lack of efficiency of TALENs. Albeit different approaches to
establish the conditions to validate TALEN expression by immunohistochemistry in the
absence of a positive control, we were not able to establish the conditions. Therefore, we
evaluated the infection rate by anti-GFP immunohistochemistry on explants infected with
AAV8-YT733F expressing GFP under the control of the CMV promoter (Figure 45).
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Figure 45: Visualization of GFP expression on infected P21 P23H rat retinal explants. P21 P23H rat
retinas were infected with an AAV8-Y733F expressing GFP under the control of CMV promoter and incubated
for 5 days. An anti-GFP immunohistochemistry revealed labeling in all retinal layers.

Although we observed anti-GFP labeling in all retinal layers, immunolocalisation in
photoreceptors was seldom (Figure 45). Together, these results can be due to a low rate of rod
photoreceptors infected by both viruses expressing the TALEN subunits, or the lack of
efficiency of TALENS.

(b)  Invivo delivery on P23H rats
As mentioned before, the following in vivo experiments were performed in parallel with the

ex vivo infection of retinal explants of P23H rats.

Q) Subretinal injections at P21

Subretinal injections of 1 pl of GFP expressing virus at 10* vg/ml on 21 days old P23H rats’
right eye showed strong GFP fluorescence localization on the retina 14 days after injections
(Figure 46).

Figure 46: Color (right) and micron 3 (left) fundus imaging of GFP fluorescence for AAV8-Y733F
infected animal 14 days after subretinal injection.
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Subretinal injection in P21 P23H rat’s right eyes of 1pl at 10* vg/ml of each AAV8-Y733F
virus coding for a P23H Rho TALEN subunit followed by ERG and SD-OCT monitoring
revealed no functional (Figure 47) and structural (data not shown) rescue when compared to
eyes injected with AAV8-Y733F viruses coding for RAG TALEN subunits or non injected

eyes.
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Figure 47: Scotopic ERG responses. Dark-adapted ERG recording was obtained at 1,2,3 and 6 months of
ages and a 12 cd.s/m2 stimulus intensity from wild-type rats (blue), untreated P23H rats (purple), P23H rats
subretinally injected with AAV8-Y733F expressing TALEN against P23H Rho (green) and P23H rats
subretinally injected with AAV8-Y733F expressing TALEN against RAG (red). (A) a-wave and (B) b-wave
maximum amplitudes with increasing ages of rats are shown. Error bar represent standard error, n=12

Furthermore, damages at injection points were visualized by SD-OCT (data not shown).
Thus, this negative result can be due to the damage caused by subretinal injection, a low rate
of rod photoreceptors infected by both viruses respectively expressing one of the TALEN

subunits, or the lack of efficiency of TALENS.

(i) Systemic injections at P1

Subretinal injections of 10pL of GFP expressing virus at 8.5 10 vg/ml on newborn P23H

rats showed a diffuse GFP fluorescence of the retina 14 days after injections (Figure 48).
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Figure 48: Color (right) and micron 3 (left) fundus imaging of GFP fluorescence for AAV9-2YF
injected animal 14 days after systemic injection.

Systemic injection in newborn P23H rats eye of 5uL of each AAV9-2YF virus at 1.7 10"
coding for a P23H Rho TALEN subunit by followed ERG and SD-OCT monitoring revealed
no functional (Figure 49) and structural (data not shown) rescue when compared to eyes of
rats injected with injected with AAV9-2YF viruses coding for RAG TALEN subunits or non

injected rats’ eyes.
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Figure 49: Scotopic ERG phenotype. Dark-adapted ERG series were obtained at 1,2,3 and 6 months of ages
and a 12 cd.s/m2 stimulus intensity from wild-type rats eyes (blue), untreated P23H rats eyes (purple), P23H rats
injected with AAV9-2YF expressing TALEN directed against P23H Rho eyes (green) and P23H rats injected
with AAV9-2YF expressing TALEN directed against RAG eyes (red). (A) a-wave and (B) b-wave maximum
amplitudes with increasing ages of rats are shown. Error bar represent standard error, n=14

This result can be due to a low rate of rod photoreceptors infected by both viruses expressing
TALENS subunits and/or the lack of efficiency of TALENS.

