IRE1 directs proteasomal and lysosomal
degradation of misfolded rhodopsin
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ABSTRACT Endoplasmic reticulum (ER) is responsible for folding of secreted and membrane
proteins in eukaryotic cells. Disruption of ER protein folding leads to ER stress. Chronic ER
stress can cause cell death and is proposed to underlie the pathogenesis of many human
diseases. Inositol-requiring enzyme 1 (IRE1) directs a key unfolded protein response signaling
pathway that controls the fidelity of ER protein folding. IRE1 signaling may be particularly
helpful in preventing chronic ER stress and cell injury by alleviating protein misfolding in the
ER. To examine this, we used a chemical-genetic approach to selectively activate IRE1 in
mammalian cells and tested how artificial IRE1 signaling affected the fate of misfolded P23H
rhodopsin linked to photoreceptor cell death. We found that IRE1 signaling robustly pro-
moted the degradation of misfolded P23H rhodopsin without affecting its wild-type counter-
part. We also found that IRE1 used both proteasomal and lysosomal degradation pathways
to remove P23H rhodopsin. Surprisingly, when one degradation pathway was compromised,
IRE1 signaling could still promote misfolded rhodopsin degradation using the remaining
pathway. Last, we showed that IRE1 signaling also reduced levels of several other misfolded
rhodopsins with lesser effects on misfolded cystic fibrosis transmembrane conductance regu-
lator. Our findings reveal the diversity of proteolytic mechanisms used by IRE1 to eliminate
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misfolded rhodopsin.

INTRODUCTION

Eukaryotic cells respond to protein misfolding in the endoplasmic
reticulum (ER) by activating intracellular signaling pathways, collec-
tively termed the unfolded protein response (UPR). Inositol-requir-
ing enzyme 1 (IRE1) encodes an ER-resident transmembrane protein
that controls the most highly conserved UPR signaling pathway
(Hetz and Glimcher, 2009). IRE1 bears a luminal domain that moni-
tors the fidelity of protein folding within the ER coupled to cytosolic
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kinase and endoribonuclease (RNase) domains (Ron and Walter,
2007). In response to protein misfolding in the ER, IRE1 undergoes
oligomerization and activation of its kinase and RNase functions that
then initiate the nonconventional splicing of Xbp-1 mRNA (Cox
etal., 1993; Gonzalez et al., 1999; Yoshida et al., 2001; Calfon et al.,
2002). Spliced Xbp-1 mRNA encodes a transcription activator that
upregulates target genes, including ER chaperones and protein-
folding enzymes, ER structural and transport proteins, and ER-asso-
ciated degradation (ERAD) components (Lee et al., 2003). IRE1 sig-
naling through the production of spliced X-box-binding protein 1
(XBP-1) transcription factor thereby enhances the protein folding
environment of the ER by expanding the amount of ER and its con-
stituent protein-folding machineries, as well as clearing misfolded
ER proteins by targeting them for degradation through ERAD. In
response to strong ER stress, IRE1 signaling also causes regulated
IRE1-dependent mRNA decay (RIDD) and Jun N-terminal kinase
(JNK) activation (Urano et al., 2000; Hollien and Weissman, 2006;
Hollien et al., 2009; Oikawa et al., 2007). Many cells and tissues lack-
ing IRE1 show profound defects in the generation of secreted and
membrane proteins and undergo cell death (Zhang et al., 2005,
2011; lwawaki et al., 2010), underscoring the importance of IRE1 in
regulating ER protein folding and homeostasis.
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Rhodopsin is a member of the G-protein—coupled receptor su-
perfamily of membrane proteins that is expressed exclusively and
robustly by photoreceptor cells in the eye in mammals, where it
comprises >90% of all proteins in the photoreceptor outer segment
disk membranes (Hargrave, 2001). Rhodopsin plays an essential role
in vision by initiating the visual signal transduction cascade in the
photoreceptor outer segment in response to light. More than 100
distinct mutations in rhodopsin have been identified that cause pho-
toreceptor cell death and vision loss in autosomal-dominant forms
of retinitis pigmentosa (RetNet—Retinal Information Network, www
.sph.uth.tmc.edu/Retnet). Wild-type rhodopsin is normally synthe-
sized and folded in the ER prior to delivery to the outer segment. By
contrast, many mutant rhodopsins are defective in their folding and
retained within the ER, where they cause ER stress and ultimately
photoreceptor cell death (Sung et al., 1991; Kaushal and Khorana,
1994; llling et al., 2002; Saliba et al., 2002; Lin et al., 2007; Gorbatyuk
et al., 2010). Chemical and genetic chaperones have shown partial
efficacy in restoring mutant rhodopsin protein folding, delivery out
of the ER, and improving retinal function (Noorwez et al., 2003,
2004, 2009; Mendes and Cheetham, 2008; Kosmaoglou et al., 2009;
Gorbatyuk et al., 2010). Alternatively, ribozyme-mediated degrada-
tion of P23H rhodopsin mRNA that spared wild-type rhodopsin has
also shown efficacy in enhancing photoreceptor cell survival in trans-
genic animals expressing mutant and wild-type rhodopsins (Lewin
et al., 1998; LaVail et al., 2000). Therefore finding mechanisms that
enhance mutant rhodopsin folding or selectively remove mutant
rhodopsin might offer new approaches to promote the survival of
photoreceptors that are confronted with misfolded rhodopsin and
ER stress.

