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MODULATION OF THE UNFOLDED PROTEIN RESPONSE TO DELAY
APOPTOSIS IN AN AUTOSOMAL DOMINANT RETINITIS PIGMENTOSA
ANIMAL MODEL
YOGESH BHOOTADA
SCHOOL OF OPTOMETRY-VISION SCIENCES
ABSTRACT
Retinitis pigmentosa (RP) is a group of retinal degenerative diseases characterized by the
loss of rod photoreceptor cells that can be followed by cone degeneration eventually
culminating in total photoreceptor cell loss. This disease affects approximately 1.5
million people worldwide and can be transmitted in an autosomal dominant (ADRP)
manner accounting for nearly 30% of all RP cases. Dominant rhodopsin mutations have
been divided into class | and class Il based on the folding of rhodopsin protein, thermal
stability, and chromophore regeneration. A threonine-17-methionine (T17M) mutation in
rhodopsin is a class Il mutation, characterized by a thermal instability/folding defect and
minimal regeneration with the chromophore. Misfolded opsin interferes with the
trafficking of wild-type rhodopsin, causing accumulation in the endoplasmic reticulum
(ER) and stimulation of a signal transduction cascade known as the Unfolded Protein
Response (UPR). If not deactivated, this pathway triggers photoreceptor death,

presumably through triggering apoptosis.

T17M mutant rhodopsin mice have become a valuable animal model for the study of
ADRP. In these mice we have demonstrated that PERK (RNA-activates protein kinase-
like ER kinase) signaling, is upregulated leading to an increase in phosphorylated (p)
translational eukaryotic initiation factor 2o (eIF2a), ATF4 (Activating transcription factor
4) and CHOP (C/EBP Homologous Protein) mRNA, starting at postnatal day (P) 18.

Manipulating ATF4 and CHOP expression in a mouse model of retinal degeneration with



UPR activation, we demonstrated for the first time that ATF4 overexpression accelerates
retinal degeneration through CHOP and caspase induced cell death. In contrast, genetic
ablation of one allele of ATF4 and CHOP altogether mitigates retinal degeneration and
provides long term rescue.

Several studies have suggested that Caspase-12 acts as an initiator caspase during ER
stress-induced apoptosis, activating an effector caspase-3 or -7 which then cleaves key
substrates required for normal cellular functions, thus leading to apoptosis. Here, we
validated caspase-12 as a therapeutic target, ablation of which significantly protects
T17M photoreceptors from progressing degeneration. Although the inhibition of
apoptotic activity alone was not sufficient to rescue T17M photoreceptors, in
combination with other non-apoptotic targets, caspase-12 could be used to treat inherited

retinopathy.

Keywords: Retinitis Pigmentosa, Unfolded Protein Response, ATF4, CHOP, Caspase-12
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CHAPTER 1

GENERAL INTRODUCTION

Retina

The retina is a thin layer of tissue that lines the inner surface of the eye. The function of
the retina is to convert light energy into neural signals and send these signals on to the
brain for visual recognition. The retina processes light through a layer of photoreceptor
cells. These are light-sensitive cells responsible for detecting qualities such as color and
light-intensity. The retina processes the information gathered by the photoreceptor cells
and sends this information to the brain via the optic nerve. The retina is the neurosensory
element of the eye. It is a layered structure and its cellular components are defined in a
way to meet the functional requirements of the different regions of the retina (1).

Retinal Pigment Epithelium: Each human eye contains approximately 3.5 million RPE
cells (2, 3) which are held together by junctional complexes to form a single layer of
hexagonal cells. The tight junctions between these RPE cells separate the choroid blood
flow from the outer segments of photoreceptors, thus creating the part of the outer blood-
retina barrier (4, 5). This barrier helps to control the extracellular environment and
maintain the function of the outer retina. RPE has several functions such as epithelial
transport (6), visual cycle (7), phagocytosis of outer segment of photoreceptors (8)

essential for visual function that support normal photoreceptor function.



Photoreceptor Layer: The photoreceptor layer consists of two types of photoreceptor
cells: rods and cones. Rod photoreceptor cells are responsible for dim light vision and
have only one type of photo pigment rhodopsin (9). Cone photoreceptors are responsible
for day light and color vision with high acuity. Cone cells have three types of photo
pigment: short, middle and long wavelength opsin (10). Rod and cone cells are tightly
stacked together into a single stockade layer of photoreceptors (11). Photoreceptor cells
are the only cells in the retina which are directly sensitive to light and, thus, the site of
visual transduction. All other layers of the retina collectively assist to process and
transmit these nerve signals.

Outer Nuclear Layer: The outer nuclear layer contains the nuclei of the rod and cone
photoreceptor cells. The human retina comprises about 4-5 million cones and 77-107
million rods (12).

Outer Plexiform Layer: Photoreceptor cells of the outer nuclear layer form networks with
the bipolar and horizontal cells of the inner nuclear layers in the OPL. This is the first and
important synapse in the retina. The terminals of the photoreceptor cells, the rod
spherules and cone pedicles, form the synapses with the photoreceptor, bipolar, and
horizontal cells (13). Photoreceptor signals are connected in such a way that they give
rise to two important pathways an ON and Off-center pathways and a center surround
organization in the retina (14, 15). These signals are then transmitted to the next layer of
the IPL for processing by bipolar cells (12).

Inner Nuclear Layer: This layer consists of the nuclei of five different types of cells: the
bipolar, the horizontal, the amacrine, the interplexiform, and the Miuller cells. The

horizontal cells are located on the outer side of the inner nuclear layer facing the OPL,



whereas the amacrine cells are placed in the inner part of the INL. The nuclei of the
bipolar, interplexiform, and Muller cells take up intermediary positions (13).

Inner Plexiform Layer: The IPL is the second retinal processing layer with interlaced
dendrites of ganglion cells and cells of the inner nuclear layer. The processing of the
photoreceptor input through detailed interactions between the bipolar, amacrine, and
ganglion cells occurs in six lamina of the IPL (12).

Ganglion Cell Layer: GCL contains approximately 1.2 million ganglion cells and
displaced amacrine cells. The axon of ganglion cells (nerve fiber layer) merges into the

optic nerve and transmits all the information to the brain (16).

Visual Transduction in Retina

Rhodopsin of rod photoreceptors cells consists of the protein opsin and a chromophore 11
cis-retinal. Photon absorption by rhodopsin (R) leads to photo isomerization (R*) and
conversion of 11 cis-retinal to all-trans retinal (17). This causes a conformational change
in rhodopsin and transduces an enzyme cascade leading to closure of the cation channels
of the photoreceptor membrane. The light-activated opsin R* binds to transducin, a G
protein that is found on the cytosolic surface of the disc membrane (9). The alpha subunit
of the G protein (T,) replaces a molecule of GDP with a molecule of GTP and becomes
activated (T,-GTP). Transducin activates cGMP phosphodiesterase (PDE*), an enzyme
that reduces the concentration of cyclic GMP by hydrolizng its conversion into 5’-GMP
(5’-guanosine monophosphate) (1). cGMP is the second messenger, and reduced
intracellular concentrations of cGMP cause the closure of the cGMP-gated cation
channels in the outer segment of photoreceptor cell membrane, resulting in the

hyperpolarization of the photoreceptors. In the dark condition, steady “dark current”
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flows into the open channels, carried mainly by Na®* ions, and depolarizes the
photoreceptor cell. The depolarized photoreceptor releases a neurotransmitter (glutamate)
from its synaptic terminals on to secondary retinal cells in the dark. Upon light
stimulation of the photopigment, the above enzyme cascade ensues, leading to closure of
the cation channels of the photoreceptor membrane, stopping the dark current, and
causing the photoreceptor cell membrane to hyperpolarize and terminate glutamate
release (12).

During subsequent light activation of rhodopsin and enzyme cascade, timely deactivation
of photoreceptor is essential, because the deactivation determines the speed and the
sensitivity of the cellular response to light. Deactivation is a rate limiting step in
phototransduction (18). The photoresponse recovery from light occurs in two parts,
inactivation of each of the activated components R*, T, PDE* and efficient
regeneration of rhodopsin (R) and rapid restoration of the cGMP concentration. R*
inactivation occurs through phosphorylation of rhodopsin protein by the rhodopsin kinase
(19), followed by arrestin binding to phosphorylated R* (20). Regulator of G-protein
signaling (RGS9) inactivates transducin via hydrolysis of bound GTP to GDP (T+GTP
to T,+GDP) through an intrinsic GTPase activity (21). The inactivation of transducin
results in the dissociation of Ta*-GTP from PDE* and terminates the PDE-mediated
cGMP hydrolysis (22). Guanylate cyclase activating proteins 1 and Il (GCAP) (23)
detects a decrease in Ca®* level due to light exposure. This stimulates guanylyl cyclase
activation which restores cGMP concentration to the dark state and re-opening of cGMP-

gated channels (24).



Visual Transduction Proteins

Rhodopsin protein belongs to G-protein coupled receptor family (GPCR) (25). It is
composed of the protein opsin (~40 kD in size) covalently linked to 11-cis-retinal
through Lys*® amino acid via a protonated Schiff base (26). The crystal structure of
rhodopsin at 2.8 A in ground state (27), revealed seven-transmembrane a-helices with
hydrophobic binding pocket for 11-cis-retinal. Seven transmembrane a helices of protein
opsin have N-terminus exposed to intradiscal space and C-terminus exposed to cytoplasm
(28). Rod disc membranes contains over 90% of rhodopsin protein, which are densely
packed in disc membrane with an average density of about 25,000 molecules/um? (29).
Upon light activation, rhodopsin (R) rapidly photoisomerized to the intermediates of
rhodopsin in an order of bathorhodopsin, lumirhodopsin, metarhodopsin | (Meta 1), and
metarhodospin Il (Meta I1) within 1 millisecond (30). Meta Il is the active conformation
(R*) of rhodopsin, which in turn decays to Meta I1I inactive conformation (31).
Inactivation of rhodopsin (R*) occurs in two steps. It starts with rhodopsin kinase
phosphorylation of R*, which lowers the activity of activated rhodopsin (32). And ends,
with binding of accessory protein arrestin (48 kD) to phosphorylated R*. C-terminus of
rhodopsin protein has several potential serine/threonine phosphorylation sites (33).
Rhodopsin kinase protein (63kD), exclusively found in rods and cones, belongs to
serine/threonine protein kinase family called G-protein couple receptor kinases (GRKSs)
(34) and is required for R* phosphorylation.

The activity of rhodopsin kinase (GRK1) on phosphorylation of R* is regulated by
calcium binding protein recoverin (23 kD) (35-37). In the dark, when intracellular Ca?*
concentration is high recoverin-Ca?* binds to rhodopsin kinase and inhibits R*

phosphorylation. But, during the light response a fall in Ca®* concentration results in
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dissociation of recoverin from Ca®*, consequently inhibition of recoverin is reduced on
GRK1 (36).

Arrestin protein belongs to family of inhibitory proteins participating in signal
transduction (38) which binds to phosphorylated R* and limits its catalytic activity to
activate transducin. It has two splice variants in rod cells: a full-length p48 and c-terminal
truncated form p44 (39). The splice variant p44 has been shown to be more efficient in
turning off R* than full length p48 (32). The lifetime of R* is ~80 millisecond (40, 41).
G-protein transducin is a heterotrimeric protein composed of a, f, and y subunits (42).
Activated rhodopsin R* catalytically stimulates transducin by exchange of GTP for GDP
on o subunit (Ta*). Ta* dissociates from R* as well as it native partners and activates
membrane-bound PDESG to carry the signal forward. Guanyl nucleotide binding and GTP
hydrolysis sites are present on o subunit of transducin (43). Binding of Ta to GTP
releases R* which remains active and can bind to another transducin molecule. Single R*
has a rate of transducin activation ~120 s, this rate is approximately double in
mammalian rods due to a difference in body temperature (44). The amount of transducin
is about 10% of total pigment. Different isoforms of transducin have been reported in
rods (Gat1GB1v1) and cones (Gat,GB3vs) (45, 46).

PDES is a tetrameric protein with two catalytic subunits a, B and two identical inhibitory
subunit y, (47). The activation of PDEG6 requires two Ta*-GTP molecule. PDEG6 density is
about 1-2% of rhodopsin. Two inhibitory subunits y2 mask the catalytic subunits in the
dark, due to light activation Ta-GTP sterically displaces the inhibitory subunits and
relieving inhibition. Activated PDE6 hydrolyzes ¢cGMP to 5’-GMP, reduces cGMP
cytosolic concentration and results in shut down of cGMP-gated channel in the plasma

membrane of rod outer segment(1).



Transducin is inactivated when its bound GTP (Ta-GTP) is hydrolyzed to GDP. The slow
intrinsic GTPase activity is present in o subunit of transducin. But, this intrinsic activity
is greatly accelerated by GTPase activating protein (GAP) complex. Primary GTPase
accelerator in photoreceptor is composed of RGS9-1, the long form of GB5 subunit and a
membrane-anchor protein ROAP (48-50). PDEy exert its inhibitory action after hydrolysis
of Ta-GTP to Ta-GDP and enhance GAP activity on transducin (48).

The final step in phototransduction is shut down of cGMP-gated channel located on the
plasma membrane, which results in hyperpolarization of photoreceptors. The cGMP-
gated channel belongs to cyclic nucleotide—gated (CNG) channel family, which is
member of the superfamily of voltage-gated cation channel (51). Rod channel has a
3CNGA1L:1CNGB1 subunit (52, 53), whereas cone channel exhibits a 2CNGAS3:
2CNGB3 stoichiometry (54). In the dark condition CNG channel allows inward flow of
Na* which is a predominant external cation. This inward current is balanced by an
outward flow of K™ across the inner segment membrane. This current is also called “dark
current” (55).

PDE-mediated hydrolysis and guanylate-cyclase (GC)-mediated synthesis determine the
free cytosolic cGMP concentration. After phototransduction PDE6 mediated hydrolysis
should be terminated and cGMP level has to be restored to the level of dark state. In
mouse photoreceptors two forms of GCs are present GC1 (GC-E) and GC2 (GC-F) (56,
57). GC-1 is present in both rods and cones, and GC-2 is present in rods only (58). GC-1
and GC-2 deletion makes photoreceptor nonfunctional and unstable (59).
Guanylate-cyclase-activating proteins (GCAPs) regulate GC activity. GCAPs are
calmodulin-like Ca?*-binding proteins. In the dark condition high concentration of Ca?*

facilitates formation of Ca®-GCAPs, which inhibits GCs. In light condition, Ca®*
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concentration falls releasing GCAPs and activates cGMP synthesis mediated by GCs.
This calcium dependent negative feedback mechanism is important in restoring cGMP
concentration. Two form of GCAPs protein (1&Il) are present in mammalian rod and
cone photoreceptor, whereas cone photoreceptor also exclusively expresses another form

GCAP-II1 (60).

Visual Cycle

After photon absorption by rhodopsin, its chromophore 11-cis-retinal isomerizes into all-
trans-retinal and rhodopsin becomes meta-rhodopsin. After inactivation of meta-
rhodopsin by phosphorylation and additional reaction steps, opsin has to be regenerated
with 11-cis-retinal so that it can be activated again by a photon. Therefore, all-trans-
retinal has to be re-isomerized to 11-cis-retinal for successful rhodopsin regeneration and
maintain visual function. Photoreceptor lacks the enzyme re-isomerase required for re-
isomerization steps, thus all-trans-retinal is transported to RPE for conversion into 11-cis-
retinal. This process is called visual cycle (7, 30, 61).

All-trans-retinal is transported from intradiscal space to the cytosolic space of the rod
outer segment by an ATP —binding cassette protein (ABCA4). The transportation occurs
by a reaction between all-trans-retinal with phosphatidylethanolamine (PE) to an N-
retinylidine-PE complex. All-trans- retinal is dissociates from PE and converted to all-
trans-retinol by a membrane bound all-trans-retinol dehydrogenase and delivered to RPE
by the carrier protein, IRBP (interstitial retinal binding protein). In the RPE retinol is
transferred to CRBP (cellular retinol binding protein), which deliver retinol to a enzyme
complex of LRAT ((lecithin:retinol transferase), RPE65 (RPE protein with 65 kDa) ,

RDH5 (11-cis-retinol dehydrogenase) and CRALBP (cellular retinylaldehyde-binding
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protein). By the three step enzymatic reaction: esterification of retinol by adding an aycl-
group (LRAT), re-isomerisation to 11-cis using the energy from ester-hydrolysis
(RPE65) and oxidation to 11-cis retinal (RDH5), all-trans-retinol converts to 11-cis-
retinal. CRALBP binds to the final product 11-cis-retinal which releases it to IRBP and

transported back to photoreceptor (61).

Retinitis Pigmentosa

Retinitis Pigmentosa (RP) is a heterogeneous group of inherited retinal disorder that leads
to the progressive loss of retinal function. RP affects over 1 million individuals with a
worldwide prevalence rate of 1 in 4000 (62). More than 45 genes have been identified
and over 100 genes implicated so far which are responsible for retinitis pigmentosa. RP
patients typically lose night vision in adolescence, peripheral vision in young adults, and
then gradually central vision in later life because of progressive loss of rod and cone
photoreceptors. Inheritance pattern for RP includes autosomal dominant (30-40% of
cases), autosomal-recessive (50-60%), or X-linked (5-15) trait (63). Usually RP disease
confined to retinal degeneration, however about 20-30% patients shows non-ocular
disease symptoms and fall under more than 30 different syndromes. Usher’s syndrome is
the most frequent syndromic form (64), in which vision loss is associated with hearing
impairment. Another major example of syndromic RP is Bardet-Biedl syndrome, in
which along with retinal degeneration patients suffers from obesity, cognitive

impairment, hypogenitalism, and renal disease (65).



