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Abstract

The majority of mutations in rhodopsin (RHO) cause misfolding of the protein and has been
linked to degeneration of photoreceptor cells in the retina. A lot of attention has been set on
targeting ER-stress for the development of new therapies for inherited retinal degeneration
caused by mutations in the RHO gene. Nevertheless, the cell death pathway activated by
RHO misfolded protein is still debated. In this study, we analyzed the retina of the knock-in
mouse expressing the P23H misfolded mutant RHO. We found persistent unfolded protein
response (UPR) during degeneration. Interestingly, long-term stimulation of the PERK
branch of ER-stress had a protective effect by phosphorylating nuclear factor erythroid 2-
related factor 2 (NRF2) transcription factor, associated to antioxidant responses. Otherwise,
we provide evidence that increased intracellular calcium and activation of calpains strongly
correlated with rod photoreceptor cell death. By blocking calpain activity we significantly
decreased activation of caspase-7 and apoptosis inducing factor (AIF), two cell death
effectors, as well as cell demise and effectively protected the retina from degeneration

caused by the P23H dominant mutation in RHO.
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Introduction

Inherited retinal dystrophies, such as Retinitis Pigmentosa (RP), are major causes of
blindness characterized by the progressive loss of photoreceptor cells. Mutations in the
Rhodopsin (RHO) gene are linked to retinal dystrophy. The vast majority of these mutations
have an autosomal dominant trait of inheritance and account for 25% of patients with adRP
[1]. RHO is a G-protein coupled receptor activated by light in the phototransduction cascade
of rod photoreceptors. RHO consists of a protein moiety (opsin) covalently bound to the
chromophore (11-cis-retinal). Light induces the cis to trans isomerization of 11-cis-retinal
and triggers the phototransduction cascade. The molecular mechanisms underlying cell
death caused by dominant mutations in RHO are still not well characterized. The substitution
of proline 23 to histidine (P23H) is the most common mutation in USA among hundreds of
mutations in RHO identified so far and it is the most studied one [2]. This mutation most
likely leads to misfolding of the protein and endoplasmic reticulum (ER) retention [3-5]. The
quality control imposed by the ER activates three signal transduction cascades termed the
unfolded protein response (UPR) to allow only properly folded proteins to leave the ER,
whereas unfolded proteins are degraded. In case a cell cannot cope with UPR, it will be
eliminated by apoptosis. The transducers of the UPR are three ER transmembrane proteins:
the inositol-requiring enzyme 1 (IRE1), the activating transcription factor-6 (ATF6) and the
protein kinase R-like ER protein kinase (PERK). In ER-stress caused by protein misfolding
the early responses are set in motion via IRE1 that quickly attenuates if the stress persists;
the ATF6 responses are also diminished with time but with slower kinetics. By contrast, the
responses mediated by PERK can persist under prolonged ER-stress. Persistent IRE1
signaling was associated to enhanced cell survival while constant PERK activation was
coupled to apoptosis in several cell types and in photoreceptors [6]. The response to

misfolded proteins is set in motion by IRE1 and PERK phosphorylation and activation. IRE1



is a ribonuclease that splices the mRNA encoding X-box transcription factor 1 (Xbpl),
generating a transcription activator that increases the expression of chaperones (i.e.
Gpr78/Bip/Hspb5), favoring protein folding. PERK phosphorylates eukaryotic initiation factor-
20 (elF2a) resulting in the reduction of protein synthesis and the up-regulation of ATF4 that
promotes the expression of several genes such as growth arrest and the transcription factor
DNA-damage-inducible protein 153 (Gadd153/Chop) [7].

ER-retention of the misfolded protein and ER-stress have been correlated to cell death in
two murine models of RP caused by dominant mutations in RHO [4,6,8,9]. This cell death
mechanism was targeted in newly developed therapeutic approaches based on ER-stress
inhibition or pharmacological chaperone delivery [4,10-13]. Besides ER-stress sensors, we
showed that photoreceptors expressing high levels of P23H mutant RHO (Rho'9"23H and
RhoP23H-) also suffer increased intracellular calcium and activation of calpain proteases
leading to nuclear translocation of the apoptosis inducing factor (AIF) and chromatin
fragmentation [14].