142



(3) Invitroon P23H rat embryonic fibroblasts

To ensure we did not miss the activity of TALENSs because of the difficulty to deliver both
TALEN subunits into the same cell, we performed an ex vivo assay on P23H rat embryonic
fibroblasts. P23H rat embryonic fibroblasts (P23H REF) were isolated on E15 embryos. A
construction comprising an IRES followed by GFP or iRFP into vectors expressing TALEN
subunit (one distinct fluorescent marker per construct) were cloned. 18 % of nucleofected
P23H REF with the two plasmids were GFP and iRFP positive after FACS sorting. Cutting
efficiency evaluation test revealed no multiple bands for both negative control RAG TALEN
and P23H TALEN (Figure 50, arrowheads) although we observed several bands for the

positive control of the kit (Figure 50, arrows).
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Figure 50: Evaluation of NHEJ with Surveyor mutation detection kit induced by TALEN on P23H
REF. P23H REF were co-nucleofected with two plasmids expressing each one TALEN subunit and GFP or
IRFP after an IRES (one fluorescent marker per subunit) and incubated for 3 days. Harvested cells were FACS
sorted when GFP and iRFP positive and the mismatch detecting kit applied. Uncut fragments are depicted by
arrows, cut fragments are depicted by arrow head.

Since we were sure that both TALEN subunits were expressed in these cells, we hypothesized
that this negative result can be due to a difficult access of TALEN to the endogenous Rho

locus gDNA target in this artificial system or to the lack of efficiency of TALENS.
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C. Other projects

I also obtained results by contributing to different projects in my laboratory. My contributions
and the communications are listed below. These results will not be discussed in the last part

“Discussion and perspectives”.

RP1 mutations project: Sequencing
Publication:

1.Audo, l., Mohand-Said, S., Dhaenens, C. M., Germain, A., Orhan, E., Antonio, A., Hamel, C.,
Sahel, J. A., Bhattacharya, S. S., and Zeitz, C. (2012). RP1 and autosomal dominant rod-cone
dystrophy: novel mutations, a review of published variants, and genotype-phenotype correlation. Hum
Mutat 33, 73-80.

LRIT3 identification and characterization project: Functional studies

Publications:

1.Zeitz, C., Jacobson, S. G., Hamel, C. P., Bujakowska, K., Neuille, M., Orhan, E., Zanlonghi, X.,
Lancelot, M. E., Michiels, C., Schwartz, S. B., Bocquet, B., Antonio, A., Audier, C., Letexier, M.,
Saraiva, J. P., Luu, T. D., Sennlaub, F., Nguyen, H., Poch, O., Dollfus, H., Lecompte, O., Kohl, S.,
Sahel, J. A., Bhattacharya, S. S., and Audo, I. (2013). Whole-exome sequencing identifies LRIT3
mutations as a cause of autosomal-recessive complete congenital stationary night blindness. Am J
Hum Genet 92, 67-75.

2.Neuille, M., EI Shamieh, S., Orhan, E., Michiels, C., Antonio, A., Lancelot, M. E., Condroyer, C.,
Bujakowska, K., Poch, O., Sahel, J. A., Audo, I., and Zeitz, C. (2014). Lrit3 Deficient Mouse (nob6):
A Novel Model of Complete Congenital Stationary Night Blindness (cCSNB). PL0oS One 9, €90342.

3.Neuille, M., Morgans, C. W., Cao, Y., Orhan, E., Michiels, C., Sahel, J. A., Audo, I., Duvoisin, R.
M., Martemyanov, K. A., and Zeitz, C. (2015). LRIT3 is essential to localize TRPML1 to the dendritic
tips of depolarizing bipolar cells and may play a role in cone synapse formation. The European
journal of neuroscience, 56.

Paper presentation:

1.Neuillé, M., EI Shamieh, S., Orhan, E., Michiels, C., Bujakowska, K.M., Poch, O., Sahel, J.A.,
Audo, I., and Zeitz, C. (2014). A novel mouse model for complete Congenital Stationary Night
Blindness (cCSNB). Association for Research in Vision and Ophtalmology (MN, Orlando, USA).