Symptoms

Retinitis pigmentosa patients usually fall into classic pattern of nyctalopia in early stages.
However, defects at this stage are rare or minimal in day light and patients have normal
habit life. To establish a diagnosis is difficult at this stage especially, if there is no
familial history. Fundus examination may seem normal because of no pigment deposition
and optic disc appear normal. The electroretinogram (ERG) testing is key at this stage,
because only it can detects decrease in maximum ERG amplitude under scotopic
condition. During mid stage, night blindness is prominent with difficulties to drive, and to
walk in dark. Patient’s develops photophobia and dyschromatopsia symptoms. Clinical
signs become more visible with pigment deposition, cataract formation, narrowing of
blood vessels along with atrophy of the retina. In the later stages of disease, patients

develop intense photophobia, no visual acuity, and widespread pigment deposits (66).

Rhodopsin Mutations

Rhodopsin, the major visual pigment of the rod photoreceptor cell, consists of a covalent
complex between the 348-amino-acid integral membrane glycoprotein opsin and 11-cis
retinal (27). Rhodopsin protein is synthesized and glycosylated inside endoplasmic
reticulum. After proper folding of rhodopsin protein, molecular chaperones pass it to
Golgi membranes for its transport to the outer segment of rod photoreceptors (67). As
described earlier, rhodopsin protein has seven transmembrane helices embedded in
plasma membrane with extracellular domain and intradiscal domain. N-terminal
glycosylation inside endoplasmic reticulum is important for conformational maturation of
protein and binding of chromophore 11-cis-retina, while C-terminal is responsible for

rhodopsin sorting and trafficking to the outer segment. Over 100 mutations in the

10



rhodopsin gene have been described (68), and several studies at cellular and transgenic
animal levels demonstrated protein misfolding, poor regeneration with chromophore or
trafficking (69). Mutations in the transmembrane, intradiscal or cytoplasmic domains
results in misfolded/misrouted protein and rod photoreceptor cell death. However, the
mechanisms of cell death are still under investigation (70).

Mutations in rhodopsin gene (RHO, OMIM 180380, accession ID U49742) are the most
common cause of autosomal dominant retinitis pigmentosa (ADRP), in which
progressive loss of rod cells followed by loss of cone cells leads to night blindness, tunnel
vision, and often complete blindness (71). Although, a number of treatments for
rhodopsin RP have been proposed and tested in animal models and clinical studies (62),
the disease remains untreatable. The failure to develop a significant therapy may actually
be due to an incomplete understanding of the mechanisms by which rhodopsin variants
cause RP. One hypothesis considers (68) defective rhodopsin —mediated RP as a protein-
misfolding disease (also called protein conformational disease) in which the misfolding
or misassembly of a mutant protein alters its cellular fate and induces cell death.

The T17M mutation within the Rhodopsin (RHO) gene, which substitutes a threonine
with a methionine at position 17, affects the assembly of the opsin protein with 11-cis-
retinal and presumably impairs protein stability, folding and trafficking. This leads to a
severe form of retinal degeneration known as ADRP (68). It has been proposed that
ADRP photoreceptors, in general (72) and T17M, in particular (73), die through
apoptosis. Recently, our lab has demonstrated that endoplasmic reticulum (ER) stress is
involved in the mechanism of S334ter, P23H and T17M Rho photoreceptor death (74-

76).
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The ability of cells to respond to perturbations in ER function, or ‘ER stress’, is critical
for cell survival, but chronic or unresolved ER stress can lead to apoptosis. Factors that
perturb ER function and contribute to the development of ER stress include increases in
protein synthesis or protein misfolding rates that exceed the capacity of protein
chaperones (client load), alterations in calcium stores in the ER lumen, oxidative stress
and disturbances to the redox balance in the ER lumen (77). In multicellular eukaryotes,
ER stress is sensed by three upstream signaling proteins that, when activated, begin a
cascade of corrective actions (77). The activity of these three pathways collectively
constitutes an ER-specific unfolded protein response (UPR). Non resolving ER-stress
induced apoptosis is becoming increasingly recognized as an important pathogenic factor
in a number of widespread and devastating diseases, including neurodegenerative,
diabetes, atherosclerosis and renal diseases (78). The mechanisms of photoreceptor loss
in RP are unclear, with several pathophysiologic mechanisms implicated (68). An
understanding of this signaling pathway is important in the diagnosis and treatment of a
variety of diseases.

The UPR tries to reestablish equilibrium through the following strategies: 1) suppression
of protein translation to prevent the generation of more unfolded proteins, 2) facilitation
of the refolding of unfolded proteins by the induction of ER molecular chaperones, and 3)
activation of the ER-associated degradation to remove unfolded proteins that have
accumulated in the ER by the ubiquitin-proteasome pathway. If these strategies fail, cells
go to ER stress-induced apoptosis. The three major transducers of the UPR are PERK
(PKR-like endoplasmic reticulum kinase), IRE1 (inositol- requiring 1) and ATF6
(activating transcription factor 6) (Fig.1) (79). These three transducers sense the presence

of the unfolded proteins in the ER lumen and transduce signals to the cytosol or nucleus.
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Activation of PERK leads to the phosphorylation of the a-subunit of the eukaryotic
initiation factor 2 (elF2a), which inhibits the assembly of the 80S ribosome and inhibits
protein synthesis. In contrast to most proteins, ATF4 (activating transcription factor 4)
escapes translational attenuation by elF2a phosphorylation because ATF4 has upstream
open reading frames (ORFs) in its 5’-untranslated region. These upstream ORFs, which
prevent translation of the true ATF4 under normal conditions, are bypassed only when
elF2a is phosphorylated, and therefore ATF4 translation occurs (80). In addition to ER
stress related function, ATF4 is crucial to many other physiological activities including
hematopoiesis, lens and skeletal development, learning and memory formation, hypoxia
resistance, tumor growth, autophagy, and amino acid deprivation. Being elevated in many
pathological conditions, ATF4 is an attractive therapeutic target (80-82). The role of
ATF4 in promoting neurodegenerative disorders, however, is ambiguous and therefore, is
still under further investigation. It is known that ATF4 may exert either protective or
deleterious effects on cell survival, depending on the paradigm and the benefit from
ATF4 overexpression or deficit is a source of continuous debate in the literature (15).
ATF4 is expressed constitutively only at low concentrations but becomes rapidly induced
under particular cell-stress conditions. The significance of the up regulation is not yet
clear (83, 84). In chapter 2, we describe the role of ATF4 in the progression of autosomal
dominant inherited retinopathy. Manipulating ATF4 expression in a mouse model of
retinal degeneration with UPR activation, we demonstrated for the first time that ATF4
overexpression accelerates retinal degeneration. In contrast, genetic ablation of one allele
of ATF4 mitigates retinal degeneration and significantly protects ADRP photoreceptors

from rapid deterioration.
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Another hallmark of activated UPR is CHOP protein (85). Studies using Chop null mice
have established the role of CHOP in ER stress induced apoptosis in a number of disease
models including renal dysfunction, diabetes, ethanol induced hepatocyte injury,
Parkinson’s disease, experimental colitis, atherosclerosis, cardiac pressure overload (86-
88). “However, the molecular mechanisms are not completely understood”. It has been
shown that CHOP is involved in macrophage apoptosis induced by combinations of ER
stressors and pattern recognition receptor ligands; deletion of CHOP blocks apoptosis
without leading to default necrosis (89, 90). Previous studies have also demonstrated that
disruption of the CHOP gene protects the islet cells of Ins2WT/C96Y mice from
apoptosis, thus delaying the onset of ER stress-mediated diabetes (86). Recent findings
also indicate that ER stress-mediated CHOP activation plays a central role in causing
Alzheimer Disease (AD) pathology by leading to cholesterol oxidization to produce the
metabolite 27- hydroxycholesterol (27-OHC) (88). In addition, in the hearts of CHOP-
deficient mice, phosphorylation of elf2a, which may reduce protein translation, is
enhanced compared to that of wild-type mice (91). The same study also proposed the
novel concept that CHOP, which may modify protein translation and mediate ER-
initiated apoptotic cell death, contributes to the development of cardiac hypertrophy and
failure, leading to myocyte apoptosis. In chapter 3, we show that pharmacological
modulation of ATF4-CHOP inhibition can be achieved to produce neuroprotection. We
found that treatment with the Integrated Stress Response Inhibitor (ISRIB) drug, which
successfully reduced ATF4 and CHOP expression, restored cone physiological response
in T17M mice which usually shows diminished light-adapted (photopic) ERG amplitude

at P30.
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It is known that downstream of the UPR, activation of caspases occurs, which promotes
apoptosis if the UPR is persistent (78). Caspase-12 is ubiquitously expressed in mouse
tissues. It is expressed at high levels in muscle, liver and kidney, and at moderate levels
in brain. It belongs to the inflammatory caspases subgroup including caspase-1, -4, -5 and
-11 (92). Murine caspase-12 expression is induced by IFNY and NF-kB (93); AP-1
binding sites are present in its promoter region (94). Interestingly, caspase-12 has been
linked to neuronal degeneration in neurotoxicity caused by amyloid-f protein (95), by
prion protein (96) and by mutant superoxide dismutase in animal models of ALS (97). It
has been shown that caspase-12 is localized to the ER and activated by ER stress,
including disruption of ER calcium homeostasis and accumulation of excess proteins in
the ER (95). In unstressed cells, pro-caspase-12 forms a stable complex with TRAF2. The
stimuli that induce ER stress and the recruitment of TRAF2 to IREL lead to its
disassociation from pro-caspase-12, thus, promoting the latter’s oligomerization and
positioning it for either auto activation or activation by calpain-2 (98) or caspase-7 (99).
It has also shown that the cleaved active form of caspase-12 participates in promoting

apoptosis by translocation to the nucleus (100). The observation that caspase-12
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processing occurs during ER stress apoptosis led to the suggestion that caspase-12 may
be the initiator caspase during this process and a potential therapeutic target.

It has been shown that caspase-12 plays an important role in the mechanism of retinal
degeneration. For example, photoreceptor apoptosis in the rd1 mice is accompanied by
up-regulation of the protein levels of BiP, caspase-12, phospho-elF2a and phospho-
PERK in a time-dependent manner (101). This up-regulation coincides with or precedes
photoreceptor apoptosis. The authors proposed that these ER stress modulators may be
strong candidates as therapeutic agents in the treatment of retinal degenerative diseases.
The same group demonstrated up-regulation of BiP, caspase-12, phospho-elF2a and
phospho-PERK in a mouse model of retinal photic injury, confirming an idea that the ER
stress plays an important role in light-induced photoreceptor apoptosis and that ER stress
modulators could be therapeutic candidates in the treatment of retinal degenerative
diseases (102). In the fourth and final Chapter we have validated Caspase-12 as a
potential therapeutic target, which in combination with non-apoptotic molecular targets

might be efficiently used to arrest retinal degeneration in ADRP patients.
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Limited ATF4 Expression in Degenerating Retinas with Ongoing ER Stress
Promotes Photoreceptor Survival in a Mouse Model of Autosomal Dominant
Retinitis Pigmentosa.

Abstract
Background: Expression of T17M rhodopsin in rod photoreceptors leads to severe
retinal degeneration and is associated with activation of the Unfolded Protein Response
(UPR) and elevation of the UPR marker, ATF4. A role for ATF4 in photoreceptor
cellular pathology has not been explored previously. We used knockout mice and adeno-
associated viral (AAV) delivery of ATF4 to the retina to validate a novel therapeutic
approach based on the reduction of ATF4 over the course of retinal degeneration. We
demonstrated a pro-death role for ATF4 overexpression during autosomal dominant

retinitis pigmentosa (ADRP).

Results: In T17M rhodopsin mice, we observed an association between ATF4
overexpression, reduced p62 levels, and elevation of p53 levels. These expression
changes, together with increased CHOP and caspase-3/7 activity, contributed to the
mechanism of photoreceptor cell loss. Conversely, ATF4 knockdown retarded retinal
degeneration in 1-month-old T17M Rhodopsin mice and promoted photoreceptor
survival, as measured by scotopic and photopic ERGs and photoreceptor nuclei row
counts. ATF4 knockdown also markedly delayed the onset of retinal degeneration in 3-
month-old ADRP animals. This delay was accompanied by a dramatic decrease in UPR
markers, the launching of anti-oxidant defenses, initiation of autophagy, and
improvement of rhodopsin biosynthesis, which together aided in combating the cellular
stress found in the T17M rhodopsin retina.

Conclusion: Our data indicate that ATF4 overexpression during retinal degeneration

plays a cytotoxic role by triggering photoreceptor cell death, whereas ATF4 deficiency
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tremendously delays the onset of retinal degeneration. Thus, future ADRP therapy might

be aimed at controlling ATF4 expression in degenerating retinas.

Introduction
T17M Rhodopsin mice, carrying a mutant human rhodopsin (RHO) gene, have become a
valuable animal model for studying autosomal dominant retinitis pigmentosa (ADRP).
Severe retinal degeneration is detected by one month in these animals, as shown by a
significant loss of scotopic a- and b-wave ERG amplitudes and in compromised retinal
integrity [1-3] as a result of apoptotic photoreceptor cell death. The mechanism
responsible for retinal degeneration in the ADRP retina includes the impaired assembly
of the opsin protein with its chromophore, 11-cis-retinal, and due to its modified stability,
folding and trafficking [4]. The accumulation of mutant misfolded rhodopsin in the
endoplasmic reticulum (ER) can trigger a signal transduction cascade known as the
Unfolded Protein Response (UPR); we have previously shown UPR activation in T17M
RHO photoreceptors [3]. In these mice we have demonstrated that PERK (RNA-activated
protein kinase-like ER kinase) signaling is upregulated, thus, leading to an increase in
phosphorylated (p) translational eukaryotic initiation factor 2a (elF2a) and Activating
transcription factor 4 (ATF4 or cAMP responsive element binding protein, CREB)
mRNA, starting at postnatal day (P) 18. The accumulation of pelF2a has also been found
in the retina of an ADRP rat model carrying the P23H RHO gene [5]. This mutation, like
the T17M RHO mutant, represents a Class Il mutation [6] and leads to dramatic retinal
degeneration [5]. These findings suggest that activated PERK signaling could be a

common hallmark of progressive ADRP.
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One of the major mediators of PERK signaling is ATF4. On the molecular level, ATF4 is
known to be a key ER stress-induced transcription factor that plays a pivotal role in both
adaptation to stress and activation of apoptosis. Cellular ER stress activates the PERK
pathway and induces phosphorylation of elF2a, an upstream activator of ATF4 that
regulates the expression of the apoptosis-related CHOP transcription factor [7]. In
addition, an extracellular stress signal is known to be promoted by ATF4-controlled
expression of growth factors, cytokines, chemoattractants, and adhesion molecules [8].
Besides ER stress, ATF4 is crucial to many other physiological activities including
hematopoiesis, lens and skeletal development, learning and memory formation, hypoxia
resistance, tumor growth, autophagy, and amino acid deprivation [9]. Being elevated in
many pathological conditions, ATF4 has become an attractive therapeutic target. Thus
the current work on targeting ATF4 in cancer progression focuses on strategies aimed at
inhibiting transcriptional activity or increasing ATF4 degradation [10]. The role of ATF4
in promoting neurodegenerative disorders, however, is ambiguous and therefore still
under investigation. It is known that ATF4 may exert either protective or deleterious
effects on cell survival, depending on the paradigm [11], and the benefit from ATF4
overexpression or deficit is a source of continuous debate in the literature. ATF4 is
expressed constitutively only at low levels but becomes rapidly induced under particular
cell-stress conditions [12]. Elevated expression of ATF4 results in its binding to the
promoter regions of target genes that are involved in amino acid metabolism, redox
control, and apoptosis [13,14].

In ocular degenerative diseases, the elevation of ATF4 as well as the activation of the
UPR have been described in different retinal cell types, reviewed in [15]. The majority of

these experiments have been conducted in cellular models of ocular disorders; in vivo
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studies have also highlighted the involvement of ATF4 in the pathology of diabetes[16],
oxygen induced retinopathy [17, 18], and retinitis pigmentosa [19, 3, 5].

Here, we investigated the role of ATF4 in the progression of autosomal dominant
inherited retinopathy. Manipulating ATF4 expression in a mouse model of retinal
degeneration with UPR activation, we demonstrated for the first time that ATF4
overexpression accelerates retinal degeneration. In contrast, genetic ablation of one allele
of ATF4 mitigates retinal degeneration and significantly protects ADRP photoreceptors
from rapid deterioration. The results of this study together with our previous work
[7,319] highlight PERK-mediated UPR signaling as a cellular network that controls the

rate of retinal degeneration and validate ATF4 as a future therapeutic target.

Material and Methods
Study approval
All experiments with mice followed the animal protocol approved by the Animal Care
and Use Committee of the University of Alabama at Birmingham, conforming to the
Association for Research in Vision and Ophthalmology guidelines.
Animals
Transgenic mice expressing human T17M RHO*, C57BL/6J, RHO" and ATF4""
knockout mice were used in this study to generate T17M RHO™" (T17M), T17M RHO""
ATF4™ (T17M ATF4*"). ATF4*" mice were purchased from Jackson (Bar Harbor, ME;
http//www.jax.org) and have a normal appearance, organ morphology and eye
development. T17M RHO mice were raised under a 12-h dim light/12-h dark cycle. The
genotyping  of ATF4""  mice was performed using forward primers:

ATATTGCTGAAGAGCTTGGCGGC for Neo allele and
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AGCAAAACAAGACAGCAGCCACTA for wild type allele and a common reverse
primer GTTTCTACAGCTTCCTCCACTCTT for both alleles. The T17M genotyping
was performed as previously described [1]. To visualize UPR activation and splicing of
the Xbpl transcriptional factor (IRE1 pathway) in the ADRP retina, ERAI (ER stress
Activating Inducer) mice were used as previously described [3].