Given IRE1’s fundamental role in regulating ER function, we hy-
pothesized that IRET activity might promote the folding and/or re-
moval of misfolded proteins linked to disease such as mutant rho-
dopsins. To test this, we used a chemical-genetic strategy that
enabled selective activation of IRE1’s RNase function by the cell per-
meable small molecule 4-amino-1-tert-butyl-3-(1"-naphthylmethyl)
pyrazolo[3,4-d]pyrimidine (INM-PP1; Bishop et al., 2000). We previ-
ously showed that this system promoted robust splicing of Xbp-1 by
IRET in the presence of TNM-PP1 (Lin et al., 2007, 2009; Hollien
et al., 2009). Of importance, this chemical-genetic system did not
activate other UPR signaling pathways controlled by protein kinase
RNA-like endoplasmic reticulum kinase (PERK) and activating tran-
scription factor 6 (ATF6), did not activate RIDD or JNK, and did not
cause apoptosis (Lin et al., 2007, 2009; Hollien et al., 2009). Here we
used this approach to determine how selective activation of IRE1’s
RNase affected the fate of mutant rhodopsins and other misfolded
proteins in mammalian cells.

RESULTS

ER stress reduces levels of wild-type and misfolded
membrane proteins.

We focused on mutant rhodopsin bearing a proline-to-histidine mis-
sense mutation at amino acid residue 23 (P23H). The P23H rhodop-
sin mutation was first identified in families with autosomal-dominant
retinitis pigmentosa (Dryja et al., 1990) and also caused photorecep-
tor cell death in mammalian models of retinal degeneration when
expressed singly or as multicopy transgenes (Olsson et al., 1992; Lin
etal., 2007; Sakami et al., 2011). Wild-type rhodopsin normally folds
and undergoes N-linked glycosylation in the ER prior to export to
the photoreceptor rod outer segment (Sung et al., 1991; llling et al.,
2002). These features are recapitulated in cell culture, where wild-
type rhodopsin migrated predominantly as a diffuse 39- to 50-kDa
molecular band on SDS gels and Western blot analysis correspond-
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ing to glycosylated monomeric rhodopsin and was efficiently ex-
ported from ER and localized at the plasma membrane (Figure 1, A
and B, left). By contrast, mutant P23H rhodopsin protein primarily
formed dimers and multimeric aggregates and was retained within
the ER (Figure 1, A and B, right).

First, we examined how activation of all UPR pathways including
IRE1T affected P23H rhodopsin protein. We found sharps drop in
P23H rhodopsin protein levels upon addition of tunicamycin (TM),
an agent that blocks N-linked glycosylation, or thapsigargin (TG), an
agent that blocks sarco/endoplasmic reticulum Ca2* ATPase, to the
medium of cells expressing P23H rhodopsin (Supplemental Figure
S1A; reduced to 28% of levels in untreated cells by TM and 52% of
levels in untreated cells by TG). This reduction in protein levels
showed no specificity for P23H rhodopsin. Activation of UPR by TM
or TG also caused sharp drops in the levels of wild-type rhodopsin
protein (Supplemental Figure S1B; reduced to 67% of levels in un-
treated cells by TM and 33% of levels in untreated cells by TG) and
another membrane protein, vascular cell adhesion molecule 1
(VCAM-1; Supplemental Figure S1C; reduced to 15% by TM and
17% by TG) in analogous experiments, even though neither protein
bore missense misfolding mutations. This drop in levels of correctly
folded proteins, as well as misfolded P23H rhodopsin, was consis-
tent with the global translational attenuation observed after activa-
tion of the PERK branch of the UPR, concomitant with IRE1 activa-
tion, seen upon imposition of ER stress by these agents (Harding
etal., 1999).

IRE1 selectively reduces levels of misfolded P23H rhodopsin
Next we examined how selective activation of IRE1 signaling af-
fected P23H rhodopsin protein. When we expressed P23H rhodop-
sin in cells stably expressing IRE1[I642G], a genetically modified
form of human IRE1 whose RNase activity can be toggled on/off by
TNM-PP1 without activating other UPR signaling pathways (Lin et al.,
2007, 2009), we observed a sharp drop in P23H rhodopsin protein
with addition of TNM-PP1 compared with untreated cells (Figure
2A; down to ~46% of protein levels in untreated cells by 24 h of drug
exposure). This drop in P23H rhodopsin levels was highly specific for
the misfolded protein, as wild-type rhodopsin protein levels showed
minimal changes in analogous experiments (Figure 2B). Further-
more, this drop in P23H rhodopsin levels specifically required
IRE1[1642G] because P23H rhodopsin protein levels were un-
changed when TNM-PP1 was added to wild-type HEK293 cells lack-
ing IRE1[1642G] (Supplemental Figure S2).

P23H rhodopsin is highly prone to form detergent-insoluble ag-
gregates (llling et al., 2002). Therefore we examined in more detail
which species of P23H rhodopsin (detergent soluble or insoluble)
was affected by IRE1 signaling. When we examined levels of P23H
rhodopsin protein in 1% NP-40 soluble supernatant compared with
detergent-insoluble pellet fractions, we found that the drop in P23H
rhodopsin protein levels occurred almost entirely with the P23H rho-
dopsin present in the detergent-insoluble fraction after IRE1 activa-
tion by TNM-PP1 (Figure 3A). Furthermore, we observed this selec-
tive drop in detergent-insoluble pellet fractions of P23H rhodopsin
across a wide range of detergents, including 1% Triton X-100, 1%
dodecyl-B-p-maltoside (DM), 1% Triton X-114, and 1% digitonin
(Figure 3A). To rule out the possibility that selective IRET induction
shifted the insoluble material into a form that was not reactive to
1D4 anti-rhodopsin antibody, recognizing the C-terminus of rho-
dopsin, we used a different rhodopsin antibody recognizing the N-
terminus of rhodopsin, B630N anti-rhodopsin antibody. The selec-
tive drop in detergent-insoluble pellet fractions of P23H rhodopsin
was also observed (Supplemental Figure S3). Taken together, our
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Cellular and molecular defects induced by the P23H missense mutation in
rhodopsin. (A) Wild-type or P23H rhodopsin cDNA was expressed in HEK293 cells as
indicated, and rhodopsin protein levels and mobility were detected by SDS-PAGE separation
and immunoblotting. GAPDH levels were assessed as a protein loading control. Positions of
glycosylated monomeric, dimeric, and multimeric rhodopsin protein species are as indicated.
(B) A 0.1-pg amount of wild-type or P23H rhodopsin cDNA was expressed in HEK293 cells,
and the subcellular localization of rhodopsin was visualized by immunofluorescence labeling
and confocal microscopy (shown in green). The endoplasmic reticulum was visualized by
calreticulin immunostaining (shown in red). The nucleus was visualized by DAPI staining
(shown in blue). Magnification bars, 10 pm.
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findings demonstrated that IRE1 signaling dra-
matically reduced misfolded P23H rhodopsin
protein levels in cells, with minimal changes to
the levels of its wild-type rhodopsin protein
counterpart. Furthermore, IRE1 signaling selec-
tively reduced levels of P23H rhodopsin pro-
tein in insoluble pellet forms, with minimal
changes on levels of P23H rhodopsin in the
soluble supernatant fraction.