At the moment, the knock-in mouse bearing the P23H mutation in RHO (RhoPZ3H7*) js
considered the best model of the disease with a slow progression of photoreceptor
degeneration starting from the inferior retina, similarly to what has been reported in patients
[15]. Specifically, degradation of the mutated RHO protein through the ER-associated
protein degradation (ERAD) pathway as well as rod outer segment structural defects were
reported in this knock-in model [15-17]. The study of the pathophysiologic effects of ER-
stress in RhoP23H* mutant photoreceptors demonstrated persistent activation of the UPR
sensor IRE1 up to 88 days after birth (PN88) without upregulation of Gadd153/Chop
expression [17].

We and other suggested several novel treatments to target dominant mutations in RHO

[13,14,18-22]. The published studies showed incomplete rescue of the phenotype possibly



due to the limited understanding of the molecular mechanisms underlying cell death in
photoreceptors expressing misfolded RHO.

In this study, we molecularly evaluated the different contribution of ER-stress and calcium
unbalance in retinal degeneration in the RhoP23H* mouse model. We demonstrate sustained
activation of the IRE1 and PERK branches of the UPR during the progression of the disease
in the RhoPZ3H* retina. We propose that both these pathways are possibly involved in the
degradation of misfolded P23H mutant RHO and in counteracting the toxic effects of the
mutation. We also show that PERK accomplishes this function through activation of the
nuclear factor erythroid 2-related factor 2 (NRF2) transcription factor. On the other hand, we
provide evidence that activation of calpain proteases by increased intracellular calcium ions

is the major cause of cell death.



Material and Methods

Animal care and treatments

All  procedures on mice were conducted at CSSI (Centro Servizi Stabulario
Interdipartimentale), approved by the Ethical Committee of University of Modena and
Reggio Emilia and by the Italian Ministero della Salute (346/2015-PR) and were in
accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision
Research. RhoP23H+ mice, on a C57BL/6J background, were maintained in 12hr light/dark
cycles and had free access to food and water. For intravitreal administration, mice at PN18
were anesthetized with an intraperitoneal injection of 250 mg/kg body weight of avertin
(1.25% (wlv) 2,2,2-tribromoethanol and 2.5% (v/v) 2-methyl-2-butanol; Sigma).
Subsequently, eyes were intravitreously injected via a trans-scleral trans-choroidal
approach with 0.5 ul of PD150606 pan-calpain inhibitor (1.5mM solution with an expected
final concentration in the eye of 150 uM; Sigma) or Z-VAD-FMK pan-caspase inhibitor (25
ng/eye; Sigma) or GSK2606414A PERK inhibitor (100 uM solution with an expected final
concentration in the eye of 10 uM; GSK). Control eyes received vehicle only. Mice treated

with different compounds were sacrificed 16 hours later, at PN19.

Cytofluorimetric analysis of calcium

Intracellular calcium levels were determined with the calcium probe Fluo-4 AM (Life
Technologies), as previously published [14,23]. Briefly, wild type and RhoP23H* retinas at
PN19 were harvested and incubated with 19 U/ml of papain for 30 min and, after 33-fold
dilution with DMEM containing 10 U/ml DNAse, retina cells were dissociated by trituration.
After three washes with PBS, cells were incubated with 1 uM Fluo-4 AM at 37°C for 30 min
in Ca?*-free medium. Photoreceptor cells were characterized by staining with anti-Rho

antibody 1D4 (1:1000, Sigma) and with anti-Recoverin (1:500, Millipore), as in [14,23], and



plotted over the forward scatter to define the gating strategy for the following intracellular
calcium analysis. Retinal cells from four wild type and four RhoP23H*+ mice, derived from at
least three different litters, were gated. Fluorescence was measured in 20,000 events with
a Coulter Epics XL-MCL flow cytometer (Beckman Coulter) at an excitation wavelength of
488 nm. Fluo-4 AM median fluorescence intensity (MFI) was measured in cells from each
dissociated RhoP23H* retina and compared to MFI from wild type photoreceptors from

littermates.

Calpain activity assay

Cryosections from unfixed retinas were incubated for 15 min in calpain reaction buffer (CRB:
25 mM HEPES-KOH pH 7.2, 65 mM KCI, 2 mM MgClz, 1.5 mM CaClz, 2 mM DTT), as
previously described [14], and then exposed for 1 h at 37°C to the fluorescent calpain
substrate CMAC, t-BOC-Leu-Met (A6520; Invitrogen) at a final concentration of 2 uM. Slides
were washed twice for 10 min each in CRB, mounted with mowiol 4-88 (Sigma) and
analyzed at a Zeiss Axio Imager A2 microscope using the filter excitation/emission 365/420.
Labeled cells were counted in the outer nuclear layer (ONL), which contains photoreceptors,
in at least three entire sections, with a dorsal-ventral orientation, passing through the optic
nerve from three independent experiments. Specificity of the assay was demonstrated by
omitting the CMAC, t-BOC-Leu-Met substrate or by pretreatment of the crysections with

calpain inhibitor (Fig. S1a).