Sub-retinal injections were performed in pups at postnatal day 15 with 1 pl of either
AA2/5 virus (serotype 5) expressing the mouse ATF4 cDNA or GFP (10" genome
particle per ml for both viruses) driven by the CMV enhancer-chicken B-actin (CBA)
promoter in their right eye and GFP in their left eye, as previously described [3]. Animals
were monitored for 2 weeks. ERG and protein analysis of injected mice were performed
to evaluate the results of ATF4 overexpression.

Electroretinography

Mice were dark-adapted overnight, then anesthetized with ketamine (100 mg/kg) and
xylazine (10 mg/kg), and their pupils were dilated in dim red light with 2.5%
phenylephrine hydrochloride ophthalmic solution (Akorn, Inc.). Scotopic ERGs were
recorded using a wire contacting the corneal surface with 2.5% hypromellose ophthalmic
demulcent solution (Akorn.Inc). ERG was performed at different light intensities (0 db
(2.5 cd*s/m2), 5 db (7.91 cd*s/m2), 10 db (25 cd*s/m2), and 15 db (79.1 cd*s/ m2). Five
scans were performed and averaged at different light intensities. Photopic, cone-mediated
responses were performed following 10 min light adaptation on the background light
intensity of 30 cd*s/m2. Recordings were obtained at the light intensity of 25 cd*s/m2.
Fifteen waveforms from each animal were recorded and the values were averaged. The a-
wave amplitudes were measured from the baseline to the peak in the cornea-negative

direction, and the b-wave amplitudes were determined from the cornea-negative peak to
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the major cornea-positive peak. The signal was amplified, digitized, and stored using the
LKC UTAS-3000 Diagnostic System (Gaithersburg, MD).

Spectra Domain-Optical Coherent Tomography (SD-OCT)

SD-OCT was performed in P30, P60 and P90 animals using the Spectral Domain
Ophthalmic Imaging System (SDOIS) (Bioptigen). The mice were anesthetized.
Horizontal volume scans through the area dorso-temporal from the optic nerve (superior
retina) and the area ventro-temporal from the optic nerve (inferior retina) were used to
evaluate the thickness of the ONL. For measuring the thickness of the ONL, six
calibrated calipers were placed in the superior and inferior hemispheres of retinas within
100, 200, 300 and 400 um of the optic nerve head. The thickness of the ONL was
determined by averaging ten measurements.

Retinal Imaging

Mice were anesthetized with 100 mg/kg ketamine and 5 mg/kg xylazine intraperitoneally,
and the pupils were dilated using 2.5% phenylephrine hydrochloride ophthalmic solution
(Akorn, Inc.). The fundus was examined using the Micron IV camera (Phoenix Research
Laboratories, Pleasanton, CA) with StreamPix 5 software in fluorescent modes. GFP
fluorescence was detectable using green fluorescent barrier filters.

Histology and Immunohistochemistry

Mouse eyes were enucleated at 1 and 3 months of age and were fixed overnight in 4%
paraformaldehyde freshly made in phosphate-buffered saline (PBS) as previously
described [1]. Hematoxylin and eosin staining of 12-micron retinal cryosections as well
as counting of retinal nuclei were performed as previously described [2]. Digital images

of right and left retinas of individual mice were analyzed in the central superior and
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inferior equally located from the optic nerve head. A masked investigator analyzed the
images.

For immunohistochemistry retinal cryosections were rinsed in PBS and blocked in 2%
normal goat serum, 0.3% Triton X-100 in 0.01% BSA in PBS for 1 hour at room
temperature. The sections were then stained with primary anti-rhodopsin antibodies (1D4,
University of British Columbia, Vancouver, Canada) which were diluted in PBS with
0.1% Triton X-100 and 1% BSA and incubated overnight at 4°C. The Cy2-labeled anti-
IgG secondary antibody (Jackson ImmunoResearch Laboratories, West Grove, PA)
diluted 1:500 in PBS was applied at room temperature for 1 hour. Sections were mounted
with Vectashield Mounting Medium (Vector Lab) and cover slipped. Images were taken
using a confocal microscope (Leica SP1 UV Confocal Laser Scanning Microscope).

For staining retinas for reactive oxygen species, 12-micron sections were incubated with
a general oxidative stress indicator, CM-H2DCFDA, Invitrogen (10 uM/L in PBS) in the
dark for 1 hour. Sections were washed three times and were mounted and coverslip with
Vectashield Mounting Medium. The 485nM fluorescence filter was used to take images.
Images were converted to black and white to improve contrast.

Quantitative real-time RT-PCR

For RNA extraction, whole retinas were isolated from 1- month-old mice (C57BL/6J,
ATF4™" T17M and T17M ATF4*") by surgical excision. Total RNA was extracted using
the QIAGEN RNeasy Mini Kit. One pg of purified RNA was reverse transcribed into
cDNA using iScriptTM Reverse Transcription Supermix (BioRad). Integrity of the RNA
samples as well as efficiency of cDNA reaction was verified prior to the gRT-PCR.
TagMan Gene Expression Assay Kits (Applied Biosystems) were used to measure gene

expression (mRho: Mm00520345m1; HRho: Hs00892431 _m1; Gapdh: Mm99999915¢1;
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Bip: Mm00517690_g1; XBP1: Mm03464496_m1; GADD34: Mm00435119_m1; CHOP:
Mm01135937_g1). TagMan miRNA assay was performed using the TagMan MicroRNA
Reverse Transcription kit (Applied Biosystems) and a total of 500 ng RNA was reverse
transcribed into cDNA with specific miRNA primers (hsa-miR-708: mmu-miR-708-5p).
Small nucleolar RNA 202 (snoRNA202: AF357327) was used as a control. Quantitative
real-time PCR was performed with the Step One PlusTM Real-Time PCR System
(Applied Biosystems) based on the relative standard curve method. Reactions were
performed at 50°C for 2 minutes and 95°C for 10 minutes, followed by 40 cycles at 95°C
for 15 seconds and 60°C for 1 minute. Results were expressed as cycle threshold time
(Ct) and were normalized to Ct times for the housekeeping gene GAPDH. The replicated
RQ (Relative Quantity) values for each biological sample were averaged. Biological
samples from each strain were used for gRT-PCR analyses.

Western Blot

For protein extraction, whole retinas were isolated from 1- month-old mice (C57BL/6J,
ATF4™" T17M and T17M ATF4"") by surgical excision. Total protein was extracted via
sonication in a protein extraction buffer containing 25 mM sucrose, 100 mM Tris-HCl,
pH = 7.8, and a mixture of protease inhibitors (PMSF, TLCK, aprotinin, leupeptin, and
pepstatin). Protein concentrations were determined using BioRad Protein Assays based
on the Bradford method for protein quantitation. Proteins (30—40 pg) were separated in
4-20% Criterion Precast gels and 5% polyacrylamide gels (BioRad), transferred to a
polyvinylidene difluoride (PVDF) membrane using the Trans-Blot Turbo Transfer
System (BioRad) and incubated with primary antibodies overnight at 4°C under agitation.
After washing, the membranes were incubated for 1.5 h with respective (anti-mouse, anti-

rabbit or anti-goat immunoglobulin) Fluorescence or HRP conjugated secondary antibody

32



(LI-COR Odyssey). For HRP tagged antibody blots were developed with enhanced
chemiluminescence (ECL) according to manufacturer’s instructions (Amersham
Bioscience). B-actin was used as a gel loading control and was detected using an anti-f-
actin antibody (1:5000, Sigma-Aldrich, #A1978). The developed membrane was imaged
using the LI-COR Odyssey Quantitative Fluorescence Imaging System.

Caspase 3/7 Activity Assay. The detection of caspase 3/7 activity was performed using
the Caspase-Glo 3/7 Luciferase assay (#G8091; Promega, Madison, WI) kit in
accordance with the manufacturer's recommendations. Luciferase signal was read by a
luminescent plate reader (Infinite m200, Tecan Group Ltd., Meannedorf, Switzerland)
and used to compare the activation of caspase 3/7 in C57BL/6J, ATF4*", T17M and
T17M ATF4" retinal tissues.

Statistical analysis

Two-way ANOVA comparisons were used to calculate differences in the a- and b-wave
ERG amplitudes and in the average ONL thickness of inferior and superior retinas in 1-,
2- and 3-month-old mice. A one-way ANOVA and t-test were used to calculate a fold
change of mRNA expressions and a level of normalized proteins in P30 retinas. For all
experiments, P-value higher than 0.05 was considered significant (*P<0.05, **P<0.01,

***P<0.001, and ****P<0.0001). Data are represented using mean + SEM.

Results
We up- and downregulated Atf4 gene expression either by genetic ablation of one copy or
by overexpression by means of AAV2/5 —-mediated ATF4 gene delivery.

Overexpression of ATF4 in the T17M retina accelerates retinal degeneration
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We determined if ATF4 overexpression is cytoprotective in ADRP retinas by injecting
P15 T17M and C57BL/6 pups with AAV2/5-ATF4 in the right and AAV2/5- GFP in the
left eyes. This serotype has been shown to preferentially transduce photoreceptors in the
retina [20, 21].The viral-mediated GFP expression in the eye was confirmed by Micron
IV fundoscopy (Fig. S1). The physiological response of photoreceptors to ATF4
overexpression was measured by scotopic ERG at 2-weeks post-injection. This time point
was chosen since only a short window of opportunity is available for functional and
structural rescue in T17M mice, which experience photoreceptor cell death by P30 (Fig.
S1). Our analysis of ERG recordings (Fig. 1A) revealed a significant reduction in ERG
amplitudes in retinas with a 2.3-fold overexpression of ATF4 (Fig. 1B). The AAV2/5 -
GFP-injected eyes showed a decline in ERG amplitudes similar to that found in control
naive animals with progressive ADRP. In addition to T17M, a slightly greater reduction
was observed in the amplitudes of the scotopic ERG a- and b-waves in C57BL/6 mice
injected with AAV2/5- ATF4 (Fig. 1A) suggesting that overexpression of ATF4 is
harmful to both degenerating and normally functioning photoreceptors.

Accelerated loss of function is usually accompanied by a greater rate of cell death. Our
examination of H&E-stained T17M retinal cryostat sections and counts of the number of
photoreceptor rows (Fig. 1C and D) revealed a significant decline in the number of rows
of photoreceptor nuclei in T17M ATF4-injected retinas, which further supported the
functional test results indicating that ATF4 overexpression in T17M retinas accelerates
retinal degeneration.

The induction of ATF4 generally results in increases in apoptosis-related CHOP mRNA
[22]. Our analysis of CHOP production in the ATF4-overexpressed T17M retina showed

that ATF4 vector transduction resulted in higher CHOP levels than were observed in
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AAV2/5-GFP-injected retinas (Fig. 1B). Therefore, we analyzed the activation of the
executioner caspases 3/7 in ATF4-injected retinas, since CHOP overexpression is known
to trigger apoptosis. The increased level of CHOP in ATF4-overexpressing T17M retinas
was correlated with increased levels of caspase-3/7 activity (Fig. 1E). The AAV2/5-
ATF4 injection also elevated caspase-3/7 activity in wild type retinas.

Thus, our experiments revealed that, in general, sustained ATF4 overexpression in
photoreceptors provokes severe retinal degeneration in both wild type and degenerating

retinas through activation of programmed cell death.
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Figure 1
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Figure 1 Overexpression of ATF4 accelerates and induces retinal degeneration in

T17M mice and C57BL/6 mice, respectively.

(A) ERG amplitudes were registered as described in the methods and were analyzed by
one-way ANOVA. Data analysis demonstrated that subretinal injections of AAV2/5-
ATF4 led to a loss of photoreceptor function in the right ATF4-injected T17M retina
compared to the left AAV2/5- GFP-injected eye (N=6, P<0.05 for both a and b-wave
amplitudes). The C57BL/6 retina overexpressing ATF4 also experienced a decline in a-
and b- wave ERG amplitudes (N=4, for both P<0.01) as compared to GFP-injected
controls or uninjected animals (N=4). Results of the scotopic ERG amplitudes registered
at 25 cd*s/m2 are shown. (B) Overexpression of ATF4 in the injected (right) retinas was
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measured by western blotting. A 2.3-fold (N=6, t-test p=0.017) increase in ATF4 was
found in the right eye when compared to the left eye. This resulted in upregulation of
CHOP protein (N=6, t-test p=0.046) in ATF4 overexpressing eyes. Representative
images of western blots probed with antibody against ATF4, CHOP, and B-actin are
shown on the side. (C) Overexpression of ATF4 and CHOP proteins in T17M retinas was
associated with a loss of photoreceptor cells measured by counting the nuclei rows in
H&E stained retinal sections (N=4, t-test P<0.001). (D) Representative images of the
H&E stained T17M retina injected with AAV2/5-GFP and AAV2/5-ATF4. (E)
Photoreceptor cell death in T17M and the wild type retinas overexpressing ATF4 was
associated with highly activated caspase-3/7 (N=4, t-test p=0.011 and P<0.0001,
respectively). The data are presented as mean £ SEM.

T17M mice deficient in ATF4 exhibit a delay of the onset of retinal degeneration as
measured by functional vision test. We tested the hypothesis that a reduction in ATF4
expression in ADRP mice experiencing severe UPR activation [3] would preserve visual
function and prevent photoreceptor cell death in T17M retinas. We knocked down ATF4
levels in ADRP retinas by genetically modifying mice. ATF4” mice develop severe
microphthalmia with no recognizable lens, thus, were unsuitable for this experiment.
However, ATF4""Rho** mice (henceforth referred to as ATF4*" mice) appear to develop
normally and have normal vision. We created an ADRP animal model with reduced
ATF4 expression by crossing T17M*" Rho™* ATF4"" mice with Rho” mice to obtain
T17M*"Rho" ATF4"" mice (henceforth referred to as T17M ATF4" or ADRP ATF4
deficient mice) and T17M*" Rho™" (henceforth referred to as T17M or ADRP) animals.
These mice were compared to C57BL/6 (Rho**) and ATF4*" mice.

Analysis of the scotopic ERG responses (Fig. 2A) demonstrated that T17M mice already
experienced profound loss of a- and b-wave amplitudes at 1 month of age, the age-
matched T17M ATF4"" animals demonstrated a functional protection of ADRP
photoreceptors. No difference was observed between T17M ATF4*" and C57BL/6

animals at this age. However, by 2 months of age, when T17M mice exhibited significant
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decreases in their ERG responses, T17M ATF4"" mice did begin to demonstrate a slight
drop in a-wave amplitudes, with b-wave amplitudes remaining unchanged relative to
C57BL/6 controls. At 3 months of age, the drop in ERG amplitudes for T17M ATF4*"
mice became more noticeable. Despite the initial degeneration, the scotopic a- and b-
wave ERG amplitudes were 2.15- and 1.3-fold greater, respectively, in T17M ATF4*"
mice when compared to T17M animals (Fig. 2).

Importantly, light-adapted (photopic) ERG amplitude was already diminished in 1-
month-old T17M mice (Fig. 2B). However, deficiency in ATF4 led to a remarkable
recovery of both wave amplitudes. No difference was observed between 1-month-old
T17M ATF4"" and C57BL/6 or ATF4"" groups, suggesting normal cone function in P30
ADREP retinas.

The functional test demonstrated that ATF4 deficiency in T17M significantly preserves

vision in mice with retinal degeneration.
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Figure 2 Knockdown of ATF4 prevents functional loss in T17M retina as measure
by scotopic and photopic ERG.

(A and B) ERG amplitudes were registered as described in the methods. The data are
presented as mean £ SEM. See Figure S2 for details. (A) The two-way ANOVA analysis
of the scotopic ERG results registered at 25 cd*s/m2 demonstrated no difference in the a-
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wave amplitudes of T17M ATF4"" mice (N=10) at 1 month when compared to C57BL/6
(N=6) or ATF4 (N=8) mice, whereas the T17M mice (N=5) showed an ERG a-wave
reduction (P<0.0001 as compared to all groups). However, a decline in the a-wave
amplitudes began at 2 months in the T17M ATF4™" retina, with a subsequent decline at 3
months of age, when compared to C57BL/6 retinas (P<0.01 and P<0.0001, respectively);
but the the T17M ATF4"" amplitudes were higher than those of 2- and 3-month-old
T17M mice, (P<0.01 and P<0.05, respectively). The b-wave of the scotopic ERG
amplitude was better preserved in the T17M ATF4™" retinas. No difference between
T17M ATF4*" and C57BL/6 or ATF4*" mice (n.s.) was detected during the first 2
months. By 3 months of age, the TL7M ATF4"" started to exhibit a 24% decline in b-
wave amplitudes as compared to C57BL/6 retinas (P<0.01). (B) The photopic ERGs
registered at 25 cd*s/m2, analyzed by one-way ANOVA, demonstrated dramatic declines
in the a- and b-wave amplitudes in T17M retinas (N=4) by 1 month compared to
C57BL/6 mice (N=6) (P<0.05 for both waves). Knockdown of ATF4 in ADRP retinas
(N=4) significantly protected the T17M cone photoreceptors from functional loss and led
to dramatic elevation of a-wave (P<0.01) and b-wave (P<0.05) amplitudes as compared
to T17M retinas.