IRE1 promotes P23H rhodopsin protein
degradation

Next we investigated how IRE1 caused the
sharp drop seen in levels of P23H rhodopsin
protein. Spliced XBP-1 protein transcriptionally
upregulates a broad range of chaperones and
enzymes that promote ERAD (Lee et al., 2003),
and overexpression of ER-degradation enhanc-
ing a-mannosidase-like protein 1 (EDEM1), a
lectin involved in ERAD (Yoshida et al., 2003;
Eriksson et al., 2004; Olivari et al., 2005), has
been shown to promote P23H rhodopsin pro-
tein degradation and enhance its delivery to
membrane (Kosmaoglou et al., 2009). There-
fore we investigated how IRE1 signaling af-
fected P23H rhodopsin protein stability and
degradation. Because the form of P23H rho-
dopsin protein most sensitive to IRE1 signaling
was insoluble in detergents used for immuno-
precipitation and metabolic labeling studies
(Figure 3A and Supplemental Figure S3), we
were unable to perform pulse-chase analysis to
accurately measure how IRE1 signaling affected
P23H rhodopsin protein half-life. Instead, we
devised a strategy to measure the changes in
P23H rhodopsin protein stability in response to
IRE1 signaling by creating a cell line stably ex-
pressing both tetracycline-inducible P23H rho-
dopsin and IRE1[1642G]. In this system, P23H
rhodopsin protein synthesis required the pres-
ence of doxycycline, and its synthesis could
be induced with no toxicity for up to 10 d in
vitro. When doxycycline was removed, P23H
rhodopsin transcription ceased, and the re-
maining pool of P23H rhodopsin protein was
eliminated via endogenous protein turnover.
IRE1[1642G]’s ability to splice Xbp-1 after TNM-
PP1 addition was not changed in these cells
(Supplemental Figure S4). Using this system,
we briefly induced the expression of P23H rho-
dopsin protein by the addition of doxycycline.
Doxycycline was then removed from media,
and when P23H rhodopsin mRNA levels had
returned to basal minimal levels, we activated
IRE1 signaling by adding 1NM-PP1 for another
24 h. Under these conditions, we saw a pro-
nounced decrease in the remaining pool of
P23H rhodopsin protein with addition of TNM-
PP1 compared with untreated cells (Figure 3B;
down to 27% of protein levels in untreated
cells). These changes in P23H rhodopsin pro-
tein levels most likely arose from degradation,
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FIGURE 2: IRE1 selectively decreases levels of P23H rhodopsin protein. (A) P23H rhodopsin was
expressed in HEK293 cells bearing IRE1[I642G], and TNM-PP1 (5 pM) was applied for the
indicated durations. (B) Wild-type rhodopsin was expressed in HEK293 cells bearing
IRE1[1642G], and TNM-PP1 (5 pM) was applied as indicated. (A, B) Total rhodopsin protein levels
were detected by immunoblotting and quantified. GAPDH levels were assessed as a protein
loading control. Cotransfected GFP levels were assessed to control for transfection efficiency.
Xbp-1 mRNA splicing was assessed by reverse transcription-PCR, and the amount of spliced
Xbp-1 mRNA was quantified as a percentage of the total amounts of unspliced (u) and spliced
(s) amplicons. P23H and wild-type rhodopsin mRNA levels were measured by real-time PCR and
are expressed relative to levels in cells that were not treated with TNM-PP1. Immunoblots are
representative of three independent experiments. Error bars represent SDs from three

experiments. The p values were determined by Student’s t test analysis.

as there was minimal P23H rhodopsin mRNA and therefore little, if
any, new P23H rhodopsin protein being synthesized under these
conditions without doxycycline. These results provided evidence
that IRE1 signaling directly and robustly promoted the degradation
of P23H rhodopsin protein.

IRE1’s RIDD activity also cleaves ER-targeted mRNAs, leading to
drops in levels of some membrane and secreted proteins (Han et al.,
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activation in the presence of lactacystin or
MG-132 (Figure 4, A and B). We saw similar
findings when we examined soluble and
pellet fractions of P23H rhodopsin treated
with lactacystin and TNM-PP1 (Supplemen-
tal Figure S5). We confirmed that lactacystin
and MG-132 remained effective in these
studies by demonstrating increased protein
levels of GFPu, an unstable variant of green
fluorescent protein (GFP) previously used as
a reporter of proteasome activity (Bence
et al., 2001; Supplemental Figure Sé). We
also confirmed that 1NM-PP1 remained ef-
fective in activating IRE1[1642G]'s RNase ac-
tivity under conditions of proteasome inhibi-
tion by demonstrating robust Xbp-T mRNA
splicing after addition of lactacystin or MG-
132 (Supplemental Figure S7, A and B).
Taken together, our findings indicated that
P23H rhodopsin protein degradation de-
pended upon proteasome function, but, of
interest, our findings suggested that addi-
tional proteolytic mechanisms cleared P23H
rhodopsin after IRE1 activation.

