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The P23H mutation within the rhodopsin gene (RHO) causes rhodop-
sin misfolding, endoplasmic reticulum (ER) stress, and activates the
unfolded protein response (UPR), leading to rod photoreceptor de-
generation and autosomal dominant retinitis pigmentosa (ADRP).
Grp78/BiP is an ER-localized chaperone that is induced by UPR signal-
ing in response to ER stress. We have previously demonstrated that
BiP mRNA levels are selectively reduced in animal models of ADRP
arising from P23H rhodopsin expression at ages that precede photo-
receptor degeneration. We have now overexpressed BiP to test the
hypothesis that this chaperone promotes the trafficking of P23H rho-
dopsin to the cell membrane, reprograms the UPR favoring the sur-
vival of photoreceptors, blocks apoptosis, and, ultimately, preserves
vision in ADRP rats. In cell culture, increasing levels of BiP had no
impact on the localization of P23H rhodopsin. However, BiP overex-
pression alleviated ER stress by reducing levels of cleaved pATF6 pro-
tein, phosphorylated elF2a and the proapoptotic protein CHOP. In
P23H rats, photoreceptor levels of cleaved ATF6, pEIF2a, CHOP, and
caspase-7 were much higher than those of wild-type rats. Subretinal
delivery of AAV5 expressing BiP to transgenic rats led to reduction in
CHOP and photoreceptor apoptosis and to a sustained increase in
electroretinogram amplitudes. We detected complexes between BiP,
caspase-12, and the BH3-only protein BiK that may contribute to the
antiapoptotic activity of BiP. Thus, the preservation of photoreceptor
function resulting from elevated levels of BiP is due to suppression of
apoptosis rather than to a promotion of rhodopsin folding.

autosomal dominant retinitis pigmentosa | endoplasmic reticulum stress |
adeno-associated virus | unfolded protein response

utations within the RHO gene, which encodes rod cell opsin,

lead to retinitis pigmentosa, an inherited form of retinal
degeneration. Most RHO mutations are inherited in a dominant
fashion, and the condition is described as autosomal dominant
retinitis pigmentosa (ADRP). More than 80 RHO mutations have
been identified that account for 30% of ADRP in humans (1).
Substitution of proline to histidine at position 23 (R23H RHO) was
the first ADRP mutation to be identified (2). Due to problems with
protein folding, P23H rhodopsin only partially reconstitutes with
11-cis retinal in vitro (3). Mutated rhodopsin also causes retinal
degeneration when expressed in transgenic animals. This fact makes
these animal models extremely helpful for studying the physio-
logical and biochemical impact of defective rhodopsin and also for
testing approaches to treat ADRP (4, 5).

The P23H RHO mutation exhibits characteristics of both types of
dominant mutation: toxic gain-of-function and dominant negative
(6). In cultured cells, P23H opsin is retained in the endoplasmic
reticulum (ER) unlike wild-type rhodopsin, which is glycosylated
and transported to the plasma membrane (7). The ER-retention of
P23H opsin can induce the unfolded protein response (UPR) and
later apoptosis (3, 8-10). However, P23H opsin is subject to deg-
radation by the ubiquitin-proteosome system (UPS). Ubiquitinated
aggregates disrupt the processing of normal rhodopsin synthesized
in the same cell (11, 12). Prevention of trafficking of the wild-type
protein would imply a classic dominant negative effect of P23H
mutated rhodopsin.

www.pnas.org/cgi/doi/10.1073/pnas.0911991107

Results concerning the pathogenic mechanism of ADRP obtained
in animal models have led to conflicting interpretations. Over-
expression of P23H opsin in transgenic mice led to accumulation of
mutant protein at photoreceptor nerve terminals at the outer plexi-
form layer (13) but another transgenic mouse model showed P23H
opsin trafficking to the rod outer segment (OS), as well as to the
nerve terminals (4). P23H opsin that reaches the outer segments of
photoreceptor cells can combine with the 11-cis retinal chromophore
(14). Tam and Mortiz (15) showed that the mechanism of P23H
RHO toxicity in frog photoreceptors is associated with retention
of misfolded P23H rhodopsin in the ER and activation of the UPR.

The UPR is a signal transduction cascade that detects and alle-
viates protein-folding stress in the ER caused by physiological
demands or environmental variation (16). There are three trans-
membrane proteins that sense prolonged protein folding stress in
the ER: IREla, ATF6a, and PERK (16). These proteins initially
produce cytoprotective stimuli resulting in reduced translation,
enhanced ER protein folding capacity, and clearance of misfolded
ER proteins. Cytoprotective outputs coexist along with proa-
poptotic signaling, outweighing it in initial stages of ER stress. The
acute UPR permits cells to readjust protein synthesis and chaperone
levels to cope with stress. If these steps fail to re-establish homeo-
stasis, IRE1la signaling and then ATF6a signaling are attenuated,
creating an imbalance in which proapoptotic output guides the cell
toward apoptosis (10).