T17M ATF4"" mice experience delayed onset of retinal degeneration, as measured
by imaging and histological analyses. We determined if ATF4 deficiency prevents loss
of retinal integrity and photoreceptor cells in ADRP mice by analyzing results from SD-
OCT imaging and by histological evaluation of cryostat sectioned retinas stained with
H&E. The SD-OCT measurements confirmed marked preservation of ONL thickness in
1-month-old T17M ATF4"" mice. Representative spidergrams of the distribution of ONL
thicknesses across the retina at 1, 2, and 3 months of age are shown in Fig. 3A. The
T17M retinas demonstrated a significant reduction in ONL thickness over a period of 3
months, whereas ATF4-deficient ADRP retinas showed a pronounced delay in this
reduction of ONL thickness. Thus, at 1 month, the average T17M ATF4*" ONL thickness
in the superior and inferior hemispheres were both appreciably preserved when compared
to T17M mice and were 83% of the ONL thickness found in C57BL/6 mice. The 2-
month-old T17M ATF4*" mice also showed a significant increase in the average ONL

thickness in both hemispheres when compared with T17M mice. This trend continued in
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3-month-old T17M ATF4"" mice. Results from SD-OCT analysis of 3-month-old-retinas
indicated that, despite a slight drop in the average inferior ONL thickness at 3 months,
the average superior and inferior ONL thickness were both higher in T17M ATF4"" than
in T17M animals (Fig. 3A).

The finding of a marked preservation of retinal structure in T17M retinas deficient in
ATF4 suggested that these animals were able to circumvent photoreceptor cell death.
Histological analysis and counts of the number of photoreceptor nuclei rows in the retinas
(Fig. 3B and C) revealed a similar number of photoreceptor cells in T17M ATF4"" and
C57BL/6 retinas at P30, whereas T17M mice experienced a dramatic loss of
photoreceptor cells. However, by P90, the T17M ATF4"" retinas showed a 37% loss of
photoreceptor cells when compared to C57BL/6, suggesting delayed retinal degeneration.
This photoreceptor cell number was still notably higher than that of the degenerating P90
T17M retinas.

Therefore, imaging and histological analyses demonstrated significant preservation of

retinal structure and decreased photoreceptor cell death in T17M mice deficient in ATF4.
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Figure 3
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Figure 3 ATF4 knockdown protects T17M mice from loss of retinal integrity and
photoreceptors.

(A) We found dramatic increases in the average ONL thicknesses of both hemispheres of
1, 2, and 3-month-old T17M ATF4*" retinas compared to T17M. Representative
spidergrams of the distribution of ONL thicknesses across the retina at 1, 2, and 3 months
of age are shown. The data were analyzed by two-way ANOVA. The T17M ATF4*"
retinas (N=8) demonstrated an increase in the superior and inferior ONL thickness at 1, 2,
and 3 months of age as compared to T17M mice (N=11). All regions from both ADRP
retinas were significantly different from C57BL/6 (N=7) and ATF4 (N=7) mice
(P<0.0001 for both strains and all regions). The data are presented as mean + SEM.
Representative SD-OCT images of one-month-old mice are shown in Fig. S2. (B) The
ATF4 deficiency in T17M mice protected their retinas from photoreceptor cell loss,
resulting in an increase in the number of photoreceptors relative to T17M as measured by
two way ANOVA (P<0.0001). The number of rows of photoreceptor nuclei between
T17M ATF4"" (N=4) and C57BL/6 (N=4) retinas was similar at P30, whereas the T17M
mice lost 43% of their photoreceptor cells (P<0.0001 as compared to all groups).
However, by 3 months, both the TL7M ATF4"" and the T17M mice experienced a loss of
photoreceptor cells as compared to C57BL/6 mice (P<0.0001). The data are presented as
mean + SEM. (C) Representative images of H&E stained retinal sections from all four
groups. Images of one-month-old (upper) and 3-month-old (bottom) control and
experimental retinas. Scale bar indicates 50 pm.

The T17M ATF4"" mouse retinas demonstrate diminished ER stress.

Overexpression of ATF4, the UPR mediator, elevates production of CHOP and activates

caspase-3/7 in injected retinas; therefore, ATF4 knockdown would be predicted to
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modulate UPR-associated hallmark expression as well as the status of executioner
caspase activity in ADRP mice. Previous studies have shown activated UPR markers in
T17M retinas [3, 1]. In contrast with prior work, which was conducted with mice
expressing a transgene in addition to two endogenous rhodopsin copies, the current work
used T17M RHO"" mice, which could have a faster rate of photoreceptor cell death and
different dynamics of activated cellular signaling. Fig.4 show the results of gRT-PCR,
Western Blot, and immunohistochemical analyses conducted in P15 and P30 retinas.
These experiments showed elevated expression of Bip (1.3-fold) and Chop (1.65-fold)
MRNAs, whereas Hsp90 mRNA was downregulated (1.92-fold) in T17M retinas
compared to wild type retinas, suggesting an active ER stress response. In T17M retinas
deficient in ATF4, however, the Hsp90 and Chop mRNA levels were restored to the level
of wild type retinas. Both ADRP strain retinas showed activation of the IRE1 arm
marker, Xbpl mRNA splicing at P15, suggesting that UPR activation occurred earlier
than at P30 (Fig. 4B).
We demonstrated XBP1 mRNA splicing using T17M ERAI"" and T17M ATF4"" ERAI""
mice (Fig. 4B), which were obtained by crossing T17M and T17M ATF4" mice with
ERAI (ER stress-Associated Inducer) transgenic mice carrying a human XBP1 and a
Venus (a variant of green fluorescent protein) fusion gene under control of a CAG
promoter, as previously described [23]. The splicing of XBP1 mRNA resulted in GFP
expression that was detected in the ONL of both T17M and T17M ATF4*" retinas at P15,
suggesting activation of IRE1 UPR signaling in both ADRP groups.

We also confirmed UPR activation by measuring the expression of UPR-induced
cleavage of pATF6, pPERK, pelF2, ATF4, CHOP, and GADD34 proteins (Fig. 4C and

S3). Western Blot analysis of UPR markers demonstrated that the pPERK level was
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significantly upregulated in both T17M and T17M ATF4™" retinas as compared to
C57BL/6 retinas. However, the pPERK upregulation was 2-fold lower in T17M mice
deficient in ATF4 than in T17M mice. Analysis of other PERK signaling markers, ATF4
and CHOP, showed that they were up-regulated in T17M retinas and were significantly
diminished in T17M ATF4"" retinas; ATF4 was up-regulated 1.8-fold in T17M retinas as
compared to C57BL/6 retinas and almost 2-fold downregulated in T17M ATF4™" retinas
as compared to T17M retinas. The ATF4 level in T17M ATF4*" retinas was
correspondingly insignificant different and higher when compared to C57BL/6 and
ATF4*" retinas. The difference between the ATF4™" and T17M ATF4*" groups was
confirmed as statistically significant only by the Student t-test P=0.002), which would
suggest the occurrence of a limited ATF4 increase in ADRP retinas expressing one ATF4
copy.

We also found that levels of CHOP protein declined in T17M ATF4*" retinas, while its
production was elevated 1.7-fold in T17M retinas when compared to C57BL/6 retinas.
Upregulation of CHOP is known to control expression of GADD34, so we expected to
observe GADD34 downregulation in these animals. However, despite the downregulation
of CHOP protein in ADRP retinas deficient in ATF4, the T17M ATF4"" mice were the
only group to show increased GADD34 protein production. An almost 3-fold elevation in
GADD34 protein was observed in these mice when compared to ATF4*" or T17M.
GADD34 is known to provide regulatory feedback that can reverse translational
attenuation; therefore, our finding that GADD34 upregulation coincided with a dramatic
inhibition of pelF2a in TL7M ATF4™" retinas was not surprising. We verified that this
inhibition was not due to reduced elF2a expression by Western blotting. This showed no

differences in elF2a levels among all four groups (Fig. S3). This suggests that the

43



phosphorylation of elF2a is indeed inhibited in T17M ATF4*" and that this perhaps
occurs via sustained over-expression of GADD34 and PP1 phosphatase. Both the
downregulation of pelF2a and up-regulation of GADD34 suggest a long-lasting operation
of the feedback loop in ADRP retinas deficient in ATF4.

Activation of the ATF6 arm results in the cleavage of pATF6 which, together with the
PERK pathway, contributes to CHOP overexpression. Our analysis of the cleaved pATF6
protein revealed that T17M mice had an almost 2-fold elevation of pATF6. In contrast,
activation of the ATF6 UPR arm in P30 T17M ATF4*" retinas was significantly reduced
(Fig. 4C), whereas the level of cleaved pATF6 50 kD protein was comparable to that
found in C57BL/6 retinas. These data on pATF®6, together with the observed reductions
in pelFa and ATF4 in TL7M ATF4"" retinas, can explain the observed downregulation of
CHOP in T17M ATF4"" retinas.

ATF4 knockdown in T17M retinas resulted in a large decrease in executioner caspase
activity as compared to all other groups (Fig. 4E). Notably, no differences were detected
between T17M ATF4"™" and C57BL/6 retinas. These data suggest that, like in our
previous studies with ablation of caspase 7 and 12 in T17M mice [1,24], reduction of the
level of apoptosis achieved by ATF4 knockdown could benefit degenerating retinas. Next
we found that downregulation of apoptotic markers in T17M ATF4"retinas coincided
with a reduction in phosphorylated tumor suppressor p53 (pp53) (Fig. 4E), which is
known to induce apoptosis [25].

Our results demonstrated that the UPR is activated in both ADRP retinas as early as P15.
However, limited ATF4 expression dramatically reduced overall ER stress by lessening
the activation of the PERK and ATF6 arms and essentially abolished caspase activation

and p53 over-expression, indicating resolution of apoptosis at P30.
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Figure 4
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Figure 4. ATF4 knockdown in the ADRP retinas reduces overall ER stress (N=4).
(A) The gRT-PCR data were analyzed by one-way ANOVA. Bip, ATF4 and CHOP
MRNA expressions were elevated in T17M retinas as compared to C57BL/6 and ATF4
mice (P<0.05 for both). The ATF4-defficent ADRP retinas, in general, expressed less
Chop mRNA as compared to T17M retinas (t-test, p=0.012). Hsp90 MRNA expression
was significantly downregulated in T17M retinas (P<0.05 as compared to all groups). (B)
The splicing of XBP1 mRNA resulted in immunohistochemical detection of GFP
expression in the ONL of both ERAI T17M and ERAI T17M ATF4"" retinas at P15 and
suggested activation of IRE1 UPR signaling in both ADRP groups. (C) Western blot
analysis revealed while T17M retinas demonstrated upregulation of pATF6 (50), pPERK,
ATF4, and CHOP as compared to C57BL/6 (P<0.01; P<0.0001; P<0.0001 and p=0.003
t-test, respectively), the ATF4 deficiency in these retinas led to downregulation of these
UPR markers as compared to T17M mice (P<0.05; P<0.01; and P<0.001 respectively)
and a trend toward downregulation for the CHOP protein. The T17M ATF4"" retinas
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were the only group with a significant decrease in pelF2a (P<0.01 as compared to T17M
retinas) and increased GADD34 protein levels (P<0.05 for all groups). The T17M
ATF4"retinas showed increased pelF4E protein levels as compared to T17M retinas
(P<0.05). Representative images of western blots treated with antibodies against cleaved
pATF6, pPERK, pelF2a, pelF4E, ATF4, CHOP, GADD34, and B-actin proteins are
shown in Fig. S2. (D) Knockdown of ATF4 in ADRP retinas led to downregulation of
caspase-3/7 activity. The T17M retinas demonstrated an almost 3-fold activation of
caspase-3/7 (P<0.0001 as compared all four groups), whereas the T17M ATF4*" retinas
were characterized by a level of caspase-3/7 activity comparable with wild type at P30.
(E)Phosphorylated p53 was overexpressed in T17M retinas, as determined from protein
extracts (P< 0.05 as compared to all groups). The data are presented as mean = SEM.
The T17M ATF4"" mice demonstrate increases in NRF2 and diminished oxidative
stress.

The elevation of pPERK in both P30 ADRP retinas predicted an activation of the NRF2-
induced antioxidant signaling in both ADRP retinas. However, analysis of the NRF2
levels by western blotting revealed an elevation of NRF2 in TL7M ATF4"" retinas at P30
(P<0.01 as compared to both the C57BL/6 and T17M retinas) (Fig. 5A). The Nrf2 mRNA
level was significantly increased in the T17M retina, but the NRF2 protein level matched
that found in the C57BL/6 retinas. Recent lines of evidence have suggested that the
NRF2-dependent elevation of ATF4 can occur in the cell concomitantly with enhanced
translation of ATF4 mRNA due to the PERK-dependent phosphorylation of elF2a [26,
14]. Therefore, NRF2 elevation could be responsible for a slight up-regulation of ATF4
in T17M ATF4"" retinas with reduced pelF2a level during ADRP progression. In contrast
to T17M mice, the T17M ATF4*" retinas showed 1.5- and 3-fold up-regulation of the
HO-1 mRNA and protein, respectively, which is known to be regulated by NRF2

(P<0.01 as compared to all groups). This finding was not surprising, since NRF2 is

known to carry out transcriptional activation of Hmox1 [27]. Therefore, the elevation of
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both the NRF2 and HO-1 proteins indicated the launching of an antioxidant program in
the T17M ATF4"" retinas. This program was perhaps impeded in the T17M retinas.

The NRF2 level in T17M mice did not differ from that of the wild type retinas suggesting
that no antioxidant battle was ongoing in these retinas. The activation of the UPR at P15
(Fig. 4B) and PERK upregulation in ADRP retinas at P30 suggested a possible
obstruction of the antioxidant program in T17M retinas at later time points. Analysis of
the T17M retinal protein extract at P15 revealed that the NRF2 level was indeed
increased in P15 T17M retinas when compared to C56BL6 mice (P<0.01) (Fig. S1). This
would suggest an existence of inhibitory signal that prevents the elevation of NRF2
expression between P15 and P30. Our search for this signal revealed a dramatic reduction
of p62 in T17M retinas (Fig. 5 A and B). The silencing of p62 attenuates NRF2 activation
[28], while its phosphorylation promotes activity of KEAP1-CUL3 E3 ligase [29].
Therefore, posttranslational regulatory events, such as KEAPZL-ubiquination and
enhanced degradation of NRF2, most likely occurred in T17M retinas.

We confirmed the results of oxidative stress-associated gene expression by performing
immunohistochemical analysis and detection of reactive oxygen species (ROS) in retinal
cryostat sections using a chloromethyl derivative of H2DCFDA as a general oxidative
stress indicator (Fig. 5D). The T17M mice exhibited oxidative stress during ADRP,
whereas the T17M ATF4™" retinas showed a resistance to oxidative stress, as indicated by
the lack of ROS-positive cells. These observations agreed with our protein analysis that
demonstrated no signs of oxidative stress in TL7M ATF4"" retinas. Thus, an anti-oxidant

defense and diminished ER stress occur concomitantly in the TL7M ATF4™" retinas.
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Figure 5
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Figure 5. ATF4 knockdown launches the antioxidant cellular defense mechanism in
T17M and protects the ADRP retina against oxidative stress (N=4). (A) Nrf2 mRNA
expressions were elevated in T17M retinas (P<0.05 as compared to all groups). But, Ho-1
mRNA was only upregulated in TL7M ATF4*" retinas (P<0.05; P<0.01 and P<0.001
when compared to T17M, ATF4"" and C57BL/6 respectively). (B) Results of western
blotting, analyzed by one way ANOVA, demonstrated that the antioxidant NRF2 and
HO-1 expression was significantly up-regulated in T17M ATF4"" retinas as compared to
C57BL/6 retinas (P<0.01 and P<0.05, respectively) and T17M retinas (P<0.01 and t-
test=0.04 respectively). In addition, p62 was significantly lower in T17M retinas as
compared to all other groups (P<0.05). (C) Representative images of western blots treated
with antibodies against p62, NFR2, HO-1, and B-actin proteins. (D) Oxidative stress was
significantly diminished in the T17M ATF4"" retinas compared to T17M retinas with
ongoing oxidative stress. Representative images of retinal cryostat sections stained with
H2DCFDA. ROS positive cells are evident in the ONL and INL of the T17M retina and
are indicated with arrows. The data are presented as mean = SEM.

Retinal degeneration in T17M mice is associated with an impaired autophagy
signaling.

Expression of p62 is required for the formation of autophagosome through interaction
with LC3 protein (MAP1LC3A in human) [31]. Our western blot analysis of LC3
cleavage revealed a tremendous reduction in T17M retinas as compared to all other

groups, including the T17M ATF4"" mice (P<0.01). Expression of the LC3 gene is
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controlled by ATF4, and ATF4 is known to bind to the MAP1LC3A promoter and
activate its transcription [32, 33], which raised the question of how up-regulation of the
ATF4 in T17M retinas could result in reduction of LC3-I and Il, but not vice versa, as
occurred in TL7M ATF4"" retinas.