Poster presentation:

1.Zeitz, C., Jacobson, S., Hamel, C., Bujakowska, K., Neuillé, M., Orhan, E.*, Zanlonghi, X., Sahel,
J., Bhattacharya, S., and Audo, I. (2013). Whole exome sequencing identifies mutations in LRIT3 as a
cause for autosomal recessive complete congenital stationary night blindness. Association for
Research in Vision and Ophtalmology (* Due the the pregnancy of CZ, EO presented the poster,
Seattle, USA).
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ITM2B identification and characterization project: Functional studies

Publication:

1.Audo, I., Bujakowska, K., Orhan, E., EI Shamieh, S., Sennlaub, F., Guillonneau, X., Antonio, A.,
Michiels, C., Lancelot, M. E., Letexier, M., Saraiva, J. P., Nguyen, H., Luu, T. D., Leveillard, T.,
Poch, O., Dollfus, H., Paques, M., Goureau, O., Mohand-Said, S., Bhattacharya, S. S., Sahel, J. A.,
and Zeitz, C. (2014). The familial dementia gene revisited: a missense mutation revealed by whole-
exome sequencing identifies ITM2B as a candidate gene underlying a novel autosomal dominant
retinal dystrophy in a large family. Hum Mol Genet 23, 491-501.

Poster presentation:

1.Audo, I., Bujakowska, K., Orhan, E., Sennlaub, F., Guillonneau, X., Leveillard, T., Mohand-Said,
S., Bhattacharya, S., Sahel, J., and Zeitz, C. (2013). The familial dementia gene revisited: ITM2B
missense mutation causes a new dominant retinal dystrophy. Association for Research in Vision and
Ophtalmology (1A, Seattle, USA).

KIZ identification and characterization project: Functional studies

Publication :

1.El Shamieh, S., Neuille, M., Terray, A., Orhan, E., Condroyer, C., Demontant, V., Michiels, C.,
Antonio, A., Boyard, F., Lancelot, M. E., Letexier, M., Saraiva, J. P., Leveillard, T., Mohand-Said, S.,
Goureau, O., Sahel, J. A., Zeitz, C., and Audo, I. (2014). Whole-exome sequencing identifies KIZ as a
ciliary gene associated with autosomal-recessive rod-cone dystrophy. Am J Hum Genet 94, 625-633.

Paper presentations:

1.El Shamieh, S., Neuille, M., Terray, A., Orhan, E., Condroyer, C., Demontant, V., Michiels, C.,
Antonio, A., Boyard, F., Leveillard, T., Mohand-Said, S., Goureau, O., Sahel, J. A., Zeitz, C., and
Audo, . (2014). Whole exome sequencing identifies a new ciliary gene underlying autosomal
recessive rod-cone dystrophy. Young Researchers in Life Sciences (SES, Paris, France).

2.Zeitz, C., El Shamieh, S., Neuille, M., Terray, A., Orhan, E., Leveillard, T., Mohand-Said, S.,
Goureau, O., Sahel, J.A., and Audo, I. (2014). Comprehensive genetic analysis in inherited retinal

diseases applying next-generation sequencing. International Society for Eye Research (CZ, San
Fransisco, USA).

GRMG6 gene therapy project: In vivo and functional studies

Paper presentation:

1.Miranda de Sousa Dias, M., Neuille, M., Orhan, E., Dalkara, D., Audo, I., and Zeitz, C. (2014).
Gene replacement therapy for CSNB as a proof-of-concept for other inner retinal disorders. Société de
Génétique Ophtalmique Francophone and Deutsche Ophtalmologische Gesellschaft joint meeting
(MMdSD, Giessen, Germany).

145



Discussion and Perspectives



A. Motivation

Genetic studies of human population provide a gateway to better understand the intact
physiology of a system. New gene defects identification enables, by deciphering the causal
relationship between the mutation and the disease, to gain unpredicted insight into a cellular
pathway. Moreover, knowledge of genetic defects has a high clinical impact since it provides
an opportunity to design therapeutic strategies to address this defect.

On these two aspects, this thesis gives several insights on the retinal physiology. On one hand,
GPR179 identification, localization and physiopathological studies and mouse model
characterization provide a better understanding of the first visual synapse between
photoreceptors and ON-bipolar cells. On the other hand, genome editing strategies applied to
RHO mutations helped to a better understanding of the P23H-1 rat adRCD rat model and
revealed how challenging the setting of genome editing strategies was.
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B. Accuracy and limitations of our animal models