A resident member of the Hsp70 family of chaperones, BiP/
Grp78 plays a key role in ER stress signaling. BiP is an abundant
protein that binds to each of the transducers of ER stress (IREl«,
ATF6a, and PERK) and serves as a sensor of alterations of ER
homeostasis. UPR activation results in the transcriptional induction
of the genes encoding the ER-localized stress response proteins such
as GRP%, ERp72, GRP170, calreticulin, as well as BiP itself.
Although strong evidence supports the cytoprotective role of BiP
(17-20), little is known about the effect of direct BiP delivery. In cells
stably expressing the Swedish APP (B-amyloid precursor) mutant,
transient BiP overexpression leads to a decrease in the level of Ap4
and Ap42 amyloids (21), indicating the role of BiP as a chaperone
protein. The overexpression of BiP results in reduced apoptosis in
Chinese hamster ovary cells (22) and cardiomyocytes (23). This
effect is associated with formation of a complex of BiP and caspases-
7 and -12 through an ATP-binding domain within BiP. The role of
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BiP during stress is not limited to the quality control of the misfolded
proteins, but also includes an increase of the Ca** buffering within
the ER lumen. For example, increased levels of BiP in HeLa cells
lead to appreciable increases of the ER Ca* storage capacity (24).

These cell culture studies suggest that increasing levels of BiP
may be beneficial in preventing ADRP associated with rhodopsin
misfolding. However, the overexpression of BiP has notbeen studied
yet in animal models of ADRP. We previously demonstrated that
BiP plays an important role in the mechanism of degeneration in
P23H RHO transgenic photoreceptors (10). Specifically, photo-
receptor cells expressing P23H rhodopsin showed a selective de-
crease in BiP mRNA compared to wild-type photoreceptors at the
same ages. This correlation suggested that insufficient BiP levels
contribute to photoreceptor cell death arising from P23H rhodopsin
expression.

In the current study, we tested the hypothesis that increasing the
levels of BiP will protect photoreceptors from the ER stress imposed
by P23H rhodopsin. We found that increased BiP expression mod-
ulated the UPR to favor survival pathways in photoreceptors and
suppressed apoptosis in P23H photoreceptors, reducing the rate of
retinal degeneration.

Results

Overexpression of BiP Protein Does Not Promote the Trafficking of
P23H RHO to the Cell Membrane. P23H opsin expressed in mam-
malian cells forms cytoplasmic aggregates that resemble aggre-
somes (12). To determine if increasing levels of BiP would promote
opsin folding and thus limit cytoplasmic aggregation, we performed
cotransfection of HeLa cells with plasmids expressing P23H opsin
and a plasmid expressing BiP protein to observe the localization of
misfolded opsin. Wild-type rhodopsin served as a control, demon-
strating plasma membrane localization. The cDNA encoding the
BiP gene contained the FLAG sequence that was placed in a front of
a KDEL fragment as used by Murray et al. (25). Immunoblot
analysis showed that the increase in levels of BiP protein was greater
than 61 + 11% (P = 0.0009) compared to mock-transfected cells
(Fig. S1). By immunostaining analysis we demonstrated that the
coexpression of P23H RHO and BiP proteins in cells had no effect
on the distribution of misfolded rhodopsin at 48 h posttransfection
(Fig.1). This experiment indicated that extra BiP protein in the ER
did not permit exit of P23H rhodopsin from the ER and delivery to
the cell membrane.

Expression of P23H Rhodopsin Activates the UPR and BiP Elevation
Moderates the UPR. We performed cotransfection of HeLa cells
with plasmids expressing P23H rhodopsin, or both P23H rhodop-
sin and BiP proteins, to study effects on ER stress and UPR sig-
naling. We previously reported that transient transfection of P23H