Recent study of selenite-induced UPR activation in Jurkat cells has proposed the p53-
p38-MAPK-elF4E-induced ATF4 target selection between apoptosis and autophagy [32].
The switch from apoptosis to autophagy in cells could occur by up-regulation of
phosphorylated elF4E. Therefore, we checked the pelF4E level in degenerating retinas. n
agreement with a previous study [32], up-regulation of ATF4 was correlated with a
tremendous decline in the pelF4E in T17M retinas, while the T17M ATF4 retinas

demonstrated increases in the pelF4E protein (Fig. 6).
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Figure 6. ATF4 deficiency in T17M retinas results in upregulation of
autophagosome associated genes. (A) Level of autophagy-related LC3-II (lipidated
form) and Beclin-1 proteins was diminished in T17M retinas as compared to controls
(P=0.005, t-test and P<0.05 when compared to C57BL/6 and to ATF4, respectively) and
significantly up-regulated in T17M ATF4"" retinas as compared to T17M (P<0.05 and
P<0.01, respectively). The T17M ATF4"retinas showed increased pelF4E protein levels
as compared to T17M retinas (P<0.05).The data are presented as mean £ SEM.
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Delay of the onset of retinal degeneration in T17M ATF4 mice is associated with
improved RHO biosynthesis.

ER stress-inducible miRNA-708 expression governs Rho mRNA [34]. We found an
elevation and a large drop in miRNA-708 expression in T17M and T17M ATF4"" retinas,
respectively. Therefore, we further determined if ATF4 deficiency in ADRP retinas with
reduced miRNA-708 level improves RHO expression and perhaps promotes degradation
of misfolded or aggregated proteins in the cytosol. We performed a measurement of RHO
MRNA and protein expression in all four groups of animals (Fig.7). Previously, we have

+/+

detected a reduction in transgene and endogenous rhodopsin mMRNA in T17M Rho™ "mice
associated with a decline in Nrl and Crx transcriptional factors and an increase in CHOP
expression [2]. In the current study, with T17M Rho*mice, we also observed a drastic
(99%) drop in mouse Rho mMRNA expression, associated with elevation of CHOP protein.
However, unlike the previous findings, we also observed a marked elevation of CHOP-
induced miRNA-708, suggesting that mi-RNA-708, in addition to transcriptional NRL
and CRX factors, could control expression of RHO in both ADRP groups.

The drop in miRNA708 levels in T17M ATF4*" mice was associated with an enormous
(16-fold) increase in expression of human and mouse mRNAs (Fig. 7A) and in total
protein levels (Fig. 7B) when compared to T17M retinas. The total RHO level was a half
that detected in the wild type retinas. Enhancement of RHO production also correlated
with the correct RHO localization within the rod photoreceptor (Fig. 7D).
Immunohistochemical analyses revealed that while T17M retinas experienced a
mislocalization of a fraction of the RHO stained with the 1D4 antibody, no accumulation

of RHO was detected within the ONL in T17M ATF4"" retinas. Clearance of trapped

RHO was in agreement with results indicating activation of autophagy (Fig. 6).
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Therefore, taken together, the present findings support a link between retinal
degeneration and the status of ER stress, anti-oxidative defense, activated autophagy, and

enhanced rhodopsin biosynthesis.

Figure 7
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Figure 7. ATF4 knockdown in T17M photoreceptors has a positive influence on the
RHO expression machinery (N=4 for all groups). (A) A significant decrease in the
mouse RHO mRNA, analyzed by one way ANOVA, was found in the T17M retina as
compared to C57BL/6 and ATF4"" mice (P<0.001 for both). However, deficiency of
ATF4 in these retinas led to a dramatic increase (16-fold) of mouse and human RHO
MRNA expression as compared to T17M mice (P<0.01 and P<0.0001, respectively). The
increase in RHO mRNA corresponded with an attenuation of the ER stress-induced
mMiRNA-708 (P<0.001 as compared to T17M mice). (B) Increase in RHO mRNA led to
elevated production of the RHO monomer and dimer in T17M ATF4"" retinas, whereas
T17M mice experienced a dramatic (99% and 98%) loss of RHO production in
photoreceptors, as measured by detection of dimer and monomer bands (P<0.01 for both
bands as compared to C57BL/6). (C) Representative images of western blots treated with
antibodies against RHO. (D) Immunohistological analyses of P30 retinas with anti-RHO
antibody (1D4, in green) revealed normal localization of rhodopsin in the T17M ATF4*"
OS, compared with T17M mice with partially mislocalized RHO, suggesting improved
clearance of RHO in the ADRP ATF4 deficient retina. ONL, outer nuclear layer; IS,
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Inner segments; OS, outer segments. Scale bar indicates 50 mm. The data are presented
as mean + SEM.

Discussion
Elevation of ATF4, a mediator of PERK UPR signaling, accompanies progressive retinal
degeneration [20]. However, the role of ATF4 in photoreceptor cellular pathology has not
been previously explored. Our study demonstrates that ATF4 plays a proapoptotic role
during the ADRP progression associated with ER stress. Sustained overexpression of
ATF4 is lethal because it leads to over-expression of CHOP and activation of executioner
caspases resulting in photoreceptor cell death. Conversely, ATF4-deficiency in ADRP
retinas results in a significant delay in the onset of retinal degeneration and increases
photoreceptor survival. The mechanism underlying the cytoprotection provided by the
ATF4 deficiency in degenerating retinas is most likely linked to the key players’ p62,
NRF2 and autophagy genes, which together orchestrate a reduction in ER stress, launch
antioxidant defenses, activate autophagy, and enhance rhodopsin biosynthesis. A
proposed mechanism to explain the neuroprotection associated with ATF4 deficiency in

ADREP retinas is presented in Fig. 8.
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Figure 8
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Figure 8. Proposed mechanism of retinal degeneration in T17M and T17M ATF4""
mice. In T17M retinas, we observed up-regulation of pPERK, ATF4, CHOP, p53
proteins resulting in activation of apoptosis. In T17M retinas deficient in ATF4 we
detected up-regulation of Hsp90, pelF4E, NRF2, GADD34 and autophagy genes
resulting in delay of retinal degeneration. Increased and decreased levels of proteins in
the retina are present as small and large fonts, correspondingly. Increased and decreased
effects in solid and dashed lines correspondingly are shown as well.

Molecular mechanism of T17M photoreceptor degeneration

A persistently activated UPR in T17M mice is accompanied by severe retinal
degeneration. Although no photoreceptor cell death is detected at P15, the T17M ERAI
retinas expressing GFP as a result of Xbpl splicing, indicate activation of the IRE1 arm at
P15, pointing to continued UPR activation

The activation of PERK signaling in T17M retinas, detected in this study at P30 and in

the previously conducted study at P15 [3], is associated with Nrf2 up-regulation and
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perhaps the launching of an antioxidant defense at P15 (Fig. 8). Later, at P30, p62 is
downregulated in these retinas, which may result in elevated KEAP1 activity and
degradation of excess NRF2 [29]. The p62 has been previously shown to govern oxidant
stress in cultured RPE and in the retinas of mice exposed to cigarette smoke [35]. This
previous study revealed that p62 silencing exacerbated the cigarette smoke-induced
accumulation of damaged proteins, both by suppressing autophagy and by inhibiting the
Nrf2 antioxidant response, which, in turn, increased protein oxidation. Therefore, the
observed reduction of p62 in T17M retinas may impede the PERK-NRF2-anti-oxidant
defense. Consequently, over the subsequent 2 weeks, the T17M retinas lose a great
number of photoreceptors and experience rapid onset of retinal degeneration, resulting in
a severe decline in both scotopic ERG amplitudes and photopic recordings. This implies
that during the interval from P15 and P30, the T17M retinas experience rod cell death as
well as the loss of cone cell function.

Activation of PERK signaling promotes ATF4 over-expression in T17M at P30. We
showed, in a separate experiment, that this was cytotoxic for photoreceptors and induced
severe retinal degeneration. Accelerated and induced photoreceptor cell death occurs
respectively in T17M and the wild type mice with AAV-mediated ATF4 over-expression
at two weeks after AAV2/5- ATF4 delivery. The advanced decline in ERG amplitudes in
naive T17M mice is due to a dramatic loss of photoreceptors and is associated with
elevations of CHOP and pp53 proteins. As was observed in degenerating and wild type
retinas following viral ATF4 delivery, naive P30 T17M retinas underwent activation of
apoptosis. We also found in these mice that a portion of total RHO was trapped in the
ONL suggesting prevention of RHO clearance due to malfunctioned autophagosome-

lysosome system.
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Therefore, persistent UPR, failure to launch antioxidant defenses, and autophagy
occurring during stress may all contribute to pathogenesis of retinal degeneration in
T17M mice. During ADRP progression, T17M mice experience a progressive loss of a-
and b-wave scotopic ERG, which culminates in only 5 rows of photoreceptors remaining
by 3 months of age.

Molecular mechanism of T17M ATF4*" photoreceptor degeneration

The major contribution of ATF4 knockdown to the mechanism of retinal degeneration is
likely through a reduction of overall ER stress, induction of an antioxidant program, and
activation of autophagy, which together result in a delay of apoptotic photoreceptor cell
death. The dramatic reduction in pPERK, pATF6, pelF2a, and CHOP proteins indicates a
significantly lower degree of UPR activation in T17M ATF4*" retinas. The ATF4 level,
as expected, is reduced in these animals and is undistinguishable from the level in
C57BL/6 mice. However, this level might be sufficient to overcome oxidative stress in
degenerating retinas when NRF2 levels are also elevated. The rise in NRF2 is most likely
mediated by the PERK, which, despite its dramatic decrease in T17M ATF4*" as
compared to T17M mice, may contribute into an NRF2-induced antioxidant defense. The
NRF2 elevation, in turn, correlates with the rise in p62 level, which perhaps reduces
KEAP1-mediated targeting of NRF2.

Targeting of HSP90 during retinal degeneration has been proposed as a valid therapeutic
strategy [36, 37]; however, the retinal degeneration in T17M retinas is associated with
downregulation of Hsp90 at P30 when compared to the wild type. This reduction could
perhaps be responsible for the pp53 overexpression observed in T17M retinas since
inhibition of HSP90 expression induces p53 over-expression [38]. Therefore, not

surprisingly, the T17M ATF4™" mice show increases in Hsp90 that are also associated
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with restoration of p53 to normal levels. This observation could perhaps relate to the
proposed switch of ATF4-mediated apoptosis and autophagy during stress, since of p53
appears to hold a core position in transducing the p38-promoted signal to either elF2a or
elFAE [32]. Consequently, an increase in pelF4E and a decrease in pelF2a, as observed
in TLI7M ATF4*" retinas with limited ATF4 expression, are perhaps associated with
binding of ATF4 to the LC3 promoter and activation of autophagy. Conversely, the
T17M retinas experience impairment of autophagy activation associated with
downregulation of Hsp90 and p62, elevation of p53, a strong knockdown of pelF4E, and
elevation of CHOP protein. Taken together, these findings support the preferential
activation of apoptosis vs. autophagy in T17M retinas, and alternatively, autophagy vs.
apoptosis in T17M ATF4*" mice. In support of this hypothesis, the ER stress reduction in
these retinas correlates with normal levels of activated caspase-3/7 at P30.

Reduction in apoptosis-related CHOP is associated with a paradoxical increase in
GADD34, which, in turn, correlates with downregulation of pelF2a protein in T17M
ATF4'" retinas. The latest findings would support a feedback loop provided by
GADD34, canonical UPR signaling, and the enhancement of autophagy [39-41], but the
GADD34 increase during CHOP downregulation in retinas needs to be studied in further
detail. In particular, these data indicate that signaling molecules or pathways other than
ATF4-CHOP can regulate expression of GADD34 or stabilize/degrade its level in the
retina. This finding also points to a therapeutic approach that could be taken to treat
ADRRP retinas, based on modulation of GADD34 levels.

Analyzing the T17M ATF4 retinas, we found that both scotopic and photopic ERG
amplitudes were preserved, and that cone photoreceptor function was well maintained in

1-month-old animals. This most likely occurs due to the presence of normally functioning
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rod photoreceptors in which the reduction in ATF4 reprograms the ER stress signaling
network. This result, in itself, is of great importance as it supports the idea that inherited
retinal degeneration can be delayed. To our knowledge, this is the first report to
demonstrate rescue of rapidly degenerating ADRP retinas at P30 and a significant delay
in retinal degeneration afterwards. The SD-OCT imaging shows a difference in average
superior and inferior ONL thicknesses in the T17M ATF4*" mice, but this difference
would appear to be due to altered photoreceptor morphology rather than a change in the
number of photoreceptors. The H&E staining confirmed this hypothesis as it revealed no
observable difference between C57BL/6 and T17M ATF4"" mice, suggesting that no
photoreceptor cell death occurred at P30.

Rhodopsin expression machinery in ADRP retinas

The enhancement of the RHO expression machinery in T17M ATF4™" retinas is most
likely associated with a reduction in the ER-stress regulated miRNA-708. Its
downregulation in T17M ATF4"" retinas resulted in elevated expression of both the
mouse and human RHO mRNAs and increased RHO protein production. Our previous
study with T17M CHOP™" [2] was conducted with mice expressing the T17M transgene
in addition to two endogenous copies of rhodopsin. These mice might possibly have a
different rate of retinal degeneration as well as different kinetics of activation of UPR.
Therefore, although we did not detect the difference in miRNA-708 found in the T17M
RHO™* retinas in the previous study. We proposed that the T17M CHOP™" mice exhibit a
reduction of RHO through impeded transcriptional regulation detected by downregulation
of CRX and NRL. Furthermore, in these mice we found 8-fold upregulation in pelF2a
resulting in ablation of general protein synthesis including rhodopsin protein leading to

aggravated photoreceptor cell death. In the current study, downregulation of miRNA-708
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and pelF2a in T17M ATF4*" most likely contribute together in rhodopsin expression and

elevation of total RHO protein.

Total RHO is elevated in T17M ATF4*" retinas to a level about half that of RHO
measured in C57BL/6 mice (monomer). Moreover, this level corresponds to that found in
RHO*" mice with normal vision that express 50% of the wild type RHO. Unlikely the
RHO™" mice, the T17M ATF4*" mice have both human and mouse RHO in the outer
segments of photoreceptors and the level of wild type rhodopsin may then be sufficient to
maintain the function of photoreceptors through activation of activated antioxidant
signaling and autophagy during the first month of life. However, later on, the mutant
rhodopsin transported to the outer segment could cause problems by reducing the ability
to regenerate pigment after light exposure [42], thereby initiating the progression of
retinal degeneration.

Activated autophagy in ATF4-deficent ADRP mice could be responsible for the
clearance of partially accumulated RHO in the ONL of P30 retinas (Fig. 7D). Our
findings correlate with previously published data indicating that autophagy-dependent
rhodopsin degradation prevents retinal degeneration [43] and that autophagy is essential
to the long-term health of rod photoreceptors [44-46]. An increase in autophagy genes
could therefore temporally protect the T17M ATF4"" mice and maintain photoreceptor
health. However, this support is evidently not sufficient to maintain cellular homeostasis
at later time points.

Therefore, the diminishing of cellular stress that result in reduction of apoptosis and
enhancement of autophagy and total rhodopsin in T17M retinas deficient in ATF4 at P30

delay the onset of retinal degeneration. However, the therapeutic effect of ATF4
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deficiency in animal models of other dominant rhodopsin mutations requires additional
investigation.
Conclusions

Our results indicate an essential role for ATF4 in the induction of photoreceptor
cell death. We can however conclude that increased ATF4 expression during retina
degeneration contributes to T17M photoreceptor cell death. Reduced ATF4 expression in
degenerating retinas experiencing UPR activation, conversely, plays a pro-survival role,
suggesting a therapeutic strategy for intervention in ADRP progression. ATF4 deficiency
in the T17M retina under conditions of UPR activation, on the other hand, satisfies a
photoreceptor cellular demand by adapting the UPR, overall reducing cellular stress in
ADRP photoreceptors and activating autophagy that may clear a trapped rhodopsin in the
ONL of ADRP retinas resulting in its delivery to the OS. Therefore, this signaling
provides functional and morphological benefits to ADRP photoreceptors. This scenario is
perhaps, sufficient to rescue the one-month-old ADRP retina and significantly delay
further ADRP progression. Overall this indicates that PERK signaling in general and

ATF4 in particular, is a target for delaying retinal degeneration in ADRP patients.
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Figure S1. Expression of T17M RHO in ADRP rod photoreceptors results in
photoreceptor cell death and leads to severe retinal degeneration. (A) Micron IV
fluorescence image obtained from T17M retinas injected with AAV2/5-GFP. (B)
Analysis of H&E stained T17M retinal sections demonstrated dramatic photoreceptor cell
loss that occurs between P15 and P30 (N=4 for both, (P<0.0001). (C) Representative
images of P15 C57BL/6 and P15 and P30 T17M cryostat-sectioned retinas stained with
H&E are shown on the side. (D) Expression of NRF2 in P15 T17M retinas. A western
blot image is shown on a side. The data are presented as mean + SEM.
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Figure S2. Knockdown of ATF4 prevents loss of function and photoreceptor cell
death in the one-, two-, or three-month-old T17M retinas. (A) Representative images
of the scotopic and photopic ERG amplitudes registered at 25 cd*s/m2 for all four groups
of animals. Please take in account that the scales (1V) for photopic ERG amplitudes are
varied in all four groups of animals. For C57BL/6 and ATF4 mice, the max amplitude is
300 and 200 pV respectively; for T17M is 150 pV, for T17M ATF4+/- are 250 pV. (B)
Representative SD-OCT images of retinas for all four groups of animals.