DNA Nick-End Labeling by TUNEL and immunofluorescence
Eyes were oriented, fixed in Davidson’s fixative (8% Formaldehyde, 31.5% Ethanol, 2 M
Acetic Acid), embedded in paraffin and sectioned. Apoptotic nuclei were detected by TdT-

mediated dUTP terminal nick-end labelling kit (TUNEL, fluorescein; Roche) according to the



producer’s protocols. Primary antibodies were used as follows: anti-AlF (1:100; Sigma), anti-
phosphorylated-IRE1 (1:200; Novus Biologicals), anti-phosphorylated-PERK (1:100; Cell
Signaling). Secondary antibodies were Alexa Fluor® 568 anti-mouse and anti-rabbit
antibodies (1:1000; Molecular Probes). Nuclei were stained with 4',6-diamidino-2-
phenylindole (DAPI). Slides were mounted with mowiol 4-88 (Sigma) and analyzed at a
Zeiss Axio Imager A2 microscope. Quantification of dying cells was performed by counting
all TUNEL labeled cells in the photoreceptor cell layer in at least three entire retinal sections,
with a dorsal-ventral orientation, passing through the optic nerve derived from different
animals. The number of photoreceptors double labelled with anti-AlIF and TUNEL was
counted by staining of nuclei with DAPI and was used to calculate percentages of dying

cells, as previously published [23].

Retinal protein extracts and western blotting analysis

Retinas were lysed as previously described to obtain nuclear-enriched proteins and total
cellular proteins [24]. The purity of enriched lysates was checked by immunoblotting using
a nuclear marker (anti-Histone H3 1:3000; Bethyl Laboratories) or a cytosol marker (anti-
pan-actin, 1:3000; Millipore). Equivalent amounts of protein extracts (20 ug) were resolved
using SDS-PAGE and immunoblottings were performed following standard procedures. The
antibodies used for western blotting were: anti-all-spectrin (AA6, 1:2000; Enzo Life) [25],
anti-AlF (1: 1000; Calbiochem) [26], anti-Caspase7 (1:1000; Cell Signaling), anti-elF2a
(1:1000; Cell Signaling), anti-NRF2 (1:2000; Invitrogen), anti-phosphorylated-IRE1 (1:2000;
Novus Biologicals), anti-phosphorylated-PERK  (1:1000; Cell Signaling), anti-
phosphorylated-elF2a (1:1000; Cell Signaling). Antibodies specificity is shown in Fig. S2.

Each blot analyzed proteins derived from 4 retinas pooled together and 3 independent pools



from 3 different litters were used as biological replicates, one representative blot is shown.

The entire blots are shown in Fig. S3.

Statistical analysis

Cell count analyses are shown as mean + SD. Student’s t-test analysis was performed to
compare data derived from at least three different mock treated mutant retinas to at least
three different contralateral mutant retinas treated with different compounds. ANOVA test

was performed to compare data from retinas at different ages or after different treatments.

Results

P23H mutation causes increased intracellular calcium and activation of calpains

We previously demonstrated increased intracellular Ca?* in transgenic mice expressing only
the P23H mutant RHO, in the absence of wild type RHO, and in the Rho knock-out retina
[14]. In the present study, we focused on a more relevant model in which P23H mutant
RHO is in heterozygosity with wild type RHO, a genotype similar to the human condition.
We characterized photoreceptor cell death in the RhoP23H+ retinas by TUNEL assay, as
previously published [14], and found a peak at 19 days after birth (PN19) (Fig. 1a). Retinas
older than PN31 showed very few TUNEL" cells in each analyzed section, indicating that
starting from the age of 1 month a slow and constant cell death led to the gradual
progression of photoreceptor degeneration in this mouse model of adRP. We focused our
molecular analyses at PN19, the time point with the highest number of cells undergoing cell
death. We started by evaluating intracellular Ca?* by flow cytometry and found it statistically
increased in RhoP23H* photoreceptors (Fig. 1b), similarly to what we previously found in
other models with mutations in RHO [14]. Increased intracellular Ca?* can induce activation