Fig. 1. Immunostaining of Hela cells cotransfected with wild-type RHO, P23H
RHO, and BiP-Flag. (A) Immunostaining analysis demonstrated the localization
of wild-type RHO to the cell membrane (green). (B) In contrast, P23H RHO was
not able to traffic to the cell membrane and was localized in the cytoplasm
(green). (C) Overexpression of BiP did not affect the trafficking of wild-type
RHO, which was still associated with the plasma membrane in the presence of
excess BiP-Flag (red). (D) The distribution of the P23H RHO was not affected by
extra BiP (red). P23H RHO was still localized in the cytoplasm and did not traffic
to the cell membrane. The average transfection efficiency was 75%.
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RHO activates the UPR as demonstrated by induction of BiP
transcription (10). Here, we identified additional markers of UPR
activation including cleavage of ATF6 (p50) and phosphorylation
of elF2a protein in P23H RHO-transfected cells. Interestingly, the
protein encoded by spliced XBP1 mRNA was not detected by
immunoblotting under these conditions. When we coexpressed
P23H RHO and BiP proteins, production of the cleaved pATF6
50 kDa protein and pelF2a were reduced (Fig. 24). In BiP treated
cells, we also found that the level of proapoptotic CHOP protein
and cleaved caspase-7 were diminished. Thus, we confirmed that
P23H rhodopsin induces the UPR and demonstrated that artificial
enhancement of BiP levels reduced ER stress and prevented acti-
vation of ATF and PERK signaling.

Expression of P23H RHO Induces Apoptosis in Cell Culture. Because
increased expression of BiP down-regulated the proapoptotic
protein CHOP/GADD153, we examined the ability of BiP protein
to reduce apoptosis in cells expressing misfolded rhodopsin. To
quantify the protective effect of BiP protein on apoptosis in HeLa
cells transfected with P23H RHO, we used a nucleosome release
assay that measures mono- and oligonucleosomes in the cyto-
plasmic fraction of cell lysates, a hallmark of cell death via apop-
tosis. Comparison of the apoptotic signal was performed by
evaluation of ELISA signals obtained from mock transfected cells
and cells expressing P23H RHO or wild-type RHO alone or in
combination with BiP protein. In P23H rhodopsin expressing cells,
there was an elevation in nucleosome release (Fig. 2B). However,
cotransfection of cells with both P23H RHO and BiP protein
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Fig. 2. Increased level of BiP in Hela cells expressing mutant RHO leads to
modulation of the ER stress pathways and the apoptotic signal. (A) Hela cells
were cotransfected with plasmids expressing P23H RHO or P23H RHO and BiP
proteins. The level of total BiP was increased by 62% (P < 0.01) leading to
decrease in CHOP/GADD 153 protein by 27% (P < 0.0002), phosphorylated ATF6
protein p50 by 22% (P < 0.04), pEIF2a by 30% (P < 0.006), and cleaved caspase-7
by 33% (P < 0.04). (B) Hela cells were transfected with either wild-type RHO,
P23H RHO, both wild-type RHO, or P23H RHO plus BiP. At 48 h cell lysates were
obtained to perform a nucleosome release assay. Increased expression of P23H
rhodopsin led to elevation of the apoptoticsignal by 48% (P < 0.007) although
wild-type RHO did not induce apoptosis. The overexpression of BiP led to
down-regulation of the apoptotic signal by over 30% (P < 0.003) Transfection
of cells with BiP alone elevated the apoptoticsignal only slightly (P=0.47). Data
were normalized to the “Mock, BiP” mean. Experiments were performed in
quadruplicate. The bars show the average + SEM.
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expressing plasmids eliminated this increase and reduced the sig-
nal down to that observed in mock transfected cells or in cells
transfected with wild-type RHO. We conclude that expression of
P23H rhodopsin promotes apoptosis and that an elevated level of
BiP suppresses apoptosis resulting from misfolded rhodopsin.

P23H Rhodopsin Stimulates the UPR in the Retina. Our cell culture
findings suggested that UPR signaling played an important role in
retinal degeneration induced by P23H rhodopsin. To determine the
role of UPR signaling in retinal degeneration in vivo, we used P23H
RHO line 3 transgenic rats (P23H-3 RHO). This choice was based
on the moderate rate of photoreceptor degeneration in P23H-3,
which provides a relatively wide window for therapeutic inter-
vention (26). P23H-3 RHO rats display an age-related decline of BiP
mRNA and an increase of CHOP mRNA compared to wild-type
rats, providing evidence that UPR signaling was elevated in vivo
(10). Here, we analyzed UPR signaling status in more depth in these
animals. We compared the protein extract obtained from retinas of
P23H-3 RHO and wild-type Sprague-Dawley rats at postnatal day
30 (P30). P30 was selected because retinal degeneration has begun,
but over 60% of photoreceptor nuclei are still intact. The result of
this analysis is summarized in Figs. 3 4 and B. We detected signals
corresponding to a persistent ER stress response in the photo-
receptors of P23H-3 RHO rats at P30 (Fig. 34). The levels of
cleaved pATF6 p50, pelF2a protein, proapoptotic CHOP protein,
and cleaved capspase-7 were increased in transgenic retinas com-
pared to wild-type. Using RT-PCR and semiquantitative analysis,
we also found that the spliced Xbpl mRNA levels were almost
fourfold higher in transgenic rats compared to wild-type rats (Fig.
3B). Images of blots treated with antibodies against the ER stress
markers and the levels of the XbP1 RT-PCR products from the
retina RNA extract are shown in Fig. S1 4 and B. Thus, all three
pathways of the UPR are elevated in the retinas of P23H-3 RHO
rats at P30.