Figure S3
C57BL6 ATF4+/- TA7TM +/- T17TM+/- ATF4

Figure S3. Representative images of western blots. Images were obtained by running
retinal protein extracts from all four animal groups on polyacrylamide gels and probed
with antibodies against the indicated proteins.
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Controlling PERK-ATF4-CHOP branch of the UPR is the key to reverse retinal
degeneration of T17M Retina
Abstract
The T17M RHO transgenic mice carrying a mutated human rhodopsin transgene,
expression of which in the retina leads to protein misfolding, demonstrate an activation of
the Unfolded Protein Response (UPR) and rod photoreceptor cell death. Activating
transcription factor 4 (ATF4) is a key transcription factor of the UPR and a major
mediator of RNA-activated protein kinase-like ER kinase (PERK) signaling that plays a
crucial role in both adaptations to stress and activation of pro-apoptotic C/EBP
homologous protein (CHOP). Recently, we have shown that down regulation of ATF4
completely rescues one-month-old degenerating retinas expressing the T17M rhodopsin
protein and delayed cell death at later time points. We hypothesized that simultaneous
down regulation of two PERK mediators, ATF4 and CHOP, would give long term
preservation to in these mice as compared to a single ATF4 knockdown. Double
knockdown of the PERK mediators resulted in a higher therapeutic effect than was
provided by a single knockdown. At P90, these mice had an even greater increase in
amplitudes of scotopic a- and b- waves (359% and 151%, respectively) as compared to
T17M transgenic mice. This effect was sustained and lasted at least 6 months and leads to
a dramatic reduction in the rate of retinal degeneration. We also show that
pharmacological knockdown of ATF4 cause downregulation of CHOP protein and were

able to restore cone physiological function of one month old T17M animals.

68



Introduction

The T17M mutation within the Rhodopsin (RHO) gene substituting a threonine with a
methionine at position 17 affects the assembly of the opsin protein with 11-cis-retinal and
presumably impairs protein stability, folding and trafficking (1). This leads to a severe
form of retinal degeneration (2) mimicking autosomal dominant retinitis pigmentosa
(ADRP) in humans. A significant loss of scotopic a- and b-wave ERG amplitudes
together with a compromised retinal integrity and a photoreceptor cell death characterize
the ADRP progression in one-month-old T17M RHO retinas. In these mice we have
shown that the RNA-activated protein kinase-like ER kinase(PERK) signaling is up
regulated, leading to an increase in ATF4 mRNA and CHOP starting at postnatal day (P)
18 (3). Recent studies also have shown that prolonged activation of PERK-ATF4-CHOP
branch in various animal models of neurodegeneration (4), diabetes (5), oxygen induced
retinopathy, and retinitis pigmentosa (6) leads to cell death due to persistent endoplasmic
stress (ER) stress.

ATF4 is a bZIP transcription factor belonging to the activating transcription factor/cAMP
response element binding (ATF/CREB) protein family. It binds to cAMP response
elements (CRE), binds CCAAT/enhancer binding protein (C/EBP)/ATF response
elements (CARE), and regulates genes involved in cellular stress response,
hematopoiesis, lens and skeletal development, inflammation, angiogenesis, oxidative
stress, and apoptosis (7-9). The most well-studied target gene of ATF4 during persistent
ER stress is C/EBP homologous protein-10 (CHOP), also known as growth-arrest and
DNA-damage-inducible gene 153 (GADD153) (10). Although each of the three branches

of the UPR is capable of activating CHOP, ATF4 is considered to be the major
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transcription factor inducing CHOP transcription (11). CHOP also signals apoptosis
through binding directly to the promoter of the TRB3 gene and inhibiting AKT
activation, as well as through increasing calcium influx from the ER to the mitochondria,
resulting in the activation of mitochondria-dependent apoptotic pathway (12).

Previous study from our lab has shown that complete ablation of CHOP does not rescue
T17M photoreceptors and, in fact, worsens the pathophysiology (13). Recently, we
investigated the role of ATF4 in retinal degeneration. Deficiency of ATF4 completely
rescued physiology and morphology of one month old T17M retinas. In current studies,
we downregulated two PERK mediators (ATF4 and CHOP) simultaneously and validated
both as therapeutic targets that control the rate of retinal degeneration in T17M ADRP
photoreceptors. We also inhibited their expression by pharmacological action and were

able to restore photopic physiological response in T17M mice.

Materials and Methods

Animals

Transgenic mice expressing human T17M RHO™*, C57BL/6J, RHO™, ATF4"" and
CHOP™knockout mice were used in this study to generate T17M RHO'" ATF4™*
CHOP** (further referred to T17M), T17M RHO" ATF4*" CHOP*" (further referred to
T17M ATF4*" CHOP*). C57BL/6J, ATF4"" and CHOP™ mice was purchased from
Jackson (Bar Harbor, ME; http//iwww.jax.org). The genotyping of ATF4*" mice was
performed using forward primers: ATATTGCTGAAGAGCTTGGCGGC for Neo allele
and AGCAAAACAAGACAGCAGCCACTA for wild type allele and a common reverse

primer GTTTCTACAGCTTCCTCCACTCTT for both alleles. The T17M genotyping
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was performed as previously described (14). All mice were raised under a 12-h dim

light/12-h dark cycle.

Drug Treatment

Integrated stress response inhibitor (ISRIB) was purchased from Calbiochem
(Cat#509584). The drug was administered at 0.25 mg/kg once daily by intraperitoneal
injection or vehicle alone (45% saline, 50% PEG 400, 5% DMSO) from post-natal day

(P) 15 to P30.

Electroretinography

Mice were dark-adapted overnight, then anesthetized with ketamine (100 mg/kg) and
xylazine (10 mg/kg), and their pupils were dilated in dim red light with 2.5%
phenylephrine hydrochloride ophthalmic solution (Akorn, Inc.). Scotopic ERGs were
recorded using a wire contacting the corneal surface with 2.5% hypromellose ophthalmic
demulcent solution (Akorn.Inc). ERG was performed at different light intensities (0 db
(2.5 cd*s/m2), 5 db (7.91 cd*s/m2), 10 db (25 cd*s/m2), and 15 db (79.1 cd*s/ m2). Five
scans were performed and averaged at different light intensities. Photopic, cone-mediated
responses were performed following 10 min light adaptation on the background light
intensity of 30 cd*s/m2. Recordings were obtained at the light intensity of 25 cd*s/mz2.
Fifteen waveforms from each animal were recorded and the values were averaged. The a-
wave amplitudes were measured from the baseline to the peak in the cornea-negative
direction, and the b-wave amplitudes were determined from the cornea-negative peak to
the major cornea-positive peak. The signal was amplified, digitized, and stored using the

LKC UTAS-3000 Diagnostic System (Gaithersburg, MD).
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Histology

Mouse eyes were enucleated at 1 and 6 months of age and were fixed overnight in 4%
paraformaldehyde freshly made in phosphate-buffered saline (PBS) as previously
described [1]. Hematoxylin and eosin staining of 12-micron retinal cryosections as well
as counting of retinal nuclei were performed as previously described [2]. Digital images
of right and left retinas of individual mice were analyzed in the central superior and
inferior equally located from the optic nerve head. A masked investigator analyzed the

images.

Results
Coupled downregulation of ATF4 and CHOP preserves ADRP mice from vision loss
Analysis of the scotopic ERG responses (Fig. 1A) demonstrated that while T17M mice
already demonstrated profound loss of a- and b-wave amplitudes by 56% and 36%,
respectively, at 1 month of age; the age-matched T17M ATF4"" CHOP*" animals
demonstrated full functional rescue of ADRP photoreceptors as measured by a- and b-
wave amplitudes. No difference was observed between T17M ATF4*" CHOP"" and
C57BL/6 animals. However, by 3 months of age when T17M mice exhibited significant
decreases in their ERG responses, TL7M ATF4"~ CHOP*" mice did begin to demonstrate
a slight drop in a-wave amplitudes, with b-wave amplitudes remaining unchanged
relative to C57BL/6 controls. At 6 months of age the drop in ERG amplitudes for T17M
ATF4*" CHOP™" mice became more noticeable. Nevertheless, despite the initial
degeneration, the scotopic a- and b-wave ERG amplitudes were greater in T17M ATF4*"

CHOP™" mice by 4.4- and 2.4-fold, respectively when compared to T17M animals.
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Photopic ERG measurements at 1 month of age also exhibited complete preservation of

a-and b-wave amplitudes in T17M ATF4"" CHOP*" mice as compared to C57BL/6,

while T17M animals showed 41% and 22% decline in a-and b-wave amplitudes (Fig.

1B). By 6 months of age, a- and b-wave amplitudes showed decline (56% and 12%,

respectively) in double knock down T17M animals compared to C57BL/6 mice, but were

still higher (145% and 173% respectively) when compared to T17M animals.
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Fig.1: ATF4 and CHOP deficiency prevents functional loss of T17M retina as
measure by scotopic and photopic ERG. (N=8) (A) The a-wave of the scotopic ERG
amplitude was diminished in 1-month-old T17M mice by over 56% (P<0.0001). At one
month of age T17M ATF4"~ CHOP'" retina demonstrated no difference in the a-wave
amplitude compared to C57BL/6 mice suggesting a functional rescue of T17M
photoreceptors. However, a decline in the a-wave amplitudes began at 3 months in the
T17M ATF4*" CHOP'" retina, with a subsequent decline at 6 months of age, when
compared to C57BL/6 retinas (P<0.0001 for both time points); but the TL7M ATF4*"
CHOP*" amplitudes were higher than those of 3- and 6-month-old T17M mice,
(P<0.0001 for both time points). The b-wave of the scotopic ERG amplitude was better
preserved in the T17M ATF4" CHOP*" retinas. No difference between T17M ATF4*"
CHOP""and C57BL/6 mice (n.s.) was detected during the first 3 months. By 6 months of
age, the T17M ATF4"" CHOP*" started to exhibit a 30% decline in b-wave amplitudes as
compared to C57BL/6 retinas (P<0.0001). (B) Using one-way ANOVA the photopic
ERG analysis demonstrated that by 1 month the a- and b-wave amplitudes in T17M
retinas were dramatically declined (40% and 20%, respectively) and by 6 month (70%
and 50%, respectively) compared to C57BL/6 mice suggesting impaired cone function in
these retinas. Knockdown of ATF4 and CHOP in the T17M retina however, rescued cone
photoreceptors from functional loss at one month. By 6 month of age a- and b-wave
amplitudes showed decline (56% and 12%, respectively) in T17M ATF4"" CHOP*"
animals compared to C57BL/6 mice, but were still higher (145% and 173% respectively)
when compared to T17M animals.

Coupled downregulation of ATF4 and CHOP in ADRP mice prevents photoreceptor
cell death

We performed histological analysis and counted the number of photoreceptor nuclei rows
in the retinas of C57BL/6, T17M, and T17M ATF4"" CHOP*" retinas (Fig. 2). Cryostat-
sectioned retinas were stained with hematoxylin and eosin (H&E). One-month-old T17M
retinas showed loss of photoreceptor cell nuclei, shortening of the outer segments, and
general disorganization. No difference in nuclei rows was detected between C57BL/6 and
T17M ATF4" CHOP™" retinas at 1 month. However, by 6 months the T17M ATF4*"
CHOP*" mice experienced a loss of photoreceptor cells. Despite this fact, the difference
between T17M and T17M ATF4*" CHOP*" mice was still dramatic and was measured as

a 343% increase in the number of photoreceptors ONL nuclei rows.
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Figure 2
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Fig.2: ATF4 and CHOP knockdown protects T17M mice from loss of
photoreceptors. Histological analyses of C57BL/6, T17M and T17M ATF4" CHOP*"
retinas (N=4). Cryostat-sectioned retinas were stained with hematoxylin and eosin
(H&E). The number of rows of photoreceptor nuclei between T17M ATF4*" CHOP*"
and C57BL/6 retinas was similar at P30, whereas the T17M mice lost 43% of their
photoreceptor cells (P<0.0001 as compared to both groups). However, by 6 months the
T17M ATF4 CHOP mice experienced a loss of photoreceptor cells. Despite this fact, the
difference between T17M and T17M ATF4 CHOP+/- mice was still dramatic and was
measured as a 343% increase in the number of photoreceptors ONL nuclei rows. One-
way Anova with multiple comparison analysis demonstrated differences in all 3 groups of
animals (*** P<0.001, **** P<(0.0001) at 6 months of age. Representative images of one
and six month-old retinas are on the right.

ISRIB reduces ATF4 and CHOP levels rescues photopic ERG function in one
month old T17M Mice.

T17M mice show PERK/elF2a-mediated translational repression and activation of ATF4-
CHOP translation starting at P15 resulting in photoreceptor loss that progresss to vision
loss and death at one month. T17M mice were treated daily with 0.25 mg/kg of ISRIB or
vehicle alone from P15. Mice were analyzed for vision loss and biochemically at P30
(Fig. XX), when T17M mice demonstrated significantly loss of scotopic and photopic

physiological function. ISRIB treatments reduced levels of ATF4 and CHOP markedly
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(P<0.001 as compared to vehicle treated T17M mice) and is consistent with its point of
action downstream of elF2a-P, as previously described (15). ISRIB treatment was not
able to rescue scotopic vision loss, although photopic ERG function was improved in the
treatment group. Photopic ERG measurements at 1 month of age exhibited complete
preservation of a-and b-wave amplitudes in T17M treated mice. No difference was
observed between 1-month-old T17M treated mice and C57BL/6 animals, while T17M
vehicle treated animals showed 41% and 22% decline in a-and b-wave amplitudes similar
to naive T17M animals. Treatment of C57BL/6 mice shows no changes in scotopic and

photopic physiological response.
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Figure 3
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Fig.3: ISRIB reduces ATF4 and CHOP expression rescues photopic ERG function
in one month old T17M Mice. Data analysis demonstrated that ISRIB treatment led to a
preservation of cone photoreceptor function in the T17M animals compared to the vehicle
treated T17M animals (N=5, P<0.05 for both a- and b-wave amplitudes). (B) ISRIB
treatment abolishes ATF4 expression in T17M retinas was measured by western blotting,
whereas vehicle treated T17M retina showed 7.2-fold (N=5, t-test p<0.001) increase in
ATF4 protein level. ISRIB treatment resulted in downregulation of CHOP protein (N=5,
t-test p<0.001) as compared to vehicle treated T17M retinas. Representative images of
western blots probed with antibody against ATF4, CHOP, and B-actin are shown on the
side.
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Discussion

Previously, we have shown that the activated PERK signaling could be a common
hallmark of progressive ADRP (6). In chapter 2 we showed that ATF4 haploinsufficiency
provides functional rescue of one-month-old T17M ATF4"" retinas that, to our
knowledge, is the first report to demonstrate a reversed rapid degeneration of ADRP
retinas at P30. The major contribution of ATF4 knockdown to the mechanism of retinal
degeneration is likely through a reduction of overall ER stress, induction of an
antioxidant program, and restoring of autophagy, which together result in a delay of
apoptotic photoreceptor cell death. The dramatic reduction in pPERK, pATF6, pelF2a,
and CHOP proteins indicates a significantly lower degree of UPR activation in T17M
ATF4" retinas. In this study, we determined by potentially targeting two mediators of
the PERK-ATF4-CHOP axis in UPR signaling provides longer functional and
morphological rescue of the profoundly degenerating transgenic retina expressing the
T17M rhodopsin mutant; this rescue lasted 6 months.
Here we also demonstrated that pharmacological modulation of ATF4-CHOP inhibition
can be achieved to produce neuroprotection. We found that treatment with the ISRIB
drug, which successfully reduced ATF4 and CHOP expression, restored cone
physiological response in T17M mice which usually shows diminished light-adapted
(photopic) ERG amplitude at P30.
ATF4 and CHOP modulation could be a promising therapeutic target for delaying retinal
degeneration in ADRP patients.
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Targeting caspase-12 to preserve vision in mice with inherited retinal degeneration

Abstract
Purpose: The unfolded protein response is known to contribute to the inherited retinal
pathology observed in T17M Rhodopsin (T17M) mice. Recently it has been
demonstrated that the endoplasmic reticulum stress-associated caspase-12 is activated
during progression of retinal degeneration in different animal models. Therefore, we
wanted to explore the role of caspase-12 in the mechanism of retinopathy in T17M mice
and determine if thereby inhibiting apoptosis is a viable approach for halting retinal
degeneration.
Methods: One, two and three month-old C57BL/6J (wt), Caspase-127", T17M and T17M
Caspase12” mice were analyzed by scotopic ERG, SD-OCT, histology, qRT-PCR and
western blot analyses of retinal RNA and protein extracts. Calpain and caspase-3/7
activity assays were measured in P30 retinal extracts.
Results: Caspase-12 ablation significantly prevented a decline in the a- and b- wave ERG
amplitudes in T17M mice at 1, 2 and 3 months of age increasing the amplitudes from
232% to 212% and from 160% to 138%, respectively. SD-OCT results and photoreceptor
row counts demonstrated preservation of retinal structural integrity and postponed
photoreceptor cell death. The delay in photoreceptor cell death was due to significant
decreases in the activity of caspase 3/7 and calpain, which correlated with an increase in
calpastatin expression.
Conclusions: We validated caspase-12 as a therapeutic target, ablation of which
significantly protects T17M photoreceptors from deterioration. Although the inhibition of

apoptotic activity alone was not sufficient to rescue T17M photoreceptors, in
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combination with other non-apoptotic targets, caspase-12 could be used to treat inherited

retinopathy.