of calpain proteases, cell death initiators in several forms of RP [14,24,26—-28]. Based on



the link between high intracellular Ca?* and calpains, we assessed calpain activation by an
in situ enzymatic assay and by cleavage analysis of all-spectrin, a known substrate of
calpain proteases. Both assays confirmed activation of calpain proteases in RhoP23H/*
retinas (Fig. 1c-d). Co-labelling of TUNEL and the in situ calpain activity assay defined that
calpain activation occurred in 80-90% of photoreceptor cells undergoing cell death at all
ages analyzed (Fig. 1c and Fig. S1b). Different molecular weight fragments of all-spectrin
are generated upon cleavage by calpains (150 kDa and 145 kDa) or by caspases (150 kDa
and 120 kDa) [29]. The immunoblot on protein extracts from wild type and RhoP23H+ revealed
an increase of fragments with molecular weights consistent with calpain and caspase
activations (Fig. 1d).

The cell death effector in photoreceptors triggered by calpains is AlF [14,24,26], a factor
that, upon cleavage by calpains, translocates from mitochondria to the nucleus where,
together with EndoG, promotes chromatin condensation and fragmentation [30,31]. Western
blotting of nuclear extracts confirmed nuclear translocation of AIF in the RhoP23H+ retina at
PN19 (Fig. 1le). Immunolocalization defined that AIF was present in nuclei of most
photoreceptor cells undergoing cell death, as defined by TUNEL (Fig. 1f, arrows).
Altogether these data suggested that RhoP23++ mutant rod photoreceptors activate a cell

death mechanism engaging calpains and AlF.

Activation of ER stress sensors during retinal degeneration

The P23H RHO mutation was previously reported by us and others as a mutation that
causes protein misfolding and ER retention [3,4,14,17,32—-34]. We thus assessed activation
of the ER sensor proteins by western blotting and immunofluorescence. We detected
phosphorylation of IRE1 and PERK and both sensors are maintained phosphorylated and

activated at least up to PN60. Immunofluorescence studies showed that activation of both
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sensors happened in photoreceptor cells. (Fig. 2a-b). Activation of the PERK pathways was
confirmed at all analyzed time points by detection of phosphorylated elF2a, its direct target
(Fig. 2a). The PERK pathway can lead to apoptosis by activating caspases. We thus
checked cleavage of caspase-7, an effector caspase previously linked to cell death in
photoreceptors expressing mutant RHO [4,35]. The cleaved activated caspase-7 was
detected in RhoP23H* retinas at PN19 and PN60 (Fig. 2c).

The PERK pathway can also phosphorylate and stabilize the transcription factor NRF2
leading to its translocation to the nucleus. NRF2 has been reported, in other cell systems,
to be requested for survival during UPR by promoting redox homeostasis upon induction of
ER sensors [36,37]. Interestingly, we observed higher levels of phosphorylated NRF2 in
nuclear extracts from RhoP23H* retinas compared to age matched wild type retinas (Fig. 2d).
The amount of phosphorylated NRF2 increased with age and was found more abundant in
PNG60 retinal cell nuclei than in younger retinas.

The analyses of ER sensors pathways indicated that the P23H RHO mutation, when
expressed in heterozygosity with the wild type allele, triggered the UPR, a response
maintained during degeneration. Interestingly, ER sensor activation did not correlate with
the changes in cell death observed by TUNEL assay. In fact, TUNEL labeled cells decreased
after a peak at PN19, but IRE1 and PERK phosphorylations were well detected at both ages

and did not decrease with degeneration progression.

PERK sustains UPR

Based on the finding that RhoP23%* photoreceptors turn on IRE-1 and PERK and that we
detect a cell death mechanism linked to caspase-7 together with the NRF2 survival
response, we wondered whether the PERK branch of the UPR was associated with cell

death or survival in this murine model of retinal dystrophy. To address this question we
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treated RhoPZ3H* mice with a validated PERK inhibitor, GSK2606414A [38]. This inhibitor
has been previously demonstrated to block the PERK branch and reduce elF2a
phosphorylation in P23H transgenic rat retinas. We intravitreally injected the PERK inhibitor
in PN18 retinas and the effects were evaluated 16 hours later, at PN19. Upon treatments
with GSK2606414A, we detected a reduction of elF2a phosphorylation, which demonstrates
that the PERK inhibitor was effective (Fig. 3a). Similarly to what previously reported in the
rat model expressing P23H RHO, we correlated inhibition of PERK with a significant
increase of photoreceptor cell death (Fig. 3b and Fig. S4). To molecularly characterize the
mechanism underlying the increase of cell death we evaluated the two targets of PERK, i.e.
NRF2 and caspase-7. Inhibition of PERK caused a reduction of phosphorylation and nuclear
translocation of NRF2 (Fig. 3c). Otherwise, blocking the PERK pathway did not affect
caspase-7 that was maintained activated (Fig. 3d).