AAV BiP Delivery to Photoreceptors of P23H-3 RHO Rats. Our cell
culture studies suggested that overexpression of BiP alleviated the
deleterious effect of P23H rhodopsin. To test if BiP prevents pho-
toreceptor cell death in P23H RHO animals, we used an Adeno-
associated virus (AAV) 2/5 to overexpress the BiP protein in P23H-3
RHO photoreceptors. The map of the AAV vector expressing
GRP78 cDNA is shown in Fig. S2. The construct contained the full
length of human GRP78 cDNA (NM_005347) inserted in AAV
plasmids with serotype 2 terminal repeats. The BiP expression was
controlled by the chicken p-actin promoter and CMV immediate
early enhancer (the CBA promoter). Virus was packaged in serotype
5 capsids for gene delivery to photoreceptors by subretinal injection
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Fig. 3. Study of the UPR in P23H-3 RHO transgenic (white) and wild-type
(black) rats at P30. (A) At P30 in P23H-3 RHO rats, we observed up to 2.7-fold
increase in the cleaved pATF6 50kD protein (P<0.03), a 51% increase in
pelF2a (P<0.01), a 26% increase in the- level of CHOP protein (P<0.003), and
an almost fourfold increase in activated caspase-7 (P < 0.016) (n = 5). (B) At
P30 we also observed persistence IRE1 pathway in transgenic retinas. The
level of spliced Xbp1 mRNA was fourfold higher in P23H-3 RHO rats com-
pared to wild-type rats, P < 0.012 (n = 6). The bars show the average + SEM.
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pups at P15. In addition, we also performed injections of viruses
expressing BiP-Flag in P23H-3 RHO pups at P15 to study the dis-
tribution of BiP in degenerating photoreceptors. Indirect im-
munofluorescence analysis of representative sections showed the
distribution of BiP-Flag throughout the retina (Fig. S3).

AAV Delivery of BiP Leads to Increased BiP mRNA and Protein
Production in the Retina. We quantified the level of BiP expres-
sion in treated retina by RT-PCR analysis and digestion of the
PCR product with endonuclease NCO1, which has a unique site
in the human cDNA. RT-PCR analysis of total retinal RNA
demonstrated that the human BiP mRNA was expressed at 67 +
2.6% (P < 0.03) of the level of rat mRNA (Fig. S4). The com-
parison of the normalized BiP protein by immunoblot showed
that, in the injected right eyes, the total BiP level was 26 + 5.3%
higher compared to untreated left eyes (P < 0.02). This is a
modest increase in BiP, but this was measured in the entire
retina, not just in AAV-transduced photoreceptors.

Overexpression of BiP in P23H-3 RHO Photoreceptors Leads to the
Rescue of the Scotopic Electroretinogram (ERG). Following injection
we analyzed animals over three months by ERG and then euthan-
ized them for histological and immunochemical analysis. The results
of such an experiment registered at 2.68 cd-s/m? intensity with 60 s
flash intervals are shown in Fig. 44. It should be noted that full-field
ERGs measure the response from the entire retina, and the average
extent of retinal infection was 60% (Fig. S3). The ERG analysis
showed that AAVS5 BiP treatment led to the rescue of retinal activity
in P23H RHO rats. In BiP-treated eyes, a- and b-wave response
amplitudes were higher than in control (GFP-injected) eyes, and
this protection was consistent over 3 months.

To determine if this increase in retinal function corresponded
to an increase in rhodopsin levels, we extracted total rhodopsin
from the AAV-BIP treated of eyes dark adapted P23H-3 rats and
compared these levels to control injected eyes from the same
animals. Based on the absorbance at 500 nm, we observed no
difference between BiP treated and control eyes at 3 months
following injection (Fig. S5), indicating that the ERG difference
did not reflect an increase in rhodopsin holoenzyme.