and new insights into retinal physiology

Either for physiological and physiopathological mechanism studies or proof-of-concept of
therapeutic approach, an animal model that allows transferability of information is needed.
The accuracy with which the animal model predicts the course or outcome of the human
phenomenon constitutes the principal criterion of relevance. The other considerations we took
into account were i/availability, ii/housing and maintenance requirements, iii/cost,
iv/opportunity to perform invasive or manipulative research but also v/number of people who
are already using this model, allowing better knowledge of the animal model (253). In our
two studies, murine models were chosen. Mouse and rat’s eyes are similar to human eyes,
with some exceptions: the size is smaller, and the composition of the retina differs at the level
of photoreceptors. Mice and rats do not have a macula, and present also a higher rod/cone
photoreceptor ratio than humans. They also express distinct cone opsin making their visible
light spectrum different from humans (19, 254). Finally, they also have a later development of
their retina compared to humans, with rod photoreceptors being totally mature around ten
days after birth (255). This last difference had to be particularly taken into account, especially
for newborn rat’s retinal explant electroporation. However, even with these differences
between murine and human eyes, mice and rats present very similar eye compared to humans

in terms of structure and function, making them good models for translational research.

1. Gprl79 " mouse model

The Gpr179” model presented the first four advantages listed above. At the time we started
the study, one horse (85), two zebrafish (86, 87) and six mouse models (8, 69, 88-91) were
already published for cCSNB, making mouse the main specie studied for this disease. Since
ES clones for a GPR179 knock-out were available, the gene defect in humans had to be
confirmed in a different model and GPR179 function had to be further elucidated, we
developed a mouse model, allowing comparisons of our model and the different models for
the other genes of the same signaling cascade. These studies have been initiated when we

were not aware that another group characterized a naturally occurring Gprl179 mouse model,
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which was used for a candidate gene approach for cCSNB patient screening and led with our
study to a back-to-back publication in the American Journal of Human Genetics (245, 247).
Gpr179"' turned out to be an excellent model since the initial functional characterization
revealed the same abnormalities as observed in patients (247). Indeed, Gpr179” mice and
cCSNB patients with GPR179 mutations present a Schubert-Bornschein type ERG with a
normal a-wave and severely reduced b-wave under sotopic conditions. In photopic conditions,
both photopic single flash responses present an a-wave with normal amplitude and a reduced
b/a ratio. Our results were also consistent with the other Gpr179 mutant mouse line harboring
a Gprl79 transposon mutation, and a morpholino knockdown of Gprl79 in zebrafish (245).
ERG in scotopic conditions of both mouse models presents a no b-wave phenotype with
normal a-wave (245). In photopic conditions, we obtained a reduced b-wave amplitude for the
photopic single flash responses as described for the other Gprl79 mouse model. The
immunohistochemistry results we obtained were also consistent with results obtained on the
other Gprl79 mouse model (245, 246, 256-258). On one hand, GRM6 (245, 258), TRPM1
(246, 258) and for the first time LRIT3 shown by us are not mislocalized when GPR179 is
lacking. On the other hand, GPR179 disruption leads to the absence at the dendritic tips of
ON-bipolar cells of RGS7 (246), RGS11 (246) and for the first time GNB5 shown by us.
Proteomic screening identified GPR179 as a binding partner of RGS proteins (246). Together
these findings suggest that GPR179 has a role to target and/or maintain either RGS7-GNB5 or
RGS11-GNB5 complexes at the dendritic tips of ON-bipolar cells. It is also known that
GPR179 forms macromolecular complexes with GRM6 and TRPM1 (256), suggesting a role
in the compartmentalization of the principal elements of the cascade by bringing RGS
proteins into close proximity to key elements of the cascade they regulate. Our studies
showed that the localization of various proteins involved in ON-bipolar signal transmission
including LRIT3 is maintained, whereas proteins of the RGS family, which are known to
regulate GRM®6 (82), are no longer localized at the dendritic tips of ON-bipolar cells (Figure
51). Thus, the availability of our mouse model will be useful to further characterize the
signaling cascade from the photoreceptor to bipolar cells. Future studies, for instance using
optomotor response measurements under scotopic and photopic conditions, histology and
proteomics needs to be performed to refine the phenotypic and functional characterization and
confirm these findings. Furthermore, electrophysiological experiments need to be conducted
to better understand the role of GPR179 in sensitivity of GRM6 signaling cascade (258).
Finally, GPR179 is an orphan seven transmembrane GPCR, and additional studies are needed

to deorphanize the receptor by the identification of a putative ligand or to prove that GPR179
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serves only as a regulator in the RGS complex. Determining the hierarchical relationship and
determinants for complex formation at the dendritic tip of ON-bipolar cells, will likely yield

important insights into the organization of the postsynaptic compartment of the cascade.
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Figure 51: Schematic drawing of major molecules important for the first visual synapse between
photoreceptors and ON-bipolar cells (modified from Zeitz, C . et al., (30))