Altogether, data from retinas treated with the PERK inhibitor suggested that the PERK
pathway was activated upon expression of P23H mutant RHO, however PERK fulfilled a
role of protection from cell death by activating NRF2 in photoreceptor cells. It appeared that

PERK did not participate to the activation of caspase-7.

Calpains play a major role in photoreceptor cell death

Activation of calpains has been reported in several models of retinal degeneration
[14,24,26—28] and calpains can cleave caspase-7 generating p17/p18 active fragments [39].
We, thus, hypothesized that activation of caspase-7 in the RhoP23H+ mutant retina could be
triggered by calpains. To address this hypothesis we intravitreally injected a pan-calpain
inhibitor (PD150606) previously reported to block calpains in transgenic rats expressing the
S334ter mutant RHO [20]. Histology of injected eyes is shown in Fig S5. PD150606 reduced

calpain activation in vivo in the RhoP23H+ retina by about 65%, as also demonstrated by the
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strong decrease of 145-150 kDa and 120 kDa cleaved all-spectrin (Fig. 4a-b). The calpain
inhibitor was very effective in protecting the retina from cell death with a significant reduction
of almost 70% of TUNEL* cells (Fig. 4c and Fig. S4). Remarkably, inhibition of calpains
caused a strong reduction of the p17 activated caspase-7 fragment (Fig. 4d).

To define the contribution of caspase-7 to photoreceptor cell death in RhoP23H* mice, we
intravitreally injected the pan-caspase inhibitor, Z-VAD-FMK. Z-VAD-FMK interfered with
caspase-7 activation (Fig. 4d) and strongly reduced the 120 kDa all-spectrin fragment
derived from caspase cleavage (Fig. 4b, arrow) but did not affect the 145-150 kDa all-
spectrin fragments derived from calpain cleavage (Fig. 4b, asterisk). Inhibition of caspase-
7 significantly reduced cell death of 34% (Fig. 4c and Fig. S4) and partially decreased
calpain activity of about 5%. Co-treatment with calpain and caspase inhibitors significantly
protected the RhoP23H*+ mutant retina from cell death but the effect did not appear to be
additive. We observed reductions of calpain activation and cell death similar to what found
by the singular treatment with calpain inhibitor (Fig. 4a and 4c).

These results imply that photoreceptor cell death is mainly mediated by calpain activation in
the RhoP23H* mutant retina and that caspase-7 activation is triggered by calpains and not by

ER-stress.
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Discussion

Common forms of retinal degeneration are associated to mutations in the RHO gene.
Several studies characterized the effects of the amino acid changes on the RHO protein and
proposed different classifications of the mutations based on the analyzed parameters [3,40—
42]. These studies reported a high percentage of mutations in RHO that affect protein
structure and stability. RHO accounts for approximately 30% of the rod photoreceptor
proteome [43]. Misfolding mutations in RHO, such as P23H and T17M, have thus a strong
impact on the photoreceptor cell homeostasis and have been demonstrated to activate UPR,
ER-associated degradation (ERAD) pathways and ER-stress responses [8,14,17,33].
Attempts have been made in the last years to protect photoreceptors from cell death caused
by dominant mutations in RHO by targeting these pathways [4,44]. Nevertheless, none of
these therapeutic strategies could rescue the degeneration phenotype, possibly because
protein misfolding can trigger UPR and ER-stress, two pathways that are partially
overlapping and activate shared ER sensors [6].

New evidences implied that cell death caused by mutant RHO might be initiated by
alternative pathways not involving the ER sensors. In fact, in the relevant RhoP23H+ mouse
model the IRE1 ER sensor, which is supposed to induce a response aimed at relieving the
cell from protein misfolding, is sustained in rod photoreceptors at ages when degeneration
progresses [17]. Secondly, inhibition of the PERK pathway could aggravate degeneration
caused by expression of P23H RHO in a transgenic rat model [38]. In the rat model activation
of necroptosis had also been detected [45].