Preservation of Retinal Structure in P23H-3 RHO Eyes by BiP Over-
expression. After 3 months of monitoring rats by ERG, we
euthanized rats and enucleated and processed the retina for his-
tological analysis by measuring the thickness of the outer nuclear
layer (ONL). Morphometric analysis of individual retinas showed a
trend toward increasing of the thickness of the ONL of BiP treated
eyes in the inferior hemisphere, but the difference between treated
and untreated eyes was statistically significant only in individual
sectors 5 and 6 of the central inferior retina. These differences were
16% and 20% (P = 0.025 and P = 0.012, respectively), as shown in
Fig. 4C. By averaging results of measurements in the central infe-
rior and in the central superior retinas from eight animals we
obtained significant difference between treated and untreated eyes.
In the central inferior retinas it was 18% (P = 0.0043), and in the
central superior retinas it was 13% (P = 0.005) (Fig. 4C).

Gene Delivery of BiP Leads to Reduction of Apoptosis in P23H-3 RHO
Retinas. To study the cellular pathways involved in the therapeutic
action of BiP protein, we measured the level of apoptosis at 1 month
after injection. Despite the fact that the P23H-3 transgenic rats show
a moderate rate of degeneration under the lighting conditions
employed (<100 Ix; 12-h light/dark cycle), analyzing them at later
times postinjection might prove too late in the course of retinal
degeneration to detect significant impact of BiP in surviving cells.
Therefore at P45, a sufficient fraction of photoreceptors survived to
measure postinjection modification of the retina. By analogy with
cell culture experiments, we performed nucleosome release assays in
P23H-3 RHO retinal lysates and found that AAV-delivery of BiP led
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Fig. 4. Subretinal delivery of AAV-BIP preserves function of P23H-3 RHO photoreceptors. (A) Expression of BiP in the right retinas of transgenic rats (n = 10)
carrying P23H RHO delays the decline of ERG a- and b-wave amplitudes compared with the left eyes expressing AAV5 GFP. The a-wave amplitudes of the
scotopic ERG in treated eye at 2.68 cd-s/m? intensity increased by 43% (P < 0.048) at 1 month, 44% (P < 0.16) at 2 months, and 115% (P < 0.014) at 3 months,
relative to control eyes. The b-wave amplitudes were also increased by 47% (P < 0.015), 51% (P < 0.011), and 97% (P < 0.028), at 1, 2, and 3 months,
respectively. (B) Two examples of wave forms of scotopic ERGs obtained by analyzing the BiP-treated rats at 3 months. (C) Increased BiP expression in P23H-3
RHO eyes (n = 8) preserved retinal integrity of photoreceptors in inferior and superior hemispheres. Modest increase (18%; P = 0.0043) in the thickness of the
ONL was observed in the central inferior hemisphere. The bars show the average + SEM.

to reduction in apoptosis (Fig. 54). We also analyzed P23H-3 RHO
protein extracts isolated at 1 month after injection and observed a
reduction in production of proapoptotic CHOP protein in BiP
treated retinas (Fig. 5B).

To study the mechanism by which BiP inhibits apoptosis, we
precipitated the protein extracts isolated from BiP-Flag-express-
ing retinas individually with primary antibodies against procas-
pase-12 and BiK (NBK) proteins. Immunoprecipitated proteins
were separated by SDS polyacrylamide gel electrophoresis and
transferred to PVDF membranes for reaction with anti-Flag
antibodies. BiK is a proapoptotic BH3-only member of the BCL-2
family that is integrated into the ER by a single transmembrane
domain. We detected bands corresponding to BiP-Flag proteins in
injected retinas (Fig. S6), suggesting that AAV-delivered BiP
binds to both procaspase-12 and BiK and blocks apoptosis.

Discussion

BiP/Grp78 is a key chaperone induced by UPR signaling, and we
had previously demonstrated that BiP levels were reduced in vivo
in animals undergoing retinal degeneration arising from P23H
rhodopsin expression. Here, we sought to determine whether
elevating levels of BiP in photoreceptors could be therapeutic for
ADRRP arising from the P23H mutation in rhodopsin, a mutation
known to cause misfolding of opsin and decreased association of
11-cis retinal. We hypothesized that increasing the levels of this
chaperone would promote the correct folding of opsin protein,
would alleviate ER stress signaling, and, finally, would prevent
apoptosis of photoreceptors in a rat model of ADRP. Here, we
found that the BiP overexpression alleviated ER stress and re-
duced signaling from ATF6 and PERK branches of the UPR. We
also determined that BiP elevation prevents apoptosis associated
with ER stress in photoreceptors. Lastly, we demonstrated that
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Fig. 5. Increased expression of BiP protein in P23H-3 RHO retinas reduced
apoptosis and diminished expression of CHOP 1 month after AAV-BiP delivery.
(A) AAV-BIP reduced nucleosome release by 42% (n = 6), P = 0.006 compared to
control (AAV-GFP) treated retina. (B) Quantification of CHOP protein. Immu-
noblot analysis revealed that AAV-BiP reduced the levels of proapoptotic CHOP
protein by 30% (P = 0.0052) (n = 8).
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moderate elevation in levels of BiP preserved the function of
photoreceptors in P23H rats and trended toward preservation of
photoreceptors at 3 months.