2. P23H-1 rat model

The P23H-1 rat model was chosen because it presents the five advantages mentioned above.
The P23H-1 rat harbors progressive rod degeneration initially associated with normal cone
function, this phenotype is consistent with the clinical findings in patients carrying the
p.P23H RHO exchange. Moreover, the P23H-1 rat presents a late degeneration (232, 241)
allowing successful rescue of the phenotype. However, when we started our study, little
information was available on the rat genotype. As a primary step for genome editing, we
sequenced the transgene, allowing the design of endonucleases, and started the experiments to
bring a fast proof-of-concept of genome editing. Subsequently, we showed that nine copies of
the transgene were present in the hemizygous P23H-1 rat (232). The low expression rate of
the transgene supposed a tandem insertion of these copies with only one or few transgene(s)
expressed or insertion in regions suppressed by epigenetic phenomenon such as chromatin

compaction (232). Nevertheless, these nine copies of transgene hemizygous P23H-1 rat
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constitute the major drawback of this model. We did not know if the endonuclease we were
testing would be able to inactivate all the transgene copies that were actually expressed, to
rescue the phenotype. With the low transgenic expression, P23H-1 rat would qualify to test
therapy targeting mRNA. A better model for genome editing would have been the recent
P23H knock-in mouse which has a wild-type mouse allele, and a P23H mutated transgene
(120). Nevertheless, we performed the cutting efficiency evaluation assay directly on the
transgenic DNA. The limit of sensitivity of this test was recently described at 10% (259). So
if the endonuclease had induced DSB and NHEJ in a rate superior to 10%, we should have
visualized it and may be able to discriminate between a low activity rate superior to 10% with
little chance for rescue of the phenotype from the total absence of activity or low activity rate
inferior to 10%. Deep sequencing was a more sensitive assay. However, we did not use it
anymore because we assumed that an edited photoreceptor rate inferior to 10% would be
unlikely to show a therapeutic effect. Depending on the high or low activity rate of the
endonuclease and the effective inactivation of the expressed copies of transgene, we could
therefore visualize respectively phenotypic rescue and genome editing at a gDNA level, or

only the genome editing at a gDNA level.
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C. Accuracy and limitations of our genome-editing

models

For our genome-editing experiments, we performed experiments on several models, each of

which with advantages and drawbacks but overall complementing each others.

1. HEK 293 cells

HEK293 cells are a cell line derived from human embryonic kidney. They are very easy to
grow, provide an abundant material, and are easy to transfect. However they do not allow the
evaluation of functional rescue in case of successful genome editing since they do not express
RHO. Thus, we choose HEK?293 cells only to validate the efficacy of meganuclease at the
genomic level on human RHO. The major drawback of this model is indeed the absence of
RHO expression that may suggest that at the RHO locus, chromatin may be compacted and
therefore the gDNA not accessible to meganuclease targeting. Indeed, at the time we were
performing our experiments, chromatin status had been shown to modulate the efficacy of
weak endonucleases such as meganucleases (260, 261). Therefore, we decided to change the

model.

2. REFs

REFs were isolated from E15 (embryonic 15-day-old) embryos. They are easy to grow and
provide abundant material. The major advantage of this model was the perspectives. If we had
been able to treat efficiently REFs with TALEN, then we could have selected edited
fibroblastes, reprogram them into induced pluripotent stem cells and retina-like structure to
validate phenotypic rescue. Physiological characterization could have been done and
eventually cellular therapy could be considered. The other advantage is the possibility to
perform FACS sorting or enrichment with magnetic beads of cells expressing endonucleases
after nucleofection. The major drawback of this model may have been, similarly to HEK293

cells, the absence of locus accessibility, since fibroblasts don't naturally express Rho.