The molecular mechanism causing cell death in photoreceptors expressing misfolded RHO
was, thus, not well understood and required further characterization, which was necessary
for the development of appropriate therapeutic strategies. In the present study, we report

that the knock-in RhoP23H+* mouse shows a peak of cell death a PN19 and that degeneration

14



slowly continues at later ages. The timing of the peak of cell death corresponds with terminal
development of the rod outer segment, previously reported to happen between PN11 and
PN24 [46], and with the recorded dark current, which increases proportionally with outer
segment formation [47]. The instability of P23H mutant RHO [48] may accelerate
degeneration at early stages of rod differentiation when the rod photoreceptors are still
undergoing maturation. We also demonstrate during the degeneration process persistent
activation of two ER sensors previously described to mediate opposite effects: IRE1, a
compensatory response, and PERK, a response leading to cell death [6]. Our data agree
with the previously reported maintenance of IRE1 signaling during degeneration caused by
P23H RHO [17], but we also detected continuous activation of PERK, as defined by PERK
and EIF-2a phosphorylation. This discrepancy may be due to the different murine ages
analyzed. Nevertheless, we concur that activation of ER sensors and UPR are not the
leading cause of photoreceptor cell death but, possibly, a pathophysiologic effect triggering
survival responses. This assumption is based on our identification of NRF2 as a putative
mediator of the PERK compensatory response. This is founded on our data showing that
phosphorylated nuclear NRF2 levels decreased upon exposure of the retina to an inhibitor
of PERK and that this treatment was detrimental for the degenerating retina. NRF2 is a
transcription factor that binds to the antioxidant response element (ARE) and regulates over
250 genes in the antioxidant cell response [49]. The correlation of NRF2 nuclear reduction
with increased cell death following the PERK inhibitor treatment and the previously
demonstrated role of NRF2 as a neuroprotective agent in retinal degeneration [50-53],
implied that photoreceptors activate a remedial mechanism to alleviate stress derived from
misfolding of RHO in the ER. Interference with this mechanism accelerated degeneration,
as found in the treatments with PERK inhibitor. The relevance of NRF2 pathway as a

neuroprotective mechanism is also supported by the observation of some preservation of
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the retina after treatments of rabbits expressing a dominant mutation in RHO with a NRF2
activator [54]. A second compensatory mechanism activated by the UPR may lead to the
reduction of P23H RHO levels in the RhoP2H* mouse model [15], which may also rely on
PERK activation, as demonstrated in an in vitro study on several RHO mutations [55].

The ER operates as an intracellular Ca?* storage organelle and elevation of [Ca?*]i is a well-
documented feature of ER-stress and cell death [56]. Increases of [Ca?*]i can trigger
calpains, proteases acting on several substrates, and among those on AlF, and leading
photoreceptor cells to degeneration [26]. Increased levels of Ca?* and activation of calpains
are common features in retinal degeneration caused by mutations in different genes and
several calpain inhibitors demonstrated to be effective to restrain photoreceptor
degeneration [26,27,57—61]. The studies in the RhoP23%* mouse model of retinal
degeneration confirmed the calcium-calpain pathway as a common mechanism activated
by photoreceptor demise even at later stages of degeneration. This is an important point
because patients usually refer to the ophthalmologist when the disease is at an advanced
stage. Safety of long-term treatments and development of appropriate delivery systems for
calpain inhibitors need to be evaluated to transfer this finding to patients.

In the P23H transgenic rat model treatments with a calpain inhibitor had a much lower
neuroprotective effect compared to those observed with our treatments [45]. This
discrepancy may be due to i) the use of a different calpain inhibitor, calpeptin, that targets
calpain 1, calpain 2 and the permeability transition pore. PD150606 is more specific for
calpains and inhibits several calpains, not only calpain 1 and calpain 2, by binding to the
calcium binding domain; ii) the different administration protocol of the drug; iii) the different
animal model.