In earlier work, we demonstrated an elevation in CHOP in P23H
rats and suggested that this increase could be caused by persistent
stimulation of the UPR, particularly the PERK pathway (10).
Indeed, we found that this hypothesis was correct: P23H-3 RHO
photoreceptors are under impact of the misfolded rhodopsin, and
in these animals we found an activation of ATF6, IRE, and PERK
signaling pathways. The level of the 50 kDa cleavage product of
pATF6 was almost 2.7-fold higher in transgenic animals compared
towild-type rats, indicating active ER stress signaling. Another ER
stress marker, pelF2a protein, was also elevated by 50% in trans-
genic retinas, suggesting that PERK signaling persists at P30. The
activation of the PERK pathway might be responsible for the
elevated level of the proapoptotic CHOP protein (up 26%) in
P23H-3 RHO. Yang et al. (27) demonstrated that retinal degen-
eration in the rdl mouse is accompanied by an increase in both
CHOP and pelF2a, reflecting ER-associated apoptosis. CHOP
protein may promote apoptosis by facilitating the resumption of
protein synthesis in the stressed ER and attendant production of
reactive oxygen species (16). The pEIF2a/PERK pathway pro-
motes apoptosis through activation of proapoptotic transcription
factor AP-1 (27). Thus, the observation of an increased level of
cleaved caspase-7 (up to fourfold) in P23H-3 RHO retina is not
surprising. Photoreceptors are known to die by apoptosis in this
model (28). Our studies have therefore demonstrated the impor-
tance of the UPR in clinically relevant model of a human disease.

However, AAV delivery of BiP ¢cDNA resulted in only 26%
increase in BiP protein levels in treated retinas. Part of the reason
for this moderate elevation was incomplete transduction of the
retina (60%) by AAV-BIP. It is also possible that expression of
BiP from the AAV-delivered gene down-regulates the synthesis of
endogenous BiP mRNA (29). The level of endogenous BiP pro-
tein was not elevated more than 20-40% when it was induced by
BiP inducer X (BIX) (20). A discrepancy between overexpressed
BiP mRNA and BiP protein levels was also reported in Sacca-
haromyces cerevisiae (30). In this respect, BiP behaves very dif-
ferently than other ER proteins, such as calreticulin, which can be
overexpressed 50- to 100-fold without a divergence between
protein and mRNA levels.

Activators of BiP, such as the BIX protein and 2-deoxy-d-
glucose, promote the survival of neuronal cells in vitro and in
vivo, indicating that BiP can serve as neuronal survival factor.
Therefore, we wanted to examine if increased levels of BiP could
protect photoreceptors from degeneration caused by P23H rho-
dopsin. We demonstrated that the overexpression of BiP protein
causes a significant physiological impact on the function in the
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P23H-3 RHO retina. A nearly normal electroretinogram response
was maintained up to 3 months and a- and b-wave amplitudes were
elevated up to twofold compared to control eyes.

Morphometric measurements of the ONL demonstrated a
trend toward increased preservation of the ONL, with modest
significant differences in the central inferior retina. The most
parsimonious interpretation is that increased expression of BiP
does not prevent loss of photoreceptor cells in the long term
(3 months). Based on the electrophysiological improvement (Fig.
4A4) and the 42% reduction in apoptosis in retinas treated with
AAV-BiP (Fig. 54), however, one would expect a more dramatic
improvement of the retinal structure. We conclude that AAV
delivery of BiP has led to an improvement in functionality of
photoreceptors that exceeds its impact on cell survival, at least at
3 months. Although we detected no increase in properly recon-
stituted rhodopsin in BiP-treated retinas relative to control
treated retinas (Fig. S5), the relief of ER stress that we observed
(Fig. 54) could affect the folding and displacement of other
membrane proteins and therefore impact the visual cycle.

In cultured cells we found that the 62% increase in BiP protein
led to down-regulation of the ATF6 and PERK pathways. The
level of cleaved pATF6 p50 was reduced by 22% in cells trans-
fected with both P23H RHO and BiP plasmids. We did not
detect modification in the IRE pathway in vitro. Protein analysis
of the PERK pathway demonstrated over 50% difference in
pelF2a protein in P23H RHO and P23H RHO plus BiP trans-
fected cells, suggesting, first, that the PERK pathway is active
and, second, that BiP overexpression dampens the PERK sig-
naling stimulated by P23H rhodopsin. In extracts of cells trans-
fected with P23H RHO, we did not detect protein produced by
the Xbpl spliced mRNA. Failure to detect Xbp1l protein might
indicate that IRE signaling is shut down in HeLa cells expressing
P23H RHO cDNA by 48 h posttransfection.