Introduction

Mice expressing a mutant form of human rhodopsin with a threonine to methionine
substitution at position 17 (T17M) develop severe retinal degeneration and thus mimic
the human autosomal dominant retinitis pigmentosa (ADRP) (1, 2). The study of
molecular mechanisms underlying the retinopathy in these mice has demonstrated that
the unfolded protein response (UPR), along with inflammatory signaling significantly
contribute to the progression of retinal degeneration (3). Thus, the activation of all three
UPR branches, including PERK (Protein Kinase R-Like Endoplasmic Reticulum
Kinase), ATF6 (Activating Transcriptional Factor 6) and IRE1 (Inositol-Requiring
Enzyme 1), have been detected in T17M retinas as early as postnatal (P) day 15.
Moreover, we have recently revealed that the rate of retinal degeneration could be
significantly altered in these mice by modifying the expression of UPR hallmark proteins.
For example, we found that full knockout of the UPR pro-apoptotic CHOP protein in
degenerating retinas dramatically accelerated the rate of retinal degeneration (4,5) while
full ablation of the UPR downstream marker, the ER (endoplasmic reticulum) stress—
associated caspase (Csp)-7 significantly slowed the rate of retinal degeneration (6).

In addition to Csp-7, Csp-12 localizes to the Golgi complex and is also activated during
ER stress (7). Several studies have suggested that Csp-12 acts as an initiator caspase
during ER stress-induced apoptosis, activating an effector caspase-3 or -7 which then
cleaves key substrates required for normal cellular functions, thus leading to apoptosis

(8). Recently, it has also been reported that Csp-12-deficient mice are resistant to ER
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stress-induced apoptosis, but their cells do undergo apoptosis in response to other stimuli.
Thus, in experiments with primary cortical neurons the link between ER stress and Csp-
12 activation has been proposed by demonstrating the reduced susceptibility of Csp-127
neurons to AB-induced UPR activation and subsequent cell death (9). These experiments
have clearly demonstrated that activation of Csp-12 during ER stress plays a pro-
apoptotic role and contributes to neuronal death in Alzheimer disease (9).

Recent studies have proposed that there are two mechanisms for ER stress-mediated Csp-
12 activation that act in different compartments of the cell. The first involves the
interaction of proCsp-12 with the IRE1-TRAF2 complex (IRE1 UPR arm) on the
cytosolic side of the ER membrane (10). This interaction occurs as a result of altered
complex formation between IRElo and TRAF2 (tumor necrosis factor receptor-
associated factor 2) in response to ER stress and modified activity of Jun N-terminal
inhibitory kinase (JIK) against its binding partner IRE1a (10). This suggests that Csp-12
activated by TRAF2 plays a crucial role in signal transduction from IRE1 to downstream
signaling molecules and thus links the stress sensor molecule IRE1 to the activation of
caspase-12. The second mechanism for Csp-12 activation occurs in the cytosol, where an
increase in Ca”* concentration results in calpain activation. The p-calpain activation in
turn precedes expression/activation of Csp-12 and is required for activation/cleavage of
Csp-12 (11). Given that a cytosolic Ca?* increase could also occur in response to ER
stress, this pathway along with the above-mentioned TRAF2-pathway point to Csp-12 as
the ER stress-induced caspase promoting apoptosis.

Involvement of Csp-12 in the mechanisms of several different retinopathies has been
recently described by a number of studies (12-16). Although a combination of inhibiting

Csp-12, upregulating the ER-resident chaperone BiP and inhibiting CAP-dependent
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translation have been proposed as the most efficiently way to maintain BBS-12
photoreceptors (13), the direct impact of inhibiting Csp-12 on loss of photoreceptor
function and cell death has yet to be shown, since Csp-12 has not been previously
assigned a direct role in retinal degeneration. The Csp-12 inhibitor INH in this study has
been used in combination with other drugs such as guanabenz and valproic acid pointing
the necessity of conducting a study demonstrating a direct link between Csp-12 activation
and retinal degeneration.

Therefore, in the current study we explored the role of Csp-12 in the mechanism of
retinal pathogenesis in T17M mice. Our goal was to determine if ER stress-induced
apoptosis played a role in ADRP photoreceptor demise and whether the therapeutic
approach of targeting ER stress-promoted apoptosis was sufficient to rescue ADRP
photoreceptors. Building on a previous study that looked exclusively at Csp-7 in T17M
mice, the current work genetically modulated Csp-12 activity in T17M mice and
compared the results to our previous findings. We also attempted to answer the question
of whether blocking apoptosis overall proved sufficient to rescue ADRP retinas and
prevent further loss of retinal integrity. Our data point to inhibition of Csp-12 as a
potential therapeutic approach that significantly slows retinal degeneration and together

with other non-apoptotic targets could dramatically delay photoreceptor cell death.

Material and Methods
Animals
All animal groups were maintained in a C57BL/6J (wt) background. The Csp-127" mice

were created as previously described (17). Cryopreserved sperm from Csp-127" mice was
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purchased from the Mutant Mouse Regional Resource Center (Chapel Hill, NC, United
States) and injected in a surrogate wt female. The litter resuscitated from the cryo-
archive was genotyped, and breeding was carried out by monogamous mating. A pair of
male and female homozygous Csp-127" mice was kept in the same cage for mating. Pups
were weaned at an age of 3 wk and separated according to gender. Animals were in a 12
h light/dark cycle with unlimited access to food and water. The T17M genotyping was
performed as previously described (6).

Electroretinography. Mice were dark-adapted overnight, then anesthetized with
ketamine (100 mg/kg) and xylazine (10 mg/kg), followed by their pupils being dilated in
dim red light with 2.5% phenylephrine hydrochloride ophthalmic solution (Akorn, Inc.).
Scotopic ERGs were recorded using a wire contacting the corneal surface with 2.5%
hypromellose ophthalmic demulcent solution (Akorn.Inc). ERG was performed at
different light intensities (0 db (2.5 cd*s/m2), 5 db (7.91 cd*s/m2), 10 db (25 cd*s/m2),
and 15 db (79.1 cd*s/ m2). Five scans were performed and averaged at different light
intensities. The a-wave amplitudes were measured from the baseline to the peak in the
cornea-negative direction, and the b-wave amplitudes were determined from the cornea-
negative peak to the major cornea-positive peak. The signal was amplified, digitized, and
stored using the LKC UTAS-3000 Diagnostic System (Gaithersburg, MD).

Spectra domain-optical coherent tomography. SD-OCT was performed in one, two
and three month-old animals using the Spectral Domain Ophthalmic Imaging System
(SDOIS) (Bioptigen). The mice were anesthetized as mentioned above. Horizontal
volume scans through the area dorso-temporal to the optic nerve (superior retina) and the
area ventro-temporal to the optic nerve (inferior retina) were used to evaluate the

thickness of the ONL. For measuring the thickness of the ONL, six calibrated calipers
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were placed in the superior and inferior hemispheres of retinas within 100, 200, 300 and
400 pn of the optic nerve head. The thickness of the ONL was determined by averaging
ten measurements.

Histology. Hematoxylin and eosin staining of 12-micron retinal cryosections retinal
nuclei counts were performed as previously described6. Digital images of right and left
retinas from individual mice were analyzed in the central superior and inferior regions
equidistant from the optic nerve head. A masked investigator analyzed the images. For
hematoxylin and eosin staining, mouse eyes were enucleated at 1 and 3 months of age
and were fixed overnight using freshly-made 4% paraformaldehyde in phosphate-
buffered saline (PBS). Afterwards, eye cups were transferred to PBS to remove
formaldehyde and submerged sequentially in solutions of 10%, 20% and 30% sucrose for
at least 1 h each. Eye cups were then embedded in cryostat compound (Tissue TEK OCT,
Sakura Finetek USA, Inc., Torrance, CA, USA) and frozen at -80°C.

Quantitative real-time RT-PCR. For RNA extraction, whole retinas were isolated
from 1- month-old mice (wt, Csp-12"", T17M and T17M Csp-127) by surgical excision.
Total RNA was extracted using the QIAGEN RNeasy Mini Kit. One pg of purified RNA
was reverse transcribed into cDNA using iScript Reverse Transcription Supermix
(BioRad). Integrity of the RNA samples and efficiency of the cDNA reaction were
verified prior to the gRT-PCR. TagMan Gene Expression Assay for caspase-12 (Id:
Mm00802897_m1) and Bax (Id: Mm00432051_m1) from Applied Biosystems were used
to measure gene expression. Quantitative real-time PCR was performed with the Step
One PlusTM Real-Time PCR System (Applied Biosystems) based on the relative
standard curve method. Reactions were performed at 50°C for 2 minutes and 95°C for 10

minutes, followed by 40 cycles at 95°C for 15 seconds and 60°C for 1 minute. Results
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were expressed as cycle threshold time (Ct) and were normalized to Ct times for the
housekeeping gene GAPDH. The replicated RQ (Relative Quantity) values for each
biological sample were averaged. Four biological samples from each strain were used for
gRT-PCR analyses.

Western Blot Analysis For protein extraction. Whole retinas were isolated from 1-
month-old mice (wt, Csp-12"", T17M and T17M Csp-127) by surgical excision. Total
protein was extracted via sonication in a protein extraction buffer containing 25 mM
sucrose, 100 mM Tris-HCI, pH = 7.8, and a mixture of protease inhibitors (PMSF,
TLCK, aprotinin, leupeptin, and pepstatin). Protein concentrations were determined using
BioRad Protein Assays based on the Bradford method of protein quantitation. Proteins
(3040 ug) were separated on 4-20% Criterion Precast gels (BioRad), transferred to a
polyvinylidene difluoride (PVDF) membrane using the Trans-Blot Turbo Transfer
System (BioRad) and incubated with primary antibodies (Calpastatin #4146, BAX #2772,
TRAF2 #4712 from cell signaling and Caspasel2 #ab18766 from abcam) overnight at
40C with agitation. Goat anti-rabbit (1:10,000, #926-68021), and donkey anti-mouse
(1:10,000, #926-32210) secondary antibodies were used (LI-COR Odyssey). B-actin was
used as a gel loading control and was detected using an anti-B-actin antibody (1:5000,
Sigma-Aldrich, #A1978). The developed membrane was imaged using the LI-COR
Odyssey Quantitative Fluorescence Imaging System.

Calpain Activation Assay. The detection of calpain activity was performed using the
Calpain Activity Assay kit from BioVision in accordance with the manufacturer's
recommendations and compared the activation of calpains in wt, Csp-12"", T17M and

T17M Csp-12"" retinal tissues. The detection of the cleavage substrate Ac-LLY-AFC was
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performed in a fluorometer that was equipped with a 400-nm excitation filter and 505-
emission filter.

Caspase 3/7 Activity Assay. The detection of caspase 3/7 activity was performed using
the Caspase-Glo 3/7 Luciferase assay (#G8091; Promega, Madison, WI) kit in
accordance with the manufacturer's recommendations. Luciferase signal was read by a
luminescent plate reader (Infinite m200, Tecan Group Ltd.,Meannedorf, Switzerland) and
used to compare the activation of caspase 3/7 in wt, Csp12”, T17M and T17M Csp12™”
retinal tissues.

Statistics. Two-way ANOVA comparisons were used to calculate differences in a- and b-
wave ERG amplitudes and in the average ONL thickness of inferior and superior retinas
in 1-, 2- and 3-month-old mice. A one-way ANOVA and t-test were used to calculate a
fold change in mMRNA expression and the level of normalized proteins in P30 retinas. For
all experiments, a P-value <0.05 was considered significant (*P<0.05, **P<0.01,

***p<0.001, ****P<0.0001). Data are represented using mean + SEM.

Results

T17M mice experience UPR activation in their retinas starting at P15. Thus, being
interested in the mechanism of photoreceptor cell death and ER stress-induced apoptosis,
we analyzed Csp-12 mRNA expression from P12 to P25.

The T17M mouse retinas demonstrate an increase in the expression and activity of
Csp-12.

Fig. 1 presents the results of gRT-PCR analysis demonstrating that Csp-12 mRNA
expression increased significantly in T17M retinas and was upregulated 6-fold at P18,

prior to declining by 2-fold at P25. At P21 this increase resulted in a 6-fold elevation of
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cleaved Csp-12 protein suggesting that ER-stress-induced Csp-12 might play a pivotal
role in activation of the apoptotic photoreceptor cell death shown in our earlier
experiments2,4,6. Upregulation of Csp-12 activity during ADRP progression prompted

us to try to determine a role for Csp-12 in retinal pathogenesis of T17M mice.
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Figure 1. Expression and activation of Csp-12 in the T17M retina during ADRP
progression. We used 4 animals per group in this experiment and analyzed retinal
protein and RNA extracts at early time points from P12 to P25. (A) Starting at P18, we
observed a 6-fold (P<0.01) increase in Csp-12 mRNA in T17M mice compared with wt.
At P21 and P25, Csp-12 gene expression was upregulated between 4.5 and 1.6-fold. (B)
At P21, we detected a 6-fold (P<0.001) increase in Csp-12 activation in T17M retinas,
suggesting that in addition to the UPR activation detailed in previous studies [4,6], ADRP
photoreceptors also experience activation of Csp-12. Data are shown as meantS.E.M.
(*P<0.05, ** P<0.01, ***P<0.001).

Csp-12 ablation significantly delays loss of function for T17M photoreceptors.

We crossed T17M mice with Csp-127 mice and followed them by functional and
histological analysis, as well as by SD-OCT over a period of three months. Fig. 2
presents the results of the sctotopic ERG analysis of one-, two- and three-month-old
T17M Csp-127" mice. The data demonstrated that the range of photoreceptor specific a-
wave amplitude in one-, two- and three-month-old T17M Csp-12"" mice increased from
2.3- to 2.1-fold, respectively as compared with T17M mice. The b-wave amplitude of the
scotopic ERG was also elevated in these animals. The degree of elevation was however

less profound as compared to a-wave, thus suggesting that the photoreceptors expressing
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the aberrant rhodopsin and experiencing UPR activation were also the retinal cell type

most responsive to removal of the UPR downstream player.
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Figure 2. Lack of Csp-12 protects T17M retinas from degeneration, as measured by
scotopic ERG responses at 10 dB. We analyzed 4 groups of animals (N =6). (A) Using
two-way ANOVA, we demonstrated that a-wave amplitudes of the scotopic ERG were
significantly increased in T17M Csp-127 mice at 1 month of age and that the value of a-
wave amplitudes was 225 pv £ 15 vs 97.0 pv = 11 in T17M. This data represents a 2.3-
fold difference in a-wave amplitudes between T17M and T17M Csp-12"" mice. At 2 and
3 months, the difference between T17M and T17M Csp-127 groups was also dramatic,
but somewhat diminished due to a decrease in T17M Csp-127" a-wave amplitudes. For
example, we registered 166.0uv £ 13 vs 108.0 pv £ 7.8 and 161.0uv £ 11 vs. 76.0 pv £
10.0 in T17M Csp-127 vs. T17M at 2 and 3 months, respectively. (B) Interestingly, b-
wave scotopic ERG amplitudes were also elevated in T17M Csp-127" retinas. However,
the magnitude of this elevation was less dramatic than for a-wave over the 3 examined
months. Thus, one-month-old T17M Csp-127" mice demonstrated 511.0 pv + 22.0 vs
318.0 pv = 37.0 in T17M. In the 2nd month, the b-wave amplitudes in the T17M Csp-12-
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" mice were also increased by 1.6-fold as compared to T17M. We registered the b-wave

amplitude of 592.2 pv £ 22.0 in T17M Csp-12 vs. 366.8 pv + 32.0 in T17M. By 3 month
of age the stable preservation of b-wave amplitude observed during the first two months
changed and the ratio of T17M Csp-12 to T17M amplitudes dropped from 1.6 to 1.38-
fold. This would suggest that the bipolar cells are less sensitive to Csp-12 ablation in
degenerating retinas. The differences between all groups were statistically significant. (C)
Images of the scotopic ERG amplitudes registered at 10 dB or 25 cd*s/m2 in four groups
of animals. Data are shown as meanzS.E.M. (*P<0.05, ** P<0.01, ***P<0.001,
****p<0.0001).

Csp-12 ablation significantly delays death of T17M photoreceptors and preserves
retinal integrity.

Fig. 3 A, B and C demonstrate that Csp-12 ablation prevents the loss of retinal integrity
in the superior and inferior hemispheres of T17M retinas. The inferior retina responded to
Csp-12 ablation by increased preservation of the ONL thickness. In one, two and three
month-old T17M Csp-127" mice, we observed a 1.3, 1.6 and 1.8-fold increase in the ONL
thickness as compared to T17M mice. Similarly, in the superior retina the average
thickness of the ONL measured in one, two, and three month-old T17M Csp-12"" mice by
SD-OCT was increased from 1.2- to 1.5- fold, respectively. We next wanted to compare
the data obtained by SD-OCT analysis with results from histological analysis and counted
rows of photoreceptor nuclei using images of cryostat sectioned retinas stained with H&E
(Fig. D and E). The data revealed that in one-month-old T17M Csp-12" mice the
prevention of photoreceptor cell death was more noticeable and reached 10 rows vs the
6.7 rows measured in T17M retinas. However, by 3 months of age we observed further
decline in the number of photoreceptor rows in T17M Csp-12"" retinas with an average of

7.9 rows. This would suggest that Csp-12 ablation does not arrest photoreceptor cells

death but instead delays it.
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Next, looking for the molecular mechanisms responsible for the above-mentioned delay
and knowing that two independent pathways may activate Csp-12, we looked for

biomarkers of Ca®*-induced cell death and IRE1-TRAf2 activation.
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Analysis of data from the inferior retina revealed that this region was better preserved
than the superior region with increases in the average ONL thicknesses over a period of
three months being 1.26-, 1.56- and 1.8-fold. This data also pointed out that despite
experiencing the same molecular mechanisms responsible for retinal denegation,
activation of pro-death cascades in the inferior and superior regions might occur to
different degrees, suggesting that the therapeutic benefit from Csp-12 ablation could also
be different. (B) Interestingly, the data demonstrated a steady preservation of the average
ONL thickness in T17M Csp-127" superior retinas from 1.2 to 1.5 over a period of 3
months while T17M mice experienced a continuous decline in the average ONL
thickness. (C) SD-OCT representative images of wt, Csp-127", T17M, T17M Csp-12"
retinas. (D) Histological analyses of wt, Csp-127", T17M and T17M Csp-12" cryostat
sectioned retinas stained with hematoxylin and eosin (H&E). Results from photoreceptor
row counts in control and experimental mouse retinas at 1 and 3 months of age show
preservation of photoreceptor cell death in T17M Csp-127 mice. Results from
histological analysis of H&E-stained cryostat sections demonstrated partial preservation
of T17M retinas from photoreceptor cell death. For example, 1-month-old T17M Csp-12°
" had 10.3 + 0.82 rows and this number was significantly (1.5-fold) higher when
compared to T17M retinas (6.7 + 0.82). However, by 3 months of age, the number of
photoreceptor rows in T17M Csp-12" had already declined to 7.9 +0.24 rows and
preservation was only 1.38-times higher as compared to T17M mice (5.7 £ 0.24). Two-
way ANOVA with multiple comparison analysis demonstrated differences in all three
groups of animals at 1 and 3 months of age. (E) Representative images of one and three
month-old wt, csp-12, T17M, and T17M Csp-12"' retinas stained with H&E. RGC,
retinal ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer; IS, inner
segments; OS, outer segments. Scale bar indicates 20um. Data are shown as
mean£S.E.M. (*P<0.05, ** P<0.01, ***P<0.001, ****P<0.0001).