In summary, a good comprehension of the molecular pathways activated during

photoreceptor degeneration caused by protein misfolding is fundamental for a targeted
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design of new therapeutic approaches for several forms of retinal dystrophy in which protein
homeostasis is deregulated, not only caused by mutations in RHO [62]. Here we identified
the calcium-calpain pathway as the major cause of photoreceptor demise in the RhoP23H+

mutant retina and defined it as a target in several forms of retinal dystrophy.
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Figure legends

Figure 1. Progression of photoreceptor demise and activation of calpains and AIF in
RhoP23H* retinas. (a) Percentages (+xSD) of dying photoreceptors, based on TUNEL assay,
at different ages of RhoP23H+ mice starting from post-natal day 8 (PN8) up to PN60, (N=5).
(b) Evaluation of intracellular Ca?* in photoreceptor cells of Rho** and RhoP23H+ retinas.
Intracellular Ca?* was quantified by staining with Fluo-4 AM and flow cytometry analysis of
photoreceptor cells (20,000 events analyzed). The median fluorescence intensity (MFI £SD)
from 4 different retinas is shown. *** P=0.001 (c) Ratio of dying cells (TUNEL™") (xSD) in
which calpains are activated, based on the calpain activity assay (calpain®), (N=4). No
significant difference among the different time points could be detected by ANOVA test
(P=0.059). (d) Total protein extracts from PN19 wild type (WT) and RhoP23H+ mutant mouse
retinas were analyzed by immunoblots with an anti-all-spectrin antibody shows an increase
of the 145-150 kDa fragments resulting from calpain cleavage and of the 120 kDa fragment
resulting from caspase cleavage. The immunoblot was normalized with anti-actin antibody
(lower panel). MW: molecular weight markers are shown in kDa. (e) Immunoblotting of AlF
in nuclear enriched protein extracts from PN19 WT and RhoP23H* mutant mouse retinas.
The immunoblot was normalized with anti-H3 histone antibody (lower panel). MW: molecular
weight markers are shown in kDa. (f) Immunofluorescence labeling AIF (red) and TUNEL*
dying cells (green) in PN19 WT and RhoP23H+ mutant mouse retinas. Double-labeled cells
(arrows and yellow in the merged image), i.e. dying cells with nuclear translocation of AlF,
were observed in the mutant retina. Nuclei are stained in blue with DAPI. is: inner segment
containing photoreceptor cytoplasm and mitochondria; onl: outer nuclear layer containing

photoreceptor nuclei; inl; inner nuclear layer: gcl: ganglion cell layer. Scale bars: 20um.
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Figure 2. Activation of IRE1 and PERK in RhoPZH* retinas. (a) Total protein extracts
from PN19 and PN60 wild type (WT) and RhoP23H+ mutant mouse retinas were analyzed by
immunoblots with an anti-phosphorylated IRE1 (P-IRE!), anti-phosphorylated PERK (P-
PERK) and anti-phosphorylated elF2a (P-elF2a) antibodies. The immunoblots were
normalized with anti-actin antibodies. (b) Immunofluorescence labeling of phosphorylated
IRE1 or phosphorylated PERK (red) and TUNEL* staining of dying cells (green) of PN19
and PN60 WT and RhoP23H* mutant mouse retinas. Nuclei are stained in blue with DAPI. is:
inner segment containing photoreceptor cytoplasm and ER; onl: outer nuclear layer
containing photoreceptor nuclei. Scale bars: 20um. (c) Total protein extracts from PN19 and
PN60 WT and RhoP23H+ mutant mouse retinas were analyzed by immunoblots with anti-
caspase 7 antibody. The immunoblot was normalized with anti-actin antibody (lower panel).
(d) Immunoblotting of phosphorylated NRF2 in nuclear enriched protein extracts from PN19
and PN60 WT and RhoP23H* mutant mouse retinas. The immunoblot was normalized with

anti-H3 histone antibody (lower panel).

Figure 3. Treatments with PERK inhibitor. (a) Total protein extracts from PN19 RhoP23H/+
mutant mouse retinas treated with vehicle (Mock) or with GSK2606414A (PERK inh) were
analyzed by immunoblot with anti-phosphorylated elF2a antibodies. The immunoblot was
normalized with anti-elF2a antibody (lower panel). (b) Percentages (£SD) of photoreceptors
undergoing cell death (TUNEL") counted in the ONL of retinal sections passing through the
optic nerve, (N=3). * P=0.05 (c) Immunoblotting of phosphorylated NRF2 in nuclear enriched
protein extracts from PN19 RhoP23H* mutant mouse retinas treated with vehicle (Mock) or
with GSK2606414A (PERK inh). The immunoblot was normalized with anti-H3 histone
antibody (lower panel). (d) Total protein extracts from PN19 RhoP23H*+ mutant mouse retinas

treated with vehicle (Mock) or with GSK2606414A (PERK inh) were analyzed by immunoblot

28



with an anti-caspase 7 antibody. The immunoblot was normalized with anti-actin antibody

(lower panel).