152



3. Newborn rat retinal explants

We performed newborn (postnatal 1 or P1) rat retinal explant electroporation to test
meganucleases and TALENs. We choose this model since it allows endonuclease delivery
directly to photoreceptors, where Rho is expressed. We were assuming that the chromatin
state should be favorable to an access of endonucleases since RHO expression in rat retina
starts at detectable levels at P2 and increases rapidly (262) to reach a plateau after P10.
Electroporation in older rat retinas than P1 leads to poor delivery efficacy, explaining why we
performed electroporation at P1. The other major reason of electroporation at P1 was that it

was enabling genome editing before the cells were engaged into apoptotic mechanisms.

We electroporated a plasmid that co-expressed meganuclease and GFP (see Results Part
B.2.b.2) or three plasmids, which express each one a subunit of TALEN or GFP (see Results
Part B.2.c.1). The FACS sorting allowed ensuring that the endonucleases were expressed.
Nevertheless, the major limit of this model was that we did not know if it was expressed in
rod photoreceptors, which we wanted to target or in other retinal cell types since
electroporation was performed on whole retinal explants. Low rate of cells (<5%) were GFP
positive when FACS sorted, and cell type testing by as example immunocytochemistry with
specific cell markers was not performed. Furthermore, for TALEN electroporation, we could
not technically check if both plasmids encoding each subunit were co-tranfected in the same

cells.
4. P21 rat retinal explants

We performed P21 rat retinal explant infection with two AAV8-Y733F expressing TALEN
subunits under the control of pPCMV. There were two major improvements and advantages in
this model compared to P1 retinal explant electroporation: i/ at P21, photoreceptors were
mature and were expressing RHO at a high rate, so the chromatin state was favorable to
access the TALEN target, ii/ we were expecting a higher rate of infection with AAV
compared to the yield of electroporation. This model was also relevant to validate efficacy at
the genomic level before testing functional rescue. The major drawback lies on the fact that
we needed three viruses in this strategy: two for each subunit of the TALEN and one to
monitor infection. In the absence of an effective immunohistochemistry using antibodies
raised against two tags comprised in each one of the TALEN subunit, it was difficult to

control the amount of cells indeed expressing both TALEN subunits that would be actively
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genome edited. Therefore, we evaluated the infection rate by anti-GFP immunohistochemistry
on explants infected with the virus expressing GFP and although we observed anti-GFP
labeling in all retinal layers, we showed that immunolocalisation in photoreceptors was
seldom. A better infection by testing different doses and/or serotypes would thus be beneficial

for testing in this model.

5. P23H-1 rat model

Two modes of delivery were chosen for administration of two distinct AAV expressing each
TALEN subunit.

a) Subretinal injections at P21

Subretinal injections at P21 were performed using two AAV8-Y733F expressing each a
TALEN subunit under the control of pCMV. This AAV serotype had been reported to
successfully deliver a gene to rod photoreceptors in the mouse (242). The major advantages
were that we were providing TALEN subunit expressing AAVs under the control of a strong
and ubiquitous promoter directly in contact with the photoreceptors at a stage when the retina
is mature and RHO locus likely to be accessible for genome editing. If the treatment was
efficient, we should also be able to document phenotypic rescue by functional and structural
characterization of the rats. The drawbacks were that i/ we were not able to monitor if the
infected cells were actually infected with both TALEN-subunit-expressing AAVs and ii/ we
were not sure if the TALEN delivery time was early enough to salvage rod photoreceptors
from apoptosis. Furthermore, by performing SD-OCT to monitor the expected rescue, we
observed that our injections at P21 were damaging the retina. More precise subretinal

injection performed by a surgeon without damaging the retina would also be beneficial.
b) Systemic injections at P1

Systemic injections at P1 were performed using two AAV9-2YF expressing the TALEN
subunits under the control of pRHO, specific of rod photoreceptor expression. This AAV
serotype had been reported to efficiently infect photoreceptors when injected systemically in
the mouse (243). The major advantages were that i/ the treatment was performed at an early
stage, enabling genome editing before the cells were engaged into apoptotic mechanisms, ii/

the retina was not damaged by the injection, iii/ by using a rod photoreceptor specific
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promoter, we were limiting possible off-target effects on other cells in the body. Similarly as
above for subretinal injections, the major drawback was that we were not able to monitor
whether infected cells were actually expressing both TALEN subunits. Moreover, our
injections were performed intracardiacally at P1 since it was the best time point recognized
for injections in mouse (243). We subsequently tested different time points for optimization of
this AAV infection, and as it was revealed later in mouse (200), we had better infection
efficacy at P4. P1 injections resulted in low infection rate and we hypothesized that TALEN
subunits were probably not efficiently enough delivered in the same cells to visualize a

rescue.