Csp-12 ablation in T17M mice significantly modifies expression of Ca** sensor genes
and reduces apoptosis.

It has been proposed that in the case of retinal degeneration caused by expression of
aberrant rhodopsin, an imbalance in Ca** homeostasis and elevation of intracellular Ca®*
may provoke cellular signaling leading to photoreceptor cell death [18-21]. Indeed, an
increase in the levels of intracellular Ca®*, regardless of whether this is a physiological or
pathological event, activates a number of enzymes directly, or indirectly via Ca**-binding
proteins. We analyzed the activity of p-calpain and m-calpain in P30 T17M Csp-127
retinas (Fig. 4) since they are the major calpain forms expressed in retinas and because of

their well-documented pathological roles in necrotic photoreceptor cell death21. Results
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from this experiment revealed that while the total p- and m-calpain activity in T17M
retinas increased by 3-fold as compared to wt, T17M Csp-127 retinas demonstrated a 2-
fold decrease in the level of total calpain activity as comared to T17M retinas. This
decrease was not statistically different when compared to wt. Thus, these results indicated
that ablation of Csp-12 significantly downregulates calpain activity in degenerating
retinas.

Calpastatin (calcium-dependent cysteine protease) is an endogenous calpain-inhibitor
protein consisting of an N-terminal domain L and four repetitive calpain-inhibition
domains (domains 1-4) (22). We analyzed its levels in degenerating retinas and found it
to be elevated 4.5- fold in T17M Csp-127 retinas vs T17M, reaching levels found in wt
retinas. These data were in agreement with data from a calpain activity assay and
indicated calpain inhibition in T17M degenerating retinas by calpastatin as a therapeutic
approach leading to retardation of retinal degeneration.

In our previous studies (2,23), we demonstrated increased BAX (Bcl-2-associated X
protein) expression and its translocation to the mitochondria. BAX protein is known to be
involved in ER Ca®-mediated apoptosis and to antagonize the ER Ca?* modulating
activities of Bcl-2 and Bcl-XL (24). Therefore, in the current study we also analyzed
BAX expression.

We found that levels of Bax mMRNA were elevated in both ADRP (T17M and T17M Csp-
127 groups as compared to Csp-127" mice and did not differ from wt retinas (Fig.4C).
However, we detected a 24-fold increase in BAX protein in T17M retina when compared
to wt mice. Ablation of Csp-12 in these retinas downregulated BAX levels significantly
by 3.8-fold. However, despite the significant decline in BAX protein in T17M Csp-127

mice, its level was still over 6-fold upregulated when compared to wt retinas (Fig.4D and
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E). These results suggested that despite similar Bax mMRNA expression levels in the two
ADRP groups, there were differences either in the translation efficiency or the
degradation of BAX. It is also possible that the examined retinas had different levels of
BAX inhibitor protein 1, which is known not only to downregulate BAX protein but to
also control the IRE 1-TRAF2 pathway25. Keeping this in mind, we then analyzed the
level of TRAF2 protein and Csp3/7 activity in degenerating retinas.

As in our previous study of T17M mice with activated IRE1-TRAF2-cJun signaling (6),
we found in the current study that TRAF2 protein was significantly elevated in ADRP
retinas. Interestingly, Csp-12 ablation in T17M retinas significantly diminished TRAF2
levels, suggesting that the pro-apoptotic IRE1-TRAF2-cJUN pathway was also
downregulated in these retinas.

Decrease in TRAF2 protein was associated with a 2-fold decline in total Csp-3/7 activity
in T17M Csp-12" mice as compared to T17M animals. The latter animals demonstrated
significant upregulation of Csp-3/7 activity as compared to wt supporting a previously
proposed hypothesis for the involvement of apoptosis in the mechanism of photoreceptor
cell death (26,27) in addition to non-apoptotic pathways (21). We found that the levels of
active Csp-3/7 in T17M Csp-127" retinas was not statistically different from that found in
wt and Csp-12"" retinas using one-way ANOVA. However, a t-test demonstrated a 50%

increase in cleaved Csp-3/7 in T17M Csp-12"" retinas as compared to wt (P=0.026).
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Figure 4. Ca®" sensor protein expression in T17M Csp-127 retinas. Western blot
analysis of retinal protein extracts isolated from 4 animals in each group at P30.
Statistical analysis was performed by using one-way ANOVA. (A) We found that the
total calpain activity was increased in T17M retinas by 1.25-fold as compared to wt. Csp-
12 ablation however dramatically decreased the levels of active calpains in these retinas
and reduced them down to wt levels. (B) In agreement with downregulation of calpain
activity in T17M Csp-12" mice, we found that the calpain inhibitor, calpastatin was
upregulated by 4.5-fold in ADRP retinas that were deficient in the ER stress-associated
Csp-12. This points to a link between calpain activation and the calpain inhibitor. Both of
these results were in agreement with downregulation of BAX in T17M Csp-127 retinas.
Although the Bax mRNA levels in the two ADRP groups were not significantly different
(C), BAX protein production was significantly elevated in T17M retinas and was
dramatically decreased (3.8-fold) in T17M Csp-12 mice (D) suggesting less inhibition of
the anti-apoptotic BCL-2 protein and consequently, stronger anti-apoptotic activity
undermining ADRP progression in T17M Csp-127" retinas. (E) Representative images of
western blots treated with calpastatin-, BAX- and actin-specific antibodies. Data are
shown as mean+S.E.M. (*P<0.05, ** P<0.01, ***P<0.001, ****P<0.0001).
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Figure 5. Csp-12 ablation in T17M retinas results in decreased levels of apoptosis.
Four animals in each group were used in the experiment. (A) In the current study we
confirmed that the level of TRAF2 was12-fold higher in T17M retinas, implying that the
apoptotic IRE1-TRAF2-cJNK pathway could be upregulated in these retinas. Ablation of
Csp-12, however, dramatically cut TRAF2 protein expression to levels comparable to wt.
(B) Representative images of western blots treated with TRAF2- and actin-specific
(internal control) antibodies. (C) Interestingly, downregulation of TRAF2 in T17M Csp-
12" retinas occurred concomitantly with a decline in Csp-3/7 activity in T17M Csp-127
retinas. However, the level of active caspases was still 50% higher as compared to wt
retinas. These results along with the observed TRAF2 downregulation indicate that a
reduction in apoptotic signaling in ADRP retinas resulted in the partial protection of
photoreceptors from functional loss and cell death. Data are shown as mean+S.E.M.
(*P<0.05, ** P<0.01, ***P<0.001, ****P<0.0001).

Discussion
Previously, we have reported that the rate of retinal degeneration in ADRP animals could
be modified by knockdown or overexpression of UPR mediators [4,6,28]. In T17M RHO
mice we have demonstrated that Csp-7 ablation significantly slowed the onset of retinal

degeneration. As a logical continuation of that study, we did the work presented here, in

which we revealed that ablation of ER stress-associated Csp-12 also partially blocks
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deterioration of T17M RHO retinas. However, despite this partial cytoprotective effect,
the physiological response and alleviation of photoreceptor cell loss are more striking in
animals deficient in Csp-7 than in Csp-12. This observation would confirm that Csp-12 is
upstream of the executive Csp-7 and that Csp-7 might activate alternate signaling such as
cleavage of auto modified poly (ADP-ribose) polymerase (29) resulting in cell death in
T17M retinas. Nevertheless, even though deficiencies in both caspases significantly
retard retinal degeneration, our results suggested that blocking apoptotic signaling alone
in ADRP photoreceptors is not sufficient to prevent vision loss and the gradual loss of
ADRP photoreceptors.

We found that scotopic ERG a- and b-wave amplitudes are preserved in T17M
Csp-127 mice and these results are in agreement with the delay of onset of photoreceptor
cell death in these animals. However, ratios of a- and b-wave amplitudes registered in
either T17M Csp-7" or T17M Csp-12” to corresponding amplitudes found in T17M
mice are higher in the first group of animals, suggesting a stronger preservation of ADRP
photoreceptors. This was also the case when comparing SD-OCT results and
photoreceptor row counts in H&E stained, cryostat sections from both groups. The results
demonstrate that the higher preservation of a physiological response corresponds to a
more prominent protection and viability of photoreceptor cells.

Ablation of Csp-12 significantly dampened Ca?*-promoted calpain activation and
dramatically enhanced a cellular defense mechanism activated by increased calpastatin
expression. This data also pointed to calpastatin as a potential therapeutic target that was
capable of exerting a cytoprotective effect by countering Ca®*-induced calpain activation.
This data indirectly implies that there could be a decreased concentration of free cytosolic

Ca®* in T17M Csp-127 retinas. In support of this hypothesis, we observed a dramatic
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reduction of BAX protein, which is known to regulate calcium efflux from the ER, thus
potentially influencing Ca®*-mediated apoptosis (30).

Both Csp-7 and Csp-12 ablation in T17M retinas results in reduction of TRAF2
protein. In our previous study we hypothesized that reduction of Csp-12 may affect
TRAF2 protein expression in T17M mice (6). In the current study we provide evidence
supporting the fact that there is a feedback loop between TRAF2 and Csp-12 proteins in
the retina. Interestingly, both the ER stress-IRE1-TRAF2-Csp12-Csp3/7 and the calcium-
induced active calpain-Csp-12-Csp3/7 pathways contribute to retinal pathogenesis in
T17M mice through activation of Csp-12. However, in both cases the inhibition of Csp-
12 leads to partial preservation of ADRP photoreceptors. Together with results obtained
in T17M mice deficient in Csp-7 we have demonstrated that reducing the level of
apoptosis alone is not sufficient to rescue ADRP photoreceptors.

That said, we have validated Csp-12 as a potential therapeutic target, which in
combination with non-apoptotic molecular targets might be efficiently used to arrest

retinal degeneration in ADRP patients.
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DISCUSSION AND CONCLUSION

Mice expressing the T17M RHO transgene

A persistently activated UPR in T17M mice is accompanied by severe retinal
degeneration. Our histological analysis showed photoreceptor cell loss in H&E stained
P15 and P30 T17M RHO retinal sections. Despite a non-significant difference in the
number of photoreceptor rows between P15 C57BL/6 and P15 T17M retinas, the P30
T17M mice demonstrated a dramatic (~40%) loss of photoreceptor cells that occurred
between P15 and P30 (Chapter 2 Fig. S1). The T17M ERAI retinas expressing GFP as a
result of Xbpl splicing, indicate activation of the IRE1 arm at P15 (Chapter 2, Fig. 4B),
thus, pointing to continued UPR activation. Our previous work has demonstrated that
levels of UPR PERK pathway mediator’s pelF2a, ATF4, and CHOP proteins are elevated
in P15 and P30 T17M retinas, indicating that the UPR is involved in retinal degeneration
in these mice (1, 2). We therefore became interested in determining how the activated
UPR at P15 correlates with the mechanism responsible for the observed retinal
degeneration at P30. The UPR could be modulated by targeting the three UPR arms —
IRE1, PERK, and ATF6 - which drive apoptotic signaling upon activation. Out of three
branches of the UPR, the PERK-ATF4-CHOP branch holds a key position switching cell

survival pathways to cell death mechanisms (3-5).

Targeting ATF4 and CHOP to block apoptosis in faster degenerating T17M
photoreceptors

Analyzing the ATF4-deficient T17M retinas in Chapter 2, we found that both scotopic
and photopic ERG amplitudes were preserved and that cone photoreceptor function was
well maintained in 1-month-old animals. This most likely occurs due to the presence of
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normally functioning rod photoreceptors in which the reduction in ATF4 reprograms the
ER stress signaling network. This result in itself is of great importance because it
supports the idea that inherited retinal degeneration can be delayed. To our knowledge,
this is the first report to demonstrate both rescue of rapidly degenerating ADRP retinas at
P30 and a significant delay in retinal degeneration afterwards. The H&E staining
confirmed this hypothesis as it revealed no observable difference between C57BL/6 and
T17M ATF4*" mice, suggesting that no photoreceptor cell death occurred at P30.

The major contribution of ATF4 knockdown to the mechanism of retinal degeneration is
likely through a reduction of overall ER stress, induction of an antioxidant program, and
activation of autophagy, which together result in a delay of apoptotic photoreceptor cell
death. The dramatic reduction in pPERK, pATF6, pelF2a, and CHOP proteins indicates a
significantly lower degree of UPR activation in T17M ATF4*" retinas.

ATF4 deficiency led to a dramatic preservation of photoreceptors and significant
reduction in pro-apoptotic CHOP protein. However, ATF4 deficiency was not sufficient
to block apoptosis after one month. Therefore, in the next set of experiments we targeted
two mediators of the PERK branch simultaneously. In Chapter 3 we demonstrated that by
potentially targeting two mediators of the PERK-ATF4-CHOP axis in UPR signaling
provides longer functional and morphological rescue of the profoundly degenerating
transgenic retina expressing the T17M rhodopsin mutant; this rescue lasted 6 months.
Here we also demonstrated that pharmacological modulation of ATF4-CHOP inhibition
can be achieved to produce neuroprotection. We found that treatment with the ISRIB
drug, which successfully reduced ATF4 and CHOP expression, restored cone
physiological response in T17M mice. The T17M mouse usually shows diminished light-

adapted (photopic) ERG amplitude at P30 (Chapter 3, Fig.3).
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Targeting Caspase-12 to delay cell death in T17M photoreceptors

It has been shown that caspase-12 plays an important role in the mechanism of retinal
degeneration. For example, photoreceptor apoptosis in rd1 mice is accompanied by up-
regulation of the protein levels of BiP, caspase-12, phospho-elF2a, and phospho-PERK in
a time-dependent manner (6). This up-regulation coincides with or precedes
photoreceptor apoptosis. Recent studies have proposed that there are two mechanisms for
ER stress-mediated Csp-12 activation that act in different compartments of the cell. The
first involves the interaction of proCsp-12 with the IRE1-TRAF2 complex (IRE1 UPR
arm) on the cytosolic side of the ER membrane (10). This interaction occurs as a result of
altered complex formation between IREla and TRAF2 in response to ER stress and
modified activity of Jun N-terminal inhibitory kinase (JIK) against its binding partner
IREla (7). This suggests that Csp-12 activated by TRAF2 plays a crucial role in signal
transduction from IRE1 to downstream signaling molecules and, thus, links the stress
sensor molecule IREL1 to the activation of caspase-12. The second mechanism for Csp-12
activation occurs in the cytosol; an increase in Ca?* concentration results in calpain
activation. The p-calpain activation precedes expression/activation of Csp-12 and is
required for activation/cleavage of Csp-12 (8). Given that a cytosolic Ca** increase could
also occur in response to ER stress, this pathway along with the above-mentioned TRAF2
pathway point to Csp-12 as the ER stress-induced caspase promoting apoptosis. Our goal
was to determine if ER stress-induced apoptosis played a role in ADRP photoreceptor
demise and whether the therapeutic approach of targeting ER stress-promoted apoptosis
was sufficient to rescue ADRP photoreceptors. In Chapter 4 we genetically modulated

Csp-12 activity in T17M mice and our data point to inhibition of Csp-12 as a potential
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therapeutic approach that significantly slows retinal degeneration and together with other

non-apoptotic targets could dramatically delay photoreceptor cell death.

T17M Rhodopsin Mutation
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Figure 1: Targeting PERK branch of the UPR could be therapeutic target to
prevent Retinal Degeneration. Protein accumulation inside endoplasmic reticulum leads
to auto phosphorylation of PERK (protein kinase RNA (PKR)-like ER kinase) branch of
the Unfolded Protein Response. PERK phosphorylates alpha subunit of eukaryotic
translation initiation factor 2 (elF2) and makes a stable complex pelF2a-induced stress
granule, resulting in attenuation of general translational program. However, translation of
ATF4 mRNA is favored by limited pelF2 and mediated stress signaling. Integrated Stress
Response Inhibitor (ISRIB) molecule disintegrates stress granule and rendered cells
insensitive towards pelF2. This disintegration of stress granule resumes general
translation with no stress signaling (15).
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