Figure 4. Inhibition of calpains and caspases in the RhoP?3* retinas. RhoP23H+ mutant
eyes were intravitreally injected with vehicle (Mock) or with PD150606 (calpain inhibitor) or
with Z-VAD-FMK (caspase inhibitor) or with both PD150606 and Z-VAD-FMK at PN18 and
analyzed at PN19. (a) Percentages (xSD) of photoreceptors that activated calpains counted
in the ONL of retinal sections passing through the optic nerve, (N=3). Student’s t-test **
P=0.01; *** P=0.001. There was a significant effect of the treatments (ANOVA: F (3,23) =
151.3, P<0.0001). (b) Total protein extracts were analyzed by immunoblots with an anti-all-
spectrin antibody. The 145-150 kDa fragments resulting from calpain cleavage is indicated
by an asterisk and of the 120 kDa fragment resulting from caspase cleavage by an arrow.
The immunoblot was normalized with anti-actin antibody (lower panel). MW: molecular
weight markers are shown in kDa. (c) Percentages (+SD) of photoreceptors undergoing cell
death (TUNEL™") counted in the ONL of retinal sections passing through the optic nerve,
(N=3). Student’s t-test *** P=0.001. There was a significant effect of the treatments (ANOVA:
F (3,23) =167.2, P<0.0001). (d) Total protein extracts were analyzed by immunoblots with
an anti-caspase 7 antibody. The immunoblot was normalized with anti-actin antibody (lower

panel). MW: molecular weight markers are shown in kDa.

Figure S1. Activation of calpains in RhoP%3"* retinas. (a) Controls for the specificity of
the calpain assay. Retina cryosections from PN19 RhoP23H* mutant mice were processed
for the calpain activity assay either in the absence of t CMAC, t-BOC-Leu-Met substrate (No
substrate) or after pretreatment of the crysection with the PD150606 calpain inhibitor

(Calpain inh. pretreatment) to block calpain activity. No fluorescent signal could be detected
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in the control experiments. (b) Retina cryosections from PN14, PN19, PN31 and PN60 wild
type (WT) and RhoP23H*+ mutant mice were exposed to a calpain substrate that becomes
fluorescent (blue) upon cleavage by calpains. White dots in the outer nuclear layer (onl)
containing photoreceptor cells identify cells activating calpains and were detected in mutant
retinas but not in WT retinas. The same sections were assayed by TUNEL assay (red) to
detect cells undergoing cell death. White dots in the outer nuclear layer (onl) containing
photoreceptor cells identify dying cells and were detected in mutant retinas but not in WT
retinas. The few PN60 photoreceptor cells undergoing cell death and activating calpains are
indicated by arrows. Merged images of calpain activity staining and TUNEL are shown on

the right-hand side. Scale bars: 50um.

Figure S2. Validation of the specificity of antibodies used in western blotting experiments.

Antibodies used for western blotting to detect activation/phosphorylation of ER-stress
sensors P-IRE1, P-PERK and P-elF2a were validated on protein extracts from the NIH3T3
cell line treated with 2 ug/ml Tunicamycin, for 24 h as in Sanges et al [63]. Antibodies used
for western blotting to detect activated/cleaved caspase-7 were validated on protein extracts
from NIH3T3 cell line treated with 1 uM Staurosporine for 2 h, as in Petit et al [64]. Antibodies
used for western blotting to detect nuclear translocation of NRF2 were validated on protein
extracts from the NIH3T3 cell line treated with 5 ng/ml Tunicamycin for 30 min, as in Cullinan

et al [37].

Figure S3. Entire membranes of western blotting experiments shown in Figures 1, 2, 3 and

4.
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Figure S4. Cell death analyses on treated RhoP23H* retinas. Sections from RhoP23H/+
mutant PN19 retinas either treated with GSK2606414A (PERK inhibitor) or with PD150606
(calpain inhibitor) or Z-VAD-FMK (Caspase inhibitor) or with vehicle (mock) were analyzed
by TUNEL assay (red). Nuclei were stained with DAPI (blue) and show all retinal cells. Red

dots indicate dying cells.

Figure S5. Histological analysis of injected eyes. Examples of eyes stained with

Hematoxylin and Eosin from not injected and intravitreally injected animals.
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