Besides the proteasome, the autophagy-lysosome system is an-
other cellular mechanism that degrades proteins, and rapamycin
was previously reported to promote P23H rhodopsin degradation
via induction of autophagy (Kaushal, 2006). When we expressed
P23H rhodopsin in cells, we saw increased colocalization between
P23H rhodopsin and lysosomal-associated membrane protein
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FIGURE 3: IRE1 signaling promotes P23H rhodopsin protein degradation. (A) P23H rhodopsin was expressed in cells
bearing IRE1[1642G], and TNM-PP1 (5 pM) was applied for 24 h. Cell lysates were solubilized in 1% of NP-40, Triton
X-100, DM, Triton X-114, or digitonin. Total rhodopsin protein levels from detergent-soluble and -insoluble fractions
were detected by immunoblotting and quantified. (B) P23H rhodopsin protein production was induced by application of
doxycycline (1 pg/ml) for 30 min in cells bearing tetracycline-inducible P23H rhodopsin and IRE1[1642G]. Doxycycline
was removed from media, and when P23H rhodopsin mRNA levels had returned to baseline (~72 h), INM-PP1 (5 pM)
was applied for 24 h. Total rhodopsin protein levels were detected by immunoblotting and quantified. GAPDH served

as a protein loading control.

2 (LAMP2) in immunofluorescence studies compared with cells ex-
pressing wild-type rhodopsin (Figure 5A, top two rows), and this co-
localization was even more apparent when cells were treated with
proteasomal and lysosomal protease inhibitors (Figure 5A, bottom
row). These findings suggested that P23H rhodopsin was subjected
to lysosomal protein degradation. When we treated cells expressing
P23H rhodopsin with bafilomycin, a V-ATPase inhibitor that inter-
rupts autophagosome fusion with lysosomes (Yamamoto et al.,
1998), P23H rhodopsin protein levels increased to ~220% of levels
seen in untreated cells (Figure 5B). Levels of the lipidated form of
light-chain 3 (LC3-ll) also increased after bafilomycin treatment
(Mizushima and Yoshimori, 2007), confirming the efficacy of bafilo-
mycin in these studies (Figure 5B). These studies indicated that P23H
rhodopsin protein degradation also depended on lysosome func-
tion through autophagy. Of interest, P23H rhodopsin protein levels
decreased in the presence of bafilomycin when IRE1 was activated
by1NM-PP1 (Figure 5B and Supplemental Figure S7C). This finding
likely reflected the continued proteasomal degradation of P23H rho-
dopsin when autophagic delivery to lysosome was inhibited.

762 | W.-C. Chiang et al.

To test the possibility that P23H rhodopsin protein degradation
depended on both lysosome and proteasome, we simultaneously
inhibited proteasome and lysosome/autophagy functions and ex-
amined effects on P23H rhodopsin protein levels. When we com-
bined lactacystin with bafilomycin, we saw a greater increase in
P23H rhodopsin protein levels than with either inhibitor alone
(Figure 5C). Similarly, when we combined lactacystin with E64d and
pepstatin A, agents that inhibit several lysosomal proteases
(McGowan et al., 1989; Mizushima and Yoshimori, 2007), we saw a
greater increase in P23H rhodopsin protein levels than with Eé4d
and pepstatin A alone (Figure 5D). Taken together, our results pro-
vided evidence that P23H rhodopsin was a substrate for both lyso-
somal and proteasomal degradation.

IRE1 does not enhance P23H rhodopsin folding and delivery
to surface membrane

Chemical and genetic chaperones have been demonstrated to pro-
mote P23H rhodopsin exit from the ER by partially ameliorating the
misfolding defect (Noorwez et al., 2003, 2004, 2009; Mendes and

Molecular Biology of the Cell
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FIGURE 4: P23H rhodopsin protein degradation depends on proteasome function. (A) P23H
rhodopsin was expressed in cells bearing IRE1[I642G], and lactacystin (1 pM) and/or TNM-PP1

(5 uM) was added for 24 h as indicated. Rhodopsin protein levels were detected by
immunoblotting and quantified. (B) P23H rhodopsin was expressed in cells bearing IRE1[1642G].
MG132 (1 uM) and/or INM-PP1 (5 pM) were applied for 24 h as indicated. (A, B) GAPDH protein
levels were assessed as a protein loading control. Immunoblots are representative of three
independent experiments. Error bars represent SDs from three experiments. The p values were

determined by Student’s t test analysis.

Cheetham, 2008; Kosmaoglou et al., 2009). The IRE1 signaling path-
way transcriptionally upregulates numerous ER chaperones. There-
fore we examined whether selective activation of IRE1 could par-
tially restore delivery of P23H rhodopsin to the plasma membrane as
another function in addition to promoting P23H rhodopsin protein
degradation. When we expressed wild-type rhodopsin in cells bear-
ing IRE1[1642G], we found that rhodopsin was predominantly at the
plasma membrane in immunofluorescence studies, and this subcel-
lular localization was not altered upon activation of IRE1 signaling by
addition of TNM-PP1 (Figure 6A). When we expressed P23H rho-
dopsin in analogous experiments, we found that P23H rhodopsin
was retained within the ER, and activation of IRE1[I642G] by addition
of INM-PP1 did not increase the amount of P23H rhodopsin ob-
served at the plasma membrane in these studies (Figure 6A). Consis-
tent with these imaging studies, when we examined the amount of
wild-type and P23H rhodopsin present at the plasma membrane by
cell surface biotinylation, we detected large amounts of biotinylated
wild-type rhodopsin and minimal P23H rhodopsin at the plasma
membrane, and the levels of biotinylated wild-type and P23H rho-
dopsin were not altered by the addition of TNM-PP1 (Figure 6B).
Therefore our findings demonstrated that IRE1 signaling does not
restore P23H rhodopsin delivery to the plasma membrane. Instead,
the main effect of IRE1 on P23H rhodopsin in our system was to
promote its degradation via the proteasome and lysosome.
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for degradation. Of interest, the magnitude
of the reduction in protein levels varied be-
tween different rhodopsin mutants for un-
clear reasons but could reflect differences in
the level of protein misfolding and aggrega-
tion induced by a particular mutation.