Our in vitro studies indicate that the ATF6 pathway is a major
ER stress signaling pathway affected by elevation of BiP in cells
expressing misfolded P23H rhodopsin. Reduced level of cleaved
ATF6 protein is likely to contribute to reduction of CHOP pro-
tein in transfected cells. Shen et al. (31) have found that over-
expression of BiP attenuates ATF6 activation by affecting its
cleavage upon the ER stress. In particular, they concluded that
overexpressed BiP delays ATF6 translocation to the Golgi by
inhibiting Golgi localization signals found within the ATF6
sequence (31). Zeng et al. (32) showed that overexpressed BiP
attenuates the ER stress that is caused by an inhibitory effect of
ATF6 on translation of SREBP2-targeted genes. In the presence
of elevated BiP, the inhibitory effect of ATF6 is reversed by
almost fourfold by reducing ATF6 cleavage.

The PERK pathway is the second signaling pathway that is
modified by BiP in P23H RHO cells that have undergone ER
stress. We observed suppression of pelF2a protein by over 50%
at 48 h after treatment. These results are supported by those of
Lai et al. (33), who found reduced PERK signaling following
transfection of cells with a BiP-expressing plasmid. The down-
regulation of CHOP protein by 27% in cells expressing P23H
rhodopsin and overexpressing BiP may be the result of down-
regulation of ATF6 or PERK pathways, or both (34).

Several recent reports indicate that the overexpression of BiP
protein reduces apoptosis in cultured cells (35, 18). Knowing this
and knowing that apoptosis is a final common pathway in many
cases of retinal degeneration (36, 37), we tested cells transfected
with P23H RHO for the activation of apoptosis. We found that
P23H rhodopsin activates the cleavage of caspase-7 by 61% and
elevates nucleosome release by 48%. We also found that over-
expression of BiP protein reduced the activation of caspase-7 by
33%. Apoptosis, based on nucleosome release, was diminished
by 30% by elevation of BiP. The overexpression of wild-type
rhodopsin did not lead to apoptosis in HeLa cells.
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Treatment of photoreceptors with AAV-BiP led to down-
regulation of CHOP protein by 30%. Due to the small amount of
injected tissue, we were not able to establish which ER stress
pathway was affected by elevated levels of BiP in photoreceptors
in vivo. However, data on cultured cells expressing P23H RHO
and BiP proteins suggest that both the ATF6 and PERK path-
ways could be down-regulated (32). Because persistent PERK
signaling might be responsible for degeneration of P23H-3 RHO
photoreceptors, we proposed that modest elevation of BiP
down-regulates the PERK pathway, which leads to 30% reduc-
tion of the CHOP protein. By using a nucleosome release assay,
we found that the AAV-BiP treatment reduces the apoptotic
signal by 42% at 1 month postinjection in ADRP photore-
ceptors. We know of no previous reports of the antiapoptotic
effects of overexpressing BiP in vivo.

Overexpression of BiP is more critically needed in cells under-
going physiological or pathological stress. In certain types of cancer,
the overexpression of BiP leads to drug resistance, recurrence, and
poor patient survival. The mechanism by which BiP overexpression
can contribute to cancer proliferation is linked to its ability to
inactivate proapoptotic pathways and activate prosurvival pathways
for cancer cells (38). Therefore, inhibition of BiP activity or down-
regulating of BiP expression might be useful as anticancer therapies.
In the case of ADRP progression in humans, however, chronically
overexpressed BiP would occur in photoreceptor cells that are
preferentially targeted by AAV serotype 5. This overexpression
would not provide systemic elevation of BiP protein in humans and,
therefore, could be considered safe.

Because apoptosis is a final step involved in photoreceptor
degeneration, we investigated the mechanism of BiP in preventing
photoreceptor apoptosis. BiP binds to and inhibits ER-associated
promoters of apoptosis. Rao et al. (39) have demonstrated that
BiP forms a complex with caspase-7 and caspase-12 and prevents
release of caspase-12 from the ER. Association of BiP with BiK
protein has been reported, as well (40). We found that the AAV-
delivered BiP binds to procaspase-12 and BiK proteins and,
apparently, limits apoptosis in P23H-3 RHO photoreceptors.