Although none of the used models was perfect they were all complementary with their
advantages and limits, allowing several approaches testing for endonucleases effect
visualization at gDNA or organism level. Further work is needed to reach a proof-of concept
for TALEN efficiency. We still think that demonstrating DSB on P21 P23H retinal explants
would be a prerequisite to move to in vivo testing: therefore, we would need to determine
better conditions for rod photoreceptor efficient delivery of both TALEN subunits. Viral
vectors appear so far to be the best delivery mode. Different titers could be tested to optimize
infections; other serotypes could also be tested to improve delivery. In particular, in the
perspective of in vivo testing, new 7m8 serotype allowing intravitreal injection may be of
interest to achieve higher intraocular titers than intracardiac injection without damaging the
retina unlike subretinal injection (144, 263). We also need to find a way to better monitor
cells that are effectively expressing both TALEN subunits after infection with cloning in new
delivery vectors. An optimal test to assess DSB would be by deep sequencing being more
sensitive than other more indirect methods. Once the proof-of-concept through retinal
explants would be achieved, optimal kinetic determination for injection with a preference for
an early injection time point before significant photoreceptor cell death is needed. Treatment
point for which chromatin containing the mutant transgene(s) is likely accessible to TALENSs
would be an important criteria. If possible from ex vivo experiments, intravitreal injections to
achieve a high virus titer into the eye and limit photoreceptor damage would be the method of
choice. Subsequently, in vivo treatment efficacy would be monitored functionally by ERG,
and structurally by SD-OCT as we performed in the current project for in vivo testing.

Additional immunohistochemistry could also be planed to document the cellular phenotype of
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rescued rod photoreceptors. Again for this part, as for the ex vivo testing, the limiting factor
would be to monitor in vivo the efficacy of photoreceptor expression of both TALEN

subunits.
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D. The future of genome editing strategies to
prevent dominant negative mutations induced

diseases

Over the last decade, as DNA-sequencing technology became faster and cheaper, our
understanding of the human genome has increased accordingly. Genome editing strategies are
potentially applicable to therapy with the development of different endonucleases. We, and
others, opened the field by designing and testing them on endogenous locus. New tools
allowing gene editing identification as deep sequencing was valuable for detection and
understanding of genome editing mechanisms, and advances on new endonucleases
identification. Many success were published for animal model creation, however the number
of therapeutic success is still low, presumably because the efficiency of these endonucleases
to perform DNA cut is still low (264).

Of the current generation of endonucleases, the most rapidly developing is the CRISPR/Cas 9
system, which major advantage is its easy design at low costs for targeting nearly any desired
sequence in the genome, with the only requirement to be next to a NGG PAM sequence. For
these reasons, we also decided to test the CRISPR/Cas 9 system for our genome editing
project. Unfortunately, it was not possible to target specifically the c.68G>A, p.Pro23His
mutation because of the absence of an NGG next to it. We therefore designed 7 gRNA
specifically targeting exon 1 of the mutated mouse transgene of P23H-1 rat and cloned them
into a vector expressing gRNA, Cas 9 protein and CD4, which allows bead-based enrichment
of CRISPR/Cas9 expressing cells. Our plan is now to validate the efficiency of genomic cut
through the in vitro assay of embryonic fibroblasts we developed. If we succeed to generate
NHEJ on P23H REF, we will select edited fibroblasts, reprogram them into induced
pluripotent stem cells and retina-like structure to validate phenotypic rescue. Then, we will set
the conditions to efficiently infect rod photoreceptors presumably by acting on the serotype of
the virus and delivery, injection time and dose of the virus. This will allow in vivo testing of

the selected CRISPR/Cas9 for phenotypic rescue on P23H rats.