We also asked how IRE1 signaling af-
fected misfolded cystic fibrosis transmem-
brane conductance regulator (CFTR), a
12-transmembrane ion channel whose loss of function leads to
cystic fibrosis. Point mutations in CFTR, such as the CFTRAF508
mutant, lead to its misfolding and rapid degradation by ERAD
(Ward and Kopito, 1994; Farinha and Amaral, 2005; Sun et al.,
2006; Younger et al., 2006). By contrast to P23H rhodopsin,
CFTRA508 does not accumulate as dimers or higher order multi-
mers and instead, is typically found at very low steady-state levels
when expressed in cells (Ward and Kopito, 1994; Farinha and
Amaral, 2005; Sun et al., 2006; Younger et al., 2006). When we
activated IRE1, we did not observe a decrease in CFTRAF508 pro-
tein levels, most likely because its steady-state level was already
very low (Figure 8B). These findings indicated that misfolded
CFTRA508 protein levels were not altered significantly, if at all, by
IRE1 signaling in our cell culture system. More broadly, our analy-
sis of multiple mutant rhodopsins and CFTRA508 indicated that
IRE1 signaling had markedly varying effects on different misfolded
membrane proteins.

DISCUSSION

The goal of the present study was to decipher the effects of IRE1
signaling on the fate of the misfolded P23H rhodopsin. A striking
effect of IRE1 activation was the sharp drop in the protein levels of
misfolded P23H rhodopsin. Intriguingly, the greatest drop was
seen with P23H rhodopsin protein present in detergent-insoluble
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P23H rhodopsin protein degradation depends on lysosome function. (A) Wild-type or P23H rhodopsin was
expressed in cells, and the subcellular localization of rhodopsin was visualized by immunofluorescence labeling and
confocal microscopy (shown in green). The lysosome was visualized by LAMP2 immunostaining (shown in red). The
nucleus was visualized by DAPI staining (shown in blue). Magnification bar, 5 pm. (B) P23H rhodopsin was expressed in
cells bearing IRE1[1642G], and bafilomycin (1 uM) and/or 1NM-PP1 (5 uM) was added for 20 h as indicated. (C) P23H
rhodopsin was expressed in cells, and lactacystin (1 uM) and/or bafilomycin (1 pM) was added for 20 h as indicated.
(D) P23H rhodopsin was expressed in cells, and lactacystin (1 pM) and/or Eé4d (20 ug/ml)/pepstatin A (20 ug/ml) was
added for 20 h as indicated. (B-D) Rhodopsin protein levels, LC3-I, and LC3-Il protein isoforms were assessed by
immunoblotting. GAPDH protein levels were assessed as a protein loading control. Inmunoblots are representative of
three independent experiments. Error bars represent SDs from three experiments. The p values were determined by
Student'’s t test analysis.
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IRE1 does not restore the delivery of P23H rhodopsin to the plasma membrane. (A) Wild-type or P23H
rhodopsin was expressed in cells bearing IRE1[1642G], and TNM-PP1 (5 uM) was applied for 24 h as indicated. The
subcellular localization of rhodopsin was visualized by immunofluorescence labeling and confocal microscopy (shown in
green). The endoplasmic reticulum was visualized by calreticulin immunostaining (shown in red). The nucleus was
visualized by DAPI staining (shown in blue). Magnification bars, 10 pm. (B) Wild-type or P23H rhodopsin were expressed
in cells bearing IRE1[1642G] with or without application of 1INM-PP1 (5 pM) for 24 h. Surface membrane proteins were
biotinylated, and rhodopsin protein levels in the biotinylated fraction were assessed by immunoblotting.

pellet fractions. P23H rhodopsin is highly prone to aggregation,
and this aggregated form is likely to comprise much of the P23H
rhodopsin protein found in the detergent-insoluble pellet. We en-
visage several mechanisms to account for the selective reduction
in P23H rhodopsin protein levels in pellet fractions after IRE1 acti-
vation. First, IRE1 could directly target P23H rhodopsin aggregates
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for degradation. Second, IRE1 could induce chaperones and en-
zymes that “solubilize” P23H rhodopsin aggregates, and then this
soluble form is degraded. Third, IRE1 could prevent newly synthe-
sized P23H rhodopsin from aggregating and, instead, steer the
misfolded protein toward degradation. Many of these mechanisms
might be at play, given IRE1’s ability to induce numerous genes
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FIGURE 7: (A) Wild-type or mutant T17M, Y178C, D190G, K296E, or C185R rhodopsin was
expressed in cells bearing IRE1[1642G], and TNM-PP1 (5 uM) was applied for 24 h. Total
rhodopsin protein levels were detected by immunoblotting and quantified. Error bars represent
SDs from three experiments. The p values were determined by Student'’s t test analysis.