The proposed mechanism by which increasing expression of
BiP blocks photoreceptor apoptosis is presented in Fig. S7. We
propose three possible pathways by which elevation of BiP may
block apoptosis. Pathway 1 deals with the down-regulation of
ER stress signaling pathways, such as the PERK and the ATF6
pathways, and consequent reduction in the production of CHOP.
In P23H-3 RHO rats, both ATF6 and pelF2a are up-regulated at
P30 and could be a potential target for the excess BiP in photo-
receptors. In Pathway 2, BiP simply prevents release of caspase-12
from the ER, thus, reducing the ER-associated apoptotic cascade.
Less procaspase-12 will be available for cleavage by calpain and
caspase-7 in the cytosol of P23H-3 RHO photoreceptors. For
therapeutic intervention it is important to understand how the
caspase-7/caspase-12 pathway differs from the calpain/caspase-12
pathway, as well as the relevance of each of these pathways in the
ER stress-induced cell death. Studies employing calpain and site-
specific antibodies to caspase-12 might prove useful in elucidating
these specific pathways. The knowledge of procaspase-12 activa-
tors in P23H RHO photoreceptors would give an additional
window for therapeutic intervention.

The third pathway is linked to an ability of BiP protein to coun-
teract cell death mediated by proapoptotic BCL-2 family proteins.
We have demonstrated that BiP binds to BiK in photoreceptors
and may inhibit it by forming a complex with this client protein. As a
general feature of molecular chaperones, this interaction may alter
BiK’s conformation or interfere with its hetero-dimerization with
other interactive partners like BAX and BAK that are essential for
its proapoptotic activity.

We have verified the importance of the UPR in an animal model
of ADRP that faithfully recapitulates the progressive degeneration
of the retina in this blinding disease. Our study also highlights
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pathways that could be targets for gene therapy or pharmacologic
therapy for human ADRP. Reduction of CHOP, caspase-7, caspase-
12 mRNA, as well as a balancing in proapoptotic BCL2 family,
BIK, should be considered as possible treatments.

Materials and Methods

Transient Transfection of Hela Cells and Immunoblot Analysis of Cell Protein
Extracts. Transfection was performed using Lipofectamine 2000 according to
the manufacturer’s protocol. For in vitro experiments we used pcDNA3.1
plasmids to express mouse P23H RHO, wild-type RHO, and human BiP/Grp78
cDNAs that were under control of the CMV promoter. An empty pcDNA 3.1
vector was used to maintain a constant amount of total DNA in individual
transfections. We routinely obtained 75% transfection efficiency. At 48 h
after transfection, cells were harvested and protein extracts were prepared.

rAAV Vectors, Rat Model, Subretinal Injection of AAV Vectors, Inmunostaining
Analysis. An rAAV vector with serotype 2 terminal repeats was used to express
the human BiP/GRP78 and human BiP-Flag. Viruses were packaged (pseu-
dotyped) in serotype 5 capsids. The final titers were 4 x 10'? vector genome
(vg) per ml. The study was conducted in accordance with the Association for
Research in Vision and Ophthalmology Statement on the Use of Animals in
Ophthalmic and Vision Research. Details of injection and immunostaining
analysis are given in S/ Text.

ELISA Quantification of Apoptosis. The nucleosome release assay was done by
using Cell Death Detection ELISA (Roche Diagnostics). See details in S/ Text.
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RNA Isolation and Reverse Transcription-PCR. Total RNA was isolated from
individual retinas of P23H-3 RHO rats treated with AAV-BiP or AAV-GFP virus
using TRIzol Reagent (Invitrogen). RNase-free DNase (Ambion) was used to
remove contaminating DNA. Semiquantative RT-PCR analysis was performed
by comparison of individual ratio of human BiP to normalized rat BiP. Rat BiP
was normalized by using p-actin RT-PCR product as an internal control. Pri-
mers and reaction conditions are described in S/ Text and Table S1.

Immunoprecipitation of Retinal Protein Extract. Immunoprecipitation was
done by using a Catch and Release Il System (Millipore), 500 pg of protein
extract, and antibodies against Flag, caspase-12, BiK, and rhodopsin 1D4. The
denatured protein solutions were applied on 12% SDS polyacrylamide gel
and immunoblots were prepared by standard methods.

Retinal Tissue Preparation and Histological Quantification of Retinal Outer Nuclear
Layer. The tissue analysis was conducted by methods described in S/ Text.

Statistical Analysis. Results obtained from immunoblots, semiquantitive RT-
PCR, ERG amplitudes, and histological measurements of the ONL thickness
were analyzed using ANOVA or Student’s t test for paired samples.
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