Our work outlines challenges inherent to genome editing and the hurdles to achieve proof-of-
concept before it can be considered as therapy. A better understanding of variations on gDNA

accessibility due to epigenetic mechanisms would be beneficial to design therapy aiming to
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edit the genome. A better understanding of DSB repair mechanisms on the treated cell line
would also be useful to develop strategies aiming more at HR than NHEJ and targeting
different mutations in the same gene. Off-target activity of the endonucleases is also a major
issue for therapeutic applications. Future studies and new design of endonucleases need to
address this concern. As examples, chimeric endonuclesases fusing catalytically inactive Cas9
to Fok1 nuclease, will take advantage of the easy targeting of CRISPR/Cas9 system combined
to the dimerization necessity of Fokl. Therefore, two adjacent chimeric Cas9-Fokl will be
needed for target recognition and cleavage, requiring double of the length of a conventional
CRISPR/Cas 9 system target and thus, being beneficial to decrease the off-target events
incidence (265, 266). Alternatively, the development of nickase, with Cas9 enzymes inducing
single strand break and used by pair to break the two strand of DNA on two close loci (267),
are strategies that can be envisaged. Finally, new vectors allowing more efficient and precise
delivery of the endonucleases at the expected time would be beneficial for therapeutic genome

editing.
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Science never solves a problem without creating ten more...
George Bernard Shaw
... and that is exactly what’s challenging in Science.

Elise Orhan
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De I’identification de génes candidats et leur caractérisation fonctionnelle a I’apport d’une
preuve de concept dans le cas d’une thérapie génique par édition génomique dans les maladies
génétiques rétiniennes stationnaires ou progressives.

La rétine est un tissu spéecialisé dans le traitement de l'information visuelle par I'intermédiaire des
photorécepteurs, cones et batonnets, et des neurones de deuxiéme ordre, les cellules bipolaires et les
cellules ganglionnaires dont les axones forment le nerf optique. Notre groupe s'intéresse a élucider les
mécanismes génétiques impliqués dans les maladies rares stationnaires, comme dans la cécité nocturne
congénitale stationnaire (CNCS), ou progressives comme dans la dystrophie de type batonnet-cone
(DBC). Cette thése apporte de hombreuses connaissances sur la physiologie rétinienne. D’une part,
nous avons identifié GPR179, un nouveau géne impliqgué dans la CNCS complete, étudié la
localisation de la protéine et la physiopathologie des protéines mutantes. Nous avons également créé et
caractérisé fonctionnellement un nouveau modéle souris invalidé pour GPR179 qui nous a permis de
mieux approcher la premiére synapse rétinienne entre les photorécepteurs et les cellules bipolaires
adjacentes. D’autre part, nous avons caractérisé le génotype et le phénotype de I’un des modeles les
plus utilisés de la DBC, le rat P23H. Nous avons ensuite développé une approche d’édition génomique
pour invalider les mutants RHO ayant un effet dominant négatif en testant in vitro, ex vivo et in vivo
les meganucleases, TALEN (Transcription Activator-Like Effector Nuclease) puis le systéme
CRISPR/Cas9 (clustered regularly interspaced short palindromic repeats/CRISPR associated protein
9).

Mots-clefs : rétine, GPR179, rhodopsine, édition génomique, endonucléases, thérapie génique

From gene identification and functional characterization to genome editing approaches for
inherited retinal disorders.

The first steps in vision occur in the retina when rod and cone photoreceptors transform light into a
biochemical signal, which gets processed by bipolar cells, ganglion cells and finally by the brain. Our
group investigates genetic causes and mechanisms involved in inherited stationary and progressive
retinal diseases as congenital stationary night blindness (CSNB), and rod-cone dystrophy (RCD), also
called retinitis pigmentosa. This thesis gives several insights on the retinal physiology. On one hand,
we identified GPR179, a new gene mutated in complete CSNB, studied the localization and the
physiopathology of missense and splice-site mutations. We also delivered a new knock-out mouse
model which we functionally characterized, and studied GPR179 partners to provide a better
understanding of the first visual synapse between photoreceptors and ON-bipolar cells. On the other
hand, we genotypically and phenotypically characterized one of the most popular RCD model, the
P23H rat model. There is currently no treatment for RCD and different therapeutic strategies are under
investigation. We wanted to deliver the basis for a genome editing approach for RHO mutations,
acting as a dominant negative effect, which cannot be addressed by current gene replacement
strategies. We opened the field by performing in vitro, ex vivo and in vivo genome editing experiments
using meganucleases, TALEN (Transcription Activator-Like Effector Nuclease) and finally
CRISPR/Cas9 system (clustered regularly interspaced short palindromic repeats/CRISPR associated
protein 9) and revealed how challenging the setting of genome editing strategies was.

Keywords: retina, GPR179, rhodopsin, genome editing, endonucleases, gene therapy
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