*p < 0.05, **p < 0.01, ***p < 0.001. (B) CFTRAF508 was expressed in cells bearing IRE1[1642G],
and TNM-PP1 (5 uM) was applied for 24 h. CFTRAF508 protein levels were detected by
immunoblotting and quantified. (A, B) GAPDH levels were assessed as a protein loading control.

dopsin for degradation.
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The present study provided evidence
that P23H rhodopsin is a substrate for both
proteasomal and lysosomal degradation
and suggested that the pathways compen-
sated for one another to degrade P23H rho-
dopsin when one pathway was inhibited
(Figure 8). The cellular and molecular events
that identify, retrieve, and deliver misfolded
membrane proteins for degradation are best
understood for ERAD via the proteasome.
Recent studies in yeast have proposed a
mechanism for ERAD of misfolded mem-
brane proteins that initially entails the recog-
nition of a “bipartite signal” on a misfolded
membrane protein comprised of chaper
ones bound to hydrophobic polypeptides
abnormally exposed on the surface of the
misfolded protein coupled to lectins bound
to modified glycans added through N-linked
glycosylation (Kosmaoglou et al., 2008;
Buchberger et al., 2010). Then, if the pro-
tein-folding problem cannot be corrected,
the irretrievably misfolded membrane pro-
tein is handed off to a retrotranslocation
complex that extracts it from ER membrane
for ubiquitinylation and proteasomal degra-
dation in the cytosol (Kawaguchi and Ng,
2007). ERAD components such as EDEM1
and VCP/ter?4 have been shown to play im-
portant roles in misfolded rhodopsin degra-
dation (Kang and Ryoo, 2009; Kosmaoglou
et al., 2009; Griciuc et al., 2010). Of interest,
other lectins and ERAD components, such
ascalnexin, ninaA/peptidyl-prolyl-isomerase,
and ninaG/oxidoreductase, are necessary
for folding of some rhodopsins but not oth-
ers (Ahmad et al., 2006; Rosenbaum et al.,
2006; Kosmaoglou and Cheetham, 2008;
Kosmaoglou et al., 2008). These findings
suggest that mutation-specific ERAD cofac-
tors work together with a conserved core
ERAD machinery to target P23H rhodopsin
for proteasomal degradation. Identifying
the full complement of ERAD cofactors spe-
cifically targeting human P23H rhodopsin is
an important next step.

The role of the lysosome in processing
P23H rhodopsin is poorly understood. The
present study provided multiple lines of evi-
dence that P23H rhodopsin is a bona fide
substrate for lysosomal degradation. How-
ever, it is unclear how the cell determines
whether to use the proteasome or the lyso-
some for P23H rhodopsin degradation.
P23H rhodopsin readily forms higher-order
multimers and aggregates (Figure 1; llling
et al., 2002; Saliba et al., 2002). These ag-
gregates, when arising in the cytosol, could
be highly resistant to unfolding and translo-

cation into the 20S proteasome core particle for proteolysis. Fur-
thermore, if P23H rhodopsin aggregates formed while still in the

ER membrane, they could overwhelm the ability of ERAD to extract
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FIGURE 8: Proposed model of P23H rhodopsin protein degradation by IRE1 signaling. (A) P23H rhodopsin is degraded
by proteasome and lysosome. (B) IRE1[I642G] activation by TNM-PP1 enhances P23H rhodopsin degradation. (C) When
proteasome function is blocked, IRE1 promotes P23H rhodopsin extraction and degradation by lysosome. (D) When
lysosome function is blocked, IRE1 promotes P23H rhodopsin extraction and degradation by proteasome.

and retrotranslocate the misfolded protein for proteasomal degra-
dation. Autophagic recognition of P23H rhodopsin aggregates and
delivery to lysosome could enable degradation under these circum-
stances. Indeed, the autophagy-lysosome system has been impli-
cated in the degradation of a growing number of cytosolic aggre-
gates of misfolded proteins found in neurodegenerative diseases
(Rubinsztein, 2006; Winslow and Rubinsztein, 2008; Wong and
Cuervo, 2010). More recently, ER-phagy—selective autophagy of
ER—has been observed after ER stress and IRE1 activation (Bernales
et al., 2006, 2007). ER-phagy could be a mechanism to encapsulate
regions of ER containing aggregated P23H rhodopsin for ultimate
delivery to the lysosome for degradation. Future studies to identify
how IRE1 promotes the degradation of P23H rhodopsin through
autophagy/lysosome are required.

Chaperones have shown efficacy in correcting P23H rhodopsin
misfolding and enhancing photoreceptor cell survival. Pharmaco-
logic chaperones, such as 11-cis-7-ring retinal and 9-cis-retinal,
can partially correct the P23H rhodopsin misfolding by enhancing
its ability to form pigment, acquire mature glycosylation, and tran-
sit to the cell surface (Li et al., 1998; Saliba et al., 2002; Noorwez
et al., 2003, 2004). Genetic overexpression of EDEM1 in cell cul-
ture enhanced P23H rhodopsin degradation and also promoted
delivery of P23H rhodopsin to cell surface (Kosmaoglou et al.,
2009). The IRE1 signaling pathway upregulates numerous ER pro-
tein-folding chaperones, yet we saw no restoration of P23H rho-
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dopsin delivery to the plasma membrane in our studies. This could
arise from the concomitant enhancement of P23H rhodopsin pro-
tein degradation after IRE1 activation, preventing any “escape” of
P23H rhodopsin to plasma membrane. Intriguingly, overexpres-
sion of the immunoglobulin-binding protein (BiP)/Grp78 chaper-
one did not correct P23H rhodopsin misfolding, yet BiP/Grp78
overexpression still enhanced visual function in transgenic animals
expressing P23H rhodopsin, in part, by suppressing ER stress-in-
duced proapoptotic signaling pathways in photoreceptors
(Gorbatyuk et al., 2010). Chemical-genetic activation of IRE1 in
photoreceptors expressing P23H rhodopsin could have similar
beneficial effects.

The present findings emphasize the striking ability of IRE1 sig-
naling to remove misfolded P23H rhodopsin from cells while
sparing the wild-type counterpart. These findings raise an intrigu-
ing question of whether failure of endogenous IRE1 signaling ac-
counts for the toxicity of P23H rhodopsin by allowing its levels to
build up to a critical lethal threshold. Genetic studies in lower
organisms indicated that the fidelity of protein quality control
breaks down as the organism ages (Cuervo and Dice, 2000; David
et al., 2010), and recent studies demonstrated that chronic ER
stress can render refractive IRE1 signaling required for ER proteo-
stasis (Lin et al., 2007; Li et al., 2010). Determining how chronic
stress and/or aging affect IRET may reveal why photoreceptors
ultimately fail to cope with P23H rhodopsin and die.
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Retinitis pigmentosa arising from P23H rhodopsin is emblematic
of numerous heritable proteinopathies in which a mutant misfolded
protein coexists with the wild-type protein. In many cases, blocking
the abnormal protein encoded by the mutated allele is sufficient to
restore cell viability because the remaining normal allele encodes
sufficient wild-type protein for organismal functions (Lewin et al.,
1998; LaVail et al., 2000). Modulation of IRE1 signaling could be par-
ticularly useful in treating these types of proteinopathies by preferen-
tially removing the misfolded protein encoded by the mutated allele
while sparing the normal protein encoded by the wild-type allele.

MATERIALS AND METHODS

Cell culture and transfection

HEK293 cells were maintained at 37°C and 5% CO, in DMEM
(Mediatech, Manassas, VA) supplemented with 10% fetal calf se-
rum (Invitrogen, Carlsbad, CA) and 1% penicillin/streptomycin
(Invitrogen). For transient transfection of wild-type rhodopsin,
mutant rhodopsins, CFTR, CFTRA508, or GFPu, 0.5 ug or indi-
cated amount of plasmids were transfected using Lipofectamine
2000 reagent (Invitrogen) following the manufacturer’s instruc-
tion. The generation and use of TNM-PP1-sensitized HEK293
stable cell lines expressing IRE1[1642G] was previously described
(Lin et al., 2007, 2009). For the construction and selection of
tetracycline-inducible wild-type rhodopsin or P23H rhodopsin
cell lines, we used the Flp-In T-Rex-293 cell line system (Invitro-
gen). Briefly, wild-type rhodopsin and the P23H mutant were
cloned into the pcDNAS5/FRT/TO TOPO TA expression vector
(Invitrogen). These plasmids were cotransfected with pCl-neo
vector using Lipofectamine 2000 reagent into Flp-In T-Rex-293
cells that were already stably expressing IRE1[1642G]. Two days
after transfection, 0.8 mg/ml of G418 (Mediatech) was added to
the culture media, and surviving colonies of cells were isolated.
To induce the expression of rhodopsin, 1 pg/ml of doxycycline
was added to media.

Chemicals

1NM-PP1 was generously provided by C. Zhang and K. Shokat
(University of California, San Francisco, CA; Bishop et al., 2000).
Doxycycline and pepstatin A was obtained from Sigma-Aldrich (St.
Louis, MO). Tunicamycin, thapsigargin, bafilomycin, and MG132
were obtained from Calbiochem EMD Bioscience (Darmstadt,
Germany). Lactacystin was obtained from Cayman Chemical (Ann
Arbor, MI). (2S,3S)-trans-Epoxysuccinyl-L-leucylamido-3-methylbu-
tane ethyl ester (E64d) was obtained from Enzo Life Sciences
(Plymouth Meeting, PA).

Molecular biology
Cells were lysed and total RNA was collected (RNeasy, Qiagen,
Hilden, Germany). PolyA mRNA was reverse transcribed using the
SuperScript-RT system (Invitrogen). cDNA was used as template for
PCR amplification across the fragment of the Xbp-1 cDNA bearing
the intron target of IRE1 RNAse activity. Primers used included hu-
man Xbp-1, 5-TTACGAGAGAAAACTCATGGC-3" and 5-GGGTC-
CAAGTTGTCCAGAATGC-3'. PCR conditions were as follows: 95°C
for 5 min; 95°C for 1 min; 58°C for 30 s; 72°C for 30 s; and 72°C for
5 min, with 35 cycles of amplification. PCR products were resolved
on a 2.5% agarose/1x Tris-acetate-EDTA gel. Quantification of Xbp-
7 mRNA splicing as a percentage of total Xbp-17 mRNA was per-
formed using VisionWork LS Software (UVP, Upland, CA).

For quantitative PCR, total RNA was collected from lysed cells
(RNeasy). PolyA mRNA was reverse transcribed using the SuperScript-
RT system, and aliquots of cDNA were used as template for quantita-
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tive PCR. Primers used included human Rp/79 mRNA, 5-ATGTATCA-
CAGCCTGTACCTG-3" and 5-TTCTTGGTCTCTTCCTCCTTG-3’;
and human rhodopsin mRNA, 5- CTTCACCGTCAAGGAGGC-3’
and 5- GCAAAGAACGCTGGGATG-3’. Quantitative PCR was
performed using a Chromo4 DNA Engine (Bio-Rad, Hercules, CA).
Rpl19 mRNA levels, a transcript whose levels are not altered by ER
stress, served as an internal normalization standard. PCR conditions
were as follows: 95°C for 5 min; 95°C for 10 s; 56.5°C for 10's; 72°C
for 10's, with 40 cycles of amplification.

Protein biochemistry and quantification

Cells were lysed and homogenized by sonication in ice-cold lysis
buffer (1% NP-40, 50 mM Tris-HCI, pH 8, and 150 mM NaCl, con-
taining protease inhibitors [Roche, Basel, Switzerland)]). For solubiliz-
ing rhodopsin, cells were lysed in ice-cold lysis buffer (1% NP-40,
50 mM Tris-HCI, pH 8, and 150 mM NaCl, containing protease in-
hibitors [Roche]) and incubated on ice for 30 min. Cell lysates were
mixed vigorously every 5 min. Insoluble material was recovered by
centrifugation at 15,000 x g for 30 min and solubilized in phosphate-
buffered saline (PBS) containing 1% SDS for 10 min at room tem-
perature, followed by sonication. Additional lysis buffers used for
solubilizing rhodopsin included 1% Triton X-100 (Sigma-Aldrich) in
50 mM Tris-HCI, pH 8, and 150 mM NaCl; 1% DM (Calbiochem
EMD Bioscience) in PBS, pH 7.4, 1% Triton X-114 (Sigma-Aldrich) in
PBS, pH 7.4, and 1% digitonin (Sigma-Aldrich) in PBS, pH 7.4. Pro-
tein concentrations of the total cell lysates, soluble rhodopsin, and
insoluble material were determined by BCA Protein Assay Kit
(Pierce, Rockford, IL). Five micrograms or the indicated amount of
total protein was loaded onto 4-12% SDS-PAGE minigels (NuPAGE,
Invitrogen) or 4-15% Mini-PROTEAN TGX precast gels (Bio-Rad)
and analyzed by Western blot. The following antibodies and dilu-
tions were used forimmunoblotting: anti-rhodopsin at 1:1000 (Santa
Cruz Biotechnologies, Santa Cruz, CA); B630N anti-rhodopsin at
1:1000 (a generous gift from W. C. Smith, University of Florida,
Gainesville, FL); anti-VCAM1 at 1:1000 (Santa Cruz Biotechnolo-
gies); anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
at 1:5000 (Santa Cruz Biotechnologies); anti-GFP at 1:5000 (Santa
Cruz Biotechnologies); anti-LC3 antibody at 1:1000 (Cell Signaling,
Danvers, MA); and anti-CFTR at 1:1000 (Millipore, Billerica, MA).
After incubation with primary antibody, membranes were washed in
TBS with 0.1% Tween-20 and incubated in horseradish peroxidase—
coupled secondary antibody (Amersham, Piscataway, NJ) diluted at
1:5000 in washing buffer with 5% nonfat milk for 1 h. Immunoreac-
tivity was detected using the enhanced chemiluminescence assay
(Pierce).

PNGase (New England Biolabs, Ipswich, MA) digestion was per-
formed on total cell lysate for 6 h at 37°C in the buffer supplied by
the manufacturer (Supplemental Figure S9).

Protein quantification was measured using VisionWork LS Soft-
ware. Rhodopsin protein levels were determined by measuring the
area density within the bracket (including glycosylated monomers,
dimer, and multimers) indicated in the figures after normalizing with
the equivalent area density from the control lane.

Protein biotinylation

For cell surface biotinylation, cells were grown in 10-cm dishes
coated with poly-p-lysine and transfected with 3 pg of wild-type rho-
dopsin or mutant P23H rhodopsin. Four hours after transfection,
cells were treated with or without TNM-PP1 for 24 h. The cells were
then washed with ice-cold PBS containing 1 mM MgCl; and 0.1 mM
CaCly,. After washing, 5 ml of NalOy4 (Pierce; 10 mM in ice-cold PBS
containing 1 mM MgCl, and 0.1 mM CaCl,) was added to the dishes
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and agitated for 30 min at 4°C in the dark. After washing (three
times) with PBS containing MgCl, and CaCl,, the cells were labeled
with biotin hydrazide (Pierce; 2 mM in ice-cold PBS containing
MgCl, and CaCly) at 4°C in the dark. Biotinylated cells were col-
lected and pelleted by brief centrifugation and solubilized in 0.5 ml
of ice-cold lysis buffer (1% NP-40, 50 mM Tris-HCI, pH 8, and
150 mM NaCl, containing protease inhibitors [Roche]). Three hun-
dred pl of a 50% slurry of neutrAvidin-agarose beads (Pierce) was
incubated with biotinylated cell lysates. The neutrAvidin-agarose
beads were washed three times with 0.5 ml of PBS containing pro-
tease inhibitor, resuspended in 200 pl of 1x SDS sample buffer, and
boiled for 5 min. Aliquots of recovered biotinylated proteins were
used for Western blot analysis.

Immunofluorescence and confocal microscopy

Cells were grown on poly-p-lysine-coated glass coverslips and trans-
fected with wild-type or P23H rhodopsin. For immunofluorescence
analysis, cells were fixed for 20 min at room temperature in 4% para-
formaldehyde in PBS, pH 7.4, washed briefly with PBS, and permea-
bilized with 0.1% Triton X-100 in PBS. Cells were then washed two
times with 1% bovine serum albumen (BSA) in PBS and blocked with
5% goat serum in 1% BSA/PBS for 20 min. The coverslips were then
incubated at room temperature for 1 h with the mouse monoclonal
anti-rhodopsin antibody (1D4; Santa Cruz Biotechnologies) used at a
dilution of 1:2000 and the rabbit polyclonal anti-calreticulin antibody
(Assay Designs, Plymouth Meeting, PA) used at a dilution of 1:500 or
the rabbit polyclonal anti-LAMP2 antibody (a gift from Minoru
Fukuda, Burnham Institute, La Jolla, CA; Carlsson et al., 1988) at a
dilution of 1:500. After washing in 0.1% BSA in PBS three times, cells
were incubated with secondary antibodies. Secondary antibodies
included Alexa 488 goat anti-mouse (green) antibody (Molecular
Probes, Invitrogen) and Alexa 546 goat anti-rabbit (red) antibody
(Molecular Probes), and these were used at a dilution of 1:500. After
washing in PBS three times, the cover slips were mounted in ProLong
Gold antifade reagent with 4’,6-diamidino-2-phenylindole (DAPI; In-
vitrogen), and images were collected with a FluoView-1000 confocal
microscope (Olympus, Tokyo, Japan) and processed using Olympus
FluoView, version 2.0a, Viewer software at the University of California,
San Diego, microscopy facility (http://microscopy.ucsd.edu).

Statistical analysis

All results are expressed as mean + SD of at least three independent
experiments. Two-tailed t tests were performed to determine
p values for paired samples. A value of p < 0.05 was considered
significant.
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